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The signaling pathways used by insulin have been identified [M. White, Insulin Signaling
Pathway, Sci. STKE (Connections Map, as seen November 2003), http://stke.sciencemag.
org/cgi/cm/cmp_12069]. Now our challenge is to understand how the failure of these
signals is associated with obesity and the progressive failure of pancreatic beta cells that
leads to diabetes. Whether better management of chronic inflammation can improve
insulin action is an important area of investigation. Drugs that stimulate IRS2 (insulin
receptor substrate protein 2) synthesis or signaling might be a good starting point. This
knowledge will lead to rational strategies that prevent or cure diabetes.

“H ow long will the patient live?” was
the only question to ask until a
series of discoveries beginning with

Langerhans’ description of pancreatic islets
changed the lives of people with diabetes (1).
Twenty years later, in 1889, pancreatic secre-
tions were shown to control blood sugar lev-
els; however, it took another 30 years until
insulin was purified from the islets before
patients could ask about the “quality of their
life with insulin.”

For the next 50 years clinicians and sci-
entists revealed the system-wide effects of
insulin in liver, muscle, and adipose tissues,
and recent work reveals insulin’s effect on
longevity and the central nervous system. In
the 1970s, the insulin receptor was discov-
ered, and 10 years later the demonstration of
its tyrosine kinase activity pointed us toward
the mechanism of signal transduction (2).
Remarkably, this steady progress has not
stemmed the worldwide diabetes epidemic
that will take a huge toll in premature mor-
bidity and mortality in this new century (3).

Diabetes mellitus is a complex disorder that
arises from various causes, including dysregu-
lated glucose sensing or insulin secretion
(maturity-onset diabetes of the young, MODY),
autoimmune-mediated �–cell destruction (type
1), or insufficient compensation for peripheral
insulin resistance (type 2). Type 2 diabetes
afflicts 18.2 million Americans. It usually oc-
curs in middle age, but is appearing in young
people owing to the close association with obe-
sity. The signaling pathways linking obesity,
peripheral insulin action, and �-cell function
are important to understand.

The insulin receptor is the prototype for
a family of homologous integral membrane

proteins composed of an extracellular
insulin-binding domain that controls the
activity of an intracellular tyrosine kinase.
A 150-kb gene on chromosome 19 com-
posed of 22 exons encodes the human
pro-receptor. During translation, two ho-
mologous pro-receptors form a disulfide-
linked dimer that is cleaved to form a tet-
ramer of two �� dimers. Insulin binds to
the extracellular � subunits to activate the
tyrosine kinase on the intracellular portion
of the transmembrane � subunits. The ac-
tivated receptor recruits and phosphorylates
cellular substrates to initiate signal trans-
duction (Fig. 1). The full insulin-signaling
pathway is summarized in the STKE Con-
nections Map (4).

Selective insulin binding is complicated by
tissue-specific alternative splicing of exon-11
that directs synthesis of two insulin receptor
isoforms (IRa and IRb), and by posttranslational
assembly of hybrids between these isoforms and
the homologous insulin-like growth factor 1 re-
ceptor (IGF1R) (5). IRb binds insulin with high
affinity, whereas IRa binds insulin or IGF2 with
comparable affinity. Dysregulated splicing alters
fetal growth patterns and contributes to rare
forms of insulin resistance in adults (6). More-
over, hybrid receptors composed of �� dimers
from the IGF1R and the IRb selectively bind
IGF1, whereas hybrid receptors composed of
IGF1R and IRa bind IGFs and insulin with sim-
ilar affinities (Fig. 1). The importance of this
complexity for metabolism, growth, and survival
needs to be resolved.

Evidence of a substrate for the insulin recep-
tor tyrosine kinase came from immunoprecipi-
tates with antibodies to phosphotyrosine that
revealed a 185-kD phosphoprotein (pp185) in
insulin-stimulated hepatoma cells (7). Molecular
cloning of pp185 revealed a signaling scaffold
protein, and the first insulin receptor substrate
protein (IRS1) (8). Most, if not all, insulin sig-
nals are produced or modulated through tyrosine
phosphorylation of IRS1 or its homolog IRS2, or

other scaffold proteins including IRS3, IRS4,
SHC, CBL, APS and SH2B, GAB1, GAB2,
DOCK1, and DOCK2. Although the role of each
of these substrates merits attention, work with
transgenic mice suggests that most insulin re-
sponses are mediated by IRS1 or IRS2. IRS1
controls body growth and peripheral insulin ac-
tion, whereas IRS2 regulates brain growth, body
weight control, glucose homeostasis, and female
fertility (9). How these similar proteins mediate
different physiological outcomes is an important
question to answer.

IRS proteins contain an NH2-terminal pleck-
strin homology (PH) domain adjacent to a
phosphotyrosine-binding (PTB) domain. The
PTB domain binds directly to the phosphory-
lated NPXY-motif [Asn-Pro-Xaa-Tyr(Pi); Xaa,
any amino acid; Pi, inorganic phosphate] in the
activated receptors for insulin, IGFs, or interleu-
kin-4 (IL-4). The PH domain also couples IRS
proteins to activated receptors, but the mecha-
nism is unclear. Other receptors recruit and phos-
phorylate IRS proteins, including those for
growth hormone, IL-9, IL-13 and IL-15, and
various integrins. The C-terminal tail of IRS1
and IRS2 appears to lack intrinsic catalytic ac-
tivities, but contains numerous tyrosine and
serine phosphorylation sites. The tyrosine phos-
phorylation sites bind common effector proteins,
including enzymes (the phosphoinositide 3-
kinase, PI3K; the phosphatase SHP2; or the ty-
rosine kinase fyn) or adapters (SOCS1, SOCS3,
GRB2, NCK, CRK, SHB, and others).

The PI3K enzyme is activated during asso-
ciation with IRS proteins. PI3K converts
PI(4,5)P2 (an inositol phospholipid in the plasma
membrane) to PI(3,4,5)P3 that recruits protein
kinase B (PKB) and 3-phosphoinositide-
dependent protein kinase–1 (PDK1) to the plas-
ma membrane where PDK1 activates PKB. PKB
phosphorylates many substrates, including BAD
(important for cell survival), GSK3� (regulating
growth and glycogen synthesis), and FOXO1
(controlling gene expression) (Fig. 1). The im-
portance of FOXO1 was revealed by mutations
in the Caenorhabditis elegans ortholog DAF16
(10). During insulin or IGF stimulation, DAF16
and FOXO1 are phosphorylated by PKB and
accumulate in the cytosol. Nuclear exclusion of
FOXO1 inhibits hepatic gluconeogenesis and
adipocyte differentiation, whereas it promotes
pancreatic �-cell function (11–13). Reduced ex-
pression of FOXO1 compensates for insulin re-
sistance in many organisms and tissues, so drugs
that sequester FOXO1 in the cytosol might be
effective in treating diabetes and obesity.
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Peripheral insulin resistance contributes to
type 2 diabetes, but �-cell failure is the es-
sential feature of all types of diabetes. � cells
frequently fail to compensate for insulin re-
sistance, apparently because the IRS2-branch
of the insulin and IGF signaling cascade is
also essential for �-cell growth, function, and
survival (14). Increased expression of IRS2
in � cells promotes compensatory insulin secre-
tion in obese mice and prevents �-cell destruction
induced by streptozotocin—a drug that induces
type 1 diabetes; IRS2 also improves the survival
and function of islet transplants in mice. Drugs
that increase IRS2 synthesis might be useful treat-
ments for diabetes. For
example, expression of
the IRS2 gene in �
cells is increased by
agonists that stimulate
adenosine 3�,5�-mono-
phosphate (cAMP)
production—including
glucagon-like peptide–
1 or glucose itself—
through pathways that
activate the transcrip-
tion factor CREB (15)
(Fig. 1).

Understanding dys-
regulated insulin sig-
aling is an impor-
tant goal because it
causes a cohort of
systemic disorders—
dyslipidemia, hyper-
tension, cardiovascular
disease, stroke, blind-
ness, kidney disease,
female infertility, and
neurodegeneration.
Subtle genetic poly-
morphism influenc-
es lifelong insulin
sensitivity, whereas
distinct monogenic
disorders are diffi-
cult to identify and
are usually associat-
ed with rare metabol-
ic diseases. Acute and
chronic inflammation cause insulin resistance,
which provides a framework to understand how
diet, physiological stress, and obesity promote
insulin resistance. Proinflammatory cytokines,
including IL-6 and tumor necrosis factor–�
(TNF-�) that are secreted from leukocytes dur-
ing inflammation, are also produced in adipose
tissue. TNF-� promotes serine phosphorylation
of IRS1 and IRS2, which correlates closely
with insulin resistance (16). Although TNF-�
regulates various kinases, the c-Jun N-terminal
kinase (Jnk) is a prominent effector because it
binds to IRS1 and IRS2 and phosphorylates
serine residues that inhibit insulin-stimulated
tyrosine phosphorylation (17). The knockout of

Jnk1 in obese mice, or inhibition of serine
kinases by salicylates, reduces Ser phosphor-
ylation of IRS proteins and reverses hyper-
glycemia, hyperinsulinemia, and dyslipide-
mia in obese rodents by sensitizing insulin
signaling pathways (18).

Ubiquitin-mediated degradation of IRS1
and IRS2 also promotes insulin resistance
(Fig. 1). IL-6 secreted from leukocytes and
adipocytes increases expression of SOCS
proteins, which are best known for their abil-
ity to inhibit cytokine receptor signaling.
However, SOCS1 and SOCS3 also recruit an
elongin BC-based ubiquitin ligase into the

IRS-protein complexes to mediate ubiquiti-
nylation (19). Ubiquitin-mediated degrada-
tion of IRS1 and IRS2 might be a general
mechanism of cytokine-induced insulin resis-
tance that contributes to diabetes and �-cell
failure. Modern genomic approaches have re-
vealed new cytokines secreted from adipo-
cytes that directly influence nutrient ho-
meostasis and insulin sensitivity, including
leptin, resistin, and adiponectin. How adi-
ponectin signaling stimulates insulin signal-
ing deserves attention (20).

Protein or lipid phosphatases, including
PTP1B, SHIP2, or PTEN, inhibit insulin sig-
naling (Fig. 1). Disruption of each gene in

mice increases insulin sensitivity, revealing
targets for inhibitor design. However, inhibi-
tion of SHIP2 or pTEN might be risky be-
cause they stabilize PI(3,4,5)P3, which can
stimulate cell growth. By contrast, PTP1B
resides in the endoplasmic reticulum, where it
dephosphorylates the insulin receptor during inter-
nalization and recycling to the plasma membrane
(21). This specialized mechanism appears to limit
dangerous side effects of PTP1B inhibitors.

The close association between obesity and
insulin resistance, and their progression to type
2 diabetes, is a serious health problem. Whether
better management of chronic inflammation can

improve insulin action,
promote �-cell func-
tion, and restore central
nervous system appe-
tite control is an impor-
tant area of investiga-
tion. Finding drugs that
stimulate IRS2 synthe-
sis or promote its sig-
naling might be a good
starting point. Howev-
er, too much insulin ac-
tion might be detrimen-
tal, so future work must
better resolve the net-
work of insulin re-
sponses that are gener-
ated in various tissues,
and attempt to distin-
guish the ones that
prolong health from
the ones that might
diminish it.
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Fig. 1. Regulation of insulin and IGF signaling. Insulin and IGF1 receptors form hybrids that
modulate the selectivity and affinity for insulin and insulin-like growth factors (IGF1 and IGF2).
Insulin or IGF binding stimulates tyrosine autophosphorylation in the receptor � subunits, which
activates the kinase and recruits cellular substrates—IRS1 and IRS2—for tyrosine phosphorylation.
Recruitment is regulated by serine phosphorylation of the IRS proteins, which inhibits the
interaction between its PTB domain and the phosphorylated receptor. Proinflammatory cytokines
increase the synthesis of SOCS1 or SOCS3, which promote ubiquitination and degradation of IRS1
and IRS2. Production of cAMP enhances expression of IRS2 through the activity of phosphorylated
CREB. Tyrosine phosphorylation of IRS1 or IRS2 recruits and activates various SH2 domain–
containing proteins, including the PI 3-kinase, which activates the PKB cascade. Abbreviations: pY,
phosphotyrosine; pS, phosphoserine; PKC�/�, protein kinase C � or �; E2, ubiquitin conjugating
enzymes; TNF�R, tumor necrosis factor–� receptor; GLP-1R, glucagon-like peptide–1 receptor;
IL6R, interleukin-6 receptor; for other abbreviations, see the text.
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C O R R E C T I O N S A N D C L A R I F I C A T I O N S

VVIIEEWWPPOOIINNTTSS:: “Insulin signaling in health and disease” by Morris F. White

(5 Dec. 2003, p. 1711). In the abstract and reference (4), the link pointing

to the connections map published in STKE should end with capital let-

ters.The correct URL is http://stke.sciencemag.org/cgi/cm/CMP_12069.




