Chapter 10
Insulin Resistance in the Metabolic Syndrome

Sudha B. Biddinger and Brice Emanuelli

Introduction

In 1988, Gerald Reaven coined the term “Syndrome X to describe a complex of
metabolic abnormalities, including glucose intolerance, hypertriglyceridemia and
reduced levels of HDL-cholesterol, present in individuals at increased risk for
cardiovascular disease [1]. Since then, attempts to quantify cardiovascular disease
risk have led to the development of clinical criteria for the diagnosis of this
syndrome, now known as the “metabolic syndrome” or “insulin resistance
syndrome”. Although these criteria continue to evolve, those put forth by the
National Cholesterol Education Program (NCEP), World Health Organization
(WHO), European Group for the Study of Insulin Resistance (EGIR), International
Diabetes Federation (IDF) and American Association of Clinical Endocrinologists
(AACE), all include hyperglycemia, hypertriglyceridemia, low HDL-cholesterol
and hypertension (reviewed in [2)] (Table 1). It is clear now that the metabolic
syndrome is associated with many diseases in addition to cardiovascular disease.
These include cholesterol gallstones, non-alcoholic fatty liver disease, which ranges
from benign steatosis to non-alcholic steatohepatitis (NASH), polycystic ovary
disease (PCOS) and neurodegenerative disease.

The prevalence of the metabolic syndrome has risen at an alarming rate; more
than one in three adults and increasing numbers of children now carry the diagnosis
of the metabolic syndrome [3]. Despite the prevalence of metabolic syndrome, and
the serious morbidity and mortality associated with it, the underlying pathophysiology
of this disorder remains unclear. Dr. Reaven postulated in 1988 that insulin
resistance plays a central role in the metabolic syndrome [1]. Since then, a great
deal of data has shown a strong association between insulin resistance and the
different components of the metabolic syndrome, but proving a causal role has
been difficult [4].
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Table 1 Criteria for the diagnosis of the metabolic
syndrome (NCEP:ATPIII, 2001).

Metabolic syndrome (three or more of the following)

Abdominal obesity
Men: waist circumference >40 in.
Women: waist circumference >35 in.
Fasting plasma glucose =110 mg/dl
Blood pressure >130/80 mmHg
Triglycerides >140 mg/dl
High-density lipoprotein cholesterol
Men <40 mg/dl
Women <35 mg/dl

Insulin resistance is only one of the multiple derangements in the hormonal
and metabolic milieu which occur in the metabolic syndrome. Some of these
derangements could be synergistic with insulin resistance whereas others could be
antagonistic. Some changes are so intricately linked to insulin resistance—e.g.,
hyperglycemia is not only secondary to insulin resistance, but it also appears to
exacerbate insulin resistance, resulting in a feed-forward cycle—that it is difficult
to study one in isolation of the other. Finally, some of the genetic and dietary factors
that induce the metabolic syndrome, like excess dietary fat, could not only act by
promoting insulin resistance, but could also act independent of insulin resistance to
alter metabolism.

Nonetheless, defining the role of insulin resistance is a fundamental problem with
important clinical implications. If insulin resistance does not play a pathogenic role
in the metabolic syndrome, one should identify and treat the individual components
of the metabolic syndrome, as has been advocated by some experts [4]. For example,
dyslipidemia and hypertension should be identified and treated before they progress
to cardiovascular disease. If insulin resistance is the central driver of this disorder,
we should identify and treat insulin resistance itself, potentially even before the
development of dyslipidemia and hypertension, let alone cardiovascular disease.

Over the past 20 years, we have learned a great deal about the mechanisms of
insulin signaling. To comprehend how these findings shape our understanding of insulin
resistance in the metabolic syndrome, we will review the better known components
of the insulin signaling pathway, how defects in the insulin signaling pathway could
contribute to the metabolic syndrome phenotype and how such defects arise.

Clinical Versus molecular definitions of insulin resistance

Clinically, insulin resistance is defined as the failure of insulin to maintain normal
serum glucose levels. Thus, the hyperinsulinemic euglycemic clamp is the gold
standard for the measurement of insulin resistance, and surrogate measurements
involving serum insulin and glucose levels, like the homeostatic model assessment
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(HOMA), are also based on glucose metabolism. Such definitions of insulin resistance,
however, fail to acknowledge the underlying complexities of insulin signaling in
two respects. First, insulin regulates many processes within the cell. It increases
glucose uptake, promotes glycogen synthesis and suppresses hepatic glucose
production. However, it also stimulates lipogenesis and triglyceride secretion,
increases salt and water retention, and regulates many other processes including
bile acid metabolism, growth and differentiation. The clinical definitions of insulin
resistance imply that all of these processes become resistant in parallel with glucose
metabolism, though this is unlikely to be true.

In fact, Dr. Reaven postulated that some pathways remain sensitive to insulin in
the metabolic syndrome, while the pathways by which insulin stimulates glucose
uptake, particularly by the muscle and fat, become resistant [1]. The resulting
hyperglycemia stimulates insulin secretion from the pancreatic p-cell, leading to
hyperinsulinemia, which then over-stimulates those pathways that are still sensitive
to insulin. For example, hyperinsulinemia triggers excessive lipogenesis and trig-
lyceride secretion, resulting in hypertriglyceridemia and hepatic steatosis, salt and
water retention which produces hypertension, and excessive androgen synthesis,
resulting in PCOS [5].

The definitions of insulin resistance based on disturbances in glucose homeo-
stasis fail to recognize the intrinsic complexities of the insulin signaling cascade.
The insulin signaling pathway (described below) consists of multiple nodes, with
many nodes represented by multiple isoforms with seemingly redundant capabilities.
Clinical definitions of glucose intolerance suggest that insulin resistance is a
homogenous phenomenon, which can only vary quantitatively. In contrast, the presence
of so many signaling components suggests that insulin resistance could be a hetero-
geneous phenomenon, i.e., the phenotype produced by insulin resistance could vary
depending on the components affected.

Therefore, it is also useful to consider the concept of molecular insulin resis-
tance, defined as specific defects in one or more components of the insulin signaling
pathway. Molecular insulin resistance could be present even in the absence of
abnormalities in glucose homeostasis, and conversely, it is possible that multiple
forms of molecular insulin resistance could produce abnormal glucose homeostasis.
Molecular insulin resistance is not a concept that can, at present, be used in the
clinical setting, but our hope is that it will clarify our understanding of the metabolic
syndrome, and provide insights into its therapy.

Insulin Signaling Pathway

Insulin elicits a complex cascade of signaling events, involving multiple nodes.
Although we shall present the insulin signaling pathway as a linear chain, it is
important to acknowledge the great deal of complexity underlying each node.
At most nodes, there are numerous isoforms, which are theoretically capable of
responding to and generating subtly different signals. In addition, there is crosstalk
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among the different components of the cascade. Here, we will review some of the
better studied nodes of the insulin signaling pathway (Fig. 1).

Insulin Receptor. The insulin receptor binds insulin and triggers a complex
cascade of signaling events. The insulin receptor gene encodes a single chain
precursor protein which is post-translationally processed into an o- subunit and a
[B-subunit, which are covalently linked by disulfide bonds. The o-subunit is extra-
cellular and binds insulin, whereas the -subunit is intracellular and contains a
tyrosine kinase domain. The o/f3 subunit complexes dimerize with one another to
form the insulin receptor. Upon binding insulin, the -subunits phosphorylate one
another and their intracellular substrates.
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Fig.1 The insulin signaling network. Upon binding insulin, the insulin receptor (IR) activates the
IRS proteins and initiates a complex cascade of signaling events. Here, we show the major
branches of this signaling network. Many of the effects of insulin are mediated by PI 3-kinase,
which activates Akt, the atypical PKCs (aPKCs) and the stress kinase JNK. Akt in particular mediates
many of insulin’s metabolic effects by regulating gluconeogenesis, glycogen synthesis and protein
synthesis, whereas the aPKCs activate lipid synthesis. In contrast, the proliferative effects of insulin
are largely mediated by ERK1 and ERK2, independent of PI 3-kinase. Finally, insulin promotes
glucose uptake through Akt, the aPKCs, and the CAP/Cbl complex. Plain arrows indicate stimu-
lation and blocked arrows indicate inhibition
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At this signaling node, heterogeneity is generated by alternative splicing and
cross-talk with the insulin-like growth factor (IGF)-1 signaling pathway. Alternative
splicing of exon 11 yields two isoforms, IR, which lacks the 12 amino acids
encoded by this exon and IR, which contains them. The 12 amino acids encoded
by exon 11 are contained in the a-subunit and increase the affinity of the receptor
for the related growth factor, IGF-2 [6]. In addition, the two isoforms activate
different downstream events under certain conditions [7].

The insulin receptor is a member of a subfamily of receptor tyrosine kinases
which also includes the IGF-1 receptor and the insulin receptor related receptor
(IRR). The o/p subunit complex encoded by the IGF-1 receptor gene not only
dimerizes with itself to form the IGF receptor, but also dimerizes with the o/3
subunit complex of the insulin receptor to generate hybrid receptors. The insulin
receptor, IGF receptor and hybrid receptor all bind insulin and IGF-1 with varying
affinities (Fig. 2). Although there is a great deal of overlap between insulin and IGF
signaling, insulin tends to regulate metabolism whereas IGF tends to regulate
growth and proliferation. Hyperinsulinemia in the metabolic syndrome could

The Insulin/IGF-1 Receptor

Insulin Receptor Hybrid IGF-1 Receptor
Insulin>>IGF-1 IGF-1=Insulin IGF-1=Insulin
Plasma membrane i’ ‘s ia ﬁ C@ Ef
Metabolism Cell growth,

differentiation

Fig. 2 The insulin /IGF-1 receptor. Both the insulin receptor and the IGF receptor are encoded
by single genes which are processed into an o-chain and -chain that remain linked by disulfide
bonds. These a/ff complexes can either homodimerize to form insulin receptors or IGF receptors,
or heterodimerize to form hybrid receptors. Insulin binds preferentially to the insulin receptor
whereas IGF-1 binds preferentially to the IGF-1 and hybrid receptors. Although there is a great
deal of overlap in their function, the insulin receptor is more closely linked with metabolic effects
whereas the hybrid receptor and IGF receptor are more closely linked with proliferation
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potentially lead to the activation of the hybrid receptor or IGF receptor, driving cell
growth and proliferation. This has been implicated in the pathogenesis of acanthosis
nigricans, the thickening of the skin, particularly in the neck and axilla, present in
insulin resistant individuals, the increased risk of cancer in patients with the metabolic
syndrome, pseudoacromegaly and PCOS. However, other factors, including
changes in the IGF binding proteins which alter IGF activity, could also play a role
in these processes.

Insulin Receptor Substrate Proteins. Upon binding insulin, the insulin receptor
phosphorylates and activates its numerous substrates. At least 11 substrates of the
insulin receptor kinase have been identified, with the most prominent being the 6
members of the Insulin Receptor Substrate (IRS 1-6) family of proteins [8].
The IRS proteins share a similar structure: the N-terminal region contains a pleck-
strin homology (PH) domain which mediates protein—lipid and protein—protein
interactions and a phosphotyrosine binding (PTB) domain; the remainder of the
molecule contains numerous tyrosine, serine and threonine residues which could
potentially undergo phosphorylation. Phosphorylation of the IRS proteins on
tyrosine residues activates these proteins, enabling them to recruit and activate their
downstream targets [8]. In contrast, phosphorylation of the IRS proteins on serine
residues appears to impair insulin signaling as discussed below.

The reason for the existence of so many IRS proteins is still unclear. The fact
that IRS-4 is expressed primarily in embryonic tissues or cell lines, suggests that it
may be important in producing tissue-specific responses to insulin [8]. IRS-1 and
IRS-2, on the other hand, are widely distributed and though largely redundant, may
have subtle distinctions in their functions. For example, IRS-1 may play the more
important role in mediating insulin-stimulated glucose uptake in muscle [8]
whereas IRS-2 may be more important in mediating glucose transport in brown
adipocytes [9] and maintaining (-cell mass; [8] in the liver, IRS-1 and IRS-2 may
play different roles in the regulation of glucose versus lipid metabolism [8].

The subtle differences in IRS-1 and IRS-2 function could be due to structural
differences between the proteins. For example, IRS-2, but not IRS-1, possesses a
Kinase Regulatory Loop Binding (KRLB) domain that appears to impair its ability
to be tyrosine phosphorylated in response to insulin; [8, 10] the absence of this
domain could contribute to preferential signaling through IRS-1 versus IRS-2.
Alternatively, the fact that IRS-1 is associated with the low-density microsome
(LDM) fraction, whereas IRS-2 is found in both the cytosol and LDM fraction,
suggests that the two proteins differ in their subcellular distribution [8]. IRS-1 and
IRS-2 expression levels could vary independently of one another, as they appear to
be regulated by different mechanisms. For example, prolonged exposure of hepato-
cytes to insulin leads to a decrease in IRS-2 but not IRS-1 [11]. Consistent with this,
hepatic IRS-2 expression is highest in the fasted state [12]. Ultimately, these differ-
ences in structure, subcellular localization and expression could yield differences in
the downstream signals produced. For example, the Abl tyrosine kinase and the
phosphatase SHP2 binds to IRS1, but not IRS-2, while the proteins Grb2, Crk and
phospholipase Cg bind to IRS1 with a greater affinity than IRS2 [8]. Similarly,
IRS-1 binds to 14-3-3¢ protein and PKCa., leading to the formation of a complex
that modulates insulin signaling in fibroblasts [13].
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Additional targets of the insulin receptor tyrosine kinase include Src-homology-2
containing protein (Shc) which ultimately promotes proliferation; Cas-Br-M
(murine) ectopic retroviral transforming sequence homologue (Cbl) which initiates
glucose uptake; pB-arrestin-2, a member of the B-arrestin family of adaptor proteins
originally discovered as desensitizers of G-protein coupled receptors, which com-
plexes Akt to the insulin receptor; [14] and Grb-2 associated binder 1 (Gabl) [8].
Gabl, in contrast to the others, appears to be a negative regulator of insulin sig-
naling since knockout of Gab1 in the liver improves insulin sensitivity and signaling
through IRS-1 and IRS-2 [15].

PI 3-Kinase. The class Ia phosphatidylinositol 3-kinase (PI 3-kinase) is a lipid
kinase which plays a central role in insulin signaling (reviewed in [16)]. Active PI
3-kinase phosphorylates phosphotidylinositol-4,5-bisphosphate (PIP)) to generate
phosphotidylinositol-3,4,5-triphosphate (PIP,). The PI 3-phosphates bind the
pleckstrin homology domains of other signaling molecules, activating them or
altering their subcellular location. PI 3-kinase thereby activates PDK1 (PI depen-
dent kinase 1), which is in turn able to activate Akt and the atypical forms of protein
kinase C, which are critical mediators of insulin action.

PI 3-kinase consists of a catalytic subunit, of which there are three isoforms, and
a regulatory subunit, of which there are eight isoforms. As in the case of the IRS
proteins, the roles of these different isoforms are not clear. Knockout of the cata-
lytic subunits produces glucose intolerance [17]. However, partial reductions in the
regulatory subunits, for example by deleting a single isoform such as p85a alone,
surprisingly improve glucose tolerance [18]. Thus, either the stoichiometry of the
regulatory to catalytic subunits is important or the regulatory subunits have some
negative role in insulin signaling.

The importance of PI 3-kinase in insulin signaling is highlighted by studies
showing that virtually all of insulin’s metabolic effects, including glucose transport,
lipogenesis and glycogenesis, are abolished by either inhibitors or dominant negative
mutants of PI 3-kinase [19, 20].

MAP Kinases. The main members of the mitogen activated protein (MAP)
kinase family involved in insulin signaling are the extracellular signal-regulated
kinases, ERK1 and ERK2, and the stress kinase c-Jun NH2-terminal kinase (JNK).
These proteins have different roles in both propagating and terminating the insulin
signal. Insulin stimulates the binding of a complex containing the Src homology 2
(SH2)-containing adaptor protein Grb2 and the guanyl nucleotide exchange factor
SOS to phosphotyrosines on the IRS proteins, Shc and Gab-1. This binding triggers
the sequential activation of the small GTPase Ras, the kinase Raf, the dual specificity
kinases MAPK/Erk Kinase (MEK)-1 and -2, and, ultimately ERK1 and ERK2.
Activated ERK1 and ERK2 phosphorylate p90 ribosomal protein S6 kinase
(p90RSK), transcription factors such as Elk1 and other targets [8].

ERKI1 and ERK2 are mainly involved in mediating cell growth, survival and
differentiation. Thus, pharmacological inhibitors and dominant negative mutants of
these proteins inhibit the stimulation of cell growth by insulin, but do not alter
insulin’s metabolic or anabolic effects [16]. Although ERK1 and ERK2 have similar
functions, ERK1, but not ERK2, has been shown to be required for adipogenesis
both in vitro and in vivo [8].
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Three INK-coding genes (JNK1-3) have been described in mammals, each with
multiple splice variants. JNK1 and JNK2 are expressed ubiquitously, whereas
JNK3 expression is restricted to neuronal tissues [8]. Insulin has been shown to
activate JNK1 and -2 in various cellular systems by a mechanism that may involve
Rac and cdc42 [9, 21]. INK takes part in a negative feedback loop of insulin action
by phosphorylating IRS1 on serine residues, impairing the ability of IRS-1 to be
activated by insulin. The fact that genetic deletion or downregulation by siRNA,
expression of dominant negative mutant or endogenous inhibitory proteins of JNK,
especially JNKI1, improves insulin sensitivity and many metabolic functions in
obese mice suggests that this may be the primary role of JNK in insulin signaling
[22]. ERK1 and ERK2 may also have negative roles in insulin signaling [8].

The CAP/Cbl Pathway. Insulin also appears to be able to induce glucose transport
independent of PI 3-kinase, by assembling signaling platforms that emanate from
lipid rafts. This process is initiated by phosphorylation of the proto-oncogene c-cbl
and the formation of a multiprotein complex at the plasma membrane, composed of
c-cbl, c-Cbl associated protein (CAP) and the adaptor protein APS. CAP contains
a sorbin homology domain which appears to bind the scaffolding protein flotillin,
and localize the complex to the lipid raft. There, tyrosine-phoshorylated c-cbl is
able to recruit CrklIl, via its SH2 domain, and activate the guanyl nucleotide
exchange protein C3G, which in turn activates the G-protein TC10. Once activated,
TC10 promotes the formation of new signaling complexes that inhibit the rab31
GTPase [8]. Together, these events appear to facilitate the translocation, docking
and fusion of the glucose transporter Glut4 at the plasma membrane.

Akt. In response to insulin, PI 3-kinase activates the serine/threonine kinase Akt
(also known as protein kinase B, or PKB). There are three isoforms of Akt: Aktl is
ubiquitously expressed; Akt 2 is expressed predominantly in insulin-sensitive
tissues, such as liver, fat and muscle; and Akt3 is expressed primarily in the brain.
PI 3-kinase activates Akt through several mechanisms [20, 23]. First, the generation
of PI 3-phosphates, particularly PIP,, activates PDK1. PIP, and PIP, also recruit
Akt to the plasma membrane through the pleckstrin homology domain of Akt, thus
bringing it into proximity with its kinase PDK1. Additionally, binding of PIP, to
the pleckstrin homology domain of Akt induces a conformational change that
allows Thr 308 to be phosphorylated by PDK1. Akt activation also requires
phosphorylation on Ser473 by mTORC?2, a protein complex which includes the
protein kinase mTOR (mammalian target of rapmycin) and the regulatory protein,
rictor (rapamycin-insensitive companion of mTOR) [24]. Phosphorylation of
Thr308 and Ser473 results in Akt activation. Akt plays a key role in mediating the
effects of insulin on glucose transport, protein synthesis, glycogen synthesis and
gene expression as described below.

Atypical PKCs. PI 3-kinase also activates the atypical PKCs, PKC( (zeta) and
PKCA (lambda)/t (iota) PKCA is the mouse ortholog of PKCt, which is present in
humans. The atypical PKCs (aPKCs) differ from the conventional PKCs [a (alpha), 3
(beta)l, B (beta)ll, y (gamma)] and the novel PKCs [d (delta), € (epsilon), 1 (eta), 6
(theta), u (mu)] in that they do not require diacylglycerol (DAG) for activation.
More importantly, conventional and novel PKCs appear to be negative regulators of
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insulin signaling, whereas the atypical PKCs are important mediators of insulin
action. In muscle and fat, the aPKCs stimulate glucose transport in response to
insulin. Overexpression of PKC or PKCA results in increased translocation of the
insulin-sensitive glucose transporter GLUT4 to the plasma membrane [25, 26].
Conversely, dominant negative mutants of PKCA inhibit insulin-stimulated glucose
uptake [27]. In the liver, however, the aPKCs appear to stimulate lipogenesis.

mTOR. Another important downstream target of insulin is the mTORC1
complex [8]. mTORCI1, like mTORC2, contains the protein kinase mTOR.
However, the two complexes are functionally distinct, and mTORC1 complex con-
tains the regulatory protein raptor (regulatory associated protein of TOR), instead
of rictor. Akt activates mTORC1 by phosphorylating and inhibiting tuberin,
or tuberous sclerosis complex-2 (TSC2), which is in a complex with hamartin, or
TSC1 [28]. The TSCI1/TSC2 complex inhibits the GTPase Ras homologue
enriched in brain (Rheb) [29]. Rheb is an activator of mTORC]1. Thus, activation
of Akt by insulin results in the dis-inhibition of Rheb and the activation of
mTORCI. mTORCI1 promotes protein synthesis by phosphorylating eukaryotic
translation initiation factor 4E binding protein 1 (4EBP1). 4EBPI inhibits transla-
tion by binding eukaryotic translation initiation factor 4E (eIF4E), a limiting
component of the translation inititation complex. Phosphorylation of 4EBP1
allows elF4E to dissociate, and thereby increases translation. In addition, mMTORC1
phosphorylates and activates p70 ribosomal S6 kinase (S6K), which increases
ribosome biosynthesis.

GSK3. In the liver, insulin is a key signal to promote glycogen synthesis. There
are two isoforms of glycogen synthase kinase 3 (GSK3), GSK3a and GSK3p,
encoded by two different genes. GSK3a and GSK3f phosphorylate and inhibit
glycogen synthase, the enzyme catalyzing the final step in glycogen synthesis. Akt
inactivates GSK3a and GSK3[ by phosphorylating them on Ser 21 and Ser9,
respectively [30]. Thus, insulin activates Akt, which inactivates GSK3, and dere-
presses glycogen synthase, leading to a stimulation of glycogen synthesis. Mutation
of the Akt phosphorylation sites of GSK3—i.e., mutation of serine 21 to alanine in
GSK3a (S21A) and mutation of serine 9 to alanine in GSK3f (S9A)—renders it
insensitive to insulin. Studies of mice with knockin of the S21A mutation in
GSK3a or the S9A mutation in GSK3f show that GSK3p is more important in the
regulation of muscle glycogen synthase by insulin [31]. Consistent with this, mice
with muscle-specific knockout of GSK3f show improved glucose tolerance, due to
enhanced stimulation of glycogen synthase by insulin [32]. GSK3a may have a
more important role in the liver, as mice with whole body knockout of GSK3a have
improved whole-body glucose tolerance and hepatic insulin sensitivity, but mice
with liver-specific knockout of GSK3[3 show no change in glucose or insulin toler-
ance or glycogen content [32, 33].

AS160. Akt substrate of 160 kDa (AS160) is phosphorylated by Akt. AS160
contains an intrinsic rab GTPase activating domain. In its GDP bound form,
AS160 is inactive; phosphorylation by Akt inhibits its GTPase activity, allowing a
switch to the GTP bound form, which promotes translocation of GLUT 4-containing
vescicles to the cell surface, thereby increasing glucose uptake [34].
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FoxOl. Insulin exerts many of its effects at the transcriptional level. Of the many
transcription factors and coactivators involved, FoxO1 and SREBP-1c are among
the most well studied. Akt inactivates FoxO1 by phosphorylating it on residues
Thr-24, Ser-256 and Ser-319 though other kinases have been implicated [35].
Phosphorylated FoxO1 is excluded from the nucleus and targeted for degradation.
Insulin may also regulate FoxO1 by acetylation [35] and modulation of its tran-
scriptional co-activator, peroxisome proliferator-activated receptor gamma, coactivator
1 alpha (PGC)-10.% In the absence of insulin, FoxO1 activates transcription both
directly, by binding to insulin response elements (IREs) in the promoters of its
target genes [37], and indirectly by co-activating other transcription factors [38].
FoxO1 induces the gluconeogenic enzymes, glucose-6-phosphatase (G6pc) and
phosphoenolpyruvate carboxykinase (Pckl). Therefore, increased expression of
FoxO1 leads to increased fasting glucose and impaired glucose tolerance [39]
whereas knockdown of FoxOl decreases gluconeogenic gene expression and
decreases serum glucose levels[40].

Although the effects of FoxO1 on glucose metabolism are its most prominent
effects in insulin signaling, FoxO1 has many other important effects in the cell. For
example, FoxO1 regulates triglyceride metabolism by inducing microsomal triglyc-
eride transfer protein (Mttp), which promotes the lipidation of apolipoprotein B
(ApoB), a rate-determining step in VLDL secretion; [41] FoxO1 induces ApoCIII,
an apolipoprotein which inhibits lipoprotein lipase activity and promotes hypertrig-
lyceridemia; [42] FoxOl1 inhibits lipogenic gene expression [39]. In addition,
FoxOl1 promotes the expression of the cholesterol efflux transporters, Abcg5 and
Abcg8 [43], which stimulates cholesterol efflux into the bile, [44] and plays an
important role in the regulation of bile acid metabolism, [45] cell growth and
differentiation, protection from reactive oxygen species and may even modulate
insulin sensitivity (reviewed in [46)].

Insulin also regulates the related protein FoxA2. Akt phosphorylates Foxa2 on
Thr156, preventing its nuclear localization and thereby inactivating FoxA2. FoxA2
promotes the transcription of the enzymes of fatty acid oxidation, Mttp, and gluco-
neogenic genes [47, 48]. FoxA2 also regulates the bile acid transporters, and the
knockout of FoxA2 in the liver leads to intrahepatic cholestasis [49].

SREBP-Ic. The sterol regulatory element-binding proteins (SREBPs) are a family
of three nuclear transcription factors encoded by two genes [50]. SREBP-1a and
SREBP-1c are derived from the same gene, and both appear to regulate lipogenic
gene transcription. SREBP-1c¢, however, is the dominant isoform in liver and adipose.
SREBP-1c is capable of activating the entire program of monounsaturated fatty
acid synthesis. Mice expressing a constitutively active isoform of SREBP-1c have
an increase in lipogenic gene expression and hepatic triglyceride content [51].
In addition, SREBP-1c inhibits transcription of IRS-2 [52] and the gluconeogenic
genes [53], potentially contributing to changes in glucose metabolism as well.

The SREBPs are subject to complex regulation at the transcriptional and post-
translational levels [50]. Their transcripts encode membrane bound precursors,
which are retained in the endoplasmic reticulum by Insig proteins. Sterol depletion
causes dissociation of the Insig proteins, allowing the SREBPs to proceed to the
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golgi, where the Site 1 and Site 2 proteases reside. These proteases release a soluble
fragment of SREBP that can translocate into the nucleus to activate transcription.

Several lines of evidence suggest that SREBP-1c is regulated by insulin. First,
SREBP-1c transcript and nuclear protein are increased by insulin treatment in hepa-
tocytes [54]. Second, streptozotocin treatment, which renders mice insulin
deficient, results in a decrease in SREBP-1c [54]. Similarly, fasting, which also
lowers insulin levels, decreases SREBP-1c [55]. Conversely, refeeding induces an
exaggerated insulin response which is accompanied by an increase in SREBP-1c
[55]. Knockout of SREBP-1c impairs the lipogenic response to insulin in the context
of re-feeding [56].

The mechanisms by which insulin induces SREBP-1c are not clear. Insulin
appears to induce transcription of SREBP-1c via the nuclear hormone receptor,
Liver X Receptor (LXR), as knockout of LXR prevents insulin from inducing
SREBP-1c and its targets [57]. Insulin has been reported to increase the stability of
LXR mRNA, [58] and has been suggested to induce the oxysterol ligand of LXR.
Insulin also acts post-transcriptionally to induce the processing of SREBP-1c to its
active nuclear form by suppressing expression of Insig2a [59]. As Insig levels fall,
SREBP-1c is no longer retained in the endoplasmic reticulum. In addition,
SREBP-1c¢ may undergo other modifications which regulate its activity, including
phosphorylation and ubiquitination. The insulin signaling components which mediate
insulin’s effects on SREBP-1c are not clear, and PI 3-kinase, PKC-A, GSK-3f3 and
MAPK have been implicated.

It should also be noted that SREBP-1c is under complex control, and insulin is
not the only, or even the dominant, regulator of SREBP-1c. Thus, dietary factors,
such as carbohydrates and polyunsaturated fatty acids and hormonal factors, such
as leptin, also regulate SREBP-1c [60]. It is therefore possible that these other
pathways activate SREBP-1c independent of insulin signaling in the metabolic
syndrome.

Metabolic Effects of Insulin Resistance: Lessons
from Knockout Mice

The existence of so many redundant components and branches of the insulin signaling
cascade suggests that, (a) a lesion in a given node in the insulin signaling cascade
will only have phenotypic consequences if the other isoforms in that node are
unable to compensate for it, and (b) the phenotype produced by a given lesion in
the insulin signaling cascade will depend on the location of the lesion. These concepts
have been validated by studies using mice with targeted mutations of different
components of the insulin signaling cascade (reviewed in [16)]. In particular, mice
with liver-specific mutations in the insulin receptor, IRS-1 and -2, PI 3-kinase and
PKC-A have been generated. Here, we will discuss how defects in the different
insulin signaling components, even within the same tissue, vary in their contribu-
tion to the metabolic syndrome.
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Insulin Receptor Knockout (LIRKO) Mice. LIRKO mice show greater than
95% deletion of the insulin receptor in liver. This results in complete insulin resis-
tance, as the insulin receptor is unable to activate any of its downstream targets.
Consistent with the role of insulin in suppressing hepatic gluconeogenesis, LIRKO
mice are hyperglycemic, with increased expression of the gluconeogenic genes,
increased hepatic glucose output, marked glucose intolerance and hyperglycemia
[61]. LIRKO mice are also markedly hyperinsulinemic, and this is due both to 3
cell compensation, because the [ cells secrete excess insulin in response to the
hyperglycemic stimulus, and to decreased insulin clearance, because insulin receptors
in the liver play an important role in the clearance of insulin from the serum.
However, unlike diet-induced obese mice and humans with the metabolic syndrome,
LIRKO mouse livers do not to respond at all to hyperinsulinemia.

LIRKO mice also show a decrease in SREBP-1c and lipogenic gene expression,
particularly in the re-fed state [62]. Although the triglyceride content of the liver is
similar to wild type controls, VLDL secretion is markedly abnormal in LIRKO
mice. VLDL contains triglycerides, cholesterol and phospholipids in complex with
ApoB, the principal apolipoprotein component of VLDL. As expected from the
decrease in SREBP-1c and its targets, VLDL-triglyceride secretion is decreased in
LIRKO mice. However, ApoB secretion is increased. This discrepancy could be
due to the fact that insulin inhibits ApoB lipidation, by inhibiting transcription of
Mttp transcription by FoxO1,[41] and that insulin targets ApoB protein for degrada-
tion [63]. Consequently, LIRKO livers secrete VLDL particles that are relatively
poor in triglycerides and rich in cholesterol.

In addition to abnormal VLDL particles, LIRKO mice show reduced levels of
HDL-cholesterol [62]. When stressed with an atherogenic diet, LIRKO mice
develop marked hypercholesterolemia, which is associated with decreased expres-
sion of the low density lipoprotein (LDL) receptor, and decreased LDL clearance.
Consequently, all of the LIRKO mice but none of the controls develop atheroscle-
rosis after being fed the atherogenic diet for less than 4 months [62].

In addition, the cholesterol transporters Abcg5 and Abcg8 are increased threefold
at the mRNA levels in LIRKO livers. These transporters reside on the cannilicular
membrane of the hepatocyte and regulate the efflux of cholesterol into bile.
Consequently, biliary cholesterol secretion is increased threefold in LIRKO mice
[43]. This finding is important because increased biliary cholesterol secretion
contributes to gallstone formation in obese humans [64]. Not surprisingly, when fed
a lithogenic diet, 36% of LIRKO mice, but none of the control mice, develop
cholesterol gallstones within 1 week [43].

Knockout of the Insulin Receptor Substrates (IRS). Unlike LIRKO mice, liver-
specific knockout of either IRS-1 or IRS-2 showed very subtle phenotypes [8].
Consistent with the fact that IRS-1 is expressed at higher levels in the fed state,
mice with liver-specific knockout of IRS-1 alone showed increased gluconeogenic
gene expression and hepatic glucose production, glucose intolerance and decreased
lipogenic gene expression in the fed state [12]. However, these abnormalities were
absent in the fasted state. In contrast, mice with liver-specific knockout of IRS-2
alone showed increased gluconeogenic gene expression, increased hepatic glucose
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production, glucose intolerance and decreased lipogenic gene expression in the
fasted, but not fed state [12]. Mice with hepatic knockout of either IRS-1 or IRS-2
did not show changes in serum triglyceride or cholesterol levels [12].

On the other hand, mice with knockout of both IRS-1 and IRS-2 in the liver
show marked metabolic changes including increased hepatic glucose production
and glucose intolerance in both the fed and fasted states, decreased serum triglyc-
eride secretion, decreased serum triglycerides and decreased HDL cholesterol [12,
65]. In addition, genetic ablation of FoxO1 in the livers of these mice restores
gluconeogenic gene expression, fasting glucose, insulin levels, serum triglyceride
and HDL levels towards normal. This underscores the importance of FoxO1 in this
phenotype [12, 65].

Knockout of PI 3-Kinase. The two major PI 3-kinase regulatory subunits
expressed in the liver are p85a and p85f. By mating mice with whole-body knockout
of the p85f (BKO) to mice with liver-specific knockout of the Pik3rl gene, which
encodes p85a, as well as the less abundant isoforms, pS5a and p50a (aLKO), mice
harboring both these deletions (p850/B—-DKO) were generated [66]. Mice with
knockout of either p85a in the liver or p85f in the whole body show no changes in
the activation of the downstream targets of PI 3-kinase, glucose or triglyceride
metabolism. However, p850/B-DKO mice fail to activate PI 3-kinase [66].
Consequently, p85a/p—DKO mice show blunted responses of Akt, PKCA, FoxOl,
GSK3p, TSC2 and p70S6 kinase to insulin. They show increased gluconeogenic
gene expression, hyperglycemia and hyperinsulinemia. In addition, SREBP-1c, its
downstream target, fatty acid synthase, and serum triglycerides are decreased. Mice
with acute knockdown of PI 3-kinase in the liver show a similar phenotype [67].
These mice were generated by injecting wild type mice with adenovirus encoding
a dominant negative mutant of p85a, which abolishes basal and insulin stimulated
PI 3-kinase. Acute knockdown of PI 3-kinase also produces hyperglycemia, hyper-
insulinemia and a marked reduction in serum triglyceride and cholesterol levels.

PKC-A knockout. Matsumoto and colleagues [68] have characterized mice with
knockout of PKC-A in the liver (L-AKO mice). Although knockout of PKC-A
induced hyperinsulinemia, it did not impair the ability of insulin to suppress gluco-
neogenic gene expression in vitro or in vivo. Consequently, L-AKO mice showed
normal serum glucose levels and liver glycogen content after being challenged with
a glucose load. However, they showed reduced levels of SREBP-1c mRNA and
protein, decreased expression of the SREBP-1c target gene, fatty acid synthase and
reduced hepatic triglyceride levels. Serum triglyceride levels were normal. In addi-
tion, treatment with an LXR agonist was able to fully restore SREBP-1c levels in
L-AKO mice.

Similarly, knockout of liver PKC-A impairs the ability of constitutively active PI
3-kinase, delivered by adenovirus, to increase expression of SREBP-1c but not its
ability to decrease serum glucose levels. Interestingly, L-AKO mice show normal
levels of serum and hepatic cholesterol. Taken together, these data indicate that
PKC-A\ is an important driver of lipogenesis, but not glucose metabolism. Consistent
with this, restoration of PKC-A in L-AKO livers was able to increase expression of
SREBP-1c and liver triglyceride content, but did not alter serum glucose levels.
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Taken together, these data illustrate several points about insulin resistance. First,
studies in LIRKO mice show that insulin resistance can produce several components
of the metabolic syndrome: hyperglycemia, low HDL cholesterol and increased
susceptibility to atherosclerosis and cholesterol gallstones. This is a very important
finding because it indicates that, at least in mice, insulin can play a causative role
in the metabolic syndrome phenotype. Whether defects in the IRS proteins or other
downstream insulin signaling molecules also produce this phenotype is yet to be
determined. Second, the insulin resistance phenotype varies with the particular
node involved. For example, LIRKO mice and p85a/B—DKO show hyperglycemia
and decreased levels of SREBP-1c. In contrast, mice with knockout of PKC-A only
show decreased levels of SREBP-1c. L-AKO mice also show that molecular insulin
resistance can exist even in the absence of hyperglycemia. Third, studies in mice
with knockout of the IRS proteins or the PI 3-kinase regulatory subunits show that
the severity of the phenotype produced by an insulin signaling defect depends on
the extent to which the node itself is compromised. Thus, knockout of IRS-1, IRS-2,
p85a or p85f alone produces rather subtle phenotypes. However, when both IRS
isoforms or both p85 isoforms are knocked out in the liver, a phenotype very similar
to the LIRKO results.

Molecular Mechanisms of Insulin Resistance

The metabolic syndrome is caused by a combination of genetic and environmental
factors. One of the most important environmental factors is overnutrition. Here, we
will review some of the mechanisms which have been suggested to underlie the
associations between obesity and insulin resistance, including inflammation, lipo-
toxicity, ER stress and hyperglycemia (Figs. 3, 4).

Inflammation. Overnutrition and obesity appear to trigger an inflammatory
response. Hence, macrophage activation and infiltration are commonly observed
in the adipose tissue of obese humans and mice [22]. This is associated with
increased secretion of chemokines and pro-inflammatory cytokines such as
TNF-a, interleukin (IL)-1 and IL-6, resulting in a generalized state of inflam-
mation [69]. Inflammation can produce insulin resistance through several
mechanisms. Inflammation increases phosphorylation of IRS-1 on Ser307.
TNF-a, for example, initiates the formation of a multiprotein signaling com-
plex that triggers the activation of a kinase cascade which activates JNK [22].
JNK phosphorylates IRS-1 on Ser 307. Though IRS-1 Ser-307 phosphorylation
has been extensively described as a marker of insulin resistance in mice and
humans, it is not clear how this modification impairs insulin signaling. Ser-307
phosphorylation may interfere with IRS-1 function by disrupting its interaction
with the insulin receptor or promoting the interaction of IRS-1 with 14-3-3
proteins, impairing its ability to activate its downstream targets [8]. Serine
phosphorylation has also been shown to alter the intracellular localization of
IRS-1 and induce its degradation [8].
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Molecular Mechanisms of Overnutrition-induced
Insulin Resistance
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Fig. 3 Molecular mechanisms of overnutrition-induced insulin resistance. Overnutrition appears
to induce insulin resistance through many pathways, including inflammation, ER stress, lipotoxic-
ity and glucotoxicity. Together, these processes induce the SOCS proteins and activate JNK, IKK,
the conventional PKCs and novel PKCs. This ultimately inhibits signaling through the insulin
receptor, IRS-1, IRS-2 and Akt. However, it is not clear which of these pathways, if any, plays the
major role in causing the insulin resistance associated with obesity

Inflammation also increases expression of the suppressors of cytokine signaling
(SOCS) proteins. For example, IL-6 induces transcription of the SOCS proteins by
activating the STAT family of transcription factors [70]. SOCS -1 and SOCS-3 in
particular decrease insulin signaling by (a) direct interaction with the insulin receptor,
which could prevent binding of the IRS proteins or decrease the kinase activity of the
insulin receptor, and (b) by promoting degradation of the IRS proteins [8]. In addi-
tion, SOCS3 promotes leptin resistance in the hypothalamus [70] and may regulate 3
cell mass and proliferation [71]. Consistent with this, mice heterozygous for a deletion
of SOCS3 are resistant to diet-induced obesity and insulin resistance [70].

Inflammation activates the NFkB pathway. Cytokines, such as IL-1, stimulate
the formation of signaling platforms involving TNF-receptor associated factor
(TRAF) proteins and transforming growth factor-f activated kinase (TAK) 1
(reviewed in [72)], which activate the inhibitor kB kinase (IKK). IKK is a central
mediator of the inflammation response, as it activates the transcription factor,
nuclear factor kappa B (NFxB). NFkB drives the production of the pro-inflamma-
tory cytokines TNF-a, IL-1P and IL-6, thereby further promoting inflammation
and insulin resistance [73]. Forced expression of IKK is sufficient to induce insulin
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resistance [22] whereas deletion of the gene protects against high fat diet-induced
insulin resistance [22]. In addition, obesity increases IKK activity and salicylates,
IKK-B inhibitors, have proven to be efficient insulin sensitizers in mice and
humans [22].

Lipotoxicity. Free fatty acids themselves promote inflammation by activation of
the toll-like receptor (TLR)-2 and -4 pathways [22]. TLRs signal via the formation
of TRAF protein-containing complexes, and activate the JNK and the IKK/NFxB
pathways [72]. Excess fatty acids can also become deposited into tissues such as
the liver and muscle, where they drive the formation of diacylglycerol (DAG) and
other potentially toxic lipid metabolites, such as GM3 ganglioside or ceramides [74].
DAG activates JNK and the novel PKCs, PKC6 and PKCe. PKCO is present in
muscle and stimulates activation of IKK- and JNK [75]. PKCe is present in liver
and has been shown to directly interact with the insulin receptor and decrease its
activity [76]. GM3 ganglioside and ceramides, on the other hand, have been
reported to induce insulin resistance by interfering with the activation of the insulin
receptor and Akt, respectively (as reviewed in [74)].

Endoplasmic Reticulum (ER) Stress. The ER is an organelle dedicated to the
synthesis, folding and maturation of all secreted and membrane proteins. When the
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ER becomes overloaded with misfolded proteins, it triggers the unfolded protein
response (UPR), a coordinate response involving inositol-requiring enzyme 1 (IRE-1),
double stranded RNA-activated protein kinase-like endoplasmic reticulum kinase
(PERK) and activating transcription factor 6 (ATF6). Under normal physiological
conditions, the protein chaperone, BiP, interacts with IRE-1, PERK and ATF6, and
maintains them in an inactive conformation. Under conditions of stress, the misfolded
proteins bind and sequester BiP. As a result of BiP being removed from IRE-1,
PERK and ATF-6, these proteins become activated, producing the UPR [77].

The UPR leads to a general attenuation of translation, which decreases the influx
of more unfolded proteins, and increases expression of the chaperone proteins
necessary to bind the unfolded proteins present. The UPR therefore represents a
homeostatic mechanism. However, it also leads to insulin resistance. IRE-1 directly
binds to TRAF-2 and triggers the activation of JNK [22] and IKK [22]. Furthermore,
PERK phosphorylates the alpha subunit of the translation initiation factor 2 (eIF2a),
and this results in decreased expression of IkB-a, a negative regulator of NF«xB
[22]. Consequently, genetic manipulations or chemical treatment that reduce the
UPR have been shown to improve insulin sensitivity [22].

Glucose Toxicity. Insulin resistance eventually leads to hyperglycemia. In a
vicious cycle, hyperglycemia leads to glucose toxicity, which further impairs
insulin signaling, as well as insulin secretion. The effects of hyperglycemia on
insulin signaling are thought to be mediated by the hexosamine pathway. This
starts with the production of glucosamine 6-phosphate from fructose 6-phosphate
by the rate-limiting enzyme glutamine:fructose-6-phosphate amidotransferase
(GFAT). The major end product is UDP-N-acetylglucosamine (UDP-GIcNAC),
which provides a substrate for the glycosylation of proteins and lipids [78].
Although the mechanism by which this pathway impairs insulin action is
unclear, possible mechanisms include ER stress and JNK activation [79].
Alternatively, the fact that overexpression of O-GIcNAc transferase (OGT)
decreases Akt Thr308 phosphorylation and increases IRS-1 Ser307, 632/635
phosphorylation suggests that glycosylation of key signaling molecules may also
occur [79]. In addition, hyperglycemia leads to the formation of advanced glyca-
tion end (AGE) products through non-enzymatic modification of proteins by
reducing sugars. AGEs bind and activate the receptor for AGE (RAGE). The RAGE
receptor activates PKCal, which in turn induces serine phosphorylation of IRS-1
and IRS-2 [80].

Other Mechanisms of Insulin Resistance. Studies to understand how environ-
mental factors interfere with insulin signaling have focused on IRS-1 Ser 307
phosphorylation by JNK. However, there are several important points to note. First,
there are over 70 potential serine phosphorylation sites on IRS-1, and other IRS
proteins may also undergo serine phosphorylation. The importance of IRS-1 Ser
307 relative to these other sites has not been adequately studied. Second, although
many studies have demonstrated negative effects of serine phosphorylation, there is
some evidence that serine phosphorylation of certain sites may serve a positive role.
Finally, multiple other mechanisms could contribute to insulin resistance in the
metabolic syndrome [8].
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Insulin resistance could result from increases in the activity or amount of the
enzymes which normally terminate the insulin signal, including the phosphoty-
rosine phosphatases, such as PTP1b, which de-phosphosphorylate and de-activate
the insulin receptor. Increased tyrosine phosphatase activity has been described in
insulin resistant states, and knockout of PTP1b improves insulin sensitivity in
different models of insulin resistance [8]. Similarly, increased levels of the PIP,
phosphatases, e.g., PTEN and SHIP, which dephosphorylate the PIP, produced by
PI 3-kinase, would be expected to impair insulin signaling. Consistent with this,
reduction of PTEN and SHIP2 expression improves insulin sensitivity in various
models of insulin resistance through upregulation of PI3-K and Akt signaling [8].
In addition, the pseudo-kinase TRB3, a mammalian homolog of drosophila tribbles,
has been proposed to contribute to obesity-induced insulin resistance by interacting
with Akt and downregulating its activity, [8] and endogenous Akt inhibitors such
as CTMP and PHLPP may also play a role [8].

Thus, it is likely that many mechanisms, independent of JNK and IRS-1 Ser 307
phosphorylation, play a role in mediating the effects of overnutrition on insulin
signaling. In particular, it is likely that different genetic and environmental insults
will produce their own signature of molecular insulin resistance, with a defined
cluster of defects in the insulin signaling pathway.

Insulin Resistance in Humans

Identifying insulin signaling defects associated with the metabolic syndrome in
humans is complicated by significant methodological challenges (reviewed in [81)].
Two approaches have been used. First, biopsies have been taken from insulin-
resistant subjects and their controls both before and after being subject to a hyper-
insulinemic euglycemic clamp, and insulin signaling has been examined.
Alternatively, biopsies have been taken from individuals, and cultured in vitro in the
presence or absence of insulin. Comparing the results of these different studies is
difficult because of the numerous variables present, such as the patient population,
the dose and duration of insulin, the site of biopsy and how the biopsy is processed
for signaling studies. Therefore it is not surprising that some studies have identified
defects in the insulin signaling pathway whereas others have not (reviewed in [16)].
Nonetheless, defects in insulin binding, insulin receptor tyrosine phosphorylation,
IRS-1 tyrosine phosphorylation have been documented. Similarly defects in PI
3-kinase and its downstream targets, Akt and aPKC have been shown. The most
consistent insulin signaling defect to be observed in muscle and adipose is in the
aPKCs, and this occurs in the presence or absence of defects in Akt. In contrast,
activities of ERK1/2 and JNK appear to be relatively intact.

In a complementary approach, humans with defined lesions in the insulin signaling
cascade have been studied [82]. Patients with mutations in the insulin receptor are
hyperglycemic and hyperinsulinemic. Consistent with the studies in LIRKO mice,
they show low serum triglycerides, their VLDL is relatively poor in triglycerides
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and they show no increase in either lipogenesis or hepatic triglyceride content.
In contrast, humans with mutations in Akt2 develop hyperglycemia, hyperinsulinemia,
hypertriglyceridemia, and increased lipogenesis and hepatic triglyceride content.
Taken together, these studies indicate that multiple defects in the insulin signaling
pathway are possible in humans, but that not all pathways are equally affected.
Furthermore, the phenotype of the individual will depend on the specific complement
of lesions he or she harbors.

Conclusions

The role of insulin resistance in the metabolic syndrome is yet to be resolved.
However, recent advances in our understanding of the insulin signaling cascade
show that many of the ideas put forth by Dr. Reaven, over 20 years ago, are
likely correct. First, studies, particularly in LIRKO mice, indicate that many
features of the metabolic syndrome, in addition to hyperglycemia, can be
produced by insulin resistance, namely, low HDL cholesterol, susceptibility to
atherosclerosis and susceptibility to cholesterol gallstones. Further character-
ization of mice and humans with defined lesions in the insulin signaling pathway
may even show other features to be related. Second, the existence of multiple
branches and nodes in the insulin signaling pathway explain how some pathways
of the metabolic syndrome can remain sensitive to insulin, while others become
resistant. For example, a specific defect in Akt could allow continued signaling
through the insulin receptor/IRS/PI 3-kinase/PKC-A pathway leading to the
activation of lipogenesis. Since Akt regulates FoxO1l and gluconeogenesis,
defects in Akt could produce both hyperglycemia and increased serum and
hepatic triglycerides, as observed in humans with mutations in Akt. Although
the precise lesions that cause insulin resistance in humans, particularly in
tissues such as the liver, are yet to be determined, studies to date suggest that
defects do occur.

Finally, the unexpected finding of so many redundant components in the insu-
lin signaling cascade suggests that the metabolic syndrome may be even more
complex than we had initially thought. In other words, the number of defects pos-
sible in the insulin signaling cascade is staggering, and each defect is likely to
produce a slightly different phenotype. The exact complement of lesions har-
bored by any individual will depend on both the genetic and environmental
insults to which he or she is subjected. Ultimately, we hope to be able to diagnose
and treat individuals with the metabolic syndrome based on their specific insulin
signaling defects, leading to more effective therapy with fewer adverse effects.
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