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Abstract: The liver plays a key role in glucose homeostasis, lipid and energy metabolism. Its function is primarily controlled by the ana-
bolic hormone insulin and its counterparts glucagon, catecholamines and glucocorticoids. Dysregulation of this homeostatic system is a
major cause for development of the metabolic syndrome and type 2 diabetes mellitus. The features of the underlying dynamic molecular
network that coordinates systemic nutrient homeostasis are less clear. But recently, considerable progress has been made in elucidating
molecular pathways and potential factors involved in the regulation of energy and lipid metabolism and affected in diabetic states.

In this review we will focus on important stations in the complex network of molecules that control the balance between glucose produc-
tion, glucose utilization and regulation of lipid metabolism. Special attention will be paid to the insulin receptor substrate (IRS) proteins
with the two major isoforms IRS-1 and IRS-2 as a critical node in hepatic insulin signalling. IRS proteins act as docking molecules to
connect tyrosine kinase receptor activation to essential downstream kinase cascades, including activation of the PI-3 kinase or MAPK
cascade. IRS-1 and IRS-2 are complementary key players in the regulation of hepatic insulin signalling and expression of genes involved
in gluconeogenesis, glycogen synthesis and lipid metabolism. The function of IRS proteins is regulated by their expression levels and
posttranslational modifications. This regulation within the dynamic molecular network that coordinates systemic nutrient homeostasis
will be outlined in detail under the following conditions: after feeding, during fasting and during exercise. Dysfunction of IRS proteins
initially leads to post-prandial hyperglycemia, increased hepatic glucose production, and dysregulated lipid synthesis and is discussed as
major pathophysiological mechanism for the development of insulin resistance and type 2 diabetes mellitus.

Understanding the molecular regulation and the pathophysiological modifications of IRS proteins is crucial in order to identify new sites

for potential intervention to treat or prevent hepatic insulin resistance and type 2 diabetes mellitus.
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1. INTRODUCTION

Plasma protein synthesis, detoxification of endogenous and
pharmaceutical substances, hemostasis, as well as energy storage
and conversion are important functions of the liver. The central
metabolic role of the liver in fuel homeostasis is underlined by the
fact that it is the major organ with the ability to consume, store and
produce glucose and lipids. Hepatic glucose metabolism includes
the formation of glycogen (short-term energy storage), generation
of glucose from non-sugar carbon substrates and intracellular en-
ergy supply via glycolysis [1]. Fatty acid oxidation, de novo syn-
thesis of fatty acids, cholesterol and bile acid synthesis, as well as
lipoprotein assembly are the essential roles of the liver in lipid me-
tabolism. These metabolic pathways are coordinately regulated to
maintain glucose and lipid homeostasis under physiological condi-
tions [2]. Consequently, the liver is a key target for the anabolic
hormone insulin and its catabolic counterpart glucagon. Insulin is
released from the pancreatic B-cells in response to increased blood
glucose concentrations and this is amplified in the presence of free
fatty acids. Impaired insulin sensitivity and dysregulated insulin
action in the liver contributes significantly to the pathogenesis of
obesity, the metabolic syndrome and type 2 diabetes.

The pancreatic a-cells release glucagon in response to decreas-
ing blood glucose concentrations as it occurs during fasting and
glucagon affects mainly the liver and adipose tissue. It induces the
breakdown of glycogen and the mobilization of fatty acids. Most
importantly it promotes gluconeogenesis, i.e. the formation of glu-
cose from lactate, glycerol and glucogenic amino acids. During
exercise and stress, when the organism has an increased demand for
energy, other glucoregulatory hormones, the catecholamines epi-
nephrine and norepinephrine and the glucocorticoids (most impor-
tantly cortisol) come to action and exert similar metabolic functions
as glucagon.
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The global regulation of the function of the liver in energy me-
tabolism is well-investigated, however, the underlying molecular
mechanisms are less clear. In this review we will focus on impor-
tant crossroads in the complex network of molecules that control
the balance between glucose production, glucose utilization and
regulation of lipid metabolism. The emphasis will be on the mo-
lecular mechanisms underlying the hepatic regulation of energy
metabolism in the fed state, during fasting and exercise paying par-
ticular attention to the role of IRS-1 and IRS-2. Furthermore, mo-
lecular mechanisms for the pathogenesis of hepatic insulin resis-
tance and possible target molecules for therapeutic interventions to
treat or prevent the dysregulation of hepatic insulin action and type
2 diabetes mellitus will be discussed.

2. THE INSULIN RECEPTOR SUBSTRATES (IRS)

On the molecular level insulin receptor substrates (IRS) play
key roles in the orchestration of the complex hepatic metabolic
responses. IRS are unique docking molecules whose actions are
very tightly regulated by the phosphorylation at various sites [3-5].
The IRS bind to the activated insulin receptor, become phosphory-
lated, thereby providing docking sites for a multitude of signalling
molecules, essential for the diversification and modulation of insu-
lin action and hence for the tight regulation of the hepatic glucose
and lipid metabolism. Dysregulation of this complex system leads
to impaired signal transduction resulting in pathological states.
Reduced IRS protein levels in the liver and hyperphosphorylation
of IRS on serine/threonine residues are hallmarks in the develop-
ment of insulin resistance and type 2 diabetes mellitus [6,7].

The insulin signalling cascade is initiated by the binding of in-
sulin to the extracellular B-subunits of the dimerized receptor. This
binding leads to the autophosphorylation of tyrosine residues at the
intracellular B-subunit. IRS proteins bind to the phosphorylated
receptor via their phosphotyrosine binding (PTB) domain and are in
turn phosphorylated on multiple tyrosine residues thus creating
docking sites for src homology 2 (SH2) domain containing proteins.
The best studied SH2 proteins that bind to tyrosine phosphorylated
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IRS proteins are the regulatory subunit of the phosphoinositide-3
(PI-3) kinase and the adaptor molecule growth factor receptor-
binding protein 2 (Grb2). The PI-3 kinase catalyzes the formation
of the lipid second messenger phosphatidylinositol-3,4,5-
triphosphate, which is necessary to recruit downstream kinases,
such as 3-phosphoinositide-dependent protein kinase 1 (PDK-1)
and Akt (also called protein kinase B; PKB). Of note, IRS proteins
do not contain kinase activities but they play a key role as branch-
ing point by transferring the extracellular signal (e.g. binding of
insulin to its receptor) into multiple metabolic, mitogenic and anti-
apoptotic signalling pathways. The IRS proteins regulate the glu-
cose and lipid metabolism mainly via the PI-3 kinase-Akt pathway
and through activation of the mitogen-activated protein kinase
(MAPK) cascade gene expression, cell growth and differentiation.
In addition, IRS proteins have a similar essential function in trans-
ducing the insulin-like growth factor (IGF)-I signal from the IGF-I-
receptor into target cells. But although the ability of IGF-1 to en-
hance insulin sensitivity and to stimulate insulin-like actions has
been demonstrated (for review see reference [8]) insulin is the ma-
jor physiological regulator of metabolism via IRS proteins.

There are 6 different IRS [9-13] with different tissue-specific
distribution (for review see reference [4]). At least five of them are
expressed in human tissues: IRS-1, -2 and -4, -5 and -6 whereas
IRS-3 only appears in rodent adipose tissue and brain. Since IRS-1
and IRS-2 constitute the main IRS isoforms in the mammalian liver,
we will focus on these molecules. Both isoforms appear to have a
similar general architecture (Fig. (1)) [4,14,15]. They are composed
of a N-terminal pleckstrin homology (PH) domain which enables
their binding to phosphatidylinositol lipids within membranes. The
PH-domain is followed by the PTB-domain that mediates the inter-
action with the tyrosine phosphorylated insulin receptor [14,15].
These two domains are highly conserved by 75% among IRS-1 and
IRS-2 [16]. In contrast the C-terminal part is poorly conserved with
only 35 % of matching amino acids [17]. The C-terminal part con-
tains a large number of tyrosine phosphorylation motifs. In their
phosphorylated state these sites represent binding motifs for many
downstream partner proteins, such as adaptor proteins (Grb-2, Nck,
Crk) [17], the SH2 domain-containing protein-tyrosine phosphatase
(SHP)-2 and the p85 regulatory subunit of the lipid kinase PI-3
kinase [18] which is of great importance for the metabolic actions
of insulin.

Despite their common features IRS-1 and -2 show a number of
differences which renders them as point of diversification of the
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insulin signal. This is accomplished via several mechanisms: both
molecules appear in different subcellular compartments [19] with
unequal frequency, IRS-2 being higher concentrated in the cytosol
than in other intracellular compartments [20]. The IRS proteins also
show different activation kinetics [21], probably due to structural
differences. Only IRS-2 has a unique kinase regulatory loop bind-
ing domain (KRLB) (Fig. (1)), which interacts with the phosphory-
lated kinase activation loop of the insulin receptor [22,23]. This
KRLB domain acts to limit IRS-2 tyrosine phosphorylation hereby
regulating the extent of IRS-2 activation [24].

With these differences it seems likely that IRS-1 and -2 serve
rather different than redundant functions. And indeed, data obtained
in various knock out/knock down mouse models (for an overview
see reference [25]) point towards complementary IRS functions.
First studies with a global knock out of IRS-1 demonstrated that it
is mainly involved in insulin-like growth factor (IGF)-1 signalling.
IRS-17 mice show growth retardation but only mild insulin resis-
tance which never progresses to diabetes [25-27]. Abe et al. dem-
onstrated that IRS-1 knock out mice have a metabolic syndrome-
like phenotype with insulin resistance in fat and muscle tissue, in-
creased blood pressure and elevated plasma triglycerides as well as
impaired endothelial vascular relaxation [28]. All groups also re-
ported a compensatory up-regulation of IRS-2, which maintains an
almost normal PI-3 kinase activity in the liver [29,30]. Importantly,
the restoration of hepatic IRS-1 expression via adenoviral infection
is sufficient to normalize insulin sensitivity in the IRS-17" mice
[31].

In contrast the general IRS-2 knock out mouse is characterized
by reduced B-cell mass and insulin resistance in liver and muscle
without compensatory up-regulation of IRS-1, leading ultimately to
type 2 diabetes mellitus [32,33]. Male IRS-2 knock out mice die
from dehydration and hyperosmolar coma after 12 to 16 weeks of
life [32]. Transgenic islets expressing IRS-2 in the IRS-27" mice
cured diabetes, demonstrating an essential function of IRS-2 for
normal B-cell function [34]. Hence, based on the studies mentioned
above IRS-1 and IRS-2 are not only alternative substrates for the
insulin receptor [30] but are differentially regulated and exert dif-
ferent functions. As discussed later in this review (see chapter 6),
the relative contribution of IRS-1 and IRS-2 to hepatic insulin ac-
tion is still under investigation.

Of note, very recent studies provided novel aspects on the con-
tribution of IRS proteins to aging and life span. Reduced insulin-
like signalling, resulting in resistance to oxidative stress, has been
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Fig. (1). Insulin receptor substrate (IRS) protein structure. Schematic diagram of IRS-1 and IRS-2 domain structure. Abbreviations: C, C-terminus; Grb-2,
Nck, Crk, adaptorproteins; KRLB, kinase regulatory loop binding domain; N, N-terminus; PH domain, pleckstrin homolgy domain; PTB domain, phosphoty-
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associated previously with increased longevity in C. elegans and D.
melanogaster (for review see reference [35]). In contrast, defects in
insulin signalling in mammals leading to insulin resistance and
diabetes reduce life span. Interestingly, female IRS-17" mice have
increased longevity [36]. Furthermore, reduced IRS-2 signalling in
IRS-2"" mice and in brain specific IRS-2"" mice also increases the
life span of these animals [37]. Thus certain aspects of insulin/IGF-
I-dependent pathways via IRS in the brain are linked to the regula-
tion of life span.

A number of polymorphisms in the human IRS genes had been
described in the last 15 years (for an overview about the role of IRS
proteins see reference [38]). Among these the change of Gly to Arg
at codon 972 in IRS-1 and the Gly to Asp polymorphism at codon
1057 in IRS-2 are the best characterized ones.

The Gly to Arg972 polymorphism has been associated in early
studies with an increased prevalence of type 2 diabetes [39] and
obesity-linked insulin resistance [40]. Contrary to that, the poly-
morphism does not seem to determine clamp-derived insulin sensi-
tivity and is therefore not suitable to predict insulin resistance [41].
This mutation has been associated with reduced insulin-stimulated
phosphorylation of two flanking tyrosine residues in livers of trans-
genic mice overexpressing the IRS-1 Gly to Arg972 variant result-
ing in impaired downstream signal transduction [42,43]. The phos-
phorylation of these sites is important for the binding of the p85
subunit of the PI3K. In vitro studies using L6 skeletal muscle cells
showed that the Arg972 polymorphism leads to defects in insulin-
stimulated glucose transport and glycogen synthesis [44]. Human
pancreatic islets of polymorphism carriers have reduced insulin
secretion and increased B-cell apoptosis [45]. However, recent stud-
ies showed no clear association of this polymorphism and type 2
diabetes [46]. Several other polymorphisms have been described in
human IRS-1 [47], but they appear with a lower frequency com-
pared to the Gly to Arg972 variant [38].

The Gly to Asp1057 polymorphism in IRS-2 is of some impor-
tance for the relative risk to develop type 2 diabetes. Interestingly,
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this polymorphism is associated with a lower risk for type 2 diabe-
tes in lean polymorphism carriers but with a higher risk in obese
humans [48]. The higher prevalence of obese homozygous carriers
of the Asp1057 variant for type 2 diabetes has been also described
for Pima indians [49], a population with a very high risk for obesity
[50], and asian indians [51].

3. THE FED STATE - REPRESSION OF CATABOLIC AND
ACTIVATION OF ANABOLIC PATHWAYS

Food intake leads to an increase of blood glucose concentration,
which is a potent stimulus for the release of insulin from the pan-
creatic B-cells leading to an increased insulin plasma concentration.
Consequently, anabolic pathways in the liver and in other target
tissues (skeletal muscle, fat, kidney, brain) are activated. The he-
patic action of insulin has three major targets: a) to activate glucose
storage and to shutdown glucose production and output, b) to regu-
late lipid metabolism in the fed state, and c) to block all catabolic
actions.

In the postprandial state, the excess of glucose is either imme-
diately utilized by glycolysis or stored as glycogen. Insulin induces
the transcription of glycolytic genes, such as glucokinase (GK) and
pyruvate kinase (PK) and it up-regulates phosphofructokinase-1.
The major function of hepatic glycolysis is thought to be the supply
of carbons for the de-novo-synthesis of fatty acids rather than the
generation of ATP [52]. This theory is supported by recent findings
of Morral and co-workers who could show that the overexpression
of GK in rats results in increased lipogenesis [53].

Glycogen synthesis is induced by the activation of the PI-3
kinase-Akt/PKB pathway (Fig. (2)). The serine/threonine kinase
Akt/PKB phosphorylates and thereby inhibits glycogen synthase
kinase (GSK)-3, which enables the activation of glycogen syn-
thase the key enzyme responsible for the formation of glycogen.
Simultaneously glycogenolysis is stopped by the action of
Akt/PKB, which reduces the activity of glycogen phosphorylase
[54,55].
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Fig. (2). The fed state. Scheme of hepatic signalling events in the fed state activating anabolic pathways in the liver. Abbreviations: aPKC, atypical protein
kinase C; ChREBP, carbohydrate response element binding protein; CPT1, carnitine palmitoyltransferase 1; FAS, fatty acid synthase; FoxO1/FoxA2, forkhead
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The major mediator of insulin action on GK and lipogenic gene
expression is sterol regulatory element binding protein (SREBP)-
1c. Together with the carbohydrate responsive element binding
protein (ChREBP) SREBP-1c activates the transcription of key
enzymes in fatty acid synthesis as acetyl-CoA carboxylase and fatty
acid synthase (FAS) [56]. Moreover, it controls the rate of triglyc-
eride synthesis and inhibits the expression of the gluconeogenic
enzymes phosphoenolpyruvate carboxykinase (PEPCK) and glu-
cose-6-phosphatase (G6Pase) [57]. In contrast to other SREBPs,
SREBP-1c activity is mainly controlled on the transcriptional level
and less by the proteolytic cleavage and nuclear abundance [58,59].
Insulin activates SREBP-1c expression involving the activity of
atypical protein kinase C (PKC) isoforms [60,61]. Recent work has
shown that the insulin-induced expression of SREBP-1c requires
the nuclear receptor liver X receptor (LXR) [62], whose ligands and
activators have been identified as glucose and glucose-6-phosphate
[63,64]. Hence, the regulatory role of insulin on hepatic gene ex-
pression to convert excess glucose into glycogen and lipids is medi-
ated by the concerted action of SREBP-1c, ChREBP and LXR
[56,65,66].

Feeding and subsequent insulin action not only induces ana-
bolic pathways but it also leads to a down-regulation of catabolic
pathways, most importantly gluconeogenesis. Insulin inhibits the
expression of the rate limiting gluconeogenic enzymes, PEPCK and
G6Pase. Again, the activation of the PI-3 kinase-Akt/PKB pathway
via IRS-1 and IRS-2 plays hereby an important role. Akt/PKB is the
key kinase responsible for the inhibition of the gluconeogenic pro-
gram [67]: Akt/PKB phosphorylates the transcription factors fork-
head box protein O1 (FoxO1) [68] and peroxisome proliferator-
activated receptor vy co-activator (PGC)-1o [69], which prevents the
binding to their regulatory sequences in the PEPCK and G6Pase
promoters and subsequently blocks the transcription of these genes
[70,71]. Insulin also represses the transcription of PGC-1a via the
Akt/PKB-FoxO1-pathway [72]. Furthermore, the co-activator of
cyclic AMP response element binding protein (CREB), CREB
binding protein (CBP) is phosphorylated by insulin-dependent
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pathways, probably by Akt/PKB itself, thereby controlling CBP
recruitment [73]. CREB acts as transcription factor in concert with
PGC-la and FoxOl to activate the expression of gluconeogenic
enzymes.

Of note, the downregulation of gluconeogenic enzymes does
not lead to a rapid inhibition of gluconeogenesis by insulin action.
This is due to the fact that the regulation occurs only at the tran-
scriptional level and not by direct posttranslational modifications of
the enzymes. Thus the time span until this catabolic pathway is shut
off upon insulin action depends on the half-life of the correspond-
ing proteins (e.g. 6 hours for PEPCK) [74].

4. FASTING - THE INDUCTION OF ENERGY PROVIDING
PATHWAYS

To maintain the blood glucose concentration within normal
range and to supply glucose to the central nervous system during
times of starvation the liver has the ability to provide glucose from
two sources: glycogen and synthesis of glucose using non-
carbohydrate precursors such as lactate, glucogenic amino acids and
glycerol. Glycogenolysis occurs in the post absorptive state, 2 — 6
hours after ingestion of a meal [75] and is sufficient for short term
fasting. Gluconeogenesis, however, is important during prolonged
periods of fasting (18 — 24 hours [1]) and it accounts for up to 90%
of endogenous glucose production after 40 hours of fasting [74,76],
when hepatic glycogen stores are completely exhausted [77]. Glu-
coneogenesis requires the action of two key enzymes: PEPCK,
which catalyzes the conversion of oxalacetate to phosphoenolpyru-
vate and G6Pase, which dephosphorylates glucose-6-phosphate thus
enabling glucose output (Fig. (3)). Conversely, glycolysis and gly-
cogen synthesis have to be intimately regulated in order to avoid
futile cycling of glucose.

Both glucose production and the inhibition of glycogen synthe-
sis are controlled by glucagon. The binding of glucagon to its G-
protein coupled receptor results in the activation of adenylate cy-
clase which catalyzes the formation of cCAMP [78]. The regulatory
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Fig. (3). Fasting. Scheme of hepatic signalling events during fasting resulting in an increased glucose output from the liver. Abbreviations: cAMP, cyclic
adenosine monophosphate; CBP, CREB binding protein; CREB, cAMP response element binding protein; FoxO1, forkhead box protein O1; G6Pase, glucose-
6-phosphatase; HNF-4a., hepatocyte nuclear factor 4o; PEPCK, phosphoenolpyruvate carboxykinase; PGC-1a., peroxisome-proliferator-activated receptor-y
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subunits of the protein kinase A (PKA) bind cAMP resulting in
activation of the enzyme (Fig. (3)). The serine/threonine kinase
PKA plays a central role in glucagon signalling, comparable to the
role of Akt/PKB for metabolic pathways in the insulin signalling
network. It phosphorylates and activates glycogen phosphorylase
kinase which in turn phosphorylates and activates glycogen phos-
phorylase resulting in increased glycogen breakdown [78]. At the
same time glycogen synthase is phosphorylated by multiple kinases
including PKA and GSK-3p resulting in its downregulation [79].

Gluconeogenesis is potentiated by glucagon via enhanced ex-
pression of PEPCK and G6Pase and by regulation of the bifunc-
tional enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphospha-
tase thus resulting in the activation of fructose-1,6-bisphosphatase
[80]. Simultaneously, glucagon blocks glycolysis by inhibition of
phosphofructokinase-1 and pyruvate kinase [81]. The glucagon-
dependent activation of transcription is achieved by PKA-
dependent phosphorylation of the transcription factor CREB on
Ser-133 thus enabling its dimerization and interaction with several
CREB binding proteins/co-activators (CBP [82], p300, Torc2
[83,84]) and the binding to CRE regions within promotors of sev-
eral target genes. One of these targets is PGC-1a. [85], which is
strongly induced by CREB [86] and FoxO1 [87] under fasting con-
ditions. PGC-1a could be considered as an important, but probably
not essential co-factor for the regulation of hepatic glucose produc-
tion. It interacts with the forkhead transcription factor FoxO1 and
co-activates the transcription of the gluconeogenic enzymes [88].
The interdependency of FoxO1 and PGC-1o has been controver-
sially discussed [89] but recently it was shown that gluconeogenesis
is not inducible by PGC-1a. in mice with liver specific knockout of
FoxO1 [71]. The importance of PGC-1a is further questioned since
mice lacking PGC-1o. are still capable of inducing the glu-
coneogenic program [90] and in H4IIE rat hepatoma cells, which do
not express PGC-1q the induction of PEPCK and G6Pase is possi-
ble, which leads to the consideration of PGC-1a as “transcriptional
amplifier” [91]. Further studies indicate that not only FoxO1, but
also hepatocyte nuclear factor (HNF)-4c. is required for activation
of the gluconeogenic program [92]. Although PGC-1a is increased
in mice lacking HNF-4o. when compared with controls this com-
pensatory counter-regulation is not sufficient to induce the glu-
coneogenic enzymes under fasting conditions [92].

The above mentioned FoxO1 seems to be the crucial factor for
controlling the gluconeogenic enzymes. This factor belongs to the
forkhead transcription factors, which are involved not only in en-
ergy metabolism but also in cell differentiation, proliferation and
survival [93]. In the unphosphorylated state, which is the case dur-
ing fasting, FoxO1 resides in the nucleus [94] and binds to insulin
response elements (IRE) [95] thus enhancing the transcription of
the respective genes [96]. FoxO1 has been intensively investigated
in several gain of function and loss of function experiments. Mice
expressing a constitutively nuclear, i.e. permanently active form of
FoxO1 in the liver and transgenic mice that overexpress FoxO1 in
the liver showed increased G6Pase and PEPCK mRNA levels,
augmented glucose production and impaired glucose tolerance [97-
100]. On the other hand, reduction of FoxO1 activity in obese mice
and diabetic mouse models reduces fasting hyperglycemia and ame-
liorates insulin resistance [97,101,102]. Mice with a liver specific
deletion of FoxO1 show suppressed hepatic glucose production due
to decreased gluconeogenesis and glycogenolysis [71].

Recently FoxO1 has been implicated not only in glucose but
also in lipid metabolism. Mice expressing permanently active
FoxO1 in the liver show severly increased hepatic triglyceride con-
tent [98] due to enhanced expression of SREBP, fatty acid synthase
and acetyl-CoA carboxylase [97]. Altomonte et al. [103] could
show that adenoviral overexpression of a wildtype FoxO1 leads to
hypertriglyceridemia caused by increased expression of apoC-lll, a
apolipoprotein which is associated with the accumulation of VLDL
and chylomicrons in plasma [104].

Fritsche et al.

The liver responses to fasting not only with the production of
glucose, but with increased B-oxidation of free fatty acids (FFA)
and, after prolonged fasting, ketogenesis. The oxidation of fatty
acids yields high amounts of acetyl-CoA, which can be converted to
ketone bodies. In case of starvation for several days most tissues,
including the brain, can adapt to the utilization of ketone bodies
instead of glucose. The key genes involved in the regulation of -
oxidation and ketogenesis are in part under control of the same
factors as described for gluconeogenesis. PGC-1a and its closely
related homolog PGC-1B induce by co-activation of SREBP
[105,106] or by interaction with the forkhead transcription factor
FoxA2 [107-109] medium-chain acyl-CoA dehydrogenase
(MCAD), carnitine palmitoyl transferase 1 (CPT1) (B-oxidation), 3-
ketothiolase and 3-hydroxy-3-methylglutaryl-CoA lyase (ketogene-
sis). FoxA2 is thereby regulated in a manner similar to FoxO1:
during fasting this transcription factor resides in the nucleus and
activates gene transcription. Its insulin-dependent phosphorylation
at Thr-156 results in nuclear exclusion and inactivation [110], how-
ever, this mode of regulation is currently questioned by a paper of
Zhang and co-workers [108], who showed that FoxA2 is constitu-
tively nuclear.

In summary, the liver is under tight control of insulin and its
catabolic counterparts to maintain carbohydrate and lipid homeosta-
sis. The regulation of the gene transcription and activity of key
enzymes in the postabsorptive state and during fasting involves the
same key players such as the P1-3 kinase-Akt/PKB pathway, PGC-
la, HNF-4a, and transcription factors of the forkhead box protein
and SREBP family (Fig. (3)). The importance of hepatic insulin
signalling for glucose homeostasis is demonstrated by blockade of
insulin signalling in the liver by liver-specific disruption of the
insulin receptor in the LIRKO mice, which leads to severe glucose
intolerance and impaired suppression of hepatic glucose production
[111]. Indirect effects of insulin leading to inhibition of glucose
output from the liver are also discussed, e.g. central action of insu-
lin in the hypothalamus, reduction of plasma free fatty acids or
inhibition of glucagon secretion. However, a recent publication
demonstrates the dominance of insulin’s direct effects, thus
emphasizing the importance of hepatic IRS proteins [112].

5. EXERCISE

During exercise the working muscle is dependent on a constant
supply with glucose. The main glucose source during early stages
of exercise is muscle glycogen. But with increasing duration of
exercise the liver becomes the main supplier for glucose, derived
from glycogenolysis, and with decreasing glycogen stores glu-
coneogenesis is becoming more important. After several hours of
exercise the hepatic gluconeogenesis accounts for 50 % of total
glucose production [75]. Consistent with these data, several groups
found that exercise induces the expression of PEPCK in livers of
mice and rats [113-115]. Gluconeogenesis from lactate, amino acids
and glycerol is not only important to supply glucose for the muscle
but also to delay the depletion of muscle and liver glycogen stores.

With exercise the hepatic glucose production is enabled by en-
hanced glucagon and decreased insulin action not necessarily due to
changes in their respective plasma concentrations, but e.g. increased
glucagon receptor density [116,117]. Increased catecholamines
levels are discussed to serve as a second defence line [118,119], but
the exact contribution of catecholamines to hepatic glucose produc-
tion during exercise is not completely clarified [120,121]. Further-
more, glucocorticoids, most importantly cortisol, are also induced
by exercise which stimulate the hepatic gluconeogenesis via bind-
ing to its glucocorticoid receptor and activation of gene transcrip-
tion [122-124] (Fig. (3)).

The molecular regulation of carbohydrate and fat metabolism
during exercise has been mainly investigated in skeletal muscle of
animals and humans. Only limited information is available on the



Insulin Receptor Substrate Proteins and Liver Metabolism

effects of exercise on these pathways in the liver, especially in hu-
mans.

The liver is highly sensitive to changes in metabolic demands
and the hepatic energy charge is clearly decreased after acute exer-
cise while the energy charge of skeletal muscle remained stable
[125]. This results in activation of AMP-activated kinase (AMPK)
in the liver. The AMPK is a key regulator in fuel metabolism and
energy supply. It is activated by phosphorylation and by increases
in the AMP/ATP ratio. Active AMPK stimulates glycogenolysis
and prevents glycogen synthesis.

Furthermore, acute exercise has been shown to increase FoxO1
in the liver of healthy mice [126]. This is in line with the idea that
exercise and fasting exert similar metabolic demands for the organ-
ism. A high level of FoxO1l supports the expression of glu-
coneogenic enzymes [88] thus enabling blood glucose homeostasis
despite markedly increased glucose utilization of the working mus-
cle.

Concerning lipid metabolism contradictory results emerged in
relation to exercise. Fatty acid synthase is induced by insulin and
glucose via binding of the respective transcription factors to the
regulatory elements in the FAS promoter, e.g. the insulin respon-
sive element (IRE) and the carbohydrate response element
(CHORE) [127-129]. During fasting the transcription of this gene is
diminished and it seems likely that exercise would exert a similar
effect on the FAS expression. Indeed, acute bouts of exercise as
well as endurance exercise training are able to down regulate FAS
MRNA or FAS activity in rats [130-132], but other studies reported
an upregulation of lipogenic enzymes and a downregulation of
genes involved in B-oxidation [133].

One study of Heled et al. [134] investigated the effect of a 4
week training protocol in combination with a high energy diet on
the hepatic insulin signalling response in the desert gerbil psammo-
mys obesus. The group reported an increased tyrosine phosphoryla-
tion of the insulin receptor and an increased association of IRS-2
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but not of IRS-1 with PI-3 kinase. These results indicate that exer-
cise has beneficial effects on insulin sensitivity in the liver, despite
of the ingestion of a high fat diet, which induces insulin resistance
in these animals [135]. Furthermore these findings support the the-
ory that IRS-2 is the dominant IRS in hepatocytes [136]. Improved
hepatic insulin sensitivity due to long term exercise training has
also been suggested by findings of Chang and co-workers. They
reported downregulation of hepatic PEPCK mRNA and protein in
diabetes prone Zucker rats after 8 weeks of daily training on a
treadmill [137].

In conclusion during exercise hepatic metabolism is controlled
by insulin antagonists enabling glucose supply to the muscle. This
is reflected by upregulation of FoxO1, which induces glu-
coneogenic enzymes and a downregulation of the anabolic enzyme
FAS. Long term exercise training has beneficial effects on hepatic
insulin sensitivity.

6. IRS-1 AND IRS-2 IN THE LIVER

Global knock out models and studies in IRS-2 deficient hepato-
cytes have suggested a dominant function for IRS-2 in hepatic me-
tabolism [138-142]. In the last 2 years liver specific knock down
and knock out of IRS proteins using RNAI and Crelox-technology
allowed a more detailed view on the function of IRS-1 and IRS-2 in
the liver [143-145].

The first report on liver specific IRS-1 and -2 knock down came
from Taniguchi et al. [143], who used an adenovirus carrying short
hairpin RNA (shRNA) to transiently knock down the expression of
either IRS-1 or -2 or both together. Similar to the global IRS-1
knock out mouse IRS-2 expression and IRS-2 associated PI-3
kinase activity is increased in this IRS-1 liver specific knock down
model. Furthermore, gluconeogenic enzymes and the transcription
factor HNF-4o. are up-regulated. In contrast, the liver specific
knock down of IRS-2 is characterized by an up-regulation of
SREBP-1c and subsequently fatty acid synthase. IRS-1 expression
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is not up-regulated but the IRS-1 associated PI-3 kinase activity is
increased. The double knock down of both IRS isoforms in the liver
leads to insulin resistance, glucose intolerance and hyperglycemia
in the fasted and fed state [143]. The authors conclude that IRS-1
and -2 have complementary functions in the liver to maintain suffi-
cient PI-3 kinase signalling, but that both IRS proteins also have
distinct individual roles. IRS-1 is mainly involved in the regulation
of gluconeogenesis and glucokinase expression while IRS-2 is re-
quired for the balanced activation of lipogenic genes. The relative
lack of IRS-2 led to uncontrolled up-regulation of SREBP-1c
probably due to insulin- and glucose-induced LXR activation [62].
Interestingly, the MAP kinase pathway was not affected by the
double knock down of IRS-1 and -2 indicating the importance of
alternative docking proteins, such as Shc and Grb2, for the trans-
duction of the insulin signal [143].

However, in this study the IRS knockdown was transient and
incomplete rendering 20 to 30% of functioning IRS isoforms in the
liver. The group of M. White [144] generated mice with a targeted
complete disruption of the IRS-2 gene in the liver, using the Crelox
method. These mice showed slightly reduced insulin signalling
events, i.e. reduced Akt/PKB Ser-473 and FoxO1 Ser-256 phos-
phorylation with subsequently elevated expression of glu-
coneogenic enzymes. The animals developed mild insulin resis-
tance and glucose intolerance but never progressed to diabetes. The
authors concluded that IRS-1 is sufficient to support an almost
normal insulin signalling in the liver - as long as the B-cells are
capable of producing enough insulin - and that at least in this model
IRS-2 is not essential for hepatic insulin signalling [144].

Similar results came from a study of Simmgen and colleagues
[145] who also used the Crelox-system to generate a liver specific
IRS-2 knock out mouse. These mice showed only minimal abnor-
malities in hepatic glucose and lipid homeostasis and no insulin
resistance, suggesting that functional glucose and lipid metabolism
was not depending on the presence of IRS-2 in this study [145].

These data challenge the current view of IRS-2 as the most im-
portant insulin receptor substrate in the liver. Apparently the pres-
ence of IRS-1, presumably in cooperation with other insulin signal-
ling molecules, is sufficient to maintain the insulin signalling when
IRS-2 is lacking. However, an importance of IRS-2 action in early
development could not be excluded from the shRNA and Crelox-
studies [143-145]. Furthermore, as it will be outlined below, only
IRS-2 is tightly regulated on the transcriptional level in the liver
depending on the nutritional state while IRS-1 is not [146].

6.1. Regulation of IRS-1 and IRS-2 in the Liver

The regulation of both IRS-1 and IRS-2 isoforms occurs on dif-
ferent levels: expression, degradation, change of subcellular local-
ization, and posttranslational modification such as tyrosine phos-
phorylation and serine/threonine phosphorylation (Fig. (4)), as well
as S-nitrosation, O-linked B-N-acetylglucosamine-modification and
acetylation (Fig. (5)).

6.1.1. Regulation of IRS-1

The major regulation of IRS-1 action in the liver appears not to
be on the transcriptional level, however some information is avail-
able: a) short term insulin stimulation of rat hepatoma cells is re-
ported to result in an upregulation of IRS-1 protein [147], b) stimu-
lation with dexamethasone increases the amount of IRS-1 in Fao rat
hepatoma cells [148] and also in the liver of rats [149]. Contrary to
that, fasting led only to minimally increasing effects on the hepatic
IRS-1 amount [150].

Targeted degradation has been verified as a regulator of IRS-1
protein levels: in in vitro studies demonstrated that long term (up to
24 h) insulin stimulation of cultured Fao hepatoma cells results in
proteasomal degradation of the IRS-1 protein without a change of
IRS-1 mRNA levels [151-154]. Other agents such as TNFa., INFy,
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PDGF and phorbol esters also reduce the IRS-1 protein levels
[155,156]. Suppressor of cytokine signalling (SOCS)-1 and -3 are
reported to bind via their SH2 domains to IRS-1 and promote its
ubiquitination and degradation [157]. Since several cytokines are
inducers of SOCS expression this provides a mechanism for the
interaction of cytokines with the insulin signalling pathway. Insu-
lin-induced degradation of IRS proteins is thought to be mainly
dependent on mammalian target of rapamycin (mTOR) [155],
which is activated by the PI-3 kinase-Akt/PKB cascade. Serine
phosphorylation of IRS-1 via the mTOR-S6K1 pathway is reported
to release IRS-1 from intracellular complexes thereby enabling its
degradation. The nutrient sensitive mTOR mediates the phosphory-
lation of Ser-636/639 in IRS-1 in muscle and adipose tissue
[158,159] and this site is hyperphoshorylated in the liver during
prolonged stimulation with insulin [160], palmitate [161] and in
diet-induced obesity [162]. Rapamycin, the widely used mTOR
inhibitor, prevents insulin-induced IRS-1 degradation in CHO cells
[163] and 3T3-L1 adipocytes [153,164], stressing the importance of
this kinase in the regulation of IRS-1. Accelerated degradation of
IRS proteins stimulated by hyperinsulinemia and hyperlipidemia as
it occurs in obesity is one of the mechanisms discussed in the de-
velopment of insulin resistance [5].

The short term regulation of IRS-1 action is provided by multi-
ple posttranslational modifications of the molecule. The most inten-
sively studied posttranslational modifications of IRS-1 up to now
are the phosphorylation of tyrosine, serine and threonine residues
(Fig. (4)). The IRS proteins contain several tyrosine phosphoryla-
tion sites, and more than 70 potential phosphorylation motifs for
serine/threonine kinases [155]. While the phosphorylation of tyro-
sine residues is mandatory for the transduction of the insulin signal,
serine/threonine phosphorylation appears to be the mechanism for
the precise modulation and regulation and could either enhance or
attenuate the effects of insulin [6,165] (Fig. (4)). The majority of
the identified residues have been implicated in a negative regulation
of insulin action, but it could not be excluded that based on a gen-
eral interest in the elucidation of pathological mechanisms of insu-
lin resistance the positive regulation by serine/threonine phosphory-
lation has yet been underestimated. The mechanisms involved in
this regulation are the association of IRS-1 with other signalling
molecules [166,167], the subcellular localization of IRS-1 [168]
and regulation of its degradation [164]. These sites implicated in a
negative regulation (corresponding to rat IRS-1 sequence) are Ser-
24 [169], Ser-267 [170], Ser-307 [171,172], Ser-332 [173], Ser-357
[174], Ser-522 [175], Ser-612 [176-178], Ser-632 [179-181], Ser-
662 [177,178], and Ser-1099/1100 [182] (Fig. (4)). The IRS-1
kinases responsible for phosphorylation of the serine residues of
IRS-1 and for attenuation of insulin signalling are mTOR [159,183-
185] [186] and its downstream kinase p70 ribosomal S6 kinase
(p70S6K) 1 [181], c-jun-N-terminal kinase (JNK) [171], protein
kinase C (PKC)-0 [187,188], PKC-6 [174], inhibitor of xB (IxB)
kinase [169,189], glycogen synthase kinase (GSK)-3 [173] and
MAPKSs [180]. These kinases help to turn off the insulin signal
when activated under physiological conditions but when stimulated
permanently they are implicated in the pathogenesis of insulin resis-
tance. Chronically elevated concentration of insulin, free fatty acids
(FFA) [190,191] and TNFo [171,192] are all reported to activate
the above mentioned kinases resulting in decreased hepatic insulin
sensitivity and glucose tolerance.

One of the best characterized sites is Ser-307 (Ser-312 in the
human IRS-1 homolog). This site is responsible for the P1-3 kinase
dependent downregulation of the insulin signal because it interferes
with the IRS-1-insulin receptor interaction [193]. There are many
kinases that phosphorylate Ser-307, with JNK being the first one
reported [171]. The introduction of a dominant negative JNK iso-
form into the liver of obese diabetic mice led to an improved insulin
sensitivity and also to a decreased hepatic glucose output due to
decreased expression of gluconeogenic enzymes [6,194,195].
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Fig. (5). Posttranslational modifications of insulin receptor substrate proteins and their interplay. IRS proteins are extensively post-translationally modi-
fied. Insulin induces tyrosine phosphorylation, which is the prerequisite for further signal transduction, and serine/threonine phosphorylation, leading to both
activation and attenuation of the signalling. Other stimuli like acutely and chronically elevated cytokines, free fatty acids, glucose and insulin not only induce
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Studies performed to elucidate the physiological function of
serine phosphorylation of IRS-1 revealed that serine/threonine
phosphorylation is also involved in positive regulation of insulin
signal transduction. The phosphorylation of Ser-302 [196,197], Ser-
318 [198], Ser-325 [199], Ser-789 [200] and Ser-1216 [187] has
been associated with improved insulin signalling (Fig. (4)), al-
though the data are not consistent presumably due to the stimulus,
kinetics and the cell type. Based on our recent data showing that the
early phosphorylation of Ser-318 is involved in enhanced insulin
action, but that phospho-Ser-318 is also necessary for the attenua-
tion in the late phase [201], we hypothesize that the net result of
serine phosphorylation of IRS-1 depends on the time course and the
interdependency of phosphorylated serine sites rather than the
phosphorylation of single residues.

Although not all above mentioned serine/threonine phoshoryla-
tion sites have been demonstrated in the liver, it is likely that their
regulation and function is similar in the insulin-dependent tissues
muscle, liver and fat. However, tissue-specific differences in ser-
ine/threonine phosphorylation of distinct residues may occur. As
has been reported by our group, interleukin (IL)-6 treatment of
C57BI/6 mice induces PKC-8-dependent IRS-1 phosphorylation at
Ser 318 in muscle, but not in liver whereas Ser 307 is only phos-
phorylated in the liver but not in the muscle in the same animals
[198]. This might provide a mechanism for a tissue-specific regula-
tion of insulin signal transduction by the cytokine IL-6.

The function of IRS proteins is not only regulated by the activ-
ity of kinases, the dephosphorylation of IRS by phosphatases is a
similar important but less intense studied mechanism. There are
several phosphatases which terminate the insulin signal by dephos-
phorylating tyrosine residues, such as protein tyrosine phosphatase
1B (PTP1B) and SHP-2 [202]. These phosphatases modulate the
insulin signal [160,203] and have been implicated in the develop-
ment of insulin resistance. Increased PTP1B expression has been
observed in insulin resistant human subjects [204] and in obese or
insulin resistant animal models [205,206]. Mice lacking PTP1B
have enhanced insulin sensitivity and do not develop diet-induced

obesity [207,208]. The importance of hepatic PTP1B expression for
attenuation of insulin signalling has been demonstrated by liver-
specific re-expression of the phosphatase in PTP1B” mice which
led to a marked decrease in the insulin sensitivity of these mice
[209].

Recently the posttranslational modification on serine/threonine
residues of IRS-1 with O-linked p-N-acetylglucosamine (O-
GIcNAc) has been demonstrated in muscle and adipose tissue
[210]. This modification, first identified in the 1980s in rat liver
subcellular organelles [211,212], is enhanced by the increased ac-
tivity of the hexosamine biosynthetic pathway, which generates
UDP N-acetylglucosamine, the substrate for the addition of O-
GlIcNAc-moieties by O-GlcNAc-transferase [213]. Hyperglycemia
and hyperlipidemia have been shown to increase the flux through
this pathway, thus O-GIcNAc-modification is enhanced during
insulin resistant states and has also been related to impaired insulin
action [214,215]. In some proteins O-GIcNAc -modification occurs
on the same sites as phosphorylations thereby inhibiting the proper
phosphorylation. Ball et al. showed that in IRS-1 Ser-1036 is the
major site of O-GlcNAc-modification and under conditions that
model the diabetic state (high glucose, chronic insulin stimulation)
the level of O-GIcNAc-modification was increased in human em-
bryonic kidney 293 cells at this site [216]. The effect of the O-
GlcNAc-modification on the interaction of IRS-1 with downstream
signalling partners needs further clarification. Currently there are no
data available on the O-GlcNAc-modification of IRS proteins in the
liver but based on the data obtained in other tissues an important
role is likely.

A further posttranslational modification of IRS-1 described in
muscle tissue is the S-nitrosation via nitric oxide which has been
implicated in the down-regulation of insulin action [217,218]. It
appears that this modification induces the proteasomal down-
regulation of IRS-1 in cultured skeletal muscle cells [219] as well
as in rat liver [220]. The relevance of this modification for hepatic
IRS-1 needs to be clarified further.
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Furthermore, IRS-1 can also be modified by acetylation, i.e. the
transfer of an acetyl group to a lysine residue. This modification is
found on histones and it is important for chromatin regulation [221]
but it is known that the histone acetyltransferases (HATSs) and his-
tone deacetylases (HDACS) also have non histone substrates [222],
among them many proteins involved in the pathogenesis of diabetes
[223]. Kaiser and James [224] demonstrated that IRS-1 is acety-
lated on lysine residues and this modification leads to improved
insulin signalling, whereas the activity of a specific deacetylase
(HDAC2) was associated with insulin resistance. We expect that
more acetylation sites in IRS-1 will be found and the knowledge
about acetylation/deacetylation may be potentially important for
understanding the pathogenesis of insulin resistance.

In conclusion IRS-1 is mainly regulated via posttranslational
modifications, most importantly phosphorylation. Tyrosine phos-
phorylation of IRS-1 enables the downstream signalling of insulin
(and IGF-1). A complete spectrum of posttranslational modifica-
tions could further enhance or maintain insulin signalling, and ap-
pears to be mainly involved in attenuation of insulin action and
under pathophysiological conditions in the development of insulin
resistance. Currently, no analytical approach is capable to acquire
the complete pattern of IRS modification at a given time point nor
could follow the highly dynamic changes of the pattern of post-
translational modifications. This analytical challenge may be solved
by interdisciplinary projects connecting analytical chemists, mo-
lecular biologists and medical researchers.

6.1.2. Regulation of IRS-2

Unlike IRS-1 IRS-2 is highly regulated at the transcriptional
level: fasting strongly induces hepatic IRS-2 mMRNA [225] and pro-
tein level [226]. IRS-2 protein was 3.5-fold increased after a 16
hour-fast in C57BI6 wildtype mice (L. Fritsche, unpublished data).
Furthermore signalling molecules known to be relevant during fast-
ing induce IRS-2 mRNA and protein expression in different cell
culture models. IRS-2 expression is induced by cAMP and the glu-
cocorticoid dexamethasone in HeLa cells [227] and in Fao rat hepa-
toma cells (L. Fritsche, unpublished data). Dexamethasone alone
induces IRS-2 protein in adult rat hepatocytes [228] and primary rat
adipocytes [229] and it leads to an increased IRS-2 promotor activ-
ity as determined in a luciferase reporter assay [225]. The group of
Montminy could demonstrate that cAMP induces IRS-2 expression
via activation of CREB in murine B-cells [230] and Canettieri et al.
showed that IRS-2 expression in the liver is stimulated by the
CREB-Torc2 (transducer of regulated CREB activity 2) pathway
[226]. Glucagon, the hormone which controls the hepatic glucose
metabolism during fasting has been shown to induce IRS-2 in pri-
mary rat hepatocytes [139]. This induction of IRS-2 appears critical
for glucose homeostasis and serves as a feedback response that
limits glucose output from the liver during fasting.

In contrast, high insulin concentrations which emerge during
the fed state lead to reduced IRS-2 concentrations in the liver [139].
This is accomplished through inhibition of transcription [231] and
subsequently downregulation of IRS-2 mRNA [151] and increased
proteosomal degradation of the IRS-2 protein. Rui and colleagues
demonstrated that insulin mediates the ubiquitination and subse-
quent proteosomal degradation of IRS-2 via the PI-3 kinase — Akt —
mTOR pathway [232]. The role of insulin as a suppressor of IRS-2
protein levels is eminent in LIRKO mice. The complete lack of
insulin signalling in the liver of these mice results in 5-fold in-
creased IRS-2 but not IRS-1 protein concentrations [111].

The proteasomal degradation of IRS-2 is also induced under
pathophysiological conditions, such as insulin resistance. SOCS-1
and -3, negative regulators of cytokine signalling are not only re-
ported to promote ubiquitination and degradation of IRS-1, but also
of IRS-2 in mice [157]. SOCS-1 and -3 can inhibit IRS-2 function
in an additional manner. Both SOCS isoforms can bind to different
regions in the insulin receptor and inhibit thereby the interaction
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and activation of the IRS proteins [233]. SOCS-1 has been also
implicated as negative regulator of IRS-2 expression [234]: SOCS-
1 knock out mice are reported to have increased IRS-2 protein lev-
els and subsequently increased tyrosine phosphorylation of IRS-2
and enhanced Akt activation.

Studies investigating the promotor region of the IRS-2 gene re-
vealed several response elements. It contains an insulin response
element (IRE) [231] which is recognized by forkhead transcription
factors like FoxO1 [225]. Guo and co-workers showed that FoxO1
and IRS-2 are regulated reciprocally, with FoxO1 increasing the
expression of IRS-2, while the activation of IRS-2 results in FoxO1
down-regulation as described in the section about the fed state
[235]. Liver specific FoxO1 knockout mice display a 50% decrease
of IRS-2 gene expression [71] and the expression of a constitutively
nuclear FoxO1 in mouse liver induces IRS-2 significantly [98].
Interestingly the IRS-2 promotor also contains a region which binds
SREBP (named SRE), which partially overlaps with the IRE.
SREBP is induced by insulin and it negatively regulates the expres-
sion of IRS-2, by replacing FoxO1 from the promotor [225].

Like IRS-1, IRS-2 also possesses multiple tyrosine residues re-
sponsible for the transmission of the insulin signal as well as serine
and threonine residues, which are supposed to be involved in its
regulation. However, to date only two sites are described as possi-
ble targets of JNK [236,237]. Solinas and colleagues propose that
Thr 348 in IRS-2 is a functional homolog to Ser 307 in IRS-1, a site
that is involved in negative regulation of the insulin signal [236].
Very recently Sharfi and Eldar-Finkelman could show that JNK
phosphorylated IRS-2 on Ser-488 and that this is a prerequisite for
the GSK-3B-dependent phosphorylation of Ser-484. This sequential
phosphorylation led to an inhibition of the insulin signal in hepato-
cytes and it could be speculated that it contributes to the develop-
ment of insulin resistance [237]. Interestingly there appear to be
some substrate specificity of serine kinases to IRS proteins: PKC-(
phosphorylates IRS-1, -3 and -4 but not IRS-2 in in vitro kinase
assays [238].

Furthermore, a study by Zhang demonstrated that IRS-2 is ace-
tylated at several lysine residues and this modification interferes
with insulin induced tyrosine phosphorylation [239]. Insulin has
been shown to activate the deacetylase SirT1 which removes the
acetyl residues and this facilitates the tyrosine phosphorylation of
IRS-2. As for IRS-1, acetylation seems to be an additional impor-
tant mode of IRS-2 regulation.

To summarize, hepatic IRS-2 is regulated mainly at the tran-
scriptional level. High insulin concentrations lead to degradation of
the protein and during conditions of fasting IRS-2 is strongly up-
regulated. Although IRS-2 contains similar to IRS-1 multiple amino
acid residues suitable for posttranslational modifications, less is
known about the regulation of IRS-2 apart from changes in its pro-
tein levels.

7. IRS PROTEINS AS DRUG TARGETS AND THEIR IM-
PORTANCE FOR THE THERAPY OF INSULIN RESIS-
TANCE

The best treatment to prevent insulin resistance and develop-
ment of type 2 diabetes mellitus appeared to be as simple as a life-
style intervention with increased physical activity and reduced calo-
rie intake [240-244]. Moderate endurance exercise has been shown
to improve glucose tolerance and insulin sensitivity in normal
weight and obese subjects even if a profound loss of weight was not
achieved (reviewed in [245]). Especially the reduction of visceral
and liver fat is associated with improved glucose tolerance [246].
But adapting a new lifestyle for longer time periods in the every
day life is often difficult. Given the epidemic number of patients
diagnosed with type 2 diabetes mellitus the search for novel thera-
peutic approaches to prevent and treat diabetes is a global chal-
lenge.
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From the previous sections we can conclude that IRS proteins
are central for the control of insulin signalling. Based on our
knowledge of IRS protein regulation we can speculate that enhanc-
ing IRS function, half life and proper phosphorylation is beneficial
for insulin sensitivity.

In the past years several molecules of the insulin signalling cas-
cade have been evaluated as possible drug targets. Among these are
phosphatases, SOCS proteins, IRS kinases, the ubiquitin protea-
some system and the IRS proteins.

As outlined above, IRS-1 and 2 are negatively regulated by
PTP1B, because this phosphatase dephosphorylates phospho-
tyrosine residues and attenuates the insulin signal [202,209]. Thus,
inhibition of this phosphatase would be a good drug target and a
number of studies have tested this possibility. Animal studies using
PTP1B knock out mice in combination with diabetic models (high
fat diet induced obesity, insulin receptor/IRS-1 heterozygous knock
down) revealed beneficial effects of lowered PTP1B activity. These
mice showed improved glucose tolerance and insulin sensitivity
[208,247].

Several studies, reviewed in [248-250], reported on different
chemical classes of molecules with PTP1B-specific inhibitory
properties. Not only small molecule inhibitors were tested, but also
antisense oligonucleotides (ASO) inhibitors directed against
PTP1B. Treatment of obese diabetic (ob/ob) mice with ASOs nor-
malized plasma glucose and insulin concentrations and increased
tyrosine phosphorylation of the insulin receptor and of IRS-1 and
IRS-2 in the liver [205]. In line with these findings downstream
signalling was also enhanced shown as increased activation of P1-3
kinase, Akt/PKB and GSK-3f. Interestingly, the increase of IRS-2
tyrosine phosphorylation was in part attributed to increased IRS-2
protein concentration. In two similar studies the administration of
ASO against PTP1B in ob/ob mice resulted in decreased PEPCK
and fructose-1,6-bisphosphatase gene expression [206] and de-
creased expression of genes involved in lipogenesis, such as
SREBP-1 [251]. The PTP1B-ASOs are currently tested in phase Il
clinical trials [252]. Other protein phosphatases such as low mo-
lecular weight PTP were also successfully inhibited with the ASO
technology resulting in similar positive effects in hepatic insulin
signalling like PTP1B inhibition [253].

Apart from these new therapeutic approaches, already estab-
lished drugs for the treatment of type 2 diabetes mellitus are dem-
onstrated to act on impaired liver insulin signalling. Pioglitazone,
which belongs to the class of thiazolidinediones is a so-called insu-
lin sensitizer. It acts as PPARYy agonist and increases the transcrip-
tion of PPARY target genes, especially in adipose tissue. This is
associated with enhanced insulin sensitivity and therefore the thia-
zolidinediones are widely used to improve glycemic control in dia-
betic patients [254]. Although the adipose tissue is the main target
of the thiazolidinediones, other insulin sensitive tissues are affected
as well [255]. Pioglitazone was shown to reduce the expression of
SOCS-3 in adipose tissue and liver of db/db mice [256]. SOCS-3 is
involved in the downregulation of IRS-1 and IRS-2 and SOCS-3
action is increased in insulin resistant states [257] therefore this
molecule is an interesting target for the treatment of insulin resis-
tant states. However, mice lacking hepatic SOCS-3 develop periph-
eral insulin resistance probably due to impaired downregulation of
inflammatory processes [258]. Hence, a complete blockade of he-
patic SOCS-3 might not be desirable in diabetes treatment but a
moderate downregulation could provide a positive therapeutic out-
come.

In the past years, glucagon like peptide (GLP)-1 has been stud-
ied for its application in the treatment of type 2 diabetes mellitus
[259]. GLP-1 is an incretin, i.e. a gastrointestinal hormone which is
released after ingestion of a meal. It potentiates the glucose-induced
insulin secretion in vivo thereby enhancing insulin sensitivity and -
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cell function in diabetic subjects [260]. GLP-1 has been demon-
strated to induce B-cell proliferation and function in vitro (reviewed
in [261]).

Long acting GLP-1 analogs and dipeptidyl peptidase 1V inhibi-
tors have been developed [262] to circumvent the limitations of
GLP-1 application due to its short half life of only a few minutes
[263]. GLP-1 gene therapy of obese diabetic mice improved glu-
cose tolerance and insulin sensitivity and reduced hyperinsulinemia
[264]. In addition hepatic glucose and lipid synthesis, which is
pathologically increased during insulin resistance and diabetes, was
decreased by lower expression of PEPCK, G6Pase and fatty acid
synthase. This effect might be mediated by an improvement of IRS-
1 tyrosine-phosphorylation observed in the liver of these mice. But
it remains to be demonstrated whether GLP-1 exerts primary effects
on the liver or whether the improved hepatic IRS-1 phosphorylation
is secondary to the improved insulin secretion.

Serine/threonine phosphorylation of IRS-1 is increased during
insulin resistance and diabetes. An inhibition of this hyperphos-
phorylation is a possible drug target [265]. High doses of salicy-
lates, long known for their plasma glucose lowering effects, have
been shown to protect IRS-1 from Ser-307 phosphorylation [266].
As described in chapter 6.1, the action of JNK is accountable for
the increased Ser-307 phosphorylation in insulin resistant states.
The downregulation of INK by use of JNK inhibitor could improve
glucose tolerance in obese db/db mice [267]. Thus, modulation of
the activity of IRS kinases will be of greater importance in the fu-
ture treatment of insulin resistance.

In conclusion, IRS proteins seem to be a suitable target for the
therapy of insulin resistance and type 2 diabetes mellitus. New as
well as established drugs and treatment strategies engage IRS pro-
teins and their posttranslational modifications in a way to improve
insulin signalling by increased tyrosine phosphorylation (GLP-1,
inhibition of PTPs), decreased degradation (targeting SOCS-3) and
reduced serine/threonine phosphorylation (inhibition of IRS
kinases). Enhancement of the expression of IRS proteins may pro-
vide beneficial effects on insulin signalling but to keep the balance
is critical due to the involvement of IRS in mitogenesis and cell
proliferation.

CONCLUSION

IRS proteins are key players in hepatic glucose and lipid me-
tabolism and dysregulation of the function of IRS-1 and IRS-2
leads to disturbances in blood glucose and lipid homeostasis. Al-
though considerable progress has been made in understanding the
individual contribution of IRS-1 and IRS-2 to hepatic insulin action
and their exact molecular regulation, the development of therapeu-
tic approaches targeting IRS proteins to cure metabolic disorders
such as diabetes mellitus type 2 still is a major challenge.

The future will probably yield more sophisticated treatment,
e.g. an enhancement of positive posttranslational modifications,
such as specific serine/threonine phosphorylation and acetylation.
However, to accomplish this, a better understanding of IRS function
in the liver and exact knowledge of posttranslational modification
given by interdisciplinary projects of chemists, molecular biologists
and medical researchers is required.
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