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Reduced insulin-mediated glucose transport in skeletal muscle is
a hallmark of the pathophysiology of T2DM (Type II diabetes
mellitus). Impaired intracellular insulin signalling is implicated
as a key underlying mechanism. Attention has focused on early
signalling events such as defective tyrosine phosphorylation of
IRS1 (insulin receptor substrate-1), a major target for the insulin
receptor tyrosine kinase. This is required for normal induction
of signalling pathways key to many of the metabolic actions of
insulin. Conversely, increased serine/threonine phosphorylation
of IRS1 following prolonged insulin exposure (or in obesity)
reduces signalling capacity, partly by stimulating IRS1 degra-
dation. We now show that IRS1 levels in human muscle are
actually increased 3-fold following 1 h of hyperinsulinaemic
euglycaemia. Similarly, transient induction of IRS1 (3-fold) in

the liver or muscle of rodents occurs following feeding or insulin
injection respectively. The induction by insulin is also observed
in cell culture systems, although to a lesser degree, and is not
due to reduced proteasomal targeting, increased protein synthesis
or gene transcription. Elucidation of the mechanism by which
insulin promotes IRS1 stability will permit characterization of
the importance of this novel signalling event in insulin regulation
of liver and muscle function. Impairment of this process would
reduce IRS1 signalling capacity, thereby contributing to the de-
velopment of hyperinsulinaemia/insulin resistance prior to the
appearance of T2DM.
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INTRODUCTION

T2DM (Type II diabetes mellitus) is characterized by cellular
resistance to insulin, as well as abnormal insulin secretion [1,2].
This reduced responsiveness of cells to insulin is due to defec-
tive intracellular signalling processes [1–6]. Insulin induces
multiple signalling pathways in all tissues that express the trans-
membrane insulin receptor (e.g. muscle, liver and adipose
tissue). The association of insulin with its receptor activates the
intrinsic tyrosine kinase activity of the receptor, leading to its
autophosphorylation as well as phosphorylation of a series of
tyrosine residues on IRS (insulin receptor substrate) proteins such
as IRS1, IRS2 and IRS4 (see [5,7] for reviews). Subsequently the
phosphotyrosine motifs on these proteins recruit signalling pro-
teins to the plasma membrane, initiating a number of signalling
pathways that ultimately alter glucose metabolism. For example,
recruitment and activation of PI3K (phosphoinositide 3-kinase)
promotes the generation of 3-phosphoinositides that induce the
activity of protein kinases such as PDK1 (3-phosphoinositide-
dependent kinase) and PKB (protein kinase B) [8,9]. PKB then
phosphorylates GSK3 (glycogen synthase kinase-3) at an N-ter-
minal serine residue (Ser-21 on GSK-3α and Ser-9 on GSK-3β),
rendering it inactive [10,11]. This PKB-mediated inhibition of
GSK3 contributes to insulin activation of glycogen and protein
synthesis [11,12]. PDK1 and PKB also contribute to the insulin
stimulation of the rapamycin-sensitive mTOR (mammalian target
of rapamycin)–S6K (S6 ribosomal protein kinase) pathway [13].
This pathway is also regulated by nutrients through an interaction

with the TSC (tuberous sclerosis complex)–Rheb complex [14],
and regulates, among other things, the rate of protein synthesis
[15].

These signalling pathways are turned off by the removal of
stimuli and subsequent dephosphorylation of the various signall-
ing molecules. Dephosphorylation of the insulin receptor and
IRS is performed by the phosphotyrosine phosphatases PTP1B
and TCPTP (T-cell protein tyrosine phosphatase) [16], whereas
the lipid phosphatase PTEN (phosphatase and tensin homologue
deleted on chromosome 10) reduces 3-phosphoinositide levels [9].
In addition to inactivation by dephosphorylation, IRS1 and IRS2
have been identified as major sites of feedback inhibition. IRS1
phosphorylation on specific serine/threonine residues reduces
signalling in a number of ways, including reduced tyrosine phos-
phorylation and increased proteasomal degradation of IRS1
[5]. However, serine/threonine phosphorylation may also have
positive effects on insulin action, presumably dependent on the
residues that are specifically phosphorylated [17]. A number of
IRS1 kinases have been proposed to regulate these events. These
include several isoforms of PKC (protein kinase C), JNK (Jun
N-terminal kinase), IKK (IκB kinase) and p70S6K (see [18] for
a review).

It is assumed that this reduction in IRS1 protein leads to lower
signalling capacity in the system. Therefore overactive negative
feedback of IRS molecules could promote intracellular insulin
resistance, and evidence is accumulating that this may occur in the
liver, muscle and adipose tissue prior to the onset of T2DM
[1,5,19]. In particular, increased accumulation of fatty acids in
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respectively; S6K, S6 ribosomal protein kinase; TOR, target of rapamycin; T2DM, Type II diabetes mellitus.
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tissues (as seen in obesity) promotes serine/threonine phos-
phorylation of IRS proteins [4].

These repressive effects on IRS1 expression have only been
observed after prolonged insulin exposure (4–48 h) [20], but very
little is known about acute regulation of IRS1 expression. We
now present evidence that a significant increase in IRS1 protein
is observed following acute insulin treatment of muscle or liver,
and propose that the previously reported reduction in IRS1 levels
occurs subsequent to an initial up-regulation of this key signalling
molecule.

EXPERIMENTAL

Inhibitors and antibodies

Rabbit polyclonal antibody to IRS1 (raised against 14 C-terminal
amino acids) was purchased from Upstate Biotechnology (Lake
Placid, NY, U.S.A.), anti-GLUT4 antibody was generously given
by Professor Gwyn Gould (Faculty of Biomedical and Life Sci-
ences, University of Glasgow, Scotland, U.K.), anti-phospho-S6
was purchased from Cell Signalling Technology (Beverly, MA,
U.S.A.) whereas anti-Mdm2 and MG132 were gifts from Dr Mark
Saville (Department of Surgery, Molecular Oncology, University
of Dundee, Scotland, U.K.), and the antibodies against β-actin
(C-terminal fragment) and cycloheximide were purchased from
Sigma-Aldrich, Inc. (St Louis, MO, U.S.A.). Puromycin was pur-
chased from Invitrogen (San Diego, CA, U.S.A.). Rapamycin and
LY294002 were purchased from Calbiochem (Nottingham, U.K.).
Actrapid (human insulin) was purchased from Novo Nordisk A/S
(Bagsværd, Denmark).

Hyperinsulinaemic euglycaemic clamp

Following favourable review by the Tayside Committee on Medi-
cal Ethics, 10 non-diabetic male subjects [aged < 40 years; BMI
(body-mass index) range 19–31 kg/m2] were recruited by adver-
tisement. These volunteers had no family history of diabetes. After
giving fully informed consent, they were studied following an
overnight fast according to the protocol of the European Group
for the Study of Insulin Resistance [21]. Two 18-gauge intra-
venous cannulae were inserted: the first retrogradely into the right
dorsal hand vein for blood sampling, and the second antegradely
into the left antecubital fossa for infusions. Three-way taps en-
abled easy sampling and simultaneous infusion of insulin and
dextrose. Soluble human insulin (Actrapid; NovoNordisk A/S)
was prepared in 45 ml (10%, v/v) of each patient’s own blood
in 0.9 % saline in order to minimize adsorption of insulin to
the plastic surfaces of syringes and infusion lines (40 m-units ·
min−1 · m−2), and a continuous infusion was administered for
2 h. A variable 20% glucose infusion (mg · kg−1 · min−1) was
started 2 min after the beginning of the experiment and was cor-
rected, if necessary, to maintain euglycaemia at 5.2 mM. Blood
samples for determination of plasma glucose were obtained at
5 min intervals throughout the study to adjust the glucose infusion
rate (Yellow Springs Instruments, Yellow Springs, OH, USA).

Calculation of insulin sensitivity from the euglycaemic
hyperinsulinaemic clamp

During hyperinsulinaemia with steady-state plasma glucose con-
centrations (the last 30 min of a 120 min procedure), the glucose
infused is equal to that being removed from the glucose space.
The M-value is a measure of total body glucose metabolism, and
reflects the ability of insulin to enhance tissue glucose disposal,
assuming suppression of hepatic glucose production. M-values

were calculated according to the procedures of the European
Group for the Study of Insulin Resistance [21].

Human skeletal muscle extraction

Forceps biopsies were taken according to established procedures
from the right vastus lateralis muscle 5 min before the start of the
clamp (control samples) [22]. A second biopsy was taken after 1 h
of the clamp (insulin-stimulated sample). Muscle biopsies were
directly frozen in liquid nitrogen and kept at −80 ◦C until the mo-
ment they were analysed.

Cell culture

The rat hepatoma cell line H4IIE was maintained in DMEM
(Dulbecco’s modified Eagle’s medium) containing 1000 mg/l
glucose, 5% (v/v) foetal bovine serum and 1 % (v/v) penicillin/
streptomycin at 37 ◦C with 5% CO2. Rat L6 skeletal muscle
cells were cultured to myotubes in α-MEM (minimal essential
medium) containing 2% (v/v) FBS and 1 % (v/v) antimycotic/
antibiotic solution (100 units/ml penicillin, 100 µg/ml strepto-
mycin and 250 ng/ml amphotericin B) at 37 ◦C with 5% CO2, as
described previously [23]. In brief, cells were seeded in 10 cm
dishes at the density of 5.5 × 103 cell/cm2. Fused multinuclear
myotubes can be observed 5–6 days post-seeding. Cells were
cultured in 60 mm dishes and treated with hormones for the times
and concentrations shown in the Figure legends prior to lysis.
Cells were pre-incubated with inhibitors for 30 min (LY294002,
rapamycin, puromycin and cycloheximide) or for 4 h (MG132)
before hormone and inhibitor treatments, as described in the
Figure legends.

Preparation of protein extracts for Western blotting
or immunoprecipitation

Muscle biopsies were thawed on ice and homogenized (using a
Dounce homogenizer; 10–15 strokes) in 0.5 ml of ice-cold ly-
sis buffer [25 mM Tris/HCl (pH 7.4)/50 mM NaF/100 mM
NaCl/1 mM sodium vanadate/5 mM EGTA/1 mM EDTA/1 %
(v/v) Triton X-100/10 mM sodium pyrophosphate/0.27 M su-
crose/CompleteTM Protease inhibitor cocktail tablets (1 tablet/
10 ml)/0.1% (v/v) 2-mercaptoethanol]. Lysates were obtained
from the supernatant fraction after a 10 min centrifugation at
13000 g, and pre-cleared for 1 h at 4 ◦C with Protein G–Sepharose
in PBS (50%, v/v). This was to remove contaminating antibodies
present due to the variable amount of blood in the samples.

H4IIE rat hepatoma cells and L6 skeletal muscle cells were
incubated in serum-free medium with hormones and inhibitors
for the times and at the concentrations indicated in the Figure
legends after overnight serum-free starvation. Cells were then
scraped into ice-cold lysis buffer. Tissue and cell debris were
removed by centrifugation at 4 ◦C for 10 min at 13000 g, and the
protein concentration was determined by the method of Bradford
[24] using BSA as an internal standard. To analyse the Triton-
X-100-insoluble pellet, the cell debris was sonicated for 10 s
in 1% (w/v) SDS containing Mops–NuPAGE buffer (Novex,
Invitrogen, UK), before addition of 2% LDS loading buffer
(Novex, Invitrogen, Carlsbad, CA, U.S.A.), incubation at 70 ◦C
for 15 min and separation by SDS/PAGE.

Animals

Mice were fasted overnight and injected intraperitoneally with
insulin (150 m-units/g) or saline solution, as described previously
[25]. Skeletal muscle was extracted at the indicated time points
and frozen in liquid nitrogen. Liver samples were obtained from
mice fasted overnight, and maintained in the fasted state (‘fasted’)
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or re-fed (‘fed’) for 1 h. Livers were excised and frozen im-
mediately in liquid nitrogen. They were then pulverized to a
powder, a 10-fold mass excess of ice-cold lysis buffer was added,
the solution was centrifuged and the supernatants were snap-
frozen and stored at −80 ◦C.

Western blot analysis

Lysates from tissues (30–40 µg from muscle; 15 µg from liver)
and cell lines (10–20 µg from H4IIE; 50 µg from L6) were sep-
arated on Novex SDS/4–12% polyacrylamide gels. Following
transfer to nitrocellulose, blots were blocked with 5 % (w/v) non-
fat milk in TBST [Tris-buffered saline containing 0.1 % (v/v)
Tween 20] for 1 h, and incubated with primary antibodies at 4 ◦C
overnight before incubation for 1 h at room temperature with the
secondary antibody and development using an ECL (enhanced
chemiluminescence) kit (Amersham Biosciences, Inc.).

Quantification

Protein bands were scanned and quantified by densitometry using
AIDA Image Analyzer software. Band densities were expressed
relative to those obtained from β-actin for each sample.

Immunoprecipitation and phosphatase treatment

Pre-cleared human muscle lysates and L6 cell extracts (50–
200 µg) were immunoprecipitated with 2 µg of anti-IRS-1 anti-
body coupled with Protein G–Sepharose. Lysates were incubated
at 4 ◦C on a shaking platform for 1 h. Immune complexes were
washed once with 1 ml of 0.5 M NaCl in lysis buffer and then
twice with wash buffer [25 mM Tris/HCl (pH 7.4)/0.1 mM EGTA/
5% (v/v) glycerol/0.1% (v/v) 2-mercaptoethanol]. Immuno-
precipitates were split, and one-half was analysed directly by
Western blotting (control); the other half was incubated with pro-
tein phosphatase 1 (10 m-units) for 30 min at 30 ◦C (dephosphoryl-
ated samples) prior to Western blotting.

Statistical analysis

Data were compared by Student’s t test analysis. Differences were
considered to be statically significant at P < 0.05.

RESULTS

Insulin induces IRS1 protein levels in humans and rodents

Basal IRS1 levels vary in muscle from different individuals (Fig-
ure 1A); however, IRS1 protein increased approx. 3-fold in all
10 subjects studied following 1 h of euglycaemic hyperinsulin-
aemia (Figure 1B). In this small group of male volunteers, no ob-
vious association was observed between insulin regulation of
IRS1 and either the BMI or M-value, an estimate of whole-body
insulin sensitivity (Figure 1A). Although standardized reference
ranges for measures of insulin sensitivity have not yet been
clearly defined (the M-value is known to vary quite widely even
amongst healthy subjects of similar age and BMI), the variation we
observed was in keeping with that expected in non-diabetic male
subjects [26]. It has been known for some time that insulin
treatment ( > 3 h) can lead to down-regulation of IRS1 expression;
however, this is the first demonstration that insulin acutely
induces IRS1 expression. This induction is not due to changes in
phosphorylation recognized by the IRS1 antibody, since immuno-
precipitated IRS1 from human muscle is increased in the insu-
lin-exposed samples even following incubation with protein phos-
phatases (results not shown). Therefore increases in signal

Figure 1 Acute induction of IRS1 levels by insulin in human muscle

Muscle biopsies were obtained from 10 male healthy adult subjects with a BMI between 19 and
31 kg/m2 before and after 1 h of hyperinsulinaemic, euglycaemic clamp. (A) Muscle samples
were separated by SDS/PAGE and IRS1 expression was analysed by Western blotting. Expression
was quantified (B) by densitometry and is presented (means +− S.E.M., n = 10), after correction
for β-actin expression, relative to basal expression (saline). ***P < 0.001, saline compared
with insulin. The M-value (mg/kg per min) is a measure of total body glucose metabolism, and
is calculated as described in the Experimental section.

strength are related to increased protein, rather than a post-trans-
lational modification.

Significant induction of IRS1 expression in rodent muscle also
occurs within 20 min of a single insulin injection (Figure 2A), and
increases further (to 3.5-fold over basal) after 40 min. Therefore
the increase is not unique to euglycaemic hyperinsulinaemia.
Similarly, hepatic IRS1 expression is induced 2.2-fold in re-
fed mice (Figure 2B). This demonstrates that IRS1 increases in
three different in vivo models of insulin exposure, whereas the
effect is not muscle- or species-specific, and occurs at insulin
concentrations found in response to normal feeding.

Insulin induces IRS1 protein in tissue culture

L6 myotubes are often employed as an insulin-responsive culture
model of intact muscle. Insulin treatment of L6 myotubes for 1 h
increases IRS1 protein levels (Figure 3A). This increase is not as
substantial as that seen in intact human muscle, possibly because
these cells have a high basal expression of IRS1. The induction
is transient, with IRS1 levels returning to baseline after 3 h (Fig-
ure 3B). Previous work has demonstrated that IRS1 protein can
exist in more than one intracellular pool. Indeed, three groups
have found that insulin induces IRS1 translocation from LDMs
(low-density membranes) to the cytosol in adipocytes [27–29].
However, in our experiments the lysis method does not distinguish
between cytosol and membrane fractions. For example, GLUT4
translocates from LDMs to plasma membranes following insulin
treatment. However, we observe no difference in GLUT4 levels
following insulin treatment using our lysis method (Figure 3C).
Therefore the LDM fraction must be present in our lysates, and
the increased IRS1 observed in our experiments is not due to
translocation of IRS1 from LDM to cytosol. In addition, no IRS1
is detectable in the Triton X-100-insoluble fraction following lysis
of human muscle samples before or after insulin treatment (results
not shown).

H4IIE is a rat hepatoma cell line that is exquisitely sensitive
to insulin [30,31]. Insulin treatment of these cells also induces a
transient induction of IRS1 protein levels (Figure 4A), peaking at
around 1 h (2-fold) and returning to basal levels following 3 h
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Figure 2 Acute induction of IRS1 levels by insulin and feeding in mice

(A) Mice were fasted overnight and injected intraperitoneally with insulin (150 m-units/g) or
saline solution. Skeletal muscle extracts (30–40 µg) were analysed for IRS1 expression by
Western blotting, and blots were quantified by densitometry. (B) Mice were fasted for 16 h,
and maintained in the fasted state (Fasted) or re-fed (Fed) for 1 h. Liver extracts were analysed
for IRS1 expression by Western blotting (upper panel) and quantified (lower panel). Values
(means +− S.E.M., n = 3) are expressed, after correction for β-actin expression, relative to basal
expression (saline for muscle and fasted state for liver). *P < 0.05 (20 min compared with
40 min, and fasted compared with fed); ***P < 0.001 (experimental compared with no insulin).

treatment (Figure 4B). Once more, there is no IRS1 in the Triton
X-100-insoluble fraction of the cells before or after insulin treat-
ment (Figure 4C), demonstrating an increase in protein, rather
than translocation, from an insoluble pool. We decided to use the
H4IIE rather than L6 cells to investigate the mechanism by which
insulin induces IRS1 expression, since induction following insulin
is higher in the H4IIE cells and they do not require differentiation.

Preliminary investigation of the mechanism of induction
of IRS1 expression

IRS1 mRNA levels are relatively low in the H4IIE cells, and do not
change following insulin treatment for 30 min or 1 h (results
not shown); therefore the rapid induction of IRS1 protein is not
due to increased gene transcription. Proteasomal degradation of
IRS1 is a well-characterized process [6,32–34] and its regulation
represents a potential mechanism by which insulin could increase

Figure 3 Induction of IRS1 protein by insulin in L6 myotubes

(A) Rat L6 myotubes were serum-starved overnight and treated with 100 nM insulin for 1, 2 or
3 h. Western blot analysis was performed on 50 µg of cell lysates to assess IRS-1 and β-actin
protein levels. (B) Expression was quantified by densitometric scan of the blots. Values are the
ratio of IRS1 to β-actin and are presented relative to serum-starved cells (average +− S.E.M. of
two experiments performed in duplicate). **P < 0.01 (0 compared with 1 h); NS, not significant.
(C) GLUT4 extraction following L6 cell lysis was assessed by Western blot analysis.

Figure 4 Induction of IRS1 protein by insulin in hepatoma cells

H4IIE cells were serum-starved overnight and then treated with or without 10 nM insulin for
the indicated times. (A) Western blot analysis was performed on 15 µg of cell lysates to
assess the IRS1 and β-actin protein expression. (B) Blots were quantified by densitometry.
Values are the ratio of IRS1 to β-actin expressed relative to serum-starved cells and are the
average +− S.E.M. of three experiments performed in duplicate. **P < 0.01 (0 compared with
1 h); NS, not significant; Ins., insulin. (C) IRS1 and β-actin expression was visualized in the
Triton-X-100-insoluble fraction and directly compared with the levels in the soluble fraction (an
equivalent amount of each fraction was loaded, and the blot overexposed).

as well as decrease IRS1 expression. Therefore IRS1 expression
was assessed in the H4IIE cells following 1 h exposure to insulin
in the presence or absence of the proteasome inhibitor MG132
(Figure 5A). Interestingly, inhibition of the proteasome for this
time has very little effect on IRS1 levels, suggesting that protea-
somal degradation is not a major acute regulator of IRS1 protein
levels in resting H4IIE cells. Meanwhile, insulin induces IRS1
expression to a similar extent in the presence or absence of
MG132 (Figure 5A), demonstrating that insulin does not inhibit
the proteasome to induce IRS1 levels. MG132 treatment of
H4IIE cells dramatically increases Mdm2 levels (Figure 5B). This
protein is normally rapidly degraded by the proteasome, and
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Figure 5 Induction of IRS1 protein by insulin is not mediated by proteasomal inhibition or translational activation

(A) Starved H4IIE cells (SF) were pre-incubated with or without 10 µM MG132 (proteasome inhibitor) for 4 h prior to a 1 h incubation in the absence or presence of 10 nM insulin (Ins) and Western
blot analysis of IRS1 and β-actin expression. (B) Mdm2 expression was assessed in the samples from (A). (C) After overnight serum deprivation, H4IIE cells were pre-incubated with or without
10 µg/ml cycloheximide (CHX) or puromycin (PUR) for 30 min, and then treated with 10 nM insulin +− each drug for 1 h prior to Western blot analysis and quantification. (D) Phosphorylation of
ribosomal S6 protein (P-S6) was determined by Western blot analysis of protein lysates from starved, cycloheximide (CHX; 10 µg/ml)- or insulin (10 nM)-treated cells (1 h incubations). For (A) and
(C), values are the ratio of IRS1 to β-actin, and are the average +− S.E.M. of at least two experiments performed in duplicate. ***P < 0.001; **P < 0.01 (experimental compared with serum-free);
NS, not significant. For (B) and (D), representative blots from two experiments are shown.

therefore the dramatic increase in Mdm2 levels indicates that
inhibition of degradation was achieved in our experiments [35].

Finally, inhibition of protein synthesis (using puromycin) has
no effect on basal or insulin-induced IRS1 expression (Figure 5C).
This suggests that insulin is not inducing IRS1 expression through
increased protein translation, and confirms that the mechanism
does not involve increased transcription. A distinct protein syn-
thesis inhibitor, cycloheximide, induces IRS1 expression in the
absence of insulin (Figure 5C), and its effects are not additive to
insulin. It is likely that this is related to its activation of the S6K
pathway rather than through general effects on protein synthesis
(Figure 5D, and below). Interestingly, hepatic S6K was originally
purified from cycloheximide-treated rats, and this molecule is the
most potent activator of hepatic S6K reported to date in vivo
[36,37].

The mTOR pathway is required for insulin regulation
of IRS1 expression

The mTOR–S6K pathway is known to negatively regulate IRS1
levels by increasing IRS1 serine/threonine phosphorylation,
thereby promoting degradation. This negative-feedback pathway
can be blocked by treatment of cells with the mTOR inhibitor
rapamycin; therefore rapamycin is predicted to stabilize IRS1 pro-
tein levels [38]. Interestingly, in our acute incubations, rapamycin
alone has little effect, whereas insulin does not significantly
induce IRS1 in the presence of rapamycin (Figure 6A). A similar
effect is seen in the presence of the PI3K inhibitor LY294002
(Figure 6B). This implicates both PI3K and mTOR activity in the
acute induction of IRS1 levels following insulin treatment of cells.
A common downstream target for both molecules is S6K [39,40].
Meanwhile, cycloheximide induces IRS1 expression (Figure 5C),
and activates the phosphorylation of S6 [36,37], a downstream

target of the mTOR pathway, to a similar extent as that observed
with insulin (Figure 5D). This is consistent with acute activation
of the S6K pathway being sufficient to induce IRS1 levels.

Another signalling molecule downstream of PI3K that is re-
ported to negatively regulate IRS1 levels and activity through ser-
ine/threonine phosphorylation is GSK3 [41,42]. Therefore phar-
macological inhibition of GSK3 should stabilize IRS1 protein if
GSK3 phosphorylation of IRS1 represents a major pathway to
its degradation. However, IRS1 levels do not change following
treatment of H4IIE cells with the GSK3 inhibitor CT99021 for
up to 3 h (results not shown). In addition, hepatic IRS1 protein
is induced following feeding of S21A/S9A GSK3 knock-in mice
to a similar extent as that observed in wild-type mice (results not
shown). These animals express a form of GSK3 that is insensitive
to insulin [25]. Therefore inhibition of GSK3 does not acutely
induce IRS1 protein, and inhibition of GSK3 is not required for
insulin induction of IRS1 protein (at least 1 h post-prandium).

DISCUSSION

Degradation of IRS1 is controlled by negative-feedback signalling
pathways that may be overactive in T2DM. However, we now de-
monstrate that regulation of IRS1 expression is a biphasic process,
with an initial increase in protein levels prior to the previously
reported reduction in IRS1 protein. As this is a completely novel
observation, we have focused on establishing the validity of the
event in three distinct in vivo models (euglycaemic hyperinsu-
linaemia, insulin bolus and physiological feeding) and two cell-
culture systems. Although this process is seen in all of these
various scenarios covering two organs and two species, it is most
evident in human muscle. The reasons why this has not been
identified in previous studies on IRS1 expression are likely to be
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Figure 6 Insulin activation of PI3K and mTOR regulates the induction of
IRS1 protein

(A) H4IIE cells were serum-starved overnight (SF), pre-incubated with 10 nM rapamycin (RAP)
or vehicle for 30 min prior to a 1 or 3 h treatment with 10 nM insulin (Ins), RAP or both
(I + R), followed by lysis and Western blot analysis. Data are presented as the ratio of IRS1
to β-actin, and are the average +− S.E.M. of at least two experiments performed in duplicate.
**P < 0.01 (insulin compared with serum-free). (B) H4IIE cells were serum-starved overnight
(SF), pre-incubated with 100 µM LY294002 (LY) or vehicle for 30 min prior to a 1 h incubation
with 10 nM insulin (Ins), LY or both (LY + Ins), followed by lysis and Western blot analysis.
The lower panels contain a representative blot, whereas the upper panel contains the ratio of
IRS1 to β-actin as the average +− S.E.M of three experiments performed at least in duplicate.
***P < 0.001 (insulin compared with serum-free); NS, not significant.

two-fold. First, most studies have been conducted in cell lines
(e.g. L6 myotubes and 3T3-L1 adipocytes) where the induction is
weakest owing to high basal IRS1 expression. Secondly, almost all
previous studies have examined much longer incubation periods,
where the reduction in IRS1 levels is clear and substantial. There-
fore we propose that insulin induction of IRS1 levels occurs
transiently (within 20 min), peaking by 1 h and returning to basal
levels by 3 h. Longer incubation times lead to a reduction in
IRS1 levels below basal.

Extending the argument that reduction in IRS1 levels following
prolonged insulin exposure results in reduced signalling and may
contribute to insulin resistance, we would propose that the acute
induction in levels actually increases signalling capacity. The
inability to produce this acute induction, for whatever reason,
would reduce capacity and thus constitutes a potential ‘insulin-

resistance-causing’ event. Obviously, confirmation of the impor-
tance of the induction in health and disease requires detailed
knowledge of the mechanism by which insulin signals to IRS1
acutely.

Pharmacological and biochemical analysis has successfully
ruled out regulation of IRS1 transcription and translation, or the
need for ongoing protein synthesis, for the acute induction by
insulin. We have preliminary evidence that a non-proteasome-
mediated stabilization of IRS1 is occurring, suggesting insulin
inhibition of an IRS1 protease. There are many proteases that
could be investigated as mediators of this action of insulin. For
example, insulin-like growth factor-1 activation of PKB promotes
inhibition of neuronal caspase 3 [43]. However, addition of cas-
pase inhibitor I (purchased from Calbiochem) to H4IIE cells has
no effect on basal or insulin-induced IRS1 expression (results
not shown). Oxidative stress promotes IRS1 degradation by a
proteasome-independent mechanism, although the protease in-
volved is not known [44]. Identification of the protease res-
ponsible, as well as the molecular mechanism by which IRS1
stability is regulated, will be required to ascertain the importance
of this regulation in health and disease.

Finally, the mTOR–S6K pathway promotes serine phospho-
rylation of IRS1, leading to reduced insulin signalling [34,45].
Hence the mTOR inhibitor rapamycin should enhance insulin sen-
sitivity through reduced IRS1 serine phosphorylation. However,
we have now found that full induction of IRS1 expression by
acute insulin exposure also requires mTOR activity (as well as
PI3K activity); therefore these short-term increases in signalling
capacity/sensitivity can actually be blocked by rapamycin. Takano
et al. [28] have previously found that rapamycin can block
the translocation of IRS1 between a cytosolic and a Triton
X-100-insoluble fraction in adipocytes. We did not observe any
IRS1 in the Triton X-100-insoluble fraction in H4IIE cells or
human muscle; therefore this mechanism could not account for
the increase in IRS1 in our studies. However, it appears that there
are at least three different mechanisms by which mTOR regulates
IRS1 activity. These are translocation, increased proteasomal de-
gradation (after long-term insulin stimulation) and now protea-
some-independent stabilization immediately following stimula-
tion. Rapamycin protects IRS1 from oxidative-stress-induced
degradation [44], and therefore the mTOR pathway also regulates
this non-proteasomal destruction of IRS1. Identification of this
protease may provide a common mTOR target linking oxidative
destruction and hormonal stabilization of IRS1.

Proteasomal degradation of IRS1 may be controlled by mTOR
through activation of S6K [45] or PKC [46,47], but currently
these protein kinases are only known to induce proteasomal degra-
dation of IRS1. Whether they regulate IRS1 stability by an ad-
ditional, more acute mechanism remains to be elucidated. The in-
creased stability occurs simultaneously with increased tyrosine
phosphorylation of IRS1. Therefore mTOR may control the inter-
action of a stabilizing protein with phosphotyrosine motifs on
IRS1, synergistically increasing the capacity of IRS1 signalling.
Activation of the mTOR–S6K pathway is dependent on two dis-
tinct signalling inputs, namely insulin and nutrients (such as amino
acids). Therefore IRS1 induction, translocation and degradation
are all linked to both nutrient and insulin availability through
the mTOR pathway, although we still observed acute induction of
IRS1 in rodent muscle following an insulin bolus (which promotes
hypoglycaemia), suggesting the effect is independent of glucose.

In summary, the increased degradation of IRS1 associated with
hyperphosphorylation on serine/threonine residues is a potential
mechanism that could lead to insulin resistance. Indeed, evidence
is accumulating that both serine phosphorylation and basal IRS1
levels are altered in insulin-resistant states, including diabetes
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[29,48,49]. However, recent work in tissue culture has suggested
that the increase in degradation of IRS1 actually occurs sub-
sequent to defects in insulin action [20]. Therefore loss of the
ability to induce IRS1 protein acutely (as shown herein) is an
alternative mechanism by which signalling capacity could be
reduced, contributing to insulin resistance. We propose that this
mechanism may be of equal importance for determining insulin-
signalling capacity/sensitivity, and it will be of interest to examine
the effect of short-term insulin treatment on IRS1 up-regulation
in tissue from insulin-resistant humans.
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