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ABSTRACT The large docking protein IRS-1 is a major
substrate for the insulin receptor and other tyrosine kinases.
It plays a key role in eliciting many of insulin’s actions,
including binding and activation of phosphatidylinositol (PI)
3-kinase and the subsequent increase in glucose transport.
Gene disruption of IRS-1 in mice is associated with an
impaired insulin-stimulated glucose disposal in vivo and glu-
cose transport in vitro, but the survival of the animals and
residual insulin sensitivity is dependent on the presence of the
alternative docking protein IRS-2. We examined the expres-
sion and function of IRS-1 and IRS-2 in adipocytes from
healthy and diabetic individuals. Cells from subjects with
non-insulin-dependent diabetes mellitus (NIDDM), but not
with insulin-dependent diabetes mellitus, had an impaired
insulin effect and a marked reduction (70 = 6%) in the
expression of IRS-1 protein, whereas IRS-2 was unchanged. In
normal cells, IRS-1 was the main docking protein for the
binding and activation of insulin-stimulated PI 3-kinase;
IRS-2 was also functional but required a higher insulin
concentration for a similar binding and activation of PI
3-kinase. In contrast in NIDDM cells with a low IRS-1
content, IRS-2 became the main docking protein. These
findings may provide important reasons for the insulin resis-
tance in NIDDM.

Insulin resistance in various target tissues and an insufficient
compensatory increase in insulin release by the B cells are the
main causes of non-insulin-dependent diabetes mellitus
(NIDDM) (1, 2).

Insulin plays a key role for the regulation of metabolism in
many mammalian cells—principally, liver, muscle, and adipose
cells (3, 4). The ability of insulin to increase glucose transport
into muscle and fat cells is mediated by the translocation of a
specific glucose transporter, GLUT4, from intracellular vesi-
cles to the cell surface (5-7).

The initial mechanism of insulin action involves its binding
to specific cell surface receptors leading to the autophosphor-
ylation and activation of an intrinsic tyrosine kinase associated
with the B-receptor subunit. IRS proteins (IRS-1 and IRS-2)
are substrates for the insulin receptor and other tyrosine
kinases associated with the receptors of growth factors and
cytokines (1, 8-12). IRS proteins act as an interface between
activated receptors and signaling proteins with Src homology
2 (SH2) domains. After insulin stimulation, IRS-1 associates
with several proteins including phosphatidylinositol (PI) 3-
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kinase, Syp, Nck, Grb2, and Fyn (13-16). PI 3-kinase is a
heterodimeric enzyme consisting of an 85-kDa regulatory
subunit with SH2 domains capable of binding to tyrosine-
phosphorylated IRS-1 and a 110-kDa catalytic subunit that
phosphorylates the inositol ring of PI and its phosphorylated
derivatives (17, 18). PI 3-kinase has been implicated as one of
the key signal transducers in insulin-stimulated glucose uptake
and GLUTH4 translocation (19-23). Little is known about the
roles of IRS proteins in the regulation of PI 3-kinase binding
and activation in normal physiology or in insulin-resistant
states in human subjects.

In this study, we examined the expression and function of
IRS-1 and IRS-2 in adipocytes from healthy and diabetic
individuals. IRS-1 was the main docking protein for PI 3-
kinase in adipocytes from healthy subjects. However, in adi-
pocytes from NIDDM subjects, IRS-1 protein content was
markedly reduced and IRS-2 became the main docking pro-
tein. Binding of PI 3-kinase to IRS-2 required a higher insulin
concentration than that needed for a similar binding to IRS-1
and this may be a key factor for the insulin resistance in
NIDDM.

MATERIALS AND METHODS

Glucose Transport in Human Adipocytes. Specimens of
human subcutaneous adipose tissue were obtained from the
abdominal region of nondiabetic [#n = 14,4 men and 10 women,;
age, 44 = 3 years; body mass index (BMI), 30 = 2 kg/m?],
NIDDM (n = 12, 8 men and 4 women; age, 63 = 2 years; BMI,
29.9 + 0.9 kg/m?; HbA,., 7.1 * 1.1%; reference value, 5.3%),
or insulin-dependent diabetes mellitus (IDDM; n = 8, 6 men
and 2 women; age, 41 * 5 years; BMI, 27.8 = 1.2 kg/m?;
HbA., 7.4 *= 0.6%) subjects. The biopsies were placed in
Medium 199 at 37°C containing 25 mM Hepes, 4% BSA, and
5.5 mM glucose. The study was approved by the Ethical
Committee of the Goteborg University.

Adipose cells were prepared as described (24). Briefly, the
adipocytes were isolated by digesting about 0.6 g of tissue for
50 min at 37°C in Medium 199 containing 25 mM Hepes, 4%
BSA, 5.5 mM glucose, and collagenase (Sigma) at 0.8 mg/ml
in a shaking water bath. Cells were then incubated for 15 min
in the absence or presence of the indicated concentrations of
human insulin (Novo-Nordisk, Copenhagen), 0.1 uM N°-(2-
phenylisopropyl)adenosine, and adenosine deaminase (1 unit/
ml). Glucose transport activity was assayed for 1 h with 0.86

Abbreviations: BMI, body mass index; IRS, insulin receptor substrate;
PI, phosphatidylinositol; NIDDM, non-insulin-dependent diabetes
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Insulin (nM)

Effect of various concentrations of insulin on glucose transport in adipocytes from healthy subjects and NIDDM subjects. Values

represent the mean £ SEM of six experiments with triplicate determinations. The value at 100% is the basal uptake in the absence of insulin.

uM [U-1C]glucose (Amersham) as described (25). The cells
were separated from the incubation medium by centrifugation
through silicone oil and the radioactivity associated with the
cells was measured by scintillation counting.
Immunoprecipitations and Immunoblotting. Isolated hu-
man adipocytes were distributed into plastic vials (12-15% cell
suspension) in a final incubation volume of 400 ul. Cells were
preincubated with or without 6.9 nM insulin for 10 min,
immediately separated by centrifugation through silicone oil,
and lysed in 0.4 ml of lysis buffer containing 25 mM Tris -HCl
(pH 7.4), 0.5 mM EGTA, 25 mM NacCl, 1% Nonidet P-40, 1
mM NazVO,, 10 mM NaF, 0.2 mM leupeptin, 1 mM benza-
midine, and 0.1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride and rocked for 40 min at 4°C. Detergent-
insoluble material was sedimented by centrifugation at
12,000 X g for 10 min at 4°C. Cell lysate proteins (50 ug of
protein) were separated by SDS/PAGE or 100 pg of protein
was immunoprecipitated for 2 h with anti-IRS-1 C-terminal (4
pg/ml; Upstate Biotechnology, Lake Placid, NY) or anti-
IRS-2 (3 wl/ml) antibodies. Antibodies against IRS-2 were
prepared in rabbits by using an IRS-2-specific peptide com-
posed of amino acids 1310-1322 (LSHHLKEATVVKE). Im-
mune complexes were collected with protein A-Sepharose,
washed, solubilized in Laemmli sample buffer, and separated

by SDS/PAGE on 7.5% gels. Proteins were transferred from
the gel to nitrocellulose sheets and blocked in 5% milk. The
blots were probed with various primary antibodies as follows:
anti-IRS-1 C-terminal, anti-p85 (whole antiserum), anti-
SHPTP2/syp, anti-Grb2 and 4G10 anti-phosphotyrosine an-
tibodies (Upstate Biotechnology); anti-insulin receptor
(Transduction Laboratories, Lexington, KY), anti-IRS-1 (N-
terminal), or anti-p110 (Santa Cruz Biotechnology) according
to the recommendations of the manufacturer or anti-IRS-2
(1:500 dilution). The proteins were detected by enhanced
chemiluminescence and horseradish peroxidase-labeled sec-
ond antibodies (Amersham). The intensity of the bands was
quantitated with a laser densitometer (Molecular Dynamics).
Quantification was also verified with 12°I-labeled protein A.
Control experiments showed that the antibodies to IRS-1 and
IRS-2 had a similar efficiency (=90%) to deplete their respec-
tive antigens.

PI 3-Kinase Activity. PI 3-kinase assay was performed
directly on the immunoprecipitates as described (25, 26).
Briefly, 6 pl of a mixture of PI (10 pg/sample) and phospha-
tidylserine (2.5 pg/sample) were added to the beads and the
reaction was started by the addition of 30 ul of a reaction
mixture consisting of 40 mM Hepes (pH 7.5), 20 mM MgCl,,
and 50 uM [y-3?P]ATP (0.2 nCi/pl; 1 Ci = 37 GBq). After 15
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IRS-1 protein content in adipocytes from healthy subjects and IDDM and NIDDM subjects. (4 and B) Cell lysates from adipocytes

of healthy control, IDDM, or NIDDM subjects (50 ug of protein) were separated by SDS/PAGE (10% polyacrylamide gels) and immunoblotted
with the indicated antibodies. Each lane represents the pooled lysates of two subjects, and each blot is representative of at least three experiments.
(C) Cell lysates from adipocytes preincubated in the presence or absence of insulin (INS) were immunoprecipitated with antibodies against IRS-1
(C-terminal), separated by SDS/PAGE on 7.5% gels, and immunoblotted with the indicated antibodies.
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min at 30°C, the reaction was stopped by the addition of 40 ul
of 4 M HCl and 160 pl of CHCl3/CH3O0H (1:1). The organic
phase was extracted and applied to a silica gel thin layer
chromatography plate precoated with 1% potassium oxalate
(Analtech). The chromatography plates were developed in
CHCl3/CH30H/H,0/NH,OH (60:47:11.3:2), dried, and vi-
sualized by autoradiography. The radioactivity was quantitated
with a PhosphorImager (Molecular Dynamics).

RESULTS AND DISCUSSION

We investigated the expression and function of the IRS
proteins in adipocytes isolated from healthy subjects and
diabetic patients, both NIDDM and IDDM. First, we mea-
sured the glucose transport activity in response to different
concentrations of insulin (Fig. 1). The half-maximal response
in healthy subjects was at 0.13 nM insulin and the maximal
response (~3 times over basal) was at 0.35 nM insulin. In
contrast, in cells from NIDDM patients, both the concentra-
tion required to significantly increase glucose transport and
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the maximal response were significally impaired with only 50%
increase with respect to basal transport at maximal concen-
trations of insulin (Fig. 1).

To determine whether the impairment in insulin action in
adipocytes from NIDDM subjects was associated with an
abnormality in proteins involved in insulin signaling, immu-
noblotting was performed with antibodies against several
proteins (Fig. 24). IRS-1 was reduced by 50-90% (average,
70 £ 6%) in adipocytes from NIDDM patients compared with
those from nondiabetic subjects. This was confirmed by using
two different N- and C-terminal antibodies (Fig. 2B). How-
ever, the insulin receptor, the p85 subunit of PI 3-kinase, and
the phosphotyrosine phosphatase SHPTP2/Syp (Fig. 24)
were unchanged. Similarly, the IRS-1 protein content was not
reduced in adipocytes from IDDM subjects. As expected, in
IRS-1 immunoprecipitates from NIDDM cell lysates, proteins
corresponding to IRS-1 or PI 3-kinase (p85 and p110 subunits)
in response to insulin could hardly be detected (Fig. 2C).

Despite the big reduction of IRS-1, immunoblots with
anti-phosphotyrosine antibodies in whole cell lysates from
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Expression and function of IRS-2 in adipocytes from healthy control and NIDDM subjects. (4) Adipocytes from control or NIDDM

subjects were incubated without or with 6.9 nM insulin (INS) for 10 min. Cell lysates were loaded by equal amount of proteins, separated by
SDS/PAGE (10% gels), and immunoblotted with anti-phosphotyrosine (PY) antibodies. (B) Cell lysates were immunoprecipitated with anti-IRS-2
antibodies and immunoblotted with anti-IRS-2, anti-PY, anti-p85, and anti-Grb2 as indicated. (C) Supernatants from anti-IRS-2 immunoprecipi-
tates were separated by SDS/PAGE (7.5% gels) and immunoblotted with anti-IRS-1 C-terminal antibodies. (D) PI 3-kinase activity was assayed
on immunoprecipitates (IP) produced by the indicated antibodies on lysates from untreated or insulin-stimulated adipocytes from control or

NIDDM subjects.
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basal or insulin-stimulated NIDDM adipocytes showed a
tyrosine-phosphorylated protein at ~185 kDa, suggesting the
presence of another protein at that position (Fig. 34). The
likely candidate was the recently identified docking protein
IRS-2 (27). In immunoprecipitates with polyclonal IRS-2
antibodies, IRS-2 was present to a similar extent in adipocytes
from both NIDDM and healthy subjects (Fig. 3B); IRS-2 was
also tyrosine-phosphorylated in an insulin-dependent fashion.
It was clear that both PI 3-kinase and Grb2 became associated
with IRS-2 in response to insulin (Fig. 3B) as reported (28, 29).
Supernatants from anti-IRS-2 immunoprecipitations analyzed
by immunoblotting again showed that IRS-1 was barely de-
tectable in NIDDM cells (Fig. 3C).

The PI 3-kinase activity recovered in IRS-1 and IRS-2
immunoprecipitates was markedly stimulated in normal adi-
pocytes by insulin (Fig. 3D). Again, little or no PI 3-kinase
activity was recovered in IRS-1 immunoprecipitates from
NIDDM adipocytes. In these cells, PI 3-kinase activity was
virtually exclusively recovered in the anti-IRS-2 immunopre-
cipitates (Fig. 3D).

We next examined the concentration-dependent ability of
insulin to increase the tyrosine phosphorylation of IRS-1 and
IRS-2 and the subsequent binding of PI 3-kinase in adipocytes
from healthy subjects. Both IRS-1 and IRS-2 became tyrosine-
phosphorylated in the presence of insulin but quantification of
the immunoblots showed that the effect of a maximal insulin
concentration was ~50% greater for IRS-1 than for IRS-2. In
agreement with this finding, immunoprecipitates with anti-
IRS-1 or anti-IRS-2 antibodies showed that at all insulin
concentrations IRS-1 was the main docking protein for PI
3-kinase (Fig. 44). However, IRS-2 could also bind PI 3-kinase
(Fig. 4B) but this was, for a given insulin concentration, less
(=~40%) than that bound to IRS-1. This provides evidence for
differences in insulin-stimulated phosphorylation of IRS-1 and
IRS-2 that may be related to the different interaction between
IRS-2 and the insulin receptor (30, 31). This was further
verified when we measured the PI 3-kinase lipid kinase
activity. At all insulin concentrations, IRS-1 accounts for most
(=70%) of the IRS-associated PI 3-kinase activity in response
to insulin in adipocytes from normal subjects (Fig. 4C). In
contrast, IRS-2 was the main source of PI 3-kinase activity in
adipocytes from NIDDM subjects (Fig. 3D).

In this study we demonstrate that IRS-1 protein expression
is markedly reduced in adipocytes from NIDDM subjects in
comparison with both healthy subjects and individuals with
IDDM. The 50% or greater reduction in IRS-1 content was
consistently seen in the 12 NIDDM subjects studied. Subse-
quently, we have examined more than 20 NIDDM patients and
only seen a smaller reduction (=~30%) in two subjects. This
reduction cannot be accounted for by obesity since the control
and NIDDM subjects had a similar BMI or by hyperinsulin-
emia/hyperglycemia since the IDDM were unaffected. In
contrast, IRS-2 levels were unchanged in NIDDM cells. Skel-
etal muscle from morbidly obese individuals has also been
shown, at an average, to have a moderate reduction in IRS-1
protein content (32) but it is not clear whether this reduction
was confined to subjects with an impaired glucose tolerance.

IRS-1 seems to be the main docking protein for PI 3-kinase
and the associated increase in glucose uptake in normal human
adipocytes, as also demonstrated in other cells (33-35). How-
ever, similar to the IRS-1-deficient mice (28, 36, 37), IRS-2
seems to be able to replace IRS-1 as the main docking protein
for binding and activation of PI 3-kinase. However, in human
adipocytes, IRS-2 requires a higher insulin concentration than
IRS-1 for a similar binding and activation of PI 3-kinase. This
is in parallel to the ability of insulin to increase total tyrosine
phosphorylation, which also was reduced in IRS-2. These
findings may provide important reasons for the insulin resis-
tance in NIDDM.
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FiG.4. IRS-1is the main docking protein for PI 3-kinase in human
adipocytes. Adipocytes from healthy control subjects were incubated
for 10 min with different concentrations of insulin. Cell lysates were
immunoprecipitated with anti-IRS-1 C-terminal antibodies (4) or
anti-IRS-2 antibodies (B) separated on 7.5% SDS-PAGE and immu-
noblotted with the indicated antibodies. (C) PI 3-kinase activity was
assayed on immunoprecipitates produced by the indicated antibodies
as described in Fig. 3. (D) Quantification of the PI 3-kinase activity
using a PhosphorImager (Molecular Dynamics).

The basic mechanism(s) for the reduction in IRS-1 expres-
sion in NIDDM is currently unclear. However, preliminary
evidence indicates that IRS-1 mRNA levels are reduced in
adipocytes from NIDDM subjects. Whether this is sufficient to
account for the low IRS-1 content or whether there also is an
increased protein degradation is unclear. We are currently
exploring potential mechanisms and examining IRS-1 content
in human adipocytes from different nondiabetic but insulin-
resistant states.
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