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Abstract Aim/hypothesis: Several epidemiological stud-
ies have suggested an association between chronic hyper-
insulinaemia and insulin resistance. However, the causality
of this relationship remains uncertain. Methods: We per-
formed chronic hyperinsulinaemic—euglycaemic clamps
and delineated, by western blotting, an IR/IRSs/phospha-
tidylinositol 3-kinase(PI[3]K)/Akt pathway in insulin-re-
sponsive tissues of hyperinsulinaemic rats. IRS-1/2 serine
phosphorylation, IR/protein tyrosine phosphatase 1B (PTP1B)
association, and mammalian target of rapamycin (mTOR)/
p70 ribosomal S6 kinase (p70 S6K) activity were also
evaluated in the liver, skeletal muscle and white adipose
tissue of hyperinsulinaemic animals. Results: We found
that chronic hyperinsulinaemic rats have insulin resistance
and reduced levels of glycogen content in liver and muscle.
In addition, we demonstrated an impairment of the in-
sulin-induced IR/IRSs/PI(3)K/Akt pathway in liver and
muscle of chronic hyperinsulinaemic rats that parallels
increases in IRS1/2 serine phosphorylation, IR/PTP1B
association and mTOR activity. Despite a higher associ-
ation of IR/PTP1B, there was an increase in white adi-
pose tissue of chronic hyperinsulinaemic rats in IRS-1/2
protein levels, tyrosine phosphorylation and IRSs/PI(3)K
association, which led to an increase in basal Akt serine
phosphorylation. No increases in IRS-1/2 serine phos-
phorylation and mTOR activity were observed in white
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adipose tissue. Rapamycin reversed the insulin resistance
and the changes induced by hyperinsulinaemia in the
three tissues studied. Conclusions/interpretation: Our data
provide evidence that chronic hyperinsulinaemia itself,
imposed on normal rats, appears to have a dual effect,
stimulating insulin signalling in white adipose tissue, whilst
decreasing it in liver and muscle. The underlying mecha-
nism of these differential effects may be related to the ability
of hyperinsulinaemia to increase mTOR/p70 S6K pathway
activity and IRS-1/2 serine phosphorylation in a tissue-
specific fashion. In addition, we demonstrated that inhibi-
tion of the mTOR pathway with rapamycin can prevent
insulin resistance caused by chronic hyperinsulinaemia in
liver and muscle. These findings support the hypothesis that
defective and tissue-selective insulin action contributes to
the insulin resistance observed in hyperinsulinaemic states.
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Abbreviations C: control - DTT: dithiothreitol - Grb2:
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S6 kinase - PI(3)K: phosphatidylinositol 3-kinase - PKB:
protein kinase B - PTP1B: protein tyrosine phosphatase 1B

Introduction

Insulin resistance precedes type 2 diabetes mellitus and
is characterised by hyperinsulinaemia, which develops to
counterbalance peripheral hormone resistance. This hy-
perinsulinaemia exacerbates the insulin resistance state
[1, 2]. Several epidemiological studies have suggested an
association between chronic hyperinsulinaemia and re-
duced insulin sensitivity, and studies in different animal
models and in humans suggest that chronic insulin infusion
induces insulin resistance. However, the molecular mech-
anisms that contribute to insulin resistance in animals
chronically infused with this hormone and the regulation



of early steps in insulin action in classical insulin-sensitive
tissues have not yet been investigated.

The insulin receptor (IR) is a protein with endogenous
tyrosine kinase activity that, following activation by insulin,
undergoes rapid autophosphorylation and subsequently
phosphorylates intracellular protein substrates, including
IRS-1 and IRS-2 [3]. IRS proteins act as messenger mole-
cule-activated receptors to signalling with Src homology 2
domains, which are important steps in insulin action. After
stimulation by insulin, IRS-1 and -2 associate with several
proteins, including phosphatidylinositol 3-kinase (PI[3]K)
[4, 5]. Downstream to PI(3)K the serine threonine kinase,
Akt, is activated playing a pivotal role in the regulation of
various biological processes, including apoptosis, prolifer-
ation, differentiation, and intermediary metabolism [6, 7].

Dephosphorylation of IR and IRS-1 by protein tyrosine
phosphatase 1B (PTP1B) and serine phosphorylation of
IRS proteins are believed to be major mechanisms of sup-
pression of IR and IRS protein activities that contribute
to insulin resistance [8—10]. Both regulation of IR dephos-
phorylation and serine phosphorylation of IRS proteins
have been focused in the search for the molecular mech-
anism of insulin resistance. Thus, PTP1B knockout mice
exhibit increased insulin sensitivity and are resistant to
high-fat-diet-induced obesity [11], and several serine ki-
nases, including the mammalian target of rapamycin
(mTOR) [12], have been highlighted for their activities in
insulin resistance by phosphorylating IRSs at serine res-
idues [13—15]. However, the exact cellular mechanism of
insulin resistance and the sequence of molecular alterations
that occur in different tissues during hyperinsulinaemia
remain unclear.

In this study, we performed a chronic hyperinsulinae-
mic—euglycaemic clamp procedure to delineate the IR/
IRSs/PI(3)K/Akt pathway in insulin-responsive tissues of
hyperinsulinaemic rats. To gain further insight into the
molecular mechanism of insulin resistance induced by
hyperinsulinaemia, we also evaluated IRS-1/2 serine phos-
phorylation, IR/PTP1B association, and mTOR activity in
liver, skeletal muscle and adipose tissue of hyperinsulin-
aemic animals.

Materials and methods

Materials The reagents and apparatus for SDS-PAGE
and immunoblotting were from Bio-Rad (Richmond, CA,
USA). Tris, phenylmethylsulphonylfluoride, dithiothreitol
(DTT), Triton X-100, Tween 20 and glycerol were from
Sigma Chemical (St. Louis, MO, USA). DMSO was
from Calbiochem (La Jolla, CA, USA). Aprotinin was from
Bayer (Sao Paulo, SP, Brazil). Ketamin was from Parke-
Davis (S2o Paulo, SP, Brazil), diazepam and sodium thio-
pental were from Cristalia (Itapira, SP, Brazil). Human
recombinant insulin was from Biobras (Montes Claros,
MG, Brazil). Protein A-sepharose 6 MBq, nitrocellulose
membrane (Hybond ECL, 0.45 pum) and ['%]I-Protein A
were from Amersham (Buckinghamshire, UK). Tygon tube
was from Norton Performance Plastics (CO, USA), poly-
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ethylene (PE 50) was from Clay Adams (Parsipany, USA),
and the polyvinyl catheter was from Silverwater (BC, Aus-
tralia). Antibiotic was from Fort Dodge (Campinas, SP, Bra-
zil). Dacron was from BardDeBakey Elastic Knit Fabric
C.R. Bard (USA). Dual-channel swivel infusion system was
from Instech (Plymouth Meeting, USA). The syringe pump
was from KD Scientific (model 200 series, USA). Mono-
clonal antiphosphotyrosine antibody (anti-PY), anti-IR, anti
IRS-1, anti-IRS-2 and anti-PTP1B rabbit polyclonal anti-
bodies were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Polyclonal anti-PI(3)K (p85), anti-IRS-2 and
anti-mTOR (mTAB1/2) antibodies for immunoblotting were
from Upstate Biotechnology (Lake Placid, NY, USA), and
anti-phospho-Akt (Ser473) and anti-phospho-p70 S6K
(Thr421/Ser424) antibodies were from New England Bio-
labs (Beverly, MA, USA). Phospho-serine antibodies were
obtained from Chemicon International (Temecula, CA,
USA). Rapamycin was from LC Laboratories (Woburn,
MA, USA). Rat insulin, adiponectin, resistin, leptin and
triglyceride kits were obtained from Linco Research (St.
Charles, MO, USA).

Animals Adult male Wistar—Hannover rats (250-300 g),
from the University’s Central Animal Breeding Center,
were used in all the experiments in accordance with the
guidelines of the Brazilian College for Animal Experi-
mentation (COBEA) and were approved by the ethics com-
mittee at the University of Campinas. Rats were housed
individually in metabolic cages under conditions of con-
stant temperature (20-22°C) and subjected to a standard
light—dark cycle (06.00—18.00/18.00-06.00 hours) and pro-
vided with standard rodent chow and water ad libitum.
Different groups of rats were used for tissue sampling and
the biochemical assays.

Surgical and experimental procedure Chronic hyperinsu-
linaemia was created using a modification of the eugly-
caemic insulin clamp technique [16]. Three days before
the start of the chronic insulin infusion, rats were an-
aesthetised with an intraperitoneal injection of a mix of
ketamin (10 mg Ketalar) and diazepam (0.07 mg) (0.2
ml/100 g body weight), and catheters were inserted as
follows: (1) a polyethylene catheter (PE 50) into the right
femoral vein; and (2) a catheter made of Tygon and poly-
vinyl into the right femoral artery. The femoral vein catheter
was used for infusion of fluids, and the femoral artery
catheter was used for blood sampling. Antibiotic was ad-
ministered intramuscularly, and both catheters were routed
subcutaneously and exteriorised at the back of the neck
through a subcutaneously sutured Dacron-covered button.

The rats were permanently connected to a dual-channel
swivel insulin/glucose infusion system mounted above the
metabolic cage and were protected by a stainless steel
spring that also served as a tethering device. All solutions
were infused with a syringe pump. After surgery, the
animals were allowed to recover for 3 days. During these
days, the rats were adapted to the experimental procedure.
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After the adaptation period and round-the-clock control
measurements, insulin was infused for 5 days at a constant
rate of 1.25 mU kg ' min ", with a 25% glucose infusion
that was adjusted periodically to maintain euglycaemia.
Plasma glucose was measured twice in the morning and
twice in the afternoon. Plasma glucose levels were kept
between 5 and 6.1 mmol/l. The rapamycin group was
injected subcutaneously with this drug (solubilised in
DMSO and diluted to a final concentration of 4 mg/kg)
once daily, for 5 days. Injections were initiated 1 day prior
to the beginning of each experiment. The control group
received an equal daily volume of saline (0.9% NaCl) to
mimic the water/electrolyte load in the hyperinsulinaemic

group.

Euglycaemic—hyperinsulinaemic clamp At 14.00 hours on
day 5, after a 6-h fast, a prime continuous (3.0 mU-kg " *min ")
infusion of regular insulin was administrated for 2 h from
time 0, to raise plasma insulin and maintain it in a steady
state plateau (90—120 min) in hyperinsulinaemic and con-
trol rats. A variable glucose infusion (10%) was started 5
min after the beginning of the experiment and was cor-
rected, if necessary, to maintain euglycaemia between 5
and 6.1 mmol/l [17]. Blood samples for determination of
plasma glucose were obtained at 5-min intervals through-
out the study.

Tissue extracts After a 6-h fast, control and hyperinsulin-
aemic rats were anaesthetised intraperitoneally with sodium
thiopental (80 mg/kg body weight) and used as soon as they
were fully anaesthetised (loss of pedal and corneal reflexes).
The abdominal cavity was opened, the portal vein exposed,
and 60 pg insulin were injected. After 30 s, the liver was
removed, minced coarsely and homogenised immediately
in 10 volumes of solubilisation buffer (10 ml/l Triton-X
100, 100 mmol/1 Tris pH 7.4, 10 mmol/l sodium pyrophos-
phate, 100 mmol/l sodium fluoride, 10 mmol/l EDTA, 10
mmol/l sodium vanadate, 2 mmol phenylmethylsulfonyl
fluoride and 0.1 mg/ml aprotinin at 4°C, using a polytron
PTA 20S generator (model PT 10/35; Brinkmann Instru-
ments, Westbury, NY, USA) operated at maximum speed
for 20 s. Approximately 90 s after the insulin injection,
hindlimb muscle and adipose tissue samples were excised
and homogenised as described above. The tissue extracts
were centrifuged at 12,000 g at 4°C for 20 min, and the
supernatants used as sample.

Protein analysis by immunoblotting For immunoprecipi-
tation, the supernatants were incubated overnight at 4°C
with antibodies against IR, IRS-1 or IRS-2, followed by the
addition of protein A-sepharose 6 MBq. The samples (im-
munoprecipitated proteins and total extracts) were treated
with Laemmli buffer [18] containing 100 mmol/l DTT,
heated in a boiling water bath for 4 min and subjected to 8%
SDS-PAGE in a Bio-Rad minigel apparatus (Mini-Protean;
Bio-Rad). The prestained molecular mass standards used
were myosin (205 M,), galactosidase (116 M,), BSA (80 M,)
and ovalbumin (49.5 M,). Electrotransfer of proteins from
the gel to the nitrocellulose membranes was performed for

90 min at 120 V (constant) in a Bio-Rad miniature transfer
apparatus (Mini-Protean) as described by [19], but with
0.02% SDS and (-mercaptoethanol added to the transfer
buffer to enhance the elution of high-molecular-mass pro-
teins. The non-specific protein binding to the nitrocellu-
lose was reduced by pre-incubating the filter for 2 h at 22°C
in blocking buffer (5% non-fat dried milk, 10 mmol/l Tris,
150 mmol/l NaCl, and 0.02% Tween 20). The nitrocellu-
lose blots were incubated for 4 h at 22°C with antibodies
against phosphotyrosine, IR, IRS-1, IRS-2, the p85 subunit
of PI(3)K, phospho-Akt, phospho-serine or PTP1B diluted
in blocking buffer (3% non-fat dried milk, 10 mmol/l Tris,
150 mmol/l NaCl, and 0.02% Tween 20), followed by
washing for 30 min in blocking buffer without milk. The
blots were incubated with 0.074 MBq of ['**I]protein A
(1.11 MBq/pg) in 10 ml of blocking buffer (1% non-fat
dried milk) for 1 h at 22°C and washed again as described
above. ['*’I]Protein A bound to the antibodies was detected
by autoradiography using preflashed Kodak XAR film
(Eastman Kodak, Rochester, NY, USA) with a Cronex
Lightning Plus intensifying screen (DuPont, Wilmington,
DE, USA) at —80°C for 12 to 48 h. Images of the developed
autoradiographs were scanned (Hewlett Packard Scanjet
5P) and band intensities were quantitated by optical den-
sitometry (Scion Image Corporation) of the developed
autoradiographs that were used at exposures in the linear
range.

For IR, IRS-1, IRS-2, phospho-Akt, nTOR and phospho-
p70 S6K quantitation in either tissue, total extract samples
(250 pg protein) were subjected to SDS-PAGE with no
previous immunoprecipitation. After electrophoretic sepa-
ration, proteins were transferred to nitrocellulose mem-
branes and then blotted with specific antibody. Quantitative
analysis was performed as described above.

Other assays Protein quantification was performed using
the Bradford method [20]. Glucose levels were measured
by the glucose oxidase method [21]. Plasma insulin,
adiponectin, resistin, and leptin were determined at the end
of the fifth day of insulin or saline infusion after a 6-h fast,
by radioimmunoassay using rat standard [22]. Hepatic and
muscular glycogen content was determined according to
[23]. Plasma total cholesterol and triglycerides levels were
measured enzymatically (Boehringer Mannheim, Indian-
apolis, IN, USA) on an Hitachi 704 autoanalyser.

Statistical analysis Where appropriate, the results were
expressed as the means=SEM accompanied by the indi-
cated number of rats used in experiments. Comparisons
among groups were made using parametric two-way
ANOVA. Further comparisons were made using the New-
man—Keuls test. A p value of less than 0.05 was considered
statistically significant.

Results

Animal characteristics The clinical and laboratory data of
control and hyperinsulinaemic rats are summarised in



Table 1. There were no differences in body weight and
food intake between control and hyperinsulinaemic rats.
Compared with control rats, the epididymal fat pad weight
and the epididymal cell volume were about 1.4-fold higher
in hyperinsulinaemic rats. Total plasma triglycerides and
cholesterol levels were similar between controls and hy-
perinsulinaemic rats. The whole-body insulin-mediated
glucose disposal during the euglycaemic insulin clamp
was significantly lower in rats treated with insulin for 5
days than in controls. Chronic euglycaemic hyperinsulin-
aemia, imposed for 5 days on normal rats, resulted in a
decrease in the glycogen content in liver and muscle, when
compared to the controls. As expected, the fasting plasma
insulin levels were significantly higher in chronic insulin-
treated rats than in the control rats. There were no dif-
ferences in leptin, adiponectin and resistin levels between
control and hyperinsulinaemic rats.

Effect of chronic euglycaemic hyperinsulinaemia on insu-
lin signal transduction in the liver of rats Insulin-induced
IR tyrosine phosphorylation was reduced in the liver of
hyperinsulinaemic animals (Control [C]: 100+4 vs Hyper-
insulinaemic [H]: 68+4%, p<0.05; n=8, Fig. 1a, left panel).
There was no difference in IR protein expression in the
muscle of control and hyperinsulinaemic rats (Fig. 1la,
middle panel). When data were expressed as a function of
the amount of IR there was no change in the stoichiometry
of IR phosphorylation in the liver of hyperinsulinaemic
rats (data not shown). To determine whether the decreases
in IR tyrosine phosphorylation in the hyperinsulinaemic
rats were associated with an increase in IR/PTP1B asso-
ciation, we carried out immunoprecipitation with anti-IR
antibody and then blotted with anti-PTP1B antibody. The
basal levels of IR/PTP1B association were 2.5-fold higher

Table 1 Characteristics of the animals

Parameter Control Hyperinsulinaemic p
(n=8) (n=8) value

Body weight (g) 274+13 265+11 0.605

Food intake (g/day) 20+3 17£2 0.419

Epididymal fat 1.04+0.09 1.38+0.08 0.013

pad (g)

Epididymal fat cell volume 1437492 1874+78 0.003

(um?)

Triglycerides (mg/dl) 73+8 64+9 0.467

Cholesterol (mg/dl) 53+4 49+7 0.627

Glucose disposal (mg/kg min) 1942 111 0.003

Hepatic glycogen levels 3.0£0.3 2.25+0.15 0.04

(mg/100 mg of tissue)

Muscle glycogen levels 0.52+0.07 0.33+0.02 0.021

(mg/100 mg of tissue)

Serum insulin levels 1.47+0.6 3.6+0.3 0.007

(ng/ml)

Leptin (pg/ml) 2011+198 2060+293 0.892

Adiponectin (pg/ml) 1.4240.1 1.2+0.3 0.498

Resistin (ng/ml) 3.46+0.2 3.06+0.5 0.470
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in hyperinsulinaemic than in control rats (C: 100£2 vs H:
253+11%, p<0.05; n=8, Fig. 1a, right panel).

There were no differences in insulin-stimulated IRS-1
tyrosine phosphorylation in hyperinsulinaemic rats, when
compared with controls (Fig. 1b, upper panel). Insulin-
induced IRS-2 tyrosine phosphorylation was decreased in
the liver of hyperinsulinaemic animals by 48% (C: 100+£5
vs H: 52+5%, p<0.05; n=8, Fig. lc, upper panel). The
same membranes used to detect tyrosine phosphorylation
of IRS-1 and IRS-2 were reblotted with antibodies against
the p85 subunit of PI(3)K. PI(3)K association with IRS-1
and IRS-2 paralleled the changes in phosphorylation of
these proteins, with no difference in the IRS-1/PI (3)-K
association in the liver of control and hyperinsulinaemic
rats (Fig. 1b, lower panel), and the IRS-2/PI (3)-K asso-
ciation in hyperinsulinaemic animals was significantly
lower than control animals (C: 100+7 vs H: 67+£5%, p<0.05;
n=8, Fig. lc, lower panel). The basal levels of IRS-1 and
IRS-2 serine phosphorylation were compared in IRS-1
and IRS-2 immunoprecipitates from the liver of control
and hyperinsulinaemic rats. The basal levels of IRS-1 and
IRS-2 serine phosphorylation were higher in hyperin-
sulinaemic rats than in the control ones (C: 100£9 vs H:
157+8%; C: 100+5 vs H: 1524+8% respectively, p<0.05;
n=8; Fig. 1d, e, upper panels). Protein expression of IRS-1
and IRS-2 in the liver from control and hyperinsulin-
aemic rats were quantitated by immunoprecipitation and
immunoblotting with anti-IRS-1 or anti-IRS-2 antibodies
and there were no differences in levels of these proteins
(Fig. 1d, e, lower panels). With respect to phosphoryla-
tion, when data were corrected for the change in the num-
ber of IRS-1 molecules, no change in the stoichiometry
of IRS-1 tyrosine phosphorylation was observed in hy-
perinsulinaemic rats. However a greater than twofold in-
crease in IRS-1 serine phosphorylation was observed in
these rats (Fig. 1f). The stoichiometry of IRS-2 tyrosine
phosphorylation did not change, although there was a 1.5-
fold increase in the stoichiometry of IRS-2 serine phos-
phorylation (Fig. 1g).

We analysed insulin-induced Akt serine phosphoryla-
tion in whole tissue extract using an anti-phospho Akt
antibody. After stimulation with insulin, a band was ob-
served indicating that Akt is phosphorylated in control and
hyperinsulinaemic rats. Based on immunoreactivity, the
insulin-induced phosphorylation level of Akt was lower in
the liver of hyperinsulinaemic rats than in control rats (C:
10043 vs H: 62+4%, p<0.05; n=8, Fig. 2a, upper panel).
There was no difference in Akt protein levels between
groups (Fig. 2a, lower panel).

Basal mTOR protein expression (C: 100+£7 vs H: 144+
18%, p<0.05; n=8; Fig. 2b) and basal serine phospho-
rylation of p70 S6K (C: 100+9 vs H: 240+21%, p<0.05;
n=8; Fig. 2c¢) were higher in hyperinsulinaemic animals.

Effect of chronic euglycaemic hyperinsulinaemia on insulin
signal transduction in skeletal muscle of rats Insulin-
induced IR tyrosine phosphorylation was reduced in the
muscle of hyperinsulinaemic animals (C: 10045 vs H: 61+
4%, p<0.05; n=8, Fig. 3a, left panel). There was no dif-
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Fig. 2 Insulin signalling in the liver of control (C) and hyperinsu-
linaemic (H) rats. Liver extracts from rats injected with saline (—) or
insulin (+) were prepared (see Materials and methods). Whole-tissue
extracts were immunoblotted (/B) with anti-phospho Akt (a), anti-

mTOR (b), or anti-phospho-p70 S6K antibodies (¢). The results
of scanning densitometry (n=8) are expressed as arbitrary units.
Columns and bars represent the mean £ SEM. *p<0.05, control
vs hyperinsulinaemic



ference in IR protein expression in the muscle of control and
hyperinsulinaemic rats (Fig. 3a, middle panel). When data
were expressed as a function of the amount of IR, there were
no changes in the stoichiometry of IR phosphorylation in
the muscle of hyperinsulinaemic rats (data not shown). To
determine whether the decreases in IR tyrosine phospho-
rylation in the hyperinsulinaemic rats were associated with
an increase in IR/PTP1B association, we carried out im-
munoprecipitation with anti-IR antibody and then blotted
with anti-PTP1B antibody. The basal levels of IR/PTP1B
association were 2.3-fold higher in hyperinsulinaemic than
in control rats (C: 100+£3 vs H: 232+14%, p<0.05; n=8;
Fig. 3a, right panel).

Insulin-induced IRS-1 tyrosine phosphorylation was de-
creased in the muscle of hyperinsulinaemic animals (C:

Fig. 3 Insulin signalling in the a

muscle of controls (C) and
hyperinsulinaemic (H) rats.
Muscle extracts from rats in-
jected with saline (—) or insulin
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and methods). Tissue extracts
(a) were immunoprecipitated 0
({/P) with anti-IR antibody and
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100£3 vs H: 73£8%, p<0.05; n=8; Fig. 3b, upper panel).
There were no differences in insulin-stimulated IRS-2 ty-
rosine phosphorylation in hyperinsulinaemic animals when
compared with controls (Fig. 3¢, upper panel). The same
membranes used to detect tyrosine phosphorylation of
IRS-1 and IRS-2 were reblotted with antibodies against
the p85 subunit of PI(3)K. PI(3)K association with IRS-1
and IRS-2 paralleled the changes in phosphorylation of
these proteins, IRS-1/PI(3)K association in hyperinsulin-
aemic animals was significantly lower than in controls (C:
100+4 vs H: 59+6%, p<0.05; n=8; Fig. 3b, lower panel).
No difference in IRS-2/PI(3)K association in the muscle of
control and hyperinsulinaemic rats was observed (Fig. 3c,
lower panel). The basal levels of IRS-1 and IRS-2 serine
phosphorylation were compared in IRS-1 and IRS-2 im-
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munoprecipitates from the muscle of control and hyper-
insulinaemic rats. The basal levels of IRS-1 and IRS-2
serine phosphorylation were higher in hyperinsulinaemic
rats than in the control ones (C: 100+4 vs H: 163+8%; C:
100+4 vs H: 144£5% respectively, p<0.05; n=8; Fig. 3d, e,
upper panels). Protein expression of IRS-1 and IRS-2 from
control and hyperinsulinaemic rats were quantitated by
immunoprecipitation and immunoblotting with anti-IRS-1
or anti-IRS-2 antibodies and a reduction in the IRS-1
protein level in the muscle of hyperinsulinaemic ani-
mals was observed (C: 10045 vs H: 75+4%, p<0.05; n=8;
Fig. 3d, lower panel), without any difference in IRS-2
protein expression (Fig. 3e, lower panel). When data were
corrected for the change in the number of IRS-1 molecules,
the results were divergent, with a modest decrease in the
apparent stoichiometry of IRS-1 tyrosine phosphorylation.
In contrast, a more than twofold increase in IRS-1 serine
phosphorylation was observed in the hyperinsulinaemic
rats. Thus, the hyperinsulinaemia-induced decrease in the
phosphorylation of IRS-1 protein might be of limited
biological significance, since the number of IRS-1 mole-
cules was decreased and overall phosphorylation slightly
reduced when compared to control rats (Fig. 3f). The stoi-
chiometry of IRS-2 tyrosine and serine phosphorylation
did not change (Fig. 3g).

We analysed insulin-induced Akt serine phosphoryla-
tion in whole tissue extract using an anti-phospho Akt
antibody. After stimulation with insulin, a band was ob-
served indicating that Akt is phosphorylated in control and
hyperinsulinaemic rats. Based on immunoreactivity, the
insulin-induced phosphorylation level of Akt was lower
in the muscle of hyperinsulinaemic rats than in that of
controls (C: 100£3 vs H: 72+£7%, p<0.05; n=8; Fig. 4a).
There was no difference in Akt protein levels between
groups (Fig. 4a, lower panel).

Basal mTOR protein expression (C: 100+8 vs H: 223+
21%, p<0.05; n=8; Fig. 4b) and basal serine phosphoryl-
ation of p70 S6K (C: 100+6 vs H: 281+19%, p<0.05; n=8,
Fig. 4c) were higher in hyperinsulinaemic animals.

Effect of chronic euglycaemic hyperinsulinaemia on insulin
signal transduction in white adipose tissue of rats In this
tissue, there were no differences in insulin-induced IR
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Fig. 4 Insulin signalling in the muscle of controls (C) and hyper-
insulinaemic () rats. Muscle extracts from rats injected with saline
() or insulin (+) were prepared (see Materials and methods). Whole-
tissue extracts were immunoblotted (/B) with anti-phospho Akt (a),

tyrosine phosphorylation of hyperinsulinaemic animals
when compared with their controls (Fig. 5a, left panel),
and no changes in IR protein expression of control and
hyperinsulinaemic rats (Fig. 5a, middle panel). When data
were expressed as a function of the amount of IR, there
were no changes in the stoichiometry of IR tyrosine phos-
phorylation in the white adipose tissue of hyperinsulin-
aemic rats (data not shown). To determine IR/PTP1B
association, we carried out immunoprecipitation with anti-
IR antibody and then blotted with anti-PTP1B antibody.
The basal levels of IR/PTP1B association were higher in
hyperinsulinaemic than in control rats (C: 100+£2 vs H:
251+11%, p<0.05; n=8; Fig. 5a, right panel).

Basal and insulin-induced IRS-1 tyrosine phosphoryla-
tions were higher in hyperinsulinaemic animals (basal: C:
30+6 vs H: 115+32%, p<0.05; insulin-induced: C: 100£8 vs
H: 352+21%, p<0.05; n=8; Fig. 5b, upper panel). Similarly,
there were increases in basal and insulin-induced IRS-2
tyrosine phosphorylation in hyperinsulinaemic animals
(basal: C: 35+15 vs H: 99+18%, p<0.05; insulin-induced:
C: 10019 vs H: 228+28%, p<0.05; n=8; Fig. Sc, upper
panel). The same membranes used to detect tyrosine
phosphorylation of IRS-1 and IRS-2 were reblotted with
antibodies against the p85 subunit of PI(3)K. PI(3)K asso-
ciation with IRS-1 and IRS-2 paralleled the changes in
phosphorylation of these proteins, with an increase in IRS-
1/PI(3)K association, before and after insulin stimulation, in
the adipose tissue of hyperinsulinaemic rats as compared
with control rats (basal: C: 11+5 vs H: 1214+27%, p<0.05;
insulin-induced: C: 100£8 vs H: 180£17%, p<0.05; n=8;
Fig. 5b, lower panel). The basal and insulin-induced IRS-2/
PI(3)K association was significantly higher in hyperinsul-
inaemic animals than controls (basal: C: 18+11 vs H: 103+
9%, p<0.05; insulin-induced: C: 100£5 vs H: 163+10%,
p<0.05; n=8; Fig. 5c, lower panel). The basal levels of IRS-1
and IRS-2 serine phosphorylation were compared in IRS-1
and IRS-2 immunoprecipitates from the adipose tissue of
control and hyperinsulinaemic rats. The basal levels of IRS-
1 and IRS-2 serine phosphorylation in the white adipose
tissue from control and hyperinsulinaemic rats were quan-
titated by immunoprecipitation and immunoblotting with
anti-IRS-1 or anti-IRS-2 antibodies, and there were no
differences (Fig. 5d, e, upper panels). Protein expression of
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anti-mTOR (b), or anti-phospho-p70 S6K antibodies (¢). The results
of scanning densitometry (n=8) are expressed as arbitrary units.
Columns and bars represent the mean = SEM. *p<0.05, control vs
hyperinsulinaemic



Fig. 5 Insulin signalling in the
white adipose tissue of controls
(C) and hyperinsulinaemic (H)
rats. White adipose tissue ex-
tracts from rats injected with
saline (—) or insulin (+) were
prepared (see Materials and
methods). Tissue extracts (a)
were immunoprecipitated (/P)
with anti-IR antibody and im-
munoblotted (/B) with anti-PY
antibody (left panel), anti-IR
(middle panel) and anti-PTP1B
(right panel). Tissue extracts
(b—e) were also immunoprecipi-
tated with anti-IRS-1 and
anti-IRS-2 antibodies and immu-
noblotted with anti-PY, anti-PI
(3)K antibodies, anti-pSer, anti-
IRS-1 and anti-IRS-2 (see panel
labelling). Phosphate stoichiom-
etry is also shown (f, g). The
results of scanning densitometry
(n=8) are expressed as arbitrary
units. Columns and bars repre-
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Fig. 6 Insulin signalling in the white adipose tissue of controls (C)

and hyperinsulinaemic (H) rats.

rats injected with saline (—) or insulin (+) were prepared as described
(see Materials and methods). Whole-tissue extracts were immuno-
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IRS-1 and IRS-2 in white adipose tissue from control and
hyperinsulinaemic rats was quantitated by immunoprecip-
itation and immunoblotting with anti-IRS-1 or anti-IRS-2
antibodies and higher expression levels of IRS-1 and IRS-2
proteins were observed (IRS-1: C: 100+4 vs H: 274+13%,
p<0.05; IRS-2: C: 100£17 vs H: 207+9%, p<0.05; n=8;

Fig. 7 Effect of rapamycin on
the insulin-induced serine phos-
phorylation of IRS-1/, mTOR
levels and serine phosphoryla-
tion of p70 S6K in control (C)
and hyperinsulinaemic rats (H)
in liver (a—c), muscle (d—f) and
white adipose tissue (g—i). Tis-
sue extracts were immunopre-
cipitated (/P) with anti-IRS-1 or
anti-IRS-2 antibody and immu-
noblotted (/B) with anti-pSer
antibody or anti-IRS-1 and anti-
IRS-2. Tissue extracts were also
immunoblotted with anti-mTOR
or anti-phospho-p70 S6K anti-
bodies. The results of scanning
densitometry (n=5) are ex-
pressed as arbitrary units. Col-
umns and bars represent the
mean = SEM. *p<0.05, control
vs hyperinsulinaemic
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Fig. 5d, e, lower panels). With respect to phosphorylation,
when the data were corrected for the change in the number
of IRS-1 molecules, the results showed a slight decrease
in the apparent stoichiometry of IRS-1 tyrosine phospho-
rylation. However, a more than twofold decrease in IRS-1
serine phosphorylation was observed in the hyperinsulin-
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aemic rats (Fig. 5f). Similarly to the IRS-1 stoichiometry, the
stoichiometry of IRS-2 tyrosine phosphorylation showed
a modest decrease, and a more than twofold decrease in
IRS-2 serine phosphorylation was seen in the hyperinsu-
linaemic rats (Fig. 5g).

We analysed insulin-induced Akt serine phosphorylation
in whole-tissue extract using an anti-phospho Akt antibody.
After stimulation with insulin, a band was observed indi-
cating that Akt is phosphorylated in control and hyper-
insulinaemic rats. Based on immunoreactivity, the basal
phosphorylation level of Akt was higher in adipose tissue
of hyperinsulinaemic rats than in control rats. However
we did not observe differences in insulin-induced Akt ser-
ine phosphorylation (basal: C: 1244 vs H: 41£7%, p<0.05;
insulin-induced: C: 10011 vs H: 102+13%, p<0.05; n=_8;
Fig. 6a). There was no difference in Akt protein levels
(Fig. 6a, lower panel).

There was no differences in the basal mTOR protein ex-
pression (C=100+11 vs H=69+17%, p=0.15, n=8, Fig. 6b)
and in the basal serine phosphorylation of p70 S6K (C=
100+8 vs H=105+10%, p<0.05; n=8, Fig. 6¢).

Rapamycin partially prevents changes in insulin resistance
and IRS-1 and IRS-2 serine phosphorylation Whole-body
insulin-mediated glucose disposal during the euglycaemic
insulin clamp was significantly lower in rats treated with
insulin for 5 days than in controls. Hyperinsulinaemic rats
treated with rapamycin reversed hyperinsulinaemia-in-
duced insulin resistance (C: 19+2; H: 11+1; H+rapamycin:
17+1; C vs H, p<0.05; H vs H+rapamycin, p<0.05). Hyper-
insulinaemia induced a considerable increase in IRS-1 and
IRS-2 serine phosphorylation in the liver of rats. Treatment
with rapamycin prevented hyperinsulinaemia-induced ser-
ine phosphorylation of IRS-1 and IRS-2 (Fig. 7a, b). To
confirm the biological efficacy of mTOR blockage with
rapamycin we determined the phosphorylation of p70 S6K
in rats treated with rapamycin. Treatment with rapamycin
prevented hyperinsulinaemia-induced reduction of mTOR
levels and phosphorylation of p70 S6K (Fig. 7c). Similar
results were observed in the muscle of the hyperinsulin-
aemic rats treated with rapamycin and, in addition, this drug
also normalised the reduced IRS-1 protein expression in-
duced by hyperinsulinaemia (Fig. 7d—f).

Hyperinsulinaemia induced a marked increase in IRS-1
and IRS-2 protein levels in white adipose tissue of rats.
Treatment with rapamycin prevented the hyperinsulinae-
mia-induced increase in IRS-1 and IRS-2 protein levels
(Fig. 7g, h). To confirm the biological efficacy of mTOR
blockage with rapamycin, we determined the phosphoryla-
tion of p70 S6K in rats treated with rapamycin. Treatment
with rapamycin did not change mTOR levels, but induced
a reduction in p70 S6K phosphorylation (Fig. 7i).

Discussion

We showed that chronic hyperinsulinaemic rats have in-
sulin resistance accompanied by impairment of the insulin-
induced IR/IRSs/PI(3)K/Akt pathway in liver and muscle,
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which parallels increases in IRS1/2 serine phosphoryla-
tion, IR/PTP1B association and mTOR activity. In con-
trast, in white adipose tissue, there was an increase in
IRS-1/2 protein levels, tyrosine phosphorylation and IRSs/
PI(3)K association, leading to an increase in basal Akt
serine phosphorylation, without changes in IRS-1/2 serine
phosphorylation and mTOR activity. In addition, we dem-
onstrated that inhibition of the mTOR pathway with rapa-
mycin can prevent insulin resistance caused by chronic
hyperinsulinaemia in liver and muscle. Taken together, our
data demonstrate a defective and tissue-selective insulin
action, which could contribute to the insulin resistance ob-
served in hyperinsulinaemic states.

Our results show that, in liver, there was a decrease in the
IR/IRS-2/Akt pathway, and surprisingly we did not observe
differences in IRS-1 protein expression, tyrosine phos-
phorylation and association with PI(3)K. Conversely, in
muscle, we observed a decrease in the IR/IRS-1/Akt path-
way, accompanied by a reduction in IRS-1 protein level,
and we did not observe differences in IRS-2 tyrosine phos-
phorylation. In accordance with our data, several lines
of evidence suggest important tissue-specific roles for
IRS-1 and IRS-2 in mediating the effect of insulin on car-
bohydrate metabolism in vivo. Kido and co-workers [24]
demonstrated that mice with a combined heterozygous dis-
ruption of the insulin receptor and IRS-1 (IR" /IRS-1 +/ )
develop severe muscle insulin resistance and a reduction in
insulin-stimulated PI(3)K activation. In contrast, the muscle
defects in JR™/IRS-2""" mice in these parameters are less
significant. Moreover, insulin resistance in the IRS-1"
mice could be ascribed mainly to decreased insulin-stim-
ulated peripheral glucose metabolism. In contrast, /RS-2~/
mice displayed multiple defects in insulin-mediated carbo-
hydrate metabolism as reflected by decreased peripheral
glucose utilisation, decreased suppression of endogenous
glucose production and decreased hepatic glycogen syn-
thesis [25, 26]. In accordance with the important role of Akt
in glycogen synthesis [27], we observed that the hepatic and
muscular glycogen content was significantly lower in the
chronic insulin-treated rats than in the controls. The results
observed in this study with changes in the IR/IRS-2/PI(3)
K/Akt pathway in liver and the IR/IRS-1/PI(3)K/Akt path-
way in muscle suggest that the insulin receptor substrate
that drives insulin resistance in liver is IRS-2, and that the
receptor substrate driving insulin resistance in muscle is
IRS-1.

Our data show that hyperinsulinaemia modulates insulin
signalling in liver and muscle, probably by more than one
mechanism. In hyperinsulinaemic animals, there is an in-
crease in PTP1B association with IR in liver and muscle.
Since IR/PTPIB interaction may dephosphorylate the in-
sulin receptor and impair insulin signalling, the reduced
insulin-induced receptor phosphorylation observed in hy-
perinsulinaemic rats may in part be a consequence of this
increased association. These alterations in the insulin re-
ceptor may play a role in the reduction in insulin-induced
IRS-1/2 tyrosine phosphorylation and association with
PI3-kinase and in Akt serine phosphorylation in the liver
and muscle of hyperinsulinaemic animals.
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Increased Ser/Thr phosphorylation of IRSs has been
proposed as a major cause of insulin resistance induced by
a variety of agents such as TNF-«, okadaic acid, platelet-
derived growth factor, protein kinase C activators, and
chronic hyperinsulinaemia. Furthermore, insulin resistance
induced by chronic hyperinsulinaemia has been shown to
involve the activation of a rapamycin-sensitive pathway
[14, 28-31]. Therefore, the present investigation together
with previous studies shows that the increased activity
of mTOR/p70 S6K pathway phosphorylation and the re-
sulting increase in IRS-1 and IRS-2 on Ser/Thr residues
modulate insulin resistance in hyperinsulinaemic rats. Al-
though it is unknown whether mTOR and/or p70 S6K
directly phosphorylate IRS-1, mTOR kinase activity has
been shown to be directed toward sites containing a (Ser/
Thr)-Pro motif [32] such as that encountered in the IRS-1
structure [33]. Interestingly, the IR/IRS-1/PI(3)K/Akt path-
way is down-regulated in the liver and muscle of hyper-
insulinaemic rats and p70 S6K, which is downstream to
Akt/mTOR and shows increased activity. Previous data
showed similar results in the muscle of a transgenic mouse
with a severe defect in insulin receptor kinase [34], and it
has also been reported that p70 S6K was substantially
activated by insulin in 32D cells transfected with IRS-1
alone, whereas significant insulin-mediated PI(3)K (or
MAP kinase) was not evident without overexpression
of both IRS-1 and insulin receptors [35]. Together with
ours, these results suggest that stimulation of p70 S6K is
selectively preserved in the liver and muscle of hyper-
insulinaemic rats, indicating signal amplification in the
pathways leading to these effects. In addition, our results
also showed an increase in mTOR protein expression,
probably contributing to its increased activity, as demon-
strated by p70 S6K phosphorylation.

The inter-dependence of multiple tissues in determining
overall metabolic control leads us to question whether the
primary abnormality in hyperinsulinaemia is restricted to a
specific target organ of insulin action or represents a gen-
eralised failure to respond to insulin [24]. Therefore, we
investigated the role of white adipose tissue in insulin
resistance in hyperinsulinaemic rats. Our results show that
insulin-stimulated IR tyrosine phosphorylation is similar in
chronic hyperinsulinaemic rats and controls and is accom-
panied by an increase in IRS-1/2, protein levels, tyrosine
phosphorylation and PI(3)K association, resulting in in-
creased serine phosphorylation of Akt basal levels. Con-
sistent with these results, we did not observe differences in
IRS-1/2 serine phosphorylation and mTOR/p70S6K activ-
ity between controls and hyperinsulinaemic rats. However,
IR/PTP1B association did increase in white adipose tissue
of chronic hyperinsulinaemic rats. Data from different
sources suggest that the effectiveness of PTP1B in reducing
IR and IRS-1 tyrosyl phosphorylation differs in different
cell types [11, 36]. In adipose tissue, under physiological
conditions, PTP1B may not play an important role in
dephosphorylation of the insulin receptor and IRS-1, which

is in contrast to muscle and liver. Another study [36]
demonstrated that, even in the presence of massive ex-
pression of PTP1B in adipocytes, there is only a modest
decrease in IR and IRS-1 tyrosyl phosphorylation, without
changes in insulin-induced Akt activity. These findings
suggest that PTP1B alone may not be a physiologically
important mediator of normal insulin signalling in fat cells,
although it appears to be rate-limiting for insulin action in
other insulin target tissues such as liver and muscle [11].

Since hyperinsulinaemia and increased glucose trans-
port in adipocytes have been implicated as important
stimuli for enhanced fat synthesis and the development of
obesity, our results provide a possible molecular mecha-
nism for the pathogenesis of insulin resistance in liver and
muscle and hypersensitivity in the adipose tissue of hy-
perinsulinaemic animals.

Thus, insulin resistance in the muscle and liver contrasts
greatly with the ability of insulin to stimulate the IRSs/PI
(3)K pathway in the adipose tissue of hyperinsulinaemic
rats. This effect of hyperinsulinaemia dissociating the in-
sulin action in adipose tissue and muscle was also observed
in other studies [10, 37] in animals with increased adi-
posity. Our data on insulin signalling is in accordance with
previous data [38—41] showing that hyperinsulinaemia,
imposed on normal rats, increases glucose uptake, lipo-
genesis and fat accumulation in white adipose tissue, whilst
producing reduced glucose utilisation.

Insulin-induced serine phosphorylation and degradation
of IRS-1 and IRS-2 in liver and muscle seem to play a
major role in down-regulation of insulin signalling, since
inhibition of mTOR with rapamycin recovers glucose dis-
posal after chronic hyperinsulinaemia. Rapamycin acts by
binding mTOR as a complex with FKBP12, thus compro-
mising the catalytic activity of mTOR (31/32). Therefore,
mTOR itself or a serine threonine kinase regulated by
mTOR may be responsible for the insulin-induced serine
phosphorylation of IRS-1 and IRS-2 in liver and muscle.
In contrast, rapamycin prevents the increase in IRS-1/2
expression caused by chronic hyperinsulinaemia in white
adipose tissue.

In summary, our data show that chronic hyperinsulin-
aemia itself, imposed on normal rats, appears to have a
dual effect, stimulating insulin signalling in white adipose
tissue, but decreasing it in liver and muscle. In addition,
we have demonstrated that inhibition of the mTOR path-
way with rapamycin can prevent insulin resistance caused
by chronic hyperinsulinaemia in liver and muscle. The
underlying mechanism of these differential effects may
be related to the ability of hyperinsulinaemia to increase
mTOR/p70 S6K pathway activity and IRS-1/2 serine
phosphorylation in a tissue-specific fashion. These findings
support the hypothesis that defective and tissue-selective
insulin action contributes to the insulin resistance observed
in hyperinsulinaemic states.
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