
Despite intensive efforts, the nature of the molecular
defects leading to the development of Type II (non-
insulin-dependent) diabetes mellitus is poorly under-
stood. Whereas both alterations in insulin secretion
and action are involved in established diabetes [1, 2],
it has been suggested that defects in insulin action

precede the onset of the disease [3]. There is good ev-
idence that insulin resistance in Type II diabetes is
dependent, at least in part, on genetic factors [4, 5].
The mutations identified so far in the sequences of
candidate genes can, however, explain only a small
proportion of the different forms of Type II diabetes
[5]. Changes in biological functions in response to en-
vironmental factors are also involved in the develop-
ment of the disease [4]. The modulation of the ex-
pression of specific key genes is one of the main
mechanisms for changing biological function in re-
sponse to the environment. Several lines of evidence
indicate that the expression of some important genes
in insulin action is abnormal in peripheral tissues in
the common form of Type II diabetes. For example,
the basal concentration of the insulin sensitive glu-
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Summary We investigated the regulation of the
mRNA expression of the insulin receptor, insulin re-
ceptor substrate-1 (IRS-1) and p85a-phosphatidyli-
nositol-3-kinase (PI-3K), three major actors of insu-
lin action, in skeletal muscle from 10 healthy lean vol-
unteers, 13 obese patients with Type II (non-insulin-
dependent) diabetes mellitus and 7 non-diabetic ob-
ese subjects. The in vivo regulation by insulin was
studied using a 3-h euglycaemic, hyperinsulinaemic
clamp. There were no differences in the basal concen-
trations of the three mRNAs in skeletal muscle be-
tween groups. Insulin infusion produced a twofold
reduction in insulin receptor substrate-1 mRNA ex-
pression in the three groups (p < 0.02). In contrast, in-
sulin increased p85a-phosphatidylinositol-3-kinase
mRNA expression in muscle from non-diabetic sub-
jects ( + 98 ± 22% in lean and + 127 ± 16% in obese,
p < 0.02) but this effect was totally impaired in Type
II diabetic patients ( + 5 ± 12 %, NS). A similar defect

in insulin action on p85a-phosphatidylinositol-3-ki-
nase mRNA expression was observed in abdominal
subcutaneous adipose tissue ( + 138 ± 25%, p < 0.01
in lean and + 46 ± 14%, p < 0.02 in obese and
+ 29 ± 11%, NS in Type II diabetic patients). The
lack of action of insulin on p85a-phosphatidylinosi-
tol-3-kinase mRNA in diabetic subjects was probably
not due to a deleterious effect of hyperglycaemia
since improvement of the glycaemic control for
10 days did not restore the response in muscle or in
adipose tissue. This study provides evidence for a de-
fect in the regulation by insulin of PI-3K gene expres-
sion in Type II diabetic patients, thus reinforcing the
concept that alterations at the gene expression might
be involved in the pathogeny of Type II diabetes.
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cose transporter (Glut 4) is reduced in adipose tissue
[6], whereas the mRNA expression of the glycogen
synthase [7] or hexokinase II [8] is altered in skeletal
muscle of insulin-resistant diabetic patients. These
changes could be an adaptation of gene expression,
secondary to the disease [8]. Alternatively, they could
reflect an initial alteration in the machinery that reg-
ulates gene expression. Defects in nuclear regulatory
proteins of the insulin receptor gene have been found
in two patients with Type II diabetes [9], and muta-
tions in trans-acting factors have been involved in
the pathogeny of subtypes of maturity-onset diabetes
of the young [10, 11]. If defective trans-acting factors
are also present in the main forms of Type II diabetes,
altered regulation of the expression of specific genes
might be expected.

Several studies have identified defects in the first
events of the insulin signalling cascade in skeletal
muscle of patients with Type II diabetes. Phosphory-
lations of the insulin receptor and insulin receptor
substrate-1 (IRS-1) in response to insulin have been
found impaired in diabetic muscle [12±14]. The in-
duction of phosphatidylinositol 3-kinase activity by
insulin is also greatly reduced in Type II diabetic pati-
ents [13, 14]. These alterations affect, however, the
rapid post-translational regulation of the proteins
and little is known regarding possible defects in the
regulation of the expression of the genes encoding
the components of the insulin signalling pathways.
The protein concentrations of the p85a regulatory
subunit of phosphatidylinositol 3-kinase (PI-3K)
have been found to be decreased in skeletal muscle
of insulin resistant obese patients [15] and, in adipose
tissue, the concentration of IRS-1 protein is reduced
by 70% in Type II diabetes [16]. The regulation of
the gene expression of these fundamental actors of
insulin action has never been reported in tissues of in-
sulin resistant patients.

We have recently shown that insulin rapidly up-
regulates PI-3K mRNA expression in muscle of
young healthy lean subjects [17]. The aim of this
study was to investigate the regulation by insulin of
the expression of the genes encoding insulin receptor,
IRS-1 and PI-3K in skeletal muscle of Type II diabet-
ic patients. The mRNA of these target genes was
quantified by reverse transcription-competitive poly-
merase chain reaction (RT-competitive PCR) [17,
18]. A group of non-diabetic obese subjects, matched
for age and body mass index (BMI) with the Type II
diabetic patients, was also studied as a control for
obesity-related insulin resistance. In order to assess a
possible deleterious effect of chronic hyperglycaemia
on the regulation by insulin of gene expression in
Type II diabetes, glycaemic control was improved in
a subgroup of diabetic patients by 10 days of continu-
ous insulin therapy.

Subjects and methods

Subjects. Ten healthy lean volunteers (seven women and three
men, age = 51 ± 2 years, BMI = 23 ± 1 kg/m2), seven non-dia-
betic obese subjects (five women and two men,
age = 41 ± 4 years, BMI = 35 ± 1 kg/m2) and 13 obese patients
with Type II diabetes (eight women and five men,
age = 53 ± 2 years, BMI = 31 ± 1 kg/m2, HbA1c = 10.7 ± 0.7 %,
duration of diabetes = 7.1 ± 1.2 years) participated in the
study. None of the control subjects had a family or personal
history of diabetes, obesity, dyslipidaemia or hypertension.
The diabetic patients interrupted, under medical control, their
usual treatment (oral antidiabetic agents) at least 1 week be-
fore admission. None of the obese subjects had impaired glu-
cose tolerance as assessed by the classical oral glucose toler-
ance test. All participants gave their written consent after be-
ing informed of the nature, purpose and possible risks of the
study. The experimental protocol was approved by the ethics
committees of the Hospices Civils de Lyon and was carried
out according to French legislation (Huriet law).

Study design. All studies were done on subjects who were in
the postabsorptive state, after an overnight fast. To investigate
insulin action on glucose metabolism and on target gene ex-
pression, the subjects were submitted to a 3-h euglycaemic, hy-
perinsulinaemic clamp [19]. To verify whether hyperglycaemia
exerts an adverse effect on insulin action, 6 patients with Type
II diabetes were investigated before and after 10 days of insu-
lin treatment by continuous insulin infusion to reduce fasting
glycaemia to normal concentrations.

Euglycaemic hyperinsulinaemic clamp. The basal glucose turn-
over rate was determined by tracer dilution methodology with
a primed [6,6-2H2] glucose (Eurisotop, St Aubain, France) in-
fusion (0.11 mmol/kg per min) for 3 h as described previously
[17, 20]. Then a 3-h euglycaemic, hyperinsulinaemic clamp
was started by the infusion of insulin (Actrapid Novo, Copen-
hagen, Denmark) at a rate of 450 pmol/m2 per min [17, 20].
Primed [6,6-2H2] glucose was infused (0.55 mmol/kg per min)
during the clamp to determine glucose turn-over rate and any
decrease in blood glucose was prevented by adapted infusion
of 20 % glucose solution (Aguettant, Lyon, France). For the
determination of metabolites, hormones and [6,6-2H2] glucose
isotopic enrichment, blood samples were drawn every 10 min
both during the last 30 min of the basal period and the last
hour of the hyperinsulinaemic clamp. Metabolite and hormone
concentrations were measured using enzymatic methods and
radioimmunoassays. Plasma isotopic enrichment of [6,6-2H2]
glucose was determined by Gas-Chromatography-Mass Spec-
trometry (5971 MSD, Hewlett-Packard, Palo Alto, Calif.,
USA) as described [20]. Glucose turn-over rates were calculat-
ed during the basal state and the last hour of the hyperinsulin-
aemic clamp using steady-state equations. For Type II diabetic
patients, glucosuria was substracted from glucose turn-over
rates to calculate glucose uptake. To estimate glucose and lipid
oxidation rates, respiratory exchange measurements were tak-
en during the final 30 min of both the basal and the clamp peri-
ods with a flow-through canopy gas-analyser system (Deltatrac
Metabolic Monitor, Datex, Helsinki, Finland) [20].

Intensive insulin therapy. Six of the diabetic patients (three
women and three men, age = 56 ± 2 years, fasting glycae-
mia = 13.1 ± 1.4 mmol/l, fasting insulinaemia = 55.3 ± 10.3
pmol/l, BMI = 31 ± 2 kg/m2, HbA1 c = 10.9 ± 0.5 %) were treat-
ed for 10 days by continuous subcutaneous insulin infusion to
lower glycaemia. Insulin infusion rates were adapted according
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to the glycaemia concentrations that were checked eight times
a day. Insulin boluses were given before each meal and adapt-
ed to carbohydrate intake as described [21]. The short-term ef-
fects of insulin on gene expression were investigated by hyper-
insulinaemic clamp before therapy and the morning after the
10 days of treatment. When the second clamp study was start-
ed, mean fasting glycaemia was 7.0 ± 0.8 mmol/l and mean fast-
ing insulinaemia was 62 ± 30 pmol/l in the six treated patients.

Muscle and adipose tissue biopsies. Muscle and adipose tissue
biopsies were taken under local anaesthesia (2 % Lidocaine),
at the beginning of the basal period and end of the hyperinsu-
linaemic clamp period, as described previously [17, 22]. Briefly,
muscle samples were obtained by percutaneous biopsies of the
vastus lateralis muscle using Weil Blakesley pliers (57 ± 4 mg
wet wt, n = 71, no difference in size between samples from con-
trol, obese and Type II diabetic subjects or before and after
clamp). Abdominal subcutaneous adipose tissue was aspirated
from the periumbilical area through a 15-gauge needle
(265 ± 30 mg wet wt of tissue were used for total RNA prepa-
ration, n = 58, no difference in average size between groups or
before and after clamp). Tissue samples were immediately fro-
zen in liquid nitrogen and stored at ±80 °C for further analysis.

Total RNA preparation. Tissue samples were pulverised in liq-
uid nitrogen and total RNA was prepared according to with
slight [23] modifications for muscle samples and using the
RNeasy total RNA kit from Qiagen (Courtaboeuf, France)
for adipose tissue [22]. In addition to absorbance measure-
ments, concentration and integrity of the RNA preparations
were carefully verified in agarose gels stained with ethidium
bromide. Average yields of total RNA were 28 ± 2 mg/100 mg
of muscle (wet wt) and 1.1 ± 0.2 mg/100 mg of adipose tissue
(wet wt) and were not different in tissues from control, obese
and Type II diabetic subjects, before or after the clamp. Total
RNA solutions were stored at ±80 °C until quantification of
the target mRNAs.

Quantification of messenger RNAs. The concentration of the
mRNAs encoding insulin receptor (total and exon 11 forms),
IRS-1 and PI-3K was measured by RT-competitive PCR [17,
18]. The method relies on the addition of a known amount of
a competitor DNA molecule in the PCR to standardize the
amplification process [18, 24]. The construction of the compet-
itors, the validation of the assays and the conditions of the RT-
PCR reactions have been described previously [17, 18]. The
RT-PCR assay made possible the quantification of the insulin
receptor mRNA variant containing the exon 11 (with sense
PCR primer specific for exon 11) and total insulin receptor
mRNAs (with sense PCR primer specific for exon 12 which is
a common exon for the forms with and without exon 11) [17].
For each mRNA, the specific first strand cDNA was synthe-
tized from 0.1 mg of total RNA. During the PCR, we used
sense primers that were 5 ¢-end labelled with Cy-5 fluorescent
dye (Eurogentec, Seraing, Belgium). Their sequences were
identical to those reported previously [17]. The use of these
primers allowed the synthesis of fluorescent PCR products
that were analysed with an automated laser fluorescence
DNA sequencer (ALFexpress, Pharmacia, Upsala, Sweden)
in 4 % denaturating polyacrylamide gels. The initial concentra-
tion of target mRNA was determined at the competition equi-
valence point as described [18]. Control experiments were rou-
tinely carried out to verify the absence of PCR contamination
or genomic DNA amplification.

Presentation of the results. The RT-competitive PCR assay
used in this study made it possible to determine the absolute

amounts of target mRNAs [18]. Moreover, total RNAs were
prepared using standardized methods and their concentrations
were carefully verified. Therefore, the results are presented as
absolute concentrations, in amol/mg of total RNA. To accu-
rately determine the effect of insulin, total RNA of the two
muscle (or adipose tissue) biopsies from the same person (be-
fore and after clamp) were prepared simultaneously and the
assays of the target mRNAs were always made in the same
run of PCR, with the same working solutions of competitor.
The data presented in this work generally corresponded to
the single determination of a target mRNA in a given biopsy.
The coefficiant of variation of the RT-competitive PCR meth-
od is less than 10 % [18].

The data are presented as means ± SEM. Statistical signifi-
cance of the results was determined using Kruskal-Wallis and
Mann-Whitney nonparametric tests when comparing obese,
Type II diabetic and control subjects. Wilcoxon nonparametric
test for paired values was used when comparing mRNA con-
centrations before and after clamp in the same group of sub-
jects. The threshold for significance was set at p = 0.05.

Results

Comparison of insulin-resistant patients and control
subjects

Hormonal and metabolic variables. After an over-
night fast, insulin, non-esterified fatty acid and tri-
glyceride concentrations were higher in obese and di-
abetic patients than in lean subjects. Diabetic pa-
tients had higher glycaemia and basal glucose uptake
rates than control and obese subjects (Table). Basal
glucose oxidation was not different in the three
groups but basal lipid oxidation was increased in
Type II diabetic and obese groups. During the hyper-
insulinaemic clamp, the stimulation by insulin of glu-
cose uptake rates were profoundly reduced ( > 50%
vs lean subjects) in obese and Type II diabetic pati-
ents. Insulin-stimulated non-oxidative glucose dis-
posal rates were decreased in these two groups
whereas insulin-stimulated glucose oxidation was re-
duced in Type II diabetic patients only. During the
clamp, non-esterified fatty acid concentrations and
lipid oxidation remained higher in obese and Type II
diabetic patients than in control lean subjects.

Insulin receptor, IRS-1 and PI-3K mRNA expression.
The concentrations of the transcripts, determined by
RT-competitive PCR in total RNA preparations
from vastus lateralis muscle, are presented in Figure
1. In the basal state, after an overnight fast, the
mRNA levels of the three genes were not significant-
ly different between subjects. Concentrations of PI-
3K mRNA tended to be decreased in muscle of obese
subjects but the difference was not significant due to
large individual variations (values ranging from 5 to
36 amol/mg, see also Fig.2). For the insulin receptor,
the percentage of the isoform with exon 11 was not
significantly different in muscle from the three
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groups of subjects (50 ± 8 %, 38 ± 6% and 31 ± 6% of
insulin receptor mRNA with exon 11 in lean, Type II
diabetic and obese groups, respectively, NS).

Effects of 3 h insulin infusion on target mRNA
expression

Insulin infusion induced a robust increase in PI-3K
mRNA in skeletal muscle from lean ( + 98 ± 22%,
p = 0.003) and obese ( + 127 ± 16%, p = 0.014) sub-
jects (Fig.2). This effect was completely impaired in
Type II diabetic patients ( + 5 ± 12 %, p = 0.164). In
contrast, IRS-1 mRNA expression was reduced after
3 h of hyperinsulinaemia in the three groups of sub-

jects (±42 ± 6% p = 0.003, ±35 ± 8% p = 0.015 and
±25 ± 8 % p = 0.017 in lean, obese and Type II diabet-
ic subjects, respectively). Regarding insulin receptor,
insulin has no significant effect on the expression of
the total mRNAs in any of the three groups (Fig.2).
In addition, the relative expression of the two iso-
forms of receptor was not affected by insulin
(53 ± 8%, 43 ± 7% and 31 ± 6% of exon 11 form af-
ter clamp in lean, obese and Type II diabetic subjects,
respectively; NS when compared with the values
measured before clamp).

We further investigated whether the defect in the
response of PI-3K mRNA expression to insulin ob-
served in skeletal muscle also exists in adipose tissue
in Type II diabetes. Due to the very low yield in total
RNA recovery with adipose tissue (about 1 mg/
100 mg of tissue), the effect of insulin on the other
mRNAs of interest was not investigated in this study.
In abdominal subcutaneous fat tissue, PI-3K mRNA
was highly expressed (Fig.2), without significant dif-
ference between groups (209 ± 31, 188 ± 39 and
267 ± 31 amol/ mg total RNA in lean, obese and Type
II diabetic subjects, respectively; NS). Similar to
what was found in skeletal muscle, insulin greatly
induced PI-3K mRNA expression in lean ( + 134 ±
25%, p = 0.004) and in obese ( + 46 ± 14 %, p =
0.009) subjects but not in adipose tissue from Type II
diabetic patients ( + 21 ± 14%, p = 0.062).

Insulin action on PI-3K gene expression in Type II
diabetic patients with improved glycaemic control

To verify whether chronic hyperglycaemia exerts a
deleterious effect on the action of insulin on PI-3K
gene expression, six of the Type II diabetic patients
were treated for 10 days by continuous subcutaneous
insulin therapy. In addition to considerably lower
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Table 1. Clinical and metabolic characteristics of the subjects before and during euglycaemic, hyperinsulinaemic clamp. Metabolic
variables were determined during the last 30 min of the basal period and during the last hour of the clamp (see text for details). Non
oxidative glucose disposal (NOGD) rates corresponded to the rate of insulin-stimulated glucose uptake minus the rate of insulin-
stimulated glucose oxidation during the last hour of the clamp. Data are means ± SEM, a p < 0.05 and b p < 0.01 compared with
the data of the healthy lean subjects (n. d. = not determined)

Lean (n = 10) Obese (n = 7) Type II diabetes (n = 13)

Age (years) 51 ± 2 41 ± 4 53 ± 2
Sex ratio (women/men) 7/3 5/2 5/8
BMI (kg/m2) 23 ± 1 35 ± 1b 31 ± 1b

basal clamp basal clamp basal clamp

Glycaemia (mmol/l) 4.9 ± 0.1 4.3 ± 0.2 4.9 ± 0.2 4.4 ± 0.2 11.6 ± 0.8b 5.0 ± 0.2a

Insulinaemia (pmol/l) 37 ± 4 953 ± 82 89 ± 18b 1493 ± 121 57 ± 8b 1124 ± 49
Glucose uptake rate (mmol × m�2 × min�1) 466 ± 21 1991 ± 156 410 ± 30 1126 ± 147b 567 ± 36a 1045 ± 127b

Glucose oxidation rate (mmol × m�2 × min�1) 245 ± 29 662 ± 37 207 ± 23 560 ± 17 227 ± 20 455 ± 27b

NOGD rate (mmol × m�2 × min�1) 1329 ± 148 578 ± 144b 591 ± 116b

Non-esterified fatty acids (mmol/l) 408 ± 44 27 ± 5 637 ± 46b 51 ± 4b 622 ± 47b 78 ± 9b

Triglycerides (mmol/l) 0.7 ± 0.1 n.d. 1.2 ± 0.2b n. d. 1.3 ± 0.1b n.d.
Lipid oxidation rate (mmol × m�2 × min�1) 111 ± 5 0.1 ± 0.1 149 ± 12b 60 ± 11b 143 ± 12b 89 ± 8b
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Fig. 1. Comparison of the mRNA expression of insulin recep-
tor, IRS-1 and p85a subunit of phosphatidylinositol 3-kinase
in skeletal muscle from lean, obese and Type II diabetic sub-
jects. Specific mRNA expressions were quantified by RT-com-
petitive PCR in total RNA preparations from vastus lateralis
skeletal muscle biopsies from 10 lean, 7 obese and 13 Type II
diabetic subjects. For insulin receptor, the amounts of total
insulin receptor (with plus without exon 11) are presented,
&, lean; , obese; &, Type II diabetes



fasting plasma glucose concentrations (7.0 ± 0.8 vs
13.1 ± 1.4 mmol/l, after vs before treatment, p =
0.02), insulin therapy induced an improvement in in-
sulin-stimulated whole body glucose uptake rates
(1002 ± 132 vs 816 ± 118 mmol ´ m±2 ´ min±1, after vs
before treatment, p = 0.02) as measured during eu-
glycaemic, hyperinsulinaemic clamp (glycaemia =
5.0 ± 0.2 vs 5.2 ± 0.2 mmol/l and insulinaemia =
1029 ± 91 vs 1036 ± 74 pmol/l during the clamps done
after vs before treatment, NS). Insulin-stimulated
glucose oxidation (560 ± 26 vs 469 ± 12 mmol ´ m±2 ´
min±1, after vs before treatment, p = 0.04) was in-
creased after 10 days of insulin therapy. The change
in insulin-stimulated glucose storage (or nonoxida-
tive glucose disposal) did not, however, reach signifi-
cance (499 ± 124 vs 352 ± 117 mmol ´ m±2 ´ min±1, after

vs before treatment, NS). The inhibition of lipid oxi-
dation by insulin was more pronounced after treat-
ment (42 ± 8 vs 81 ± 9 mmol ´ m±2 ´ min±1, after vs be-
fore treatment, p = 0.04)

Continuous treatment with insulin for 10 days did
not affect the basal levels of PI-3K mRNA in skeletal
muscle (33 ± 2 and 31 ± 5 amol/mg total RNA before
and after treatment, respectively; NS). The rapid ef-
fect of insulin on PI-3K mRNA expression was not
restored after therapy in skeletal muscle of the six
Type II diabetic patients who received treatment
(Fig.3).

Discussion

In this work, we provide the first evidence that insu-
lin-stimulated PI-3K gene expression is altered in
skeletal muscle and in adipose tissue of Type II dia-
betic patients. Insulin resistance in Type II diabetes
has been characterized by several defects in the first
steps of the insulin signalling cascade. The rapid insu-
lin-induced phosphorylations of insulin receptor and
IRS-1 and the stimulation of phosphatidylinositol-3
kinase and Akt kinase activities have been reported
to be reduced in Type II diabetes [12±15, 25]. All
these events correspond to short-term post-transla-
tional regulation of protein functions. In addition to
this level of regulation, defective regulation of the ex-
pression of genes encoding the key proteins of insulin
action has been envisaged in Type II diabetes [26].
This hypothesis is supported by findings of altered ex-
pression of genes encoding metabolic enzymes in pe-
ripheral tissues of patients with Type II diabetes
[6±8] and by the recent discovery of mutations in
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Fig. 2. Effect of insulin infusion on the mRNA expression of
insulin receptor, IRS-1 and p85a subunit of phosphatidylinosi-
tol 3-kinase. The mRNA expression of the target genes were
measured before and at the end of a 3 h-euglycaemic, hyperin-
sulinaemic clamp. The individual data obtained in skeletal
muscle and in adipose tissue (for PI-3K) are presented. In the
obese group, a biopsy of skeletal muscle after clamp is not
available
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Fig. 3. Effects of 10 days of continuous insulin therapy on the
immediate response of PI-3K mRNA to insulin in skeletal
muscle in Type II diabetic patients.
Six patients with Type II diabetes were treated for 10 days to
lower their fasting plasma glucose concentrations (see text for
details). Changes in PI-3K mRNA concentrations in response
to acute hyperinsulinaemia were investigated before and after
the treatment. Each symbol represents a patient



trans-acting factors in subtypes of diabetes [9±11].
Our aim was to verify whether the regulation of key
genes of insulin action is altered in skeletal muscle of
Type II diabetic patients. To do so, we investigated
the in vivo regulation by insulin of the mRNA expres-
sion of insulin receptor, IRS-1 and PI-3K in muscle of
healthy lean, Type II diabetic and non-diabetic obese
subjects. The mRNA expression of these major ac-
tors of the insulin signalling cascade were quantified
using the well accepted and recognized RT-competi-
tive PCR based assay [24]. We have carefully validat-
ed this assay and shown that it determines, with accu-
racy and precision, the absolute amount of a given
mRNA in a total RNA preparation from small tissue
biopsies [18].

In the basal state, after an overnight fast, there
was no significant difference in the expression of
the mRNAs encoding insulin receptor, IRS-1 and
PI-3K in the skeletal muscle of lean, Type II diabetic
or non-diabetic obese subjects. In agreement with
previous reports [27], we found that the relative ex-
pression of the two insulin receptor mRNA variants
is not altered in muscle of Type II diabetic patients
or obese subjects. Regarding PI-3K, most of the ob-
ese subjects have reduced mRNA expression but
the difference from the lean control subjects did not
reach significance. This tendency was, however, in
agreement with the observed reduction of the PI-
3K protein concentration in skeletal muscle of obese
subjects [15].

The action of insulin on metabolic pathways in-
volves rapid modifications of the activity of the key
controlling enzymes or changes in their expression
levels or both [26]. Recently, we have shown that in-
sulin induced PI-3K mRNA expression in human
skeletal muscle [17]. Here we confirmed and extend-
ed this finding by showing that insulin increased, by
more than twofold, the mRNA expression of PI-3K
in muscle of healthy lean and obese subjects. This ef-
fect was completely impaired in patients with Type
II diabetes. Similar results were found in subcutane-
ous adipose tissue, another tissue where phosphati-
dylinositol-3 kinase plays a crucial part in the signal-
ling cascade of insulin [28]. This severe defect in the
regulation of PI-3K mRNA expression in Type II dia-
betes is probably not the consequence of chronic hy-
perglycaemia, since lowering fasting plasma glucose
concentrations and improving glycaemic control for
several days of a subgroup of diabetics subjects did
not restore the response to insulin.

The lack of action of insulin on PI-3K mRNA ex-
pression in Type II diabetic tissues might be related
to the known defects in the insulin signalling cascade
[12±15, 25]. However, PI-3K mRNA was induced by
insulin in the tissues of non-diabetic, obese subjects
who were also characterized by a pronounced state
of insulin resistance of whole body glucose disposal.
Thus, these results suggest that distinct insulin signal-

ling pathways could occur for the control of glucose
metabolism and for the control of PI-3K expression.
Alternatively, they argue for a specific defect in the
control of gene expression in Type II diabetes, inde-
pendent of obesity and insulin resistance of glucose
disposal. Altered regulation by insulin of other genes,
like those encoding glucose transporter 4(Glut 4) [29]
or hexokinase II [8], have been observed already in
skeletal muscle of patients with Type II diabetes. Tak-
en together, these results suggest that the regulation
of a network of genes involved in insulin action could
be affected in Type II diabetes. If this hypothesis can
be confirmed, identification of a common mechanism
controlling the expression of these genes (like a com-
mon trans-acting factor) might certainly be of great
importance for the understanding of the pathology.
At that stage of the study, however, it could not be
ruled out that the observed defective regulation of
PI-3K mRNA expression was due to a mutation in
the promoter region of the gene. The sequence of
the human promoter of the p85a subunit of phos-
phatidylinositol-3 kinase is not yet available. A re-
cent genetic study did not, however, indicate an asso-
ciation between PI-3K gene polymorphism and insu-
lin resistance in Type II diabetes [30].

Insulin infusion induced a significant reduction of
IRS-1 mRNA in skeletal muscle in the three groups
of subjects. This effect was not observed in our pre-
vious study in lean volunteers that were younger
[17] than those in this work. In addition to the differ-
ence in age, large improvements in the methodology
(separation of the PCR products in acrylamide in-
stead of agarose gel electrophoresis and determina-
tion of the real concentrations instead of the relative
abundances of b-microglobulin mRNA) might ex-
plain these discrepancies. Importantly, the effect of
insulin on IRS-1 mRNA expression was not im-
paired in the muscle of Type II diabetic patients, in
contrast to that found with PI-3K mRNA. This re-
sult suggests distinct mechanisms of action on the
two mRNAs. It is also interesting to draw a parallel
between the reduced expression of IRS-1 mRNA
during the hyperinsulinaemic clamp and the de-
crease in IRS-1 protein concentrations observed in
cultured cells during prolonged incubation with insu-
lin [31]. Taken together, these results indicate that
insulin downregulates IRS-1 expression. In addition
to the proposed mechanism of an insulin-induced
proteolytic cleavage of IRS-1 protein [32], our re-
sults suggest that insulin could also reduce IRS-1
gene expression.

Total insulin receptor mRNAs and the relative
abundance between the two receptor isoforms were
not modified after 3 h of hyperinsulinaemia in human
skeletal muscle. In cultured cells and in diabetic ani-
mals, it has been shown that insulin exerts a negative
control on insulin receptor mRNA expression [33,
34]. This down-regulation probably did not occur dur-
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ing the short hyperinsulinaemia obtained during the
clamp.

In summary, we show that insulin rapidly increases
the mRNA levels of p85a subunit of phosphatidyl-
inositol-3 kinase in skeletal muscle and in adipose tis-
sue in vivo in humans. Furthermore, we show that
this effect is impaired in the tissues of diabetic pati-
ents, suggesting a defective regulation of PI-3K gene
expression in Type II diabetes. Because PI-3K
mRNA is normally induced in tissue from insulin re-
sistant non-diabetic obese subjects, a distinct insulin
signalling pathway could exist for the control of glu-
cose metabolism and the control of gene expression.
Alternatively, Type II diabetes might be associated
to a specific defect in the signalling to the nucleus or
in the transcriptional machinery.
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