
Abstract

Aims/hypothesis. Type 2 diabetes is a complex disorder
with strong heritability. The aim of our study was to in-
vestigate whether common polymorphisms in the genes
regulating the early insulin signalling pathway (insulin;
A-23T, insulin-like growth factor 1 receptor [IGF-1R];
GAG1013GAA, plasma cell membrane glycoprotein 1
[PC-1]; K121Q, insulin receptor substrate [IRS-1];
G972R, insulin receptor substrate 2 [IRS-2]; G1057D
and phosphatidylinositol 3-kinase p85α [PI3K]; M326I)
affect the weight change and development of Type 2 di-
abetes in the Finnish Diabetes Prevention Study.
Methods. We screened for the polymorphisms in 490
overweight subjects with impaired glucose tolerance
whose DNA was available from the Finnish Diabetes
Prevention Study. These subjects were randomly allo-
cated into a control group and an intervention group
characterised by intensive, individualised diet and exer-
cise.
Results. In carriers of the GAA1013GAA genotype of
IGF-1R, the R972 allele of IRS-1 and the D1057D

genotype of IRS-2, lifestyle intervention did not lead
to significant differences in weight loss between the
intervention and control groups, implying a role of
these risk genotypes in the regulation of body weight.
We observed a statistically significant difference in
the conversion rate from IGT to diabetes between the
genotypes of the IGF-1R gene (GAG1013GAG:
18.6%, GAG1013GAA: 10.4%, GAA1013GAA: 19.5%,
p=0.033). Common polymorporphisms in the insulin,
PC-1 and PI3K genes did not regulate weight change
or conversion to diabetes.
Conclusions/interpretation. The common polymor-
phisms of the IGF-1R, IRS-1 and IRS-2 genes may
modify the weight change response to a lifestyle inter-
vention but not the conversion from IGT to Type 2 
diabetes, whereas IGF-1R may also regulate the risk
of developing Type 2 diabetes.
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Introduction

Type 2 diabetes mellitus is characterised by peripheral
insulin resistance in liver, skeletal muscle and adipose
tissue, as well as impaired insulin secretion [1].
Known major risk factors for the disease include obe-
sity, central obesity, low physical activity, high intake
of saturated fat and low intake of dietary fibre [2, 3].
Genetic factors also play a key role in the develop-
ment of the disease. However, the genetic basis of this
disease has remained unclear, although some promis-
ing susceptibility genes for Type 2 diabetes have been
identified including calpain-10 [4], PPARγ2 [5], and
Kir6.2 [6].

The insulin signalling pathway begins with the
binding of insulin to the α-subunit of the insulin re-
ceptor and ends with the biological effects of insulin
in multiple tissues. One of the most important effects
of insulin is to stimulate glucose transport. Upon insu-
lin stimulation, glucose transporter 4 translocates to
the plasma membrane, allowing glucose import into
the cell. Even though other pathways stimulate glu-
cose uptake [7], the major mediators regulating glu-
cose transport are insulin receptor substrates and
phosphatidylinositol 3-kinase (PI3K). Variants in
these genes have been associated with insulin resis-
tance and Type 2 diabetes.

Genes regulating the proximal insulin signalling
pathway could contribute to insulin resistance and are
therefore potential candidate genes for Type 2 diabe-
tes. The insulin variable number of tandem repeat
(VNTR) locus, upstream of the insulin gene, has been
linked to alterations in insulin secretion, depending on
the number of repeats (class I: 26 to 63 repeats vs
class III: 141 to 209 repeats). The T-23 allele of the
insulin gene promoter is in complete linkage disequi-
librium with the class I VNTR allele, and the A-23 
allele is in linkage disequilibrium with the class III
VNTR allele [8, 9].

The insulin receptor is an important mediator be-
tween the extracellular and intracellular insulin sig-
nalling pathway. Plasma cell membrane glycoprotein-
1 (PC-1) affects insulin signalling by direct interaction
with insulin receptor α-subunit blocking insulin action
[10]. Carriers of the Q121 allele of the PC-1 gene are
insulin-resistant and they have increased glucose and
insulin levels independent of whether they suffer from
obesity or not [11, 12].

Insulin receptor substrates 1 and 2 (IRS-1 and 
IRS-2) are important mediators in the insulin sig-
nalling pathway and transfer information from insulin
receptor to PI3K. The R972 allele of the IRS-1 gene
inhibits IRS-1 binding to PI3K. Both IRS-1 and IRS-2
have been shown to impair beta cell function in
knockout mice [13]. In addition, mice deficient in
IRS-2 developed Type 2 diabetes due to the lack 
of beta cell compensation [14], whereas the results in
humans have been inconsistent [15, 16, 17, 18]. The

R972 allele of the IRS-1 gene has been associated
with increased prevalence of Type 2 diabetes, insulin
resistance and impaired insulin secretion in cultured
pancreatic beta cells [19, 20, 21, 22, 23]. Insulin-like
growth factor 1 receptor (IGF-1R) influences insulin
signalling by activating IRS proteins independent of
insulin receptor activation [24]. Although there is no
previous evidence that variants in the IGF-1R gene
cause diabetes in humans, animal models have shown
that alterations in IGF-1R activity can lead to im-
paired insulin secretion and even Type 2 diabetes [24,
25].

Phosphatidylinositol 3-kinase regulatory subunit
p85α (PI3K p85α) plays a major role in the insulin
signalling pathway, as it mediates the message from
the insulin receptor substrates to the catalytic subunit
p110γ of PI3K [26, 27]. Mice lacking PI3K p85α
subunit have increased insulin sensitivity and hypo-
glycaemia [28]. In addition, the I326I genotype carri-
ers have been reported to have lower prevalence of
Type 2 diabetes than carriers of the M326 allele of
PI3K p85α [29]. However, results suggesting the 
opposite have also been reported [30, 31].

To investigate how genes regulating the proximal
insulin signalling pathway determine the risk of Type 2
diabetes, we studied six common polymorphisms in
the insulin (T-23A), IGF-1R (GAG1013GAA), PC-1
(K121Q), IRS-1 (G972R), IRS-2 (G1057D) and PI3K
p85α subunit (M326I) genes in relation to weight
change and the development of Type 2 diabetes in par-
ticipants of the Finnish Diabetes Prevention Study
(DPS) [30]. Because the Finnish DPS had a lifestyle
intervention group with a marked lower risk of diabe-
tes than a control group, it also offered a possibility to
investigate gene–lifestyle interaction.

Subjects and methods

Subjects and research design. A detailed description of sub-
jects, methods and study design has already been reported [32,
33]. The Finnish DPS is a prospective intervention and follow-
up study carried out in five participating centres (Helsinki,
Kuopio, Oulu, Tampere and Turku). The main objective of the
study was to investigate whether lifestyle intervention influ-
ences the cumulative incidence of Type 2 diabetes. Altogether
522 middle-aged (40 to 65 years) and overweight (BMI
≥25 kg/m2) subjects with impaired glucose tolerance (fasting
plasma glucose <7.8 mmol/l; 120-min plasma 7.8–11.0 mmol/l
in an OGTT [34]) participated in the study. At baseline mean
age was 55±7 years and mean BMI 31.2±4.6 kg/m2. Exclusion
criteria were a previous diagnosis of diabetes mellitus or an-
other chronic disease, or characteristics that made survival un-
til the end of the study improbable. Subjects enrolled in the
study were randomised into one of the two study groups: the
control group or the intervention group. The control group 
was given general advice about benefits of reducing weight,
healthy food choices and increasing physical activity, whereas
the intervention group was given intensive and individualised
nutritional counselling, as well as individual advice to increase
physical activity by an individualised exercise programme. An
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OGTT was performed at each annual follow-up visit and the
diagnosis of diabetes was confirmed with a second test. The
study protocol was approved by the Ethics Committee of the
National Public Health Institute in Helsinki and all the study
subjects gave written informed consent.

Measurements. Physical examinations were performed and the
medical history was recorded at baseline and at each annual
follow-up visit. Height, weight, BMI, waist and hip circumfer-
ence, and glucose and insulin levels before (0 min) and at
120 min in the OGTT (75-g glucose load after a 12-hour
overnight fast [32]) were determined at baseline and at the an-
nual follow-up examinations. Plasma glucose concentration
was measured by a glucose oxidase method (Glucose Auto &
Stat, Model GA-110; Daiichi, Kyoto, Japan) and plasma insu-
lin by a radioimmunoassay method (Phadeseph Insulin RIA
100; Pharmacia Diagnostica, Uppsala, Sweden). Weight
change was calculated from the baseline value to the last
weight measurement available, which varied from 1 to 3 years
in the event of diabetes being newly diagnosed before the 
3-year follow-up visit. For subjects who did not convert to dia-
betes, weight change was calculated as difference in weight
between baseline and 3 years. Changes in fasting and 120-min
glucose in an OGTT were calculated to achieve variables that
indicate changes in glucose tolerance more sensitively.

DNA analysis. DNA samples were available from 490 sub-
jects. The polymorphisms of the insulin, IGF-1R, PC-1, IRS-1
and IRS-2 genes were screened by PCR, followed by restric-
tion fragment length polymorphism analysis. The primers for
screening for PC-1 and IRS-1 polymorphisms have been pub-
lished [10, 35]. Other primers used in this study were: (i) for

the insulin gene: forward 5′-CGTCAGGTGGGCTCAGGGTT-
3′ and reverse 5′-ACAAAGGCTGCGGCTGGGTC-3′; (ii) for
the IGF-1R gene: forward 5′-TGCTTTAATTACGGTTTCT-
TC-3′ and reverse 5′-GCTTTTCAGGAACTTTCTCTT-3′; and
(iii) for the IRS-2 gene: forward 5′-AGCTGTACCGCCTGCC-
CCC-3′ and reverse 5′-CCGACACCCACGCCGCCCT-3′. All
amplifications were carried out in a total volume of 10 µl (the
final volume for PI3K was 25 µl) containing 50 ng genomic
DNA, 5 pmol of each primer, 10 mmol/l Tris-HCl (pH 8.8),
50 mmol/l KCl, 1.5 mmol/l MgCl, 0.1% Triton X-100, 0.25
units of DNA polymerase (Finnzymes, Espoo, Finland) and
100 µmol/l dNTP. Restriction enzymes used in digestion were
HphI (insulin gene), MnlI (IGF-1R), Eco47I (PC-1), MvaI
(IRS-1) and Bsp143II (IRS-2). The M326I polymorphism 
of the PI3K gene was determined by PCR (forward primer: 
5′-CCTCCTAAACCACCAAAAC-3′ and reverse primer: 5′-
TGGAAGAGAACCAACTATGC-3′), followed by direct se-
quencing (ABI prism 3100 Genetic Analyzer; Applied Biosys-
tems, Hitachi, Japan).

Statistical analysis. All data were analysed with the SPSS/Win
programs (version 10.0, SPSS, Chicago, Ill., USA). Results are
given as means ± SD or percentages. Variables, which were
not normally distributed and skewed towards high values, were
logarithmically transformed before statistical analyses. Analy-
sis of variance (ANOVA) was used to compare three groups
and Student’s t test for independent samples. The chi square
test was used to compare two groups. Non-parametric Mann-
Whitney U tests and Kruskal-Wallis H tests were applied to
compare weight change (%) and changes (%) between 0-min
and 120-min glucose. We considered p values of less than 0.05
to be statistically significant.
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Table 1. Change in body weight (%) according to the genotypes and the study groups

Total population (n=490) Intervention group (n=248) Control group (n=242) p valuea

Insulin VNTR
A-23A −2.27±6.23 −3.52±5.96 −0.87±6.24 <0.001
A-23T or T-23T −1.66±5.93 −3.58±5.66 0.02±5.68 <0.001
p value 0.491 0.877 0.664

IGF-1R
GAG1013GAG −2.05±6.27 −3.19±6.16 −0.54±6.14 0.003
GAG1013GAA −2.21±6.28 −4.12±5.56 −0.33±6.39 <0.001
GAA1013GAA −1.59±5.39 −2.50±5.89 −0.95±4.96 0.148
p value 0.693 0.216 0.661

PC-1
K121K −2.09±6.13 −3.68±5.92 −0.47±5.93 <0.001
K121Q or Q121Q −1.91±6.11 −3.08±5.63 −0.69±6.38 0.022
p value 0.684 0.412 0.990

IRS-1
G972G −2.10±6.15 −3.63±5.85 −0.55±6.06 <0.001
G972R or R972R −1.19±5.31 −2.04±5.72 −0.08±4.71 0.346
p value 0.366 0.309 0.705

IRS-2
G1057G −2.14±6.47 −3.89±6.16 −0.13±6.26 <0.001
G1057D −1.89±5.70 −3.36±5.34 −0.50±5.70 <0.001
D1057D −2.24±6.42 −2.71±6.57 −1.86±6.38 0.434
p value 0.733 0.565 0.737

PI3K
M326M −2.28±6.08 −3.61±5.85 −0.88±6.00 <0.001
M326I or I326I −1.04±6.27 −3.20±5.86 0.89±6.04 0.001
p value 0.221 0.878 0.154

Values are expressed as means ± SD. a p values for comparison between the intervention and control groups



Results

In the entire study population the genotype distribu-
tions were as follows: Insulin gene: A-23A 62.9%, 
A-23T 32.2%, T-23T 4.9%; IGF-1R: GAG1013GAG
33.7%, GAG1013GAA 49.0%, GAA1013GAA 17.3%;
PC-1: K121K 77.0%, K121Q 21.6%, Q121Q 1.4%;
IRS-1: G972G 93.8%, G972R 5.8%, R972R 0.4%;
IRS-2: G1057G 44.6%, G1057D 43.7%, D1057D

11.7%; and PI3K: M326M 81.6%, M326I 17.1%, I326I
1.2%. There was no difference in frequencies between
the intervention and the control group (data not shown).
All genotype frequencies were in Hardy-Weinberg
equilibrium. Since the number of homozygous subjects
for the rare allele in the insulin, PC-1, IRS-1 and PI3K
genes was small (24, 7, 2 and 6 subjects respectively),
they were not analysed separately. Baseline characteris-
tics (age, sex, weight, BMI, waist-to-hip ratio, fasting
and 120-min levels of glucose and serum insulin) did
not differ between the genotypes of any of the polymor-
phisms investigated (data not shown).

We did not find any difference between the geno-
types in relative weight change (Table 1). Subjects in
the intervention group lost weight regardless of their
genotype for the insulin, PC-1 and PI3K genes. In
contrast, the difference in weight change between the
intervention and control groups was not significantly
different in carriers of (i) the GAA1013GAA genotype
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Fig. 1. Three-year incidence of Type 2 diabetes in the Finnish
Diabetes Prevention Study according to the T-23A polymor-
phism of the insulin gene (a), the GAG1013GAA polymor-
phism of the IGF-1R gene (b) and the K121Q polymorphism
of the PC-1 gene (c). Results are shown for the entire study
population, the intervention group and the control group. Un-
less otherwise indicated, p values are non-significant. p=0.033
in Total population (b)



of the IGF-1R gene, (ii) the R972 allele of the IRS-1
gene, and (iii) the D1057D genotype of the IRS-2 gene
(p=0.148, 0.346 and 0.434 respectively, compared
with alternative genotypes, Table 1). These results re-
mained non-significant even after adjustment for base-
line weight and for achievement of the intervention
goals (weight loss >5%, reduction in fat intake >30%
of energy, reduction of saturated fat intake >10% of
energy, increase in fibre intake >15 g/4200 kJ, physi-
cal exercise >4 h/week).
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Fig. 2. Three-year incidence of Type 2 diabetes in the Finnish
Diabetes Prevention Study according to the G972R polymor-
phism of the IRS-1 gene (a), the G1057D polymorphism of the
IRS-2 gene (b) and the M326I polymorphism of the PI3K
p85α gene (c). Results are shown for the entire study popula-
tion, the intervention and the control group. Unless otherwise
indicated, p values are non-significant

Altogether 69 of 490 subjects included in this anal-
ysis converted from IGT to Type 2 diabetes during the
3-year follow-up. The GAG1013GAA genotype of the
IGF-1R gene was associated with a lower incidence 
of Type 2 diabetes than were other genotypes in all
DPS subjects (GAG1013GAG 18.6%, GAG1013GAA
10.4% and GAA1013GAA 19.5%, p=0.033) (Fig. 1).
The trend was similar in the intervention and control
groups, but not statistically significant (p=0.272 and
p=0.083 respectively). No other risk genotype predicted
conversion from IGT to Type 2 diabetes (Figs. 1, 2).
We also calculated the change (%) in 120-min plasma
glucose in the OGTT in order to evaluate if a given
risk genotype had a significant effect on glucose 
levels during the follow-up. In the intervention group,
in fact, a larger decrease in 2-h glucose was found 
in subjects carrying the I326 allele than in subjects
with the M326M genotype of the PI3K p85α gene 
(−7.90±30.58 vs −1.38±27.81%, p=0.031). All other



comparisons between the genotypes were insignificant
both in all subjects and in the intervention and control
groups separately (data not shown).

Discussion

Genes regulating the insulin signalling pathway have
been associated with insulin resistance or impaired in-
sulin secretion. Therefore, they are promising candi-
date genes for Type 2 diabetes [1, 5, 36]. To our
knowledge there are no previous studies on the effects
of common polymorphisms in genes regulating the
proximal insulin signalling pathway in IGT subjects
with regard to their conversion to Type 2 diabetes.

Overall, the subjects in the intervention group lost
more weight than the subjects in the control group, but
no difference in weight change within the intervention
group or within the control group was found between
any of the genotypes compared. However, when we
compared weight change between the intervention
group and the control group, we found that subjects in
the intervention group did not show significant weight
loss, if they possessed the risk genotypes for diabetes
in the IGF-1R gene (GAA1013GAA genotype), the
IRS-1 gene (R972 allele) or the IRS-2 gene (D1057D
genotype). This implies that lifestyle intervention was
not very successful if the subjects were carrying these
risk genotypes for Type 2 diabetes. Thus, risk genes
for Type 2 diabetes may also regulate the ability to
lose body weight. This conclusion is consistent with
our previous study in the Finnish DPS on the PPARγ2
gene. In that study, carriers of the Pro12Pro genotype
(a risk genotype for Type 2 diabetes) were not able to
lose as much weight as carriers of the 12Ala allele of
the PPARγ2 gene in the intervention group [37].

The R972 allele of the IRS-1 gene tended to be 
associated with a higher conversion rate to Type 2 
diabetes than the G972G genotype, particularly in 
the intervention group. This suggests a possible
gene–lifestyle interaction, because the R972 allele re-
sponded poorly to lifestyle changes, whereas the inci-
dence of diabetes was significantly lower among car-
riers of the G972G genotype in the intervention group
than among their counterparts in the control group.
Due to the small number of subjects, the difference
between the genotypes was not statistically significant
among the groups.

A previous study showed significantly lower levels
of fasting serum insulin and C-peptide among young
and healthy heterozygous carriers of a silent
GAG1013GAA polymorphism of the IGF-1R gene
[38]. However, the authors were not able to repeat
their findings in another population. In this study, we
did not find any difference in fasting insulin levels 
between the genotypes of the IGF-1R gene, but in all
study subjects the conversion from IGT to diabetes
during the 3-year follow-up was significantly lower in

heterozygotes, which is consistent with previous find-
ings [38]. We do not have a compelling explanation
for our findings, but it is possible that this polymor-
phism is in linkage disequilibrium with some other lo-
cus in the IGF-1R gene or that it interacts with another
gene. In our present study it was not possible to evalu-
ate such putative effects.

We were not able to find any association between
the variants of the insulin, PC-1, IRS-2 and PI3K
p85α genes and weight change or conversion from
IGT to diabetes. However, the incidence of diabetes
tended to be higher in carriers of the D1057D geno-
type of the IRS-2 gene and in the carriers of the M326
allele of the PI3K gene than it was in non-carriers of
these polymorphisms. This is in accordance with pre-
vious findings [16, 29]. Although carriers of the Q121
allele of the PC-1 gene are insulin-resistant and poten-
tially at high risk of developing diabetes [11, 12],
there was no difference in incidence of diabetes be-
tween carriers and non-carriers of the Q121 allele.

We conclude that common polymorphisms in the
IGF-1R, IRS-1 and IRS-2 genes may modify weight
change, but none of them predicted conversion from
IGT to Type 2 diabetes in the Finnish Diabetes Pre-
vention Study. We did not observe any effect of the
common polymorphisms in the insulin, PC-1 and
PI3K genes on weight change or conversion to diabe-
tes. This does not, however, exclude the possibility
that genes regulating the early insulin signalling path-
way could have an effect on the risk of Type 2 diabe-
tes in other populations.
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