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Abstract
Aims/hypothesis Mitogenic activity of insulin and insulin
analogues and the involvement of the IGF-1 receptor (IGF-
1R) is still a controversial issue. We compared levels of the
proteins IGF-1R and insulin receptor (InsR) in fibroblasts
and smooth muscle cells from healthy donors and assessed
the downstream signalling and growth-promoting activity
of insulin and insulin analogues.
Methods DNA synthesis was monitored in human fibro-
blasts and coronary artery smooth muscle cells. Using small
interfering RNAs, the levels of IGF-1 and InsR were
reduced by 95 and 75%, respectively.
Results Enhanced mitogenic potency of insulin and insulin
analogues was observed which correlated with increased
levels of IGF-1R and/or IRS-1. A reduction in the IGF-1R
level significantly blunted stimulation of Akt phosphoryla-
tion by IGF-1, AspB10 and glargine by 72, 58 and 40%,
respectively. Akt phosphorylation in response to insulin
remained unaffected. Silencing of InsR did not significantly
alter Akt phosphorylation in response to IGF-1, AspB10 and
glargine. IGF-1R knockdown reduced the stimulation of
DNA synthesis in response to IGF-1 and glargine to a level
identical to that produced by insulin.
Conclusions/interpretation These data show a prominent role
of IGF-1R/Akt signalling in mediating the mitogenic effects

of insulin analogues. Regular insulin stimulates DNA syn-
thesis by exclusively activating InsR, whereas insulin ana-
logues mainly signal through IGF-1R. It is suggested that
inter-individual differences in the levels of proteins of the
IGF-1R system may function as a critical determinant of the
mitogenic potency of insulin analogues.
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Abbreviations
ECL enhanced chemiluminescence
ERK1/2 extracellular regulated kinase 1/2
Fib human dermal fibroblasts
HRP horseradish peroxidase
IGF-1R IGF-1 receptor
IGF-1Rβ IGF-1 receptor β subunit
InsR insulin receptor
InsRβ insulin receptor β subunit
SiRNA small interfering RNA
SkM human skeletal muscle cells
SMC human coronary artery smooth muscle cell
TBS Tris-buffered saline

Introduction

A variety of studies have documented significant improve-
ments in the therapy of type 1 and 2 diabetes due to the
introduction of different insulin analogues into clinical use
[1–7]. Advantages of short-acting artificial insulin mole-
cules compared with conventional insulin preparations are
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better blood glucose control, faster onset of action and the
short duration time [8]. These effects have been described
for patients with type 1 and type 2 diabetes [9, 10]. The
long-acting insulin analogue glargine forms depots at the
injection site by precipitation and is therefore slowly absorbed
into the systemic circulation. In clinical studies it has been
shown that treatment with glargine leads to less nocturnal
hypoglycaemia, comparable or improved efficiency and
minimal variability between patients compared with con-
ventional insulin preparations [11, 12].

Despite these advantages, some questions concerning
the safety of insulin analogues remain open. It is known
that modifications of the insulin molecule in the B10 and
B26–B30 region are able to alter the affinity towards the
IGF-1 receptor (IGF-1R) [13]. This has been demonstrated
for AspB10, which is known for its strong tumourigenic
action [14]. Generally, the mitogenic potential of a certain
insulin analogue may result from (1) an enhanced affinity
towards IGF-1R [13]; (2) the time of occupancy of the
insulin receptor (InsR) by this analogue [15, 16]; and (3) a
combination of IGF-1- and InsR-mediated processes.

Because of the high degree of similarity, insulin/IGF-1
hybrid receptors can form by heterodimerisation [17]. The
abundance of these hybrid receptors has been shown in a
range of mammalian tissues [18–20]. There are controver-
sial debates ongoing concerning the question whether InsR,
IGF-1R and/or hybrid receptors play a role in mediating the
biological effects of insulin analogues. Kurtzhals et al. [21]
used the osteosarcoma cell line Saos/B10 to determine the
mitogenic potency of insulin analogues and reported glargine
to be eightfold more potent than human insulin in stimulating
DNA synthesis. On the other hand, Berti et al. [22] analysed
the mitogenic effect of glargine in rat fibroblasts over-
expressing the human InsR and could not find differences
between human insulin and glargine. Most of these studies
were done in tumour cell lines or in cell systems over-
expressing the human InsR and thus do not represent the
normal status of primary human cells. Recently, Staiger et al.
[23] reported that glargine and human insulin are not dif-
ferent in their proliferative effects on human coronary artery
endothelial and smooth muscle cells.

In the present investigation we have tested the prolifer-
ative effects of insulin, AspB10, glulisine, lispro, aspart and
glargine by measuring DNA synthesis in human dermal
fibroblasts (Fib) and coronary artery smooth muscle cells
(SMC) from different donors. We observed a mitogenic
potency for insulin and the tested insulin analogues that
correlated with high levels of proteins of the IGF-1R system.
In vitro knockdown of IGF-1R reduced the augmented
growth-promoting activity of glargine and IGF-1 to the level
of that of insulin. It is suggested that the levels of IGF-1R
system proteins may define an individual susceptibility
towards the growth-promoting effects of insulin analogues.

Materials and methods

Materials Fib, SMC, skeletal muscle cells (SkM) and the
appropriate cell culture media were purchased from Promocell
(Heidelberg, Germany). FCS was supplied by Gibco
(Invitrogen, Carlsbad, CA, USA). The Cell Proliferation
ELISA (BrdU, chemiluminescent) and protease inhibitor
cocktail tablets were from Roche (Mannheim, Germany).
Human IGF-1 was obtained from Biomol (Hamburg,
Germany). Regular human insulin and the insulin analogues
AspB10, glulisine, lispro, aspart and glargine were products
of Sanofi-Aventis (Frankfurt, Germany). Reagents for SDS-
PAGE were supplied by Amersham Pharmacia Biotech
(Braunschweig, Germany) and by Sigma (Munich, Germany).
The following antibodies were used: anti-IGF-1R β subunit
(IGF-1Rβ; C-20; Santa Cruz Biotechnology, Santa Cruz,
CA, USA); anti-InsR β subunit (anti-InsRβ), anti-α-tubulin
and anti-actin (Calbiochem/Merck, Darmstadt, Germany);
anti-IRS-1 (Upstate/Millipore, Billerica, MA, USA); anti-
Akt, anti-phospho-Akt (Ser473) and anti-extracellular regu-
lated kinase (ERK)1/2 (Cell Signaling Technology, Danvers,
MA, USA); and horseradish peroxidase (HRP)-conjugated
anti-rabbit and anti-mouse IgG (Promega, Mannheim,
Germany). Greiner Bio-one (Frickenhausen, Germany)
supplied the Leucosep tubes; the Biocoll solution (density
1.077 g/ml) was from Biochrom (Berlin, Germany). HiPerFect
transfection reagent and non-silencing control small inter-
fering RNA (siRNA) were obtained from Qiagen (Hilden,
Germany), Silencer-validated siRNA specific for human
IGF-1R and human InsR were products of Ambion (Austin,
TX, USA). All other chemicals were of the highest analytical
grade commercially available and were purchased from Sigma.

Cell culture Primary Fib of two healthy donors (white,
female, 52 and 32 years [F52, F32]) and primary SMC of
four healthy donors (white, male, 40 and 21 years [M40,
M21]; female, 56 and 16 years [F56, F16]) were supplied as
proliferating cells (5×105 cells) and kept in culture accord-
ing to the manufacturer’s protocol. For the experiments,
confluent cells between passage number 5 and 7 were used.
SkM of one donor (male, 9 years) were differentiated to
myotubes according to the manufacturer’s protocol. Lysates
were prepared as described below on day 6 of differenti-
ation and used as the reference for comparing the various
protein levels of different cell types and donors. MCF-7 and
MDA-MB-231 human mammary tumour cells were pur-
chased from the American Type Culture Collection (Manassas,
VA, USA) and cultured as detailed by the manufacturer.

In vitro analysis of growth-promoting activity To monitor
DNA synthesis, Fib or SMC were seeded in 96 well plates
and allowed to attach for 24 h, followed by serum starvation
for 30 h (Fib) or 24 h (SMC). Cells were then stimulated for
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16 h with the different peptide hormones with the simul-
taneous addition of BrdU. For the analysis of cell prolifer-
ation we used the chemiluminescent BrdU ELISA kit from
Roche according to the manufacturer’s protocol. The signals
were visualised and evaluated on a LumiImager work station
using image analysis software (Boehringer, Mannheim,
Germany).

Immunoblotting For analysis of the levels of the proteins
InsR, IGF-1R, IRS-1, Akt and ERK1/2 in SMC and Fib,
cells were seeded in Petri dishes and grown to confluence.
Lysates were prepared with ice-cold lysis buffer containing
50 mmol/l HEPES (pH 7.4), 1% Triton X-100 (vol./vol.),
1 mmol/l Na3VO4 and protein inhibitor cocktail. After
incubation for 2 h at 4°C the suspension was centrifuged at
10,000 g for 20 min. Ten or 20 micrograms of protein were
loaded per sample, separated by SDS-PAGE using hori-
zontal gels and transferred to polyvinylidene fluoride
membranes. The membranes were blocked in Tris-buffered
saline (TBS) containing 0.1% Tween-20 (vol./vol.) and 5%
(wt/vol.) non-fat dry milk or 5% (wt/vol.) BSA and then
incubated overnight with the appropriate antibodies. After
repeated washing, the membranes were incubated with HRP-
conjugated secondary antibody for 1 h at room temperature.
The Immobilon HRP substrate from Millipore (Billerica,
MA, USA) was used for enhanced chemiluminescence
(ECL) detection. The signals were visualised and evaluated
on a LumiImager work station.

Isolation of peripheral mononuclear cells Fresh human
whole-blood samples were collected from 16 healthy donors
and diluted 1:2 with balanced salt solution. The separation
of lymphocytes and peripheral mononuclear cells based on
density gradient centrifugation was performed with Leucosep
tubes (Greiner Bio-one) according to the manufacturer’s
protocol. After centrifugation, the cell suspension was
washed with 3×10 ml PBS and centrifuged for 10 min at
600 g. The resulting pellet was resuspended in 1 ml PBS,
the cells were then plated on six well plates and incubated
at 37°C for 4 h to allow the monocytes to attach. After this,
cells were washed with 4×1 ml PBS to remove the lym-
phocytes and lysed with ice-cold lysis buffer as described
above. Twenty micrograms of protein per sample were
processed by SDS-PAGE and western blotting. The mem-
brane was incubated with anti-IGF-1Rβ overnight and
processed as described above. After detection of the signal
the membrane was stripped and re-incubated with anti-actin
to confirm equal loading.

Silencing of IGF-1R and InsR in Fib Fib of donor F52 were
seeded in six well plates and washed with fibroblast basal
medium containing 1% (vol./vol.) FCS after 24 h. The
siRNA was used at 20 nmol/l for IGF-1R and 10 nmol/l for

InsR with HiPerFect as transfection reagent according to
the manufacturer’s protocol. The applied siRNA was either
non-silencing RNA as negative control or siRNA specifi-
cally silencing IGF-1R (IGF-1R siRNA) or InsR (InsR
siRNA). Lysates for immunoblotting were prepared 72 h
after transfection and the levels of IGF-1R, InsR, Akt and
ERK1/2 were analysed.

After silencing IGF-1R or InsR, stimulation experiments
were performed to analyse possible changes of downstream
signalling pathways. Forty-eight hours after transfection
with the appropriate siRNA, the medium was changed to
fibroblast basal medium for 24 h starvation. Cells were
then stimulated with regular insulin (100 nmol/l), IGF-1
(10 nmol/l), AspB10 (100 nmol/l) and glargine (100 nmol/l)
for 15 min. Cells were washed once with ice-cold PBS and
scratched into ice-cold lysis buffer containing 50 mmol/l
Tris-HCl (pH 7.4), 1% NP-40 (vol./vol.), 0.25% sodium
deoxycholate (wt/vol.), 150 mmol/l NaCl, 1 mmol/l EGTA,
1 mmol/l Na3VO4, 1 mmol/l NaF and protein inhibitor
cocktail. After incubation for 2 h at 4°C the suspension was
centrifuged at 10,000 g for 20 min. Immunoblotting was
performed as outlined above. The membranes were blocked
with TBS containing 0.1% Tween-20 (vol./vol.) and 5%
BSA (wt/vol.). Incubation with anti-phospho-Akt was over-
night, incubation with the secondary antibody for 1 h. After
detection, membranes were incubated with anti-α-tubulin
for normalisation.

To analyse the effect of IGF-1R silencing on growth-
promoting activity, cells were seeded on 96 well plates and
allowed to attach for 24 h. Transfection with non-silencing
RNA and IGF-1R siRNA was performed as described
above. After 24 h, the medium was changed to fibroblast
basal medium to starve the cells for 30 h. Cells were then
stimulated for 16 h with either regular insulin, IGF-1 or
glargine (10 nmol/l), in the presence of BrdU, as detailed
above. All experiments were performed in quadruplicate.
Cells were then processed for LumiImager analysis, as
outlined before.

Presentation of data and statistics Statistical analysis was
carried out by ANOVA. All statistical analyses were done
using StatView software (SAS Institute, Cary, NC, USA). A
p value of less than 0.05 was considered to be statistically
significant. Significance levels are indicated in the figures.
Data are shown as means±SEM.

Results

Protein level analysis of the IGF-1R pathway in primary
cells of different donors To establish a cell culture model of
primary human cells with a defined abundance of IGF-1R
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and its downstream signalling components, we analysed
levels of IGF-1R, InsR, IRS-1, Akt and ERK1/2 in Fib and
SMC of different healthy donors. For comparison, SkM and
the human breast tumour cell lines MCF-7 andMDA-MB-231
were included.

As shown in Fig. 1, Fib and SMC have remarkably
lower levels of IGF-1R and InsR than the tumour cells. For
IGF-1R, both cell types are more or less comparable to
SkM, but we found obvious differences between the donors.
For SMC, two donors (F56, M21) showed a three- to four-
fold higher level of IGF-1R compared with donor M40 and a
two- to threefold higher level compared with donor F16

(Fig. 1a). For Fib donor F52 we found a twofold higher
level than for F32. Furthermore, InsR was upregulated in
SMC donor F56 and M21 (Fig. 1b) with M21 having the
most abundant InsR level among the SMC donors. The Fib
donors express much less InsR than do SkM or SMC and
do not show differences in levels of the protein.

These individual differences were also observed further
downstream at the level of IRS-1 (Fig. 1c). Again, donors
of Fib and SMC show marked differences among them-
selves (Fib F32: 278±96% and F52: 648±218%; SMC
M40: 126±11%, F56: 289±170%, F16: 314±55% and
M21: 995±247%). The differences reached statistical sig-
nificance between the Fib donors and between SMC donor
M21 and the other SMC donors. For Akt, the Fib donors were
significantly different from each other, as also observed for
some SMC donors (Fig. 2, upper panel). However, these
differences were less prominent compared with IGF-1R and
IRS-1 (see Fig. 1). For ERK1/2, no significant differences
between the different Fib and SMC donors could be
detected (Fig. 2). In subsequent experiments (see Figs 6, 7
and 8), Fib F52 was used as a model of potential augmented
activity of the IGF-1 signalling pathway.

Additionally, we isolated human monocytes from whole-
blood samples to analyse the variation in the IGF-1R level
in a larger group of 16 donors. As shown in Fig. 3, we
observed a substantial natural variation in the IGF-1R level.
Four donors exhibited very prominent IGF-1R levels
compared with the other donors, whereas in some other
donors IGF-1R was even undetectable. There was no
obvious correlation between sex, age and the IGF-1R level.
These data are consistent with our findings in Fib and SMC
and support the notion that IGF-1R may be subject to a
substantial individual variation.

Growth-promoting activity of insulin analogues in SMC
and Fib To assess if the differences in levels of IGF-1R
system proteins may be critical for the proliferative activity
of insulin and insulin analogues, we monitored DNA
synthesis in SMC and Fib using the incorporation of BrdU
and a highly sensitive chemiluminescence immunoassay.
As presented in Fig. 4a, for SMC donor F56 (high level
of IGF-1R) all insulin analogues and insulin itself induced
a significant stimulation of DNA synthesis, at least at
100 nmol/l. At this concentration, the growth-promoting
activity of glargine was comparable to AspB10 and sig-
nificantly higher than regular insulin. Similar results were
found for M21, with glargine being slightly more potent
than AspB10 and reaching significance compared with
regular insulin at 100 nmol/l (Fig. 4b). Also, the absolute
level of insulin-stimulated DNA synthesis at 100 nmol/l
compared with basal was higher than in any other donor
(183 vs 138% (F56), 145% (M40) and 123% (F16),
Fig. 4a–d), most likely due to the high level of InsR (see

Fig. 1 IGF-1R (a), InsR (b) and IRS-1 (c) levels in different cell
types and donors. Whole-cell lysates were resolved by SDS-PAGE,
blotted and immunodetected with antibodies against IGF-1Rβ, InsRβ
or IRS-1 using the ECL system. Representative blots are shown.
Quantification was performed on a LumiImager work station. The
protein level of differentiated SkM was used as the reference and set
to 100%. The data are presented as means±SEM, n≥3. *p<0.05 for
difference in protein levels between donors of the same cell type
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Fig. 1). Donor F16 showed significant stimulation of DNA
synthesis after treatment with 100 nmol/l insulin and all
insulin analogues except aspart (Fig. 4c). For SMC M40
(Fig. 4d) neither insulin nor the insulin analogues glulisine
and glargine were able to produce a significant stimulation
of DNA synthesis, while for AspB10, lispro and aspart this
was observed. Furthermore, in M40 and F16 (low level of
IGF-1R ) none of the tested analogues was significantly
different from insulin. We therefore conclude that IGF-1R
is of critical importance for the mitogenic activity of insulin
analogues.

Additional evidence for this notion was obtained by
measuring the dose-dependent stimulation of DNA synthe-
sis after incubation with regular insulin, AspB10 and
glargine in the Fib donors F52 and F32. In F52 (high level

of IGF-1R and IRS-1) glargine was significantly more
mitogenic than regular insulin at concentrations between 5
and 100 nmol/l but was not different from insulin in F32
(Fig. 5) at high concentrations of the peptide.

Silencing of IGF-1R and InsR and functional implications
for the growth-promoting activity of insulin analogues To
directly investigate the role of IGF-1R vs InsR in the
augmented proliferative effect of insulin analogues, we
established the in vitro knockdown of IGF-1R and InsR in
Fib of donor F52. Figure 6 shows the quantification of
IGF-1R, InsR, Akt and ERK1/2 levels 72 h after transfection.
The protein level of the non-silencing RNA control was set
to 100%. For IGF-1R we observed a downregulation of the
level of this protein to 4% of the control level after 72 h
(Fig. 6a), while no significant changes in InsR, Akt or
ERK1/2 protein levels (Fig. 6) were observed. However,
the knockdown of InsR to 25% of control levels (Fig. 6b)
raised IGF-1R level to 125% of the non-silencing RNA
control, while Akt and ERK1/2 levels remained unchanged.

We then tested the influence of IGF-1R and InsR
silencing on signal transduction after acute stimulation with
regular insulin, IGF-1, AspB10 and glargine (Fig. 7). The
resulting phospho-signal after 15 min insulin incubation in
‘no transfection’ was set to 100% and all other signals were
referred to it. Akt phosphorylation in response to IGF-1,
AspB10 and glargine was significantly higher compared
with insulin (Fig. 7a). After silencing IGF-1R, the stimu-
lation of Akt phosphorylation by IGF-1, AspB10 and
glargine was significantly reduced by 72, 58 and 40%,
respectively. No changes of Akt activation were observed
for insulin treatment (Fig. 7c). Reduction of the InsR level
to 25% reduced the phosphorylation of Akt after acute
insulin stimulation by 40% (Fig. 7d), while stimulation with
IGF-1, AspB10 and glargine produced an unaltered response
under these conditions.

Stimulation of DNA synthesis by regular insulin, IGF-1
and glargine in IGF-1R-silenced Fib is presented in Fig. 8.
As an additional positive control we used fibroblast basal
medium supplemented with 5% FCS. Basal BrdU incorpo-
ration was set to 100% and used as reference. In the control
situations, incubation of Fib with 5% FCS, IGF-1 and
glargine resulted in a three- to fourfold enhanced growth-

Fig. 3 IGF-1R level in human monocytes. The cells were isolated
from fresh whole-blood samples of 16 randomly chosen healthy
donors. Cell lysates were resolved by SDS-PAGE, blotted and

immunodetected with antibodies against IGF-1Rβ and actin using
the ECL system. The labels above the lanes indicate the sex (M male,
F female) and age of the donors

Fig. 2 Akt (a) and ERK1/2 (b) levels in different cell types and
donors. Cell lysates were immunoblotted for Akt and ERK1/2 and
quantification was performed as outlined in Fig. 1. The data are
presented as means±SEM, n≥3. *p<0.05 for difference in protein
levels between donors of the same cell type

2538 Diabetologia (2007) 50:2534–2543



promoting activity compared with regular insulin. Silencing
of IGF-1R reduced the stimulation of DNA synthesis in
response to IGF-1 and glargine by 60–80%, a level compa-
rable to that produced by insulin. The BrdU incorporation in
response to 5% FCS and insulin itself remained unaffected.

Discussion

Proliferation and migration of smooth muscle cells in
response to growth factors represents a key step in the
initiation of atherosclerosis [24] and it has been shown that
IGF-1 may exert a prominent stimulatory action on this
process [25, 26]. Some insulin analogues were reported to
exhibit a markedly increased IGF-1R affinity and mitogenic
potency, which may represent a still undefined safety risk
[20] regarding atherogenesis. In the present study we have
used primary human cells with a broad range of levels of
IGF-1 signalling system proteins. Our data identify IGF-1R
as the key mediator of the augmented growth-promoting
activity of insulin analogues in SMC and Fib.

A key finding of the present investigation is the
observation that all tested insulin analogues and insulin
itself can exhibit enhanced growth-promoting activity.
Importantly, these results were strictly donor-specific and
correlated with levels of the proteins IGF-1R, InsR and/or
IRS-1. It has been shown that IRS-1 and InsR levels vary in
different tissues of healthy human individuals [27, 28].
Furthermore, we found high variation in IGF-1R levels in
monocytes isolated from a randomly chosen group of 16
healthy donors. In our study we found that Fib and SMC
with higher IGF-1R, InsR and IRS-1 levels had an
increased DNA synthesis when stimulated with insulin or
any tested insulin analogue. The mitogenic potency of
insulin itself is much more dependent on the InsR level, as
observed in several donors and thoroughly supported by
our IGF-1R knockout data (see Fig. 8). We therefore
hypothesise that elevated levels of IGF-1R system proteins
may function as a critical determinant of the mitogenic
potency of insulin analogues. This would also imply an
individual susceptibility to the mitogenic effects of insulin
analogues. Clearly, our study is limited to four donors of

Fig. 4 Effect of regular insulin, AspB10, glargine, IGF-1, glulisine,
lispro and aspart on the incorporation of BrdU into DNA in SMC from
donor F56 (a), donor M21 (b), donor F16 (c) and donor M40 (d). Cells
were serum starved for 24 h and subsequently incubated with BrdU in
the absence or presence of peptide hormones for 16 h (open bars,
10 nmol/l; closed bars, 100 nmol/l. For IGF-1: open bars, 2 nmol/l;

closed bars, 10 nmol/l). Cells were fixed and denatured and the
incorporation of BrdU was determined using an anti-BrdU antibody
and ECL detection. Signals were quantified using LumiImager software.
Data are expressed relative to the basal control value, which was set as
100%. The data are presented as means±SEM, n≥7. n.s. No significant
stimulation over basal; *p<0.05 vs regular insulin
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SMC and two donors of Fib and it remains to be shown
whether elevated levels of IGF-1R system proteins are
relevant in a larger population. On the other hand, our data

obtained in monocytes lend support to this notion. Our
findings are in sharp contrast to a recent publication by
Berti et al. [22], in which they studied the proliferative and
anti-apoptotic effects of regular insulin and glargine in
human coronary artery endothelial and smooth muscle
cells. Both peptides were found to be unable to stimulate
DNA synthesis even at concentrations up to 100 nmol/l. It
was concluded that neither insulin nor glargine may
contribute to the development of atherosclerosis [22]. How-
ever, the levels of IGF-1R and IRS-1 were not determined
and a detailed analysis of separate donors was not presented.
Our results with SMC donor M40 and F16 (low level of IGF-
1R) are indeed consistent with the data of Staiger et al. [22];
however, completely different findings were obtained with
SMC donors F56 and M21. These considerations support
our notion that the individual IGF-1R level of is critical for
the growth-promoting activity of insulin analogues and of
insulin itself. We further conclude that a potential athero-
genic potency of glargine cannot be ruled out.

The molecular basis of the enhanced mitogenic potency
of insulin analogues has remained a controversial issue,
with data favouring either the insulin or the IGF-1R signalling
pathway [29]. Using in vitro knockdown of IGF-1R and
InsR, we here provide direct evidence for a key role of the
IGF–InsR/Akt signalling pathway in the augmented growth-
promoting activity of insulin analogues. IGF-1, AspB10 and
glargine produced a prominent activation of Akt and were
significantly more potent than regular insulin. This is consis-
tent with the well established role of Akt in the regulation of
DNA synthesis, cell proliferation and cell survival [25–27].
Knockdown of IGF-1R by >95% resulted in a substantially
decreased Akt phosphorylation upon treatment with IGF-1,
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Fig. 6 Protein expression after
silencing of IGF-1R and InsR in
Fib. Fib of donor F52 were trans-
fected with 20 or 10 nmol/l siRNA
as described in Methods. Lysates
were prepared 72 h after transfec-
tion, immunoblotted and analysed
for expression of IGF-1R (a),
InsR (b), Akt (c) and ERK1/2 (d).
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AspB10 and glargine. The remaining phosphorylation signal
is probably due to signalling through InsR. Most impor-
tantly, silencing of IGF-1R significantly reduced the effect
of IGF-1 and glargine on DNA synthesis to the level
identical to that observed in response to insulin. The results
obtained by knockdown of InsR further support our notion
that the mitogenic activity of insulin analogues is mediated

by IGF-1R. Despite reducing the InsR level by 75%, the
phosphorylation of Akt after acute stimulation with AspB10
and glargine remained at a high level, while the insulin-
stimulated phosphorylation was significantly reduced by
40%. The remaining Akt phosphorylation signal is probably
due to incomplete knockdown of InsR protein. To the best
of our knowledge this is the first direct demonstration that
the enhanced growth-promoting activity of glargine is
mediated by IGF-1R in primary human cells.

Our results also indicate that regular insulin may have a
higher specificity for its own receptor than AspB10,
glargine and IGF-1. This is based on the observation that
silencing of IGF-1R modified neither Akt activation nor
DNA synthesis in response to insulin up to 100 nmol/l,
which would indicate that insulin acts exclusively through
its own receptor under these conditions. This is consistent
with the data of Li et al. [30], who reported that insulin at
physiological concentrations selectively activates InsR and
subsequently Akt, ERK1/2 and endothelial nitric oxide
synthase. At high concentrations they found that IGF-1Rβ
is also phosphorylated; however, despite blocking the
receptor with antibodies Akt phosphorylation in response
to insulin remained unchanged. We suggest that insulin
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Fig. 7 Akt (Ser473) phosphorylation in IGF-1R- and InsR-silenced
Fib after stimulation with insulin, IGF-1, AspB10 or glargine. After
incubation in the absence or presence of siRNA for 72 h, the cells were
stimulated for 15 min with insulin, AspB10 or glargine at 100 nmol/l
or with IGF-1 at 10 nmol/l. Total cell lysates were resolved by SDS-
PAGE and immunoblotted with a phospho-specific Akt antibody. Blots
were stripped and reprobed with anti-α-tubulin to control for loading
differences. Peptide-stimulated phosphorylation of Akt after no trans-

fection (a), incubation with non-silencing control RNA (b), incubation
with IGF-1R siRNA (c) or incubation with InsR siRNA (d).
Representative western blots are shown. All data were normalised to
the level of α-tubulin expression and are expressed relative to the
insulin-stimulated control value (no transfection, a). The data are
presented as means±SEM, n≥3. *p<0.05 vs insulin-stimulated control.
†p<0.05 vs corresponding values in both control situations. p-Akt
Phosphorylated Akt

Fig. 8 BrdU incorporation into DNA in IGF-1R-silenced Fib after
overnight stimulation with 5% FCS, insulin, IGF-1 or glargine at
10 nmol/l. Basal incorporation was set to 100%. Open bars represent
no transfection, dotted bars represent non-silencing control RNA,
hatched bars represent IGF-1R siRNA. Means±SEM, n≥6. *Signifi-
cantly different (p<0.05) from insulin-stimulated values, †p<0.05 for
downregulation of BrdU incorporation vs no transfection and non-
silencing control siRNA
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analogues act through both InsR and IGF-1R. Under these
conditions the affinity of a certain insulin analogue towards
IGF-1R becomes increasingly important. It has been shown
that AspB10 and glargine have a six to eightfold and
insulin lispro a 1.5-fold higher affinity for IGF-1R than
normal insulin [21], while aspart [31] and glulisine [32, 33]
have a low affinity for IGF-1R, like normal insulin.
Combining an insulin analogue with increased affinity for
IGF-1R with an elevated level of IGF-1R may be a critical
safety issue which needs to be further investigated.

In summary, we show here that regular insulin exhibits a
growth-promoting activity on SMC depending on levels of
insulin and proteins of the IGF-1 signalling pathway. The
enhanced growth-promoting activity of insulin analogues is
exclusively mediated by IGF-1R and further studies on a
potential safety risk of these molecules are urgently
required.
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