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Abstract Aims/hypothesis: We previously demonstrated
that insulin stimulates vascular endothelial growth factor
(VEGF) synthesis and secretion via phosphatidylinositol-3
kinase (PI3-K) and mitogen-activated protein kinase
(MAPK) pathways in vascular smooth muscle cells
(VSMC) from humans and from insulin-sensitive lean
Zucker fa/+ rats. We also showed that this effect is
attenuated in VSMC from insulin-resistant obese Zucker
fa/fa rats. As it is not known whether the effects of insulin
on VEGF involve activation of hypoxia-inducible factor-1
(HIF-1), we aimed to evaluate: (1) whether insulin
modulates HIF-1α protein synthesis and activity; (2) the
insulin signalling pathways involved; and (3) the role of
insulin resistance. Methods: Using aortic VSMC taken
from humans and Zucker rats and cultured in normoxia,
the following were evaluated: (1) dose-dependent (0.5, 1,
2 nmol/l) and time-dependent (2, 4, 6 h) effects exerted by
insulin on HIF-1α content in both nucleus and cytosol,
measured by Western blots; (2) insulin effects on HIF-1
DNA-binding activity on the VEGF gene, measured by
electrophoretic mobility shift assay; and (3) involvement
of the insulin signalling molecules in these insulin actions,
by using the following inhibitors: LY294002 (PI3-K),
PD98059 (extracellular signal regulated kinase [ERK]),

SP600125 (Jun N terminal kinase [JNK]), SB203580 (p38
mitogen-activated protein kinase) and rapamycin (mam-
malian target of rapamycin), and by detecting the insulin
signalling molecules by Western blots. Results: In aortic
VSMC from humans and Zucker fa/+ rats cultured in
normoxia insulin increases the HIF-1α content in cytosol
and nucleus via dose- and time-dependent mechanisms,
and HIF-1 DNA-binding activity on the VEGF gene. The
insulin-induced increase of HIF-1α is blunted by the
translation inhibitor cycloheximide, LY294002, PD98059,
SP600125 and rapamycin, but not by SB203580. It is also
reduced in Zucker fa/fa rats,which present an impaired
ability of insulin to induce Akt, ERK-1/2 and JNK-1/2
phosphorylation. Conclusions/interpretation: These re-
sults provide a biological mechanism for the impaired
collateral vessel formation in obesity.

Keywords c-Jun N-terminal kinase . Hypoxia-inducible
factor . Insulin . Insulin resistance . Mitogen-activated
protein kinase . Obesity . Phosphatidylinositol-3 kinase .
Vascular endothelial growth factor . Vascular smooth
muscle . Zucker rats

Abbreviations EMSA: Electrophoretic mobility shift
assay . ERK: Extracellular signal-regulated kinase . ESM:
Electronic supplementary material . HIF: Hypoxia-
inducible factor . HRE: Hypoxia response element . JNK:
c-Jun N-terminal kinase . MAPK: Mitogen-activated
protein kinase . mTOR: Mammalian target of rapamycin .
PI3-K: Phosphatidylinositol-3 kinase . siRNA: Silencing
RNA . VEGF: Vascular endothelial growth factor . VSMC:
Vascular smooth muscle cells

Introduction

Obese subjects affected by ischaemic heart disease present
a poorer collateral vessel development than non-obese
subjects with a similar number of diseased vessels, degree
of coronary artery stenosis, sex, age and duration of angina
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symptoms [1]. Also, body mass index independently
influences the degree of collateral development in patients
with coronary artery disease [1]. Impairment of vascular
endothelial growth factor (VEGF) synthesis/action could
play a role in this phenomenon, as observed in insulin-
resistant rats [2].

In vascular smooth muscle cells (VSMC) insulin
increases VEGFmRNA expression [3] and protein synthesis
[4] via both phosphatidylinositol 3-kinase (PI3-K) and
mitogen-activated protein kinase (MAPK) pathways [3, 4].
This insulin effect is blunted in obese, insulin-resistant
Zucker fa/fa rats [4], which represent an animal model of
insulin resistance [5]. It is not known whether insulin acts on
the VEGF gene directly or via the transcription factor
hypoxia-inducible factor-1 (HIF-1), named for its ability to
mediate cellular adaptation to oxygen deficiency [6, 7].

HIF-1 is a ‘master switch’ protein generated in response
to hypoxia, able to bind about 60 genes, and to influence
biological events relating to erythropoiesis, vasomotion,
glucose metabolism, cell proliferation/survival, iron me-
tabolism and angiogenesis. VEGF is one of its target genes
[6, 7]. HIF-1 is composed of an α-subunit and a β-subunit
[6, 7]. HIF-1β is a constitutively expressed nuclear trans-
locator protein which binds HIF-1α and allows it to exert
its transcriptional effects, whereas HIF-1α is a cytosolic
protein able to translocate to the nucleus where it associates
with HIF-1β and binds to a consensus sequence present in
the hypoxia response element (HRE) in the promoters of
the oxygen-controlled target genes, thus inducing their
expression [6, 7].

In normoxic conditions, HIF-1α undergoes ubiquitina-
tion followed by rapid proteolytic destruction and inhibi-
tion of transcriptional activity; hypoxia blunts its ubiquitin/
proteasome-mediated degradation thus increasing HIF-1α
stability, nuclear translocation and activity [6, 7]. The HIF-
1 system is also induced in normoxia by cytokines and
growth factors, including insulin, insulin-like growth
factors, transforming growth factor, platelet-derived
growth factor, epidermal growth factor and interleukin-
1β [6, 7]. These compounds induce HIF-α synthesis with
mechanisms involving both the PI3-K and MAPK path-
ways [6, 7].

Insulin stimulates HIF-1α in different cell types, such as
human hepatocellular carcinoma cells, rat skeletal muscle
myoblasts, rat hepatoma cells and human ductal breast
carcinoma cells [8]; insulin-induced stimulation of HIF-1α
mediated by PI3-K has been demonstrated in human
prostate carcinoma cells [9], retinal epithelial cells [10],
and human hepatoma cells [11]. Finally, acute insulin
therapy exacerbates diabetic blood-retinal barrier break-
down via activation of the HIF-1α/VEGF pathway [12].
HIF-1β is constitutively present in the nucleus, and is not
modulated by growth factors, in particular by insulin and
insulin-like growth factor-1 [13]. The role of insulin in the
modulation of HIF-1α protein synthesis and activity in
VSMC and the putative changes of the insulin/HIF-1

pathway in insulin resistance states have not been clarified
as yet. On the other hand, in these cells, the HIF-1 system is
expressed and induced not only by hypoxia [14], but also
by angiotensin-II, thrombin and platelet-derived growth
factor in normoxia [15].

To evaluate whether HIF-1 mediates the insulin-induced
VEGF synthesis and secretion that were observed in VSMC
[4], we designed the present study. It aimed to clarify whether
in aortic VSMC insulin influences HIF-1α protein content in
the cytosol and in the nucleus, and HIF-1α binding to the
HRE on the VEGF gene. We also sought to determine
whether the insulin effects on HIF-1α are mediated by protein
synthesis, involve PI3-K and/or MAPK pathways, and are
preserved in aortic VSMC from obese, insulin-resistant
Zucker fa/fa rats, in which we previously described a
defective insulin-induced VEGF synthesis and secretion [4].
We also assessed the insulin signalling differences in VSMC
from insulin-sensitive and insulin-resistant Zucker rats.

Materials and methods

Research design

Experiments were carried out in normoxic conditions in
cultured aortic VSMC derived from humans and from lean,
insulin-sensitive Zucker fa/+ and obese, insulin-resistant
Zucker fa/fa rats.

To evaluate whether insulin modulates the cytosolic
and nuclear content of HIF-1α time- and dose-depen-
dently Western blots were carried out in VSMC incubated
for 2, 4 or 6 h with 2 nmol/l human regular insulin. Dose-
dependence experiments were carried out by incubating
VSMC with 0.5, 1 or 2 nmol/l insulin for 6 h.

To evaluate whether the insulin effects on HIF-1α
depend on increased protein synthesis, experiments were
repeated in the presence of a 60-min preincubation with the
translation inhibitor cycloheximide (10 μg/ml).To identify
the insulin signalling molecules involved, experiments were
repeated in the presence of a 60-min preincubation with the
PI3-K inhibitor LY294002 (100 μmol/l), the extracellular
signal-regulated kinase (ERK) inhibitor PD98059 (30 μmol/
l); c-Jun N-terminal kinase (JNK) inhibitor SP600125
(30 μmol/l); p38 MAPK inhibitor SB203580 (10 μmol/l)
and rapamycin (20 nmol/l), an inhibitor of mammalian
target of rapamycin (mTOR), a molecule downstream to Akt
in the insulin signalling cascade.

To evaluate whether insulin influences HIF-1α binding
to HRE on the VEGF gene, VSMC nuclear proteins were
submitted to electrophoretic mobility shift assay (EMSA)
with a supershift analysis after a 6-h incubation with
2 nmol/l human regular insulin.

To evaluate whether the insulin influence on VEGF
expression depends on HIF-1α activation, VSMC were
incubated for 8 h with 2 nmol/l human regular insulin with
or without HIF-1α mRNA silencing.
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To confirm the data obtained by insulin signalling
inhibitors, we studied the ability of insulin to induce
phosphorylation of Akt, ERK-1, ERK-2, JNK-1, JNK-2,
and p70S6K, a target of mTOR.

Experiments were carried out following the Principles
of Laboratory Animal Care (NIH publication no.85-23,
revised 1985) and were approved by our Institutional
Ethical Committee.

Chemicals

Human recombinant insulin was obtained from Lilly (Lilly
France, Saint Cloud, Paris, France); CoCl2, LY294002
hydrochloride, PD98059, cycloheximide, rapamycin,
SP600125, SB203580 were from Sigma-Aldrich (St
Louis, MO, USA). The compounds used for Western
blots, EMSA and silent RNA (siRNA) transfection are
detailed below.

Cell culture and characterisation and preparation
of cytosolic and nuclear cell extracts

Experiments were carried out on human aortic VSMC
(Cambrex Bio Science, Milan, Italy) and on VSMC derived
from the aortas of Zucker fa/+ and fa/fa rats isolated and
cultured in our laboratory. The Zucker rats were purchased
from Charles River Laboratories Italy (Calco, Italy), fed with
standard rodent chow and water ad libitum and killed with
CO2 after a 12-h fast when they were 14 weeks old: the aorta
was removed immediately after death. VSMC isolation and
characterisation were performed according to classical
procedures [16] as previously reported [4, 17].

VSMC at the sixth and seventh passages were cultured
in minimal essential medium (MEM) with 10% FCS until
they reached about 80% confluence to prepare cytosolic
and nuclear extracts as described in the Electronic
Supplementary Material (ESM).

Fig. 1 Western immunoblot-
tings and their densitometric
analysis showing: (1) the time-
dependent effects on HIF-1α
protein cytosolic content (a) and
nuclear content (b) elicited by
2 nmol/l insulin incubation for
2, 4 and 6 h in human VSMC
(n=6, ANOVA p=0.0001); and
(2) the dose-dependent effects
on HIF-1α protein cytosolic
content (c) and nuclear content
(d) elicited by 6 h of incubation
with insulin 0.5, 1 and 2 nmol/l
in human VSMC (n=6, ANOVA
p=0.0001). Loading control:
α-Actin and histone H4. Open
bars, control; closed bars, insu-
lin. Blots are representative of
six experiments
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Western blot analysis

To measure HIF-1α, VEGF, and some molecules involved
in the insulin signalling pathway (i.e. phosphorylated and
non-phosphorylated Akt, ERK-1, ERK-2, JNK-1, JNK-2
and p70S6K) VSMC extracts (20 μg) were separated by
8% SDS-PAGE and transferred to Immobilon-P Transfer
Membranes (Millipore Co, Bedford, MA, USA). Mem-
branes were incubated for 60 min with monoclonal
antibodies against all the previously quoted molecules
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) in
PBS containing 0.1% Tween-20 (Sigma-Aldrich). West-
ern blots were carried out as previously described [4] and
detailed in ESM.

As a positive control, we measured HIF-1α nuclear and
cytosolic concentrations after a 6-h incubation with
200 μmol/l CoCl2, which mimics hypoxia.

EMSA with supershift analysis

EMSAwas performed using both the oligonucleotide of the
consensus sequence associated with HIF-1α binding in the
HRE on the VEGF gene and, as a negative control, an

oligonucleotide with a substitution in the HIF-1α binding
motif (Santa Cruz Biotechnology), as detailed in ESM.
Supershift assays were performed as described above, with
the exception that, before incubation with the oligonucle-
otide probes, nuclear extracts were incubated with 5 μl
TransCrutz gel supershift antibody (200 μg/ml) for 30 min
at room temperature.

The DNA-protein complex was resolved by electropho-
resis through 4% polyacrylamide gel in TBE buffer (Tris-
HCl, boric acid, EDTA 2 mmol/l, pH 8.0). Gels were
subsequently dried and autoradiographed by exposure to
X-ray film. Blots were analysed densitometrically using
Kodak 1D Image Analysis Software. The density of the
different bands was quantified as arbitrary units and
changes in protein activity were expressed as percent of
control bands. EMSA was carried out using a 6-h VSMC
incubation both with 2 nmol/l insulin and with 200 μmol/l
CoCl2 used as a positive control.

HIF-1α mRNA silencing

HIF-1α gene silencing was achieved using HIF-1α siRNA
(target-specific 20–25 nucleotide siRNA, which is designed

Fig. 2 a EMSA showing the
ability of a 6-h incubation with
2 nmol/l insulin to increase HIF-
1α binding activity to HRE on
the VEGF gene in human aortic
VSMC (n=4, p=0.0001), and in
VSMC from Zucker fa/+ and fa/
fa rats (n=4 p=0.0001). HIF-1α
supershift analysis was carried
out for control. b, c Western
immunoblotting showing that
HIF-1 α siRNA inhibits the
increase of VEGF and HIF-1α
protein expression induced by
an 8-h incubation with 2 nmol/l
insulin in human (b) and rat
(c) VSMC. Blots are represen-
tative of four experiments
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to knockdown HIF-1α expression) and control siRNA
(non-targeting 20–25 nucleotide siRNA, designed as a
negative control) purchased from Santa Cruz Biotechnol-
ogy, according to the manufacturer’s protocol, as detailed
in ESM.

Statistical analysis

Data in the text and in the figures are expressed as means ±
SEM. Statistical analysis was carried out by ANOVA, and
by unpaired Student’s t-test when only two values had to be
compared. A p value of <0.05 was considered significant.

Results

Studies in human aortic VSMC

Time-dependence and concentration-dependence
of the insulin effects on HIF-1α in human aortic
VSMC

The purity of the cytosolic and nuclear cellular extracts was
confirmed by the fact that α-Actin and histone H4 were
detectable only in the cytosolic and nuclear extracts,
respectively (ESM Fig. 1).

Fig. 3 Western immunoblottings
and densitometric analysis show-
ing that in human VSMC the
increase of HIF-1α synthesis in-
duced by 6 h of incubation with
2 nmol/l insulin is completely
blunted by 60 min of preincuba-
tion with 10 μg/ml cyclohexi-
mide, 30 μmol/l PD98059,
100 μmol/l LY294002, 30 μmol/l
SP600125 and 20 nmol/l rapa-
mycin (p=0.0001 vs insulin
alone), both in the cytosol (a) and
in the nucleus (b). Loading con-
trol, α-Actin and histone H4.
Open bars, control; closed bars,
insulin.Blots are representative of
six experiments
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A 6-h incubation with both insulin (2 nmol/l) and CoCl2
(200 μmol/l) increased cytosolic and nuclear concentration
of HIF-1α (ESM Fig. 1).

Figure 1 shows that incubation with 2 nmol/l insulin
increased HIF-1α protein content in the cytosol (n=6,
ANOVA, p=0.0001) and nucleus (n=6, ANOVA,
p=0.0001). HIF-1α values at 2, 4 and 6 h, both in the
cytosol and in the nucleus, were higher than control values
(p=0.0001), which did not differ from 0 to 6 h (data not
shown).

Figure 1 shows that a 6-h insulin incubation dose-
dependently increased HIF-1α protein content in the
cytosol (n=6, ANOVA, p=0.0001) and nucleus (n=6,
ANOVA, p=0.0001). All the insulin doses employed
(0.5, 1 and 2 nmol/l) exerted a significant effect both in
the cytosol and in the nucleus (n=6, p=0.0001).

Ability of insulin to influence HIF-1α binding
to the HRE on the VEGF gene and to influence
VEGF expression via HIF-1α in human aortic VSMC

Figure 2a shows that a 6-h incubation of human VSMC
with 2 nmol/l insulin increased HIF-1α DNA binding
activity on the VEGF gene (n=4, p=0.0001). The specific-
ity of HIF-1α binding to the VEGF gene was confirmed by
EMSA supershift assay carried out using an antibody
against HIF-1α. These effects could not be detected in the
presence of mutant probes (data not shown).

Figure 2b shows that the insulin-induced protein
expression of VEGF was inhibited by HIF-1α siRNA
(n=4, p=0.0001).

Modulation of insulin-induced HIF-1α synthesis
in human aortic VSMC by inhibitors of protein
synthesis and of PI3-K/Akt, mTOR, ERK, JNK
and p38 MAPK

Figure 3 shows that the increases of HIF-1α content both
in the cytosol and in the nucleus induced by a 6-h insulin
incubation were completely blunted (n=6) by: (1) cyclo-
heximide (10 μg/ml); (2) LY294002 (100 μmol/l); (3)
PD98059 (30 μmol/l); (4) SP600125 (30 μmol/l); (5)
rapamycin (20 nmol/l); but not by SB203580 (10 μmol/l)
(p=ns vs insulin alone).

Insulin signalling in human aortic VSMC

Insulin time- and dose-dependently induced phosphorylation
of Akt (ANOVA, p=0.0001, n=6) (Fig. 4 and ESM Fig. 2),
ERK-1 and ERK-2 (ANOVA, p=0.0001 for both, n=6)
(Fig. 5 and ESM Fig. 3), JNK-1 and JNK-2 (ANOVA,
p=0.0001 for both, n=6) (Fig. 5 and ESM Fig. 3) and of the
mTOR substrate p70S6K (ANOVA, p=0.0001, n=6) (Fig. 4
and ESM Fig. 2).

Studies in aortic VSMC from Zucker fa/+
and fa/fa rats

Figure 2a shows that a 6-h incubation of VSMC from
Zucker fa/+ and fa/fa rats with 2 nmol/l insulin increased
HIF-1α DNA binding activity on the VEGF gene (n=4,
p=0.0001), and that this effect was smaller in VSMC from
Zucker fa/fa vs those from fa/+ rats (n=4, p=0.0001). The
specificity of HIF-1α binding to the VEGF gene was
confirmed by EMSA supershift assay. These insulin effects
could not be detected in the presence of mutant probes
(data not shown).

Figure 2c shows that in VSMC from Zucker fa/+ and fa/
fa rats the insulin-induced synthesis of VEGF was inhibited
by HIF-1α siRNA (n=4, p=0.0001).

Fig. 4 Western immunoblotting and densitometric analysis showing
the time-dependent effects elicited by 2 nmol/l insulin on a Akt
phosphorylation in human VSMC (n=6, ANOVA p=0.0001), and
b P70S6K phosphorylation in human VSMC (n=6, ANOVA
p=0.0001). Open bars, control; closed bars, insulin
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Figures 6 and 7 show that insulin time- and dose-
dependently increased cytosolic and nuclear content of
HIF-1α in VSMC from Zucker fa/+ rats (n=6, ANOVA,
p=0.0001), each time and dose exerting a significant effect
(n=6, p=0.0001).

Even if statistically significant (n=6, ANOVA
p=0.0001), the time-dependent effects exerted by 2 nmol/
l insulin on HIF-1α were lower in VSMC from Zucker fa/
fa rats than from Zucker fa/+ rats (p=0.05 at 2 h and 0.0001
at 4 and 6 h in the cytosol, p=0.0001 at all the times in the
nucleus), whereas baseline HIF-1α content did not differ.

The dose-dependent insulin effects on HIF-1α, even if
statistically significant (n=6, ANOVA p=0.0001), were
lower in VSMC from Zucker fa/fa vs Zucker fa/+ rats
(n=6, p=0.04 with 0.5 nmol/l insulin and p=0.0001 with 1
and 2 nmol/l insulin in the cytosol; p=0.0001 for all the
concentrations in the nucleus).

As previously described in human VSMC, and in VSMC
from both Zucker fa/+ and fa/fa rats, the insulin effects on
cytosolic and nuclear content of HIF-1α were completely
blunted by cycloheximide, LY294002, PD98059,
SP600125, and rapamycin (for all the experiments,

Fig. 5 Western immunoblotting
and densitometric analysis
showing the time-dependent ef-
fects elicited by 2 nmol/l insulin
on a ERK-1 and ERK/2 phos-
phorylation in human VSMC
(n=6, ANOVA p=0.0001) and
b JNK-1 and JNK/2 phosphor-
ylation in human VSMC (n=6,
ANOVA p=0.0001). Open bars,
control; closed bars, insulin
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p=0.0001 vs insulin alone, n=6), but not by SB203580
(p=ns vs insulin alone).

Figure 8 shows that insulin time-dependently induced
Akt phosphorylation in VSMC from both Zucker fa/+
(ANOVA, p=0.0001, n=6) and fa/fa rats (ANOVA,
p=0.0001, n=6). These insulin effects, however, were
smaller in Zucker fa/fa than fa/+ rats at all the incubation
times (p=0.04 to p=0.0001).

Figure 9 shows that insulin time-dependently induced
ERK-1 and ERK-2 phosphorylation in VSMC from both
Zucker fa/+ (ANOVA, p=0.0001, n=6) and fa/fa rats
(ANOVA, p=0.0001, n=6). These insulin effects, however,
were smaller in Zucker fa/fa vs Zucker fa/+ rats at all the
incubation times (p=0.01 to p=0.0001 for ERK-1 and
p=0.05 to p=0.0001 for ERK-2).

Figure 10 shows that insulin time-dependently induced
JNK-1 and JNK-2 phosphorylation in VSMC from both

Zucker fa/+ (ANOVA, p=0.0001 for both, n=6) and fa/fa
rats (ANOVA, p=0.0001 for both, n=6). These insulin
effects, however, were smaller in Zucker fa/fa rats than
Zucker fa/+ rats at all the incubation times (p=0.05 to
p=0.002 for JNK-1 and p=0.05 to p=0.0001 for JNK-2).

In VSMC from both Zucker fa/+ and fa/fa rats, insulin
effects on signalling molecule phosphorylation were dose-
dependent (0.5, 1 and 2 nmol/l): ANOVA p=0.0001 for Akt,
ERK-1, ERK-2, and p70S6K in Zucker fa/+ and fa/fa rats;
ANOVA p=0.0001 for JNK-1 and JNK-2 in Zucker fa/+
rats; ANOVA p=0.006 for JNK-1 and 0.007 for JNK-2 in
Zucker fa/fa rats.

As far as insulin effects on the mTOR substrate p70S6K
phosphorylation are concerned, a similar time-dependent
increase was induced by 2nmol/l insulin in VSMC from both
Zucker fa/+ and fa/fa rats (ANOVA, p=0.0001 for both, n=6).

Fig. 6 Western immunoblot-
tings and densitometric analysis
showing the time-dependent ef-
fects on HIF-1α protein cyto-
solic content (a) and nuclear
content (b) elicited by 2 nmol/l
insulin incubation for 2, 4 and
6 h in VSMC from insulin-
sensitive, lean Zucker fa/+ rats
(open bars) (n=6, ANOVA
p=0.0001) and from insulin-re-
sistant Zucker fa/fa rats (closed
bars) (n=6, ANOVA p=0.0001).
At 2, 4 and 6 h of insulin
incubation HIF-1α concentra-
tions were lower in VSMC from
Zucker fa/fa rats, both in the
cytosol (p=0.05−0.0001) and
the nucleus (p=0.0001). Loading
control: α-Actin and histone H4.
Blots are representative of six
experiments
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Discussion

The present study demonstrates that in aortic VSMC
cultured in normoxia insulin increases HIF-1α protein
content in the cytosol and nucleus and that this effect
accounts for the insulin-induced increase of VEGF
synthesis, as indicated by experiments carried out with
EMSA and mRNA silencing techniques. In VSMC,
therefore, insulin activates the HIF-1/VEGF pathway,
which is deeply involved in new blood vessel formation
[18], thus mimicking the action of hypoxia [19–23].

The study also shows that: (1) the insulin-induced
increase of HIF-1α content in cytosol and nucleus is
attributable to the increase of HIF-1α protein synthesis,

because it is completely blunted by cycloheximide; and (2)
the insulin effects on HIF-1α are attributable to an interplay
between the signalling pathways of PI3-K/Akt and MAPK,
both of them exerting a necessary role, because the insulin
actions are completely blunted both by PI3-K/Akt and by
MAPK inhibitors.

It has already been observed in other cell types such as
retinal pigment epithelial cells [10] that insulin regulates
HIF-1α through a translation-dependent process. The
present study shows that in VSMC the insulin effect is
rapid, because a significant increase of HIF-1α content can
be observed after only 2 h of insulin incubation. Since
cycloheximide is a general inhibitor of protein synthesis
that is able to affect multiple intracellular processes, it

Fig. 7 Western immunoblot-
tings and densitometric analysis
showing the dose-dependent ef-
fects on HIF-1α protein cyto-
solic content (a) and nuclear
content (b) elicited by 6 h of
incubation with 0.5, 1 and
2 nmol/l insulin in VSMC from
insulin-sensitive, lean Zucker
fa/+ rats (open bars) (n=6,
ANOVA p=0.0001) and from
insulin-resistant Zucker fa/fa
rats (closed bars) (n=6, ANOVA
p=0.0001). At all insulin doses,
HIF-1 α concentrations were
lower in VSMC from Zucker
fa/fa rats, both in the cytosol
(p=0.04 to p=0.0001) and the
nucleus (p=0.0001). Loading
control: α-Actin and histone H4.
Blots are representative of six
experiments
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could not be ruled out that the cycloheximide-induced
inhibition of the insulin-elicited HIF-1α synthesis could be
exerted by mechanisms that are not entirely related to
insulin action.

In addition, this study shows that in VSMC insulin
activates signalling pathways that are involved in vasomo-
tion, cell growth and migration, among them the PI3-K/Akt
and MAPK pathways [3, 4, 24]. The involvement of both
the PI3-K and MAPK pathways in the insulin-induced
modulation of HIF-1α synthesis is not surprising because
the same pathways influence the increase of this transcrip-
tion factor by IGF-1 in colon carcinoma cells [25], and are
responsible for the insulin-induced activation of VEGF
mRNA [3] and protein [4] expression in VSMC. The
MAPK pathway consists of three main parallel cascades:
ERK, JNK and p38 MAPK [26]. Our study shows that a
role in the insulin-induced HIF-1α activation is played by
ERK and JNK but not by p38 MAPK. JNK is also involved
in the HIF-1α activity increase elicited by hypoxia [27] and
growth factors [28] in cancer cells. As far as we know, we
are providing here the first evidence that insulin activates
JNK in VSMC as it does in skeletal muscle [29], and that
JNK is involved in the insulin-induced increase of HIF-1α
synthesis.

We also showed that insulin induces phosphorylation of
the mTOR target molecule p70S6K in cultured human and
rat VSMC, and that in the same cells the insulin-induced

synthesis of HIF-1α is blunted by the mTOR inhibitor
rapamycin. mTOR involvement in the insulin-induced
HIF-1α increase has been previously described in retinal
epithelial cells [10]. mTOR is a serine and threonine
protein kinase that plays a role in protein synthesis, cell
growth and proliferation, activated by metabolic agents
(e.g. amino acids and glucose), cytokines and growth
factors, the last acting via the PI3-K/Akt pathway [30].
Furthermore, mTOR plays a pivotal role in the induction of
insulin resistance, mainly by downregulation of insulin
signalling [30]. In our experimental conditions, insulin
elicited a similar degree of phosphorylation in the mTOR
substrate p70S6K in VSMC from insulin-sensitive and
insulin-resistant rats. Further studies, however, are needed
to clarify the complex interrelationships between mTOR
and insulin resistance in cultured cells.

Finally, this study revealed that all the insulin effects on
HIF-1α observed in human aortic VSMC also occur in
aortic VSMC from the insulin-sensitive, lean Zucker fa/+
rats and are deeply impaired in VSMC from insulin-
resistant obese Zucker fa/fa rats, in which impaired insulin-
induced synthesis of VEGF is present in the same cells [4].
The results of the present study, therefore, suggest that
defects in the insulin-induced activation of HIF-1α
synthesis play a role in the reduced VEGF response to
insulin that we previously described in VSMC from Zucker
fa/fa rats [4].

Fig. 8 Western immunoblot-
tings and densitometric analysis
showing the time-dependent
effects on Akt phosphorylation
elicited by 2 nmol/l insulin
incubation in VSMC from in-
sulin-sensitive, lean Zucker fa/+
rats (n=6, ANOVA p=0.0001)
and from insulin-resistant obese
Zucker fa/fa rats (n=6, ANOVA
p=0.0001). At all incubation
times, Akt phosphorylation was
lower in VSMC from Zucker fa/
fa rats than in VSMC from
Zucker fa/+ rats (p=0.04 to
p=0.0001). Blots are represen-
tative of six experiments.
Open bars, control; closed bars,
insulin
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Interestingly, our study shows that in cultured VSMC
from insulin-resistant obese Zucker fa/fa rats, not only the
insulin-induced PI3-K/Akt pathway activation is signifi-
cantly impaired, as previously described by us [4], but also
the MAPK pathway.

Some reports support the concept that insulin resistance
is selective for the PI3-K/Akt pathway [31]. Thus in
vascular preparations of obese vs lean Zucker rats, an
impaired insulin ability to stimulate the PI3-K pathway in
the presence of an intact insulin response of the MAPK
pathway has been described in experiments carried out in
vivo by infusing insulin with the euglycaemic-hyperinsu-
linaemic clamp and ‘ex vivo’ by stimulating intact vessels

(aorta and microvessels from the epididymal fat pads) with
insulin 2 h after their isolation [5]. In another report, using
skeletal muscle biopsy samples obtained before and after a
hyperinsulinaemic-euglycemic clamp in subjects affected
by type 2 diabetes mellitus and obesity, the ability of
insulin to stimulate the PI3-K pathway was deeply
impaired, whereas the insulin effect on the MAPK pathway
was normal when compared with biopsy samples obtained
from normal lean subjects [32]. Another study observed an
impaired increase of Akt phosphorylation and a similar
increase of ERK-1/2 phosphorylation in homogenates of
cardiac tissues derived from obese vs lean Zucker rats
submitted to intravenous insulin infusion before death [33].

Fig. 9 Western immunoblot-
tings (a) showing the time-de-
pendent effects on ERK-1 and
ERK-2 phosphorylation elicited
by 2 nmol/l insulin incubation in
VSMC from insulin-sensitive,
lean Zucker fa/+ rats and from
insulin-resistant obese Zucker
fa/fa rats. b, c Densitometric
analysis of blots (n=6, ANOVA
p=0.0001 for ERK-1 and ERK-2
[b and c, respectively]). At all
the incubation times, ERK-1
and ERK-2 phosphorylation was
lower in VSMC from Zucker
fa/fa rats than in VSMC from
Zucker fa/+ rats (p=0.01 to
p=0.0001 for ERK-1; p=0.05
to p=0.0001 for ERK-2).
Blots are representative of six
experiments. Open bars,
control; closed bars, insulin
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These above-mentioned experiments differed from ours
because tissues were exposed to insulin either in vivo [5,
32, 33] or immediately after death [5], and therefore in a
setting deeply influenced by the complex interrelationships
of factors affecting insulin sensitivity in vivo (i.e.
hormones, growth factors, cytokines, etc.) [34]. Finally,
in fibroblast strains obtained from skin biopsy samples
from nonobese insulin-resistant subjects vs insulin-sensi-
tive subjects, the effects of insulin on PI3-K phosphory-
lation were impaired in the presence of a comparable
insulin-induced MAPK activation [35].

On the other hand, other papers were unable to
demonstrate a selectivity of the insulin resistance for the
PI3-K pathway. In particular arterial perfusion of the

gastrocnemious muscle with insulin induced a significantly
greater ERK-2 activation in lean than in obese Zucker rats
[36]; in vitro incubation with insulin of the skeletal muscles
extensor digitorum longus and soleus induced a signifi-
cantly greater phosphorylation of ERK-1/2 and JNK in
muscle isolated from lean than in muscle from ob/ob mice
[29]; and a 15-min insulin stimulation increased ERK-1/2
and JNK phosphorylation in adipocytes isolated from
healthy subjects but not in adipocytes from type 2 diabetic
patients [37]. The ‘selectivity’ of insulin resistance,
therefore, appears to be specific for some cell types and
strictly dependent on the experimental conditions em-
ployed, such as the animal model. For instance, the same
group of researchers found a ‘selective’ insulin resistance

Fig. 10 Western immunoblot-
tings (a) showing the time-de-
pendent effects on JNK-1 and
JNK-2 phosphorylation elicited
by 2 nmol/l insulin incubation in
VSMC from insulin-sensitive,
lean Zucker fa/+ rats and from
insulin-resistant obese Zucker
fa/fa rats. b, c Densitometric
analysis of blots (n=6, ANOVA
p=0.0001 for JNK-1 and JNK-2
[b and c, respectively]). At all
the incubation times, JNK-1 and
JNK-2 phosphorylation was
lower in VSMC from Zucker fa/
fa rats (p=0.05 to p=0.002 for
JNK-1; p=0.05 to p=0.0001 for
JNK-2). Blots are representative
of six experiments. Open bars,
control; closed bars, insulin
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in skeletal muscle from obese and type 2 diabetic subjects
[32] but not in skeletal muscle from Zucker fa/fa rats [36].

To the best of our knowledge, this is the first study to
address insulin signalling in cultured VSMC from insulin-
resistant animals. It shows that insulin-induced activation
of both PI3-K and MAPK cascades is impaired. It should
be emphasised that we studied pure cultures of VSMC, thus
our results cannot be compared with those obtained in vivo
or ex vivo in microvessels or aortic preparations of obese
Zucker rats [5], not only (as previously mentioned) because
of the lack of the environment of cytokines and growth
factors existing in vivo, but also because of the lack of
endothelial cells which could be the site of ‘selective’
insulin resistance [38].

In conclusion, our results do not support the existence of
a ‘selective impairment’ of PI3-K signalling in cultured rat
VSMC.

Even if the standardised experimental conditions for in
vitro experiments on cultured cells do not fully reproduce a
physiological setting, the insulin-induced modulation of the
HIF-1/VEGF pathway we observed in cultured aortic
VSMC can have some consequences in the complex process
of new blood vessel formation, which recognises three
distinct mechanisms [39]: (1) ‘vasculogenesis’, occurring
mainly in embryonic life; (2) ‘angiogenesis’, consisting of
the sprouting of new capillaries by endothelial cell prolif-
eration and migration, which is able to provide a large
increase in capillary bed size but is relatively ineffective in
enhancing blood flow in the presence of arterial obstruction;
and (3) ‘arteriogenesis’, i.e. maturation or de novo growth of
collateral vessels capable of carrying significant blood flow.

Angiogenesis and arteriogenesis recognise different
stimuli. Angiogenesis in adult life is mainly stimulated
by tissue hypoxia via activation of HIF-1α, and the
consequent transcription of VEGF [39, 40] whereas
arteriogenesis is mainly stimulated by haemodynamic
factors consequent on the arterial stenosis—such as an
increased shear stress—and by accumulation of blood-
derived mononuclear cells at the sites of arterial narrowing,
resulting in release and production of growth factors [41].
Thus, hypoxia itself plays only a minor role in the
stimulation of arteriogenesis, which continues after cor-
rection of tissue ischaemia and can occur in tissues that
were never ischaemic [42].

In this context, the activation of the HIF-1/VEGF
pathway by nonhypoxic mechanisms should be of the
greatest interest. The role of endogenous VEGF in
arteriogenesis has recently been demonstrated, because
VEGF receptor inhibition significantly reduced collateral
vessel formation in a mouse model of hindlimb ischaemia
[43].

But what is the role of VSMC in this context?
Unfortunately, studies concerning the influence exerted
by VSMC in angiogenesis and arteriogenesis are rare. It
has been recently demonstrated, in a canine model of
repetitive coronary occlusion, that intracoronary adminis-
tration of autologous VSMC transfected with the VEGF
gene induces collateral vessel growth [44]. Thus, VSMC
are ideal carriers of VEGF to the vessel wall. Together with

a few other studies [14, 15, 45], our investigation
demonstrates that VSMC physiologically express HIF-1,
and shows that in these cells insulin exerts a clear activating
influence in normoxia, allowing us to speculate that it
could be involved in the collateral vessel formation.

Furthermore, the deep reduction of the insulin effects on
the HIF-1/VEGF pathway we observed in VSMC taken
from a well-known animal model of insulin resistance
supports the hypothesis that this phenomenon can play a
role in the already observed reduction of vascularisation in
the insulin-resistant states [1, 2].

Clinical medicine shows that a successful development
of collateral arteries and new capillaries in ischaemic
tissues can prevent myocardial infarction and lead to limb
salvage [46], whereas defective angiogenesis and arterio-
genesis promote cardiovascular events [47, 48]. It has been
proposed that one possible reason for this kind of vascular
dysfunction can be the impairment of the growth factor
system involved in new vessel formation, the so-called
‘growth factor dysfunction’ [49].

The reduction of the effects of insulin on the HIF-1/
VEGF pathway in VSMC from an animal model of insulin-
resistance and obesity could be an aspect of this ‘growth
factor dysfunction’, providing a possible molecular basis
for the reduced formation of new vessels in the insulin-
resistant states [1, 2] that probably contributes to the
increased prevalence of cardiovascular events observed in
obesity [50].
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