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Summary 
Hyperinsulinemia predicts future cardiovascular events, but may 
also contribute to atherosclerosis. We therefore studied the 
consequences of prolonged insulin treatment of human umbili-
cal vein endothelial cells (HUVEC) on the phosphatidylinositol-
3'-kinase(PI3K)/Akt/nitric oxide(NO)-dependent insulin signal-
ing, together with the expression of the pro-atherogenic mol-
ecule vascular cell adhesion molecule (VCAM)-1. HUVEC were 
incubated with insulin (10–11 to 10–7 M) in short- (30 min) and 
long-term (24 h to 3 days) incubations. In short-term incu-
bations, insulin did not affect constitutive Akt and eNOS at any 
concentration, but significantly increased their active phos-
phorylated forms, and NO production. In long-term incubations, 
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however, such insulin effects on the phosphorylated forms, as 
well as NO production, were attenuated, promoting an effect of 
insulin also at concentrations otherwise ineffective. Such effects 
were accompanied by a boosting of insulin effect on VCAM-1 
surface expression. In contrast, under similar conditions, insulin 
did not exert any significant effect on the surface expression of 
ICAM-1 and E-selectin. Therefore, prolonged exposure of 
HUVEC to high insulin levels induces a downregulation of the 
PI3K/Akt/eNOS axis. Such impairment of insulin signalling in 
states of prolonged hyperinsulinemia pontially contributes to 
detrimental effects on atherogenesis in insulin resistance states, 
such as the metabolic syndrome and type 2 diabetes. 
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Introduction 
Insulin resistance usually precedes by many years the devel-
opment of type 2 diabetes, and during this time causes a compen-
satory hyperinsulinemia (1). Chronic hyperinsulinemia may, 
however, not only be the consequence of insulin resistance, but 
itself contribute to reduced insulin sensitivity (2–7). Insulin initi-
ates its biological effects by binding and activating its tyrosine 
kinase-type insulin receptor (IR) (8), with insulin receptor sub-
strates (IRS)-1 and –2 being major substrates for IR-mediated 
phosphorylation in most cells (9–11). In turn, IRS phosphory-
lation activates phosphatidylinositol-3'-kinase (PI3K), sub-
sequently promoting Akt-mediated glucose transport and the ac-
tivation of endothelial nitric oxide synthase (eNOS) (12, 13), 
thus exerting global anti-atherogenic effects (14). Mice lacking 

IRS-1 or IRS-2 secondary to gene disruption feature insulin re-
sistance, supporting the view of a crucial role of IRS-1 and IRS-2 
and their downstream cascade of events in the normal action of 
insulin in peripheral tissues (15–18). However, while physiologi-
cal concentrations of insulin (in the nanomolar range) activate 
the IR-IRS-1-PI3K-Akt axis, promoting glucose transport, NO-
mediated vasodilation and anti-atherogenesis, the higher insulin 
concentrations occurring in hyperinsulinemic states may them-
selves impair such signalling axis. Indeed, studies in vitro explor-
ing the consequences of short exposures of L6 myoblasts to high 
insulin levels have shown a reduction in IRS-1 activation and a 
desensitization of the IRS-1-mediated insulin signalling (6). In 
addition, hyperinsulinemic animal models, such as the ob/ob 
mouse and the Zucker obese rat, have low IRS-1 and IRS-2 pro-
tein levels in the liver (19). Finally, in chronic hyperinsulinemic 
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rats, insulin resistance is accompanied by an impairment of the 
insulin-induced IR/IRSs/PI3K/Akt pathway in the liver and the 
striated muscle (7), and the continuous exposure of cultured 
myoblasts to high insulin is associated with an impairment of the 
metabolic insulin signalling through decreased IR, IRS-1, PI3K 
and Akt activities (6).  

We hypothesized that a similar impairment of the anti-athe-
rogenic insulin signalling may occur in endothelial cells as a con-
sequence of exposure to high insulin for prolonged times, favor-
ing endothelial activation and the promotion of early athero-
sclerosis. We therefore studied the consequences of prolonged 
insulin treatment of endothelial cells on the PI3K/Akt/NO-de-
pendent signalling pathway, and the expression of vascular cell 
adhesion molecule (VCAM)-1, marking and mediating the tran-
sition towards a pro-atherogenic endothelial phenotype (20).  

Materials and methods 
Materials 
Human recombinant insulin was purchased from Novo-Nordisk 
Farmaceutici S.p.A. (Rome, Italy). The monoclonal antibodies 
against VCAM-1 (Ab E1/6), E-selectin (Ab H18/7), intercellular 
adhesion molecule-1 (ICAM-1, Ab Hu 5/3), and against a consti-
tutive and non-cytokine inducible endothelial antigen (Ab E1/1) 
were kindly provided by M.A. Gimbrone Jr, Brigham & 
Women’s Hospital (Boston, MA, USA). All reagents were pur-
chased by Sigma Aldrich (Sigma-Aldrich, St Louis, MO, USA), 
unless otherwise specified.  

Cell cultures  
Human umbilical vein endothelial cells (HUVEC) were har-
vested enzymatically with Type-II collagenase at 0.1 mg/ml from 
umbilical cords (14, 21), and maintained in Medium 199 (Gibco 
BRL, Life Technologies Inc., Milan, Italy), containing HEPES 
(25 mM), heparin (50 U/ml), endothelial cell growth factor 
(ECGF, 50 μg/ml), L-glutamine (2 mM), penicillin (100 U/ml), 
streptomycin sulfate (100 µg/ml), and 15% fetal calf serum 
(FCS, BioWhittaker, Bergamo, Italy) for both short-term and 
long-term incubation experiments. Purity of cultures (>90%) 
was evaluated by von Willebrand factor immunostaining. Sub-
confluent HUVEC at passages 2–4 were used for all the experi-
ments. Cell viability after treatments was assessed by evaluating 
several parameters, including cell morphology at phase-contrast 
microscopy, Trypan blue exclusion, as well as determinations of 
total proteins and of the surface expression of the constitutive 
and non-cytokine-inducible endothelial cell antigen (E1/1) (14). 

Cell surface immunoassays 
Assays of cell surface molecules were carried out by cell surface 
enzyme immunoassays (EIAs), using mouse anti-human mono-
clonal antibodies against VCAM-1, ICAM-1 and E-selectin, as 
described (14). 

Adhesion assays  
HUVEC grown at confluence in six-well plates were incubated 
with 1 ml of 1 × 106 cells/ml U937 cell suspension (American 
Tissue Culture Collection, Rockville, MD, USA), under rotating 
conditions (63 rpm) at room temperature. To test the VCAM-

1-dependence of adhesion, some monolayers were preincubated 
for 30 minutes (min) at 37°C with the mouse anti-human mono-
clonal antibody E1/6 against VCAM-1. After 10 min incubation 
with U937 cell suspension, non-adhering cells were removed 
and monolayers were fixed with 1% paraformaldehyde. Control 
experiments were run with the E1/1 antibody against a constitut-
ive and non-cytokine inducible endothelial antigen. The number 
of adherent cells was determined by counting eight different 
high-power fields (hpf) using an ocular grid and a 20× objective 
(0.09 mm2/field). Fields for counting adherent leukocytes were 
randomly located at half-radius distance from the center of the 
monolayers. 

Immunoblotting  
Total proteins were isolated from HUVEC in an ice-cold radio-
immunoprecipitation assay (RIPA) buffer. Proteins (15 µg/lane) 
were separated under reducing conditions by electrophoresis on 
5–20% SDS-polyacrylamide gradient gel and electroblotted 
onto polyvinylidene fluoride membranes (Immobilon-P; Milli-
pore, Bedford, MA, USA). After blocking in TRIS-buffered sa-
line (20 mM TRIS, pH 7.6, 132 mM NaCl) containing 5% non-
fat powdered milk and 0.1% Tween 20 for 1 hour (h) at 4°C, the 
membranes were incubated overnight at 4°C with the following 
primary antibodies: i) anti-Ser 473-phosphorylated and consti-
tutive Akt (Cell Signaling Technology, Danvers, MA, USA); ii) 
anti-Ser 1146-phosphorylated (Cell Signaling Technology), and 
constitutive endothelial nitric oxide synthase (eNOS, Transduc-
tion Laboratories, San Diego, CA, USA); iii) anti-insulin recep-
tor α-subunit (IR-α, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA); iv) anti-IRS-1 (Santa Cruz). Each blot was incubated with 
horseradish peroxidase-coupled secondary antibodies, washed 
and then developed using a SuperSignal West Pico Chemilumi-
nescent Substrate Kit (Pierce, Rockford, IL, USA). Equal load-
ing/equal protein transferring were verified by stripping and rep-
robing each blot with an anti-β-actin antibody (Sigma). 

Nitrite assays  
Nitrite, a stable end-product of nitric oxide, was measured using 
the Griess reagent (1% sulphanilic acid and 0.1% N-[1-naphtyl] 
ethylenediamine-HCl in 5% phosphoric acid). Equal volumes of 
medium and Griess reagent were mixed, and the resulting purple 
product quantified by spectrophotometric assay at 550 nm. Ni-
trite concentrations were calculated from a linear standard curve 
constructed with known concentrations of sodium nitrite (0– 
14 µM nitrite). 

Statistical analysis  
Two-group comparisons were performed by the Student’s t-test 
for unpaired values. Comparisons of means of ≥3 groups were 
performed by analysis of variance (ANOVA), and the existence 
of individual differences, in case of significant F values at 
ANOVA, tested by Scheffé’s multiple contrasts. All results here 
reported are the means of at least three experimental replicates. 

Results  
Prolonged exposure to high insulin concentrations desensitizes 
the PI3K/Akt/NO-dependent insulin signalling in human en-
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dothelial cells. To investigate the alterations on the PI3K/Akt/
NO-dependent insulin signalling pathway caused by prolonged 
insulin exposure to endothelial cells, we treated HUVEC for a 
time period between 30 min and three days with increasing con-
centrations of insulin (from 10–11 to 10–7 M), spanning from 
physiological to pathophysiological and pharmacological con-
centrations (22). At the end of treatments, activation of Akt was 
determined by immunoblotting with an antibody directed 
against the active form of Akt (Ser-473 Akt) (8). Short-term (30 
min) insulin treatment (10–11–10–7 M) (Fig. 1A) caused a prompt 
concentration-dependent and significant increase in serine phos-
phorylation of Akt. Compared with such stimulation, prolonged 
treatment (3 days) with insulin (Fig. 1B) caused a much lesser in-
crease in phosphorylated Akt expression, with an actual reversal 
of the effect at pathophysiological concentrations (≥10–9 M) 
(Fig. 1B), indicating a desensitization of the metabolic insulin 

signalling pathway. Since low (physiological) concentrations of 
insulin (10–11–10–9 M) still increased phosphorylated Akt ex-
pression (Fig. 1B), this indicates the preservation of some ability 
of insulin, at low concentrations, to signal through the metabolic, 
anti-inflammatory arm. 

To determine whether such reduction of endothelial Akt ac-
tivity in response to high insulin concentrations for prolonged 
times also has downstream consequences, we next evaluated the 
activation of eNOS by immunoblotting with an antibody di-
rected against the active form of eNOS (Ser-1146 phosphoryated 
eNOS). The activation of eNOS paralleled Akt activity up to 10–8 
M (Fig. 2). We also evaluated eNOS activity by determining ni-
trite levels in the supernatants. Whereas short-term (30 min) in-
sulin treatment (10–10–10–7 M) caused a significant and concen-
tration-dependent increase of nitrite production in HUVEC (see 
suplementary Fig. 1A online at www.thrombosis-online.com), 

Figure 1:  The effect of short-term or 
long-term HUVEC exposure to insulin 
on phosphorylated (p)-Akt/Akt in 
HUVEC. Subconfluent HUVEC were treated 
with the indicated concentrations of insulin for 
30 min (A) or 3 days (B). Lower panels: densi-
tometric quantification of Akt activation ex-
pressed as the ratio of Ser-473 Akt (p-Akt) 
over total Akt protein. * = p <0.05 and ** = p 
<0.01 versus unstimulated HUVEC. The blots 
represented in the upper panels are represen-
tative of a series of n=3 experiments, with 
similar results. 

Figure 2:  The effect of short-term or 
long-term HUVEC exposure to insulin 
on phosphorylated (p)-eNOS/eNOS in 
HUVEC. Subconfluent HUVEC were treated 
with the indicated concentrations of insulin for 
30 min (A) or 3 days (B). Lower panels: densi-
tometric quantification of eNOS activation ex-
pressed as the ratio of Ser-1146 phosphory-
lated eNOS (p-eNOS) over total eNOS pro-
tein. * = p <0.05 and ** = p <0.01 versus un-
stimulated HUVEC. The blots represented in 
the upper panels are representative of a series 
of n=3 experiments, with similar results. 
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prolonged insulin treatment (10–9–10–7 M) had a much more 
blunted or actually inhibitory effect in endothelial nitrite produc-
tion (see suplementary Fig. 1B online at www.thrombosis-on
line.com). Intermediate exposure times to insulin (24 h) had in-
termediate effects on all three parameters tested (data not 
shown). 

To evaluate whether the attenuation observed in the 
PI3K/Akt/NO signalling upon prolonged incubations with high 
insulin concentrations occurred because of insulin-induced IR-α 
degradation, we quantified the total amount of IR-α in insulin-
treated endothelial cells by immunoblotting with antibodies 

against IR-α. The expression of IR-α was not affected by differ-
ent culture conditions of endothelial cells, either with short-term 
(30 min) or long-term (3 days) insulin (10–10–10–7 M) exposure 
times (see suplementary Fig. 2A, B online at www.thrombosis-
online.com).  

We also tested the possibility that a prolonged exposure to in-
sulin might affect protein levels of insulin receptor substrate 
(IRS)-1. As for IR-α, IRS-1 was found not to be affected by 
either short (30 min)- or long-term (3 days) insulin exposure 
(10–10–10–7 M) (see suplementary Fig. 2A, B online at www.
thrombosis-online.com). This indicated that a reduction of insu-
lin signalling has to depend on a perturbation in the signalling 
pathway downstream to the IR. 

Effect of insulin stimulation on VCAM-1 surface 
expression and monocytoid cell adhesion to cultured 
endothelial cells 
To evaluate whether the attenuation observed in the PI3K/Akt 
signalling with prolonged exposure to high insulin concen-
trations influences the appearance of a pro-atherogenic pheno-
type in endothelial cells, we analyzed the expression of vascular 
cell adhesion molecule (VCAM)-1, probably the adhesion mol-
ecule most relevant to the development of early atherogenesis 
(20). Compared with untreated cells, VCAM-1 surface ex-
pression increased by about two-fold, on the average, following 
treatment with insulin (10–9–10–7 M) for 24 h (Fig. 3), and this 
trend was substantially maintained after three days incubation, 
albeit to a lesser final extent (Fig. 3, open squares). Despite an 
overall lower stimulability of cells in three-days incubations, in-
sulin boosted VCAM-1 expression. On the contrary, a short-term 
(30 min) insulin treatment did not cause any effect on VCAM-1 
surface expression (data not shown). Under no such conditions 
did insulin exert any significant effect on ICAM-1 and E-selec-
tin (data not shown). 

Tumor necrosis factor (TNF)-α is potent inflammatory and 
insulin resistance mediator, known to synergize with other in-

Figure 3:  The effect of prolonged exposure to insulin on 
HUVEC responsivity to insulin and/or TNF-α. HUVEC were pre-
exposed to the indicated concentrations of insulin for 24 hours (closed 
suares) or 3 days (open squares), followed by a second treatment with 
1 ng/ml TNF-α overnight (12 h). Results are expressed as percent of 
control in the absence of insulin, and are mean ± SD from three experi-
ments, each consisting of eight replicates per condition. * = p <0.05 and 
versus unstimulated HUVEC and ** = p <0.05 and versus TNF-stimu-
lated HUVEC.  

Figure 4: The effect of short-term or 
long-term insulin exposure on monocy-
toid cell adhesion to HUVEC. HUVEC 
were treated with the indicated concentrations 
of insulin for 24 h (A) or 3 days (B). Adhesion 
of monocytoid U937 cells was evaluated in a 
rotational adhesion assay, as described in Meth-
ods. In f, HUVEC were incubated with 10–8 M 
insulin + the anti-VCAM-1 monoclonal anti-
body E1/6. Numbers of adhering U937 cells 
were expressed as mean ± SD of adhering cells 
from three experiments, each consisting of 
eight counts per condition. ∗ = p <0.05 versus 
unstimulated control; ∗∗ = p <0.01 versus un-
stimulated control. 
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flammatory stimuli in the upregulation of endothelial adhesion 
molecule expression during immune and inflammatory pro-
cesses (13). We have recently shown the ability of insulin to syn-
ergize with TNF-α in enhancing VCAM-1 expression when co-
incubated with TNF-α for 16 h in endothelial cells (23). To inves-
tigate the responsiveness of surface VCAM-1 to TNF-α in en-
dothelial cells pre-exposed to insulin for various times, HUVEC 
were pre-exposed for 24 h or three days to increasing insulin con-
centrations, followed by a second treatment with 1 ng/ml TNF-α 
overnight (12 h). Compared with insulin-treated cells, VCAM-1 
surface expression increased by about two-fold, on the average, 
following treatment with insulin (10–9–10–7 M) + TNF-α for 24 h 
(Fig. 3). This trend was substantially maintained after three days 
incubation (Fig. 3, open squares), albeit to a lesser final extent, 
reflecting an overall lower endothelial cell stimulability in pro-
longed incubations. No effect was seen with 30 min insulin incu-
bations. 

Because the induction of VCAM-1 on the endothelium is 
known to support monocyte adhesion, we also examined the 
functional consequences of a short-term or prolonged endothe-
lial treatment with insulin in terms of monocytoid (U937 cell) 
adhesion to endothelial cells. In agreement with data on 
VCAM-1 surface expression, while short-term (30 min) expo-
sure of HUVEC to pathophysiologically relevant concentrations 
of insulin (10–9–10–7 M) did not cause any effect on U937 cell ad-
hesion (data not shown), prolonged (24 h) insulin treatment 
(10–9–10–7 M) produced a significant and concentration-depend-
ent increase in U937 cell adhesion compared with control, un-
stimulated cells (Fig. 4A). This trend was substantially main-
tained after three days incubation, albeit to a lesser final extent 
(Fig. 4B), but in this case with a shift to the left of the insulin con-
centration-response curve, with increased U937 cell adhesion al-
ready occurring at the otherwise ineffective 10–9 M insulin. 
Stimulation of endothelial cells with bacterial lipopolysacchar-
ide (LPS, 1 µg/mL for 24 h/3 days), used as a positive control, al-
ways caused a much more robust increase in U937 cell adhesion 
(Fig. 4). Pre-incubation of endothelial monolayers with the 
mouse monoclonal antibody E1/1 against a constitutive and non-
cytokine-inducible surface endothelial antigen (14), used as con-
trol for non-specific inhibition or non-specific induction of bind-
ing, did not cause any change in U937 cell adhesion compared 
with untreated cells, nor inhibition of adhesion compared with 
insulin-treated cells, both in short- and long-term incubations 
(see suplementary Fig. 3 online at www.thrombosis-online.
com). 

To investigate the relationship of insulin-stimulated 
VCAM-1 expression with endothelial production of NO, we 
treated HUVEC with the inhibitor of eNOS L-NAME (10–4 M), 
in the presence or absence of a high insulin concentration (10–8 
M). At EIA, the NOS inhibitor itself (10–4 M) mimicked the ef-
fect of high insulin (10–8 M) by increasing VCAM-1 surface ex-
pression (to 143 ± 4 % of unstimulated cells, p <0.05 vs. base-
line), suggesting that the inhibition of eNOS, which is a down-
stream mediator of the PI3K-Akt pathway, may largely explain 
the effect of insulin on VCAM-1 expression. Here high insulin 
(10–8 M) increased VCAM-1 expression (to 180 ± 5% of un-
stimulated cells, p <0.05 vs. baseline). However, we also ob-
served a little, but statistically significant, further induction of 

VCAM-1 expression after co-treatment of endothelial cells with 
high insulin (10–8 M) and L-NAME (10 –4 M) (up to 214 ± 0.3 % 
of unstimulated cells, p <0.05 vs. insulin-stimulated cells), sug-
gesting that the effect of high insulin on VCAM-1 expression 
cannot be explained only as a consequence of the inhibition of 
the PI3K-Akt-eNOS axis, but also may occur through the acti-
vation of the known alternative, opposing, MAP-Kinase-me-
diated pathway. 

Discussion 
The present study demonstrates that high insulin concentrations, 
mimicking conditions in vivo of hyperinsulinemia occurring in 
the metabolic syndrome and in insulin resistance, by themselves 
chronically attenuate the PI3K/Akt/NO axis, leading to the pro-
motion of an overall endothelial pro-atherogenic phenotype. 
This is consistent with the hypothesis of a balance in vivo in the 
endothelial insulin signalling between a pro- and an anti-athero-
genic arm, linking insulin with endothelial VCAM-1 expression 
(24, 25), likely modulated in conditions of insulin resistance 
(26). In the context of the preservation of the ability of insulin to 
signal through the mitogenic, pro-inflammatory arm, previously 
shown not to be affected in conditions of insulin resistance (24, 
25, 27), these data offer a plausible explanation for the pro-
motion of VCAM-1 expression in conditions of long-term expo-
sure to insulin. Attenuated insulin signalling has been proposed 
to result from alterations in both the IR and post-receptor signal-
ling (28). The IR is a heterodimeric protein complex, with an in-
tracellular β-subunit (IR-β) and an extracellular α-subunit 
(IR-α). Insulin binds to the IR through IR-α. We show here that 
the duration of exposure affects signalling events downstream to 

What is known about this topic? 
− Hyperinsulinemia predicts future cardiovascular events, 

but may also contribute to atherosclerosis.  
− Hyperinsulinemia has been shown to induce a pro-athero-

genic endothelial phenotype, favoring the expression of 
endothelial leukocyte adhesion molecules (endothelial ac-
tivation).  

−  Τhe effects of the duration of endothelial cell exposure to 
insulin on endothelial activation is unknown. 

What does this paper add? 
− Treatment of human umbilical vein endothelial cells 

(HUVEC) with insulin (10–11 to 10–7 M) in long-term 
(24 hours to 3 days) incubations significantly attenuated 
insulin-induction of the active phosphorylated forms of 
Akt and eNOS as well as NO production compared with a 
short-term (30 min) exposure. 

− This effect was accompanied by an increase in VCAM-1 
expression compared with short-term incubations. 

− Such impairment of insulin signaling in states of prolong-
ed hyperinsulinemia potentially contributes to detrimental 
effects on atherogenesis in the metabolic syndrome and 
type 2 diabetes.
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the insulin receptor and not affecting the total amount of proteins 
(kinases) involved in insulin signal transduction (such as IR-
α/IRS-1 protein levels), but rather affects functional phosphory-
lation events affecting Akt/eNOS activities, which are key steps 
in controlling the altered responsiveness of endothelial cells to 
insulin. Finally, we here provide evidence for a plausible link be-
tween high insulin-elicited eNOS downregulation and the in-
creased pro-atherogenic endothelial phenotype represented by 
increased VCAM-1 surface expression. Possible finer mech-
anisms include phosphoinositide-dependent protein kinase 
(PDK1) and PDK2 inhibition or impaired Akt phosphorylation 
by PDK1 due to a defective translocation of Akt to plasma mem-
brane (29).  

The effects of prolonged incubation with high insulin on the 
insulin signalling pathway observed here in endothelial cells are 
at least partially in keeping with data obtained by others in 
muscle, adipocytes and myocytes (5, 6). In these other cell types, 
IRS-1 and IR-α protein contents were, however, reduced by 
long-term insulin treatment, at variance from our observations. 
Comparisons among these studies are in any case difficult be-
cause of the differences in human cell culture models.  

Whether the effects here described are also operational in 
vivo in inducing endothelial insulin resistance in hyperinsuli-
nemic conditions should be investigated at this point by studies 
in vivo. 

References 
1. Kashyap SR, Defronzo RA. The insulin resistance 
syndrome: physiological considerations. Diab Vasc Dis 
Res 2007; 4: 13–19. 
2. Del Prato S, Leonetti F, Simonson DC, et al. Effect 
of sustained physiologic hyperinsulinaemia and hyper-
glycaemia on insulin secretion and insulin sensitivity in 
man. Diabetologia 1994; 37: 1025–1035. 
3. Koopmans SJ, Ohman L, Haywood JR, et al. Seven 
days of euglycemic hyperinsulinemia induces insulin 
resistance for glucose metabolism but not hyperten-
sion, elevated catecholamine levels, or increased so-
dium retention in conscious normal rats. Diabetes 
1997; 46: 1572–1578. 
4. Hirashima Y, Tsuruzoe K, Kodama S, et al. Insulin 
down-regulates insulin receptor substrate-2 expression 
through the phosphatidylinositol 3-kinase/Akt path-
way. J Endocrinol 2003; 179: 253–266. 
5. Pirola L, Bonnafous S, Johnston AM, et al. Phosp-
hoinositide 3-kinase-mediated reduction of insulin re-
ceptor substrate-1/2 protein expression via different 
mechanisms contributes to the insulin-induced desen-
sitization of its signaling pathways in L6 muscle cells. 
J Biol Chem 2003; 278: 15641–15651. 
6. Bertacca A, Ciccarone A, Cecchetti P, et al. Con-
tinually high insulin levels impair Akt phosphorylation 
and glucose transport in human myoblasts. Metabolism 
2005; 54: 1687–1693. 
7. Ueno M, Carvalheira JB, Tambascia RC, et al. Regu-
lation of insulin signalling by hyperinsulinaemia: role of 
IRS-1/2 serine phosphorylation and the mTOR/p70 S6K 
pathway. Diabetologia 2005; 48: 506–518. 
8. Taniguchi CM, Emanuelli B, Kahn CR. Critical 
nodes in signalling pathways: insights into insulin ac-
tion. Nat Rev Mol Cell Biol 2006; 7: 85–96. 
9. Sun XJ, Rothenberg P, Kahn CR, et al. Structure of 
the insulin receptor substrate IRS-1 defines a unique 
signal transduction protein. Nature 1991; 352: 73–77. 
10. Tanti JF, Gual P, Gremeaux T, et al. Alteration in in-
sulin action: role of IRS-1 serine phosphorylation in the 
retroregulation of insulin signalling. Ann Endocrinol 
(Paris) 2004; 65: 43–48. 

11. Gual P, Le Marchand-Brustel Y, Tanti JF. Positive 
and negative regulation of insulin signaling through 
IRS-1 phosphorylation. Biochimie 2004; 87: 99–109. 
12. Zeng G, Quon MJ. Insulin-stimulated production of 
nitric oxide is inhibited by wortmannin. Direct 
measurement in vascular endothelial cells. J Clin Invest 
1996; 98: 894–898. 
13. Jersmann HP, Hii CS, Ferrante JV, et al. Bacterial li-
popolysaccharide and tumor necrosis factor alpha syn-
ergistically increase expression of human endothelial 
adhesion molecules through activation of NF-kappaB 
and p38 mitogen-activated protein kinase signaling 
pathways. Infect Immun 2001; 69: 1273–1279. 
14. De Caterina R, Libby P, Peng HB, et al. Nitric oxide 
decreases cytokine-induced endothelial activation. Ni-
tric oxide selectively reduces endothelial expression of 
adhesion molecules and proinflammatory cytokines. J 
Clin Invest 1995; 96: 60–68. 
15. Araki E, Lipes MA, Patti ME, et al. Alternative 
pathway of insulin signalling in mice with targeted dis-
ruption of the IRS-1 gene. Nature 1994; 372: 186–190. 
16. Bruning JC, Winnay J, Bonner-Weir S, et al. Devel-
opment of a novel polygenic model of NIDDM in mice 
heterozygous for IR and IRS-1 null alleles. Cell 1997; 
88: 561–572. 
17. Kido Y, Burks DJ, Withers D, et al. Tissue-specific 
insulin resistance in mice with mutations in the insulin 
receptor, IRS-1, and IRS-2. J Clin Invest 2000; 105: 
199–205. 
18. Shirakami A, Toyonaga T, Tsuruzoe K, et al. Het-
erozygous knockout of the IRS-1 gene in mice en-
hances obesity-linked insulin resistance: a possible 
model for the development of type 2 diabetes. J Endo-
crinol 2002; 174: 309–319. 
19. Saad MJ, Araki E, Miralpeix M, et al. Regulation of 
insulin receptor substrate-1 in liver and muscle of ani-
mal models of insulin resistance. J Clin Invest 1992; 
90: 1839–1849. 
20. Cybulsky MI, Iiyama K, Li H, et al. A major role for 
VCAM-1, but not ICAM-1, in early atherosclerosis. J 
Clin Invest 2001; 107: 1255–1262. 

21. Carluccio MA, Siculella L, Ancora MA, et al. Olive 
oil and red wine antioxidant polyphenols inhibit en-
dothelial activation: antiatherogenic properties of 
Mediterranean diet phytochemicals. Arterioscler 
Thromb Vasc Biol 2003; 23: 622–629. 
22. Saad MF, Knowler WC, Pettitt DJ, et al. Sequential 
changes in serum insulin concentration during devel-
opment of non-insulin-dependent diabetes. Lancet 
1989; 1: 1356–1359. 
23. Madonna R, Massaro M, De Caterina R. Insulin po-
tentiates cytokine-induced VCAM-1 expression in 
human endothelial cells. Biochim Biophys Acta 2008; 
1782: 511–516. 
24. Montagnani M, Golovchenko I, Kim I, et al. In-
hibition of phosphatidylinositol 3-kinase enhances mi-
togenic actions of insulin in endothelial cells. J Biol 
Chem 2002; 277: 1794–1799. 
25. Madonna R, Pandolfi A, Massaro M, et al. Insulin 
enhances vascular cell adhesion molecule-1 expression 
in human cultured endothelial cells through a pro-athe-
rogenic pathway mediated by p38 mitogen-activated 
protein-kinase. Diabetologia 2004; 47: 532–536. 
26. Jiang ZY, Lin YW, Clemont A, et al. Characteriz-
ation of selective resistance to insulin signaling in the 
vasculature of obese Zucker (fa/fa) rats. J Clin Invest 
1999; 104: 447–457. 
27. Madonna R, Massaro M, Pandolfi A, et al. The 
prominent role of p38 mitogen-activated protein kinase 
in insulin-mediated enhancement of VCAM-1 ex-
pression in endothelial cells. Int J Immunopathol Phar-
macol 2007; 20: 539–555. 
28. Heydrick SJ, Jullien D, Gautier N, et al. Defect in 
skeletal muscle phosphatidylinositol-3-kinase in obese 
insulin-resistant mice. J Clin Invest 1993; 91: 
1358–1366. 
29. Le Roith D, Zick Y. Recent advances in our under-
standing of insulin action and insulin resistance. Dia-
betes Care 2001; 24: 588–597.


