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Abstract
Aims/hypothesis Atorvastatin exerts beneficial vascular
effects in diabetes, but the underlying mechanisms are yet
to be elucidated. The aim of the present study was to
determine whether Rac-1 is involved in the effect of
atorvastatin on oxidative stress and vascular dysfunction.
Materials and methods Using human aortic endothelial cells
(HAECs) we evaluated the effect of high glucose levels on
peroxide production by dihydrodichlorofluorescein and on
Rac-1 activity using immunocytochemistry to detect Rac-1
translocation to the membrane. We evaluated vascular func-
tion, peroxide production by dihydroethidium and NADPH
oxidase activity in vessels from atorvastatin-treated mice.
Rac-1 activity was also assessed, both by immunoprecipitation
of the Rac–p21-activated kinase complex and by analysis of
Rac-1 translocation to the membrane. These experiments were
also conducted in vessels infected with an adenoviral vector
carrying a constitutively active mutant of Rac-1.
Results In HAECs exposed to high glucose levels, atorvas-
tatin prevented oxidative stress, and this protection was
associated with impaired Rac-1 activation. This effect was
also observed in a murine model of diabetes mellitus. More
importantly, the addition of geranylgeranyl pyrophosphate
(GGPP) blocked the effects of atorvastatin in both glucose-
exposed HAECs and diabetic vessels. Atorvastatin failed to

afford protection against vascular abnormalities in the
presence of a constitutively active mutant of Rac-1.
Conclusions/interpretation The results of this study dem-
onstrate that the vascular antioxidant effect of atorvastatin
in diabetes is mediated through inhibition of Rac-1 via a
reduction in GGPP. Thus, selective Rac-1 inhibition should
be considered in the design of novel pharmacological
strategies to reduce the impact of diabetes mellitus on
vascular function.
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Abbreviations
DCHF dihydrodichlorofluorescein
DHE dihydroethidium
FPP farnesyl pyrophosphate
GFP green fluorescent protein
GGPP geranylgeranyl pyrophosphate
GST glutathione S-transferase
HAECs human aortic endothelial cells
PAK p21-activated kinase
Phe phenylephrine
ROS reactive oxygen species
SNP sodium nitroprusside

Introduction

Diabetes mellitus is increasing at epidemic proportions
throughout the world and is considered one of the main
threats to human health. The injury induced by diabetes
mellitus on micro- and macrovessels is considered the main
causes of increased morbidity and mortality in this disease,
and over the last decade novel treatments have been
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adopted to reduce the negative effect of diabetes mellitus on
vascular function [1–3]. It has been reported that statins
(3-hydroxy-3-methylglutaryl CoA reductase inhibitors)—a
class of drugs mainly characterised by their cholesterol-
lowering effects—exert beneficial vascular effects even in
diabetes mellitus [4–6]. In particular, treatment with statins
protects against micro- and macrovascular complications
and reduces the cardiovascular risk observed in diabetic
patients [7–9]. These beneficial vascular effects have also
been observed in diabetic patients with normal cholesterol
levels, suggesting that the clinical benefits of statins may be
independent of their cholesterol-lowering effects and could
be the result of a direct action on the vascular wall [10, 11].
It has been demonstrated that acute treatment with statins
rescues endothelial dysfunction induced by diabetes melli-
tus, and this favourable effect has been ascribed to
restriction of the oxygen free radical production induced
by hyperglycaemia [12]. However, the molecular mecha-
nisms underlying these vascular effects of statins have been
not completely elucidated.

Through inhibition of L-mevalonic acid production,
statins prevent the synthesis not only of cholesterol, but
also of important isoprenoid intermediates of the cholester-
ol biosynthetic pathway, such as farnesyl pyrophosphate
(FPP) and geranylgeranyl pyrophosphate (GGPP), which
are required for the lipid-modification of proteins involved
in intracellular signal transduction. Prenylation with farne-
syl or the geranylgeranyl group of small GTP-binding
proteins, such as members of Ras and Rho GTPase
families, is needed for translocation to the plasma mem-
brane [13, 14]. Therefore, post-translational modification of
small GTP-binding proteins by isoprenylation could be
another important target of statin treatment.

Among the members of the Rho family, we have
recently demonstrated that Rac-1 is involved in the vascular
oxidative stress induced by high glucose levels [15]. It is
therefore reasonable to hypothesise that the beneficial effect
on vascular function induced by statins in diabetes mellitus
is due to inhibition of Rac-1 activity through a reduction in
the availability of isoprenoid intermediates. The aim of the
present study was to test this hypothesis by evaluating the
effect of atorvastatin on Rac-1 trafficking in human aortic
endothelial cells (HAECs) in the presence of high glucose
levels and in a mouse model of diabetes mellitus.

Materials and methods

Cell culture

HAECs were obtained from Clonetics (Cambrex, East
Rutherford, NJ, USA). Cells were cultured in endothelial
growth medium as previously described [15].

Evaluation of superoxide production in endothelial
cells HAECs were cultured, serum deprived, and then
incubated with or without 10 μmol/l atorvastatin for 24 h.
Cells were treated with high (30 mmol/l) glucose levels for
6 h, either alone or in combination with FPP (10 μmol/l;
Sigma-Aldrich, St Louis, MO, USA) or GGPP (10 μmol/l;
Sigma-Aldrich). Cells were subsequently loaded with
10 μmol/l dihydrodichlorofluorescein (DCHF) diacetate
(Sigma-Aldrich) for 15 min, and observed under a
microscope [15]. Twenty-four-bit colour pictures were
acquired and analysed using a digital camera system
coupled to imaging software (Spot, Diagnostic Instruments,
Sterling Heights, MI, USA) under constant exposure time,
gain and offset, chosen so as to increase the threshold for
fluorescence. Peroxide production was evaluated by selec-
tively measuring green fluorescence intensity corrected for
background fluorescence and expressed as arbitrary units.
All images were taken in the first 30 s of light exposure,
during which time no fluorescence decay was detected in
preliminary studies.

Intracellular Rac-1 translocation HAECs were seeded in
chamber slides, grown to confluence, and then serum
deprived. Cells were treated as previously described. At
the end of treatments, cells were fixed with 4% parafor-
maldehyde. After blocking with 1% BSA, permeabilisation
was obtained with 0.01% Triton X-100, and cells were
incubated with anti-Rac-1 primary antibody (1:250; BD
Bioscience, Canada) and anti-rabbit Cy3 rhodamine sec-
ondary antibodies [15]. Images were acquired and fluores-
cence intensity was measured as described above.

Animals

C57BL/6 mice (Charles River, Calco, Italy) were kept in
standard cages under a 12-h light–dark cycle and had free
access to food. Mice were injected with streptozotocin
(200 mg/kg i.p.; n=18) or vehicle (control; n=18) [15–17].
After 14 days, blood glucose levels were measured to
confirm induction of diabetes mellitus. The animals were
then killed, and aorta, carotid and mesenteric arteries were
excised and cleaned of periadventitial tissue for subsequent
experiments. A further group of animals (n=20) was
treated with 1 mg kg−1 day−1 of atorvastatin or vehicle
(PBS) for 9 days before the induction of diabetes mellitus,
as described above. All studies were performed according
to our institutional guidelines.

Evaluation of vascular reactivity Vascular reactivity studies
were performed on aortas as previously described [15,
18, 19]. Vasorelaxation in response to acetylcholine
(10−9−10−5 mol/l; Sigma-Aldrich) and sodium nitroprusside
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(10−10−10−6 mol/l; Sigma-Aldrich) was expressed as the
percentage reduction in contraction obtained with phenyl-
ephrine (10−6 mol/l; Sigma-Aldrich). Some of the vessels
from atorvastatin-treated mice were incubated with GGPP
(10 μmol/l) or FPP (10 μmol/l) for 15 min before
performing the study.

Measurement of ex vivo aortic superoxide production We
have previously shown that the diabetes-induced increase in
lucigenin-enhanced chemiluminescence is blocked using
the NADPH oxidase inhibitor apocynin, suggesting that the
increase is due to superoxide production by NADPH
oxidase [15].

Segments of thoracic aorta were isolated, placed in a
modified Krebs buffer containing 20 mmol/l sodium
HEPES, and allowed to equilibrate for 30 min at 37°C.
After 5 min of dark adaptation, scintillation vials containing
2 ml of Krebs-HEPES buffer with 5 μmol/l lucigenin were
placed into a scintillation counter switched to the out-of-
coincidence mode. Chemiluminescence values were
obtained at 40-s intervals over 15 min, and readings were
averaged. The vessel was subsequently dried and the dry
weight was measured. Lucigenin counts were expressed as
cpm/mg dry weight of the vessel. Background counts were
determined from vessel-free incubations and subtracted
from vessel readings.

Evaluation of superoxide production in vessels Superoxide
production was assessed by dihydroethidium (DHE) dye-
ing, as previously described [15, 19]. DHE emits a red
fluorescent signal after binding to these oxygen free
radicals and therefore directly reflects superoxide levels.
After excision, vessels were placed in Killik medium
(Biooptica, Milan, Italy) and frozen. Consecutive sections
(20 μm thick) were cut in a Jung CM3000 cryostat
(Leica Microsystems, Wetzlar, Germany) and placed on
microscope slides. Sections were incubated with DHE
(10 μmol/l; Sigma-Aldrich) in Krebs buffer for 30 min,
during which time they were protected from light. Images
were acquired and fluorescence intensity was measured as
described above.

NADPH oxidase enzymatic activity Although the activation
of several different enzymes can result in oxidative stress, it
is well known that reactive oxygen species (ROS) in
vessels are mainly derived from NADPH oxidase enzymat-
ic activity. We therefore evaluated NADPH oxidase
enzymatic activity in vascular tissues from diabetic mice
and relative control mice which either did or did not receive
atorvastatin treatement. NADPH oxidase activity was
measured using a lucigenin assay, as previously described
[15, 19]. Vessels were lysed in a buffer containing protease
inhibitors (20 mmol/l monobasic potassium phosphate,

1 mmol/l EGTA, 10 μmol/l aprotinin, leupeptin, pepstatin,
0.5 mmol/l phenylmethylsulfonyl fluoride, pH 7.0). Lysate
protein was collected and resuspended in TRIS-sucrose
buffer, and then protein content was measured by the
Bradford method. NADPH oxidase activity was performed
in a phosphate buffer (50 mmol/l, pH 7.0) containing
1 mmol/l EGTA, 150 mmol/l sucrose, 5 μmol/l lucigenin as
the electron acceptor, and NADPH (100 μmol/l) as the
substrate (final volume 2 ml). The reaction was initiated by
the addition of 100 μg of protein. Photon emission was
measured every 30 s for 30 min in a scintillation counter.
Background counts were determined by protein-free incu-
bations and were subtracted from protein readings. Results
were expressed in cpm mg protein−1 min−1.

Rac-1 activity assay The activity of Rac-1 can be moni-
tored by its interaction with p21-activated kinase (PAK),
which only occurs when Rac-1 is active. Vessels were
excised and incubated in Krebs buffer. They were then
lysed in a buffer containing NP-40. Lysates stimulated with
GTPγS were used as a positive control. A PAK-glutathione
S-transferase (GST) fusion protein bound to agarose beads
was added, and active Rac-1 bound to PAK-GST was
separated from the beads by repetitive centrifugation and
washing. The samples were subsequently separated by
SDS-PAGE and transferred onto a nitrocellulose membrane
(Bio-Rad, Hercules, CA, USA). The membrane was
immunoblotted with anti-Rac-1 antibody (Upstate, Char-
lottesville, VA, USA). Rac-1 levels were quantified by
western blotting [15, 19]. Rac-1 translocation to the plasma
membrane in vascular tissues was evaluated as previously
described [15].

Adenoviral infection of carotid artery Carotid arteries from
diabetic mice treated or not with atorvastatin were infected
with adenoviral vectors, as previously described [15, 19].
Carotid arteries were placed in a Mulvany pressure system
(Danish Myo Technology, Aarhus, Denmark) with DMEM/
F12 medium, containing 250 μl of AdV12 (vector contain-
ing a constitutively active Rac-1) or Ad0 (empty vector) at
a concentration of 1×109 pfu/ml. Vessels were perfused at a
pressure of 100 mmHg for 1 h and then 60 mmHg for 5 h.
The efficiency of infection was >80% in all vascular
tissues, as indicated by levels of green fluorescent protein
(GFP), which was co-expressed. AdV12 and Ad0 were
gifts from E. Hirsh and G. Tarone (University of Turin,
Italy).

Statistical analysis

Data are presented as means±SEM. Statistical analysis
was performed by two-way ANOVA followed by the
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Bonferroni post hoc test. Differences were considered to be
statistically significant at p<0.05.

Results

Atorvastatin reduces Rac-1 translocation and oxidative
stress in endothelial cells exposed to high glucose

In HAECs, high glucose induced the translocation of Rac-1
to the plasma membrane (Fig. 1a–d) and increased DHCF
fluorescence (Fig. 1e–i), a marker of ROS production.
Interestingly, atorvastatin treatment prevented both effects.
The addition of GGPP, but not FPP, abolished the effects of
atorvastatin on high glucose-induced Rac-1 translocation
and DHCF fluorescence, but had no effect under control
conditions (data not shown).

Atorvastatin blunts vascular Rac-1 activity and oxidative
stress in diabetes mellitus

Mice treated with streptozotocin had higher plasma glucose
levels (25.3±1.0 mmol/l; n=18) than vehicle-treated mice
(5.0±0.2 mmol/l; n=18). The hyperglycaemia induced by
streptozotocin was unaffected by atorvastatin treatment
(25.6±1.0 mmol/l; n=20).

Diabetic mice displayed impaired acetylcholine-induced
vasorelaxation (Fig. 2a), and this was associated with
increased oxygen free radical production (Fig. 2b–e) and
NADPH oxidase activity (Fig. 3a). Concomitantly, in-
creased vascular Rac-1 activity, evaluated both as Rac-1–
PAK complex and Rac-1 translocation from the cytoplasm
to the plasma membrane was observed in diabetic mice
(Fig. 3b,c). All these hyperglycaemia-induced vascular
abnormalities were rescued by the administration of
atorvastatin (Figs. 2 and 3). Interestingly, the addition of
GGPP (Fig. 2a), but not FPP (data not shown), blunted the
improvement in vascular function induced by atorvastatin.

The vascular response to nitroglycerine was not affected
by either diabetes or atorvastatin treatment (data not
shown).

Constitutively active Rac-1 (AdV12) abolishes
the beneficial vascular effects produced
by atorvastatin treatment

In vessels from diabetic mice treated with atorvastatin, Rac-1
activity was higher in those infected with AdV12 than in
those treated with Ad0. This suggests that atorvastatin
treatment is unable to blunt Rac-1 activity in diabetic
vessels in the presence of AdV12 (Fig. 4a). More
importantly, under these conditions, atorvastatin treatment
failed to prevent diabetes-induced vascular oxidative stress

(Fig. 4b) and, consequently, to improve acetylcholine-
induced vasorelaxation (Fig. 4c).

Vascular relaxation induced by nitroglycerine was
unaffected by either AdV12 or Ad0 (data not shown).

Fig. 1 Representative micrographs showing Rac-1 localisation (a–d)
and DCHF (e–h) in HAECs under control conditions (a) or in the
presence of high glucose levels (b), high glucose plus atorvastatin
(c) or high glucose plus atorvastatin and GGPP (d). Arrows indicate
Rac-1 immunopositivity. i Quantification of DCHF fluorescence.
**p<0.01 vs control (n=5)
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Discussion

The results of the present study add to our knowledge on
the molecular mechanisms that mediate the beneficial
effects of statins under pathological conditions character-
ised by increased vascular oxidative stress, such as diabetes
mellitus. Specifically, our results demonstrate that the
protective antioxidant effect of atorvastatin on vascular
function in diabetes mellitus is mediated by the inhibition
of Rac-1 activity. This conclusion is based on results,
obtained under several experimental conditions, showing
that the effect of atorvastatin on diabetes-induced oxidative
stress is regularly accompanied by a blunted Rac-1 activity.
More importantly, in the presence of a constitutively active
Rac-1 mutant, atorvastatin failed to exert its protective
vascular effects.

Several mechanisms have been postulated to be respon-
sible for the beneficial action of statins on endothelium,

such as the overproduction of endothelial nitric oxide
synthase [20, 21], a reduction in endothelin-1 synthesis
[22], and the inhibition of ROS production [20, 23]. In
diabetes mellitus, however, the main contributor to vascular
injury is an excess of ROS, which is produced as a result of
long-standing hyperglycaemic stress [15, 24–26]. There-
fore, in the pathogenesis of diabetes-induced endothelial
dysfunction, the beneficial actions of statins are related to
the reduction of oxidative stress [25] and are independent of
its effect on cholesterol synthesis. This is fully supported by
our studies on isolated endothelial cells and vessels, which
revealed that the addition of FPP, an intermediate that
rescues cholesterol synthesis, does not influence the effects
of atorvastatin on oxidative stress or vasorelaxation. In
contrast, the addition of GGPP, a product of two interme-
diate metabolites of cholesterol synthesis that is unable per
se to rescue cholesterol synthesis, prevents the effects of
atorvastatin.

The results of the present study provide further evidence
that the antioxidant effect of statins in diabetes mellitus
reflects the ability of these agents to modulate small
GTPases such as Rac-1, an important molecular switch.

Fig. 3 a Vascular NADPH oxidase enzymatic activity in control
mice, untreated diabetic mice, and diabetic mice treated with
atorvastatin (**p<0.01 vs control; n=5). b Representative western
blots (n=4) of the vascular Rac-1–PAK complex in control mice,
diabetic mice and diabetic mice treated with atorvastatin. c Represen-
tative western blots (n=4) of vascular Rac-1 in the membrane (mem)
and cytoplasm (cyt) in control mice, diabetic mice and diabetic mice
treated with atorvastatin. IP immunoprecipitate, WB western blotting

Fig. 2 a Vascular response to increasing doses of acetylcholine on
aortic rings in control mice (filled circles) or diabetic mice not treated
(filled triangle) or treated with atorvastatin in the presence (empty
triangle) or absence (empty circle) of GGPP. (**p<0.01 vs control;
n=7). b Lucigenin-enhanced chemiluminescence in aortic rings of
control mice (Control) or diabetic mice without or with atorvastatin
(**p<0.01 vs control; n=5). DHE fluorescence in carotid of control
mice (c) and diabetic mice without (d) or with (e) atorvastatin (n=5)
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Rac-1 integrates diverse stimuli in the cardiovascular
system at an intracellular level and plays a role in key
signalling functions such as those involved in superoxide
production [27, 28]. This protein is a regulatory component
of NADPH oxidase, which is one of the major sources of
oxidative stress in the vascular wall [15, 27, 29]. Iso-
prenylation of Rac-1 with GGPP is necessary to anchor it to
the plasma membrane, where it triggers the clustering of the
subunits of NADPH oxidase to form the functional

multienzyme complex, which, in turn, leads to ROS
production [28].

In the present paper we show that Rac-1 translocation
from the cytosol to the plasma membrane is inhibited by
atorvastatin, resulting in reduced hyperglycaemia-driven
ROS production. Moreover, our results indicate that
the action of atorvastatin on Rac-1 is dependent on the
depletion of intracellular stores of GGPP since, in the
presence of atorvastatin, exogenous administration of
GGPP restores hyperglycaemia-induced Rac-1 translocation
and oxidative stress. These data are in agreement with our
previous observations demonstrating that withdrawal of
atorvastatin from endothelial cells induces Rac-1 transloca-
tion to plasma membrane and, consequently, oxidative
stress [29].

Our data in diabetic mice provide further evidence of the
importance of Rac-1 inhibition in the vascular antioxidant
effect of statins. Of note, the administration of GGPP
eliminates the beneficial effects of atorvastatin on vascular
function, indicating that the reduction in isoprenoid
metabolites and consequent inhibition of isoprenylation is
the key event responsible for the improvement in vascular
function observed during atorvastatin treatment. A reduc-
tion in the isoprenylation of Rac-1 is therefore a possible
explanation for the blunted production of ROS by NADPH
oxidase during atorvastatin treatment.

We performed further experiments using a genetic
approach. Specifically, we circumvented the inhibition of
Rac-1 activation by infecting diabetic vessels with a
constitutively active Rac-1 mutant. Under these experimen-
tal conditions we observed that Rac-1 interacts with PAK
even in presence of atorvastatin. Moreover, in presence of
the constitutively active Rac-1 mutant, atorvastatin failed to
counteract oxidative stress and improve vascular function.
These data clearly indicate that Rac-1 is key mediator of the
protective functions of statins in diabetes mellitus and that
the other molecular mechanisms stimulated by atorvastatin
play only an accessory role. Furthermore, our experimental
evidence further supports the concept that restriction of
vascular oxidative stress is a fundamental goal in the
treatment of diabetes mellitus.

In conclusion, our study demonstrates that inhibition of
Rac-1 is crucial for the beneficial effects exerted by statins
on endothelial function in diabetes mellitus. This suggests
that selective Rac-1 inhibition could be exploited in the
search for more precisely targeted pharmacological
approaches to reduce cardiovascular risk in diabetic
patients.
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Fig. 4 a Representative western blots (n=4) of the vascular Rac-1–
PAK complex in untreated diabetic mice, and diabetic mice treated
with atorvastatin and infected with AdV12 or Ad0. b Lucigenin
chemiluminescence in aortic rings of untreated diabetic mice, and
diabetic mice treated with atorvastatin and infected with AdV12 or
Ad0 (**p<0.01 vs control; n=4). The insert shows micrographs of
GFP green fluorescence in control (left-hand insert) and AdV12-
infected (right-hand insert) infected carotid arteries (n=3). c Vascular
response to increasing doses of acetylcholine in aortic rings in
untreated diabetic mice (filled triangles) and diabetic mice treated
with atorvastatin and infected with Ad0 (empty circles) or AdV12
(filled circles). (**p<0.01 vs control; n=5). IP immunoprecipitate,
WB western blotting
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