
Levay et al27 have demonstrated an effect of NSC23766
as nonselective competitive antagonist of muscarinic acetyl-
choline receptors in neonatal rat cardiomyocytes. In our
experimental model on resistance vessels, we were able to
show that NSC23766 per se did not interfere with acetyl-
choline vasorelaxation (Figure S5). Consistently with other
studies, we have demonstrated that the activation of Rac1
(Rac1-GTP) negatively modulates eNOS phosphorylation
through ROCK-1 pathway.37,38 In addition to its effect on
eNOS phosphorylation, inhibition of Rac1 also blunted Nox
ROS production. Hence, these data demonstrated that the
amelioration of endothelial relaxation obtained by Rac1
inhibition in presence of high glucose levels depends on 2
mechanisms: the increased eNOS phosphorylation and the
reduction of oxidative stress.

These data prompted us to explore the effects of Rac1
inhibitor in a mouse model of diabetes mellitus. NSC23766
treatment reduced the enhanced Rac1 activation observed in
preclinical diabetes mellitus and restored acetylcholine-
evoked vasorelaxation. Interestingly, amelioration of endothe-
lial function observed after Rac1 inhibition in vessels from
diabetic mice was present up to 96 hours after NSC23766
systemic administration and, accordingly, we observed a
sustained inhibition of Rac1 activity in mice vessels at the
same time point (Figure S6). Reduction of ROS production in
diabetic vessels treated with NSC23766 can be attributed to
reduction in Nox activity. Although, given the complexity of
ROS production in diabetes mellitus, previously discussed, it
is likely that Nox might not be the only target of Rac1
inhibition. Using pharmacological inhibition of the different
Nox isoform, we were able to identify Nox4 as a critical
component of NSC23766-mediated ROS suppression in
vascular wall. These data will serve as a platform to pursue
more in-depth mechanistic insights in Rac1/Nox4 interaction.

In addition to vascular damage, diabetes mellitus is also
characterized by platelet dysfunction. Previous studies
reported that high levels of glucose were able to increase
platelet aggregation in vitro and were associated with ROS
production.39 Rac1 is involved in platelet actin cytoskeleton
reorganization during platelet activation. A crucial feature of
platelets is represented by their ability to produce NO. Our
data demonstrate that high glucose levels activate Rac1 in
platelets, and this effect is associated with an impaired NO
release. Notably, similar to what was observed in vessels and
endothelial cells, the administration of NSC23766 in platelets
protects from the deleterious effect of high glucose on NO
metabolism, enhancing eNOS phosphorylation, through
ROCK-1 inhibition, and blunting oxidative stress. It is well
known that a reduction in NO release is coupled with
alteration in platelet activation. In this regard, 1 of the most
striking changes that occur during platelet activation is the
translocation of CD62 (P-selectin) protein to the outer platelet

membrane. Therefore, the expression of CD62 on the
membrane of platelets is considered to be a valuable indicator
for platelet activation in different diseases, including diabetes
mellitus.40,41 To evaluate the effects of NSC23766 on platelet
activation in diabetes mellitus, we performed the immunoblot
analysis of CD62 expression in cytosol and membrane
subcellular fraction of platelets isolated from diabetic (strep-
tozotocin-treated) and control mice in presence and absence
of NSC23766. As shown in Figure S7, membrane expression
of CD62 in diabetic platelets was significantly increased. More
important, in vivo administration of NSC23766 in diabetic
mice abolished CD62 membrane translocation in platelets,
demonstrating a significant reduction of platelet activation on
Rac1 inhibition. These data suggest that the effects of
NSC23766 on platelet function in diabetes mellitus are
potentially beyond the expected cytoskeleton reorganization
and might contribute to the beneficial effects observed in vitro
and in vivo, corroborating our previous results.

Interestingly, herein we have shown that Rac1 is respon-
sive to high glucose levels, enhancing platelet aggregation,
acknowledging Rac1 as an important regulator of platelet
function during hyperglycemic conditions. We demonstrated
that a condition mimicking hyperglycemia in vitro increases
platelet Rac1 activation. On the basis of this result, we
hypothesized that increased active Rac1 platelet levels under
hyperglycemic conditions could contribute to the increased
platelet activity observed in diabetes mellitus. Using a specific
inhibitor of Rac1 activity, NSC23766, we demonstrated that
glucose-induced platelet hyperaggregation was reduced. The
increased efficacy of NSC23766 to inhibit platelet aggrega-
tion in hyperglycemic state could be explained by increased
Rac1 GTP levels under this condition. The effect of glucose on
platelet aggregation starts to appear for concentration of
glucose of 25 mmol/L and seems to be sustained even with
higher concentration (50 mmol/L), suggesting the presence
of a threshold for glucose-induced hyperaggregation in human
platelets. Under normal glucose condition, the dose of
30 lmol/L, NSC23766 was sufficient to reduce Rac1 activity,
modulating, in turn, platelet function. Although the dose used
in our study was significantly lower compared with the one
used elsewhere,42 we cannot completely exclude that the
potential off-target effects of NSC23766 might affect our
results. Because the effect of NSC23766 on platelet aggre-
gation, under high glucose condition, is already present for
lower NSC23766 doses (15 lmol/L), this raised the question
of how to separate the effect of hyperglycemia and the effect
of NSC23766 on platelet aggregation. In our experiments, we
chose relatively high levels of glucose (25 and 50 mmol/L) to
mimic hyperglycemic conditions. Indeed, these levels of
hyperglycemia are clinically relevant, because blood glucose
commonly increases at �30 mmol/L in diabetic ketoacidosis
and can reach 60 mmol/L during diabetic hyperosmolar
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coma.43 Therefore, during hyperglycemic condition, even a
small increase in platelet aggregation can significantly worsen
the clinical conditions. In our experiments, we recorded an
increase of �10% in platelet aggregation on hyperglycemic
stimuli using light transmission aggregometry. This increase
is consistent with previous literature using the same
technique,39 although it can be smoothened by the fact that
the baseline percentage of platelet aggregation in our
subjects is higher compared with previous reports. We
speculated that this effect can be attributable to the fact
that the control population is not represented by completely
“healthy” subjects because, despite being free from cardio-
vascular disease and diabetes mellitus, they present some
cardiovascular risk factors, such as hypertension and smok-
ing, that can contribute to the increased platelet reactivity.
Collectively, data from other groups and we suggest that
hyperglycemic condition produces a 10% to 20% increase in
platelet aggregation after stimulation with proaggregating
stimuli (ie, collagen) that can reflect, at least in part, the
prothrombotic state observed in diabetic patients.

Given the known off-target effect of NSC23766,42 it is
possible to speculate that glucose can prime platelets, making
them more susceptible to the effects of NSC23766. Accord-
ingly, in our model, Rac1 GTP is specifically induced by high
glucose in platelets, without osmotic effects, as demonstrated
by the absence of Rac1 activation with mannitol; therefore, the
mild effects of NSC23766 on platelet aggregation observed in
normoglycemic state might be caused by the low levels of Rac1
GTP in platelets. Accordingly, platelets from diabetic patients
showed a positive correlation between activated Rac1 and
levels of glycated hemoglobin. To provide further support that
Rac1 is a critical target in diabetic platelets, we used another
Rac1 inhibitor, called EHT1864. Differently from NSC23766,
which prevents the conversion of Rac1-GDP to Rac1-GTP by
competitively blocking the binding loop of Rac1-specific
guanine nucleotide exchange factors, EHT1864 is a specific
allosteric inhibitor of the Rac family, resulting in dissociation of
nucleotides.44 Using 2 different Rac1 inhibitors, we further
corroborate the notion that Rac1 plays a major role in platelet
proaggregating status in diabetes mellitus, underlying the
peculiar platelet characteristics of diabetic subjects.

It is important to underline that in condition of Rac1
hyperactivation (such as platelets from diabetic patients), a
higher dose of Rac1 inhibitor was necessary to reduce platelet
aggregation compared with platelets from subjects without
diabetes mellitus, pointing out that diabetes mellitus affects
platelet function in many ways, which are to be exclusively
recapitulated by increasing the concentrations of glucose
in vitro. We also found NSC23766 treatment further reduced
platelet aggregation in those subjects taking ASA, identifying
Rac1 inhibition as a potential future pharmacological strategy
to limit platelet hyperaggregation in diabetes mellitus. Unlike

diabetic patients without ASA in whom we were able to
recognize a dose-response curve of Rac1 inhibitory effects on
platelet aggregation, the additive effects of NSC23766 on
ASA-treated diabetic platelets were not dose dependent.
These effects could be attributed to the lower responsiveness
of platelets already treated with ASA. In fact, inhibition of
platelet aggregation by other mechanisms (such as cyclooxy-
genase-dependent mechanisms) could blunt the incremental
inhibitory effect of Rac1 inhibition.

Study Limitations
The beneficial effects of Rac1 inhibition on hyperglycemia-
induced vascular and platelet dysfunction observed ex vivo
need to be confirmed in ad hoc preclinical models of
thrombus formation and using tissue-specific genetic
approaches to distinguish between platelet- and endothelial
cell–driven effects. Nevertheless, the current findings suggest
that Rac1 inhibition may be accomplished directly in vivo
because of the favorable safety profile of NSC23766, as
observed in our mouse model of streptozotocin-induced
diabetes mellitus. Finally, the effects of LY27632 as ROCK1
inhibitor can be also attributed, in part, to the inhibition of
ROCK2, although recent studies have demonstrated that
ROCK1 and ROCK2 have distinct nonredundant functions and
have different targets in different cell types.45,46

Conclusions
The results of our study address an important challenge in
biological features of diabetes mellitus (namely, platelet
hyperreactivity and endothelial dysfunction). We provide
further evidence about the involvement of Rac1 in both
vascular injury and platelet hyperaggregation induced by
diabetes mellitus. Our findings could support the use of Rac1
inhibition by NSC23766 in combination with ASA for
antiplatelet therapy in diabetes mellitus. Although proposing
Rac1 inhibitor as an immediate therapeutic approach in
diabetic patients is far beyond the scope of our work, we
believe that the identification of targets/drugs able to
modulate >1 function in this disease could represent the
right way to move forward. In particular, the combination of
beneficial effects of Rac1 inhibition on both vascular and
platelet function in diabetes mellitus might represent a
potential effective strategy (in the future) to increase the
therapeutic compliance of these patients.
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Supplemental Methods 

Experimental animals 

All experiments involving animals were conform to the guidelines for the Care and Use of 

Laboratory Animals published from Directive 2010/63/EU of the European Parliament and were 

approved by IRCCS INM Neuromed review board (ref. number 1070/2015 PR). Diabetes was 

induced by four intraperitoneal injection (i.p. – once a day) of streptozotocin (STZ, 40 mg/kg body 

weight and dissolved in 0.1 M citrate buffer, pH 4.5) in male wild-type C57BL/6 mice (weighing 

approximately 25g). Control mice received citrate buffer alone (vehicle). Three days after the last 

injection of STZ, blood glucose levels were measured using glucose test strips (Roche) and mice with 

blood glucose at least 3-fold higher than the pre-injection level were used as diabetic mice. Mice were 

housed in groups (4–6 mice per cage) in a specific pathogen-free controlled environment (inverted 

12 h light cycle; lights off at 10:00 hours). All mice had free access to standard mice chow and water.  

The experiments were conducted after 4 weeks following the induction of diabetes. Animals that have 

not developed diabetes were excluded from the study. NSC23766 (Tocris Biosceince) was injected 

in mice i.p. at the dose of 5 mg/kg. This dose was chosen on the basis of a pilot study conducted in 

our laboratory and taking into account previously published data 1, 2. Mice were euthanized by 

intraperitoneal injection of 150 mg/kg Ketamine, 20mg/Kg xylazine.  

 

Human studies  

In our clinical study two population of patients were enrolled: 1) subjects without type-2 diabetes 

(CTRL, n=11) and 2) subjects with type-2 diabetes (Db, n=22). All the experiments used to evaluate 

platelets aggregation were carried in these two populations using the CTRL group as a reference. 

Table 1 describes the baseline characteristics of both populations. Subjects were enrolled at the 

Cardiology division of the University of Naples Federico II. The study protocol was approved by the 

institutional review board of the medical center, and each patient who accept to participate provided 

written informed consent. All Db patients enrolled in our study fulfilled the criteria of National 
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Diabetes Data Group for diabetes 3. Diabetes developed in most of the patients after 40 years of age. 

None of the subject enrolled in both the two populations (CTRL and Db) had a history of coronary 

heart disease, recent myocardial infarction, unstable angina pectoris, heart failure, thyroid, renal, or 

hepatic disease. Pharmacological therapy is presented in Tale 1. A subgroup of 7 Db patients of the 

22 enrolled were treated with ASA 100 mg daily and platelets aggregation were performed on blood 

samples 14 days after treatment as described before.  

 

Vascular reactivity studies  

Vessels were placed in a wire myograph system filled with glucose-free Krebs solution. First, an 

analysis of vascular reactivity curves was performed. In particular, vasoconstriction was assessed 

with 80 mmol/L of KCl or with increasing doses of phenylephrine (from 10−9 M to 10−6 M) or U46619 

(10−11 M to 10−6 M), in control conditions. Vascular responses were then tested before and after 

glucose treatment (5-25 mM). Endothelium-dependent and -independent relaxation was assessed by 

measuring the dilatory responses of mesenteric arteries to cumulative concentrations of acetylcholine 

(from 10−9 M to 10−5 M) or nitroglycerine (from 10−9 M to 10−5 M), respectively, in vessels pre-

contracted with phenylephrine at a dose necessary to obtain a similar level of pre-contraction in each 

ring (80% of initial KCl-evoked contraction). Caution was taken to avoid endothelial damage; 

functional integrity was reflected by the response to acetylcholine (from 10−9 M to 10−6 M). Some 

studies were performed treating the vessels with NSC23766 (30 µmol/L) or with ML171 (0,5 µmol/L) 

or with GTK137831 (1 µmol/L) . Vascular relaxation is reported as percentage, considering basal 

tension before phenylephrine stimulus as -100% of vascular relaxation and phenylephrine-induced 

tension as 0% of vascular relaxation.  
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Cell culture 

Commercially available human umbilical veins endothelial cells (HUVECs) were purchased from 

Lonza (Walkersville, MD, USA) and grown in EBM-2 basal medium. Cells were used within the five 

passage and at 70% confluence for the following sets of experiments. The cells were treated with 5 

mM or 25 mM of glucose for 24 hours, subsequently were treated with NSC23766 30µM or LY27632 

30µM for 30 minutes. For the western blot experiments, cells were treated with acetylcholine 100 

µmol/L for the last 15 minutes.  

 

Measurement of NADPH oxidase activity 

HUVECs was depleted of serum and prepared for the assay. Vessels were isolated and prepared 

for the assay. Cells were treated with 0 mM, 5 mM and 25 mM of glucose and then with NSC23766, 

30µM for 30 minutes. At the end of treatment (1 hours) cells were resuspended at 2 × 106 cells/ml 

confluency in aerated balanced salt solution. 1 × 106 cells/ml were used for the assay. Cells from 

various treatments were added to a scintillation vial containing lucigenin (5 μmol/L) in the aerated 

balanced salt solution. After a 5-minute dark adaptation, photon emission was measured for 10 min 

using the Beckman LS6500 Multipurpose Scintillation counter measuring single photon emission. 

First, photon emission was measured using a buffer blank and dark-adapted lucigenin. NADPH (100 

μmol/L) was added after measurement of background lucigenin chemiluminescence and 

measurements were performed for other 10 minutes. 

 

Platelet experiments  

Platelet isolation  

Venous blood was drawn from peripheral antecubital vein in fasting without refrain from smoking 

volunteers at University Federico II of Naples, who were free from medication known to interfere 

with platelet function (CTRL group). Other blood samples were drawn from diabetic patients free or 

in treatment acetylsalicylic acid (ASA) 100 mg per day (Db and Db+ASA group). Platelet-rich plasma 
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(PRP) was prepared from blood (about 15 ml) that was drawn by venipuncture into 3 ml of 3.8% 

trisodium citrate (w/v). PRP was obtained by centrifugation of blood at 150 g at 25°C for 15 minutes 

and was used as source of platelets. Platelet-poor plasma (PPP) was prepared from the residual blood 

by centrifugation of the rest of the blood at 1400 g at 25°C for 10 minutes. 

 

Study of vascular reactivity evoked by platelets supernatant 

Platelet pellets were produced by centrifugation of PRP at 900 g for 7 minutes, and re-suspended 

in Tyrode’s solution (132 mmol/L NaCl, 4 mmol/L KCl, 1.6 mmol/L CaCl2, 0.98 MgCl2 , 23.8 

mmol/L NaHCO3 , 0.36 mmol/L NaH2PO4 , 10 mmol/L glucose, 0.05 mmol/L Ca-Titriplex, and 

gassed with 95% O2 , 5% CO2 and pH 7.4 at 37 °C). After a further centrifugation step (900 g, 4 

minutes), washed platelets were re-suspended in the same solution, allowed to equilibrate for 10 

minutes at 37 °C and then stimulated with insulin (1 µmol/L) for 10 minutes. Some experiments were 

performed in platelets pre-treated with NG-nitro-L-arginine methyl ester (L-NAME) (300 µmol/L, 30 

minutes) for 30 minutes. After stimulation, the platelet suspension was centrifuged for 2 minutes at 

900g and increasing doses of supernatant (0.1-0.2-0.4-0.8 ml) was added to phenyleprine-

precontracted arteries mounted in an organ chamber (final volume, 15 ml). Total number and purity 

of platelets for each preparation was assessed by flow cytometry. Total protein from each preparation 

was also determined. Similar number of platelets (174±19x106/mL) between all samples was 

estimated. 

To test the vasorelaxant effect evoked by platelet supernatants, studies of vascular reactivity on 

isolated vessels from C57BL/6 mice were carried out. Four ring segments (3 mm width) of thoracic 

aorta from each mouse were mounted between stainless steel triangles in a water-jacketed organ bath 

(37°C) for measurement of tension development as previously described 4. Preliminary experiments 

demonstrated that the optimal resting tension for development of active contraction was 1g. Vessels 

were gradually stretched over one-hour period to this tension. The presence of functional endothelium 

and smooth muscle layer were assessed in all preparations by the ability respectively of acetylcholine 
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Supplemental Figure 4. Quantification of platelets aggregation presented as percentage of light 
transmission of platelets from control (CTRL) and diabetic (Db) subjects treated with two different 
dose of EHT1864. n= 4 independent experiments from individual subjects. *p<0.05 vs. CTRL 0 
(without EHT1864), #p<0.05 vs. Db 0 (without NSC23766). 

 

 

Supplemental Figure 5. A) Acetylcholine (ACh) vasorelaxation in preconstricted mice mesenteric 
arteries in basal condition (Ctrl, full circle) and after i.p. treatment with Rac1 inhibitor, NSC23766 
5mg/Kg, at different timepoints (6-12-24-48 hours) (n=4 for each group). 
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Supplemental Figure 6. A) Representative immunoblot (left) anddensitometric analysis (right) of 
Rac1-GTP, total Rac1 and β-Actin levels in mesenteric arteries from streptozotocin-treated mice 
injected i.p. with NSC23766 (5mg/Kg) and evaluated at different timepoints (12,48,96 hours). n= 3 
independent experiments. * p<0.05 vs STZ + NSC23766 (12h); # p<0.05 vs STZ + NSC23766 (48h); 
§ p<0.05 vs STZ + NSC23766 (96h).  

 

 

Supplemental Figure 7. A) Representative immunoblots (left) and densitometric analysis (right) 
showing protein levels of CD62, Na/K ATPase, and β-Actin in subcellular fractions (cytosol and 
membranes) of platelets isolated from STZ- and vehicle- treated mice in presence or absence of 
NSC23766. Na/K ATPase and  β-Actin were used as membrane and cytoplasmic markers, 
respectively.  
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SUPPLEMENTAL TABLES  

 

Supplemental Table 1. 

 DIABETICS WITHOUT 
ASA (n=15) 

DIABETICS WITH ASA    
(n=7) 

HbA1c ≥ 10% 4 0 
7%≤HbA1c <10% 7 5 
HbA1c <7%. 4 2 

 

Abbreviations used: ASA= acetylsalicylic acid; HbA1c = glycohemoglobin. 

 

Supplemental Table 2. 

Animal groups [n] Blood glucose [mg/dL] Body weight [grams] 

Control [8] 125 ± 11 27.6 ± 0.9 

STZ [10] 453 ± 18* 24.1 ± 0.5 

STZ + NSC23766 [8] 464 ± 13* 24.3 ± 0.4 

Vehicle [8] 128 ± 9 28.1 ± 0.7 

Vehicle + NSC23766 [8] 122 ± 14 27.8 ± 0.5 

 

Characteristics of diabetic mice used in the study. Abbreviations: [n]=numbers; Mice received 
STZ dissolved in 0.1 M citrate buffer (STZ) or a solution of 0.1 M citrate buffer alone (vehicle). 
Control, untreated mice; STZ, streptozotocin-treated mice; STZ + NSC23766, streptozotocin-treated 
mice plus NSC23766; Vehicle, mice treated with sodium citrate buffer alone; Vehicle + NSC23766, 
mice treated with sodium citrate buffer alone plus NSC23766. *p<0.05 vs. vehicle and vehicle plus 
NSC23766. 
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