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OBJECTIVEdPatients with the metabolic syndrome (MetS) have impaired insulin-induced
enhancement of vasodilator responses. The incretin hormone glucagon-like peptide 1 (GLP-1),
beyond its effects on blood glucose, has beneﬁcial actions on vascular function. This study,
therefore, aimed to assess whether GLP-1 affects insulin-stimulated vasodilator reactivity in
patients with the MetS.
RESEARCH DESIGN AND METHODSdForearm blood ﬂow responses to acetylcholine
(ACh) and sodium nitroprusside (SNP) were assessed in MetS patients before and after the
addition of GLP-1 to an intra-arterial infusion of saline (n = 5) or insulin (n = 5). The possible
involvement of oxidative stress in the vascular effects of GLP-1 in this setting was investigated by
infusion of vitamin C (n = 5). The receptor speciﬁcity of GLP-1 effect during hyperinsulinemia
was assessed by infusing its metabolite GLP-1(9-36) (n = 5). The metabolic actions of GLP-1 were
also tested by analyzing forearm glucose disposal during hyperinsulinemia (n = 5).
RESULTSdIn MetS patients, GLP-1 enhanced endothelium-dependent and -independent
responses to ACh and SNP, respectively, during hyperinsulinemia (P , 0.001 for both), but
not during saline (P . 0.05 for both). No changes in vasodilator reactivity to ACh and SNP were
seen after GLP-1 was added to insulin and vitamin C (P . 0.05 for both) and after GLP-1(9-36)
was given during hyperinsulinemia (P . 0.05 for both). Also, GLP-1 did not affect forearm
glucose extraction and uptake during hyperinsulinemia (P . 0.05 for both).
CONCLUSIONSdIn patients with the MetS, GLP-1 improves insulin-mediated enhancement
of endothelium-dependent and -independent vascular reactivity. This effect may be inﬂuenced by
vascular oxidative stress and is possibly exerted through a receptor-mediated mechanism.
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nsulin resistance is a key pathogenetic
factor in the metabolic and cardiovascular abnormalities associated with the
metabolic syndrome (MetS) (1,2). Although our understanding of the mechanisms underlying the decreased insulin

sensitivity present in this condition is incomplete, an abnormal insulin-stimulated
microvascular perfusion at the level of the
skeletal muscle is considered to contribute
to its pathophysiology (3). In line with this
hypothesis, recent data from our group
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have indicated that insulin physiologically
enhances vascular relaxation in response
to a variety of endothelium-dependent
and -independent stimuli (4,5) and that
this effect is impaired in patients with
obesity-related MetS (6).
Glucagon-like peptide 1 (GLP-1) is a
peptide hormone secreted by the gastrointestinal tract in a nutrient-dependent
manner (7). Beyond its effects on glucose
homeostasis, growing evidence indicates
that GLP-1 may exert multiple cardiovascular actions (8) and improve endothelial
function in normal subjects (9) and in patients with type 2 diabetes and coronary
artery disease (10). These endothelial effects seem largely mediated by interaction
with the GLP-1 receptor, likely in relation
to activation of the phosphoinositide
3-kinase/Akt pathway (11). However, in
experimental studies, some vasoprotective
actions have also been described for the
metabolite GLP-1(9-36) (12), which does
not activate the GLP-1 receptor, hence suggesting the presence of a dual, yet undeﬁned, signaling pathway.
Whether GLP-1 affects vasoactive and
metabolic responses to hyperinsulinemia
in insulin-resistant patients with obesityrelated MetS has not been investigated.
Therefore, the primary aim of the current
study was to assess the effects of GLP-1
on insulin-stimulated vasodilator reactivity and insulin-dependent glucose disposal in these patients. Additionally, we
assessed whether oxidative stress is involved in the vascular actions of GLP-1
under those conditions and investigated
the regional hemodynamic effects of its
metabolite GLP-1(9-36).
RESEARCH DESIGN AND
METHODS
Study subjects
Patients with obesity-related MetS, deﬁned
according to the National Cholesterol Education Program’s Adult Treatment Panel
III (2), and metabolically healthy obese
control subjects with no history or current
evidence of hypertension, hyperlipidemia,
DIABETES CARE, VOLUME 36, MARCH 2013
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diabetes, cardiovascular disease, or any
other systemic conditions were recruited
for this study. All control subjects were
obese and had high waist circumference,
but all of them had blood pressure, plasma
HDL cholesterol, triglycerides, and glucose
below the threshold levels for the MetS.
Exclusion criteria were a history or presence of coronary artery disease, peripheral
occlusive arterial disease, coagulopathy,
vasculitis, or any other systemic conditions.
In patients with the MetS taking antihypertensive and/or lipid-lowering drugs, treatment was discontinued for 2 weeks before
the vascular function studies. During the
time when antihypertensive therapy was
stopped, patients monitored their blood
pressure daily and reported the values
to a study physician if they were above
160/100. Patients were excluded and treated
appropriately if repeated measurements
showed values persistently above 160/100
mmHg and/or there was deﬁnite evidence
for accelerated hypertension or target organ
damage. Aspirin and vitamin supplements
were also stopped 1 week before participation in the study. The local institutional review boards in Rome, Italy, approved the
study protocol, and all participants gave
written informed consent.
Protocols
All studies were performed in the morning in a quiet room with a temperature of
;228C. Each study consisted of infusions
of drugs into the brachial artery and measurement of forearm blood ﬂow (FBF) by
means of strain-gauge venous occlusion
plethysmography. All drugs used in this
study were prepared by the local pharmaceutical service following speciﬁc procedures to ensure accurate bioavailability
and sterility of the solutions. Participants
were asked to refrain from smoking and
drinking alcohol or beverages containing
caffeine for at least 24 h and to fast for at
least 8 h before the studies. While participants were supine, a 20-gauge Teﬂon
catheter (Arrow Inc., Limerick, PA) was
inserted into the brachial artery of the
nondominant arm (left in most cases)
for drug infusion. Another 20-gauge catheter (Abbott Laboratories, Abbott Park,
IL) was inserted into a deep antecubital
vein of the same arm for blood sampling.
The extended arm was positioned slightly
above the level of the right atrium, and a
mercury-ﬁlled strain gauge was placed
around the widest part of the forearm.
The strain gauge was connected to a plethysmograph (model EC-6; Hokanson
Inc., Bellevue, WA) calibrated to measure
684
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the percent change in volume and connected to a personal computer through
an analog-to-digital converter. For each
measurement, a cuff placed around the
upper arm was inﬂated to 40 mmHg
with a rapid cuff inﬂator (model E-10;
Hokanson Inc.) to occlude venous outﬂow from the extremity. A wrist cuff
was inﬂated to suprasystolic pressures 1
min before each measurement to exclude
the hand circulation. Flow measurements
were recorded for ;7 s every 15 s; seven
readings were obtained for each mean
value. Blood pressure was recorded with
the use of a standard mercury manometer. Throughout all studies, volumes infused were matched by administration of
variable amounts of saline.
Protocol 1: Assessment of the effects
of GLP-1 on vascular reactivity
during hyperinsulinemia in MetS
patients and in control subjects
To determine the effects of GLP-1 on
forearm vascular responses during hyperinsulinemia, ﬁve patients with the MetS
and ﬁve metabolically healthy obese control subjects were enrolled in this protocol (Supplementary Fig. 1). After the
forearm was instrumented, baseline
blood samples were collected and normal
saline was given intra-arterially for 15
min, at which point an infusion of regular
insulin (Humulin; Eli Lilly, Indianapolis,
IN) at 0.1 mU/kg/min (1 mL/min infusion
rate) was started in the same line. To avoid
any confounding effect related to changes
in glycemia, during insulin administration plasma glucose levels were determined every 15 min until the steady
state was reached (in ;60 min) and every
30 min thereafter; simultaneously, an infusion of 20% dextrose into a contralateral arm vein was adjusted to maintain
glucose levels at values similar to baseline.
The doses of glucose needed to maintain
glycemic levels were generally very small
in all participants. At the end of this period, venous blood samples were again
collected from the instrumented arm for
insulin measurement. After 45 min, basal
FBF was measured and dose-response
curves to the endothelium-dependent vasodilator ACh chloride (ACh; Clinalfa,
Läufelﬁngen, Switzerland) and the exogenous nitric oxide (NO) donor sodium
nitroprusside (SNP; Malesci, Florence,
Italy) were obtained as reported previously (6). The sequence of ACh and
SNP infusion was randomized to avoid
bias related to the order of these procedures. The baseline FBF was then measured

again, and an intra-arterial infusion of
GLP-1(7-36) (Bachem AG, Bubendorf,
Switzerland) at 20 pmol/min (1 mL/min
infusion rate) was started. This dose was
aimed to achieve intravascular concentrations of GLP-1 within the infused
forearm, similar to those previously
demonstrated able to normalize plasma
glucose levels in patients with type 2 diabetes (13), and to improve vascular response to vasodilators in the human
forearm (9). After 45 min, venous blood
samples were again collected from the instrumented arm for GLP-1 measurement,
basal FBF was reassessed, and the doseresponse curves to ACh and SNP were
repeated as before.
Protocol 2: Assessment of the
effects of GLP-1 on vascular
reactivity of MetS patients in the
absence of hyperinsulinemia
To assess whether, in patients with the MetS,
GLP-1 affects endothelium-dependent
and -independent vascular reactivity in
the absence of hyperinsulinemia, ﬁve
participants were enrolled in the following protocol (Supplementary Fig. 2).
After the forearm was instrumented, normal saline was infused intra-arterially for 15
min, basal FBF was measured, and doseresponse curves to ACh and SNP were obtained as in protocol 1. After measurement
of a new baseline FBF, an intra-arterial
infusion of GLP-1(7-36) at 20 pmol/min
(1 mL/min infusion rate) was then started.
After 30 min, baseline FBF was reassessed
and the dose-response curves to ACh and
SNP were repeated according to the same
protocol and in the same order as detailed
above.
Protocol 3: Assessment of the effect
of GLP-1 on vasodilator function
during hyperinsulinemia and
vitamin C infusion in MetS patients
To assess whether the effects of GLP-1 on
vascular reactivity in patients with the
MetS are inﬂuenced by enhanced oxidative stress, further studies were performed
by use of the antioxidant vitamin C. To
this purpose, ﬁve additional patients with
the MetS were recruited for participation
in the following protocol (Supplementary
Fig. 3). After the forearm was instrumented,
the intra-arterial infusion of regular insulin, as described in protocol 1, and
of vitamin C (Bracco, Milan, Italy) was
started. During insulin administration,
plasma glucose was determined every 15
min until the steady state was reached
(in ;60 min) and every 30 min thereafter;
care.diabetesjournals.org
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simultaneously, 20% dextrose was infused at variable rates to maintain glucose
levels at values similar to baseline. Vitamin C was administered at a rate of 25
mg/min (1 mL/min infusion rate), a dose
intended to produce maximal suppression of oxidative stress and previously
proved effective to prevent premature
NO deactivation by superoxide anions
(14). After 15 min, baseline FBF was measured and dose-response curves to ACh
and SNP were obtained as detailed in protocol 1. A 20-min rest period was then
allowed, and an intra-arterial infusion of
GLP-1 (7-36), at the same dose as in protocol 1, was started. After 45 min, the
same dose-response curves to ACh and
SNP were repeated.
Protocol 4: Assessment of the effects
of the metabolite GLP-1(9-36) on
vascular reactivity during
hyperinsulinemia in MetS patients
To verify whether the enhancing effects
on the vascular responses to ACh and
SNP during hyperinsulinemia extend to
GLP-1(9-36), the NH 2 -terminal truncated metabolite of GLP-1(7-36), ﬁve additional MetS patients were studied
according to the following protocol (Supplementary Fig. 4). After the forearm was
instrumented, normal saline was given
intra-arterially for 15 min, at which point
an infusion of regular insulin at 0.1 mU/
kg/min was started in the same line. During insulin administration, plasma glucose was determined every 15 min until
the steady state was reached (in ;60 min)
and every 30 min thereafter; simultaneously, 20% dextrose was infused at variable rates to maintain glucose levels at
values similar to baseline. The same
dose-response curves to ACh and SNP
as detailed in protocol 1 were then obtained. Subsequently, a 20-min rest period was allowed and an intra-arterial
infusion of GLP-1(9-36) (Bachem AG) at
the same dose as in protocol 1 was started.
After 45 min, a basal FBF measurement
was obtained; the dose-response curves to
ACh and SNP were then repeated in the
same fashion as before.
Protocol 5: Assessment of the
effects of GLP-1 on forearm glucose
disposal during hyperinsulinemia in
MetS patients
To determine whether GLP-1 affects
insulin-induced forearm glucose disposal, we enrolled ﬁve additional patients
with the MetS in the following protocol
(Supplementary Fig. 5). After the forearm
care.diabetesjournals.org

was instrumented, normal saline was
given intra-arterially for 15 min, followed
by the infusion of regular insulin at 0.1
mU/kg/min. Throughout the administration of insulin, venous blood samples for
the measurement of glucose and insulin
levels were drawn from an ipsilateral deep
vein at 15-min intervals until the steady
state was reached (in ;60 min) and every
30 min thereafter, while a simultaneous
infusion of 20% dextrose in a contralateral arm vein was adjusted to clamp systemic glucose levels at the baseline value.
Forearm fractional glucose extraction
(FGE), calculated as ([Gart] 2 [Gven] /
[Gart] 3 100), and forearm glucose uptake (FGU), calculated as ([Gart] 2
[Gven]) 3 FBF), where Gart is the arterial
concentration of glucose and Gven is the
venous concentration of glucose, were determined after 90 min of infusion of insulin alone. GLP-1(7-36) infusion was
then superimposed to insulin at the
same dose as in protocol 1, and FGE
and FGU were assessed again after 60
min of combined infusion.
Analytical procedures
Glucose was determined in duplicate by
the glucose oxidase method on a glucose
analyzer (Beckman Instruments, Fullerton,
CA). Insulin plasma concentrations were
determined by electrochemiluminescent
immunoassay (Roche Diagnostics, Mannheim, Germany). Plasma GLP-1(7-36)
levels were measured by ELISA (Millipore,
Billerica, MA), with the lowest level of
detection at 2 pmol/L and no crossreactivity to GLP-1(9-36).
Statistical analysis
Group comparisons were performed by
unpaired t test and two-way ANOVA, as
appropriate. Within-group analyses were
performed by paired t test, one-way
ANOVA, and two-way ANOVA for repeated measures, as appropriate. All calculated probability values are two-tailed,
and a P value ,0.05 was considered statistically signiﬁcant. All group data are reported as mean 6 SEM.
RESULTSdA total of 25 patients with
the MetS and ﬁve metabolically healthy
obese control subjects participated in this
investigation. Their baseline anthropometric and biochemical characteristics
are reported in the Supplementary Table
1. None of the participants was engaged
in a formal exercise program, and the levels of physical activity were comparable
between the two groups. Mean arterial

pressure and heart rate did not change
signiﬁcantly after infusion of any of the
drugs used in the study, thus indicating
that the drug effects were limited to the
infused forearm and did not extend to the
systemic circulation.
In patients with the MetS participating in studies with hyperinsulinemia,
forearm insulin plasma levels were 16 6
3 mU/mL at baseline and rose to 198 6 39
mU/mL following intra-arterial infusion
of insulin (P , 0.001 vs. baseline). Efﬂuent venous forearm GLP-1(7-36) plasma
levels in patients with MetS receiving
intra-arterial infusion of exogenous GLP-1
were 8.3 6 0.1 pmol/L at baseline and rose
to 22.3 6 1.4 pmol/L after GLP-1 infusion
(P , 0.001 vs. baseline).
Effects of GLP-1 on vasodilator
reactivity during hyperinsulinemia
in MetS patients and in control
subjects
During insulin infusion, the administration of escalating doses of ACh and SNP
resulted in a progressive increase in FBF
from baseline (P , 0.001 for both). When
the ACh and SNP curves were repeated
after GLP-1 had been added on top of
the insulin infusion, the vasodilator responses to these drugs were enhanced,
so that the FBF increases were signiﬁcantly higher during GLP-1 administration than during insulin infusion alone
(Fig. 1, top). In the metabolically healthy
obese control subjects, in the absence of
GLP-1, FBF response to ACh during hyperinsulinemia tended to be higher than
in patients with the MetS (17.2 6 3.2 mL/
min/dL vs. 14.0 6 2.3 mL/min/dL at the
highest dose, respectively; P = 0.09) and
vascular response to SNP was signiﬁcantly higher than in patients with the
MetS (15.5 6 2.1 mL/min/dL vs. 11.7
6 1.8 mL/min/dL at the highest dose, respectively; P = 0.02). In contrast with the
results obtained in patients with the MetS,
however, in these subjects the addition of
GLP-1 did not signiﬁcantly affect AChand SNP-induced forearm vasodilation
when compared with the response observed during insulin infusion alone
(Fig. 1, bottom).
Effects of GLP-1 on baseline
vascular reactivity in MetS patients
During saline administration, the infusion of escalating doses of ACh and SNP
resulted in a progressive increase in FBF
from baseline (P , 0.001 for both drugs).
No signiﬁcant changes in the vasodilator
responses to ACh and SNP were observed
DIABETES CARE, VOLUME 36, MARCH 2013
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responses to ACh and SNP were observed
after GLP-1(9-36) was added to the insulin infusion (Fig. 4).
Effect of GLP-1 on FGU during
hyperinsulinemia in MetS patients
In this protocol, FGE and FGU responses
to hyperinsulinemia were measured before and after the addition of exogenous
GLP-1. Before infusion of GLP-1, FGE
was 20 6 6% and FGU was 10.2 6 2.4
mg/min/dL; after infusion of exogenous
GLP-1, FGE was 21 6 5% and FGU was
11.1 6 2.8 mg/min/dL (P = 0.17 and P =
0.43, respectively, vs. insulin alone).

Figure 1dPlots showing FBF responses to intra-arterial infusion of escalating doses of ACh (left)
and SNP (right), during the concomitant infusion of insulin alone (○) or insulin and GLP-1 (C)
in the MetS patients (top) and metabolically healthy obese control subjects (bottom). The
P values refer to the comparisons of vascular responses under different conditions by two-way
ANOVA for repeated measures. All values are means 6 SEM.

after GLP-1 had been added to the infusion with saline alone (Fig. 2).

when GLP-1 infusion was added on top of
insulin and vitamin C (Fig. 3).

Effect of vitamin C on vasodilator
function during hyperinsulinemia
in MetS patients
In the MetS patients, during the concomitant infusion of insulin and vitamin C,
increasing doses of ACh and SNP resulted
in a progressive rise in FBF from baseline
(P , 0.001 for both). In this group of
patients, no signiﬁcant changes in FBF responses to ACh and SNP were observed

Effects of the metabolite GLP-1(9-36)
on vascular reactivity during
hyperinsulinemia in MetS patients
During insulin administration, the infusion of escalating doses of ACh and SNP
resulted in a progressive increase in FBF
from baseline (P , 0.001 for both drugs).
In contrast with the results obtained during the infusion of GLP-1(7-36), no signiﬁcant changes in the vasodilator
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CONCLUSIONSdThemainnovelﬁnding of the current study is that GLP-1(7-36)
improves both endothelium-dependent
and -independent NO-mediated vasodilator
responsiveness during hyperinsulinemia
in patients with the MetS. It is interesting that this enhancing effect of GLP-1
(7-36) on forearm vasodilator reactivity
was not observed in the absence of
hyperinsulinemia. Furthermore, even in
the presence of high circulating insulin
levels, GLP-1(7-36) did not modify vasodilator responses to both ACh and SNP
in obese control subjects without the
MetS, hence supporting the speciﬁcity of
the effect of GLP-1(7-36) to ameliorate the
abnormal vascular responsiveness observed in patients with the MetS.
Even though a number of recent studies
have established that GLP-1 exerts beneﬁcial actions on vascular function, the
underlying mechanisms still remain controversial. Thus, some investigations have
suggested that GLP-1 is provided of vasorelaxing properties mediated by endothelial release of NO (15,16). Other studies,
however, have not conﬁrmed these results, indicating that GLP-1 may act by
directly relaxing vascular smooth muscle independently of the endothelium
(17,18). In the MetS patients participating
in our study, GLP-1(7-36) did not improve
the responsiveness to ACh in the absence of
hyperinsulinemia, hence suggesting that
GLP-1–related mechanism does not
play a primary role to ameliorate the endothelial dysfunction commonly seen in this
population (19). This ﬁnding is apparently at odds with previous observation
in the forearm microcirculation of healthy
subjects (9) and in conductance arteries
of diabetic patients with coronary artery
disease (10), showing that infusion of
exogenous GLP-1 ameliorates endotheliumdependent vasodilator responsiveness. Although the exact reasons for these
care.diabetesjournals.org
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Figure 2dPlots showing FBF responses to intra-arterial infusion of escalating doses of ACh (left)
and SNP (right) during the concomitant infusion of saline (○) or GLP-1 (C) in the MetS patients. The P values refer to the comparisons of vascular responses under different conditions by
two-way ANOVA for repeated measures. All values are means 6 SEM.

discrepancies remain unclear, it must be
noted that in our study GLP-1 was infused
locally, whereas in previous investigations it
had been given systemically; this suggests
that other potential factors might have
been involved in the effects of GLP-1on

endothelial function reported by those
studies.
Previous work in our laboratory has
shown that patients with the MetS have a
generalized defect in insulin-stimulated responsiveness to a wide variety of vasodilator

Figure 3dPlots showing FBF responses to intra-arterial infusion of escalating doses of ACh (left)
and SNP (right) during the concomitant infusion of insulin and vitamin C (○) or insulin and
vitamin C and GLP-1 (C) in the MetS patients. The P values refer to the comparisons of vascular
responses to ACh and SNP under different conditions by two-way ANOVA for repeated measures.
All values are means 6 SEM.
care.diabetesjournals.org

stimuli, suggestive of abnormality in insulin
signaling in vascular smooth muscle cells
(VSMCs) (6). Our current observation that
GLP-1 favorably impacts forearm vascular
reactivity to both ACh and SNP only in the
presence of hyperinsulinemia, therefore, is
consistent with an action of the peptide to
restore the facilitatory role of insulin on
VSMCs vasodilator capacity in patients
with the MetS.
Strong evidence suggests that impaired
insulin receptor function and/or intracellular signaling coupling are central mechanisms in the altered reactivity of resistance
vessels observed in insulin-resistant states
and that augmented generation/availability
of reactive oxygen species (ROS) has a
major causative effect (20). It is important
that insulin has been shown to induce ROS
production in all the arterial layers of insulin-resistant rat models (21) and treatment
with antioxidants has demonstrated to immediately restore vascular function in these
models (22,23). In the current study, we
tested the possibility that increased oxidative stress during hyperinsulinemia in patients with the MetS could be involved in
the vascular effects of GLP-1 by infusion of
the antioxidant vitamin C. Our results
demonstrate that, during hyperinsulinemia,
when GLP-1 is given on top of vitamin C it
does not further enhance the vasodilator
responsiveness to ACh and SNP. The most
likely explanation of this ﬁnding is that,
after ablating oxidative stress with vitamin
C, GLP-1 is no longer effective because insulin-stimulated vasodilation has been restored. This interpretation would have
been more straightforward if, in our study,
vascular reactivity had been studied in the
same patient both in the absence and the
presence of vitamin C. Also, assessment of
the vascular effects of vitamin C in a control group would have added to the speciﬁcity of these results. However, previous
data obtained in our laboratory have
clearly shown within-patient improvement of vascular responsiveness to vasodilators during hyperinsulinemia after
infusion of vitamin C in patients with the
MetS (6). Moreover, as part of that study,
we also evaluated the effect of vitamin C
on insulin-stimulated vascular responsiveness in a control group without the
MetS (n = 5) and we did not observe any
signiﬁcant change in the response to both
ACh and SNP (unpublished data). Considering these potential limitations in the
interpretation of our data, therefore, the
possibility that GLP-1 might exert vascular
beneﬁts in the MetS by directly reducing
oxidative stress cannot be completely ruled
DIABETES CARE, VOLUME 36, MARCH 2013
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Figure 4dPlots showing FBF responses to intra-arterial infusion of escalating doses of ACh (left)
and SNP (right) during the concomitant infusion of insulin alone (○) or insulin and GLP-1(9-36)
(C) in the MetS patients. The P values refer to the comparisons of vascular responses under
different conditions by two-way ANOVA for repeated measures. All values are means 6 SEM.

out. This view is supported by the results of
previous studies in experimental models,
showing that GLP-1 reduces lipid peroxidation in streptozotocin-induced diabetic rats
(24). Similarly, in Zucker diabetic fatty rats,
increased GLP-1 levels after dipeptidyl
peptidase-4 inhibition attenuated ROSinduced vascular senescence in a receptordependent manner (25). In addition or
alternatively to a possible direct antioxidant effect of GLP-1, another putative
mechanism to explain our ﬁndings relies
on the fact that ROS may affect vascular
reactivity via direct actions on ion channels. In particular, ROS-dependent mechanisms impair arterial ATP-sensitive
potassium K+ channels (26), which are
widely expressed on both endothelium
and VSMCs. Because GLP-1 has been
shown to induce endothelium-independent
vasorelaxation through stimulation of the
ATP-sensitive potassium K+ channel (17),
it is possible that this mechanism might be
involved in restoring normal vasodilator
responsiveness in the MetS.
Because the active circulating GLP-1
(7-36) is rapidly cleaved by DDP-4 into
the metabolite GLP-1(9-36), we also evaluated whether the cleavage product could
share similar vascular effects in patients
with MetS. This aspect may be of clinical
relevance, since either DDP-4–resistant
GLP-1 analogs or DDP-4 inhibitors to
prevent GLP-1(7-36) degradation are
used for treatment of type 2 diabetes.
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Therefore, if GLP-1(9-36) shares the beneﬁcial vascular effects of GLP-1(7-36),
then inhibition of DDP-4 may not be the
best choice. To this end, experiments were
performed to assess vascular responses to
vasodilator agents during hyperinsulinemia
in patients with the MetS, before and after
infusion of exogenous GLP-1(9-36).
These studies showed that GLP-1(9-36)
does not affect insulin-stimulated vascular
reactivity to ACh and SNP in these patients, thereby supporting the notion of a
receptor-speciﬁc effect of GLP-1(7-36) to
ameliorate vasodilator responsiveness in
this setting. Our results are in keeping
with those of recent studies showing that
GLP-1(9-36) is devoid of the cardiovascular actions of GLP-1(7-36) in conscious
rats (27). By contrast, these ﬁndings are
at odds with those studies showing that
GLP-1(7-36) and GLP-1(9-36) share comparable NO-dependent vasodilator properties in isolated mouse mesenteric arteries
(9). Even though the precise reasons are
not entirely clear, these discrepancies
might be explained by differences in species and vascular beds; alternatively, and
more likely, the concentrations of GLP-1
(9-36) to which isolated vessels are exposed are much higher than those that
can be achieved in the in vivo circulation.
Previous studies have reported controversial ﬁndings with regard to the possible
effect of GLP-1 to increase glucose disposal in insulin-sensitive tissues. In our

study, infusion of GLP-1 did not enhance
insulin-stimulated FGE and FGU by the
forearm skeletal muscle of patients with
the MetS. These results are at odds with
those of previous investigations reporting
that long-term treatment with GLP-1 enhances insulin sensitivity in patients with
type 2 diabetes (28). In keeping with our
ﬁndings, however, other investigators
have reported that acute infusion of exogenous GLP-1 does not signiﬁcantly modify
insulin sensitivity in patients with type 2
diabetes and coronary artery disease (10).
Beyond differences in study methodologies
and infused doses of GLP-1, the main reason for these discrepancies seems related
to GLP-1 administration times. Thus, prolonged infusion of the peptide or chronic
treatments targeting GLP-1 receptors
seems necessary to improve glucose disposal in insulin-resistant patients. Therefore, the acute effects of GLP-1 to improve
vasodilator reactivity observed in our
study were independent of changes in insulin sensitivity and glucose metabolism
in insulin-resistant patients with the MetS.
There are some limitations of the
current study that should be acknowledged. Because of the demanding nature
of the protocols, our study enrolled a
limited number of participants for each
group, which may have reduced our
statistical power. However, despite the
small size of the groups, we were able to
detect statistically signiﬁcant effects of
GLP-1 infusion during hyperinsulinemia
in patients with the MetS. Therefore, the
effect that we may have possibly missed in
the other experimental groups because
of a type II error would be small. Also,
because our study was performed in the
intact human circulation in vivo, a limit
inherent with its methodology is the inability to fully explore the precise molecular mechanisms involved. Finally,
enrollment of a proper control group for
all the protocols carried out in this study
would have certainly strengthened the
interpretation of our results.
In conclusion, the results of our study
indicate that GLP-1 improves insulinstimulated vasodilator responsiveness in
patients with obesity-related MetS, likely
acting through a receptor-mediated
mechanism inﬂuenced by vascular oxidative stress. Our ﬁndings bear potential
clinical implications by suggesting that in
these patients GLP-1–based treatments
provide additional beneﬁts beyond glycemic
control and that GLP-1 receptor is an
important therapeutic target for vascular
prevention.
care.diabetesjournals.org
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