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Background-—Dipeptidyl-peptidase 4 (DPP4) inhibitors improve glycemic control in patients with diabetes mellitus by preventing
the degradation of glucagon-like peptide-1 (GLP-1). GLP-1 causes vasodilation in animal models but also increases sympathetic
activity; the effect of GLP-1 in the human vasculature and how it is altered by DPP4 inhibition is not known. DPP4 also degrades the
vasodilator brain natriuretic peptide (BNP) to a less potent metabolite. This study tested the hypothesis that DPP4 inhibition
potentiates the vasodilator responses to GLP-1 and BNP in the human forearm.

Method and Results-—Seventeen healthy subjects participated in this randomized, double-blinded, placebo-controlled crossover
study. On each study day, subjects received DPP4 inhibitor (sitagliptin 200 mg by mouth) or placebo. Sitagliptin increased forearm
blood flow and decreased forearm vascular resistance without affecting mean arterial pressure and pulse. GLP-1 and BNP were
infused in incremental doses via brachial artery. Venous GLP-1 concentrations were significantly higher during sitagliptin use, yet
there was no effect of GLP-1 on forearm blood flow in the presence or absence of sitagliptin. BNP caused dose-dependent
vasodilation; however, sitagliptin did not affect this response. GLP-1 and BNP had no effect on net norepinephrine release.

Conclusions-—These data suggest that GLP-1 does not act as a direct vasodilator in humans and does not contribute
to sympathetic activation. Sitagliptin does not regulate vascular function in healthy humans by affecting the degradation of GLP-1
and BNP.

Clinical Trial Registration-—URL: www.clinicaltrials.gov/ Unique identifier: NCT01413542. ( J Am Heart Assoc. 2014;3:e001075
doi: 10.1161/JAHA.114.001075)
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D ipeptidyl-peptidase 4 (DPP4) is a ubiquitously expressed
cell surface protease that cleaves dipeptides from the

amino terminus of peptides containing a penultimate alanine
or proline; soluble DPP4 resulting from proteolytic cleavage of
the membrane form is also present in the circulation.1–3 The
first selective DPP4 inhibitor, sitagliptin, was approved by the

US Food and Drug Administration in 2006 for the management
of hyperglycemia in patients with type 2 diabetes mellitus.
DPP4 inhibition decreases the degradation of endogenous
incretin hormones, including glucagon-like peptide-1 (GLP-1)
and thereby augments nutrient-stimulated insulin release,
suppresses glucagon secretion, and slows gastric emptying.4,5

The widespread expression of DPP4 within the vasculature and
its numerous vasoactive hormone substrates also raise the
possibility that DPP4 could affect vascular function.6

GLP-1 and brain natriuretic peptide (BNP) represent 2
vasoactive peptide hormone substrates of DPP4. In rodent
models, GLP-1 activates the GLP-1 receptor to produce mild
vasodilation, inotropic action, and ischemic precondition-
ing.7,8 At the same time, central and peripheral administra-
tion of GLP-1 receptor agonists in a rat model increases
blood pressure and heart rate by activating autonomic
regulatory neurons.9 DPP4 cleaves GLP-1 to its metabolite
GLP-1(9-36), which promotes endothelium-dependent vaso-
dilation independent of the GLP-1 receptor.7 Consequently,
inhibition of DPP4 may potentiate the effects of GLP-1 but
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also could also decrease the favorable effects of its
metabolite GLP-1(9-36).

BNP(1-32) is produced by the ventricular cardiomyocytes
in response to increased filling pressures and promotes
vasodilation and natriuresis. BNP(1-32) is rapidly cleaved to
BNP(3-32) by DPP4 in human plasma, and this is prevented by
addition of the DPP4 inhibitor vildagliptin.10 The metabolite
BNP(3-32) causes less vasodilation and natriuresis than its
intact precursor in a dog model.11

Adults with diabetes are nearly two times more likely to die
from heart disease than adults without diabetes, and over
two-thirds of adults with diabetes have hypertension or are
prescribed antihypertensive therapies.12 Two recent placebo-
controlled clinical trials demonstrated no beneficial effect of
the DPP4 inhibitors alogliptin or saxagliptin on cardiovascular
events, although saxagliptin use was associated with an
increased risk of hospitalization for heart failure.13,14 Conse-
quently, it is important to understand the cardiovascular
effects of this class of antidiabetic medications at a mech-
anistic level. This study tested the hypothesis that DPP4
inhibition potentiates the vasodilator responses to GLP-1 and
BNP in the human forearm vasculature.

Methods

Study Protocol
Seventeen healthy, nonobese (body mass index <30 kg/m2),
nonsmoking adults participated in a double-blind, randomized,
placebo-controlled, crossover study (Figure 1; subject char-

acteristics are shown in Table 1). The study adhered to the
principles of the Declaration of Helsinki and Title 45, US
Code of Federal Regulations, Part 46, Protection of Human
Subjects, following approval by the Vanderbilt University
institutional review board, and all subjects provided written
informed consent prior to initiation of study procedures.
Patients with a history of chronic illness, including diabetes,
hypertension, cardiovascular disease, and chronic renal or
hepatic insufficiency, were excluded from participation.
Medication use other than a multivitamin was prohibited at
the time of study. Pregnancy was excluded among women of
child-bearing age.

Each subject was studied on 2 days at least 1 week apart.
Subjects were assigned to treatment order (sitagliptin or
matching placebo) using a block randomization algorithm
provided by the study biostatistician. Randomization was
stratified by race and sex. On each study day, subjects
reported to the Vanderbilt Clinical Research Center in the
morning after an overnight fast. All subjects were studied
in the supine position in a temperature-controlled room.
Subjects were given an oral study drug (sitagliptin 200 mg or
matching placebo), and an arterial line was placed in the
brachial artery of the nondominant arm with an adjacent
peripheral intravenous line.

Baseline forearm blood flow (FBF) measurements and
blood sampling were obtained 60 minutes following ingestion
of the study drug and at least 30 minutes after insertion of
the arterial catheter. Subjects then received sequential intra-
arterial infusions of GLP-1 followed by BNP; a 30-minute
washout separated each infusion. We observed a carryover
effect on FBF when BNP was infused prior to GLP-1 in the first
subject, despite the intervening washout. The affected data

Figure 1. Study protocol. Intra-arterial GLP-1 was first infused
in 3 graded doses, lasting 5 minutes each, followed by BNP. A 30-
minute washout separated the 2 peptide infusions. Forearm blood
flow measurement, followed by arterial and venous sampling, was
performed at baseline and at completion of each dose of peptide.
A minimum of 7 days separated each study day. BNP indicates
brain natriuretic peptide; GLP-1, glucagon-like peptide-1.

Table 1. Subject Characteristics

Parameter N=17

Age, y 35.4�10.0

Race

White 12 (71%)

Black 5 (29%)

Sex

Female 8 (47%)

Male 9 (53%)

Weight, kg 75.8�15.2

Body mass index, kg/m2 25.4�3.2

Menopause status

Premenopausal 7 (88%)

Menopausal 1 (12%)

Results are presented as mean�SD, unless otherwise noted.
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were excluded from the analyses, and GLP-1 was infused first
on all subsequent study days. Each peptide was infused in 3
graded doses of 5 minutes each. FBF was assessed during
the last 2 minutes of each dose, and arterial and venous
blood samples were then drawn simultaneously. On the
second study day, the protocol was repeated using the
opposite study drug (sitagliptin or matching placebo). Blood
pressure and heart rate were continuously monitored
throughout each study day.

Insertion of Arterial Line and Intra-arterial
Administration of Study Drugs
After subdermal administration of 1% lidocaine, a size 3F
catheter (Cook Inc) was inserted into the brachial artery of the
nondominant arm for direct intra-arterial administration of
peptides and arterial blood sampling. Arterial catheter
patency was maintained by infusion of intravenous fluid
(0.9% sodium chloride solution) at a rate of 1 mL/min.

GLP-1 (Clinalfa Basic) was infused at 0.45, 0.90, and
1.80 pmol/min in the first 3 randomized subjects; however,
we did not see any effect of GLP-1 on vasodilation at these
doses. GLP-1 infusions were increased to 0.90, 1.80, and
3.60 pmol/min in 11 additional subjects. After we still saw no
effect of GLP-1, we discontinued GLP-1 in the remaining 3
subjects. BNP (nesiritide; Scios Inc) was infused at 480, 720,
and 1440 pmol/min. We chose the doses of BNP based on
previously published vasodilator responses.15,16 All 17 sub-
jects received BNP infusions. Drug concentrations in the
infusate were adjusted to maintain an infusion volume of
1 mL/min throughout the study.

Forearm Blood Flow Measurements
FBF was measured using mercury-in-silastic strain gauge
plethysmography. The wrist was supported in a sling to
raise the level of the forearm above the level of the atrium,
and a strain gauge was placed around the widest part of
the forearm of the nondominant hand. The strain gauge
was connected to a plethysmograph (model EC-6; D.E.
Hokanson), which was connected to a chart recorder to
record flow measurements. For each measurement, a cuff
placed around the upper arm was inflated to 45 mm Hg
with a rapid cuff inflator (model E-20 rapid cuff inflator and
AG 101 cuff inflator air source; D.E. Hokanson) to occlude
venous outflow from the extremity. The hand was excluded
from the measurement of blood flow by inflation of a
pediatric sphygmomanometer cuff to 200 mm Hg around
the wrist. Flow measurements were recorded for �7 sec-
onds, and a minimum of 6 readings were analyzed using a
noninvasive vascular software program (D.E. Hokanson
NIVP3 version 5.40) to obtain each mean. Forearm vascular

resistance was calculated as mean arterial pressure (MAP)
divided by FBF.

Arteriovenous concentration gradients were calculated by
subtracting the plasma level measured in simultaneously
collected venous and arterial blood. Forearm plasma flow was
calculated from the FBF, and hematocrit was corrected for 1%
trapped plasma. Net release was calculated at each time
point:

Net release ¼ ðCv � CAÞ � ½FBF� ðð101
� hematocritÞ=100Þ�

Laboratory Analyses
Simultaneous arterial and venous samples were obtained from
the infused arm at baseline and at completion of each dose of
infused peptide. All samples were obtained after the first
3 mL of blood were discarded. Blood samples were collected
on ice and centrifuged immediately, and plasma was stored at
�80°C in prespecified aliquots until time of assay. Venous
DPP4 antigen concentration was determined by ELISA
(eBioscience). Venous DPP4 activity was assayed by incubat-
ing sera with a colorimetric substrate, L-glycyl-L-prolyl p-
nitroanilide, hydrochloride (Sigma), at 37°C.17 Blood for
measurement of venous GLP-1 levels was collected in tubes
containing EDTA and protease inhibitor (aprotinin; Roche
Diagnostics). GLP-1 levels were determined using a multiplex
magnetic bead assay (Milliplex MAP Human Metabolic
Hormone Magnetic Bead Panel; EMD Millipore) that detects
active GLP-1(7-36) in the range of 4 to 3033 pmol/L with no
cross-reactivity for GLP-1(9-36). Arterial and venous blood for
catecholamine measurement was collected in prechilled tubes
containing sodium heparin. Samples were measured by high-
performance liquid chromatography with electrochemical
detection.

Statistical Analysis
Data are presented as mean�SD unless otherwise noted.
Potential carryover and period effects were tested for by
comparing the measures of FBF obtained prior to each
infusion. Wilcoxon signed rank test was used to compare
baseline variables as well as venous GLP-1 levels. Mixed-
effect models were used to analyze the data with a random
subject effect and with fixed effects of treatment (placebo or
sitagliptin), peptide dose, and their interaction. The mixed-
effect model with a random subject effect allowed the
inclusion of subjects with missing data at some time points.
For inferences of interest, a 2-sided P<0.05 was considered
significant. Statistical analyses were performed using IBM
SPSS software v. 21.0, GraphPad Prism 5, and R 2.15.0
(www.r-project.org).
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Results

Effect of Treatment on DPP4 Activity and Initial
Hemodynamic Parameters
DPP4 inhibition with sitagliptin decreased DPP4 activity by
64% (P=0.002), whereas DPP4 antigen was unchanged
(Table 2). DPP4 inhibition increased systolic blood pressure
by 5% (P=0.03) but had no effect on diastolic blood pressure
(P=0.70), MAP (P=0.21), or heart rate (P=0.92) prior to intra-
arterial peptide infusions. DPP4 inhibition increased FBF by
30% (P=0.02) and decreased forearm vascular resistance by
18% (P=0.03) prior to intra-arterial peptide infusions.

Effect of DPP4 Inhibition on GLP-1
Concentrations and Forearm Blood Flow
Intra-arterial infusion of GLP-1 significantly increased venous
GLP-1 concentrations from baseline during both placebo
(P=0.01) and sitagliptin (P=0.01). Venous GLP-1 levels were
significantly higher during sitagliptin (P=0.04 versus placebo
at highest dose of GLP-1) and exceeded postprandial levels
normally found in healthy adults (Figure 2).18

Vasodilator response is presented as FBF, because local
intra-arterial infusion of peptide did not significantly affect
MAP in either treatment group, and as a percent change,
given that baseline FBF differed between treatment with
sitagliptin and placebo (Figure 3). Intra-arterial infusion of
GLP-1 did not increase FBF, even when its concentrations
were increased by sitagliptin.

Intra-arterial infusion of BNP increased FBF in a dose-
dependent manner (P<0.001 effect of dose); however,
treatment with sitagliptin did not affect this vasodilator
response.

Effect of DPP4 Inhibition on Mean Arterial
Pressure, Heart Rate, and Norepinephrine Levels
Intra-arterial infusion of GLP-1 did not significantly affect
heart rate, MAP, norepinephrine levels, or net vascular
norepinephrine release during placebo or sitagliptin treatment
(data not shown).

Intra-arterial infusion of BNP infusion increased heart
rate in a dose-dependent manner (P=0.01 effect of dose);
treatment with sitagliptin did not affect this response. Intra-
arterial infusion of BNP increased arterial norepinephrine
levels only during sitagliptin (P<0.001 effect of dose). There
was no effect of intra-arterial infusion of BNP on MAP, venous
norepinephrine levels, or net norepinephrine release.

Safety
Seventeen subjects participated in study procedures. Three
subjects did not complete the second study day due to
inability to obtain adequate arterial access. One subject
experienced a syncopal episode �1 hour after completion of
his first study visit. He was found to be orthostatic, was given
intravenous fluids, and was withdrawn from the study. The
data from these 4 subjects is included in the analyses. The
remaining 13 subjects completed both study days. Other
adverse events included transient lightheadedness and nau-
sea, which resolved with increased oral fluid intake and rest (3
subjects), and neuropraxia in the instrumented arm, which
resolved over a period of 2 weeks without therapy (1 subject).
There were no instances of hypoglycemia.

Table 2. Initial Hemodynamic Parameters

Variable
Placebo
(n=16)

DPP4 Inhibition
(n=14)

DPP4 activity, U/L 27.3�4.5 9.8�5.7*

DPP4 antigen, ng/mL 417.7�90.0 386.3�91.3

Systolic blood pressure, mm Hg 109.3�8.3 115.1�8.7*

Diastolic blood pressure, mm Hg 67.5�7.0 68.9�8.3

Mean arterial pressure, mm Hg 84.1�5.9 86.7�6.5

Heart rate, bpm 56.8�9.2 57.4�8.5

FVR, mm Hg/mL per minute
per 100 mL

36.3�18.1 29.8�12.7*

FBF, mL/min per 100 mL 2.7�0.9 3.5�1.5*

Results are presented as mean�SD. bpm indicates beats per minute; DPP4, dipeptidyl
peptidase 4; FBF, forearm blood flow; FVR, forearm vascular resistance.
*P<0.05 vs placebo.

Figure 2. Effect of DPP4 inhibition on venous GLP-1 levels at
baseline and during the maximum dose of GLP-1. Data presented
as mean�SEM (14 subjects). P values obtained from Wilcoxon
signed rank. *P<0.05 vs baseline during same treatment.
†P<0.05 vs placebo at same peptide dose. Dotted lines indicate
references for fasting and postprandial GLP-1 levels in healthy
subjects.18 DPP4 indicates dipeptidyl-peptidase 4; GLP-1,
glucagon-like peptide-1.
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Discussion
This study tested the hypothesis that DPP4 inhibition
potentiates the vasodilator responses to GLP-1 and BNP in
the human forearm. We found that GLP-1 does not cause
vasodilation in the forearm vasculature of healthy humans,
even when its degradation is inhibited by sitagliptin and high
concentrations are achieved. We also found that sitagliptin
does not potentiate the vasodilator response to BNP. Neither
intra-arterial GLP-1 nor BNP cause vascular release of
norepinephrine.

Although several prior studies have examined the effect of
intravenous GLP-1 on endothelial function, our study is
unique in examining the direct vascular effect of intra-arterial
GLP-1 while blocking its degradation by DPP4. Specifically, 2
prior studies examining the effect of intravenous GLP-1 on
endothelial function during hyperglycemic clamp suggested
that GLP-1 improves endothelial function, as measured by
flow-mediated dilation during hyperglycemia in diabetic
subjects but not during normoglycemia.19,20 In contrast,
Basu et al reported that intravenous GLP-1 enhanced the
forearm vasodilator response to intra-arterial acetylcholine
but not to nitroprusside in healthy subjects.21 Because
systemic administration of GLP-1 increases insulin, we
infused GLP-1 directly in the brachial artery. Tesauro et al
also assessed the effect of intra-arterial GLP-1 and reported
that GLP-1 enhanced the FBF response to acetylcholine and
nitroprusside in patients with metabolic syndrome during
coinfusion of insulin but not during saline.22 In contrast to
our study, the investigators did not inhibit the degradation
of GLP-1 by DPP4 and did not achieve concentrations of
GLP-1 comparable to physiological concentrations achieved
after a meal.

These data in humans conflict with data in rodent models,
which indicate that GLP-1 causes direct vasodilation.7,23 The
lack of effect of DPP4 inhibition by sitagliptin on the vascular
response to GLP-1 is particularly important because Ban et al
reported that both GLP-1 and its DPP4 metabolite GLP-1
(9-36) dilate preconstricted mesenteric arteries through a
GLP-1 receptor–independent and nitric oxide synthase–
dependent mechanism.7 In contrast, Tesauro et al reported
no effect of intra-arterial GLP-1(9-36) in the human forearm.22

Likewise, if endogenous GLP-1(9-36) causes vasodilation in
humans, we would have expected to observe an increase in
forearm vascular resistance during DPP4 inhibition, but
instead we observed a decrease in baseline forearm vascular
resistance.

Activation of the GLP-1 receptor in the brain has also been
shown to modulate sympathetic activity in animal models and
humans. Yamamoto et al demonstrated that systemic admin-
istration of GLP-1 receptor agonist increased blood pressure
and heart rate in a dose-dependent fashion and activated
autonomic neurons responsible for sympathetic outflow in
rats.9 Bharucha et al found that intravenous infusion of GLP-1
in healthy subjects increased skeletal muscle sympathetic
nerve activity but did not affect cardiac sympathetic indices,
as assessed by spectral analysis.24 Vasodilation in response
to GLP-1 may be compromised by increased sympathetic
activity; however, we administered GLP-1 intra-arterially,
thereby avoiding systemic counter-regulatory responses, and
did not see any effect of GLP-1 on norepinephrine release.

We also investigated the effect of sitagliptin on the
vasodilatory response to BNP. Elevated BNP levels are
characteristic of heart failure, and recombinant BNP reduces
afterload and promotes natriuresis.25 DPP4 activity is
increased in the setting of heart failure and thus may play a

A B

Figure 3. Effect of DPP4 inhibition on forearm blood flow response to intra-arterial GLP-1 (14 subjects)
and to BNP (17 subjects). As noted in the methods, the first 3 subjects received lower doses of GLP-1. Data
presented as mean�SEM. P values from mixed-effect models are presented in the text. BNP indicates brain
natriuretic peptide; DPP4, dipeptidyl-peptidase 4; GLP-1, glucagon-like peptide-1.
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role in the pathophysiology of heart failure by increasing
degradation of BNP to BNP(3-32), which is a less potent
vasodilator and natriuretic agent in dogs.11,26

We did not find that sitagliptin potentiated the vasodilatory
response to BNP in the human forearm. We cannot exclude
minimal potentiation of the effects of BNP because intra-
arterial infusion of BNP tended to reduce MAP from baseline
during sitagliptin treatment only and did increase arterial
norepinephrine levels. It is possible that there was mild
systemic vasodilation and activation of the baroreflex follow-
ing BNP infusion during DPP4 inhibition, but the lack of effect
of sitagliptin on the heart rate response to BNP infusion does
not support this. Chan et al reported that BNP promotes
norepinephrine release in an ex vivo rodent model and
proposed that this may account for the inability of
recombinant BNP to reduce the rate of hospitalization and
death from heart failure.27 We did not find an effect of intra-
arterial BNP on venous norepinephrine levels or net norepi-
nephrine release in the presence or absence of sitagliptin.

We observed an increase in basal systolic blood pressure
with an accompanying increase in FBF and decrease in
forearm vascular resistance during sitagliptin, consistent with
our previous observation in healthy subjects.3 Although we
did not observe a significant increase in baseline heart rate or
net norepinephrine release during sitagliptin in the present
study, we have previously reported that DPP4 inhibition
increases sympathetic activation by substance P.3 As noted,
an effect of DPP4 inhibition on the degradation of GLP-1 in the
central nervous system could have contributed to this
observed increase in systolic blood pressure.

Limitations
A few study design considerations warrant mention. We used
an acute dose of 200 mg of sitagliptin because this dose
inhibits DDP4 inhibition to the same extent as the clinically
approved dose of 100 mg but within a shorter time period.
We cannot exclude an effect of chronic DPP4 inhibition on
vascular responses to GLP-1 and BNP or on endothelial
function. We studied a small sample size due to the rigorous
nature of the protocol; this may have limited our power to
detect an effect of sitagliptin on the vasodilator responses.
We also studied healthy individuals in the fasting state to
control for the fluctuations in other vasoactive hormones,
including GLP-1 and insulin, and to control for medications
and diseases that may affect endothelial function. It is
possible that our findings would have been different in
diseased subjects, but prior studies do not support this, as
discussed earlier. We focused on vasodilator responses and
cannot exclude an effect of sitagliptin on the natriuretic
response to BNP. We were unable to determine BNP levels
due to limitations of commercially available assays.

Conclusions
Diabetes is associated with increased risk of heart attack
and stroke. The recent Saxagliptin Assessment of Vascular
Outcomes Recorded in Patients with Diabetes Mellitus
(SAVOR)–Thrombolysis in Myocardial Infarction (TIMI) 53 trial
revealed an increased risk for hospitalization due to heart
failure with the DPP4 inhibitor saxagliptin.13 DPP4 inhibitor
therapies may influence cardiovascular risk by affecting the
degradation of peptide substrates that influence vascular
function and sympathetic activity. We previously reported that
the DPP4 substrate substance P increases sympathetic
activity when DPP4 inhibition is combined with angiotensin-
converting enzyme inhibition.3 In the present study, we
investigated the impact of DPP4 inhibition on the vascular
effects of GLP-1 and BNP. Our data do not support the
hypothesis that decreased degradation of GLP-1 and BNP
during acute DPP4 inhibition directly regulates vascular
function or sympathetic activity in healthy humans, despite
data to the contrary in animal models. Other mechanisms that
may account for the increased risk of hospitalization for heart
failure during chronic DPP4 inhibitor therapy should be
explored.
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