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Exenatide acutely increases
heart rate in parallel with
augmented sympathetic
nervous system activation in
healthy overweight males
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• Glucagon-like peptide-1 receptor agonists
(GLP-1RA) consistently increase heart rate in
clinical practice. Animal and limited clinical
data suggest vascular and autonomic

WHAT THIS STUDY ADDS
• Acute administration of the GLP-1 receptor
agonist exenatide increases heart rate and
sympathetic nervous activity, while not

overweight males. These results improve
our understanding of the mechanisms
involved in the potential safety concerns
associated with GLP-1 receptor agonist
treatment in type 2 diabetes.
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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
AIM
Clinical use of glucagon-like peptide-1 receptor agonists (GLP-1RA) is
consistently associated with heart rate (HR) acceleration in type 2
diabetes patients. We explored the mechanisms underlying this
potential safety concern.
nervous system involvement, yet the exact

underlying mechanisms remain speculative.
 METHODS
Ten healthy overweight males (aged 20–27 years) were examined in an
open label, crossover study. Automated oscillometric blood pressure
measurements and finger photoplethysmography were performed
throughout intravenous administration of placebo (saline 0.9%),
exenatide (targeting therapeutic concentrations) and a combination of
exenatide and the nitric oxide synthase inhibitor L-NG-monomethyl
arginine (L-NMMA). Sympathetic nervous system (SNS) activity was
measured by heart rate variability and rate-pressure product.
affecting vascular resistance in healthy

RESULTS
Exenatide increased HR by a mean maximum of 6.8 (95% CI 1.7, 11.9)
beats min–1 (P < 0.05), systolic blood pressure (SBP) by 9.8 (95% CI 3.5,
16.1) mmHg (P < 0.01) and markers of SNS activity (P < 0.05). No
changes in total peripheral resistance were observed. Increases in HR,
SBP and sympathetic activity were preserved during concomitant
L-NMMA infusion.
CONCLUSIONS
Our data argue against exenatide-induced reflex tachycardia as a
response to vasodilation and rather suggest the involvement of SNS
activation in humans.
acol / 81:4 / 613–620 / 613
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Introduction

Over the last decade, glucagon-like peptide-1 receptor
agonists (GLP-1RA) have emerged as a therapeutic
option for type 2 diabetes management. These
insulinotropic agents improve glycaemic control, with
the added clinical benefit of reducing bodyweight and
blood pressure after long term treatment [1]. However,
in both acute and long term human studies, a persistent
GLP-1RA-induced increase in heart rate (HR) of approxi-
mately 2 beats min–1 was reported in a meta-analysis
that included available data from randomized controlled
trials [1]. Since elevated HR is independently associated
with cardiovascular morbidity and mortality in the
general population [2], the long term safety of these
antihyperglycaemic drugs in type 2 diabetes patients
remains to be established. However, understanding the
underlying mechanisms may already lead to more
insight into its clinical significance.

Suggested mechanisms that underlie GLP-
1RA-associated HR acceleration in humans remain specu-
lative. First, GLP-1 may directly augment sympathetic or
reduce parasympathetic nervous system activity [3].
Alternatively, GLP-1-induced vasodilation may initially
reduce total peripheral resistance (TPR), leading to reflex
tachycardia [4].

In the current study, we aimed to untangle these
opposing theories in healthy overweight males. As the
baroreceptor reflex augments HR after TPR lowering by
modulating the cardiac autonomic nervous system
(ANS), and GLP-1RAs potentially reduce TPR in a nitric
oxide (NO)-dependent manner [5], we examined the
effects of the GLP-1RA exenatide on systemic
haemodynamics and the ANS, with and without concom-
itant blockage of NO synthase.
Methods

This was a single centre, open label, crossover study with
intravenous administration of placebo (saline 0.9%),
exenatide, the NO synthase blocker L-NG-monomethyl-
arginine-citrate (L-NMMA) or a combination of
exenatide/L-NMMA, as described previously [6].

Participants
Ten healthy, overweight (body mass index range 26–
31 kgm�2), Caucasian males, aged 20–27 years, were
recruited via poster advertisements. Subjects with a
recent history of any type of medication or substance
abuse (alcohol >3 units per day), nightshift work or ab-
normalities on physical examination, fasting blood and
urine samples, were excluded. A 2 h 75 mg oral glucose
tolerance test was performed to ascertain normal glu-
cose metabolism. The study was approved by the Ethics
Review Board of the VU University Medical Center and
614 / 81:4 / Br J Clin Pharmacol
complied with the principles of the Declaration of
Helsinki and International Conference on Harmonization
on Good Clinical Practice. All subjects provided written
informed consent before participation.

Study protocol
Measurements were performed on 2 separate study visits
at least 1 week apart. On day 1, the effects of intravenous
placebo (saline 0.9%) and subsequently exenatide
(AstraZeneca, London, UK; loading dose of 50 ng min�1

for 30 min, followed by a continuous infusion of
25 ng min�1) were assessed. On day 2, the effects of
L-NMMA (Bachem GmbH, Weil am Rhein, Germany; load-
ing dose of 5 mg kg�1, administered over 5 min, followed
by continuous infusion of 50 μg kg�1 min�1) and a com-
bination of L-NMMA and exenatide were assessed [6, 27].

Before testing, subjects adhered to an average salt
and protein diet for 2 days, and abstained from heavy
physical exercise, alcohol and caffeine. Prior to each mea-
surement, subjects were acclimatized for more than
5 min. All measurements were performed in the fasting
state, with the non-dominant arm comfortably placed
at heart level, in a semi-recumbent position in a temper-
ature-controlled room (23.0 ± 1.0 °C). Appropriate cuff
sizes were used where applicable. Measurements were
performed at repeated intervals (see online Supplemen-
tary Figure 1). While systemic haemodynamic parameters
were measured during all conditions, heart rate variabil-
ity (HRV) could only be assessed during exenatide infu-
sion (and the combination of exenatide/L-NMMA), for
logistic reasons.

Systolic and diastolic blood pressure (SBP and DBP, re-
spectively), mean arterial pressure (MAP) and HRweremea-
sured using an automatic oscillometric device (Dinamap©,
GE Healthcare, Little Chalfont, UK). Measurements were
performed in triplicate at 1–2 min intervals and the mean
of the last two measurements was taken as the final value
for each time point. Stroke volume (SV), cardiac output
(CO) and TPR were assessed using a beat-to-beat finger
blood pressure device (Nexfin©, BMEYE, Amsterdam, The
Netherlands). A 30 s average was derived using dedicated
software (Nexfin@PC version 2, BMEYE, Amsterdam, the
Netherlands). The rate-pressure product (RPP), a marker
reflecting sympathetic nervous system (SNS) activity, was
calculated as HR × SBP [7].

Cardiac ANS balance was assessed by resting HRV.
Measurements were performed with an ECG-equipped
Nexfin© device for a 5 min period during which
participants breathed spontaneously (range 10–18
breaths per minute), and refrained from speaking or
sleeping. ECG strips were visually inspected and artefacts
were manually corrected (linear interpolation). Fast Fou-
rier spectral analyses were performed using Kubios HRV
Analysis Software 2.1 (University of of Eastern Finland,
Kuopio, Finland) after further automated artefact correc-
tion and removal of trend components. The derived



Table 1
Subject characteristics (mean ± SD)

Parameter Value

Age (years) 22.7 ± 1.8

BMI (kg m
�2

) 29.4 ± 1.7

Waist circumference (cm) 101.5 ± 5.9

Systolic blood pressure (mmHg) 115.9 ± 10.7

Diastolic blood pressure (mmHg) 64.9 ± 4.9

Fasting plasma glucose (mmol l
�1

) 4.9 ± 0.3

HOMA2-IR 1.0 ± 0.6

Triglycerides (mmol l
�1

) 1.3 ± 0.7

Total cholesterol (mmol l
�1

) 4.3 ± 0.9

HDL cholesterol (mmol l
�1

) 1.2 ± 0.2

LDL cholesterol (mmol l
�1

) 2.5 ± 0.8

eGFR (ml min
�1

1.73 m
�2

) >60 in all subjects

BMI, body mass index; eGFR, estimated glomerular filtration rate; HDL, high den-
sity lipoprotein; HOMA-2IR, homeostatic model assessment insulin resistance;
LDL, low density lipoprotein

Exenatide-induced heart rate acceleration
spectrum comprises very low frequency (VLF, 0.01 to
0.04 Hz), low frequency (LF, 0.04 to 0.15 Hz) and high fre-
quency (HF, 0.15 to 0.5 Hz), where VLF, LF and HF were
expressed in ms2. The LF : HF ratio, a regularly used
marker for ANS balance, was calculated as LF (ms2)/HF
(ms2) and used for the current analysis [8].

Blood samples were drawn repeatedly from an intra-
venously placed catheter. Venous plasma glucose was
assessed with a YSI 2300 STAT Glucose analyzer (YSI Life
Sciences, Yellow Springs, Ohio, USA). Insulin was deter-
mined from heparin plasma using an immunometric as-
say (Advia Centaur XP Immunoassay System, Siemens
Healthcare, Erlangen, Germany). Homeostatic model
assessment-insulin resistance 2 (HOMA2-IR) was calcu-
lated using the online available tool (www.dtu.ox.ac.uk).

Statistics
No formal a priori power calculation was performed as
this was a mechanistic pilot study designed to assess ap-
preciable effects of exenatide, with or without concomi-
tant NO blockade, on systemic haemodynamics and
cardiac ANS balance in healthy overweight subjects.

Subject characteristics are presented as mean ± stan-
dard deviation (SD). The study endpoint measurements
are presented as mean with 95% confidence interval.
The effects of exenatide are given as maximal change
compared with placebo, while placebo values are given
as time-averaged mean. Parameters demonstrating a
non-normal distribution were log-transformed before
analysis, which was only needed for LF : HF ratio and in-
sulin, and median [interquartile range] are shown. Analy-
ses were performed using linear mixed models (LMM)
using SPSS version 20.0 for Windows (IBM SPSS Inc.,
Chicago, IL, USA), thereby accounting for paired and re-
peated data. Intervention and time were included in
the model as fixed factors, with a random slope, and
the interaction term (condition × time) was the parame-
ter of interest. LMM tests were performed to assess differ-
ences in systemic haemodynamic variables between
exenatide and placebo (day 1), and between exenatide/
L-NMMA and exenatide (day 2). For HRV parameters,
where placebo measurements were not available, within
group changes were tested using LMM. Linear correla-
tion analysis was performed between the area under
the curve (AUC) for glucose, HR and RPP, using Pearson’s
correlation coefficient. A two-sided P value of <0.05 was
considered statistically significant.
Results

Ten healthy overweight males were included in this anal-
ysis. Full baseline characteristics of the subjects can be
found in Table 1.

Exenatide infusion acutely elevated HR, with a
maximum mean increase of 6.8 (95% CI 1.7, 11.9)
beats min–1 (P < 0.05), compared with a time-averaged
mean of 58.3 (95% CI 55.4, 61.2) beats min–1 during pla-
cebo (Figure 1 and Table 2). Exenatide increased SBP
with a maximum of 9.8 (95% CI 3.5, 16.1) mmHg
(P < 0.01), compared with a time-averaged mean of
114.3 (95% CI 109.4, 119.2) mmHg during placebo. Addi-
tionally, exenatide increased CO with a maximum of 1.3
(95% CI 0.2, 2.5) l min�1 (P < 0.05), compared with a
time-averaged mean of 6.9 (95% CI 6.6, 7.2) l min�1 dur-
ing placebo. Exenatide administration had no statistically
significant effect on DBP, MAP or SV, compared with pla-
cebo infusion. Moreover, exenatide had no effect on TPR
(maximum decrease �50.1 (95% CI �137.0, 237.2)
dyn s cm�5) compared with placebo (time-averaged
mean 978.0 (95% CI 896.4, 1085.0) dyn s cm�5)
(P = 0.692). Co-infusion of exenatide/L-NMMA showed
no differences in HR, SBP, DBP or MAP compared with
exenatide infusion alone, suggesting an NO independent
effect. No differences in TPR were observed between
exenatide/L-NMMA and exenatide infusion alone, al-
though TPR tended to decrease during combined infu-
sion after 90 min (�139 (95% CI �45.8, 294.9)
dyn s cm�5, P = 0.079).

Exenatide increased RPP, with a maximum mean
increase of 1214.4 (95% CI 423.0, 2205.9) (P < 0.01)
mmHg*beats min�1, compared with a time-averaged
mean of 6709.9 (95% CI 6173.3, 7246.8)
mmHg*beats min�1 during placebo (Figure 2 and
Table 2). Moreover, exenatide increased the LF : HF ratio
by a median [IQR] of 0.6 [�0.3–3.2](P < 0.05) compared
with baseline values (Figure 2). Exenatide/L-NMMA
showed no statistically different effect on RPP or LF : HF
ratio compared with exenatide alone.

Infusion of exenatide decreased glucose levels, with
the nadir reaching 3.47 (95% CI 3.21, 3.74) mmol l�1 after
60 min, from a time-averaged mean of 4.32 (95% CI 4.26,
Br J Clin Pharmacol / 81:4 / 615
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Figure 1
Exenatide-induced changes in systemic haemodynamics. Changes in systemic haemodynamic parameters after administration of placebo (black lines,
circles), exenatide (red lines, squares), L-NMMA (black dashed lines, triangle) or exenatide/L-NMMA (red dashed lines, downward triangles). Data points
represent mean with 95% CI. A) heart rate (HR), B) systolic blood pressure (SBP), C) diastolic blood pressure (DBP), D) mean arterial pressure (MAP), E)
total peripheral resistance (TPR), F) stroke volume (SV) and G) cardiac output (CO). Statistically significant mean differences of exenatide compared with
placebo are indicated as * (P < 0.05) or # (P < 0.01)

Table 2
Effects of interventions after 90 min infusion (mean (95% CI) or median [IQR])

Parameter Placebo Exenatide L-NMMA Exenatide/L-NMMA

HR (beats min
�1

) 58.3 (52.6–63.9) 63.6 (57.5–69.6) 53.4 (48.8–57.9) 59.6 (52.9–66.6)

SBP (mmHg) 112.7 (104.2–121.2) 118.7 (112.7–124.7) 119.0 (109.2–128.8) 125.2 (119.0–131.4)

DBP (mmHg) 66.2 (61.3–71.1) 63.6 (59.9–67.3) 73.7 (67.5–79.9) 73.9 (69.6–78.1)

MAP (mmHg) 82.2 (75.9–88.4) 83.8 (80.0–87.6) 89.5 (83.1–95.9) 92.1 (88.7–95.4)

SV (ml) 114.2 (103.4–125.0) 119.8 (109.5–130.1) 115.7 (110.4–120.9) 121.9 (112.2–131.5)

CO (l min
�1

) 6.8 (6.4–7.3) 7.9 (7.0–8.8) 6.5 (5.7–7.3) 7.8 (7.2–8.4)

TPR (dyns·s cm
�5

) 1001.5 (847.4–1155.6) 971.8 (817.4–1126.2) 1162.8 (1035.6–1289.9) 983.2 (898.4–1067.9)

RPP (mmHg*beats min
�1

) 6632.5 (5611.9–7653.1) 7576.2 (6638.7–8513.6) 6392.1 (5515.6–7268.6) 7502.7 (6500.3–8505.1)

LF : HF ratio* N/A 1.86 [0.65–4.79] N/A 1.56 [0.85–3.21]

Glucose (mmol l
�1

) 4.24 (4.14–4.35) 3.68 (3.54–3.82) 4.40 (4.07–4.73) 3.80 (3.69–3.92)

Insulin (pmol l
�1

)* 28.8 [21.8–52.8] 30.6 [20.5–49.2] 24.5 [17.6–34.2] 27.8 [18.9–42.7]

All values represent the variables after 90 min infusion of placebo, exenatide, L-NMMA and exenatide/L-NMMA. *non-Gaussian distribution, thus median [IQR] are shown. CO,
cardiac output; DBP, diastolic blood pressure; HR, heart rate; LF : HF ratio, low frequency to high frequency ratio; L-NMMA, L-N

G
-monomethyl-arginine-citrate; MAP, mean arterial

pressure; N/A, not available; RPP, rate-pressure product; SBP, systolic blood pressure; SV, stroke volume; TPR, total peripheral resistance.

M. M. Smits et al.
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Figure 2
Exenatide-induced changes in autonomic nervous system. Changes in autonomic nervous system parameters after administration of placebo (black
lines, circles), exenatide (red lines, squares), L-NMMA (black dashed lines, triangle) or exenatide/L-NMMA (red dashed lines, downward triangles). A)
LF : HF ratio, in median with IQR and range and B) rate pressure product (RPP), in mean with 95% CI; Statistically significant mean differences of
exenatide compared with placebo are indicated as * (P < 0.05) or ** (P < 0.01). Please note for LF : HF ratio (panel A) no placebo measurements were
available and statistics were performed compared with baseline values

Exenatide-induced heart rate acceleration
4.38) mmol l�1 during placebo (P < 0.001). Similar obser-
vations were made during concomitant L-NMMA infu-
sion, during which the lowest plasma glucose
concentration was 3.41 (95% CI 3.26, 3.57) mmol l�1 after
60 min of exenatide infusion. Exenatide had no signifi-
cant effect on insulin levels (P = 0.839) (Figure 3). No sig-
nificant association between AUC glucose and AUC HR
(r = � 0.040) or AUC RPP (r = 0.118) was found during
exenatide infusion (online Supplementary Figure 2).
Discussion

In the current mechanistic intervention study, we con-
firm that acute GLP-1RA exenatide administration in-
duces a modest but consistent heart rate acceleration
[1], and increases SBP and markers of sympathetic activ-
ity in healthy overweight males. We observed no signifi-
cant exenatide-induced changes in TPR, DBP or SV
compared with placebo.
Figure 3
Exenatide-induced changes in metabolic parameters. Changes in metabolic pa
(red lines, squares), L-NMMA (black dashed lines, triangle) or exenatide/L-NMM
with 95% CI. A) glucose and B) insulin. Statistically significant mean differences
The observed HR acceleration of 4.3 beats min�1 is
consistent with previous acute GLP-1(RA) infusion stud-
ies, with effects ranging from no effect [3, 9], to increases
of up to 8.2 beats min–1 [4, 10]. With long term treatment,
a mean HR acceleration of 2 beats min–1 is commonly ob-
served in type 2 diabetes patients, but can be as high as
~10 beats min–1 [1, 11]. Importantly, large-sized epidemi-
ological studies have demonstrated a 17% increase in
mortality risk with every 5 beats min–1 HR increase [12].
At this point it is unknown whether pharmacologically in-
duced HR acceleration also increases mortality in
humans. The recent cardiovascular safety trial ELIXA
demonstrated no increased mortality with the use of
GLP-1RA lixisenatide in type 2 diabetes patients with
high cardiovascular risk [13]. However, since lixisenatide
induces minor HR acceleration compared with other
GLP-1RA [11, 14], results of more safety trials are eagerly
awaited. Meanwhile, finding the mechanism underlying
GLP-1RA-induced HR acceleration might help under-
stand the clinical consequences.
rameters after administration of placebo (black lines, circles), exenatide
A (red dashed lines, downward triangles). Data points represent mean
of exenatide compared with placebo are indicated as *** (P < 0.001)

Br J Clin Pharmacol / 81:4 / 617
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To date, several hypotheses have been raised to ex-
plain GLP-1RA-induced HR acceleration: 1) modulation
of cardiac ANS balance, 2) reflex tachycardia in response
to vasodilation and 3) direct stimulation of the GLP-1 re-
ceptor on sino-atrial cells [15]. As exenatide increased HR
and SBP without effects on TPR, our data suggest that
exenatide acts on these variables through SNS activation.
This premise was underlined by concomitant increases in
RPP and LF : HF ratio [7]. Furthermore, as exenatide left
TPR and DBP unaltered in the present study, the reflex
tachycardia hypothesis seems to be refutable, and more-
over suggest that SNS activation does not result from
baroreceptor reflex activity. A HR accelerating effect of
GLP-1RA through direct sino-atrial node stimulation also
seems less likely, as we did not observe a reduction in
diastolic filling time and subsequent SV.

The observed increase in markers of SNS activity is
consistent with previous human studies, in which muscle
SNS activity and plasma epinephrine levels increased fol-
lowing GLP-1 peptide administration [3, 10]. In animals,
peripheral and central exenatide administration in-
creased c-fos expression in sympathetic neurons and
the adrenal medulla in rodents, also suggesting in-
creased SNS activity [16]. Whether exenatide directly
stimulates SNS activity or through indirect mechanisms
remains hitherto unknown.

In order to prevent the suggested NO-dependent va-
sodilation and assess the effects of exenatide on cardiac
ANS balance without intervenience of the baroreceptor
reflex [4, 5], we assessed exenatide-induced effects
during co-infusion with L-NMMA. As expected, during
L-NMMA infusion, systemic vasoconstriction led to
increased blood pressure and reduced HR (Figure 1).
Interestingly, even in this challenged system, exenatide
infusion increased HR, SBP, RPP and LF : HF ratio.

In a previously reported placebo-controlled trial in
healthy males, a single subcutaneous injection of
exenatide 10 μg reduced TPR and increased HR by 8.2
beats min–1 within 2 h after dosing [4]. We were unable
to reproduce the exenatide-induced effects on TPR,
which may be explained by shorter measurement
duration in the current study. Moreover, in the study by
Mendis et al., HR increased even prior to TPR
lowering, suggesting the presence of different HR
accelerating mechanisms. Interestingly, we observed a
non-significant decrease in TPR when exenatide was
co-infused with L-NMMA. Although exenatide may in-
duce NO-independent vasodilation [5, 6], it is unclear
why this only occurred during L-NMMA infusion in our
study, and not also during exenatide infusion alone.
Potentially, the vasodilator effects of exenatide can only
be seen during a state of vasoconstriction in healthy
subjects, as achieved by L-NMMA infusion. Since vascular
resistance in patients with type 2 diabetes is generally
higher compared with healthy controls [17], the effects
of exenatide on TPR could be different in this patient
618 / 81:4 / Br J Clin Pharmacol
group. Alternatively, we could speculate that the effects
of L-NMMA on TPR were transient, and consequently
the reduction in TPR during co-infusion of exenatide/
L-NMMA was merely based on a less vasoconstrictive
effect of L-NMMA or compensating vasodilator factors.
However, L-NMMA infusion up until 5 h had a continuous
effect on TPR [18, 19], making this hypothesis less likely.

There was an expected modest reduction in glucose
after exenatide infusion in our healthy subjects, during
both placebo or L-NMMA co-infusion, reaching levels of
3.47 mmol l�1, though no subjects experienced symp-
toms of hypoglycaemia. This exenatide-induced glucose
lowering could theoretically contribute to the activation
of the SNS, thereby leading to increased HR. However,
we did not observe a significant correlation between
exenatide-induced changes in glucose and HR, or glu-
cose and RPP. Notably, in other studies using exogenous
GLP-1 peptide vs. placebo, HR increased during clamped
hyperglycaemia (10 mmol l�1) [9]. Moreover, after meal
ingestion, HR increased with GLP-1 infusion despite
increases in blood glucose [20]. Thus, while exenatide
reduced glucose levels, it appears that GLP-1RA
administration is capable of inducing HR-acceleration
independent of glycaemia.

Notably, while we confirm that GLP-1RA administra-
tion increases SBP in the acute setting [10], long term
treatment is known to reduce SBP by ~2 mmHg in pa-
tients with type 2 diabetes [1]. An explanation for this dif-
ferential effect is currently lacking. However, GLP-1RA
therapy not only affects cardiac ANS balance, it also af-
fects other factors that control blood pressure in type 2
diabetes. As such, GLP-1RAs are believed to improve en-
dothelial function, increase natriuresis/diuresis, reduce
bodyweight, and inhibit renin-angiotensin-aldosterone
system activity [21–23]. It could be hypothesized that
GLP-1 affects these factors differently during acute and
prolonged intervention. We hypothesize that acute ad-
ministration acutely increases CO and subsequent SBP,
while long term effects on bodyweight and natriuresis
collectively reduce SBP over time. More studies are
needed to understand these functional differences.

Limitations of the current study include its open label
design. However, the haemodynamic and ANS analyses
were performed using automated and standardized soft-
ware techniques, thereby minimizing the risk of investi-
gator-induced bias. Furthermore and unfortunately, we
were unable to assess HRV during the placebo phase.
Our systemic haemodynamic measurements are
modelled from pulse pressure waveforms, and are vali-
dated and accurate techniques [24, 25]. Moreover, this
was an intervention study in healthy overweight males.
Thus our data cannot be directly extrapolated to effects
in patients with type 2 diabetes. This study population
was chosen since GLP-1RAs are mainly prescribed to over-
weight subjects. Thus, a study in normal weight individ-
uals would not yield informative data. No patients with
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type 2 diabetes were included because of the rather high
dose of L-NMMA infusion, which could induce adverse
effects in patients with an increased risk of cardiovascular
disease. However, as GLP-1RA treatment (liraglutide
3.0 mg) has now been approved for weight management
in obese healthy subjects [26], our results may have
clinical relevance for this indication. Lastly, we used intra-
venous exenatide administration, compared with the
clinically used subcutaneous route. However, differences
in route of administration have no effect on time to reach
therapeutic plasma exenatide levels [27, 28].

In conclusion, as TPR did not change following acute
GLP-1RA administration in healthy overweight males,
exenatide-induced HR acceleration may not be a compen-
satory mechanism for systemic vasodilation. Our data
rather suggest involvement of increased SNS activity as
an underlying mechanism for this potential safety issue.
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