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Abstract Background: Incretine hormone glucagon-like peptide-1 (GLP-1) causes dose-
dependent relaxation of the thoracic aorta of rats and other arteries via nitric oxide (NO),
cAMP and ATP-sensitive potassium channels, however, through a mechanism not thoroughly
described. Hereby we aimed to determine the mediators involved in the vasoactive effect
of liraglutide.
Methods: Isolated rat aortic rings and segments of the femoral artery were mounted in a wire
myograph to study the vasoactive effect of liraglutide. Vessels were preincubated either with
inhibitors of gasotransmitter-, prostaglandin- or reactive oxygen species-formation, or with in-
hibitors of protein kinases, potassium channels or the Naþ/Ca2þ-exchanger.
Results: According to our findings, liraglutide activates endothelial cells and vascular smoothmus-
cle cells leading to the production of NO, carbon monoxide, hydrogen sulphide, superoxide anion,
and hydrogen peroxide. Increased production of such relaxing factors promotes the activation of
protein kinasee A and eG, resulting in the activation of potassium channels (ATP-sensitive-,
voltage-gated-, large-conductance-calciumactivated),whichprofoundlycontributes totheactiva-
tion of the Naþ/Ca2þ-exchanger, thereby leading to calcium efflux and smooth muscle relaxation
and vasorelaxation.
Conclusions: We reveal the contributionof all gasotransmitters in the vasorelaxation inducedby lir-
aglutide. We provide ex vivo evidence that liraglutide is capable of causing vasodilatation in the
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central andperipherial vessels, thereby supporting theclinicalobservation that it lowersbloodpres-
sure.
ª 2015 Association forResearch intoArterial Structure andPhysiology. Publishedby Elsevier B.V. All
rights reserved.
Introduction

Liraglutide, a glucagon-like peptide-1 (GLP-1) analogue is a
drug used in the therapy of type 2 diabetes.1 It exerts its
effects mainly via the GLP-1 receptor (GLP-1R), although
GLP-1R-independent effects have also been described.1

GLP-1R is expressed, among others, on endothelial cells
and vascular smooth muscle cells.2 A broad expression of
GLP-1R mRNA in the thoracic aorta of rats has been
identified.3

Numerous publications pointed out that native GLP-1
causes concentration-dependent relaxation of different
arteries; however, controversial data have been pub-
lished about the mechanism of the vasodilator effect of
GLP-1 and its analogues.3e7 GLP-1 exerted dose-
dependent vasorelaxation in the pulmonary arteries of
rats in an endothelium-dependent manner,4,5 while GLP-1
causing vasodilatation of the rat femoral artery was found
to be endothelium-independent.6 These findings may
indicate that GLP-1 evokes vasodilatation via different
pathways in the different parts of the arterial system.
GLP-1 is known to increase the plasma level of the potent
vasodilator nitric oxide (NO).7 Liraglutide induces NO-
production in vascular endothelial cells,8 however so far
there has been no evidence, that any of the GLP-1 ana-
logues would be able to induce the synthesis of other
gasotransmitters.

Potassium channels and protein kinases might be targets
of gasotransmitters and other mediators of vasorelaxation.9

GLP-1 and other related peptides were found to cause
vasodilatation of the rat thoracic aorta with the contribu-
tion of ATP-sensitive potassium channels (KATP) and they
are also known to influence the activity of the voltage-
dependent potassium channels (Kv).

3,10,11

In an ApoE�/� deficient mouse model, liraglutide was
shown to have non-PKA, GLP-1R dependent effects in the
regulation of eNOS (endothelial nitric oxide synthase)
enzyme expression and attenuated intracellular adhesion
molecule-I (ICAM-1) expression in aortic endothelial cells,
referring to the role of liraglutide in the inhibition of
endothelial cell dysfunction.13

Moreover, an increased cAMP production was found in
aortic tissue incubated with GLP-1.3

A number of studies demonstrated that both native GLP-
1 and its mimetics induce vasodilation, furthermore, some
studies focused on their effect in the thoracic aorta, how-
ever, the precise mechanism of vasodilatation still remains
unclear.3,18

A previous study, which demonstrated the GLP-1R
dependent, NO-independent systolic blood pressure
lowering effect of liraglutide, also reported that the anti-
hypertensive effect of liraglutide evoked due to the
increased secretion of the atrial natriuretic peptide
(ANP).12

Central (aortic) blood pressure, the pressure measured
in the aorta, is a major determinant of cardiovascular
outcomes,14 therefore, the possible effects of liraglutide to
lower the pressure in the aorta as well as in other arteries
could be beneficial in clinical practice.

Considering the wide diversity of the data mentioned
above, we concluded that the precise mechanism of vaso-
dilatation caused by GLP-1 analogue liraglutide is not
thoroughly described, thereby in our study we aimed to
determine whether liraglutide relaxes the rat thoracic
aorta and identify mediators and second messengers
involved in the vasodilator effect of liraglutide. Therefore,
we studied the effect of liraglutide on gasotransmitters and
ion channels.

Materials and methods

Chemicals

Liraglutide (Victoza� injection) was purchased from Novo
Nordisk Hungary (Budapest, Hungary). Exenatide (Byetta�

injection) was purchased from Bristol-Myers
SquibbeAstraZeneca (Budapest, Hungary). Acetylcholine,
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), Nu-
Nitro-L-arginine methyl ester hydrochloride (L-NAME), N[2-
(p-Bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide
dihydrochloride (H89), tetraethylammonium chloride
(TEA), glibenclamide, superoxide dismutase (SOD), cata-
lase, DL-Propargylglycine (PPG), indomethacin and Mg2SO4

were purchased from SigmaeAldrich (St. Louis, MO, USA).
Tin-protoporphyrin IX dichloride was purchased from Santa
Cruz Biotechnology (Dallas, Texas, USA). XE991 was pur-
chased from Ascent Scientific Ltd. (Avonmouth, Bristol, UK)
Epinephrine was purchased from Richter-Gedeon Hungary
(Budapest, Hungary). SEA0400 was synthesized in the
Institute of Pharmaceutical Chemistry, University of
Szeged, Szeged, Hungary by Professor Ferenc Fülöp. NaCl,
KCl, KH2PO4, NaHCO3, glucose and CaCl2*2H2O were pur-
chased from Merck (Merck KGaA, Darmstadt, Germany).

Animals

All experiments were approved by the Hungarian Local
Animal Experiment Committee, in accordance with the
‘Principles of laboratory animal care’ (NIH publication no.
85e23, revised 1985). Animals were originally purchased
from Charles River Laboratories GmbH (Sulzfeld, Germany).
Adult, 10e12 week old male Sprague-Dawly rats weighing
between 280 and 340 g were kept on a standard diet. On
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the day of the experiment they were anaesthetized with
ether and decapitated by a guillotine.
Vasoreactivity experiments

The thoracic aorta and femoral artery of each rat were
gently removed and placed in oxygenated (95% O2/5% CO2),
ice cold Krebs solution (119 mM NaCl, 4.7 mM KCl, 1.2 mM
KH2PO4, 25 mM NaHCO3, 1.2 mM Mg2SO4, 11.1 mM glucose,
1.6 mM CaCl2*2H2O, pH 7.4). After removing the peri-
vascular fat and connective tissue as described earlier by
Köhn et al.,15 vessels were dissected into 2 mm long seg-
ments and mounted on two stainless steel wires (40 mm in
diameter) and placed in 5 ml organ baths of a wire myo-
graph (Danish Multimyograph Model 610M, DMTe USA In.,
Atlanta, GA, USA). Vessels were bathed in Krebs solution at
37 �C, pH 7.4 and were continuously oxygenated with 95%
O2, 5% CO2. After 30 min of equilibration, the aortic rings
were placed under tension of 1 g, while in the case of
femoral artery segments the modified method of Fésüs
et al. was used.3,16 Rings were allowed to rest for 30 min,
isometric tension was continuously recorded. The rings
were preconstricted with 100 nM epinephrine as described
earlier,17,18 and this concentration of epinephrine caused
60% contraction force of the 60 mM KCl contraction.17 After
reaching a stable contraction plateau, relaxant response to
increasing doses of liraglutide was assessed. To compare
the vasoactivity of the two GLP-1 analogues, in one set of
experiments we applied increasing doses of exenatide to
the preconstricted aortic rings. The rate of relaxation
caused by liraglutide and exenatide is expressed as the
percentage of the contraction evoked by epinephrine. The
dosage of liraglutide that we used to relax the aorta cor-
relates well with the dosage of epinephrine we used to
preconstrict the vessel. The level of plasma epinephrine is
30 pM at rest,19 while in our experiments we used 100 nM,
which is a 3000 times higher concentration.18 Accordingly,
the plasma level of liraglutide is 10 nM and in our experi-
ments we used a 3000 times higher concentration.20 In rat
femoral artery we found that the same dosage of liraglutide
causes greater vasodilatation (see supplemental material),
and according to our experiments the same applies to the
renal artery (data not shown). The plasma exenatide level
was found to be 70 pM,21 while we used a 4500 times higher
concentration.18

To identify the extracellular and intracellular mediators
of the vasodilator effect of liraglutide, we performed a
series of experiments (n Z 5, each experiment). Before
getting the epinephrine-induced contraction plateau we
preincubated the aortic-segments and segments of the
femoral artery with different materials. In one set of ex-
periments we mechanically removed the endothelium of
the vessels by gently rubbing a piece of hair through it. The
effect of denudation was verified by the loss of response to
3 mM acetylcholine. We incubated one group of vessels with
the eNOS inhibitor L-NAME (300 mM, 30 min). Other vessels
were incubated with the potent heme oxygenase inhibitor
Tin-protoporphyrin IX dichloride (10 mM, 30min) to block
carbon monoxide (CO) formation, others with DL-Prop-
argylglycine, inhibitor of cystathionine-g-lyase (10 mmol/l,
30 min), thereby inhibiting hydrogen sulphide (H2S)
production, or with the relatively selective COX-1 inhibitor
indomethacin (3 mM, 30 min). We tested the effects of free
radical scavengers’ superoxide dismutase (SOD, 200 U/ml,
30 min) and catalase (1000 U/ml, 30 min). H89 hydrochlo-
ride (5 mM, 30 min) was used to inhibit protein kinase A
(PKA), and 1H-[1, 2, 4] oxadiazolo[4,3-a] quinoxalin-1-one
(ODQ, 3 mM, 30 min) was used to inhibit the effect of sol-
uble guanylyl cyclase (sGC). To block the calcium-activated
potassium channels (BKCa), some vessels were incubated
with tetraethylammonium (TEA, 2 mM) for 30 min.21 To
inhibit the KATP channels we used glibenclamide (10 mM,
30 min).22 KCNQ-type voltage-dependent (Kv) channels
were blocked by 15 min incubation with XE991 (30 mM).15

The Naþ/Ca2þ-exchanger was blocked by incubation of
30 min with the specific inhibitor SEA0400 (4 mM).23

Untreated time-control experiments were carried out to
exclude the effect of the spontaneous relaxation of the
vessel. In order to determine the effect of the above
mentioned specific inhibitors on the permanence of the
epinephrine-induced plateau, time-control experiments of
the inhibitor studies were performed. Since most of the
chemicals had only a slight vasodilator effect, this could
not significantly influence the results.

The software Myodaq 2.01 M610þ was used for data
acquisition and display.

Statistics

Statistical analyses were performed by using SPSS Version
19.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 6.0
(GraphPad Software Inc., La Jolla, CA, USA). Statistical
significance was calculated using Student’s t-test or ANOVA
with Bonferroni post hoc test as appropriate. Values are
given as a mean � SE. A value of P less than 0.05 was
considered to be significant.

Results

Liraglutide causes dose-dependent vasorelaxation

To start with, we evaluated the spontaneous relaxation of
the vessel precontracted with epinephrine, however un-
treated vessels showed no significant spontaneous relaxa-
tion. (Fig. 1A) When assessing the vasoactive effect of this
GLP-1 analogue, we administered increasing doses of lir-
aglutide to the vessel chamber after its precontraction with
epinephrine. In our experiment we showed that liraglutide
dose-dependently relaxed the rat thoracic aorta and the
femoral artery, however, respective concentrations of lir-
aglutide elicited greater vasodilation in the femoral artery
than in the thoracic aorta (Fig. 1B, Table 1 and
supplemental material).

Vasoactive effect of exenatide on the rat thoracic
aorta

Exenatide also caused dose-dependent relaxation of the
thoracic aorta, although lower concentrations of exenatide
were needed to induce vasodilatation (see supplemental
material).



Figure 1 A: Original record, a time-control of an epinephrine precontracted aortic ring. B: Original record of the response of an
isolated thoracic aorta segment to 100 nM epinephrine followed by increasing doses of liraglutide (n Z 5). C: Liraglutide con-
centrationerelaxation curves in endothelium-intact (:) and endothelium-denuded (-) vessels (n Z 5). *P < 0.001 compared to
the relaxation caused by liraglutide only (at respective concentration of liraglutide).

Table 1 Log EC50 values of liraglutide induced vasodila-
tion in the persence of different inhibitors in rat thoracic
aorta and femoral artery.

log EC50 of liraglutide p

Thoracic aorta Femoral artery

liraglutide alone �4.89(0.04) �5.11(0.10) 0.004
liraglutide þ
denudation �4.58(0.02)* �4.90(0.17) 0.004
L-NAME �4.40(0.05)* �5.36(0.18)* 0.001
Tin-PP �4.59(0.01)* �5.05(0.15) 0.016
PPG �4.48(0.16)* �4.71(0.21)** 0.200
indomethacin �4.49(0.09)* �5.10(0.21) 0.029
SOD �4.30(0.01)* �4.99(0.16) 0.029
catalase �3.67(0.96)* �5.21(0.15)* 0.010
H89 �4.18(0.19)* �4.65(0.08)** 0.029
ODQ �4.27(0.29)* �4.80(0.13)** 0.029
TEA �4.27(0.08)* �4.48(0.20)** 0.343
glibenclamide �4.37(0.08)* �5.08(0.34) 0.016
XE991 �3.88(0.15)* �4.72(0.18)* 0.100
SEA0400 �3.52(0.75)* �4.63(0.02)** 0.029

Abbreviations: L-NAME, Nu-Nitro-L-arginine methyl ester hy-
drochloride; Tin-PP, Tin-protoporphyrin IX dichloride; PPG, DL-
Propargylglycine; SOD, superoxide dismutase; H89, N[2-(p Bro-
mocinnamylamino)ethyl]-5-isoquinolinesulfonamide dihydro-
chloride; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one;
TEA, tetraethylammonium chloride Data expressed as media-
n(IQR).
*: p < 0.05 vs. log EC50 of liraglutide alone in the same vessel
segment **: p < 0.01 vs. log EC50 of liraglutide alone in the
same vessel segment.
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Effect of endothelial denudation

Mechanical removal of the endothelium of the thoracic
aorta caused a mild inhibition of the relaxation caused by
liraglutide. However, this difference in the relaxation be-
tween endothelium-intact and endothelium-denuded ves-
sels proved to be significant except for the lowest dosage of
liraglutide (Fig. 1C). In the femoral artery, endothelial
denudation caused no change in the vasodilator response to
liraglutide (Table 1).
Role of gasotransmitters in vasodilatation caused
by liraglutide

We incubated a group of vessels with L-NAME, and found
that inhibition of eNOS partially avoids vasodilatation
caused by liraglutide in both arteries. Decrease in the
magnitude of relaxation proved to be significant (Fig. 2A,
Table 1).

To determine further mediators of the vasodilator effect
of liraglutide, we tested the role of CO. We preincubated
vessels with Tin-protoporphyrin, which is a potent inhibitor
of heme oxygenase. Inhibition of CO-production resulted in
a significantly milder relaxation in the thoracic aorta, but it
had no significant effect in the femoral artery (Fig. 2B,
Table 1).

Because the inhibition of NO-synthesis and the inhibition
of CO-production only partially decreased the vasodilata-
tion, we wanted to determine whether H2S also plays a part
in the vasoactive effect of liraglutide. We inhibited cys-
tathionine-g-lyase by preincubating vessels with PPG,



Figure 2 Concentration-relaxation curves of liraglutide (:) and liraglutide þ inhibitors of the potential mediators of the
vasodilatation caused by liraglutide (-). A: Inhibition of NOS (Nitric oxide synthase) with 300 mM Nu-Nitro-L-arginine methyl ester
hydrochloride (L-NAME) (n Z 5). B: Inhibition of CO production by blocking heme oxygenase with 10 mM Tin-protoporphyrin IX
dichloride (n Z 5). C: Blocking H2S production by inhibiting cystathionine-g-lyase with 10 mM DL-Propargylglycine (PPG) (n Z 5). D:
Inhibiting prostaglandin production with 3 mM indomethacin (n Z 5). *P < 0.001 compared to the relaxation caused by liraglutide
only (at respective concentration of liraglutide).
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which significantly decreased the relaxation in both vessels
(Fig. 2C, Table 1).
Effect of indomethacin, a prostaglandin synthesis
inhibitor

Incubation of vessels with the COX inhibitor indomethacin
for 30 min caused significantly smaller vasodilatation in
response to liraglutide in the thoracic aorta, but it had no
effect in the femoral artery (Fig. 2D, Table 1).
Free radicals contribute to the effect of liraglutide

In order to evaluate the role of ROS in the vasorelaxation
caused by liraglutide, we preincubated vessels with su-
peroxide dismutase or with catalase. We found significant
inhibition of relaxation in both experiments in case of the
aorta, however, we proved that in the femoral artery only
Figure 3 Role of free radicals in the effect of liraglutide. A: Conc
radical scavenger superoxid dismutase (SOD) (n Z 5). B: Concent
peroxide by blocking its formation with 1000 U/ml catalase (n Z 5
only (at respective concentration of liraglutide).
H2O2 is involved in the liraglutide induced vasorelaxation
(Fig. 3, Table 1).

The role of cAMP-dependent protein kinase A and
cGMP-dependent protein kinase G

To determine the second mediator of the dilation caused by
liraglutide, we incubated vessels with H89, the inhibitor of
PKA. This almost completely abolished the relaxation
induced by liraglutide in both arteries (Fig. 4A, Table 1). We
inhibited soluble guanylyl cyclase by incubating vessels
with ODQ. This led to a significant inhibition of vaso-
relaxation in both cases (Fig. 4B, Table 1).

Inhibition of potassium channels with TEA,
glibenclamide and XE991

Incubating one group of vessels with TEA, inhibitor of the
BKCa channels proved to be a very potent inhibitor of
entration-relaxation curve of liraglutide þ200 U/ml of the free
ration-relaxation curve showing the possible role of hydrogen
). *P < 0.001 compared to the relaxation caused by liraglutide



Figure 4 Concentration-relaxation curves showing the possible effector molecules of the liraglutide induced vasodilatation. A:
Blocking cAMP-dependent protein kinase A (PKA) with 5 mM H89 hydrochloride (nZ 5). B: Inhibition of soluble guanylyl cyclase with
3 mM 1H-[1, 2, 4] oxadiazolo[4,3-a] quinoxalin-1-one (ODQ) (n Z 5). *P < 0.001 compared to the relaxation caused by liraglutide
only (at respective concentration of liraglutide).
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vasodilatation (Fig. 5A, Table 1). Blockade of the KATP
channels by preincubation with glibenclamide also inhibi-
ted most of the aortic vasodilatation (Fig. 5B). We pre-
incubated one group of vessels with XE991, a KCNQ channel
(a type of Kv channels) inhibitor, which also inhibited the
vasodilatation in both arteries (Fig. 5C, Table 1).
Inhibition of the NaD/Ca2D-exchanger with
SEA0400

Another potent inhibitor of vasorelaxation was SEA0400,
inhibitor of the Naþ/Ca2þ-exchanger. Preincubation of
one group of vessels with SEA0400 abolished almost the
whole of the vasodilatation caused by liraglutide (Fig. 5D,
Table 1).
Figure 5 Liraglutide concentrationerelaxation curves with (-) a
effect. A: blockade of large-conductance calcium-activated potass
inhibition of ATP-sensitive potassium channels with 10 mM glibenclam
(n Z 5). D: Selective inhibition of the Naþ/Ca2þ-exchanger with 4
caused by liraglutide only (at respective concentration of liraglutid
Discussion

In our study liraglutide caused dose-dependent relaxation
of the rat thoracic aorta and the femoral artery, and it
proved to be a more potent vasodilator in the femoral
artery.

Our hypothesis for the mechanism of vasorelaxation
caused by liraglutide in the thoracic aorta according to our
novel findings is as follows: liraglutide activates endothelial
cells and vascular smooth muscle cells resulting in an
increased production of NO, CO, H2S, O2

e�, and H2O2. These
relaxing factors activate PKA and PKG, resulting in the
activation of potassium channels, which in turn activates
the Naþ/Ca2þ-exchanger, thereby leading to calcium efflux
and smooth muscle relaxation and vasorelaxation (Fig. 6).
nd without (:) an inhibitor of a possible way of the vasodilator
ium channels with 2 mM tetraethylammonium (TEA) (n Z 5). B:
ide (nZ 5). C: KCNQ-type Kv channels blocked by 30 mM XE991
mM SEA0400 (n Z 5). *P < 0.001 compared to the relaxation
e).
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In contrast to the aorta, in the femoral artery the
vasodilation was found to be independent of the endothe-
lium, however partially mediated by NO, H2S and H2O2,
while PKA and sGC were both involved, activating the
calcium-activated and the KCNQ-type voltage-gated po-
tassium channels, resulting in vasodilation via the activa-
tion of the Naþ/Ca2þ-exchanger.

Despite the number of studies supporting the fact that
the vasodilator effect of GLP-1 and its mimetics is mediated
via NO,4,5,7 another workgroup found that the vasodilata-
tion evoked by native GLP-1 was independent of NO, since
endothelial denudation and incubation with L-NAME had no
effect on the relaxation raised by GLP-1 in rat thoracic
aorta.3 In concordance with the latter, in our experiments
in the isolated rat thoracic aorta, inhibition of eNOS and
endothelial denudation only partially inhibited relaxation.
This suggests that other mediators (CO and H2S) also take
part in the vasodilatation induced by liraglutide.

CO is another significant regulator of vascular tone.24

Like NO, CO is a vasodilator gaseous molecule produced
either in the endothelium or in vascular smooth muscle
cells from heme by heme oxygenase (HO).9 One vasodilator
pathway of CO is the activation of the voltage-dependent
potassium channels (Kv).

25 A relationship between GLP-1-
effects and CO has not been described earlier, however,
in our study we demonstrated that CO significantly con-
tributes to the vasorelaxation caused by liraglutide in the
thoracic aorta.
Figure 6 Hypothetical mechanism of liraglutide induced
vasodilatation. NO: nitric oxide, H2S: hydrogen sulfide, CO:
carbon monoxide, O2

-�: superoxide anion, H2O2: hydrogen
peroxide, PKA: cAMP-dependent protein kinase, PKG: cGMP-
dependent protein kinase, SMC: smooth muscle cell.
The third influential gasotransmitter, H2S is also known
to relax blood vessels.9 It is produced in endothelial cells
and vascular smooth muscle cells from homocystein, cys-
thationine or L-cysteine by cystathionine-g-lyase, cys-
tathionine b-synthase and 3-mercaptopyruvate
sulfurtransferase (3MST).26 H2S and NO are both fundametal
in the maintenance of vascular tone.27 It has also been
proven that H2S regulates the availability of NO in the
vasculature.28 H2S may act through the sGC-cGMP-PKG
pathway and also via the activation of KATP and KCNQ-
type voltage-gated potassium channels, which causes hy-
perpolarization of smooth muscle cells.28e30 H2S was found
to activate adenylyl cyclase, thereby generating cAMP and
activating PKA leading to vasodilatation.31 It causes vaso-
dilatation via KATP channel activation, similar to endoge-
nous GLP-1.3,27 In our experiments, inhibition of H2S
synthesis resulted in a significantly decreased vaso-
relaxation in the rat thoracic aorta and also in the femoral
artery.

A previous study found that eNOS inhibitor L-NAME, COX-
inhibitor indomethacin, and H2O2 scavenger catalase had
no significant effect on the relaxation evoked by native
GLP-1 in rat thoracic aorta.3 On the contrary, we found that
prostaglandins, NO, H2O2 and O2

e� are all involved in the
vasodilatation due to liraglutide.

In some arteries, reactive oxygen species (ROS) cause
vasodilatation.32 ROS were also found to relax both pul-
monary and mesenteric arteries.33,34 Hydrogen peroxide
(H2O2) activates Kv channels, thereby causing dilation of
the arteries.33,34 H2O2 has previously been found to induce
both endothelium-dependent and endothelium-
independent relaxation in the rabbit’s aorta.32 Our results
suggest, that H2O2 contributes to the liraglutide induced
vasorelaxation in the femoral artery and thoracic aorta.

The possible explanation for the discrepancies between
the above mentioned studies and ours could be, that while
in former studies the endogenous, physiological isoform
GLP-1(7e36) amide was used, we studied the effects of the
GLP-1 analogue liraglutide.

Our findings suggest the involvement of all three gaso-
transmitters in the vasoactive effect of liraglutide, which
has not been described earlier. A possible explanation of
this might be that former studies focused mainly on the role
of NO, and showed less interest in a detailed description of
the mechanism of vasorelaxation caused by liraglutide.

Activation of PKA by liraglutide has been described many
times, but these studies did not mention the involvement of
PKG.10,11 However, we found that both PKA and PKG are
involved in the vasoactive effect of liraglutide.

The role of potassium channels in the effects of GLP-1 on
b-cells has thoroughly been described,10,11 however, in the
vasodilator effect of GLP-1 only KATP channels have been
shown to express a proven role.3 KATP channels are
expressed on vascular smooth muscle cells, and they are
responsible for vasodilatation in many cases.22 A former
study demonstrated that GLP-1 causes vasodilatation of the
rat thoracic aorta via the activation of KATP channels.3

Unlike GLP-1, sulphonylurea drugs are known inhibitors of
vasodilatation via KATP channels, thereby when liraglutide
and a sulphonylurea are applied simultaneously for the
treatment of type 2 diabetes, the sulphonylurea compo-
nent might inhibit the vasodilator effect of liraglutide.35
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The vasorelaxation caused by H2S, which, as we have
demonstrated, is involved in the vasorelaxation evoked by
liraglutide often arises via the activation of KATP and KCNQ-
type Kv channels.

We have found that both KATP and KCNQ-type Kv channels
are activated by liraglutide in the vasculature, which leads
to vasodilatation. Both carbon monoxide and superoxide
are known activators of these channels.22

According to our findings, another type of potassium
channels, the large conductance calcium activated potas-
sium channels are also involved in vasodilatation due to
liraglutide. There has been no evidence for the role of BKCa
channels in GLP-1 activity so far, although they are
constantly expressed in vascular smooth muscle cells.22 The
vasodilator effect of CO partially depends on the activation
of these channels, moreover, the activation of PKG by NO or
the activation of PKA by its mediators result in the activa-
tion of these channels.22,26

The sodiumecalcium exchanger (Naþ/Ca2þ-exchanger or
NCX) is a transmembrane protein found almost in all cell
types.36,37 It is responsible for calcium efflux and sodium
influx in hyperpolarization, whereas when the cell mem-
brane is depolarized, its activity is reversed and it induces
calcium influx.36,37 According to our results, the NCX might
be the terminal effector in vasodilatation caused by lir-
aglutide in the rat thoracic aorta and the femoral artery.

We provide ex vivo evidence for the mechanism of the
liraglutide induced vasorelaxation in the thoracic aorta and
in the femoral artery. We have also proved that liraglutide
is a more potent vasodilator in the femoral artery, specu-
lating that liraglutide may reduce the arterial stiffness
gradient, which could be highly beneficial in clinical
practice.

However, the specificity of the inhibitors and the usage
of a single methodology (myography) undoubtedly limit the
relevance of our findings.

Conclusion

To summarize our findings, liraglutide induces vasodilation
in both central and peripherial vessels, thus according to
our findings the vasodilator effect of liraglutide was
induced by three gasotransmitters (NO, CO, H2S) and also
by reactive oxygen species and prostaglandins via activa-
tion of PKA and PKG, which involves the activation of
several potassium channels and the Naþ/Ca2þ-exchanger.
This mechanism is far more diverse than it was assumed
earlier.
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Exenatide induces aortic vasodilation increasing hydrogen
sulphide, carbon monoxide and nitric oxide production. Car-
diovasc Diabetol 2014;13(1):69. http:
//dx.doi.org/10.1186/1475-2840-13-69.

19. Goldstein DS, Eisenhofer G, Kopin IJ. Sources and significance
of plasma levels of catechols and their metabolites in humans.
J Pharmacol Exp Ther 2003;305:800e11.
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