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Abstract
Purpose The increase in endothelin-1 (ET-1) and the de-
crease in endothelial nitric oxide synthase (eNOS) both
induce vasoconstriction and lead to molecular changes as-
sociated with diabetes mellitus and atherosclerosis.
Glucagon-like peptide-1 (GLP-1) activation stimulates insu-
lin secretion and may prevent atherosclerosis by increasing
eNOS synthesis. However, there is paucity of information
on the effect of GLP-1 activation on ET-1 expression. This
study was conducted to address this issue.
Methods and Results Human umbilical vein endothelial
cells (HUVECs) were incubated with different concentra-
tions of liraglutide, a GLP-1 agonist, and the expression of
ET-1 and eNOS and activity of NF-κB were measured.
Liraglutide, in a concentration-dependent manner, was ob-
served to promote eNOS expression and to inhibit ET-1
expression both at mRNA and protein levels. Liraglutide
also inhibited NF-κB phosphorylation and its translocation
from cytoplasm to the nucleus. To ascertain the role of
NF-κB activation in the altered expression of ET-1 and
eNOS, we treated HUVECs with phorbol 12-myristate 13-
acetate (PMA). PMA activated NF-κB and reversed the
effects of liraglutide on eNOS and ET-1 expression. The
effects of PMA on eNOS and ET-1 expression were

reproduced in experiments wherein cells were treated with
TNF-α. Further, we measured the generation of IL-6,
apowerful pro-inflammatory molecule released by endothe-
lial cells, as a measure of cellular function. PMA increased
IL-6 generation, and this effect was blocked by liraglutide.
Conclusions Our observations suggest liraglutide sup-
presses ET-1 expression by inhibiting the phosphorylation
of NF-κB. This mechanism may underlie the potential anti-
atherosclerotic effects of GLP-1 agonists. Of note, these
effects of liraglutide were seen in an in vitro setting wherein
cellular glucose concentrations were elevated.
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Abbreviations
GLP-1 Glucagon-like peptide-1
GLP-1R Glucagon-like peptide-1 receptor
ET-1 Endothelin-1
eNOS Endothelial nitric oxide synthase
NF-κB Nuclear factor-KappaB
HUVECs Human umbilical vein endothelial cells
PMA Phorbol 12-myristate 13-acetate
DPP4 Dipeptidyl peptidase-4
IκBα Inhibitor of kappa B alpha
IL-6 Interleukin-6
TNF-α Tumor necrosis factor-alpha

Introduction

Atherosclerosis is a common complication of diabetes
mellitus [1]. Endothelial dysfunction is a very early event
in diabetes and atherosclerosis, and is in part characterized
by enhanced endothelin-1 (ET-1) and diminished nitric ox-
ide synthase (eNOS) expression [2]. ET-1 produced by
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endothelial cells is a potent vasoconstrictor whereas eNOS
induces intense vasodilatation through NO synthesis [3].
The balance between ET-1 and eNOS expression maintains
the normal function of endothelial cells in terms of cellular
integrity, and release of pro-inflammatory cytokines like
interleukin-6 (IL-6). A disruption in this delicate balance
is thought to be an initiating factor in atherogenesis in
diabetes [4].

Glucagon-like peptide-1 (GLP-1), a 30-amino acid gut
hormone mainly derived from intestinal L cell, stimulates
insulin secretion, inhibits glucagon secretion, delays gastric
emptying and reduces postprandial hyperglycemia [5]. Most
GLP-1 agonists are quickly degraded by dipeptidyl
peptidase-4 (DPP-4)accounting for their short half-life.
The new GLP-1 receptor agonist liraglutide has a long-
half-life in plasma [6] and is often used in patients

with diabetes. Studies show that liraglutide improves
endothelium-dependent vasorelaxation in patients with dia-
betes mellitus and exerts cardioprotective effects in animal
models [7–9]. Its vasodilator and cardioprotective effects are
beyond the benefits achieved as an anti-diabetic agent. Most
studies have attributed its salutary effects to enhancement of
eNOS expression resulting in the formation of large
amounts of NO which is vasodilator and anti-inflammatory
molecule. However, the effect of GLP-1 agonists on the
expression of ET-1, a potent vasoconstrictor and pro-
inflammatory molecule synthesized in endothelial cells is
not known.

This study was designed to test the hypothesis that GLP-
1 receptor agonist liraglutide may negatively regulate ET-1
via an inhibitory effect on phosphorylation of the transcrip-
tion factor NF-κB.

Table 1 Primers used for qPCR

Primer sequences Forward primer Reverse primer

GLP-1R 5′-GGTGCAGAAATGGCGAGAATA-3′ 5′-CCGGTTGCAGAACAAGTCTGT-3′

ET-1 5′-AGAGTGTGTCTACTTCTGCCA-3′ 5′-CTTCCAAGTCCATACGGAACAA-3′

eNOS 5′-TGATGGCGAAGCGAGTGAAG-3′ 5′-ACTCATCCATACACAGGACCC-3′

NF-κB 5′-AACAGAGAGGATTTCGTTTCCG-3′ 5′-TTTGACCTGAGGGTAAGACTTCT-3′

GAPDH 5′-GGAGCGAGATCCCTCCAAAAT-3′ 5′-GGCTGTTGTCATACTTCTCATGG-3′

Fig. 1 Liraglutide increases GLP-1R expression. For mRNA expres-
sion assay, cells were treated with different concentrations of
liraglutide for 6-hours. For protein assay, cells were treated for 24-
hours. a, b Liraglutide increases GLP-1R mRNA and protein

expression. c Immunofluorescence staining for GLP-1R. *P<0.05 vs.
Control, **P<0.01 vs. Control. Abbreviations: GLP-1: Glucagon-like
peptide-1; GLP-1R: Glucagon-like peptide-1 receptor;. LRT:
liraglutide
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Materials and Methods

Reagents

Human umbilical vein endothelial cells (HUVECs) (CRL-
1730, human) and F-12 K cell culture medium were
obtained from ATCC (Manassas, VA); liraglutide and
phorbol 12-myristate 13-acetate (PMA) were purchased
from Sigma Aldrich (St. Louis, MO); TRIZOL reagent
(Invitrogen, Grand Island, NY); real-time PCR primers (In-
tegrated DNA technologies, Coralville, Iowa); GoTaq®
qPCR Master Mix kit was bought from Promega (Madison,
WI); Antibodies were obtained from Abcam (Cambridge,
MA) (GLP-1R, IL-6); Santa Cruz Biotechology (Santa
Cruz, CA) (ET-1); Cell Signaling Technology (Danvers,
MA)(eNOS), and Sigma Aldrich (St. Louis, MO) (TNF-α).

Cell Culture and Drugs Incubation

HUVECs were recovered and sub-cultured in high
glucose(25 mmol/L)F-12 K medium containing 10 % fetal
bovine serum (FBS) and 1 % endothelial cell growth sup-
plement (ScienCell, San Diego, CA). After incubation in a
95 % air with humidified atmosphere and 5 % CO2 at 37 °C,
3rd–8th passage cells were used in all experiments. When
grown to 60 %–85 % confluence, cells were incubated in

different concentrations (0, 10, 100, 1,000 ng/mL) of
liraglutide and PMA (100 ng/mL) or tumor necrosis
factor-alpha (TNF-α) (5 ng/mL)for 6–24 h and then collect-
ed for further analysis.

Real-Time Quantitative PCR

TRIZOL reagent was used to extract total RNA. The cDNA
(150 ng) from reverse transcription was amplified using
300 nM primers. Primer sequences are shown in Table 1.
GoTaq® qPCR Master Mix kit was used to detect each
mRNA. Applied Biosystems 7900 real-time PCR system
was used for performing real-time PCR as described previ-
ously [10]. The standard cycling condition and reaction sys-
tem followed with supplied protocols. GAPDH gene was used
for normalizing the comparative threshold cycles values.

Western Blotting

Total and phosphorylated NF-κB and IκBα, eNOS, ET-
1, IL-6 and GLP-1R proteins were quantified by West-
ern blot. Cells were washed with ice-cold PBS, lysed
and centrifuged (13,200×g, 20 min, 4 °C) before super-
natants collection. Protein concentrations were measured
using a Bradford kit (Sigma Aldrich, St. Louis, MO).
Equal amounts of samples (50 μg) were denatured and

Fig. 2 Liraglutide decreases ET-1 and increases eNOS expression. a,
b ET-1 and eNOS mRNA and protein expression after incubating
HUVECs with di fferent concent ra t ion of l i raglu t ide . c

Immunofluorescence staining for ET-1. *P<0.05 vs. Control, **P<
0.01 vs. Control. Abbreviations; ET-1: Endothelin-1; eNOS: Endothe-
lial nitric oxide synthase; NO: Nitric oxide
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subjected to 12 % SDS-PAGE. After electro-transferring
onto a PVDF membrane, the separated proteins were
then blocked with 5 % non-fat milk (in PBS-T) for
1 h and incubated with primary antibodies overnight at
4 °C. The membranes were then washed and incubated
with secondary antibody (1:10,000) and visualized by
enhanced chemiluminescence (ECL; Santa Cruz Bio-
technology). The intensities of the bands were quanti-
fied and analyzed with image J software. β-actin was
used for normalizing relative expression of proteins.

Immunofluorescence Studies

Immunostaining of the cultured HUVECs was performed as
previously described [11] using standard methods. All sam-
ples were imaged with fluorescence microscope using
LSM510 software.

Statistical Analysis

All experiments were performed at least in quadruplicate.
Values were analyzed by using 2-tailed Newman-Keuls-
Student t-test or one-way ANOVA (multiple means). Data

are presented as means ± SD. A P value<0.05 was consid-
ered significant.

Results

Liraglutide Stimulates GLP-1R Expression

To assess the effect of liraglutide on GLP-1R expression, we
used different concentrations of liraglutide (0–1000 ng/mL).
As shown in Fig. 1a, b, liraglutide significantly induced
GLP-1R(mRNA and protein) expression in HUVECs in a
concentration-dependent manner(P<0.01 vs. control). The
effects of high concentration liraglutide were also confirmed
by immunofluorescence (Fig. 1c).

Liraglutide Inhibits ET-1 and Induces eNOS Expression

Next, we studied the effect of liraglutide on ET-1 and eNOS
expression. As shown in Fig. 2, ET-1 expression decreased
in response to liraglutide in a concentration-dependent man-
ner (P<0.01 vs. control). Of note, eNOS expression in-
creased, consistent with previous observations [12]. The

Fig. 3 Liraglutide inhibits IκBα and NF-κB phosphorylation. a, b
NF-κB activation is inhibited by liraglutide while total NF-κB remains
unchanged. c Phosphate IκBα is also inhibited by liraglutide. d Re-
duction in NF-κBp65 migration from cytoplasm to the nucleus in

response to liraglutide. *P<0.05 vs. Control, **P<0.01 vs. Control.
Abbreviations: IκBα: Inhibitor of kappa B alpha; NF-κB: nuclear
factor-KappaB
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modulation of ET-1 and eNOS was seen at transcriptional
level (qPCR) (Fig. 2a) as well as protein levels (Western
blotting and immunofluorescence) (Fig. 2b, c).

Liraglutide Inhibits NF-kB Translocation and IκBα
Phosphorylation

To determine the intracellular mechanism of liraglutidein
inhibiting ET-1 and enhancing eNOS expression, we mea-
sured NF-κBand IκBα expression in HUVECs. As shown
in Fig. 3a, b, liraglutide had no effect on NF-kB mRNA or
protein levels, but it significantly inhibited phosphorylation
of NF-κB p65, especially in 100–1000 ng/ml concentrations
(P<0.05 vs. control). Likewise, IκBα phosphorylation was
reduced by liraglutide at high concentration (Fig. 3c). The
immunofluorescence studies indicated that high glucose
concentration induces NF-κB translocation from cytoplasm
to nucleus, and this effect is attenuated by liraglutide
(Fig. 3d).

Confirmation of the Role of NF-κB and IκBα Activation

A previous study [13] showed that liraglutide may reg-
ulate endothelial function by inhibiting the NF-κB path-
way, we chose PMA as a stimulus for NF-κB. To

examine the role of NF-κB in the regulation of ET-1
and eNOS in response to liraglutide, we incubated
HUVECs with liraglutide (1,000 ng/mL) alone, or with
PMA (100 ng/mL), a potent NF-κB activator [14], for
6 h. As expected, the phosphorylation of NF-κB and its
translocation from cytoplasm into nucleus decreased in
response to liraglutide (P<0.05 vs. control) (Fig. 4a, b).
Treatment of cells with PMA enhanced NF-κB translo-
cation from cytoplasm into the nucleus despite treatment
with liraglutide (Fig. 4c). Similarly, the inhibition of
IκBα phosphorylation was blocked by PMA treatment
(Fig. 4d). Importantly, cells treated with liraglutide
expressed less phosphorylated NF-κB and IκBα (both
P<0.05 vs. PMA) (Fig. 5a)

Modulation of ET-1 and eNOS Expression by PMA
and TNFα

As shown earlier, liraglutide decreased ET-1 and enhanced
eNOS expression (at both mRNA and protein levels) (both
P<0.05 vs. control) (Fig. 2a, b). Treatment of cells with
PMA blocked the effect of liraglutide (P<0.05 vs.
liraglutide). ET-1 immunofluorescence confirmed the West-
ern blotting data on protein expression (Fig. 2c). Also,
liragultide attenuated the effect of PMA on ET-1 and eNOS

Fig. 4 PMA induces IκBα and NF-κB phosphorylation after
liraglutide treatment. a, b PMA counters the effect of liraglutide on
NF-κB expression (both mRNA and protein) in HUVECs. c NF-κB
migrates into the nucleus in PMA-treated HUVECs compared with
liraglutide alone-treated cells. d Phosphate IκBα protein expression

increases after PMA treatment to normal levels in liraglutide-treated
cells. Cells were treated with PMA (100 ng/mL) for 6-hours.*P<0.05
vs. Control, †P<0.05 vs. liraglutide alone treatment. Abbreviation;
PMA: phorbol 12-myristate 13-acetate
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expression. (P<0.05 vs. PMA) (Fig. 5b). To further prove
that NF-κB is a key regulator for liraglutide regulating ET-1
and eNOS expression, we used TNFα as a specific NF-κB
activator. The effects of TNFα on ET-1 and eNOS expres-
sion were similar to effects of PMA (Fig. 5c).

Of note, the effect of liraglutide on eNOS and ET-1
mRNA were evident at 100 ngml concentration and on
protein at 1,000 ng/ml concentration.

Functional Relevance of the Effects of Liraglutide
on Endothelial Function

As shown in Fig. 6a, c, the liraglutide effect on ET-1
and eNOS were blocked by PMA treatment, both in
transcriptional and translational levels. We also mea-
sured IL-6 as a key biomarker of endothelial function
[15]. As shown in Fig. 6d, PMA markedly enhanced IL-
6 protein levels (P<0.05 vs. control), and liraglutide

blocked this effect of PMA on IL-6 protein expression(P<
0.05 vs. PMA alone).

Discussion

In this study, our first important novel observation was
that liraglutide, a potent GLP-1R agonist, in modest
concentrations decreased ET-1 expression in HUVECs
cultured in high glucose medium, both at transcriptional
and translational levels, particularly at high concentra-
tions. Although the effect of 10–100 ng/mL liraglutide
on ET-1 protein expression was not considered as sig-
nificant, there is still a tendency of reduction on it. Our
second major observation was that liraglutide decreased
endothelial IL-6 expression.

To determine the mechanistic basis of ET-1 reduction, we
focused onthe effect of liraglutide on the transcription factor

Fig. 5 Liraglutide attenuates the effect of PMA on stimulating NF-κB,
ET-1 and inhibiting eNOS protein expressions. a Liraglutide inhibits
phosphorylation of IκBα and NF-κB. * P<0.05 vs. control, †P<0.05
vs. PMA alone treatment. b PMA treatment of cells almost completely
blocked the effect of liraglutide on the expression of ET-1 as well as

eNOS. c The effects of PMA on ET-1 and eNOS expression were
replicated with the use of TNFα. *P<0.05 vs. Control,†P<0.05 vs.
LRT alone treatment. §P<0.05 vs. TNF-αalone treatment.LRT:
liraglutide; PMA: phorbol 12-myristate 13-acetate; TNF-α:Tumor ne-
crosis factor-alpha
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NF-κB p65. NF-κB has been recognized as a key nucleus
transcriptional factor which regulates the expression of a
number of genes. We observed that liraglutide inhibited
the activation of NF-kB and reduced its translocation to
the nucleus in HUVECs. NF-kB expression is regulated by
IκBα (discussed below in detail), and we noted that
liraglutide also modulated the phosphorylation of IκBα. It
is of note that the protein levels of NF-kB or IκBα were not
affected by liraglutide.

We postulated that NF-kB phosphorylation may play a key
role in the reduction in ET-1 expression as well as in the
increase in eNOS expression by liraglutide. TNF-α has been
reported to activate cGMP/PKC pathway and subsequently
NF-kB phosphorylation and inhibit eNOS expression in en-
dothelial cells. Also, since liraglutide has been shown to block
this signaling pathway [13], we used PMA to prove our
proposition it is also a stimulus of NF-kB [16]. As shown in
Figs. 5c and 6, PMA treatment of cells almost completely
blocked the effect of liraglutideon, the expression of ET-1 as

well as eNOS. The effects of PMA on ET-1 and eNOS
expression were replicated with the use of TNFα (Fig. 5c).

Obviously, the increase in eNOS coupled with a decrease in
ET-1 would be expected to have a salutary effect on endothe-
lial function. While eNOS is a vasodilator and inhibits an
inflammatory reaction on the activated endothelium, ET-1 is
a powerful vasoconstrictor and has been shown to exert pro-
inflammatory effects in vascular tissues [17]. Atherosclerotic
tissues, especially from diabetic animals, display a reduction
in eNOS expression/activity and an increase in ET-1 expres-
sion in concert with endothelial dysfunction/activation and a
pro-inflammatory state [18]. The pro-inflammatory state is
characterized by excessive NF-kB activity and elevated gen-
eration of IL-6 and other cytokines. In the context of vascular
inflammation that is commonly observed in diabetes and
atherosclerosis, the effects of liraglutide on ET-1 expression
and IL-6 formation in endothelial cells described in this study
may relate to the potentially beneficial effects of liraglutide in
clinical and experimental studies [7–9, 19]. Of note, the effect

Fig. 6 PMA induces ET-1 and inhibits eNOS after liraglutide treat-
ment and liraglutide improves endothelial dysfunction. a, b ET-1 and
eNOS levels return to normal level after PMA treatment in liraglutide-
treated cells, suggesting that PMA counters the effects of liraglutide. c
Immunofluorescence staining for ET-1. *P<0.05 vs. Control, †P<0.05

vs. Liraglutide alone treatment. d Liraglutide inhibits IL-6 protein
expression, and PMA counters the effect of liraglutide. *P<0.05 vs.
Control, †P<0.05 vs. LRT alone treatment. §P<0.05 vs. PMA alone
treatment. LRT: liraglutide; PMA: phorbol 12-myristate 13-acetate. IL-
6: interleukin-6

Cardiovasc Drugs Ther (2013) 27:371–380 377



of liraglutide on eNOS and ET-1 mRNA were evident at
100 ngml concentration and on protein at 1,000 ng/ml con-
centration. This discrepant effect is not uncommonly seen in
in vitro studies and may reflect delayed translation of the gene
into protein.

Hattori et al. [4] in an in vitro study suggested that
NF-κB is a dominant regulator for eNOS expression in
the presence of liraglutide. Gaspari et al. [20] observed
that liraglutide could induce eNOS expression and
thereby improve endothelial function, as measured by
the expression of PAI-1 and vascular adhesion mole-
cules, in an ApoE null mouse model of atherosclerosis.

Several investigators have examined the mechanism
of ET-1 activity, and found its expression to be regulat-
ed by NF-κB [21–23]. High concentration of glucose
has been reported to induce NF-κB activation in differ-
ent types of cells, including the HUVECs [24, 25]. As a
transcriptional regulator of NF-κB, IκB kinase binds to
and stabilizes NF-κB. After being phosphorylated, IκB
kinase is degraded resulting in the stimulation of NF-κB
phosphorylation. Soon thereafter, the activated NF-κB
p65 translocates from the cytosol to the nucleus of the
cell [26]. This pathway is consistent with our data on
the inhibition of phosphorylation of IκBα and NF-κB
by liraglutide treatment of cells.

There is also evidence that eNOS is a direct target of
NF-κB. Grumbach et al. [27] reported a negative feed-
back between NF-κB activation and eNOS expression in
endothelial cells. Others have also shown that NO can
repress the activation of NF-κB through degradation of
IκBα [28–31]. We observed in our study that the
NF-κB activator PMA negatively influenced eNOS ex-
pression in HUVECs further lending credibility to the
concept of feedback loop between IκBα, NF-kB and
eNOS. It is of note that we also observed that PMA
blocked the effect of liraglutide on ET-1 expression,
suggesting that there is a feedback loop between IκBα,
NF-κB and ET-1 (Fig. 7).

Since eNOS is an anti-inflammatory and ET-1 a pro-
inflammatory molecule, and both seem to require
NF-κB activation, NF-κB may be the key pro-
inflammatory transcription factor in this process. Romeo
et al. [32], and subsequently Ho et al. [33], reported
that the high concentration of glucose activates NF-κB.
We provide further support for this suggestion, and
advance this concept by showing the modulation of
ET-1 and eNOS expression by liraglutide in HUVECs
cultured in high glucose concentration which may mim-
ic the diabetic state. Importantly, results of our study
with PMA provide definitive information on the role of
NF-kB in this process.

We chose IL-6 measurement as a marker of endothe-
lial dysfunction to assess the biological effect of

liraglutide. IL-6 is a potent pro-inflammatory molecule
released from endothelial cells. Its expression is elevated
in diabetes as well as in atherosclerotic blood vessels
[34]. IL-6 is also a potent stimulus for the formation of
C-reactive protein formed in the liver; the plasma levels
of C-reactive protein are well known to be elevated in
diabetic patients and others with inflammatory vascular
disease [35]. The inhibition of IL-6 by liraglutide seen
in this study appears to be an effect of combination of
ET-1 decrease and eNOS increase.

Collectively, our observations suggest that the GLP-1R
agonist liraglutide is an effective inhibitor of ET-1 and an
inducer of eNOS expression. Our study also shows that the
upregulation of GLP-1R by liraglutide improves endothelial
function (i.e. decrease in the pro-inflammatory IL-6). The
effect of liraglutide on ET-1 may provide a novel mecha-
nism which contributes to the present knowledge on im-
provement of atherosclerosis by GLP-1R agonists. It is

Fig. 7 Mechanism of GLP-1-inducedimprovement in endothelial dys-
function and diabetic atherosclerosis. Liraglutide stimulates GLP-1R
expression which subsequently inhibits IκBα and NF-κBcomplex and
suppresses ET-1 expression and enhances eNOS expression. The mod-
ulation of ET-1 and eNOS would be expected to lead to vasodilatation
and reduction in IL-6 release from endothelial cells, and perhaps
reduction in inflammation and atherosclerosis
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likely that the observations described in this study underlie
to some extent in the potential vasoprotective and
cardioprotective effects of GLP-1R agonists [36].
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