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ABSTRACT
A growing body of evidence indicates that incretins may have pleiotropic beneficial effects
beyond lowering glucose blood concentration.
The effect of GLP-1 and exendin-4 on coronary
arteries endothelium in diabetic and obese individuals has been studied widely. TNF-α is one of
adipocytokines. The aim of our study was to evaluate the influence of glycated albumin (GlyAlb;
100; 500 and 1000 mg/L) and pro-inflammatory
cytokine, TNF-α (2.5 and 10 ng/mL), on expression of ICAM-1 and VCAM-1 in cultured human
endothelial cells derived from coronary arteries.
The next goal of the study was to evaluate the
influence of GLP-1 (10 nM and 100 nM) and its
analogue, exendin-4 (1 nM and 10 nM), on the
expression of ICAM-1 and VCAM-1 in these cell
line. TNF-α statistically significantly increased
VCAM-1 production by endothelial cells, whereas GlyAlb statistically significantly augmented
the expression of both tested adhesion molecules. Exendin-4 and GLP-1 statistically significantly reduced the expression of VCAM-1 in endothelial cells stimulated by GlyAlb in dose-dependent manner. When TNF-α was used as the
stimulant only exendin-4 in the concentration of
10 nM statistically significantly reduced the expression of VCAM-1. Studied incretins in their
both concentrations statistically significantly reduced the expression of ICAM-1 in endothelial
cells stimulated by GlyAlb. The influence of TNFα on the expression of ICAM-1 was statistically
significantly reduced by both concentrations of
exendin-4 but only by the higher concentration
of GLP-1. The results of our present study indicate that incretins may present a group of agents
developing pleiotropic effects beyond the reduction of blood glucose concentration. Their vasoCopyright © 2012 SciRes.

protective and cardioprotective action may be of
importance in diabetic and obese individuals.
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1. INTRODUCTION
Over the past two decades the rate of obesity has risen
and around 50% of all adults in Europe are now classified as overweight. Obesity is a major risk factor for the
development of diabetes and predisposes individuals to
dyslipideamia and hypertension. Insulin resistance accompanied by visceral (central) obesity may lead not only to
arterial hypertension, but some metabolic disorders such
as hyperglycaemia, low high-density lipoprotein cholesterol level and hypertriglyceridaemia. According to National Cholesterol Education Program (NCEP) classification, the presence of three out of five of above factors
allows to diagnose metabolic syndrome (MS). This constellation of cardiovascular risk factors tremendously increases risk for cardiovascular diseases. In particular, visceral obesity is strongly correlated with insulin resistance
and dyslipidaemia [1,2].
Adipocytes secret various cytokines including leptin,
adiponectin, plasminogen activator inhibitor-1 (PAI-1) and
TNF-α. They are termed adipocytokines. Some of them
inhibit insulin signaling pathways. Tumor necrosis factor
alfa (TNF-α) is a proinflammatory cytokine originally
defined by its antitumor activity. TNF-α is one of adipocytokines. Under normal circumstances it circulates in
low concentration. The adipose tissue of obese humans
contains increased numbers of macrophages, and once
activated these macrophages are responsible for the production of most of the tissue’s TNF-α. Chronic inflammation associated with central obesity results in insulin resistance and dyslipidaemia and predicts the development
of type 2 diabetes mellitus. The endothelial dysfunction
occurring in the metabolic syndrome is the result of the
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effect of inflammatory cytokine, TNF-α [3-5].
Intracellular adhesion molecule-1 (ICAM-1) and vascular adhesion molecule-1 (VCAM-1) are considered as
endothelial dysfunction markers. These molecules mediate the adhesion of leukocytes to the surface of endothelium and participate in their migration to subendothelial
layer of a blood vessel. Activation of endothelial cells results in the altered production of ICAM-1 and VCAM-1.
Elevated blood glucose level observed in diabetic patients leads to spontaneous chemical reaction between carbohydrates and both plasma and tissue proteins. Hyperglycemia induces an overproduction of reactive oxygen
species as well. Long-lived tissue proteins undergo sequential glycation and oxidation forming glycooxidative
products which are termed advanced glycation end-products (AGEs) [6]. Incretin therapy has been approved for
the treatment of type 2 diabetes mellitus. Glucagon-like
peptide-1 (GLP-1) is one of incretin hormones and is
secreted from L cells in the intestine in response to food
intake. GLP-1 has an important physiological function in
augmenting postprandial insulin secretion. Exendin-4 is a
potent and long-acting GLP-1 analogue. A growing body
of evidence suggests that GLP-1 may have additional beneficial effects like induction of satiety and associated
body weight reduction [7,8]. Because of this pleiotropic
effects GLP-1 and its analogues should be of special interest in obese diabetic patients or individuals with MS.
GLP-1 receptors are expressed in components of cardiovascular system such as cardiomyocytes, endocardium,
microvascular endothelium and coronary smooth muscle
cells [9]. The direct effects of GLP-1 on vascular injury
in diabetes are largely unknown. Ishibashi et al. [10] pointed out that GLP-1 inhibited RAGE expression and AGEinduced up-regulation of VCAM-1 and ICAM-1 gene expression in human umbilical vein endothelial cells (HUV
EC).
Metabolic syndrome represents a combination of synergistic vascular pathologies that leads to an accelerated
atherogenic state that comprises the ability of the patient
to satisfactorily respond to various humoral, cellular and
mechanical stress. In patients with MS coronary arteries
are very susceptible to the development of atherosclerosis. These patients are at an elevated risk of coronary
heart disease and myocardial infarction.
The aim of our study was to evaluate the influence of
glycated albumin (GlyAlb; 100; 500 and 1000 mg/L) and
pro-inflammatory cytokine, TNF-α (2.5 and 10 ng/mL),
on expression of ICAM-1 and VCAM-1 in cultured human endothelial cells derived from coronary arteries. The
next goal of the study was to evaluate the influence of
GLP-1 (10 nM and 100 nM) and its analogue, exendin-4
(1 nM and 10 nM), on the expression of ICAM-1 and
VCAM-1 in his cell line.
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2. MATERIALS AND METHODS
2.1. Endothelial Cell Culture
For all subsequent experiments human coronary artery
endothelial cells (CAEC) purchased in Lonza were used.
Cells were cultured according to cell supplier’s recommendations in EGM-2 with SingleQuots (Lonza) supplement and 5% fetal bovine serum at 37˚C in 5% CO2
humidified incubator. Endothelial cells were identified
using monoclonal antibody against von Willebrand factor
and by their typical morphology. Cell viability and morphology were assessed for each experimental group. Before experiments, cells were plated on 12-well cell culture plates and maintained till confluence. After reaching
80% confluence, cells were treated with tested substances
for 24 h. After that time cell medium was transferred into
sterile test-tubes and centrifuged (15 min, 15,000 g, 4˚C)
to remove cells. Obtained cell medium was divided into
test tubes and frozen at −80˚C until the time of testing.

2.2. ICAM-1 and VCAM-1 Protein Assay
Determination of ICAM-1 and VCAM-1 concentration
in cell culture medium was done by DuoSetTM ELISA
kits (R&D Systems), using 96-well plates in compliance
with manufacturer’s instructions. Absorbance was measured at 450 and 545 nm with a Stat Fax 2100 Microplate
Reader. Calibration curves were prepared with the recombinant proteins used as a reference standard. Concentrations of VCAM-1 and ICAM-1 were normalized, using the concentration of the total cellular protein, which
is proportional to the cell number.

2.3. Total Protein Assay
After incubation, the cells were washed twice with
PBS buffer. They were then lysed with 0.5 ml of cooled
RIPA buffer (pH 7.6, 25 mM Tris HCl, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS). The
total protein concentration was determined in duplicate
with the bicinchoninic acid method, using 96-well plates.
Absorbance was measured at 560 nm with a Stat Fax 2100
Microplate Reader.

2.4. Experiment Design
For cells stimulation human recombinant TNF-α and
human glycated albumin were used. To assess the influence of TNF-α and glycated albumin on ICAM-1 and
VCAM-1 expression, cells were incubated with TNF-α at
concentration of 2.5 and 10 ng/mL and glycated albumin
at concentration of 100, 500 and 1000 mg/L. To test the
dose-effect relation of tested incretins, cells were incubated with exendin-4 in concentrations 1 or 10 nM or
GLP-1 in concentrations 10 or 100 nM. Because of high
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expression of functional dipetydyl peptidase IV (DPP-4)
on CAEC surface, cells treated with GLP-1 were co-incubated with DPP-4 inhibitor KR-62436 in concentration
5.7 µM. The influence of KR-62436 alone on ICAM-1
and VCAM-1 expression was tested in another experiment and found not to be significant (data not shown).

2.5. Statistical Analysis
All values were presented as mean ± SD expressed as
percent in compare to control group. One-way ANOVA
followed by the Scheffe F test was performed for statistical comparisons; p < 0.05 was considered significant.
All statistical analyses were performed using Statistica
9.0 analysis toolpack.
All reagents were purchased in Sigma unless stated
otherwise.

3. RESULTS
TNF-α in both tested concentrations statistically significantly increased VCAM-1 production by endothelial
cells. Glycated albumin in all three tested concentrations
statistically significantly augmented the expression of both
tested adhesion molecules. The elevation of VCAM-1
and ICAM-1 caused by TNF-α in both concentrations
was statistically significantly greater than resulting from
the addition of GlyAlb in all tested concentration (Figures 1 and 2). The dose dependent manner of this elevation was only detected for ICAM-1 and the stimulation
by GlyAlb (Figure 2).
The addition of both studied incretins to unstimulated
cell culture in all tested concentrations did not influence

the expression of studied adhesion molecules. Both, exendin-4 and GLP-1 statistically significantly reduced the
expression of VCAM-1 in endothelial cells stimulated by
GlyAlb in dose-dependent manner (Figure 3). When
TNF-α was used as the stimulant only exendin-4 in the
concentration of 10 nM statistically significantly reduced
the expression of VCAM-1 (Figure 4).
Studied incretins in their both concentrations statistically significantly reduced the expression of ICAM-1 in
endothelial cells stimulated by GlyAlb (Figure 5). The
influence of TNF-α on the expression of ICAM-1 was statistically significantly reduced by both concentrations of
exendin-4 but only by the higher concentration of GLP-1
(Figure 6).

4. DISCUSSION
The major causes of morbidity and mortality in subjects with diabetes are related to the development of cardiovascular disease, especially coronary heart disease
(CHD). A 10-year post-randomization follow up of a study
of the tight glucose intervention of the United Kingdom
Prospective Diabetes Study (UKPDS) as well as Action
to Control Cardiovascular Risk in Diabetes (ACCORD),
and metanalysis of four randomized, controlled trials
have shown that intensive glucose control is associated
with a reduced risk of myocardial infarction (MI) [11].
Hypoglycemic drugs affecting incretin system seem to
develop beneficial effects on vascular system. An experimental study revealed that infusion of GLP-1 improved
the viability of mouse cardiomyocytes and the functional
recovery, and reduced the infarct size [12]. Endothelium,

Figure 1. VCAM-1 concentration in medium of coronary artery endothelial cells stimulated with TNF-α
(2.5 and 10 ng/mL) or glycated albumin (GlyAlb, 100 mg/L; 500 mg/L; 1000 mg/L). All values are expressed as mean ± SD of 8 repeats. Both, TNF-α and glycated albumin stimulated secretion of VCAM-1 (p
vs control < 0.001).
Copyright © 2012 SciRes.
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Figure 2. ICAM-1 concentration in medium of coronary artery endothelial cells stimulated with TNF-α (2.5
and 10 ng/mL) or glycated albumin (GlyAlb, 100 mg/L; 500 mg/L; 1000 mg/L). All values are expressed as
mean ± SD of 8 repeats. TNF-α stimulated secretion of ICAM-1 (p vs control < 0.005), glycated albumin
stimulated ICAM-1 secretion in dose dependent manner (p vs control < 0.001).

Figure 3. VCAM-1 concentration in medium of coronary artery endothelial cells stimulated with glycated albumin (GlyAlb, 500
mg/L), GLP-1 (10 or 100 nM) and exendin 4 (1 or 10 nM). All values are expressed as mean ± SD of 8 repeats. Both, GLP-1 and
exendin 4 decreased glycated albumin stimulated expression of VCAM-1 (p < 0.01). The inhibitory effect of exendin 4 (10 nM) was
significantly higher than GLP-1 (100 nM), p < 0.05. However, observed VCAM-1 concentration in cells incubated with glycated
albumin and tested incretins was still significantly higher than in control (p < 0.01).

cardiac and vascular myocytes express GLP-1 receptor.
However, the cardioprotective actions of GLP-1 are both
receptor dependent and independent [9]. Arakawa et al.
[13] observed that in vitro mouse macrophages treated
Copyright © 2012 SciRes.

with Exendine-4 suppressed the TNF-α mRNA expression.
This observation gives an assumption that the exendine-4
therapy may lead to an inhibition of inflammatory response of macrophages.
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Figure 4. VCAM-1 concentration in medium of coronary artery endothelial cells stimulated with TNF-α (2.5 ng/L), GLP-1 (10 or
100 nM) and exendin 4 (1 or 10 nM). All values are expressed as mean ± SD of 8 repeats. Both, GLP-1 and exendin 4 decreased
TNF-α stimulated expression of VCAM-1 (p < 0.01). The inhibitory effect of exendin 4 (10 nM) was significantly higher than GLP-1
(100 nM), p < 0.01. However, observed VCAM-1 concentration in cells incubated with glycated albumin and tested incretins was
still significantly higher than in control (p < 0.001).

Figure 5. ICAM-1 concentration in medium of coronary artery endothelial cells stimulated with glycated albumin (GlyAlb, 500
mg/L), GLP-1 (10 or 100 nM) and exendin 4 (1 or 10 nM). All values are expressed as mean ± SD of 8 repeats. Both, GLP-1 and
exendin 4 decreased glycated albumin stimulated expression of ICAM-1 (p < 0.01). The inhibitory effect of exendin 4 (10 nM) was
significantly higher than GLP-1 (100 nM), p < 0.5. However, observed ICAM-1 concentration in cells incubated with glycated albumin and tested incretins was still significantly higher than in control (p < 0.01).
Copyright © 2012 SciRes.
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Figure 6. ICAM-1 concentration in medium of coronary artery endothelial cells stimulated with TNF-α (2.5 ng/L), GLP-1 (10 or 100
nM) and exendin 4 (1 or 10 nM). All values are expressed as mean ± SD of 8 repeats. Both, GLP-1 and exendin 4 decreased TNF-α
stimulated expression of ICAM-1 (p < 0.01). The inhibitory effect of exendin 4 (10 nM) was significantly higher than GLP-1 (100
nM), p < 0.05. However, observed ICAM-1 concentration in cells incubated with glycated albumin and tested incretins was still significantly higher than in control (p < 0.001).

Swedish researchers evaluated the vasoprotective effects of exenatide, synthetic analog of exendin-4. They
chose a different experimental model. Preincubation with
Intralipid® induced endothelial dysfunction, but exenatide
did not protect against it [14]. In another study GLP-1
was observed to cause a dose-dependent relaxation of rat
aorta acting by its receptor [15]. As results from animal
model have suggested the vasoprotective role of incretins,
researchers have focused their interest on human endothelium. The result of in vitro or animal studies cannot be
simply extrapolated on humans. Kelly et al. [16] evaluated the effects of GLP-1 agonist, exenatide and metformin of endothelial function. Both medications were administered to prediabetic patients with visceral obesity
for 3 months. Both treatments did not significantly influenced VCAM-1 and C-reactive protein. The most popular model of cell culture of human endothelium is HUVEC. GLP-1 was shown to reduce an expression of plasminogen activator inhibitor-1 (PAI-1) in HUVEC stimulated by TNF-α [17]. Ishibashi et al. observed that GLP-1
inhibited in HUVEC the expression of VCAM-1 mRNA
up regulated by AGE [10]. Several researchers evaluated
the influence of GLP-1 or GLP-1 receptor agonists on
endothelium. In a study performed on healthy, nondiabetic, normotensive nonsmokers with no family history
of diabetes GLP-1 infusion enhanced an acethylcholine
Copyright © 2012 SciRes.

mediated vasoconstriction [18]. GLP-1 agonist, liraglutide, reduced the expression of a vascular adhesion molecule and intracellular adhesion molecule-1 elicited by
TNF-α. The stimulation of GLP-1 receptor resulted also
in an increased expression of endothelial nitric oxide synthase [19]. GLP-1 inhibited advanced glycation end products induced up regulation of VCAM-1 mRNA in HU
VEC [10]. In our experiment two agents were chosen to
stimulate endothelium from coronary artery. TNF-α represented a risk factor present in obese patients whereas
GlyAlb represented a risk factor observed in diabetic subjects. As we have used a different experimental model,
our results indicate, that incretins may have a cardioprotective effect not only in diabetic patients, but in obese
individuals as well.
Our experiment confirmed that beneficial influence of
incretins on HUVEC stimulated by TNF-α and AGE can
be also detected in endothelium derived from coronary
arteries. Dozier et al. revealed that GLP-1 attenuated the
increase of microvascular permeability induced by lipopolysaccharide (LPS) in mesenteric endothelium. This
observation points another mechanism in which GLP-1
may protect endothelium and vascular wall during inflammation [20]. Exendin-4 was also shown to protect glomerular endothelium in diabetic rats by reducing the production of ICAM-1 and type IV collagen. Exendin-4 also
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attenuated release of proinflammatory cytokines from macrophages. The authors of this study concluded that exendin-4 might prevent disease progression in the early
stage of diabetic nephropathy [21]. As endothelium dysfunction in patients with diabetic retinopathy was the
point of interest of one of our previous studies [22], in
our next study (unpublished results) we observed a protective effect GLP-1 and exendin-4 on human retinal pigment epithelial cells.
The results of our present study and other results discussed here indicate that incretins may present a group of
agents developing pleiotropic effects beyond the reducetion of blood glucose concentration. Their vasoprotective
effects have been reported in organs crucial for the development of diabetic complications. Incretins by improving the endothelial dysfunctions may protect against vascular complications of diabetes or delay their onset.
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