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Abstract:

Background: Advanced glycation end products (AGEs) take part in the development of diabetic retinopathy. Hyperglycemia trig-

gers an inflammatory response in the retina. These mechanisms may lead to an enhanced expression of adhesion molecules (ICAM-1

and VCAM-1) in human retinal pigment epithelium (HRPE). Glucagon-like peptide 1 (GLP-1) functions as an incretin hormone

with antidiabetogenic properties. GLP-1 also possesses vasoprotective properties.

Methods: 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-a (2.5 and 10 ng/ml), on expression of RAGE, ICAM-1 and VCAM-1 and to evaluate the influence of

GLP-1 (100 nM) and its analogue, exendin-4 (10 nM), on the expression of RAGE, ICAM-1 and VCAM-1 in stimulated HRPE.

Results: TNF-a increased RAGE expression in HRPE cells. The addition of GlyAlb (500 and 1000 mg/l) resulted in a decrease of

RAGE expression. Both TNF-a and GlyAlb increased the secretion of both adhesion molecules. In cells co-treated with GLP-1 or

exendin-4 both incretins decreased RAGE expression in TNF-a treated cells, and in GlyAlb group. The ICAM-1 expression was

lowered by exendin-4 and GLP-1 in cells stimulated by TNF-a and GlyAlb. The similar results were obtained for VCAM-1. All ob-

served alterations were statistically significant.

Conclusions: The obtained results indicate that both GLP-1 and exendin-4 by decreasing the expression of RAGE in HRPE can

make these cells more resistant to circulating AGEs, and decreased expression of circulating VCAM-1 and ICAM-1, can be the re-

sult of anti-inflammatory properties of incretins and decreased expression of RAGE.
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interleukin 6, IL-8 – interleukin 8, INF-g – interferon g, PKC –

protein kinase C, RAGE – receptor for advanced glycation

end-products, TGF-b – transforming growth factor b, TNF-a –

tumor necrosis factor a, VCAM-1 – vascular cell adhesion

molecule 1, VEGF – vascular endothelial growth factor
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Introduction

Diabetes mellitus leads to endothelial dysfunction and

development of vascular complications which are di-

vided into two major groups, macroangiopathy and

microangiopathy. Their consequences diminish the

quality of life of diabetic patients. Diabetic retinopa-

thy is one of microangiopathies and is often divided

into two major types, non-prolifetaive and prolifera-

tive. Hyperglycemia observed in diabetic patients

leads to spontaneous chemical reaction between car-

bohydrates and both plasma and tissue proteins. Hy-

perglycemia induces an overproduction of reactive

oxygen species as well. Long-lived tissue proteins un-

dergo sequential glycation and oxidation forming gly-

cooxidative products which are known as advanced

glycation end products (AGEs) [41].

AGEs are thought to act both through the receptor-

dependent and independent manner. They can affect

gene regulation, modify proteins, DNA and lipids.

Receptor for advanced glycation end products

(RAGE) is a multiligand member of immunoglobulin

superfamily of cell surface proteins capable of inter-

acting with a broad spectrum of ligands including

AGEs, amyloid fibrils, S100/calgranulins and ampho-

terins. They have been indentified in several types of

cells including macrophages, pericytes and endothe-

lial cells. Engagement of RAGE by its ligands up-

regulates the receptor and initiates a cycle of sus-

tained RAGE-dependent cell activation eventuating in

cellular dysfunction. In view of the long duration of

AGEs and their enhanced generation in microenvi-

roment, RAGE may function as a progression factor

leading to the development of diabetic complications

[33, 35, 37, 38]. AGEs activate endothelium through

RAGE. This process contributes to various vascular

pathologies such as an amplification of vascular re-

sponse, atherosclerosis, diabetic complications and

neointimal formation in a response to arterial injury

[3, 34, 40, 42, 45].

Human retinal pigment epithelium (HRPE) is the

integral part of blood-retinal barrier and participate in

a development of diabetic retinopathy. Hyperglyce-

mia triggers an inflammatory response in the retina.

Inflammation may represent the inciting and final

common pathway leading to the complex pathology

known as diabetic retinopathy. Leukocytes appear to

play a crucial role in this process. They adhere to en-

dothelium and accumulate in the vasculature of the

retina. Activation of endothelial cells results in the al-

tered production of adhesion molecules such as inter-

cellular cell adhesion molecule-1 (ICAM-1), vascular

cell adhesion molecule-1 (VCAM-1) and E-selectin

[10, 19, 28]. However, some researchers question the

role of VCAM-1 in this process [15]. AGEs can also

lead to an increase of vascular endothelial growth fac-

tor (VEGF) production by HRPE. In an experimental

model the incubation of retinal pigment epithelial

cells with VEGF resulted in an increased ICAM-1 and

VCAM-1 expression and increased monocyte adhe-

sion [8, 22, 23]. The expression of adhesion mole-

cules can be induced by some pro-inflammatory cyto-

kines like tumor necrosis factor a (TNF-a), inter-

leukin 6 and 8 (IL-6 and IL-8) and interferon g

(INF-g) [8, 28]. Moore et al. [25] observed that gly-

coaldehyde modified albumin significantly increased

the DNA-binding of nuclear factor kB and AGE-

specific increase in leukocyte adhesion.

Incretin therapy has been approved for the treatment

of type 2 diabetes mellitus. Glucagon-like peptide-1

(GLP-1) is a member of incretin hormones and is se-

creted 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 addi-

tional beneficial effects like induction of satiety and as-

sociated body weight loss [6, 21]. GLP-1 receptors are

expressed in components of cardiovascular system such

as cardiomyocytes, endocardium, microvascular endo-

thelium and coronary smooth muscle cells [2]. The di-

rect effects of GLP-1 on vascular injury in diabetes are

largely unknown. Ishibashi et al. [17] observed that

GLP-1 inhibited RAGE expression and AGE-induced

up-regulation of VCAM-1 and ICAM-1 gene expression

in human umbilical vein endothelial cells (HUVEC).

However, little is known about the influence of GLP-1

and exendin-4 on retinal vasculature. Results of few ex-

periments performed on rats suggest that exendin-4 may

have a protective influence on retina [43, 44].

The aim of our study was to evaluate the influence

of glycated albumin (GlyAlb; 100; 500 and 1,000 mg/l)

and pro-inflammatory cytokine, TNF-a (2.5 and

10 ng/ml), on expression of RAGE and two adhesion

molecules, ICAM-1 and VCAM-1. The next goal of

the study was to evaluate the influence of GLP-1

(100 nM) and its analogue, exendin-4 (10 nM), on the

expression of RAGE, ICAM-1 and VCAM-1 in

HRPE stimulated by GlyAlb and TNF-a.
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Materials and Methods

For all subsequent experiments ARPE-19 cells pur-

chased in ATCC were used (ATCC number CRL-

2302). The cell line is a spontaneously raised human

retinal pigment epithelium with morphological and

biochemical markers of normal retinal pigment cells

[11]. Cells were cultured according to cell supplier’s

recommendations in Dulbecco’s modified Eagle me-

dium: nutrient mixture F-12 (DMEM/F12) with 10%

fetal calf serum. Before experiments, cells were

plated on 12-well cell culture plates and maintained

till confluence. After reaching confluence of at least

90% (usually 95–97%), cells were treated with tested

substances for 24 h. After that time, cell culture media

were used for determination of ICAM-1 and

VCAM-1 concentration by commercially available

ELISA kits (R&D Systems, Minneapolis, MN USA).

Remaining cells were lysed in RIPA buffer, and ob-

tained cell lysates were used for determination of

RAGE expression by ELISA (R&D Systems) and

protein concentration by BCA method (Sigma, St

Louis, MO, USA). All results were normalized to pro-

tein content of culture well and expressed as percent

of control.

To assess the influence of TNF-a and glycated al-

bumin on RAGE, ICAM-1 and VCAM-1 expression,

cells were incubated with TNF-a at concentration of

2.5 and 10 ng/ml and glycated albumin at concentra-

tion of 100, 500 and 1,000 mg/l. For the rest of ex-

periment TNF-a was used at concentration 2.5 ng/ml

and glycated albumin at concentration 500 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.

The experiment was performed 3 times with 4 re-

peats at each time giving 12 sets of samples for the

determination of evaluated parameters. Each meas-

urement was performed in duplicate and a mean value

of two determinations was calculated.

Because of high expression of functional dipetidyl

peptidase IV (DPP-4) on HRPE cell surface, cells

treated with GLP-1 were co-incubated with DPP-4 in-

hibitor KR-62436. The influence of KR-62436 alone

on RAGE, sICAM-1 and sVCAM-1 expression was

tested in another experiment and found to be not sig-

nificant (data not shown).

All reagents used for incubations were purchased

in Sigma. For cells stimulation human recombinant

TNF-a and human glycated albumin were used.

Statistical analysis

For the statistical analysis results of 12 sets of meas-

ured values were used. All values were presented as

the mean ± SD expressed as percent in comparison to

control group. One-way ANOVA followed by the

Scheffe F test was performed for statistical compari-

sons; p < 0.05 was considered significant. All statisti-

cal analyses were performed using Statistica 9.0

analysis toolpack.

Results

TNF-a in both tested concentrations slightly but statis-

tically significantly increased RAGE expression in

HRPEC in dose dependent manner (114.3% ± 3.3, p <

0.05 and 119.3% ± 4.4, p < 0.01, data not shown). The

addition of glycated albumin resulted in a decrease of

RAGE expression in comparison to control which was

statistically significant for the concentration of 500 and

1,000 mg/l (93.2% ± 11.3, p = n.s., 85.9% ± 10.7, p <

0.05 and 82.1% ± 9.4, p < 0.05, respectively). Both

TNF-a and glycated albumin statistically significantly

increased the secretion of both studied adhesion mole-

cules in dose dependent manner.

In cells co-treated with GLP-1 or exendin-4 both

incretins decreased RAGE expression in TNF-a

treated cells, and in GlyAlb group (Fig. 1). The

ICAM-1 expression was also lowered by both

exendin-4 and GLP-1 in cell stimulated by TNF-a

and GlyAlb (Fig. 2). The similar results were obtained

for VCAM-1 (Fig. 3). All observed decreases were

statistically significant.

Discussion

AGEs comprise a heterogeneous group of chemical

compounds. The elevated serum level of AGE has

been detected in patients with both type 1 and type 2

diabetes [5, 12, 20]. Fosmarck et al. also observed that
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Fig. 3. The influence of exendin-4
(10 nM) and GLP-1 (100 nM) on TNF-a
(2.5 ng/ml) or glycated albumin
(500 mg/l) stimulated soluble VCAM-1
(sVCAM-1) protein concentration in
HRPE medium

Fig. 2. The influence of exendin-4
(10 nM) and GLP-1 (100 nM) on TNF-a
(2.5 ng/ml) or glycated albumin
(500 mg/l) stimulated soluble ICAM-1
(sICAM-1) protein concentration in
HRPE medium

Fig. 1. The influence of exendin-4
(10 nM) and GLP-1 (100 nM) on TNF-a
(2.5 ng/ml) or glycated albumin
(500 mg/l) stimulated RAGE protein
concentration in HRPE medium



increased serum level of the specific AGE product,

methylglyoxal-derived hydroimidazolone, was asso-

ciated with retinopathy in patients with type 2 diabe-

tes [12]. Beisswenger et al. [4] studied tissue deposi-

tion of AGE in diabetic patients. An elevated AGE

deposition was detected in skin samples from patients

with type 1 diabetes. The formation of immunoreac-

tive AGEs preceded and was correlated with manifes-

tations of both retinopathy and nephropathy [4]. As

the presence of diabetic vascular complications corre-

lates with elevated serum AGEs level, Jakus and Riet-

brock proposed that the serum concentration of AGEs

should be considered as a marker of later develop-

ments of diabetic vascular complications [18]. The se-

rum elevation of AGE results in the dysfunction of

endothelium.

GlyAlb is the principal glycated protein in human

plasma. Chemically it is a protein containing Amadori

glucose adducts. The Amadori modification is distinct

from those associated with AGEs. Glycated albumin

operates through receptors different from RAGE.

GlyAlb stimulates protein kinase C (PKC), increases

the activity of transforming growth factor b (TGF-b)

and enhances the production of extracellular matrix

proteins. Elevated plasma level of GlyAlb is associ-

ated with nephropathy and retinopathy [7, 9, 16, 32].

The differences in the pathways stimulated by GlyAlb

and AGEs may be responsible for the observed in our

study decrease of RAGE expression in HRPE stimu-

lated by GlyAlb.

Adhesion molecules VCAM-1 and ICAM-1 are the

markers of endothelium activation. An early study of

Tang et al. [39] demonstrated that a majority of endo-

thelium cells in diabetic epiretinal membranes, a main

pathological change of proliferative diabetic retinopa-

thy, expressed both ICAM-1 and VCAM-1. The up-

regulation of expression of each adhesion molecule

was detected in retinas of animals with both spontane-

ous diabetes and induced hyperglycemia as well [13,

24]. Olson et al. [27] postulated that increased

VCAM-1 expression in retinal endothelium resulting

in leukocyte adhesion played a functional role in de-

velopment of retinal angiogenesis and a proliferative

diabetic retinopathy. This conception seems to be sup-

ported by the results of Hernadez et al. [14] reporting

significantly elevated intravitreous level of VCAM-1

when compared to control subjects. The increase in

expression of adhesion molecules on the surface of

retinal endothelium or their level in the vitreuos fluid

may not result in an alteration of their concentration

in systemic blood serum. In our previous study no sta-

tistically significant difference was detected in plasma

level of both ICAM-1 and VCAM-1 between patients

with non-proliferative and proliferative diabetic re-

tinopathy [36]. In our present study, the direct influ-

ence of TNF-a, glycated albumin and protective fac-

tors on HRPEC were evaluated, thus the effect of di-

lution in systemic blood could be eliminated.

Some researchers measure serum level of AGEs

and calculate advanced glycation index (AGI) ex-

pressed in arbitrary units. AGI was higher in diabetic

patients than in non-diabetic subjects, still higher

among diabetics with retinopathy and highest in pa-

tients with both diabetic retinopathy and nephropathy.

AGI significantly positively correlated with duration

of diabetes and glycated hemoglobin level [31]. In

other study AGI showed a significant association with

the severity of diabetic retinopathy. Sampathkumar et

al. concluded that AGI could be used as a prognostic

factor to predict the development and progression of

diabetic retinopathy [30].

Nathanson et al. [26] observed that a decreased se-

rum level of GLP-1 detected in elderly people was as-

sociated with impaired glucose tolerance. Although

a decrease of GLP-1 level was associated with im-

paired insulin sensitivity in patients with type 2 diabe-

tes, GLP-1 was not associated with type 2 diabetes it-

self. The latter finding might be confounded by oral

glucose lowering therapy.

Nowadays, the therapy of diabetes presents a com-

plex approach aimed not only at reducing plasma glu-

cose concentration, but also preventing the develop-

ment or slowing the progression of already existing

diabetic complications. As a majority of these compli-

cations developed due to vascular dysfunction, re-

searchers and doctors more often focus their efforts

on introducing drugs protecting vascular wall. The re-

sults of our study indicate that both GLP-1 and its

analogue, exendin-4, have protective effects on

HRPE. Ban et al. [2] observed that GLP-1 had cardio-

protective and vasodilatatory effects which were ob-

served during reperfusion after ischemia of isolated

mouse hearts. These effects were mediated both

through GLP-1 receptor dependent and independent

pathways. Arakawa et al. [1] observed that exendin-4

reduced monocyte adhesion to aortal endothelium and

macrophage accumulation in arterial wall resulting in

an attenuation of atherosclerotic lesions.

The therapeutic usage of GLP-1 is limited by its

breakdown by dipetidyl peptidase IV and a short half
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time of about 1–2 min in human blood [29]. Poon et

al. [29] point out another limitation of the usage of

GLP-1 as a therapeutic agent. Human GLP-1 has

a high aggregation propensity creating cytotoxic

aggregates.

The results of our study indicate that both GLP-1

and its analogue, exendin-4, by decreasing the expres-

sion of RAGE in HRPE can make these cells more re-

sistant to circulating AGE, and decreased expression

of circulating molecules, VCAM-1 and ICAM-1, can

be the result of anti-inflammatory properties of incre-

tins and decreased expression of RAGE. Both effects

suggest that tested incretins may improve the HRPE

dysfunctions associated with development of micro-

vascular diabetic complications.
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