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2. List of abbreviations 
 
BAECs bovine aortae endothelial cells 

Bp  base pair 

Ca2+  calcium cation 

cAMP  cyclic adenosine monophosphate  

Cox-2  cycloxigenase-2 

DNA  deoxyribonucleic acid 

GTP  guanidine triphosphate 

EMSA  electromobility shift assay 

IgG  immunoglobulin G 

ICAM-1 intracellular adhesion molecule - 1 

IL-…  interleukine 

Kb  kilo base 

KD  disassociation constant 

kDa  kilo dalton 

LF-L     lactoferrin-like polypeptide 

LPS  lypopolysaccharide 

MAPK  mitogen activated protein kinase 

MHC  major histocompatibility complex 

mRNA  messenger ribonucleic acid  

NF-?B  transcriptional factor NF-?B 

MCP-1 monocyte chemotactic protein – 1 

µm  m-6 

nM  M.10-9 

nmol/L  M.10-9/liter 

NO  nitrogen oxide  

PBS  phosphate buffer saline 

PKC  protein kinase C 

PTK  protein tyrosine kinase  

ROS    reactive oxygen species  

SMC    smooth muscle cells  

SDF-1  stromal cell-derived factor - 1 

TNF-a  tumor necrosis factor-a 

vit.E  vitamin E 
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3. Introduction 

 

3.1. Atherosclerosis 

Atherosclerosis is a progressive disease characterized by the accumulation of lipids 

and fibrous elements in large arteries. A number of studies using animal models have been 

conducted for clarifying the events of developing of atherosclerosis. In the last decade, a large 

number of studies elucidated the role of inflammation and underlying cellular and molecular 

mechanisms that contribute to atherogenesis. Normal endothelium does not express adhesion 

molecules and blood cells adhere poorly to it. 

 

 
 

Fig.3.1. The inflammatory process in all stages of atherosclerosis (1). 

 

In conditions of injury the expression of vascular cell adhesion molecules-1 (VCAM-

1) on endothelium is enhanced. The leukocytes express selectins and integrins. The selectins 

mediate rolling and the interaction of the leukocytes with inflamed endothelium and the 

integrins mediate firmed attachment. Once adherent to the endothelium, leukocytes 

transmigrate in the intima (Fig.3.1A), where the production of chemoattractant molecules 

monocyte chemoattractant protein-1 (MCP-1) and T-cell chemoattractants is increased. In 

addition, in the site of endothelium injury, the production of proinflammatory cytokines is 

increased. They provide a chemotactic stimulus to the adherent leukocytes and direct their 

migration into the intima. Inflammatory mediators such as macrophage colony-stimulating 

factor (M-CSF) contribute to differentiation of blood monocytes into macrophage foam cells. 

T-lymphocytes transmigrate into the intima together with monocytes (Fig. 3.1B). Here T-cells 

secrete ?-interferon (IFN-?) and tumor necrosis factor (TNF) that in turn can stimulate 

macrophages, vascular endothelial cells as well as proliferation and migration of smooth 
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muscle cells (SMC). In response to inflammatory stimuli, medial layers of SMC express 

enzymes, called matrixmetalloproteases that degrade the elastin and collagen content in 

arterial extracellular matrix. SMC can penetrate through the elastic laminae and collagenous 

matrix of the growing plaque. The foam cells within the intimal lesion also enable this process 

by the release of collagenases in conditions of inflammation. IFN-? released by activated T-

cells halt collagen synthesis by SMCs, limiting its capacity to renew the collagen in the 

plaque. The fibrous cap becomes thin, weak and susceptible to rupture (Fig.3.1C). 

Macrophages produce procoagulant tissue factor, which after plaque rapture triggers thrombus 

formation that causes most acute complications in atherosclerosis (1). 

 

3.2. Atherosclerosis and diabetes 

 Patients with diabetes mellitus exhibit an increased propensity to develop vascular 

disease with its sequelae acute myocardial infarction and stroke. The hyperglycemia and 

hyperlipidemia associated with diabetes can lead to irreversible nonenzymatic glycation of 

proteins and lipids and formation of advanced glycation endproducts (AGEs) (2, 3). AGE-

modified proteins bind to cell surface receptor – receptor for advanced glycation endproducts 

(RAGE) and thus AGEs can augment the production of proinflammatory cytokines and 

activate inflammatory pathways in vascular endothelial cells. On the other hand, the diabetic 

patients produce antibodies against AGE-LDL, which belong to the IgGs and they have well 

defined proinflammatory properties. These antibodies possess the abilities to form stable 

antigen-antibody complexes, which have been shown to have pro-inflammatory properties 

(4). 

Both type I and type II diabetes are powerful and independent risk factors for coronary 

artery disease, stroke, and peripheral arterial coronary disease. More than 75% of all 

hospitalisations for diabetic complications are attributable to cardiovascular disease. The 

effect of hyperglycemia is often irreversible and leads to progressive cell dysfunction. AGEs 

accumulate continuously on long-lived vessel wall proteins with aging and at an accelerated 

rate in diabetes and can accelerate the atherosclerotic process by diverse mechanisms, which 

could be classified as non-receptor dependent and receptor-mediated. 

 

3.2.1. Non-receptor dependent mechanism of atherosclerotic process in diabetes.  

Glycation of proteins and lipids leads to altering of their normal physiological 

properties and these products can promote arteriosclerosis in diabetic individuals. For 

example, in conditions of prolonged hyperglycemia, the glycosylation process on LDL 
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particle occurs on both components of LDL – on the apolipoprotein B and phospholipid 

components of LDL. Clinical studies (5) have shown increased level of glycated LDL in 

diabetic patients in a correlation with glucose level. In addition, human monocyte-derived 

macrophages recognize glycated LDL to a greater extent than native LDL (5). Other non-

receptor atherogenetic effects of glycation are related to increased susceptibility of LDL to 

oxidative modification. 

  

3.2.2. Receptor mediated mechanism of atherosclerotic process in diabetes.  

Receptor mediated mechanisms of AGE dependent development of atherosclerosis in 

patients with diabetes are driven by engagement of the receptor for advanced glycation 

endproducts (RAGE) with its ligand AGE, which is present in increased level in diabetic 

patients. In addition, the interaction of RAGE with other ligands such as S100 and amphoterin 

can activate monocytes and T-lymphocytes and this might result in amplified tissue 

inflammation and injury by autocrine and paracrine pathways (6) (Fig.3.2). 

In mature animals, RAGE expression is low. Sustained up-regulation of RAGE occurs 

in conditions of hyperglycemia. In lesions, the abundance of RAGE expressing cells is 

usually associated at sites of accumulated RAGE ligands. The role of RAGE-ligand 

interaction in atherosclerosis has been studied in apoE null mice. Induction of diabetes in 

apoE null mice associated in development of atherosclerotic lesion at the area of aortic sinus 

(7).  

 

             
 

Fig.3.2 Ligand/RAGE interaction induces development of diabetic complication in diabetes (8). 
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In addition, diabetes-associated atherosclerotic lesions display increased accumulation 

of RAGE protein and RAGE ligands (9).These findings are not only restricted to apoE null 

mice. Induction of diabetes in LDL receptor null mice resulted in accelerated atherosclerosis. 

Interaction of AGEs with their receptor RAGE on endothelial cells results in the induction of 

oxidative stress and activation of NF-?B (10, 11), increased expression of VCAM-1 (12), 

reduced endothelial barrier function and increased permeability (13, 14). Engagement of 

AGEs to RAGE on monocytes results in activation of monocyte migration (15), followed by 

mononuclear infiltration through an intact endothelial monolayer (16). Monocyte/macrophage 

interaction with AGEs leads to increased production of the proinflammatory cytokines IL-1, 

TNF-a, PDGF, and insulin growth factor-I (16, 17, 18) – all of them are involved in the 

pathogenesis of arteriosclerosis. In SMC, AGE-modified proteins are associated with increase 

cellular proliferation (19).  

 RAGE and its ligands are expressed in diabetic vessels and atherosclerotic plaques. 

Cipollone et al. (20) showed that compared to non-diabetic human plaques, diabetic plaques 

are characterized by a greater number of mononuclear phagocytes, T-lymphocytes, and HLA-

DR+ cells, in parallel with an increased expression of RAGE, activated NF-?B, Cox-2, and 

matrix metalloproteinases. These findings provide further support for the relevance of the 

RAGE - AGE interaction in human diabetic vascular disease. 

In the last 15 years, a number of studies showed the important role of RAGE in the 

pathology of diabetes and all complications accompanying the disease. Various studies 

focused on clarifying the structure of the receptor for advanced glycating endproducts, signal 

transduction pathways, activated by its ligands, function in normal and pathological 

conditions, to detailed study of the structure and function of its ligands and their action under 

different conditions and in various cells and tissues.  

 

3.3. Receptor for advanced glycation endproducts (RAGE). 

3.3.1. Isolation of receptor for AGEs. 

For first time Schmidt et al. (21) reported in 1992 isolation of polypeptides from 

bovine lungs based on their ability to bind to advanced glycation endproducts (AGEs). One of 

these peptides was named receptor for AGEs and the other – lactoferrin-like polypeptide (LF-

L). The preparation of AGE-binding proteins from lung extract showed the presence of three 

proteins with molecular weight 35-, 20-, and 80-kDa. NH2-terminal sequence analysis and 

amino acid analysis of AGE-binding proteins showed that no known sequence was found 

which matched closely that of 35-kDa binding protein. There was identity between the amino-
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terminal sequence of the 20-kDa AGE-binding protein and previously reported for bovine 

high mobility group 1 protein which is not involved in cell surface AGE-binding. The 

sequence of the amino-terminal 80-kDa AGE-binding protein displayed virtual identity to the 

amino-terminal sequence of bovine lactoferrin. Two endothelial polypeptides were identified, 

which served as AGE-binding proteins: a 80-kDa protein which is similar to lactoferrin 

receptor and a 35-kDa protein which was unknown at that time and was described as a 

receptor for advanced glycation endproducts.   

Some groups (22, 23, 24, 25, 26) discovered other AGE binding proteins named AGE-

R1, AGE-R2 and AGE-R3 and scavenger receptors I and II but most of the biological 

activities associated with AGEs have been shown to be mediated by RAGE. The role of 

scavenger receptors is thought to regulate removal of AGEs (27, 28).   

 

3.3.2 RAGE-gene promoter 

 The gene for RAGE is located on chromosome 6p21.3 in MHC locus in the class III 

region (29), a gene rich region of the genome containing overlapping gene regions and an 

average of one gene per 10 kb of DNA. Primer extension analysis showed that the RAGE 

gene has only one major transcription start site (30). Computer analysis was used for 

matching potential transcription factor binding sites in the RAGE promoter. The search 

revealed three putative NF-?B-like consensus sequences at –1518 to –1510 (#1 NF- ?B), at -

671 to –663 (#2 NF- ?B) and at –467 to –458 (#3 NF- ?B).  

Other general consensus sequences such as SP1, AP-2, ?-IRE, and NF-IL6 were also 

identified (31). Foot printing analysis using purified human NF- ?B p50 showed protection of 

only the first two NF-?B -like binding sites. The lack of footprint at the site of the third NF-

?B site indicates that other factors affect its potential functional capacity, or that this site was 

not a functional site for transcription factor NF-?B. The data from transfection experiments 

with chimeric 5´-deletion promoter-reporter gene constructs containing the whole promoter, 

738 bp upstream from start codon (2 and 3 NF- ?B sites), 587 bp upstream (third NF- ?B 

site), 202 bp (2 Sp-1), and 55bp (one Sp-1 site) show that the region 55 bp upstream of the 

start site contained motifs for basal activity for RAGE, and that enhancement motifs for basal 

expression of the RAGE gene may exist within the –1543/-587 region. Negative regulatory 

elements are within the –202/-55 region. 

Transfection data and EMSA data suggested that the first and the second NF-?B sites 

in the RAGE promoter are functionally active (31). Directed mutations in the first or second 

residues known to be critical in mediating the interaction with NF-?B complex showed that 



 

  10                                                                                                                                       

these sites separately or together are central regulatory elements in the RAGE promoter under 

stimulatory settings such as treatment with LPS (31) (Fig.3.3). 

 

 
 

Fig. 3.3. Sequence of the promoter of RAGE (31). 

 

3.3.3. RAGE-protein  

RAGE is an immunoglobulin type of membrane receptor. It has the classical structure 

of immunoglobulin receptors (32). Its extracellular domain consists of three immunoglobulin-
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like regions, one ``V´´ -type followed by two ``C´´-type. RAGE contains a single 

transmembrane – spanning domain and a 43-amino acid cytosolic tail. Structure – function 

studies have shown that the V-domain is critical for ligand binding and the cytosolic tail is 

essential for RAGE-mediated intracellular signalling (32). 

 

 
 

Fig.3.4. Structure of RAGE (32). 

 

A truncated form of RAGE, which lacks the cytosolic tail remains firmly embedded in 

the membrane. Although this form of the receptor is competent to bind the usual complement 

of RAGE ligands, it acts as a dominant negative (termed ``DN-RAGE´´) receptor, and its 

expression strikingly suppresses RAGE – mediated signalling, even in cells bearing the full-

length form (33, 34) (Fig.3.4.). Another form of the receptor containing only the extracellular 

domain has been found in the blood and is named sRAGE (soluble RAGE). It acts by binding 

to AGEs, and thus blocks their interaction with endogenous RAGE (13). 

 

3.3.4. Distribution of RAGE    

RAGE is an integral membrane protein. Using monospecific polyclonal antibodies 

against human recombinant and bovine RAGE, immunostaining of bovine tissues showed 

RAGE in the vasculature, in the endothelium, smooth muscle cells, in mononuclear cells, 

cardiac myocytes and in neural tissue where peripheral nerves and population of cortical 

neurones were positive. Pathological studies of human atherosclerotic plaques showed 

infiltration of RAGE-expressing cells in the expanded intima. RAGE antigen was 

demonstrated in bronchial and vascular smooth muscle, as well as in alveolar macrophages 
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and cardiac myocytes and on the visceral pleural surface (35). It is also present in aortic 

endothelial cells (21) and macrophages (15). Using monospecific antibodies and 

oligonucleotide riboprobes, RAGE antigen and mRNA have been identified in ECs 

(endothelial cells) both in vivo and in vitro (35). Wautier et al. (11) showed by 

immunohistochemical analysis that RAGE is present in ECs of the coronary arteries from 

normal and diabetic patients. 

 

3.4. RAGE ligands 

 RAGE is a multiligand receptor with a diverse repertoire of ligands. They include 

products of nonenzymatic glycation (AGE), members of the S100/calgranulin family of 

proinflammatory mediators, ß-sheet fibrillar structures (characteristic of amyloid) and 

amphoterin (present at high levels in tumor bed).  

 

3.4.1. AGEs and CML 

 In 1912 L.C. Maillard reported the formation of yellow-brown substances after heating 

of amino acids with sugar. He called these products “advanced glycation endproducts” 

(AGEs). AGEs are also produced in patients with elevated blood glucose levels. 

 It is known that aldehyde or keto groups of reducing sugars are capable of reacting 

with amino groups of amino acids or nucleic acids to form Schiff bases, which can then  

 

 
 

Fig.3.5. A. Formation of AGEs in Maillard reaction. B. Structures of different products of advanced 

glycation (38).  
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rearrange to the more stable Amadori-type early glycosylation products. They undergo a slow, 

complex series of chemical rearrangements to become irreversible AGEs (36) (Fig.3.5).  

 Although, AGEs could be formed from glucose and amine-containing lipids, such as 

phosphatidylethanolamine. These products are lipid-soluble with spectroscopic properties and 

immunoreactivity of AGEs. In contrast, lipids with free amines, such as phosphatidylcholine 

were not able to form AGEs. Incubation of LDL with glucose leads to AGE formation on 

both the lipid and apoprotein components (Fig.3.6). Glucose is able to modify nucleic acids, 

but this process is only defined in some bacteria. Glucose has the slowest glycation ratio, 

whereas other sugars, which are products from degradation of glucose or oligosaccharides 

exhibit higher glycation ratios. Such sugars are fructose, threose, glucose-6-phosphate and 

glucose-3-phosphate (36).  

 

 

 
 

Fig.3.6. Pathways for formation of AGEs (37). 

 

Another product of glycation and oxydation in vivo is carboxylmethyl-lysine (CML). 

Oxidative cleavage of the Amadori product threulosyl-lysine generates CML. CML is also a 

product of metal-catalysed oxidation of LDL or peroxidation of polyunsaturated fatty acids in 

the presence of fructose-lysine.  

AGE formation is a slow process under normal conditions. It is enhanced in the 

presence of hyperglycemia in diabetes, by hyperlipidemia in atherosclerosis, and by oxidative 

stress in chronic diseases, inflammation, neurodegenerative disorders such as Alzheimer’s 

disease, and renal failure and under conditions where the turnover of lipids and proteins is 

prolonged. AGE products accumulate in plasma (37), body fluids, cells, and tissues. 

Physiological AGEs in blood plasma had high renal clearances in normal healthy subjects 
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(37). AGEs are detected in coronary atheroma and in cardiac and renal tissue in patients with 

diabetes mellitus. In the kidney of diabetic patients, AGEs are localized in the renal cortex, 

vascular lesions and glomerular basement membranes. AGEs accumulate in sclerosed 

glomeruli of kidneys from old nondiabetic animals and in diabetic kidneys (38). The 

accumulation in the glomerular extracellular matrix is supposed to contribute to renal diabetic 

nephropathy (36). Immunohistochemical studies (39) of human atherosclerotic lesions have 

demonstrated intracellular AGE deposition in SMC-derived foam cells in fatty streak and 

atherosclerotic plaques in human aorta. Significant extracellular AGE accumulation was also 

observed in advanced lesions (40). 

  

3.4.2. S100/calgranulin family 

 The first member of the S100 family was described as EN-RAGE (Extracellular 

Newly Identified RAGE-binding protein) and later it was named S100A12 (34). They are 

small proteins of ~10-14 kDa. S100 proteins are non-covalent homodimers with the notable 

exception of the hetero-dimeric S100A8/S100A9. Each monomer possesses 2 EF-hands as 

follows: a classical C-terminal EF-hand with a canonical Ca2+ or Zn2+ - binding loop, which 

are distinct and can modify the affinity for Ca2+. Based on these properties, a range of possible 

intracellular functions for these polypeptides has been postulated, including alteration of 

cytoskeleton and cell shape, signal transduction, and, via modulation of intracellular calcium, 

regulation of chemotaxis, phagocytosis, and generation of reactive oxygen species (ROS) 

(41). Some members are localized in specific cellular compartments from which some are 

able to relocate upon Ca2+ activation, transducing Ca2+ signal in a temporal and special 

manner interacting with different targets specific for each S100 protein (42).  

 These polypeptides are released from activated inflammatory cells, including 

polymorphonuclear leukocytes, peripheral blood-derived mononuclear phagocytes and 

lymphocytes (41, 43). PBMCs or Jurkat cells, an immortalized T cell line, stimulated by 

cross-linking CD3/CD28, displayed increased EN-RAGE in cellular homogenates (34). Their 

hallmark is accumulation at sites of chronic inflammation. Members of the S100 family have 

been associated with a range of inflammatory disorders, especially those of chronic nature. 

 Hoffman et al. (34) showed that RAGE binds S100A12 (EN-RAGE) and related 

protein S100B with nanomolar affinity. These findings described RAGE as a receptor for 

many members of S100/calgranulin family, mediating their proinflammatory effects on cells 

such as lymphocytes and mononuclear phagocytes. 
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3.4.3. Amyloid ß-peptide 

 Amyloid ß-peptide a heterogenous, 39- to 43-aminoacid peptide, the major constituent 

of senile plaques and cerebrovascular deposits is thought to play a significant role in the 

pathophysiology of Alzheimer´s disease due to its cytotoxic properties. The amyloid ß-

peptide precursor protein is present in many cells including vascular smooth muscle cells, 

perivascular cells, platelets, endothelial cells, neuronal cells and blood cells. The soluble 

amyloid ß-peptide 1-40 is the major form of circulating amyloid ß-peptide and cerebral 

vascular amyloid, whereas the more amyloidogenic amyloid ß-peptide 1-42, which is present 

in only minor amounts in the circulation, constitutes a major component of senile plaques 

(44). 

 

3.4.4. Amphoterin 

 Amphoterin was first identified by Rauvala and Pihlaskari (45) as a ˜ 30 kDa 

polypeptide, selectively and highly expressed in the developing rat central nervous system. 

Huttunen et al. (46) identified a COOH-terminal motif in amphoterin (amino acids 150-183) 

responsible for RAGE binding. Hori et al. (47) found that amphoterin is one of the ligands 

binding to RAGE. 

 

3.5. RAGE function 

 RAGE interacts with distinct molecules implicated in homeostasis, development, 

changes in cellular morphology, inflammation and diseases as diabetes mellitus and 

Alzheimer’s disease. 

 

3.5.1. Role of RAGE in growth and development 

 A high number of studies showed the role of engagement of RAGE with its ligands in 

the processes of growth and development of different cell types. The growth state of 

peripheral macrophages is known to be regulated by many endogenous factors such as 

macrophage growth factors M-CSF and GM-CSF (granulocyte/macrophage-CSF) (48). 

Experiments with murine macrophages showed that significant cell growth was induced by 

AGE-modified proteins such as bovine serum albumin (AGE-BSA) and AGE-human 

hemoglobin in a dose-dependent manner. The capacity of AGE-BSA to induce macrophage 

growth was completely blocked when cells were cultured with the antibody against 

granulocyte/macrophage CSF. PCR data showed that AGE-BSA induced the expression of 

mRNA of GM-CSF. Yui et al. (48) showed that the macrophage AGE receptor may play an 
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active role not only in the phagocytic elimination of AGE-proteins but also in macrophage 

growth induction.  

 

3.5.2. Role of RAGE in cellular morphology and migration 

3.5.2.1. AGEs as chemoattractants 

 Kirstein et al. (16) found that in vivo and in vitro formed AGEs (AGE-BSA and AGE-

LDL) are chemotactic agents for human blood monocyte. Subendothelial AGEs can 

selectively induce monocyte migration across an intact endothelial cell monolayer, and 

subsequent monocyte interaction with AGE-containing matrix results in the expression of 

platelet-derived growth factor. Schmidt et al. (15) studied the binding of AGEs to 

mononuclear phagocytes (MPs). They observed that AGEs can promote MPs to migrate. This 

process was blocked by using of sRAGE and antibody against RAGE. 

 

3.5.2.2. S100 proteins as chemoattractant agents 

 Ryckaman et al. (49) reported that S100A8 and S100A9 and the heterodimer 

S100A8/S100A9 caused neutrophil chemotaxis at very low concentrations. They also showed 

that those molecules stimulate the shedding of L-selectin, up-regulated and activated Mac-

1(CD11b/CD18), and induced neutrophil adhesion to fibrinogen in vitro. Interestingly, all 

these substances induced elevation of intracellular calcium, which respond in actin 

polymerization. In addition, the activation of neutrophils to migrate and adhere was not due to 

actin polymerization. S100A8, S100A9 and S100A8/S100A9 injected in murine air pouch 

induced accumulation of neutrophils, which confirm in vivo their migration activity on 

neutrophils. Robinson et al. (50) reported that deposition on the endothelium of venules of 

complexes of S100A8/S100A9 were associated with extravasating leukocytes. Hofmann et al. 

(34) reported that EN-RAGE mediated induction of MP migration and activation was due to 

ligation with RAGE. Peripheral blood-derived human monocytes migrate towards EN-RAGE 

in a concentration-dependent manner. The migration was inhibited by adding of sRAGE and 

antibody against RAGE, which shows that this effect was due to ligation of EN-RAGE to its 

receptor RAGE. 

 

3.5.2.3. ß-Amyloid as a chemoattractant 

 Giri et al. (51) showed that amyloid ß-peptide 1-40 (125nM) added to confluent 

monolayers of HBMVEC (human brain-derived microvascular endothelial cells) cultured in 

transwell chambers resulted in increased migration of monocyte-like HL-60 cells 
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(promyelocytic cell line), THP-1 cells (human monocitic cell line) and peripheral blood 

monocytes in a concentration-dependent manner. This effect of amyloid ß-peptide was due to 

engagement of RAGE, activation of intracellular signalling pathways and enhanced 

expression of cell adhesion molecules and concomitant adhesion of monocytes. Treatment of 

HBMVEC with pharmacological inhibitors like GF-109203X or genistein has shown that 

PKC and protein Tyr-kinases are also activated by amyloid ß-peptide. 

 In a later study (52) the same group reported that interaction of ß-amyloid with apical 

surface of monolayer of brain endothelial cells, derived from normal or Alzheimer’s 

individuals, resulted in increased transendothelial migration of monocytic cells HL-6 and 

THP-1. The transmigration of monocytic cells through brain endothelial cells was increased in 

patients with Alzheimer’s disease. This effect was blocked by anti-RAGE antibody, as well as 

adding a tyrosine kinase inhibitor – genistein and a PKC inhibitor GF-109203X and 

augmented by a phosphatase inhibitor. This indicates that the effect of ß-amyloid was 

mediated by engagement to RAGE and involves downstream activation of tyrosine kinase and 

PKC, resulting in enhanced transmigration. 

 

3.6. Role of RAGE in atherosclerosis development in conditions of diabetes 

3.6.1. Enhanced RAGE ligands 

The formation, deposition and accumulation of AGEs are irreversible processes. 

Physiological AGEs in blood plasma have high renal clearance in normal healthy subjects 

(37). The ligands of RAGE are increased in diabetic vessels (7, 9) such as AGEs, particularly 

CML adducts of proteins and lipids deposition.  

The identification of S100/calgranulins, members of a family of proinflammatory 

cytokines, as ligands for RAGE underscores the premise that heightened activation of 

inflammatory mechanisms critically impact diabetic vasculopathy (34). Kislinger et al. (9) 

found that in addition to AGE’s, atherosclerotic lesions in diabetic apoE deficient mice were 

enriched also of S100/calgranulins, RAGE and two key markers of vascular inflammation – 

VCAM-1 and tissue factor. Since accelerated atherosclerosis in diabetes is likely to be 

associated with an exaggerated inflammatory response within the vessel wall, it is highly 

plausible that in atherosclerotic plaques, S100/calgranulins, together with AGEs contribute 

importantly to the progression of vascular inflammation and atherosclerosis. AGEs and 

S100/calgranulin are observed at sites of vascular lesions, where higher levels of RAGE 

expression are also identified. Administration of sRAGE suppressed the expression of 

VCAM-1 and tissue factor and decreased the levels of RAGE and S100/calgranulin synthesis. 
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Thus, the observation raises the possibility that the presence of ligands results in up-regulation 

of receptor expression that further leads to excessive RAGE-mediated cellular activation and 

with subsequent inflammatory responses. Thus, S100/calgranulin or CML-AGE up-regulated 

RAGE antigen in mice diabetic aortae, compared to non-diabetic animals. Bucciarelli et al. 

(53) have shown that administration of sRAGE in diabetic apoE deficient mice decreases 

atherosclerotic lesions progression, as well as the level of inflammatory parameters such as 

MMP-9 and COX-2 and the number of migrated mononuclear phagocytes and smooth muscle 

cells in the plaques. Thus, these studies showed the role of RAGE and RAGE ligands in 

atherosclerotic lesion acceleration. 

 

3.6.2. Enhanced RAGE expression 

A number of studies showed up-regulated RAGE expression on sites enriched of its 

ligands or of elevated cytokine release. The promoter sequence of the RAGE gene and 

transfection data (30) showed that activation of NF-?B is important for RAGE gene 

expression. Later studies showed that RAGE protein expression is regulated by its ligands and 

proinflammatory cytokine such as TNF-a. 

In in vitro experiments, it has been shown that RAGE-mRNA synthesis is enhanced 

upon AGE-albumin treatment of HUVEC (30). The same effect of AGEs was observed in 

vivo – RAGE expression was enhanced in blood vessels enriched of AGEs (54). This implies 

possibility that AGEs may up-regulate RAGE expression. Festa et al. (55) observed increased 

binding of AGEs on monocytes isolated from diabetic patients. The number of AGE receptors 

per cell was significantly higher in IDDM (insulin dependent diabetes mellitus) patients as 

compared to the control subjects. Immunohistochemical analysis has demonstrated strong 

RAGE immunoreactivity in atherosclerotic plaques (20). Indeed, RAGE is prominently 

localized in the shoulder region of plaque, in the periphery of the lipid core and in the 

proximity of vasa vasorum, areas, which are characterized as macrophage-rich. RAGE 

staining with high magnification indicated its localization in activated macrophages. Also, 

RAGE expression in diabetic plaques is increased compared with non-diabetic subjects (20). 

Burke et al. (56) revealed enhanced AGE concentration in the blood, enhanced lesion 

progression, colocalization of T-cells and macrophages and elevated expression of RAGE at 

sides of lesion formation in diabetic patients. These findings confirm the role of RAGE in the 

development of atherosclerosis with diabetes. 

Vlassara et al. showed that cachectin/TNF-a up-regulated AGE-receptor expression 

(57). They reported that AGE-mediated increase of AGE-receptor function is mediated by 
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released cachectin/TNF-a, which in turn interacted with its own surface receptors in an 

autocrine fashion to exert an effect on AGE-receptor in human monocytes. 

 

 

3.6.3. Engagement of RAGE leads to activation of signalling pathways essential for 

atherosclerosis 

 In the last 10 years, multiple pathways downstream of RAGE have been identified. 

The activated receptor provides signals to intracellular signalling molecules via short (43-

amino acids) cytosolic tail, which is highly charged and critical for RAGE-mediated cellular 

activation.  

A large number of studies showed that multiple signalling molecules may be recruited 

by activation of RAGE, such as p21 ras, p44/p42 MAPK kinase, p38 and SAPK/JNKinase, 

NF-?B, cdc42/rac and JAK/STAT (Janus kinase/STAT) (10, 33, 58, 59) (Fig.3.7). 

AGE ligation of RAGE activates p21 ras in rat pulmonary artery smooth muscle cells, 

recruits downstream targets, such as MEK and MAPK kinases and activates the transcription 

factor NF-?B (58). MAPK kinase activity was enhanced at concentrations of AGE-albumin, 

which activated p21ras and NF-?B. These data suggest that RAGE-mediated induction of 

cellular oxidant stress triggers a cascade of intracellular signals involving p21ras and MAPK 

kinase, leading to transcription factor activation. The molecular mechanism that triggers this 

pathway likely involves oxidant modification and activation of p21ras (58). 

 

 
Fig. 3.7.Signalling pathways activated by RAGE/ligand activation (60). 
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In diabetic aortae the level of phospho-p38 MAPK kinase is increased and blockade of 

RAGE by sRAGE leads to decrease in the level of phospho-p38 MAPK kinase, compared to 

diabetic mice treated with MSA (mouse serum albumin) (61). 

Activation of NF-?B has been suggested to participate in chronic disorders, such as 

diabetes and its complications. Transcription factors of NF-?B/Rel family form dimer 

complexes which induce the expression of a plethora of genes involved in inflammation and 

proliferation. In the inactive state the NF-?B dimer is present in the cytosol bound to an 

inhibitory protein I?B. Activation of NF-?B by a multitude of stimuli, including inflammatory 

cytokines, reactive oxygen intermediates, and microorganisms requires the release of the 

inhibitor I?B from the dimeric complex. This is followed by an immediate translocation of 

activated NF-?B to the nucleus where the dimer interacts with regulatory ?B elements in 

promoters and enhancers, controlling gene expression. Activation of NF-?B by inflammatory 

or proliferative stimuli has been demonstrated in cultures of monocytes/macrophages, 

endothelial cells, smooth muscle cells, and T-cells (63). All of these cell types have been 

shown to be involved in atherogenesis. A variety of genes are induced in atherosclerotic 

lesions that have been shown to be regulated by NF-?B proteins, including genes encoding 

TNF-a, IL-1ß, M-CSF, MCP-1, VCAM-1. Some of these gene products are also able to 

activate NF-?B like TNF-a and IL-1. Activation of the transcriptional factor NF-?B is one of 

the most important mechanisms regulating the expression of proinflammatory cytokines in 

human tissues. Brand et al. (63) using immunofluoriscence and immunohistochemical 

techniques showed activated NF-?B in the fibrotic-thickend intima/media and atheromous 

areas of the atherosclerotic lesions. As such, activated NF-?B translocates and induces the 

expression of genes regulated by NF-?B (64, 65) including leukocyte adhesion molecules, 

cytokines, endothelin-1 (66), and tissue factor, all of which are known to be increased in 

diabetes.  

In contrast to cytokine- and lipopolysaccharide-induced NF-?B activation, RAGE-

dependent NF-?B activation overrides the NF-?B self-limiting negative autoregulatory loop 

and perpetuates NF-?B activation in a variety of cell types, including human monocytes and 

endothelial cells, thereby contributing to sustained NF-?B - dependent cytokine expression 

(59). Activation of NF-?B was identified in SMC, macrophages, and endothelial cells. Within 

an hour of AGE albumin infusion, levels of IL-6 mRNA rise and activation of NF-?B occurs 

(10).  

Yeh et al. (67) studied CML - dependent activation of NF-?B in THP-1 cells, which 

involves the production of reactive oxygen species, activation of protein tyrosine kinase 
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(PTK), ERK1/2 and MAPK. By cotransfection of mutant forms of p38 and I?B, they showed 

that these two signalling factors are important for TNF-a, IL-1ß, and MCP-1 release promoted 

by CML in THP-1 cells.  

In contrast to the short and transient activation of NF-?B in vitro Bierhaus et al. 

observed a long-term activation of NF-?B in the absence of decreased I?Ba in mononuclear 

cells from patients with type I diabetes (59). This was associated with increased transcription 

of NF-?Bp65. Increased antigen and mRNA of NF-?Bp65 was also observed in endothelial 

cells of diabetic rats. As a potential mechanism responsible for this, Bierhaus et al. have 

suggested that binding of AGEs, members of the S100 family or ß-amyloid to RAGE results 

in protein synthesis–dependent sustained activation of NF-?B, both in vitro and in vivo. 

Sustained NF-?B activation by ligands of RAGE was mediated by initial degradation of I?B 

proteins followed by new synthesis of NF-?Bp65 mRNA and protein in the presence of newly 

synthesized I?Ba and I?Bß. Ligands of RAGE can induce sustained activation of NF-?B as a 

result of increased levels of de novo synthesized NF-?Bp65 overriding endogenous negative 

feedback mechanisms and thus might contribute to the persistent NF-?B activation observed 

in hyperglycemia and possibly other chronic diseases (59). 

The cellular handling of oxidative stress involves a delicate balance between 

antioxidant cellular properties and the generation of free radicals. The cell has antioxidant 

defence systems including glutathione redox system, vitamin C/ vitamin E cycle, and a-lipoic 

acid/dihydrolipoic acid redox pair. Bierhaus et al. (68) observed impairment of reduced 

glutathion and ascorbic acid levels in BAECs treated with AGEs. Increased cellular oxidative 

 

Fig.3.8. Interaction of RAGE with AGEs in monocytes/macrophages induces oxidative stress, 

activation of signalling pathways and expression of proinflammatory cytokines and mediators of 

vasoconstruction, inflammation and coagulation (69).  
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stress in these cells led to the activation of NF-?B and thus promoted the up-regulation of 

various NF-?B controlled genes, including endothelial tissue factor (Fig.3.8). Induction of 

oxidative stress and activation NF-?B upon AGE treatment was also observed by Yan et al. 

(10) in vivo and in vitro. 

These processes in the cell lead to activation of free radical sensitive transcription 

factor NF-?B in vivo and in vitro and promote the expression of genes such as the 

procoagulant tissue factor (30) or adhesion molecule VCAM-1 (12). VCAM-1 expressed on 

endothelium can attract circulating monocytes and activates them to transendothelium 

migration. Also, deposition of AGEs on the surface of the arterial wall might activate 

monocytes to bind to the vessel surface to transmigrate into the vessel wall and to release 

mediators that potentially contribute to the development of atherosclerotic lesion (36).  

 Hattori et al. (70) showed that the interaction of AGE-albumin with RAGE on VSMCs 

activates two divergent transduction pathways – activation of NF-?B and induction of MCP-1 

and IL-6 gene expression. 

  

3.7. Monocytes/Macrophages 

3.7.1. Characteristic 

 Monocytes comprise 3-9% of the blood leukocytes, with a mean concentration of 

0,5x106 cells/ml. They are small cells, 10µm in diameter, and possess a kidney bean or 

horseshoe-shaped nucleus (Fig.3.9).  

 
                        A                             B                                   C 

 

 

Fig.3.9. Monocytes/macrophages –light microscopy picture. A: Resting monocyte – kidney –bean 

nucleus and absence of granules. B: Activated monocyte – with secretory granules in the cytoplasm. C: 

Differentiated macrophage – large nucleus and active production of secretary granules (71)  
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 Monocytes differentiate into macrophages once they leave the blood and enter the 

tissue by developing lamelopodia (Fig.3.10). Macrophages are professional phagocytes and 

pinocytotic cells. In vitro, both monocytes and macrophages are capable of division. Tissue 

macrophages are larger than monocytes – 22µm. Their cytoplasm also contains granules, a 

well developed Golgi complex and endoplasmic reticulae, mitochondria and relatively few 

glycogen storage granules. Macrophages differentiate under the influence of local factors in 

the tissues. Two main functional populations are apparent upon histological inspection: those, 

which have differentiated in the tissues in the absence of inflammation, and those, which have 

been recruited to the site of inflammation.   

 

 
 

Fig.3.10. Monocyte observed with a high-magnified microscope (72).   

 

Monocytes begin their life as monoblasts. In the bone marrow, maturation from the 

granulocyte/monocyte precursor to promonocyte to monocyte takes about 48 hours. 

Monocytes migrate from blood to the tissues as multipotential cells capable of differentiating 

in a variety of different ways. Monocytic cells have homeostatic and inflammatory activities. 

Monocytes and macrophages play a central role in the immune system, controlling 

homeostatic activities such as cell growth, lipid and iron metabolism, detoxification and 

storage of products degradation, as well as removal of senescent normal cells. Monocytes and 

their derivatives possess both “pro-inflammatory” and “anti-inflammatory” properties, which 

include secretion of a variety of acute phase proteins, phagocytosis of extracellular microbes, 

antigen processing and presentation, lymphocyte costimulation, cell-mediated cytotoxicity, 

angiogenesis and connective tissue destruction. Anti-inflammatory properties include the 
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clearance of tissue debris, elaboration of factors that block inflammation, stimulation of 

connective tissue repair and angiogenesis. 

 

 

3.7.2. Role in atherogenesis   

 The monocyte/macrophage plays pivotal role in the initiation and progression of 

atherosclerosis. Recruitment of monocytes into the arterial wall is one of the earliest events in 

atherosclerosis. In the intima, monocytes develop into macrophages, which are important 

mediators of inflammation and the innate (antigen-dependent) immune response in 

atherosclerosis. In the intima monocytes differentiate in macrophages upon the influence of 

macrophage colony-stimulating factor (M-CSF). Interestingly, mice lacking M-CSF are 

deficient in tissue macrophages and mice deficient for both M-CSF and apoE do not develop 

atherosclerosis despite high cholesterol level (73). Macrophages contribute to the local 

inflammatory response through production of cytokines, free oxygen radicals, proteases and 

compliment factors. By serving as antigen-presenting cells, macrophages participate in the 

acquired immune response. The uptake of modified lipoproteins by macrophages leads to the 

accumulation of cholesterol esters and formation of macrophage-derived foam cells, the 

hallmark of early atherosclerotic plaque. Macrophages also contribute to lesion remodelling 

and to plaque rupture by releasing of matrix metalloproteinases. Thus, macrophages 

contribute to the evolution of atherosclerosis in diverse ways.   

 

The high interest of many groups and laboratories to study the receptor of advanced 

glycating endproducts in the last years was challenged by the important role of RAGEs not 

only in processes like growth, development, survival, cytoskeletal remodelling, inflammation 

but mainly of its role in pathogenesis of diseases like Alzhaimer’s disease, diabetes, 

atherosclerosis and nephropathy. 

 

 In this study, our interest was focused on the activation of RAGE in the context of 

inflammation in atherosclerosis disease with two aspects – activation of RAGE and effects on 

cytokine release as well as activation of monocyte migration. 
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4. Materials 
 
 
4.1. Cells and cell cultures. 
Human monocytes     Buffy coats, Local blood Bank at the 
       University of Ulm 
U937 cell human histocytic leukemia cells  American Type Culture Collection, 

Manassas, VA 
DH5a-bacteria (TOP-10) Invitrogen, Carlsbad, USA 
 
4.2. Cell culture 
4.2.1. Media for cell culture 
RPMI 1640      PAA, Austria 
 
4.2.2 Additive substances to media 
Human serum      PAA, Austria 
Fetal Calf Serum     PAA, Austria 
Penicillin/Streptomycin    PAA, Austria 
Ampicilline      Roth&Co., Karlsruhe, G   
 
4.2.3 Transfection reagents 
Superfect      Qiagen GmbH, Hilden, G 
 
4.3. Oligonucleotides 
4.3.1. Cloning 
4.3.1.1. Obtaining of RAGE-distal insert 
Template: 
  5’- GAG CTC TTA CGC GTG CTA GCC CGG GCT CGA GCC GGG AGT 
TTC CGC C GG GAG TTT C CG CC GGGA GTT TC C GGG ATC CGC TGA ATA 
GAG AGA GGA CCA TC-3’ 
 
Forward oligo: 
 5’-GAG CTC TTA CGC GTG CTA GCC-3’ 
 
Reverse oligo: 
 5’-GAT GGT CCT CTC TCT ATT CAG C-3’ 
 
4.3.1.2. Obtaining of RAGE-proximal insert 
Template:  
 5’-GAG CTC TTA CGC GTG CTA GCC CGG GCT CGA GCC GGG AAC CCC 
CGC CGG GAA CCC CCG CCG GGA ACC CCC GGG ATC CGC TGA ATA GAG 
AGA GGA CCA TC-3’ 
 
Forward oligo: 
 5’-GAG CTC TTA CGC GTG CTA GCC-3’ 
 
Reverse oligo: 
 5’-GAT GGT CCT CTC TCT ATT CAG C-3’ 
4.3.2. For Sequencing of pGL3-RAGE-distal and pGL3-RAGE-proximal 
 
Forward oligos: 
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 5’-CCA GTG CAA GTG CAG GTG CCA G-3’ 
4.4. Vectors and DNA-leaders 
pGL3-basic vector     Invitrogen, Carlsbad, USA 
1kb-plus DNA leader     Invitrogen, Carlsbad, USA 
ss-DNA      Invitrogen, Carlsbad, USA 
 
4.5. Enzymes and buffers for cloning 
4.5.1. Cloning of pGL3-RAGE-distal and pGL3-RAGE-proximal 
Xho I       BioLabs, New England, GB 
Bam HI      BioLabs, New England, G 
NEBuffer 2      BioLabs, New England, GB 
 
4.5.2. Enzymes and buffers for ligation 
T4-DNA-Ligase     Invitrogen 
T4-ligase-buffer     Invitrogen 
 
4.6. Chemicals 
Agar       Fluka, Chemika, Buchs, CH 
Agarose      Roche Mol.Biochem.,Mannheim,G 
Bromphenolblue     Sigma-Aldrich, Deisenhofen, G 
BSA       PAA, Austria 
Ethidiumbromide     Sigma-Aldrich, Deisenhofen,G 
Formaldehyd      J.T.Baker, NL 
Glycerol      J.T.Baker, NL 
Natrium Acetat     Fluka Chemika, Buchs, CH 
Natrium Cloride     Fluka Chemika, Buchs, CH 
PBS       PAA,Austria 
Tris Base      Sigma-Aldrich, Deisenhofen, G 
Triton-X100      Merk, Darmstadt, G 
Tryptone      Fluka Chemika, Buchs, CH 
Yeast extract      Fluka Chemika, Buchs, CH 
Ficoll-Hypaque     PAA, Austria 
Percol       Sigma-Aldrich, Deisenhofen, G 
HANKS’      Sigma-Aldrich, Deisenhofen, G 
Kalium Cloride     Sigma-Aldrich, Deisenhofen, G 
Na2HPO4      Sigma-Aldrich, Deisenhofen, G 
KH2PO4      Sigma-Aldrich, Deisenhofen, G 
Tween-20      Sigma-Aldrich, Deisenhofen, G 
Sucrose      Sigma-Aldrich, Deisenhofen, G 
NaN3       Merck-Schuchardt, G 
ß-mercaptoethanol     Sigma-Aldrich, Deisenhofen, G 
Formamid      Sigma-Aldrich, Deisenhofen, G 
MOPS       Sigma-Aldrich, Deisenhofen, G 
Xylenecyanol FF     Sigma-Aldrich, Deisenhofen, G 
Natrium Acetat     Fluka Chemika, Buchs, CH 
EDTA       Merk, Darmstadt, G 
Formamid      J.T.Baker, NL 
Denhardts 
SDS       Roth&Co., Karlsruhe, G 
Collagen      Sigma- Aldrich, Deisenhofen, G 

Methanol      Fluka 
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NaON       Sigma   
 
4.7. Cytokines, proteins and inhibitors 
ß-Amyloid      Calbiochem 
S100 human brain      Calbiochim, G 
IL-6       Pepro Tech Inc, USA 
TNF-a       Pepro Tech Inc, USA  
PP1       Calbiochem 
PP2       Calbiochem 
pertussis toxin      Sigma- Aldrich, Deisenhofen, G 
LY294002      Sigma- Aldrich, Deisenhofen, G 
SB203580      Sigma- Aldrich, Deisenhofen, G 
PD98059      Sigma- Aldrich, Deisenhofen   
 
4.8. Additional materials 
Leucosept filter tubes     Falcon 
50-ml tubes      Falcon 
96-well plates      Bekton Dickinson, Franklin Lakes, USA 
12-well plates      Bekton Dickinson, Franklin Lakes, USA 
6-well plates      Bekton Dickinson, Franklin Lakes, USA 
Petri dishes      Bekton Dickinson, Franklin Lakes, USA 
Flasks       Bekton Dickinson, Franklin Lakes, USA 
UV cuvette semi-micro    Plastband, G 
Hyperfilm™ MP     Amersham Bioscience, France 
Radioactive saved cassette  Laborgeräte, M.Schroeder&A. Henke, 

GbR, G 
Nylon membrane     Amersham Pharmacia Biotech, USA 
Gel blotting paper     Schleicher and Schuel, G 
48-well microchemotaxis chamber    Neuroprobe 

polyvinylpyrrolidine-free  

polycarbonate membrane (pore size 5µm)  Costar 

objective glass     Menzel-Glasser 

 
4.9. Kits 
IL-6 ELISA      R&D Systems, USA 
TNF-a ELISA      R&D Systems, USA 
Color Reagen A (H2O2)    R&D Systems, USA 
Color Reagent B (Tetramethylbenzidine)  R&D Systems, USA 
RNeasy Mini kit     Qiahen, GmbH, Hilden, G 
Rediprime™ II      Amersham, Pharmacia Biotech, USA 
Luciferase activity     Tropix, USA 
ß-galactosidase activity    Tropix, USA 
Mini-prep DNA     Qiagen 
Maxi-prep endotoxinfree DNA   Qiagen 
DNA extraction from gel    Qiagen  
Diff QuikI      Datle Behring Marburg GmbH, G 
Diff QuikII      Datle Behring Marburg GmbH, G 
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4.10. Machines 
Multifuge 3 s-r     Heraeus, Hanau, G 
Sorvall RC-5B     Du Pont Instruments, F 
Incubator Hera Cell     Heraeus, Hanau, G 
Milenia Kinetic Analyzer    Diagnostic Products Co., USA 
Biofuge fresco     Heraeus, Hanau, G 
Du 640 spectrophotometer    Beckmann, G 
Speed Vac       Savant, F 
Hera Safe (Banch)     Heraeus, Hanau, G 
T3 Termocycler     Biometra, Göttingen, G 
Agagel Maxi      Biometra Analytic GmbH, Göttingen, G 
Standart Power Pack P25    Biometra Analytic GmbH, Göttingen, G 
Image MasterVDS     Fuji Film 
Lumat LB 9507     EG&Berthold, G 
Microscope      Zeiss, G 

 
4.11. Analysing of the data 
1-way- ANOVA software 
Image System software 
 
4.12. Medias, buffers, solutions 
4.12.1. Cell culture 
4.12.1.1. Media for U937 cells 
 RPMI 1640-media 
 FCS       10% 
 Penicillin/Streptomycin    1% 
 
4.12.1.2. Media for monocytes 

RPMI 1640- media 
Human serum      0.5% 
Penicillin/Streptomicyn    1% 

 
4.12.1.3. Media for transfection reaction of U937 cell 

RPMI1640-media 
4.12.2. Bacterial culture 
4.12.2.1. LB-liquid media 
 Tryptone      10g 
 Yeast extract      5 g 
 NaCl       10g 
 ddH2O       add 1l 
 Ampicilline      100µg/ml 
 pH 7,0 
 
4.12.2.2.LB-Amp-plates 
 Tryptone      10g 
 Yeast extract      5 g 
 NaCl       10g 
 Agar       15g 
 ddH2O       add 1l 
 Ampicilline      100µg/ml 
 pH 7,0 
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4.12.3 Buffers and solutions for ELISA 
4.12.3.1. Blocking buffer 
 BSA       1% 
 Sucrose      5% 
 NaN3       0.05% 
 PBS       add 1l 
 
4.12.3.2. Wash Buffer  
 Tween-20      0.05% 
 PBS       add 1l 
 
4.12.3.3.Reagent Diluent 
 BSA       0.1% 
 Tween-20      0.05% 
 Tris-buffered Saline     add 1l 
 filtrated 
 
 
4.12.3.4. Tris-buffered Saline 
 Trizma base      20mM 
 NaCl       150mM 
 pH 7,2-7,4 
 
4.12.3.5. Substrate solution 
 Color Reagent A     50% 
 Color Reagent B     50% 
 
4.12.3.6. Stop Solution 
 H2SO4       1M 
 ddH2O       add 1l 
 
4.12.4. Buffers and solutions for Northern Blot  
4.12.4.1. DEPC-H2O 
 DEPC       200µl 
 ddH2O       add 1l 
 
4.12.4.2. Sample Buffer 
 Formamid deionisated    200µl 
 Formaldehyd 37%     70µl 
 5xRunnung Buffer     40µl 
 
4.12.4.3. 10xRunning Buffer 
 MOPS       41.2g 
 Na-Acetat      3.28g 
 ddH2O       add 900ml 
 pH 7,0 
 0,5M EDTA      10ml 
 pH 8,0 
 
4.12.4.4.BPB solution 
 bromphenolblue     0.25% 
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 xylene cyanol FF     0.25% 
 glycerol      30% 
 ddH2O 
 
4.12.4.5. Solution for dissolving of RNA 
 DEPC-H2O      5.0 µl 
 NSB       15.0 µl 
 BPB       3.5 µl 
 Ethidium Bromide     0.1 µl 
 
4.12.4.6. 20x SCS 
 NaCl       175.3 g 
 Na-Citrat      88.2 
 ddH2O       800ml 
 pH 7,0 
 ddH2O       add to 1l 
 
4.12.4.7. Hybridization Buffer 
 50% Formamid deionisized    50ml 
 5xDenhardts      5ml from 100x stock solution
 5xSCS       25ml from 20x stock solution
 0,5%SDS      2.5 ml from 20% stock solution
 ddH2O       16.5 ml 
 filtrate sterile 
 10mg/ml ss-DNA     1ml 
 
4.12.4.8. TE-buffer for labelling reaction 

1M Tris pH 7,0     1% 
 0,5M EDTA, pH 8,0      0.2% 
 ddH20 
 
4.12.4.9. Stop solution for labelling reaction 
 EDTA       0.2M 
 
4.12.4.10. Wash solution I 
 20xSCS      50 ml 
 20%SDS      2.5 ml 
 ddH2O       add 500 ml 
 
4.12.4.11. Wash solution II 
 20xSCS      2.5 ml 
 20%SDS      2.5 ml 
 ddH2O       add to 500ml 
 
4.12.5. Gels 
4.12.5.1. Gell for Northen Blot 
 ddH2O       144ml 
 Agarose      2.4g 
 10xMOPS      20ml 
 formaldehid      36ml 
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4.12.5.2.Gel for DNA 
 Agarose      1.5 g 
 ddH2O       100 ml 
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5. Methods 
 

5.1. Monocyte isolation  

Human monocytes were isolated from freshly drawn blood of healthy volunteers or 

from buffy coat by sequential Ficoll-Hypaque and Percol gradient centrifugation, as 

previously described by Marx et al. (74). Briefly, blood was diluted 1:1 with pre-warmed PBS 

and distributed in Leucosept filter tubes with Ficoll and centrifuged in Multifuge 3 s-r at 2500 

rpm for 10 min. This procedure provides separation of the blood components – plasma and 

blood cells – leukocytes and erythrocytes. The layer with leukocytes was replaced in 50 ml 

Falcons, washed twice with pre-warmed PBS, and pelleted at 1100 rpm for 10 min. After the 

second washing, cells were replaced in Percol, normalized with HANKS’ to pH 7.2. To 

separate monocytes from lymphocytes the cells were pelleted at 2000 rpm for 30 min, using 

Sorvall® RC-5B Refrigerated Superspeed Centrifuge. The monocytes form a ring on the 

surface of Percol-HANKS’ media, which was removed in 50 ml Falcons and the cells were 

washed twice with PBS. 

Cells were cultured in RPMI-1640 media supplied with 0.5% human serum and 1% 

penicillin/streptomycin and were grown in humidified atmosphere of 5% CO2 and 37oC. The 

purity of the monocytes was >95% as determined by flow cytometry analysis. 

 

5.2. Cell culture 

 U937 cells were cultured in RPMI-1640 media, containing 10% FCS and 1% 

penicillin/streptomycin and were grown in 5% CO2 and 37oC environment. The media was 

changed on each second day and the number of the cells was reduced to 40x104cell/ml.  

5.3. ELISA  

5.3.1. Stimulation of monocytes  

Freshly isolated human monocytes (5 x105 cells/ ml), distributed in 12-well plates and 

were stimulated with different concentration of AGEs – 100, 250, 500µg/ml or S100 – 1, 5, 

and 10µg/ml for 6 hours. In other experiments, monocytes were treated with 10µg/ml S100 

for various time periods – 1h, 3h, and 6 hours. In other sets of experiments, cells were pre-

treated with 10ng/ml TNF-a. After 6 hours, cells were washed with warm PBS, cultured in 

new media and stimulated with 10µg/ml S100 for additional 6 hours. After the stimulation 

period, cells were pelleted by Biofuge fresco at 2000 rpm for 5min. The supernatant was 

collected and used for assaying for IL-6 and TNF-a. In some experiments monocytes were 



 

  33                                                                                                                                       

treated with heat inactivated AGEs or S100. The compounds have been heated at 95oC for 15 

min. The procedure leads to denaturation of the protein molecule, which results in lack of the 

effect or decreased effect, compared to intact form.            

 

5.3.2. Performance of IL-6 and TNF-a ELISA 

ELISA assay was performed by using of commercially available kit (R&D Systems, 

USA) according to the manufacturer’s protocol, supported with additionally prepared buffers 

and solutions – Wash buffer, Block buffer, Reagent diluent, Substrate solution and Stop 

solution. The assay was performed in 96-well plate. The capture antibody was diluted in PBS 

to working concentration of 2µg/ml. The plate was coated with 100µl/well capture antibody 

and incubated overnight at room temperature. Before to the plate being added 300µl/well 

Block buffer for 1 hour, it was washed three times with 300µl/well wash buffer. Afterwards, 

the plate was washed three times with wash buffer and 100µl/well from the standard and 

supernatant samples were added and incubated for 2 hours. After washing, 100µl/well of 

detection antibody diluted to a working concentration of 200ng/ml was added to the plate for 

2 hours. The plate was washed and 100µl/well streptavidin-HRP was added for 20 min, 

avoiding placing the plate on direct light. The plate was washed and coated with 100µl/well 

Substrate Solution for 20 min and incubated on dark place. The reaction was interrupted by 

adding of 50µl/well of stop solution. The optical density of each well was determined by 

Milenia, Kinetic Analyzer  Diagnostic Products Corporation set to 450nm wavelength. 

 

5.4. Northern blot 

5.4.1. Stimulation of monocytes  

Human monocytes (10x106 cells /ml) were distributed in Petri dishes (P100). The cells 

were stimulated with various concentrations of S100 – 1, 5, and 10 µg/ml for 3 hours.  

 

5.4.2. RNA-isolation 

Total RNA was isolated by using of a column-based RNA isolation kit RNeasy® Mini 

kit according to the manufacturer’s protocol, supported additionally with PBS and ß-

mercaptoethanol and using of Biofuge fresco centrifuge. The cells were replaced in 15ml 

Falcon and pelleted at 1100 rpm (Multifuge 3 s-r) at room temperature. The cell pellet was 

lysated in 600µl RLT buffer supported with 1% ß-mercaptoethanol, and placed in 

QIAshredder Mini Spin Column and spinned down at 13000rpm for 2 min. The elute was 

supported with 600µl 70% ethanol and replaced in RNeasy Mini Spin Column. After the 
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centrifugation at 10000rpm for 30sec, was added 700µl buffer RW1. The column was spinned 

down and washed twice with 500µl RPE buffer. After the last washing step the column was 

dried for 2min at 13 000rpm. To eluted RNA from the filter 30µl RNA-ase free water was 

added and after 1min the column was centrifuged for 1 min at 10 000 rpm. The concentration 

of RNA in the elute was measured in UV cuvette semi-micro, using DU® 640 

spectrophotometer.  

 

5.4.3. Preparation of RNA  

Five microgram of total RNA was dried in Speed Vac concentrator. Dried RNA was 

dissolved in 23.6µl solution for dissolving of RNA. The mixture was incubated at 55oC 

Thermomixer for 10 min until RNA is completely dissolved.  

 

5.4.4. Separation, blotting and hybridization of RNA 

The gel for Northern blot was placed in gel chamber – Agagel Maxi, filled with 1x 

running buffer in volume enough to cover the gel. Completely dissolved RNA was loaded on 

the gel and run at 78 V Standart Power Pack P25 for 3 hours. The gel was photographed with 

Image Master VDS. RNA was transferred on nylon membrane using 20x SSC and gel blotting 

paper. The membrane was incubated at 42oC for 4 hours in 10 ml hybridization buffer. 

  

5.4.5. Radioactive labelling of DNA probes 

 The radioactive labelling was done with following procedures: 2-4 µg DNA was filled 

to 45µl with TE buffer. The mixture was incubated at 95oC for 10 minutes and immediately 

replaced on ice for 5 min to allow DNA strength to separate and not redoubled. To the 

mixture was added Rediprime™ II and 50µq 32P-ad-CTP and incubated at 37oC for 10 min. 

The reaction was stopped by 5µl of stop solution, incubation at 95oC and incubation on ice for 

5 min before being added to the hybridization buffer. The hybridization process proceeded on 

42oC for 18 hours by rotating. 

 

5.4.6. Washing of the membrane, preparation for exposure 

The membrane was washed twice with Wash buffer I at 42oC and twice with Wash 

buffer II at 60oC. After washing the membrane was dried for some seconds on air and 

wrapped in nylon folio avoiding air bubbles. 
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5.4.7. Autoradiography 

 The membrane was incubated overnight at -20oC with photograph film Hyperfilm™ in 

radioactive saved cassette. The film was developed by developing machine Durst M 805 

Color.  

 

5.5. DNA-cloning  

 To test the functional activity of NF-?B binding sites from the RAGE promoter we 

created chimer constructs. The RAGE-distal NF-?B construct was obtained by triple 

multiplication of distal NF-?B binding site –1539 to –1520 (#1 NF-?B), the RAGE-proximal 

NF-?B construct contains triplet of the proximal NF-?B binding -692 to –673 (#2 NF- ?B) 

site from RAGE promoter. Each of them has been cloned in the pGL3-basic vector containing 

luciferase gene (Fig.5.1). RAGE-proximal and RAGE-distal were cloned in BamHI/XhoI 

sites of pGL3-basic vector.  
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Fig. 5.1. Scheme of the constructs. 
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The inserts have been obtained by PCR using specific primers and synthesized 

templates containing three repeats of NF-?B site positioned in RAGE promoter on distal (#1 

NF-?B) and proximal (#2 NF-?B) side.  

 

Primer I  1 µl (10 µg/µl) 

  Primer II  1 µl (10µg/µl) 

  Master mix  10 µl 

  Template  1 µl (100 pmol/µl) 

  H2O   7 µl 

    ________________ 

     20µl 

  

The product of the reaction was extracted from 2% agarose gel. 30µl of the elute were 

cut with Bam HI and Xho I enzymes at 37oC for 90 min. 

 

Bam HI   1µl (10 000 U/ml) 

XhoI    1µl (10 000 U/ml) 

NEBuffer 2  2µl 

Elute   30µl 

H2O  6µl                                                    

____________________ 

     40µl 

 

 After restriction reaction, the product was extracted from 2% agarose gel. pGL3-basic 

vector was cut by XhoI and Bam HI enzymes at 37oC for 3 hours according to the reaction: 

 

Bam HI   1µl (10 000 U/ml) 

XhoI    1µl (10 000 U/ml) 

NEBuffer 2  2µl 

pGL3-basic  1µl (1µg) 

H2O   15µl 

                                                    ____________________ 

     20µl 
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The reaction was load on 1% gel, the band containing digested vector excised and extracted.  

 All ligation reactions were set up according to the following reaction and incubated at 

room temperature for 90 min. 

 

  Vector   0,5 µl (50 ng) 

  Insert    1,5 µl ( 150ng) 

  T4-DNA-ligase 1µl 

  T4-ligase buffer 1µl 

   ________________________ 

     20µl 

 

Bacteria were transformed by incubation for 40 min on ice with added 8µl from the 

ligation reaction. Afterwards bacteria were incubated for 40 sec at 42oC and immediately 

placed on ice for 2 min. 200 µl pre-warmed at 37oC LB media was added and bacteria were 

incubated at 37oC with shacking at 350rpm for 1 hour. 100µl and 150µl from the suspension 

was plated on LB-agar plates supplied with ampicillin. The plates were incubated for 16 hours 

at 37oC.  

A part of the bacteria from each colony have grown up in 5 ml LB media, supplied 

with ampicillin for 8 hours at 37oC and shaking 225 rpm. Positive clones were detected by 

mini-prep isolation of DNA and restriction reaction according to the protocol for preparation 

of the insert. The positive clones gave a band with size ∼ 100bp for clones pGL3 – RAGE-

distal and pGL3-RAGE-proximal. 

One positive clone from each construct was grown in 200ml LB-media supplied with 

ampicillin at the same condition like mini-culture and DNA was isolated by Maxi-prep 

endotoxinfree kit. DNA was sequenced by MWG Company and the data were analysed by 

using of program “Chromas” (75). 

  

5.6. Transient transfection analysis 

 U937 cells 1.5x106 were transiently transfected with RAGE promoter – luciferase 

construct and pCMV-ß-galactosidase construct using SuperFectTM (Qiagen), according to the 

manufacturer’s protocol. The transfection mixture containing 100µl RPMI media, 0.5µg 

pCMV –ß- galactosidase construct, pGL3-RAGE construct DNA in appropriate amount or 

2.0µg pGL3-basic and 6µl SuperFectTM (Qiagen) were incubated for 15 min at room 

temperature. To stop the reaction 400µl RPMI media supplied with 10%FCS and 1% 
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penicillin-streptomycin were added to transfection mixture. The cells were diluted in 1.5 ml 

RPMI media supplied with 10% FCS and 1% penicillin-streptomycin and placed in 6-well 

plate. The transfection reaction was equally distributed in two wells. After 16 hours, the cells 

were treated with 10 ng/ml TNF-a for 6 hours. Luciferase activity was measured in whole cell 

lysate. The cell pellet was lysated in 100µl by Lysis buffer supplied with 0,05% 1M DTT and 

incubated for 10 min on ice. 20µl cell lysate was used for measuring of luciferase and ß-

galactosidase activity. Luciferase activity was measured by adding to the cell lysate 25µl 

buffer A and 100µl of buffer B supplied with 1% luciferin. ß-galactosidase activity was 

measured after 45 min by adding of 100µl of Accelerator II to the reaction. For both assays 

was used Lumat LB 9507 EG&Berthold. 

  

5.7. Chemotaxis assay.  

5.7.1. Culturing of cells 

 After isolation, monocytes were cultured in RPMI-1460 containing 1% human serum 

and 1% penicillin/streptomycin and were grown in humidified atmosphere of 5% CO2 and 

37oC for 16 hours to become quiescent after isolation.  

 

5.7.2. Chemotaxis in modified Boyden chamber 

 Monocytes chemotaxis was assayed under serum-free conditions in 48-well 

microchemotaxis chamber (Fig. 5.2.).  
 

 

 

    

Fig. 5.2. Chemotaxis assay in 48-well modified Boyden chamber 
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 Wells in the upper and lower chambers were separated by polyvinylpyrrolidine-free 

polycarbonate membrane, which prior was incubated in 0.03mg/ml collagen dissolved in 

solution of 2N NaOH in PBS, dried on air and incubated in RPMI-1460 media for 30min at 

37Co. Human monocytes at a density of 2x106/ml were loaded in the upper chamber and 

migrated for 2.5 hours towards lower part where ß-amyloid was loaded. In some experiments, 

cells were pretreated with PP1 10µM/ml, PP2 10µM/ml, pertussis toxin 100 nM/ml, 

LY294002 20 µM/ml, SB203580 100µM/ml, PD98059 100µM/ml for 30min before being 

loaded in the upper chamber. 

 

5.7.3. Staining of the membrane 

 The membrane was incubated in methanol for 10min. Afterwards it was replaced in 

Diff QuikI solution for 1.5 min, following by incubation in Diff QuikII for 3.5 min. Before 

the membrane being placed with bottom face on subject glass, it was washed in dd.H2O. The 

membrane was covered with objective glass (Menzel-Glasser). The cells were counted under 

the light microscope (Zeiss, Germany) in five random high-power fields per well.   

 

5.8. Statistical analysis 

 Results of the experimental studies are reported as mean ± standard error of the mean 

(SEM). Differences were analysed by 1-way- ANOVA followed by the appropriate post-hoc 

analysis test. A p value < 0.05 was considerable to be statistically significant. 

 

 All experiments were done in the scientific laboratories of Internal Medicine II, 

Internal Medicine I and Department of General Zoology and Endocrinology of University of 

Ulm. 
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6. Results 

 

6.1.1 AGEs induce human monocytes to release proinflammatory cytokines  
The effect of AGEs on release of proinflammatory cytokines from human monocytes  

was tested by TNF-a ELISA and IL-6 ELISA. Treatment of the cells for 6 hours with various 

concentrations of AGEs (100, 250, and 500 µg/ml) caused activation and induction of 

proinflammatory cytokine secretion from human monocytes. 
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 Fig.6.1.1A. AGEs induce human monocytes to release TNF-a. Freshly isolated human 

monocytes were stimulated with AGEs in different concentrations (100, 250 and 500 µg/ml) and after 6 

hours ELISA was performed. Bars represent the mean ± SEM, * p<0.05, compared to non-stimulated 

cells, n = 10. Co-control, AGE HI-AGEs heat inactivated. 

 
Treatment of freshly isolated human monocytes for 6 hours with different 

concentrations of AGEs induced cells to express and release TNF-a in a concentration–

dependent manner. The group treated with 500 µg/ml AGEs showed significantly increased 

TNF-a release from 20±6.2 pg/ml to 91.4±16.2 pg/ml (p<0.05, compared to non-stimulated 

cells, n=10) (Fig.6.1.1A). 

Similar was the effect of AGEs on the induction of IL-6 release from human 

monocytes. The cells were incubated for 6 hours with different concentrations of AGEs (100, 

250, and 500 µg/ml) before IL-6 was measured in cell-free supernatants. The group treated 

with the highest concentration of AGEs showed significant induction of IL-6 form 

23.4±5.9pg/ml to 58.9±11.9 pg/ml (p<0.05, compared to non-stimulated cells, n=10) 

(Fig.6.1.1B). 
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 Fig.6.1.1B. AGEs induce human monocytes to release IL-6. Freshly isolated human monocytes 

were stimulated with AGEs in different concentrations (100, 250 and 500 µg/ml) and after 6 hours 

ELISA was performed. Bars represent the mean ± SEM. *p<0.05, compared to non-stimulated cells, n = 

10. Co-control, AGE HI – AGEs heat inactivated. 

 
To test whether this effect was due to endotoxin contamination of AGEs, we treated 

monocytes with heat inactivated AGEs in similar concentrations to AGEs, which resulted in 

significant increased levels of released proinflammatory cytokines. Heat inactivated AGEs 

had no effect on cytokine release from monocytes.   

 

6.1.2. S100 induces human monocytes to release proinflammatory cytokines in a 

concentration-dependent manner 

 To determine the effects of another RAGE ligand we studied S100 protein. The effect 

of S100 to induce cytokine release from human monocytes was examined by TNF-a ELISA 

and IL-6 ELISA in cell-free supernatants. Treatment of human monocytes with different 

concentrations of S100 (1, 5 and 10µg/ml) induced secretion of TNF-a and IL-6.  

Treatment of freshly isolated monocytes with different concentrations of S100 

increased TNF-a release with 1.1±0.2, 1.8±0.3 and 3.3±0.9 fold respectively (p<0.05 for all, 

compared to non-stimulated cells, n = 8) (Fig.6.1.2A).  
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 Fig.6.1.2A. S100 induces human monocytes to release TNF-a in a concentration-dependent 

manner. Freshly isolated human monocytes were stimulated with S100 in different concentrations (1, 5 

and 10 µg/ml) and after 6 hours ELISA was performed. The results are presented as fold induction, 

compared to unstimulated cells. Bars represent the mean ± SEM. *p<0.05,vs. non-stimulated cells, n = 

8. Co-control, S100HI-heat inactivated S100. 

 

ELISA data for IL-6 release after treatment of the cells with the same concentrations 

of S100 showed increased IL-6 secretion with a 1.1±0.1, 1.9±0.3 and 3.5±0.9 fold induction 

(p<0.05 for all, compared to non-stimulated cells, n = 8) (Fig.6.1.2B). 

To test whether this effect was due to endotoxin contamination, we treated the cells 

with heat inactivated S100 at a concentration of 10µg/ml. Heat inactivated S100 had no effect 

on TNF-a and IL-6 release (Fig. 6.1.2 A, B).  
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 Fig.6.1.2B. S100 induces human monocytes to release IL-6 in concentration-dependent 

manner. Freshly isolated human monocytes were stimulated with S100 in different concentrations (1, 5 

and 10 µg/ml) and after 6 hours ELISA was performed. The results are presented as fold induction, 

compared to unstimulated cells. Bars represent the mean ± SEM. *p<0.05,vs. non-stimulated cells, n = 

8. Co-control, S100HI-S100 heat-inactivated. 
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 Further we tested whether the effect of S100 was due to activation of RAGE. 

Treatment of human monocytes with S100 10µg/ml preincubated for two hours with the 

soluble form of RAGE – sRAGE decreased the release of TNF-a by 74±12.3% compared to 

cells treated with S100 only (p<0.05, compared to S100 treated cells, n=5) (Fig.6.1.2C). 

 

 
 

 Fig.6.1.2C. Treatment of human monocytes with S100 preincubated with sRAGE decreases 

 TNF-a secretion. Freshly isolated human monocytes were stimulated with 10 µg/ml S100 and the 

 same amount of S100 preincubated with sRAGE 50µg/ml for 2 hours. After 6 hours ELISA was 

 performed. The results are presented in % of S100 treated cells. Bars represent the mean ±SEM. 

 *p<0.05, compared to S100 treated cells, n=5. Co-control, sRAGE-soluble RAGE, S100HI-S100 heat 

 inactivated. 
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Fig.6.1.2D. Treatment of human monocytes with S100 preincubated with sRAGE decreases 

IL-6 secretion. Freshly isolated human monocytes were stimulated with 10 µg/ml S100 and the same 

amount of S100 preincubated with sRAGE 50µg/ml for 2 hours. After 6 hours ELISA was performed. 

The results are presented in % of S100 treated cells. Bars represent the means ±SE. * p<0.05, compared 

to S100 treated cells, n=5. Co-control, sRAGE-soluble RAGE, S100HI-S100 heat inactivated. 
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IL-6 secretion was decreased by 57.5±10.7% compared to cells treated with S100 only 

(p<0.05, compared to S100 treated cells, n=6) (Fig.6.1.2D). 

 

6.1.3. S100 induces human monocytes to release proinflammatory cytokines in time-

dependent manner 

 Supernatants from monocytes treated with 10µg/ml S100 were collected at different 

time points after 1, 3 and 6 hours and TNF-a and IL-6 protein was assessed using ELISA.  
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Fig.6.1.3. S100 induces human monocytes to release proinflammatory cytokines in time- 

dependent manner. Human monocytes were stimulated with 10µg/ml S100. Supernatants were collected 

in different time points (1h, 3h and 6h) and ELISA was performed. The results are presented in pg/ml. 

____? ____ unstimulated cells, -------¦ -------- stimulated cells. Bars represent the means ± SE. * p<0.05, 

n = 7, compared to unstimulated cells at the same time point and compared to the cells at the first hour. 

 

 The results showed an increase in cytokine release between the first and sixth hour 

from 7±5 to 388.1±147.6 pg/ml (p<0.05, n = 7) and from 3.4±2.1 to 661.1±274.3 pg/ml 

(p<0.05, n = 10), respectively for TNF-a and IL-6. At the third hour the amounts of released 

TNF-a 143.6±55.5pg/ml and IL-6 95.9±39.6 pg/ml are statistically significant (p<0.05, n = 7 

and 10) but the maximum was observed after six hours for both cytokines. There was no 

significant effect in cytokine release in unstimulated cells (Fig.6.1.3).  
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6.1.4. S100 induces TNF-a mRNA and IL-6 mRNA synthesis 

 To study whether the increase in cytokine protein release resulted from induced 

mRNA expression we treated freshly isolated human monocytes with various concentration of 

S100 (1, 5 and 10µg/ml) for 3 hours and performed Northern blot analysis from total mRNA 

probed with radiolabel single strength DNA specific for TNF-a and IL-6. We stripped and 

labelled the membranes with house keeping gene GAPDH to assure equal loading of total 

mRNA. The results from densitometry analysis of autoradiography were normalised to the 

results of GAPDH signal. As a positive control for cytokine mRNA synthesis we treated 

monocytes with LPS at concentration of 100ng/ml (76). 
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 Fig.6.1.4A. Northern blot analysis for TNF-a mRNA synthesis of monocytes treated with S100 

in different concentrations for 3 hours. Freshly isolated human monocytes were treated with different 

concentrations of S100 (1, 5, 10 µg/ml) for 3 hours before Northern blot analysis was performed. Equal 

loading of RNA was assured by blotting for GAPDH. Densitometric analysis of three independent 

experiments normalized to GAPDH show the effect of S100. The results are presented as fold induction, 

compared to non-stimulated cells. Bars represent mean ± SEM. *p<0.05, compared to unstimulated 

cells, n = 3. Co-control, S100HI-S100 heat inactivated, LPS-lipopolysaccharide. 

 

S100 treatment increased the level of TNF-a mRNA expression in a concentration- 

dependent manner, but had no effect on the constitutively expressed house-keeping gene 

GAPDH. The maximal effect of S100 on TNF-a mRNA expression was observed at a 

concentration of S100 10 µg/ml with a 5±1.6 fold induction (compared to non-stimulated 

cells, p<0.05, n = 3). The results showed that this effect was not due to endotoxin 
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contamination because the same amount of S100 but heat inactivated abolished the effect of 

the intact S100 – 1.1±0.3 (Fig.6.1.4A). 

Similar results were observed for IL-6 mRNA synthesis upon stimulation with 

different concentrations of S100 (1, 5 and 10µg/ml). The maximal effect of increasing IL-6 

mRNA synthesis was observed at the highest concentration of S100 with a 27±13.8 fold 

induction (compared to non-stimulated cells, p<0.05, n = 3). To proof that this effect is not a 

result of endotoxin stimulation we treated the cells with 10µg/ml S100 heat non-activated and 

observed that the effect of the intact form was abolished (1.1±0.2 fold induction; compared to 

non-stimulated cells, p<0.05, n = 3) (Fig.6.1.4B). 
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 Fig.6.1.4B. Northern blot analysis IL-6 mRNA synthesis of monocytes treated with S100 in 

different concentrations for 3 hours. Freshly isolated human monocytes were treated with different 

concentrations of S100 (1, 5, 10 µg/ml) for 3 hours before Northern blot analysis was performed. Equal 

loading of RNA was assured by blotting for GAPDH. Densitometric analysis of three independent 

experiments normalized to GAPDH show the effect of S100. The results are presented as fold induction, 

compared to non-stimulated cells. Bars represent mean ± SEM. *p<0.05, compared to unstimulated 

cells, n = 3. Co-control, S100HI-S100 heat inactivated, LPS-lipopolysaccharide.  

 

6.1.5. TNF-a increases the activity of RAGE gene due to activation of NF-?B 

transcription factor.  

Previous western blot data from our group of RAGE expression in monocytes treated 

with various concentrations of TNF-a or IL-6 (1, 5, 10, 15 ng/ml) have shown that TNF-a 

increased RAGE protein expression in a concentration-dependent manner with the highest 

effect at concentration 10ng/ml. IL-6 did not show significant effect on RAGE expression by 

human monocytes (data not shown). 
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Further, to elucidate this finding we examined which of the two active NF-?B binding 

sites in the RAGE promoter (31) are responsible for the observed gene activation. For this 

reason, we created chimerical construct containing three repeats of #1 NF-?B (-1539 to -

1520), named pGL3-RAGE-distal NF?B construct and other containing three repeats of #2 

NF-?B (-692 to -673), named pGL3-RAGE-proximal NF?B construct. All of them were 

cloned in pGL3-basic vector containing luciferase reporter gene (Fig.5.1).  
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 Fig.6.1.5A. TNF-a activates the distal NF-?B #1 binding site in the RAGE promoter. U937 

cells were transfected with pGL3-basic (2µg) and pGL3-RAGE distal (2µg) and cotransfected with 

construct containing ß-galactosidase reporter gene (0.5µg) as a control vector.  After 16 hours, 

transfected cells were stimulated with TNF-a 10 ng/ml for 6 hours before luciferase and ß-galactosidase 

assays were performed. The data are presented as fold induction of luciferase/ß-galactosidase activity 

under TNF-a treatment, compared to non-stimulated cells. Bars represent mean ± SEM. * p<0.05, n = 8, 

compared to unstimulated cells.  

 

 TNF-a treatment of U937 cells transfected with construct pGL3-RAGE-distal, 

increased the ratio Luciferase/ß-galactosidase activity with 2.8±0.6 fold (compared to non-

treated cells, p<0.05, n=8). There was no significant effect of TNF-a in mock transfected cells 

with pGL3-basic vector (Fig.6.1.5A). 

 Similar are the data of transfected U937 cells with the construct pGL3-RAGE-

proximal and treated with TNF-a. The results showed that TNF-a increase reporter gene 

activity with 3.6±0.9 fold (compared to non-treated cells, p<0.05, n=4). The control group 

transfected with pGL3-basic vector did not show significant effect of TNF-a on luciferase 

gene (Fig.6.1.5B). 
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 Fig.6.1.5B. TNF-a activates the proximal NF-?B #1 binding site in the RAGE promoter. U937 

cells were transfected with pGL3-basic (2µg) and pGL3-RAGE proximal (2µg) and cotransfected with 

construct containing ß-galactosidase reporter gene (0.5µg) as a control vector. After 16 hours, 

transfected cells were stimulated with TNF-a 10 ng/ml for 6 hours before luciferase and ß-galactosidase 

assays were performed. The data are presented as fold induction of luciferase/ß-galactosidase activity 

under TNF-a treatment, compared to non-stimulated cells. Bars represent mean ± SEM. * p<0.05, n = 8, 

compared to unstimulated cells.  

 

 In both experiments IL-6 did not affect the activity of the reporter gene (data not 

shown). 

 

6.1.6. TNF-a increases not only the expression of RAGE in human monocytes, but it 

enhances cell susceptibility toward pro-inflammatory S100 

 Given our observation, that TNF-a increases monocyte RAGE expression as well as 

the finding of enhanced cytokine release from human monocytes upon treatment with the 

RAGE-activator S100, we further examined, whether an increase of RAGE expression after 

cytokine treatment might augment the cell susceptibility towards pro-inflammatory S100 

effects. We first pre-treated human monocytes with TNF-a for 6 hours to increase RAGE 

expression and then the cells were washed and stimulated with S100 10µg/ml for 6 hours. IL-

6 release was measured with ELISA. TNF-a treatment itself had no significant increase on IL-

6 secretion. Pre-treatment of the cells with TNF-a and afterwards treatment with S100 

increased the secretion of IL-6 from 100% to 173.3±28.5% compared to the cells which have 

been treated only with S100 (p<0.05, n = 8) (Fig.6.1.6)   
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 Fig.6.1.6. TNF-a enhances cell susceptibility toward pro-inflammatory S100 effect. Human 

monocytes were stimulated with 10ng/ml TNF-a. After 6 hours media was changed and cells were 

additionally stimulated with 10µg/ml S100 and after 6 hours ELISA for IL-6 was performed. The 

results are presented in % induction, compared to the cells stimulated with S100 alone. Bars represent 

the mean ± SEM. *p<0.05, compared to non-pretreated cells n = 8.  

 

IL-6 did not have such effect on cell susceptibility toward pro-inflammatory S100 

(data not shown). 

 

 Further we focused our interest to the role of activation of RAGE in monocyte 

migration, activated by amyloid-ß peptide. 

 

 

6.2.1. ß-Amyloid induces migration of freshly isolated human monocytes. 
 To investigate whether amyloid-ß peptide induces human monocyte migration, we 

subjected isolated cells from buffy coats to an in vitro chemotaxis assay using a modified 

Boyden chamber. Different concentrations of ß-amyloid (50, 100, 125 nM/ml) were loaded to 

low chamber. Cells were loaded in the upper chamber, separated from the chemoattractant by 

polyvinylpyrrolidine-free polycarbonate membrane with pore size 5µm. The group of cells 

migrating towards 125nM/ml showed significantly increased migration activity of – 1.9±0.7 

fold induction (p<0.05, compared to non-stimulated cells, n=10) (Fig.6.2.1). MCP-1 served as 

a positive control (data not shown). 
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 Fig.6.2.1. Amyloid-ß peptide induces monocyte migration in vitro. Migration assay in Boyden 

chamber. The cells were loaded towards different concentrations of amyloid-ß peptide (50, 100, 125 

nM/ml) for 2.5 hours. Data are shown as fold induction compared to non-stimulated cells. Bars 

represent mean±SEM (P*<0.05, compared to non-stimulated cells, n=10).  

 

6.2.2. The effect of ß-amyloid on monocyte migration is not due to endotoxin. 

 To show that the effect of amyloid-ß peptide to induce human monocytes migration is 

not due to endotoxin contamination, we performed migration assay in which one group of 

cells was treated with 125nM/ml ß-amyloid heated at 95oC for 10min.  

 

 
 

Fig.6.2.2. The effect of amyloid-ß peptide on monocyte migration is not due to endotoxin. 

Migration assay in Boyden chamber. The cells were loaded towards 125nM/ml ß-amyloid and the same 

amount heat inactivated for 2.5 hours. The data are presented as fold induction compared to non-

stimulated cells. Bars represent mean±SEM (P*<0.05, compared to ß-amyloid stimulated cells, n=10), 

HI-heat inactivated.  

 

 The results show that heat-inactivated ß-amyloid causes only a non-significant 1.3±0.6 

fold increased number of migrated cells compared to non-stimulated cells, (p<0.05, compared 
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to ß-amyloid stimulated cells, n=10). These experiments show that heat-inactivation of ß-

amyloid abolished its effect, which suggests that this was not endotoxin mediated activation 

of monocyte migration (Fig.6.2.2). 

 

6.2.3. Transduction pathways activated by ß-amyloid induced monocytes’ migration    

 To investigate the signalling pathways, which are further involved in ß-amyloid 

stimulated monocyte migration, we performed migration assay in the presence of inhibitors of 

candidate-transducers, activated in cell migration. 

 

6.2.3.1. ß-Amyloid induced migration of human monocytes involves pertussis toxin – 

sensitive G-proteins.  

 To examine whether pertussis toxin–sensitive G-proteins are involved in ß-amyloid 

stimulated migration, cells were incubated with pertussis toxin (PTX) 100nM/ml for 30 min 

before migration activity was assayed. The results showed that cells treated only with ß-

amyloid have enhanced migration activity with a 1.8±0.4 fold induction, compared to non-

treated cells. PTX treatment of monocytes showed a reduction to 1.1±0.2 fold, compared to 

non-treated cells (p<0.05, vs. ß-amyloid treated cells, n=10). These experiments show that 

pertussis toxin–sensitive G-proteins are activated during ß-amyloid stimulated migration of 

monocytes (Fig.6.2.3.1). 

 

 
   

  Fig.6.2.3.1. ß-Amyloid induced migration of human monocytes involves pertussis toxin (PTX) 

 – sensitive G-proteins. Migration assay in Boyden chamber. Cells were incubated with PTX 100nM/ml 

for 30 min before being loaded towards amyloid-ß peptide 125nM/ml for 2.5 hours. In a control group the 

cells were not preincubated with PTX. Data are presented as fold induction compared to non-stimulated 

cells. Bars represent mean±SEM (P*<0.05, compared to ß-amyloid treated cells, n=10).  
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6.2.3.2 Members of Src family of Tyr-kinases are involved in amyloid-ß stimulated 

migration.  

To investigate whether other proteins functionally related to immunoglobulin type of 

the receptors to which group RAGE belongs, we performed inhibitory migration assays using  

 

 
 

  Fig.6.2.3.2. Members of the protein Tyr-kinase family are involved in ß-amyloid stimulated 

migration. Migration assay in Boyden chamber. The cells were incubated with PP1 10µM/ml and PP2 

10µM/ml for 30 min before being loaded towards amyloid-ß peptide 125nM/ml for 2.5 hours. In a control 

group the cells were not preincubated with Tyr-kinase inhibitors. Data are presented as fold induction 

compared to non-stimulated cells. Bars represent mean±SEM (P*<0.05, compared to ß-amyloid treated 

cells, n=10,).  

 

two specific inhibitors of Src family of Tyr-kinases - PP1 10µM/ml and PP2 10µM/ml. Cells 

were incubated with the appropriate inhibitors for 30 min before the migration assay was 

performed. The results showed that both inhibitors have inhibitory effects on cell migration. 

The number of migrated cells was reduced from 1.8±0.4 fold induced by ß-amyloid treated 

cells, compared to non- treated cells (p<0.05, n=10) to 1.2±0.6 and to 0.8±0.1 fold for PP1 

and PP2 inhibitor respectively. These results show that Src family of the Tyr-kinases is 

involved in ß-amyloid mediated monocyte migration (Fig.6.2.3.2).  

 

6.2.3.3 Phosphoinositol-3-kinases are involved in monocyte migration activated by 

amyloid-ß peptide. 

 Further, to investigate whether ß-amyloid induced monocyte motility is dependent on 

phosphoinositol-3-kinases (PI3-kinases), we treated the cells with the specific PI3-kinase 

inhibitor LY294002. Cells were incubated in the presence of 20µM/ml LY294002 for 30 min 

before the migration assay was performed. The results show that LY294002 inhibits 
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monocytes migration from 1.8±0.4 fold for ß-amyloid treated cells, compared to non-treated 

cells (p<0.05, n=10) to 1.1±0.6 for LY294002 treated group (p<0.05, compared to ß-amyloid 

stimulated cells, n=10). 

 

 
 

  Fig.6.2.3.3.PI3-kinase is involved in monocyte migration activated by ß-amyloid. Migration 

 assay in Boyden chamber. The cells were incubated with LY294002 20µM/ml for 30 min before being 

 loaded towards amyloid-ß peptide 125nM/ml for 2.5 hours. In a control group the cells were not 

 preincubated with PI3K inhibitor. Data are  presented as fold induction compared to non-stimulated 

 cells. Bars represent mean±SEM (P*<0.05, compared to ß-amyloid treated cells, n=10).  

 

 The data suggest the essential role of PI3-kinase recruitment in monocytes migration 

under amyloid-ß peptide treatment (Fig.6.2.3.3)  

 

 

6.2.3.4. p38 and ERK ½ are involved in the migration of human monocytes activated by 

ß-amyloid. 

 Further, to study whether MAPK-kinases are involved in ß-amyloid induced monocyte 

migration, the cells were incubated with SB203580 (specific inhibitor of p38 mitogen-

activated protein kinase) 100µM/ml and PD98059 (specific inhibitor of MAPK/ERK kinase) 

100µM/ml for 30 minutes, before the migration activity was assayed. The data show that the 

migration of monocytes treated with these inhibitors was reduced from 1.8±0.4 fold for ß-

amyloid treated cells, compared to non-treated cells (p<0.05, vs. non-stimulated, n=10) to 

0.9±0.3 and to 1±0.3 fold induction for SB203580 and PD098059 treated cells respectively 

compared to non-treated cells (p<0.05, vs. ß-amyloid stimulated cells, n=10). This shows that 

p38 and respectively ERK1/2 are involved in ß-amyloid activated monocyte migration 

(Fig.6.2.3.4). 
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  Fig.6.2.3.4 p38 and ERK1/2 are involved in the migration of human monocytes activated by ß-

 amyloid. Migration assay in Boyden chamber. The cells were incubated with SB203580 100µM/ml 

 and PD98059 100µM/ml for 30 min before being loaded towards amyloid-ß peptide 125nmol/ml for 

 2.5 hours. In a control group the cells were not preincubated with inhibitors. Data are presented as fold 

 induction compared to non-stimulated cells. Bars represent mean±SEM (P*<0.05, compared to  ß-

 amyloid treated cells, n=10). 
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7. Discussion 

 

The present study demonstrates that RAGE activation in human monocytes induces 

the expression of the pro-inflammatory cytokines IL-6 and TNF-a and that these cytokines in 

turn enhance the susceptibility towards pro-inflammatory RAGE activators’ effects. In 

addition, RAGE activation in human monocytes increases their migratory ability. This 

process involved Src family of tyrosine protein kinases, G-protein, PI3-kinases, p38 and 

ERK1/2. This shows that RAGE engagement in human monocytes activates the immune 

properties of these cells.  

 

7.1.1 S100 induced cytokine release from human monocytes via RAGE activation.  

 S100 peptides have been described as ligands for RAGE. Also, S100 proteins 

accumulate in atherosclerotic lesions of apoE null mice (9). Similarly to RAGE ligands, this 

group of proteins is not very well studied, especially in the context of atherosclerosis. Another 

reason to focus our attention on the S100 protein was that it represents a chemically clearly 

defined compound compared to the classical RAGE ligands – AGEs, which are a mixture of 

glycosilated serum peptides with different kinds of reducing sugars. In addition, it has been 

reported that the group of S100 peptides is released from activated inflammatory cells – 

polymorphonuclear leukocytes, peripheral blood-derived mononuclear phagocytes and 

lymphocytes (41, 43).  

RAGE is expressed in monocytes, which play an important role in the pathogenesis of 

inflammation, endotoxic shock and tissue injury by releasing proinflammatory cytokines, 

which accompanies the development of atherosclerosis. Activation of RAGE by its various 

ligands induces a variety of proinflammatory and procoagulant cellular responses, resulting in 

the activation of NF-?B (10), leading to the expression of VCAM-1, TNF-a, IL-6 and tissue 

factor (12, 30, 34, 77).  

A number of studies showed that engagement of RAGE with its ligands caused 

increased cytokine release in endothelial cells (78) and monocytes/macrophages (17, 34, 79). 

Fiuza et al. (78) reported that recombinant human mobility group binding protein-1 (rh 

HMGB-1), identical to amphoterin, induces the secretion of TNF-a and other cytokines IL-8 

and MCP-1 in microvascular endothelium by activation of the MAPK kinases ERK, JNK, 

p38, and nuclear translocation of NF-?B and SP-1. HMGB-1 ligation of RAGE has the same 

effect in cultured human monocytes as shown by Andersson et al. (79). They screened a high 

number of cytokines released after RAGE stimulation – TNF-a, IL-1a, IL-1ß, IL-1RA, IL-6, 



 

  56                                                                                                                                       

IL-8, MIP-1a, MIP-1ß. The expression of the anti-inflammatory cytokine IL-10 and the 

proinflammatory cytokine IL-12 were not changed.  

Monocyte/macrophage interaction with AGEs leads to increased production of 

proinflammatory cytokines IL-1, TNF-a, PDGF, and insulin growth factor-I (16, 17, 18) – all 

of them are involved in the pathogenesis of atherosclerosis. RCC cultured in vitro and treated 

with AGE’s might proliferate and produce IL-6 and growth factor (80). Vlassara et al. (17) 

reported an increased cytokine release from macrophages challenged with AGEs. Another 

RAGE ligand AGE-ß2 microglobulin (glycated ß2-microglobulin) caused induction of TNF-a 

release from mononuclear phagocytes (MP) isolated from patients with a history of long-term 

hemodialysis (81). This effect was prevented by the addition of sRAGE.    

The proinflammatory effects of RAGE ligands have also been shown in experiments 

in vivo. Diabetic mice infected with periodontal pathogen Porphyromonas gingivalis and 

treated with MSA (mouse serum albumin) had elevated levels of TNF-a and IL-6 compared 

with non-diabetic controls treated with MSA. In diabetic mice this effect in gingival tissue 

was minimized by sRAGE, which demonstrate that this effect was RAGE mediated (82).  

In our study we extend the knowledge on AGE effects by showing that AGEs promote 

cytokine release not only in macrophages and endothelial cells, but also in monocytes. We 

further employed another RAGE ligand S100 and hypothesized that it has the same effect 

after engagement to RAGE. 

Further, we showed that S100 might activate human monocytes to release 

proinflammatory cytokines TNF-a and IL-6 in a concentration- and time- dependent manner. 

Other authors have obtained similar data. Hofmann et al. (34) showed engagement of RAGE 

with EN-RAGE, a member of S100/calgranulin family, resulted in increased release of IL-1ß, 

TNF-α and IL-2 from blood derived human monocytes in a concentration-dependent manner. 

This effect was inhibited by adding sRAGE or anti-RAGE antibodies, which proves that this 

effect was due to ligation of EN-RAGE to RAGE. In other study with peripheral blood 

mononuclear cells (PBMCs) isolated from healthy donors and treated with S100b it was 

shown that TNF-a release was elevated in a concentration-dependent manner (83).  

To prove that RAGE is a receptor for S100, we preincubated S100 with the soluble 

form of the receptor - sRAGE. sRAGE acts by binding to its ligands, which blocks the 

interaction with endogenous membrane RAGE as it has been shown in vivo (13, 84) and in 

vitro (15, 34, 85). This leads to completely abrogation of the ligand effect. Our data on 

preincubation of S100 with sRAGE demonstrates similar results obtained by other groups and 
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showed that RAGE is the cognate receptor for S100 and elevated cytokine release is due to its 

engagement with S100. 

TNF-a and IL-6 represent the earliest cytokines, which are released from activated 

monocytes. To exclude the possibility that this effect is due to endotoxin contamination of 

S100 and consequent LPS-mediated activation of the monocytes, we deactivated S100 by 

high temperature heating and the results showed that heat inactivated S100 can not provoke 

monocytes to release cytokine. In conclusion, the data from the experiments with heat 

inactivated S100 and sRAGE suggest that observed elevation of cytokine release by 

stimulated with S100 monocytes is a robust effect of engagement of proinflammatory protein 

S100 with RAGE. 

 

7.1.2. S100 elevates the synthesis of TNF mRNA and IL6 mRNA.  

It is known that TNF-a mRNA is translated into the 26-kDa TNF-a-precursor (pro-

TNF-a) (86, 87). Before TNF-a releasing out of the cell, pro-TNF-a undergoes processing 

which facilitates membrane insertion, where it is cleaved by TNF-a-converting enzyme 

(TACE). The mature 17-kDa TNF-a is then released into the extracellular space. IL-6 is 

glycosilated before secretion in extracellular environment. These facts rose up the question 

what is the role of S100 in monocytes – to activate cytokine genes or to activate the 

processing of these cytokine proteins or their secretion. 

Examination of the promoter region of TNF-a gene showed the critical role of AP-1 

and NF-?B transcriptional factors in gene activation (88, 89). Other studies showed (90, 91) 

that IL-6 gene is regulated by a number of 5? upstream putative cis-acting elements, including 

glucocorticoid response elements, AP-1 consensus sites, a multiple response element, an NF-

IL-6 binding site and NF-?B site. Other studies showed the expression of IL-6 in monocytes 

is mainly regulated at the transcriptional level (92, 93, 94). A number of studies demonstrated 

the potential role of engaged RAGE to activate the NF-?B transcriptional factor (10, 30, 58, 

59, 63, 67) in response to different stimuli in a variety of tissues and cells. Yan et al. (10) 

reported that AGE-Alb (AGE-albumin) increases IL-6 mRNA within an hour through 

activation of NF-?B. Also, it has been shown (95) that S100ß induces IL-6 release in cultured 

neurons by activation of the IL-6 gene and further increased levels of IL-6 mRNA and this 

effect was mediated by activation of NF-?B transcription factor. 

Our Northern blot data confirmed the hypothesis that RAGE engagement with S100 

leads to an activation of TNF-a and IL-6 genes and increased elevated synthesis of TNF-a 

mRNA and IL-6 mRNA. Increased release of these cytokines was unlikely to be due to 
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activation of posttranslational processing or enabled releasing. Elevated synthesis of TNF-a 

and IL-6 mRNA showed that the effect of S100 is related to activation of these 

proinflammatory genes which is in agreement with other studies showing that ligation of 

RAGE can activate a number of proinflammatory cytokine genes (12, 17, 21, 34, 78, 79, 80, 

81, 82) or it could be a result of mRNA stabilisation. 

 

7.1.3. TNF-a elevates RAGE protein expression as a result of enhanced RAGE-gene 

activity. 

Previously studies have shown that TNF-a increases binding, accumulation and 

degradation of AGE-BSA due to up-regulated expression of AGE-receptors in human 

monocytes/ macrophages (17, 57). Also, Fiuza et al. (78) have showed that TNF-a 10 ng/ml 

increased RAGE expression in HMEC-1 cells after the first hour of treatment and the pick of 

expression was observed after 24 hours.  

We showed that from these two cytokines IL-6 and TNF-a up-regulated by S100, only 

TNF-a increased RAGE expression with maximal effect at concentration 10ng/ml (78).  

TNF-a is a protein produced by monocytes and macrophages in response to a wide 

variety of stimuli including mitogens, cytokines, bacteria, viruses and parasites.  

Engagement of TNF-a with TNFR1 (TNF-receptor1) results in the formation of a 

multiprotein signalling complex containing cytosolic adaptor proteins TNFR-associated death 

domain protein, TNFR-associated factor 2, and receptor interacting protein. These adaptor 

proteins recruit I?B kinases, which phosphorylate I?B – the inhibitory subunit of the NF-?B 

transcription factor. The phosphorylation targets degradation of I?B from NF-?B. Then, NF-

?B, free of its inhibitory subunit, is able to translocate into the nucleus where it binds to the 

promoters or enhancers of genes encoding cytokines, chemokines, adhesion molecules, 

proteases, and procoagulatory proteins involved in inflammatory and immune responses as 

well as in proliferation and apoptosis (96, 97, 98). The data of sequencing of the promoter of 

RAGE gene (31) showed the presence of three NF-?B binding elements. In this case TNF-a, 

as a proinflammatory cytokine is a candidate for RAGE gene activator. Our results of Western 

Blot analysis showed TNF-a as a factor that causes up-regulation of RAGE protein expression 

in human monocytes.  

Further, we examined what is the molecular basis of TNF-a induced, increased RAGE 

expression. The transcription factor NF-?B is involved in the regulation of a variety of genes 

participating in the inflammatory and proliferative responses of cell, and recent studies, in 

addition, strongly indicated that NF-?B is involved in the pathogenesis of atherosclerosis (99, 
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100). We examined which binding sites of transcriptional factor NF-?B in RAGE promoter 

are responsible for this effect of TNF-a. The transfection data of BAECs and RSMC (rat 

smooth muscle cells) (30) with deletion constructs of the RAGE promoter and treatment with 

LPS showed increased expression of the reporter gene in cells transfected with whole length 

promoter and the construct with the deleted third NF-?B site. Li et al. (31) suggested that the 

first and second NF-?B binding sites in RAGE promoter are functionally active. Another 

study has shown, that TNF-a as well AGEs themselves increase RAGE expression in 

endothelial cells (101). We have shown (102) that TNF-a mediated NF-?B activation could be 

suppressed in endothelial cells by thiazolidinediones - antidiabetic agents, which lead to 

reduced binding on the proximal site, with subsequently reduced RAGE-mRNA synthesis and 

RAGE protein expression. 

Our data from transient transfection analysis in U937 cells might shed more light on 

the effect of these two cytokines on the RAGE gene promoter. We created chimer DNA 

constructs each containing three repeats of the proximal (nucleotide number -692 to -673) and 

distal (nucleotide number -1,539 to -1,520) NF-?B site, cloned in the pGL3-basic vector. We 

showed in U937 cells that both NF-?B sites regulate RAGE gene activation, which is 

inducible by TNF-a, but not by IL-6. These effects of TNF-a on RAGE gene activation 

explain the up-regulation of RAGE protein expression only by TNF-a and the lack of effect of 

IL-6. There is no data about the effect of IL-6 on RAGE expression and in our work we have 

not detected such effect.  

Interleukin-6 (IL-6) is a pleiotropic cytokine, which is involved in inflammatory and 

immune response, acute phase reactions, and haematopoiesis. After binding of IL-6 to the IL-

6 receptor (IL-6R), this complex interacts with gp130 and induces disulphide-linked 

homodimerization of gp130. In this complex cytoplasmic region of IL-6R is not essential for 

transducing the IL-6 signal (103). Besides activation of STATs (104) transcription factor after 

stimulation with IL-6, it has been reported that it also activates NF-IL6 (105). Activated NF-

IL6 migrates into the nucleus and binds to type 1 IL-6RE (106).  NF-IL6 was identified as a 

nuclear factor that binds to a 14-bp palindromic sequence within an IL-1 responsive element 

within the IL-6 gene (107). In summary, engagement of IL-6R with its ligand leads to 

activation of two divergent transduction pathways and activation of two transcriptional factors 

– dimerization of STAT3/APRF and activation of NF-IL6, which bind to different IL6-RE. 

 As it is already known that the promoter of RAGE contains NF-IL6 responsive 

elements (31), but there is no data about their functional activity. Lack of the effect of IL-6 on 

the activity of RAGE gene could be a result of inactive NF-IL6 binding sites in the RAGE 
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promoter. Another possibility for the lack of an effect of IL-6 on RAGE gene activation could 

be the down-regulation of its surface receptor molecules. It has been reported that binding of 

IL-6 to its receptor resulted in a complete depletion of IL-6 surface binding sites within 30-60 

min (108, 109). Other studies showed down-regulation of IL-6R by LPS, TNF-a and IFN-? in 

monocytes and granulocytes, which suggest a negative feedback for the regulation of 

inflammatory processes (110).   

Using radioactive probing of cDNA it has been shown that IL6R mRNA is presented 

in monocytes (111, 112). Furthermore, Bauer et al. (113) have demonstrated a high expression 

level of IL-6 receptor in monocytes and monocyte-derived macrophages. The high expression 

level of IL-6 receptor in monocytes is not related with high binding activity of the receptor, as 

Bauer et al. (113) have shown through titration experiments with freshly isolated human 

monocytes. They suggested that the cells predominantly express the biologically non-

functional a-chain of the receptor. Moreover, the study investigating the effects of IL-6 on 

circulating of IL-1R antagonist and soluble TNFR p55, Tilg et al. (114) observed that freshly 

isolated human monocytes have low response to IL-6 treatment, comparing to monocyte-

derived macrophages obtained from the same donor. These studies may give an explanation 

for our observations in terms of the lack of an effect of IL-6 on RAGE promoter activity and 

RAGE protein expression in Western blots. Probably, the lack of an effect under IL-6 

stimulation is due to low binding activity of the cells. Also, the lack of the activity of IL-6 on 

RAGE promoter and RAGE protein synthesis could be explained with the protective role of 

IL-6 against autocrine self-stimulation by decreasing of IL-6R mRNA in human monocytes 

treated with IL-6 (104 U/ml), as observed by Bauer at al. (113).  

 

7.1.4. TNF-a in human monocytes increases the cells’ susceptibility toward 

proinflammatory S100 effects. 

We have shown that TNF-a elevated RAGE protein expression in human monocytes. 

Further we studied whether this influences the cells susceptibility towards proinflammatory 

S100 effects. ELISA data of IL-6 measurement after six hours treatment with TNF-a and 

afterwards with S100 for six hours, showed increased release of this cytokine. This suggests 

the role of TNF-a not only in up-regulation of RAGE protein expression but also this effect 

reflects in increased functional activity of monocytes towards the RAGE ligand S100.  
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Our work might have important pathophysiological and clinical implications for the 

high - risk population of diabetic patients. These patients exhibit increased blood AGE levels 

and enhanced RAGE expression in the vasculature. The RAGE-AGE interaction on vascular 

and endothelial cells leads to the expression of proatherogenic mediators, such as MCP-1 or 

VCAM-1, which recruit leukocytes to the site of intensive expression and this may lead to 

formation and development of lesions. Activated, monocytes by proatherogenic mediators, 

lead them to release TNF-a, which in turn increase endothelial (63) and monocytes RAGE 

expression. This may create a vicious circle that perpetuates the atherogenetic process in the 

endothelium of diabetic patients.  

 In this study we demonstrated that engagement of RAGE with its ligand S100 

enhances the proinflammatory cytokine release of IL-6 and TNF-a from human monocytes in 

time- and in a concentration-dependent manner. Further, these cytokines modulate in different 

ways RAGE promoter activation and RAGE protein expression. Enhanced RAGE expression 

leads to increased functional activity of the receptor shown by its elevated susceptibility of 

monocytes to S100 and increased IL-6 release. The experiments showed that IL-6 does not 

share the same effect on the RAGE gene as TNF-a. RAGE-gene activation and RAGE-

expression was not under control of IL-6 as the experiments have shown.  

Monocytes are involved in atherosclerotic process by two sites – secretion of pro-

inflammatory cytokines and activated migration on a site of inflammation. 

 

7.2.1. Amyloid-ß peptide is a chemoattractant for human monocytes.  

 In this study it is shown that ß-amyloid has chemoattractant properties for monocytes 

isolated from human blood. Another group (115, 116) studied the transmigration activity of 

monocytic cell lines and blood monocytes through HBMVEC (human brain-derived 

microvascular endothelial cells), treated with amyloid-ß peptide. In our experiments, we 

focused our attention on amyloid-ß peptide as a chemoattractant in conditions, which exclude 

enhanced expression of cell adhesion molecules and concomitant adhesion of monocytes as a 

result of interaction to other cells and tissues. The migration assay in a Boyden chamber, in 

difference to transmigration assay, gives the information of the chemoattractant properties of 

the agent by itself. In our study we demonstrate that amyloid-ß peptide attracts human 

monocytes and this effect was not due to additional cell-cell interaction, as previously 

observed in transmigration assays. In addition, the experiments with heat inactivated amyloid-

ß peptide show that this effect was not endotoxin mediated.  
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7.2.2. Amyloid-ß peptide activates multiple transduction pathways in monocytes. 

  

7.2.2.1. G-protein is involved in ß-amyloid activated migration in human monocytes.  

 G-protein is a trimer containing three subinuts – a, ß and ?. In non-active statement, 

they form trimers. The trimer is coupled with the G-protein coupled receptors (GPCR). The 

group of chemokine receptors belongs to GPCR. The alpha-subunit plays a role as an 

inhibitory subunit, which binding to ß? dimer and inhibits the function of G-protein. Ligand 

binding to GPCR catalyses the conformation-dependent exchange of GTP for GDP on the Ga 

subunit of heterotrimeric G-protein. This, in turn, leads to dissociation of the GTP-bound Ga 

subunit from Gß? subunit heterodimer, rendering it free to regulate the activity of enzymatic 

effectors - p110? of class IB PI3-kinases.  

 G-proteins are involved in structural cytoskeletal rearrangements in monocytes, 

observed by other authors. Floris et al. (117) reported that G-proteins are involved in the 

migration of monocytes activated by heparin sulphate proteoglycan. Also, in our lab it has 

been shown that G-proteins are involved in C-peptide stimulated migration of monocytes 

(118). Sano et al. (119) reported the role of G-proteins recruitment in terms of activated 

monocyte migration by an analogue of amyloid-ß peptide. These data give the evidence of G-

protein participation in monocyte migration. 

 Our migration experiments with incubated monocytes with the G-protein inhibitor – 

pertusiss toxin (PTX) – show reduced migration of the cells toward amyloid-ß peptide. These 

data suggest G-proteins as potential member of the activated pathway during ß-amyloid 

stimulated migration. It is known that RAGE is not a G-protein coupled receptor. In addition, 

it has been reported that amyloid-ß induced chemotaxis is mediated by activation of the 

formylpeptide receptor-2, which is a G-protein coupled receptor in brain phagocytes (120), of 

which blood monocytes are precursors. These data suggest that amyloid-ß peptide activated 

migration may not only be mediated by RAGE, but may involve other G-protein coupled 

receptors.  

 

7.2.2.2. Src family of protein Tyr-kinases is involved in migration caused by amyloid-ß 

peptide in monocytes. 

 In the present study incubation of monocytes with the selective Src tyrosine kinase 

inhibitors - PP1 and PP2 - demonstrates that Src activation is essential for amyloid-ß peptide 

mediated monocyte migration. It has been shown that Src tyrosine kinase family is involved 

in monocyte migration activated by angiotensin II (121), sE-selectin (122) and antithrombin 
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(123). Also, it has been reported (124) that protein Tyr-kinases (PTK) are involved in the 

signalling of activated RAGE. These reports and the data from our laboratory, support the 

idea of PTK as a signalling molecule involved in amyloid-ß peptide mediated migration. 

 

7.2.2.3. PI3-kinases are component of the transduction pathway activated by ß-amyloid  

 PI3-kinases regulate distinct types of cytoskeletal rearrangements. These include the 

formation of membrane ruffles and disassembly of stress fibers. 

 To examine whether PI3-kinases are involved in amyloid-ß peptide stimulated 

migration of monocytes, cells were treated with LY294002, which is a specific inhibitor of 

most PI3-kinases. It acts as a competitive inhibitor of the ATP site (126). All mammalian 

classes I, II, III PI3K members show a sensitivity to LY294002. Usually, class I is involved in 

the processes related to cytoskeletal rearrangements. Class I PI3-kinases are heterodimers 

containing a ˜ 110kDa catalytic subunit and an adaptor/regulatory subunit. In vitro class I PI3-

kinase utilize PtdIns, PtdIns (4)P and PtdIns (4,5)P2. Activation of PI3-kinases by ATP results 

in phosphorylation of these phosphoinositophosphates. Class I of PI3K is divided in two 

groups – Class IA and Class IB.  

 The regulatory p110 subunit of Class IA exists in a complex with an adaptor protein 

that has two Src –homology-2 (SH-2) domains. The adaptor subunit of Class IA exists in 

seven splice variants of three different genes p85a, p85ß and p55?. This class is dependent on 

the activation of Tyr-kinases via activation of receptors with protein Tyr-kinase activity or 

nonreceptor Tyr kinases such as Src-family or JAK kinases (125, 127).  

 Class IIB PI3K contains one catalytic subunit p110? in complex with a regulatory 

p101. p110?/p101 heterodimer is activated by the Gß? subunits of heterotrimeric G-proteins, 

and p101 is indispensable for this Gß? responsiveness (125, 127). Also, several investigators 

have reported that ligands, which activate heterotrimeric G-proteins, also activate Class IA 

PI3-kinase. This could be explained by Tyr-kinase activity, which is known to be induced by 

stimulation of heterotrimeric G-proteins. Peritoneal PI3-kinase p110?-null macrophages 

showed a reduced migration towards a wide range of chemotactic stimuli and a severely 

defective accumulation in a septic peritonitis model. These results demonstrate that PI3-

kinase p110? is a crucial signalling molecule required for macrophage accumulation in 

inflammation (128). Also, Hill et al. (129) determined that the NH2-domain of p85 is required 

for cytoskeletal changes. In summary, a number of studies have revealed the important role of 

both classes of PI3-kinases – IA and IB for cytoskeletal rearrangements. Both of them are 

activated by different upstream components – Class IA by Tyr-kinases, Class IB by GPCRs. In 
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our experiments for inhibition of migration activated by amyloid-ß peptide, it has been shown 

that this process is decreased by inhibitors for Tyr-kinases and G-protein. There is evidence 

for participation of Class I PI3-kinases in directed monocyte migration toward amyloid ß-

peptide. 

 Our results support the idea of activation of PI3-kinase during amyloid-ß peptide 

stimulated migration. Which class exactly has been activated it could not be determined 

because LY294002 is an inhibitor for both of them. These two classes are present in 

mammalians and in blood cells. It is possible that both PI3-kinases of ClassI are involved in 

cytoskeletal rearrangements after ß-amyloid treatment.  

 

7.2.2.4. p38 and ERK1/2 are involved in activated monocyte migration by amyloid-ß 

peptide.  

 Our inhibitory migration assays with the specific inhibitor of ERK 1/2, showed that in 

the presence of PD98059 the migration effect of amyloid-ß peptide is reduced, what suggests 

that ERK 1/2 is a component of transduction pathways leading to activated monocyte 

motility. In addition, Ishihara et al. (130) reported a direct binding of the RAGE C-terminus 

with the D-domain docking site of ERK1/2, which is conserved in some ERK1/2 substrates 

including MAPK-interactin kinase-1/2. They suggest the role of ERK1/2 in RAGE signalling 

through direct interaction with RAGE. A large number of studies suggest multiple signalling 

pathways activated by engagement of RAGE to their ligands (10, 33, 58, 59). The activation 

of MAPK kinases has been shown in the context of gene activation and these effects are 

resulting in long-lasting activation of transcription factors. The signals, which are related to 

polymerization of actin, formation of filopodi and migration of the cells, are fast, detectable in 

the first seconds after the stimulation and going to decrease in the first some minutes. In the 

literature describing RAGE activation, little is known about this short-lasting activation as a 

result of the receptor engagement. There is possibility that this direct binding of ERK1/2 with 

the C-terminus of RAGE provides immediately activation of ERK1/2 in the context of cell 

migration. In support, Cambien et al (131) observed ERK 1/2 phosphorylation by MCP-1-

stimulated migration in MonoMac6 cells after 5 minutes. In addition, it has been shown that 

ERK1/2 is involved in the signalling pathway of angiotensin II-activated migration in 

monocytes (121) and MCP-1-mediated transendothelial migration (131). Kintscher et al. 

(121) showed that angiotensin-induced migration in monocytes was inhibited by the p38-

MAPK inhibitor SB203580. Also, Kumar et al. (122) demonstrated that ERK 1/2 and MAPK 

kinases are involved in monocyte migration induced by sE-selectin. Our results of the 
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inhibition migration assay with the same inhibitor confirm such observations concerning 

amyloid-ß peptide induced migration in monocytes. Also, it has been reported that the 

classical monocyte chemoatractants MCP -1, -2, -3, -4-stimulated migration in human 

monocytes was mediated by activation of p38 and downstream by ERK1/2 (132). In addition, 

ERK1/2 could be positioned downstream of G-protein, according to the observations of 

Cambien et al. (131) or directly bound through the D-docking domain of ERK1/2 to the C-

terminus of RAGE.  

 This study shows that ERK1/2 and p38 could play a role in the transduction of 

migratory signals in monocytes.  
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8. Summary 
 

Activation of RAGE in human monocytes results in pro-inflammatory cytokine 

release and activated migration. 

 

 The present study shows: 

1) RAGE activation induces the expression of pro-inflammatory cytokines TNF-a and 

IL-6 in human monocytes. 

2) TNF-a enhances monocyte RAGE expression by activation of NF-?B 

transcriptional factor. 

3) Enhanced RAGE expression increases the cells susceptibility towards pro-

inflammatory RAGE activators’ effects 

 Therefore, such mechanisms may lead to a sustained, self-promoting activation of 

human monocytes, which may furnish lesion development in diabetic patients (Fig.8.1). 
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 Fig.8.1.The vicious circle of engagement of RAGE by its natural ligand S100 and activation of 

human monocytes to release proinflammatory cytokines TNF-a and IL-6. In turn on TNF-a enhances 

RAGE gene activation, elevates RAGE expression, and thus increase the susceptibility of the cells 

toward its ligand S100. IL-6 does not have effect on RAGE gene and RAGE protein expression.  

 

In addition, the data of ß-amyloid activated migration suggest: 
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4) Amyloid-ß peptide is a chemoattractant for human monocytes in vitro. 

5) Amyloid-ß peptide mediated migration involves pertussis toxin sensitive G-proteins, 

Tyr-protein kinases, recruitment of PI3-kinase and activation of MAPK kinases. 

 

 Based on inhibitory migration assays and the data known for activated transduction 

pathways in human monocytes we present on Fig. 8.2. hypothetical pathways involved in 

amyloid-ß peptide activated migration by human monocytes.  

 

 
 

Fig. 8.2. Hypothetical scheme of activated transduction pathways during amyloid-ß induced monocyte 
migration. 
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