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Summary 

Background: Diabetes Mellitus (DM) is associated with many different macro- and 

microvascular complications. Proteoglycans (PGs) are important constituents of the plasma 

membrane and of the basement membrane supporting the endothelial cell layer. Quantitative 

and qualitative DM associated modifications of the PGs are being increasingly reported and 

are proposed to play important roles in the pathogenesis of the long term diabetic 

complications. PG changes in the endothelium may affect important functions such as 

turnover of lipoproteins, filtration properties, and regulation of chemokines during 

inflammation, which are all relevant in DM. Hyperglycemia leads to an accelerated 

intracellular flux of glucose in many cells and as a consequence, generation of 

methylglyoxal (MGO) will rise. Plasma levels of MGO have shown to be elevated in 

diabetic patients. A prolonged chronic low inflammatory state is observed in DM together 

with an increase in proinflammatory cytokines like interleukin-1α  (IL-1α) and tumor 

necrosis factor-α (TNF-α). The aim of this study was to increase the understanding of the 

molecular mechanisms leading to DM related alterations in PG metabolism by studying de 

novo biosynthesis and secretion of PGs by cultured primary human endothelial cells.  

Methods: Primary human umbilical vein endothelial cells (HUVEC) were established and 

cultured in vitro. To mimic the metabolic environment of DM in vivo the HUVEC were 

cultured in medium with different concentrations of MGO (0.1, 0.25, 0.5, 1.0mM) for 24 and 

48 hours. They were also cultured for 24 hours in medium containing the proinflammatory 

cytokines IL-1α (2 ng/ml) and TNF-α (7 ng/ml). The cells were labeled with [35S]-sulfate 24 

hours before harvesting. The labeled material was purified by Sephadex G-50 fine 

chromatography and DEAE-ion exchange chromatography, and analyzed by SDS-PAGE.  

Results: The major findings in the present study revealed increased biosynthesis and 

secretion of [35S]-PGs by HUVEC when exposed to low concentrations of MGO in 24 and 

48 hours of incubation. In higher concentrations of MGO (1.0mM) the biosynthesis and 

secretion of [35S]-PGs decreased. Exposing HUVEC to the proinflammatory cytokines IL-1α 

and TNF-α led to increased biosynthesis and secretion of [35S]-PGs with no change in the 

ratio of heparan sulfate/chondroitin sulfate glycosaminoglycans. 
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Conclusions: The results presented in our study suggest that hyperglycemic conditions, 

using MGO, and inflammatory conditions, using IL-1α and TNF-α, both lead to altered 

[35S]-PG expression by HUVEC in vitro.  
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1. Abbreviations 

AGE Advanced glycation end product 

BAEC Bovine aortic endothelial cells 

BCA Bicinchoninic acid 

BM Basement membrane 

BSA Bovine serum albumin 

cABC Chondroitin ABC lyase 

CML-BSA Carboxy-methyl lysine bovine serum albumin 

CS Chondroitin sulfate 

DAG Diacylglycerol 

DCCT Diabetes Control and Complications Trial 

DEAE Dietylaminoetyl 

DM Diabetes Mellitus 

DMSO Dimethyl sulfoxide 

DS Dermatan sulfate 

EC Endothelial cells 

ECM Extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 

EGF Epidermal growth factor 

FBS Fetal bovine serum 

FGF Fibroblast growth factor 

GADPH Glycolytic enzyme glyceraldehyde phosphate dehydrogenase 

GAG Glycosaminoglycan 

GalNAc N-acetyl galactosamine 

GFAT Glutamine fructose-6-phosphate amidotransferase 

GlcA Glucuronic acid 

GlcN6P Glucosamine -6-phosphate 

GlcNAc N-acetylglucosamine 

GLUT Glucose transporter 

GSH Glutathione 

HAEC Human aorta endothelial cells 

HbA1c Glycated hemoglobin A1c 
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HG High glucose 

HS Heparan sulfate 

HSPG Heparan sulfate proteoglycan 

HUVEC Human umbilical vein endothelial cells 

IdoA Iduronic acid 

IL-1 Interleukin-1 

KS  Keratan sulfate 

LDL Low-density lipoprotein 

MDCK Madin Darby Canine Kidney 

MGO  Methylglyoxal 

MMP Matrix metalloproteinases 

NAD+ Nicotinamide adenine dinucleotide 

NADPH Nicotinamide adenine dinucleotide phosphate 

NDST N-deacetylase-N-sulfotransferases 

NFκB Nuclear factor-κB 

NO Nitric oxide 

oxLDL Oxidized low density lipoprotein 

PAPS Phosphoadenosine 5’phosphosulfate 

PBS Phosphate Buffered Saline 

PG Proteoglycan 

PKC Protein kinase c 

RAGE Receptor for AGE 

ROS Reactive oxygen species 

SD Standard deviation 

SDS Sodium Dodecyl Sulfate 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SOD Superoxide dismutase 

TNF Tumor necrosis factor 

UDP Uridine diphosphate 

UKPDS United Kingdom Prospective Diabetes Study 
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2. Introduction 

2.1 Diabetes Mellitus 

Diabetes Mellitus (DM) is a progressive metabolic disease characterized by chronic 

hyperglycemia caused by a relative or absolute insulin deficiency. The World Health 

Organization, WHO, recognizes three main forms of DM: type I, type II, and gestational 

DM, which have similar signs, symptoms, and consequences, but different causes and 

population distributions (1). 

Type I is usually due to autoimmune destruction of the pancreatic beta cells which produce 

insulin. Type II DM is caused by a combination of resistance to insulin action and an 

inadequate compensatory insulin secretion response. The cells of the liver, muscle and 

adipose tissue become less sensitive to insulin which causes insulin resistance. To 

compensate, the pancreas initially increases the secretion of insulin. After a period of months 

to years the increased workload exhausts the pancreatic β-cells, and insulin production 

declines. The result is a relative insulin deficiency, known as type II DM (2). Gestational 

DM is similar to type II DM, in that it involves insulin resistance; the hormones of 

pregnancy cause insulin resistance in those women genetically predisposed to developing 

this condition. Gestational DM typically resolves with delivery. 

Types I and II are chronic conditions that have been treatable since insulin became medically 

available in 1921. Today they are usually managed with a combination of dietary treatment, 

tablets (in type II) and frequently insulin supplementation.  

There is a worldwide increase in the incidence of DM type I and type II (3;4). An estimated 

number of 171 million people are diagnosed with DM worldwide. This number is expected 

to rise to at least 334 millions by 2025, where most cases will be of type II DM (5). In 

Norway there are approximately 120-130.000 people diagnosed with DM types I and II (6). 

Almost as many may have undiagnosed DM II, but these numbers are at present uncertain 

(7). The major part, approximately 105-110.000, suffer from DM type II, whereas 20-25 000 

have DM type I (6). 

 

http://en.wikipedia.org/wiki/World_Health_Organization�
http://en.wikipedia.org/wiki/World_Health_Organization�
http://en.wikipedia.org/wiki/Diabetes_mellitus_type_1�
http://en.wikipedia.org/wiki/Diabetes_mellitus_type_2�
http://en.wikipedia.org/wiki/Gestational_diabetes�
http://en.wikipedia.org/wiki/Gestational_diabetes�
http://en.wikipedia.org/wiki/Autoimmune_disease�
http://en.wikipedia.org/wiki/Pancreas�
http://en.wikipedia.org/wiki/Beta_cell�
http://en.wikipedia.org/wiki/Insulin�
http://en.wikipedia.org/wiki/Insulin�
http://en.wikipedia.org/wiki/Diet_%28nutrition%29�
http://en.wikipedia.org/wiki/Anti-diabetic_drug�
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Both genetic predisposition factors and certain lifestyle behaviors contribute to the 

development of type II DM. The genetics of this type of DM are complex and not clearly 

defined but is the subject of many ongoing studies. Lifestyle factors have therefore received 

increasing attention in the treatment and prevention of DM II (8). These factors include 

sedentary lifestyle, rapid acculturation to Western lifestyles with the increasing preference 

for diets rich in both fat and carbohydrates and  high rates of both pediatric and adult obesity 

(9;10). 

DM is becoming one of the major public health problems and a great proportion of the 

healthcare expenditure is spent on the treatment of its associated morbidity and mortality 

(9;11;12). It has been estimated that the life-time medical costs for patients with DM are 

more than double those without the disease (13). In addition, individuals with DM 

experience a lower quality of life with elevated risk for morbidity and premature mortality 

compared to non-diabetics. Prevention of development of DM II and long term 

complications in DM I and DM II will decrease the worldwide economical burden of this 

disease as well as the suffering of the diabetic individual. 

Long-term complications such as increased risk of cardiovascular events and microvascular 

complications contribute greatly to the morbidity and mortality in DM. Cardiovascular 

disease is a major pathologic process that leads to morbidity and mortality in DM. Diabetic 

persons have a two- to threefold increased risk of clinical atherosclerotic disease including 

coronary artery disease, stroke and peripheral artery disease (14;15). In addition to obesity, 

hypercholesterolemia and hypertension, studies show that hyperglycemia and elevated levels 

of advanced glycation end products (AGE) contribute to the accelerated atherosclerotic 

process in DM (16-18). Microvascular complications are associated with elevated organ 

blood flow, increased vascular permeability and abnormal platelet and endothelial function. 

A prominent process of the diabetic microangiopathy is thickening of the capillary basement 

membranes (BM) which affects the small blood vessels, such as those supplying the retina, 

nerves and kidneys (19). Two landmark studies, the Diabetes Control and Complications 

Trial (DCCT) and the United Kingdom Prospective Diabetes Study (UKPDS), showed that 

intensive control of hyperglycemia can reduce the occurrence of progressive retinopathy, 

neuropathy and nephropathy in persons with type I and type II DM, respectively (20;21).  
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To prevent long-term diabetic complications, one important goal of treatment in DM is 

maintaining a fasting blood glucose concentration between 4-7mM and to avoid a 

postprandial blood glucose concentration above 10mM. Glycation of proteins are 

concentration dependent, non-enzymatic reactions that occur when proteins are exposed to 

glucose. Long lived proteins are more prone to be glycated as they are exposed to glucose 

for a longer period of time. The mean lifespan of erythrocytes in non-diabetic males are 117 

days, and about 11 days less in females. Glycated hemoglobin A1c (HbA1c) is hemoglobin 

with glucose covalently attached to the N-terminal valine and sometimes other NH2-groups. 

Glycating occurs during the whole lifetime of the erythrocytes. The extent of glycation is 

expressed as a percentage of total HbA and reflects the average blood glucose values of the 

last 6-8 weeks (22). In a non-diabetic person the HbA1c level reaches a steady state between 

3,0 % - 6,5 %  and for a diabetic subject the goal for general treatment is to obtain a level of 

HbA1c below 7,5 % (22). 
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2.2 Endothelial cells 

Endothelial cells (ECs) are flat cells that line the inner surface of blood and lymphatic 

vessels. Intercellular junctions make overlapping regions between the ECs and seal the 

vessel forming an interface between the circulating blood in the lumen and the rest of the 

vessel wall (Figure 2.1). ECs play important roles in the development and remodeling of 

vasculature, maintenance of vascular tone, blood fluidity, coagulation, nutrient exchange, 

and organ development (23;24). They are also important in a series of processes such as 

inflammation, cancer cell metastasis and in the formation of atheromas. It has been shown 

that ECs from different blood vessels and microvascular ECs from different tissues have 

distinct and characteristic profiles of gene and protein expressions (23). Extracellular matrix 

(ECM) interactions with ECs maintain cell survival and support angiogenesis driven by 

vascular endothelial-derived growth factor and other angiogenic factors. 

 

Figure 2.1 The vessel wall, containing three concentric tunics. The innermost tunic is tunica 
intima containing the endothelium with the underlying subendothelial connective tissue. The middle 
layer, tunica media, is composed primarily of smooth muscle fibers, and the outermost layer is 
composed primarily of connective tissue fibers. Taken from: 
http://en.wikipedia.org/wiki/Image:Anatomy_artery.png 

http://en.wikipedia.org/wiki/Image:Anatomy_artery.png�
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2.2.1 The vascular wall in diabetes 
In DM the endothelium is the prime organ to be exposed to hyperglycemia. Chronic 

hyperglycemia has been identified as the primary causal factor in the development of DM 

complications (20;21) and may be responsible for impairment of significant functions of the 

endothelium.  

Central features of diabetic vascular complications are exaggerated proliferation of 

endothelium and thickening of the BM, which result in narrowing and stiffening of the blood 

vessel lumen. This leads to a progressive obstruction of the luminal area in both small and 

large vessels (25). Mechanisms causing this involve increased hyperglycemia-induced 

changes in arterial BM and ECM components including intra- and intermolecular cross 

linking of long-lived proteins. The pathological cross-link formation leads to increased 

stiffness of proteins, hence impeding function as well as increasing resistance to turnover 

through proteolytic processes (26).  

The matrix metalloproteinases (MMPs) are a class of proteinases that regulate the ECM 

metabolism by selectively catalyzing the hydrolysis of ECM proteins. There is increasing 

evidence supporting a role of MMPs and their inhibitors in the atherosclerotic process (27), 

and it has been shown that hyperglycemia changes the MMP expression and activity (28).  

Hyperglycemia may also cause glycation of circulating low-density lipoproteins (LDLs) 

leading to both functional alterations in LDL clearance, and increased susceptibility to 

oxidative modifications (17). Modified LDL is not recognized by LDL receptors, but is 

instead taken up by scavenger receptors of macrophages in the intima of the vascular wall. 

The process of uptake by scavenger receptors is presumably intended to remove the 

occasional “damaged” particles, but when the numbers of such particles increases beyond a 

certain level, the process becomes pathological. It contributes to the process of 

atherosclerosis with deposition of fatty material in the arterial wall leading to inflammatory 

processes and the formation of an atherosclerotic plaque. 
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2.3 Endothelial dysfunction associated with hyperglycemia 

It has been clearly demonstrated that chronic hyperglycemia is the main contributing factor 

in the development of DM complications (20;21) and may be responsible for many of the 

observed changes of the endothelium.  

2.3.1 Glucose induced derangement of different metabolic pathways 
Four molecular pathways have been implicated as the main mechanisms in glucose-mediated 

vascular damage as can be seen in Figure 2.2. Elevated flux of glucose through the 

glycolysis will lead to elevated flux through these four molecular pathways. In addition,  

overproduction of superoxide partially inhibits the glycolytic enzyme glyceraldehyde 

phosphate dehydrogenase (GADPH), thereby further diverting upstream metabolites from 

glycolysis into the four major glucose driven signaling pathways that cause hyperglycemic 

damage (29).  

 

Figure 2.2 Four major molecular mechanisms have been implicated in glucose-mediated 
vascular damage through mitochondrial superoxide overproduction. These include increased  
flux through the polyol, the hexosamine, the protein kinase c, and the AGE pathway. Taken from 
Brownlee et al (29). 
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Increased polyol pathway flux 
High glucose (HG) concentrations in non-insulin-dependent tissues can affect the aldose 

reductase pathway (30).  This pathway is only activated when intracellular glucose 

concentrations rise to hyperglycemic levels (31) and result in increased enzymatic 

conversion of glucose to sorbitol. In this process the aldose reductase consumes the cofactor 

nicotinamide adenine dinucleotide phosphate (NADPH). Sorbitol is then oxidized to fructose 

by the enzyme sorbitol dehydrogenase, with nicotinamide adenine dinucleotide (NAD+) 

being reduced to NADH (29). 

A number of mechanisms have been proposed to explain the potential detrimental effects of 

hyperglycemia-induced increase in polyol pathway flux. These include reduction of glucose 

to sorbitol, which leads to consumption of NADPH. As the recycling of the powerful 

antioxidant glutathione (GSH) depends on NADPH supplies, this could promote intracellular 

oxidative stress (29;32;33). In addition, oxidation of sorbitol by NAD+ increases the 

cytosolic NADH/NAD+ ratio, thereby inhibiting activity of GADPH, which again leads to 

increased concentrations of triose phosphates. Raised triose phosphate concentrations could 

increase formation of both methylglyoxal (MGO), a precursor of AGE, and diacylglycerol 

(DAG) (29).  

Activation of protein kinase C 
DAG and protein kinase C (PKC) are critical intracellular signaling molecules that can 

regulate many vascular functions. Intracellular hyperglycemia can increase the amounts of 

DAG (31), a strong activator for PKC. Hyperglycemia can also activate PKC indirectly 

through both ligation of AGE receptors and increased activity of the polyol pathway (29;32). 

Activation of PKC has a number of pathogenic consequences. Activation of PKC in blood 

vessels can produce vascular damage which includes increased permeability, nitric oxide 

(NO) dysregulation, increased leukocyte adhesion, and alterations in blood flow (31). 

Activation of PKC may also be involved in the induction of growth factor expression and 

signaling. In addition, PKC activation can impact other signaling pathways such as those 

using mitogen-activated protein kinase or nuclear transcription factor.  

PKC are activated in cultured vascular cells exposed to HG and vascular tissues isolated 

from animal models of DM (34). The elevation of DAG and the subsequent activation of 
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PKC in the vasculature has been shown in  diabetic dogs to be maintained chronically (35). 

Increased flux through the hexosamine pathway 
The hexosamine pathway is initiated by the conversion of fructose-6-phosphate to 

glucosamine-6-phosphate (GlcN6P) by the enzyme glutamine fructose-6-phosphate 

amidotransferase (GFAT). GlcN6P is then converted to N-acetylglucosamine-1,6-phosphate 

and thereafter to uridine diphosphate (UDP)-GlcNAc. UDP-GlcNAc is an important 

precursor in the biosynthesis of glycoproteins and proteoglycans (PGs) (29). 

UDP-GlcNAc is also a substrate for O-linked glycosylation of serine and threonine residues 

of transcription factors. Several transcription factors can either be phosphorylated or 

substituted with GlcNAc at the same serine and threonine residues (32).  

Increased intracellular formation of advanced glycation end-products 
Hyperglycemia and elevated oxidative stress in DM leads to increased rates in the generation 

of AGE (36). AGEs are formed both inside and outside of cells and can accumulate in the 

vessel wall. The amount of AGE accumulation is dependent on degree of hyperglycemia, the 

different cells abilities to transport glucose into the cells, the degree of AGE degradation in 

the liver and the secretion of AGEs in the kidneys. 

The formation of AGEs involves a chain of non-enzymatical chemical reactions collectively 

called the Maillard Reaction. This reaction starts with a covalent, spontaneous addition of 

reducing sugars to amino groups in proteins, lipids, and nucleic acids forming Schiff bases. 

Shiff bases spontaneously rearrange themselves into Amadori products. If the half-life of a 

protein is sufficiently long it will over a period of weeks, after rearrangement of Amadori 

products, be further dehydrated and condensated  and turn into AGEs (37).  

AGEs can also arise from intracellular auto-oxidation, called glucoxidation, of glucose to 

glyoxal, decomposition of the Amadori product to 3-deoxyglucosone, and fragmentation of 

glyceraldehyde-3-phosphate and dihydroxyacetone phosphate to MGO. These are potent 

glycating agents of intracellular and extracellular proteins, nucleotides and basic 

phospholipids (38).  

Progressive AGE accumulations have been reported in relation to diabetic complications, 
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atherosclerotic lesions and aging (39). AGE modified molecules will have altered functions 

both in intracellular and extracellular locations. AGEs can alter the structural integrity of the 

vessel wall and affect the production of NO and vascular endothelial growth factor levels 

such as in the retina (31). 

AGEs can induce irreversible intra-or inter-molecular crosslinking. Proteins affected by this 

process are usually long-lived, such as collagen, hemoglobin (forming HbA1c) and lipids. 

AGEs play significant roles in the turnover of the ECM and BM. AGEs inhibit a normal 

network formation by type IV collagen and decrease heparan sulfate proteoglycan (HSPG) 

binding by vitronectin and laminin in DM (19). LDL, like most plasma proteins, are 

susceptible to AGE modification. Glycation and AGE modification of LDL is associated 

with free radical production, resulting in the formation of oxidized LDL (oxLDL) (37). 

OxLDL play a prominent part in the atherosclerotic process (40). 

In addition, AGE may interact with receptor for AGE (RAGE). RAGE is a multiligand 

member of the immunoglobulin super family and is expressed on the surface of a variety of 

cell types, including ECs, smooth muscle cells and monocytes (41). This interaction induces 

receptor mediated production of reactive oxygen species (ROS) and leads to the activation of 

the transcription factor nuclear factor-kB (NFkB) (17). Activation of NFkB causes 

pathological changes in gene expression involved in the inflammatory response, such as 

increased expression of cytokines, growth factors and NO (42).  
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2.3.2 Methylglyoxal 
MGO (C3H4O2) is a highly reactive α-oxoaldehyde that is formed in cells primarily from the 

triose phosphate intermediates of glycolysis, dihydroxyacetone phosphate and glycealdehyde 

3-phosphate (41;43) as shown in Figure 2.3. Other minor sources of MGO include its 

formation in the ketone body metabolism from acetone, the cleavage of Amadori products, 

and the oxidation of aminoacetone formed in the catabolism of threonine (44). 

 

Figure 2.3 Metabolic origins of MGO. NE, nonenzymatic ; TPI, triosephosphate isomerase; SSAO, 
semicarbazide-sensitive amine oxidase; MP, myeloperoxidase; P450, ethanol-inducible cytochrome 
P450-2E1. Taken from Vander Jagt DL (45).  

In hyperglycemia, increased uptake of glucose of predominantly glucose transporter 

molecule 1 (GLUT 1) in ECs leads to cytosolic hyperglycemia and enhanced production of 

MGO. Plasma levels of MGO has shown to increase significantly in diabetic patients 

compared with normal subjects (46-49). 

MGO is converted and detoxified by the glyoxalase system. However, depletion of GSH, as 

observed in settings of oxidative stress in DM, suppresses activity of glyoxalase I and lead to 

enhanced accumulation of MGO and MGO derived AGEs (50;51). Overproduction of 

superoxide by mithochondria is the major mechanism by which hyperglycemia increases 

intracellular MGO (29).In one study, the increase of MGO was less marked inside cells than 

in ECM and plasma, an effect attributed to the presence of cellular glyoxalase activity (51). 

MGO forms adducts with amino groups of proteins, nucleic acids and phopholipids up to 

10.000 times more readily than does glucose (52). Nonenzymatic protein modifications by 
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MGO include lysine and arginine adducts as well as formation of arginine-lysine and lysine-

lysine cross links (50). MGO has shown to be a potent inducer of tyrosine phosphorylation 

and to induce aggregation of a number of cellular proteins (53). The surface sheath network 

of type 4 collagen in blood vessels binds integrins of vascular ECs, anchoring and sustaining 

the vascular endothelium. These integrin binding sites are potential targets for MGO 

modification which will lead to impairment of ECM attachment, viability and angiogenic 

activity of ECs in vitro. Supporting data from in vivo studies suggest that this contributes to 

impairment of the vasculature on DM (54). 

MGO is not directly related to HbA1c probably because MGO formation is increased in both 

fasting and postprandial hyperglycemia and influenced by other factors than hyperglycemia, 

like low GADPH and glyoxalase I activity. MGO has been demonstrated to be a parameter 

characterized by high sensitivity to glycemic fluctuation (44). Because there is increasing 

evidence that glycemic fluctuation is a prime risk factor for the development of vascular 

complications, together with HbA1c, this parameter might be very useful in the prediction of 

late complications in DM.  

Increased formation of  MGO, caused by hyperglycemia and oxidative stress, is thought to 

modify tissue proteins and thereby contribute to the development of tissue lesions and other 

diseases related to DM (39). Studies of the effects of MGO on human ECs are therefore 

relevant to the discussions of hyperglycemia and endothelial dysfunctions. 
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2.4 Proteoglycans 

PGs are some of the largest and most complex molecular structures in mammalian cells (55). 

PGs are produced by all cell types and different tissues express PGs with specialized 

biological functions. They are composed of a core protein with covalently attached 

carbohydrate chains called glycosaminoglycans (GAG). GAGs are long, unbranched, 

heteropolysaccharide chains generally composed of a repeating disaccharide unit. They may 

each be composed of more than 100 monosaccharides that extend out from the core protein 

and remain separated from each other because of charge repulsion. The amino sugars contain 

carboxyl groups that are negatively charged at physiologic pH and, together with sulfate 

groups and the uronic acid component they give the GAGs their strongly negative nature. 

The GAG is the most negative charged molecule in the human body (55). All of the GAGs, 

except hyaluronic acid, are found covalently attached to a protein core. 

2.4.1 Synthesis 
The building blocks for GAG synthesis, monosaccarides and sulfate, are taken up by the 

cells through specialized transporter complexes in the plasma membrane. Sugars and sulfate 

are then activated by nucleotide consumption in the cytosol to form UDP-sugars and 3’-

phosphoadenosine 5’phosphosulfate (PAPS), respectively. The UDP sugars and PAPS are 

then transported into the ER and Golgi lumens. Carbohydrate chain formation is initiated by 

transfer of a xylose from UDP-xylose to the hydroxyl group of specific serine residues on 

the core protein, catalyzed by the action of xylosyltransferase (56;57). Two galactose units 

are transferred from UDP-galactose and linked to the xylose molecule, and the last member 

of the linker unit, the glucuronic acid  (GlcA), is transferred from a UDP-GlcA.  

After completion of the linker tetrasaccharide (see Figure 2.4), the addition of the fifth 

saccharide determines whether the GAG chain becomes chondroitin sulfate (CS)/dermatan 

sulfate (DS) or heparan sulfate (HS)/Heparin. This sugar is N-acetylglucosamine (GlcNAc) 

in the case of HS/heparin, and N-acetyl galactosamine (GalNAc) in the case of CS/DS. The 

extent of the epimerization of GlcA to iduronic acid (IdoA) and the sufation pattern of the 

disaccharide units, distinguish CS from DS, and heparin from HS. In keratan sulfate (KS) the 

GAG chains are linked to their core proteins either through GlcNAc-aspargine or GalNAc-

serine/threonine linkages. In addition a galactose rather than uronic acid is present. The 



 

 

27

polysaccharide chains are elongated by the sequential addition of alternating acidic and 

amino sugars (A and B in Figure 2.4), donated by their UDP-derivatives.  

Hyaluronic acid is a major GAG not bound to a protein core assumed to be synthesized at 

the cell surface (56;57).  It is composed of GlcA and GlcNac which are not sulfated.  

Xylose

O=C

H–C—CH2—O

NH

Galactose Galactose Glucuronic
acid A B

n
GAGTetrasaccharide linker

Protein core

 

Figure 2.4. Structure of a GAG linkage to a serine group of the protein core in PGs.  A PG is a 
serine-rich protein decorated with O-linked GAG chains. The figure shows how GAG (green) is 
linked to a serine group of the core protein (red) via the linker tetrasaccharide (yellow). A= GlcNAc 
or GalNAc, B= GlcA or IdoA. 

Sulfation of the carbohydrate chain is an important feature of the PG synthesis and 

contributes to the negative charge of the GAG. N-deacetylase-N-sulfotransferases (NDSTs) 

are key enzymes that catalyze both N-deacetylation and N-sulfation of the HS-GAG (56;58). 

NDST removes acetyl-groups on GlcNAc residues, generating free amino groups, which are 

then sulfated through the N-sulfotransferase activity. This can be followed by C5 

epimerization of GlcA to IdoA units, and finally by O-sulfation at various positions (58). 

2.4.2 Functions 
ECs and smooth muscle cells are the main producers of PGs localized in the arterial wall, 

such as perlecan, versican, syndecan, decorin, glypican, biglycan, serglycin and hyaluronic 

acid (59;60). After synthesis, PGs are transported from the Golgi to their destinations: the 

ECM, the cell surface or intracellular organelles (57). In the endothelium, PGs are found on 

the cell surface, in the underlying BMs and in the ECM in association with other matrix 

proteins such as collagen type IV, laminin, and fibronectin (55). As essential components of 

the ECM, PGs play important roles in mediating cell-cell interactions.  

The structural complexity and variability influences the many biological functions of the 

PGs. They are involved in the control of processes like tissue repair, cell adhesion, 
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chemoattraction, matrix assembly, lipoprotein metabolism and glomerular filtration (55;61-

63). PGs are important components of vascular tissue, influencing arterial properties such as 

viscoelasticity, hemostasis and thrombosis. 

The PGs have unique properties due to their highly sulfated and negatively charged GAG 

chains. Particular sulfation patterns in the GAG chains allow interactions, normally of ionic 

nature, with growth factors, including fibroblast growth factors (FGFs), mediating their 

binding to specific cell-surface receptors (60;64).  

The majority of PGs synthesized by the ECs are HSPGs. Cell surface HSPGs have been 

shown to be important for extravasation of immune cells during inflammatory reactions as 

they represent chemokines on the apical surface of the ECs (65). They are also important for 

lipoprotein turnover, as they present lipoprotein lipase to achieve modulation of circulating 

lipoproteins. The importance of HSPG in relation to oxidative stress is also evident as these 

molecules bind and regulate the activity of superoxide dismutase (SOD), which contributes 

to scavenging of reactive oxygen radicals (62). 

2.4.3 Proteoglycans and diabetic complications 
Quantitative and qualitative DM associated modifications of the GAGs are being 

increasingly reported and are proposed to play an important role in the pathogenesis of long-

term complications of DM. In the diabetic state, it has been shown that the biosynthesis and 

sulfation of HSPGs can be decreased (66;67). HSPG is an important component of the 

anionic glomerular filtration barrier of the kidney. Reduced amounts and structural 

alterations of HSPG is shown to contribute to the glomerular dysfunction of DM 

nephropathy (66;68). The functions of several important matrix components like type IV 

collagen, laminin and HSPG are altered by AGE formation (19). Altered levels of GAG in 

the arterial wall has been reported both in DM and in atherosclerotic lesions, suggesting a 

link between DM and the accelerated atherosclerotic process observed in DM (69).  
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Proteoglycans and atherosclerosis 
Little is known about mechanisms of accelerated atherosclerosis development that result 

from DM-associated hyperglycemia and few studies have examined processes operative at 

the level of the artery wall that may provide a link between the two. Potentially important 

hyperglycemia-sensitive targets in the vessel wall are HSPGs that have been proposed to 

play a part in atherosclerosis by several mechanisms (70-72). Located between the blood 

stream and the endothelium, the PG containing glycocalyx is a determinant for vascular 

permeability, interaction with blood cells, immune response and signaling. The systemic 

glycocalyx volume has shown to be reduced in type I DM (73).  

Hyperglycemia leads to glycation of collagen and formation of collagen complexes, which 

leads to thickening of the BMs in DM (74). In addition, the PGs of the BM have been shown 

to be changed in DM. A change in the matrix components will lead to a less well 

organization of the BM which again will lead to a thickening of this.  The decreased 

sulfation observed in DM leads to weaker linkages to other matrix components, and the 

network in the BM will further lose its proper organization (74). It has been shown that 

exposing cultured human aorta endothelial cells (HAEC) and bovine aortic endothelial cells 

(BAEC) to HG, results in a structural modification of the HSPG perlecan, which is a 

prominent component of the endothelial BM (67). 

Because ECM is the initial site of lipid accumulation in atherosclerosis, effects of HG on the 

ECM is important in the atherosclerotic development. PGs role in this process is partly due 

to their property of interacting with lipoproteins (LP) which contribute to both extracellular 

and intracellular lipid accumulation in the arterial wall. Via ionic interactions, PGs bind 

lipoproteins that have passed the endothelial monolayer leading to retention of lipids in the 

ECM (75). In addition, binding to PGs promotes easier oxidation of the lipoproteins, 

especially for LDL (75;76). Oxidation of LDL is also increased by AGEs and as a result of 

oxidative stress caused by hyperglycemia. oxLDL and PG-lipoprotein complexes are taken 

up by the scavenger receptors of macrophages in a higher degree than unmodified LDL. 

Macrophages that take up loads of lipids and accumulates them are called foam cells. In 

atheromas large amounts of foam cells have been detected. 
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Proteoglycans and inflammation 
Atherosclerosis is considered in part to be a consequence of chronic low-grade inflammation 

seen in DM (10;74;77;78). Inflammation is an important feature of plaque initiation, 

progression, and thrombosis. Recruitment of leukocytes from the circulation to the site of 

tissue injury is essential for effective immune responses. HSPGs are required for several 

stages of this entry process. In response to proinflammatory stimuli from cytokines, such as 

interleukin-1α (IL-1α) and tumor necrosis factor-α (TNF-α), the ECs can increase the 

expression of specific adhesion molecules and produce chemotactic polypeptides known as 

chemokines (79;80). Chemokines have GAG binding sites and will bind to and be presented 

by endothelial HS as illustrated in Figure 2.5. In this way they will induce adhesion of 

passing leukocytes. In addition to chemokines, many signaling molecules such as growth 

factors and cytokines bind to HSPGs present on the EC surface. PGs are thought to act as co-

receptors for these molecules (65).  

 

Figure 2.5  Role of HS in leukocyte entry into sites of inflammation. In response to inflammatory 
stimuli from cytokines, ECs and resident macrophages in the vascular wall produce both chemokines 
that attract leukocytes into tissues and cytokines that trigger the display of preformed P-selectin on 
the luminal surface of ECs. Endothelial HSPG act as coreseptors for chemokines. ICAM, 
intercellular adhesion molecule; PSGL, P-selectin glycoprotein ligand-1.Taken from Parish 2005 
(65).  
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The endothelial glycocalyx is a network of membrane-bound PGs and glycoproteins 

covering the endothelium luminally which has shown to be reduced in type I DM (73).  It 

has also been found an inverse relation between glycocalyx thickness and intima-media 

ratio, reflecting a reduction of vasculoprotective capacity of the endothelial glycocalyx at 

sites with higher atherogenic risk (60). In addition, inflammation induces shedding of 

venular glycocalyx components (81). Loss of glycocalyx results in shedding of endogenous 

protective enzymes, such as extracellular SOD (60), and increases the oxidative stress on 

ECs.  

Modified forms of LDL, particularly AGE-LDL and oxLDL, are generated in greater 

amounts in diabetic patients. These modified LDL molecules can activate or potentiate the 

activation of ECs, macrophages, T lymphocytes, and smooth muscle cells. The activation of 

these cells results in over expression of membrane molecules (e.g. cell adhesion molecules 

on ECs) and in the release of proinflammatory cytokines, thus initiating the self-perpetuating 

activation circuits characteristic of inflammation (37).  

Cytokines are important products and effectors of the inflammatory and immune system 

(82). When they are produced locally in the inflamed plaques, as frequently seen in patients 

with not well controlled DM, they exert prothrombotic effects on ECs. They may increase 

directly capillary permeability and cause oxidative stress and endothelial dysfunction, 

further aggravating the atherosclerotic process. It has been shown that type I DM is 

associated with increased cytokine-mediated inflammation (83).  

The cytokines IL-1α and TNF-α can be produced by virtually any cell, but macrophages are 

the major source of these cytokines (84). IL-1α and TNF-α have similar effector profiles and 

initiate nonspecific proinflammatory responses such as the activation of endothelium and 

mononuclear inflammatory cells. They also induce acute-phase reactant synthesis by the 

liver. It has been shown that hyperglycemia induces the expression of TNF-α and IL-1 in 

monocytes (78). Human diabetic monocytes have also shown to have elevated NFκB activity 

which again will lead to expression of proinflammatory cytokines. Elevated levels of IL-1α 

and TNF-α has been measured in persons with DM (85-88). 

The effects of inflammation on PG expression in the endothelium has been studied to a 

limited extent. It is therefore of interest to investigate the effects of inflammatory signal 

molecules on e.g. ECs in vitro.
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2.5 Experiments 

2.5.1 Human umbilical vein endothelial cells 
The culture of human umbilical vein endothelial cells (HUVEC) was first reported by Jaffe 

et al. (89). The culture of EC has permitted the direct study of several important endothelial 

functions (24). Umbilical veins are probably the most widely used source for primary human 

EC, since they are more easily available than EC from many other vessels.  

HUVEC have been used to study a range of important pathophysiological processes, 

including immune-endothelial interactions, endothelial dysfunction related to atheroma 

formation and tumor metastasis (90). Since our research group is located close to the 

division of gynecology at Rikshospitalet in Oslo, we frequently have access to umbilical 

cords through our collaborators at the hospital. 
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3. Aims 

It is important to gain a better understanding of the patophysiologic complications seen in 

DM to be able to prevent and treat these in a large group of patients that consume large 

amounts of economic and human resources (9;11;12). The understanding of the etiology and 

pathology of DM is steadily increasing. However, our understanding of the basis of several 

of the distinct features of the diabetic state are still poorly defined at the molecular level. 

DM is associated with many different macro- and microvascular complications. PGs are 

important components of vascular tissue, influencing arterial properties as viscoelasticity, 

permeability, lipid metabolism, cell adhesion, proliferation, hemostasis, and thrombosis (91). 

PG structure and composition are altered in atherosclerotic lesions compared with adjacent 

normal regions in the artery wall, and this is even more evident in DM (69;76).  

Inflammatory processes are assumed to take important parts of initiation and development of 

atherosclerosis. A state of chronic low-grade inflammation is seen in DM (78). PGs play 

important parts of several stages of the inflammatory processes. These include the 

presentation of chemokines at the EC surface, in the rolling, attachment and extravasation of 

leukocytes into the sites of injury, and in retention of lipoproteins in the ECM.  

Quantitative and qualitative DM associated modifications of the PGs are being increasingly 

reported and are proposed to play important roles in the pathogenesis of the late diabetic 

complications (66;69;92). Changes in the amounts or structures of PGs in the endothelium 

may affect important functions such as turnover of lipoproteins, filtration properties, and 

regulation of chemokines during inflammation, which are all relevant in DM. Studies have 

shown that exposing primary HUVEC to hyperglycemia decreases PG expression (92). 

Hyperglycemia leads to an accelerated intracellular flux of glucose in many cells. As a 

consequence generation of MGO rise. MGO is shown to be elevated in diabetic patients (46-

49). A prolonged chronic low inflammatory state is observed in DM where proinflammatory 

cytokines play prominent roles. Elevated levels of IL-1α and TNF-α has been measured in 

persons with DM  (85-88). The purpose of this study was to investigate if hyperglycemic and 

inflammatory conditions associated with DM would lead to altered PG synthesis and 

secretion by cultured primary ECs. 
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Specific aims of the study: 

I) To study the biological effects of MGO on primary human endothelial cells. 

• Effects of MGO on the proliferation of the HUVEC 

• Effects of MGO on the synthesis of PGs in HUVEC 

 

II) To study the biological effects of IL-1α and TNF-α on primary human endothelial 

cells. 

• Effects of IL-1α and TNF-α on the proliferation of the HUVEC 

• Effects of IL-1α and TNF-α on the synthesis of PGs in HUVEC and changes in the 

composition of these  
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4. Materials 

4.1 Cells 

 

Human Umbilical Vein Endothelial Cells 
(HUVEC)     

Rikshospitalet, Norway 

4.2 Chemicals 

 

2-mercaptoetanol Sigma Aldrich, Norway 
[35S] as Na2

35SO4 PerkinElmer, USA 
Acetic Acid Merck, Germany 
Amplifier  Amersham, UK 
Ba(NO2)3  Sigma Aldrich, Germany 
BC Assay: Protein Quantification kit Uptima Interchim, France 
Bromo-phenol blue (0.4%) Sigma Aldrich, Norway 
BSA  Sigma Aldrich,  Germany 
CH3COONa x 3H2O Merck, Germany 
Collagenase 0.2 % Sigma Aldrich, Germany 
Condroitinase ABC Lyase Sigma Aldrich, USA 
Dietylaminoetyl (DEAE) Sephacel Amersham Biosciences, USA 
Dimethyl sulfoxide (DMSO)  Sigma Aldrich, Germany 
MCDB 131 Medium  Sigma Aldrich, USA 
Epidermal growth factor (EGF)  R&D systems, UK 
Ethanol (96%)  Arcus, Norway 
Fetal Bovine Serum  (FBS) Sigma Aldrich, Germany 
Fibroblast growth factor (FGF) R&D systems, UK 
Fungisone  Gibco Invitrogen, Norway 
Gentamicin  GIBCO Invitrogen Corporation,UK 
Glycerol Sigma Aldrich, Germany 
Glycine  Sigma Aldrich, Germany 
Guanidine hydrochloride  Sigma Aldrich, Germany 
H2SO4  Merck,  Germany 
HAc 17.5M Merck, Germany 
HCl Merck, Germany 
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Hydrocortisone Sigma Aldrich, Germany 
Interleukin 1α (IL-1α) R&D systems, UK 
Isopropanol Arcus, Norway 
KH2PO4  Merck, Germany 
MCDB 131 medium Sigma Aldrich, USA 
Metylglyoxal (40%)  Sigma Aldrich, Norway 
Na2HPO4  Merck, Germany 
NaAc  Merck, Germany 
NaCl  Merck, Germany 
NaHCO3  Merck, Germany 
NaOH  Merck, Germany 
NH4HCO3  VWR,  Germany 
Purified MQ water (mQH2O) Elix Millipore, USA 
RPMI 1640 medium  Gibco Invitrogen, Norway 
Sodium Dodecyl Sulfate (SDS)  Sigma Aldrich, Norway 
Sephadex G-50 fine Amersham Biosciences,  USA 
Trisma base  Arcus kjemi, Norway 
Trisma HCl Sigma Aldrich, Norway 
Triton X-100 Sigma Aldrich, Norway 
Trypan blue solution (0.4%)  Sigma Aldrich, Germany 
Trypsin Sigma Aldrich, Norway 
Tumor Necrosis Factor-α (TNF- α) R&D systems, UK 

4.3 Equipment 

 

500 ml container for medium with vacuum 
filtration system 

TPP, Switzerland 

Cell culture flask (25 cm2) Corning Incorporated, USA 
Cell culture plastic plates, 6-, 12 wells (9.5 
cm2, 3.83 cm2 respectively) 

Corning Incorporated, USA 

Cell Scraper Sigma Aldrich, Germany 
Centrifuge tubes, 15, 50 ml Corning Incorporated, USA 
Finn pipettes Thermo Electron, Finland 
Finntip Thermo Electron, Finland 
Haemocytometer Bürker, Australia 
Hyper film  Amersham Biosciences, UK 



 

 

37

Meosoft compresses 10x10 cm  Tendra, Sweden 
Microtiter plate, 96-wells  Greiner Bio-One, Germany 
Microtubes, 1.5 ml Sarstedt, Germany 
Omnifix single use syringes, 10, 20, 50 ml Braun, Germany 
Lab pH meter, pHM 92 Radiometer Copenhagen, Denmark 
Pipetboy INTEGRA Biosciences AG, Switzerland 
Pipette tubes, 5, 10, 25 ml,  Corning Incorporated, USA 
Precision plus protein, Dual color standards  Bio Rad, USA 
Rainbow (14C) metylated protein molecular 
weight markers 

Amersham Biosciences, UK 

Sterile syringe filter 0.22 μm VWR International, USA 
Sterile gloves with bio gel coating Regent, USA 
SDS PAGE Tris-HCl-gel 4-20% Bio Rad, USA 
Tubes for freezing cells, 1.8 ml NUNC, Denmark 
Ultima Gold XR LSC Cocktail Perkin Elmer, USA 

4.4 Instruments 

 

Bransonic ultrasonic cleaner 2510 E-MT Branson Ultrasonic Corporation 
Centrifuge  
        Centrifuge  5930 Kubota  
        DNA speedvac, DNA 100 Savant 
        Centrifuge IEC centra-M centrifuge International Equipment Company 
Gel dryer, SGD 2000 Slab Gel Dryer Thermo Savant 
Humidified air incubator (37°C, 5% CO2) Forma Scientific 

Microscope Leica DMIL 
Microscope  Olympus CKX41 
Scintillation counter, Win Spectral 1414 Wallac 
Titertek Multiscan PLUS Eflab 
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5. Methods 

5.1 Human Umbilical Vein Endothelial Cells (HUVEC) 

HUVEC are primary ECs isolated from the vein of the human umbilical cord. They were 

isolated and cultured for the first time by Eric A. Jaffe and his co-workers (89).  

The cells were isolated enzymically from infant umbilical cords of normal pregnancies under 

sterile conditions and established as primary cell cultures.  

Ethical approval for the use of human ECs was obtained by our collaborators at 

Rikshospitalet, from the Human Research Ethical Committee. The use of umbilical cords 

was approved in advance by the mothers (appendix 1). 

5.1.1 Isolation of HUVEC 
Equipment used for isolation. 

A pair of artery tweezers 

2 metal cannulas 

3 compresses 

2 small pieces of aluminum foil 

3 plastic straps 

3 plastic tubes (2-3 cm) 

3 glass vials, 2x200 ml, 1x100 ml 

A sterile tray to work on 

The equipment was autoclaved. 
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Additional equipment needed: 

2 single use syringes of 50 ml 

2 single use syringes of 30 ml 

1 single use syringe of 10 ml 

1 50 ml centrifuge tube 

A sterile cell flask (25 cm2) 

Sterile surgical glows 

Water bath, 37°C 

Collagenase (0.2%) 

1x Phosphate Buffered Saline (PBS) 

A sterile surgical blade 

 

Solutions: 

10xPBS, pH 6.8 

Components Volume Final concentration 

NaH2PO4 xH2O 3.9 g 0.02 mM 
NaHPO4 xH2O 14.1 g 0.08 mM 
NaCl 85.2 g 1.46 mM 
mQ-H2O Up to 1000 ml  

After dilution 10x, pH was 7.4 

Transporting buffer 

Components Volume Final concentration 
Gentamicin (50 mg/ml) 1 ml 50 mg/l 
1xPBS (sterile) 1000 ml  

 

0.2% Collagenase 

Components Volume Final concentration 
Collagenase 200 mg 0.2 % 
1xPBS (sterile) 100 ml  
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Procedure: 

HUVEC were prepared according to a modified version of the Jaffe et al. (1973) protocol 

(89). The procedure had to be completed under sterile conditions. 

1. Umbilical cords were obtained from the local obstetric and gynecology division at 
Rikshospitalet, Oslo.  

2. After perfusion with a metal canulla, the vein was rinsed twice with PBS.  

3. ECs were separated from the vein walls by 0.2% collagenase digestion for 10 min at 
37°C in PBS.  

4. The reaction was terminated by rinsing the cord with complete MCDB-medium (5.2), 
and adding the solution to a 50 ml centrifuge tube.  

5. Complete MCDB-medium was used for resuspension of the cell pellet after 
centrifugation for 10 min at 1500 rotations per minute (rpm). The cells were seeded 
onto 25 cm2 plastic flasks. 

5.2 Culturing HUVEC 

In the experiments presented in this thesis the HUVEC were cultured on plastic membranes, 

either in flasks prior to experiments or in wells during the experiments. The cells were 

cultured in complete MCDB-medium prepared in advance. MCDB-medium is a low-glucose 

medium containing 5.5mM glucose. 

Complete MCDB medium: 

Components Volume Final concentration 
MCDB 131 medium Powder for 500 ml  
FGF 50 μl 1 ng/ml 
EGF 500 μl 10 ng/ml 
Hydrocortisone 50 μl 1 μg/ml 
Gentamicin 500 μl 50 ng/ml 
Fungisone 500 μl 250 ng/ml 
FBS (heat inactivated) 37.5 ml 7 % 

 

Procedure: 

1. 90% of final required volume of water (1000 ml) was measured out.  

2. While gently stirring the water, the powdered medium was added. Without heating, it 
was stirred until dissolved.  

3. The original package was rinsed with a small amount of water to remove all traces of 
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powder. 

4. 1.18 g NaHCO3 was added and stirred until dissolved.  

5. While stirring, the pH of the medium was adjusted to 7.3 using a pH-meter. 

6. Additional water to bring the solution to final volume was added. The medium was 
immediately sterilized by filtration, using a membrane with a porosity of 0.22 
microns. It was aseptically dispensed into a sterile container. 

7. FGF, EGF, hydrocortisone, gentamicin, fungisone and FBS was sterilized by 
filtration and aseptically added to the medium. For volumes and concentrations, see 
table above.  

5.2.1  Splitting Cells 
The cultured cells attached to the plastic through cell surface adhesive proteins and to the 

neighboring cells through calcium dependent cell-cell interactions. When splitting the cells, 

a trypsin solution containing ethylenediaminetetraacetic acid (EDTA) was used. The enzyme 

trypsin has the ability to break down cell surface and matrix proteins, thereby releasing the 

cells from the plastic. EDTA binds calcium participating in tight junctions between cells 

which lead to the liberation of cells from each other. Through a microscope, we clearly 

observed that the cells shrunk and changed their shape after trypsin/EDTA treatment. 

80-100 % confluent cells were split at a 1:3 ratio every 4-6 days. 

Procedure: 

1. Complete medium and trypsin EDTA solution was heated to 37°C. 

2. Medium was removed from the cell flask, and the cells were washed with 2 ml 
trypsin solution. 

3. 1 ml of trypsin EDTA solution was added, and the cells were observed through a 
microscope. When the cells changed shape, they were released from the flask and 
from each other.  

4. 5 ml of MCDB-medium containing serum was added to inactivate trypsin. 

5. The cell suspension was added to a centrifuge tube and centrifuged at 1200 rpm for 3 
min.  

6. Supernatant was removed from the pelleted cells and 15 ml of complete medium was 
added to resuspend the cells. 5 ml of the mixed cells and medium were added to three 
different 25cm2 cell culture flasks.  

7. Cells were placed in an incubator containing 5% CO2 at 37°C and the corks were not 
completely tight to allow pH adjustments of the cultured media from the CO2 of the 
incubator.
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5.3 Freezing and thawing of cells 

After isolation and splitting, some of the HUVEC were frozen down and stored in liquid 

nitrogen in the presence of dimethyl sulfoxide (DMSO) to prevent crystal formation.  

5.3.1 Freezing 
 

Solutions: 

Freezing medium I 

Components Volume Final concentration 

MCDB-medium 2 ml 50 % 
FBS (heat inactivated) 2 ml 50 % 

 

Freezing medium II 

Components Volume Final concentration 
MCDB-medium 4 ml 80 % 
DMSO 1 ml 20 % 

 

Procedure: 

1. Sterile cryovials were marked with type of cells, date and number of passages. The 
tubes were placed on ice. 

2. Freezing medium I and II was prepared 

3. Freezing medium II was filtrated through a 25 μm sterile filter.  

4. Standard trypsinization techniques were used (5.2.1), the cells were collected and 
transferred to a centrifuge tube, and centrifuged at 1200 rpm for 3 minutes.  

5. Supernatant was removed from the pelleted cells which were resuspended in 1.5 ml 
of the freezing medium I.  

6. The same volume (1.5 ml) of freezing medium II was added in droplets, while 
stirring carefully. 

7. 1 ml of the cell suspension was moved to each of the 3 cryonvials placed on ice.  

8. Vials were placed in -80°C for 16-24 hours.  

9. For long-term storage, the vials were finally transferred to a liquid nitrogen tank. 
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5.3.2 Thawing 
Procedure: 

1. 5 ml of MCDB-medium was preincubated at 37°C in a centrifuge tube. 

2. A vial of frozen cells was rapidly thawed in a water bath of 37°C. 

3. The thawed cells were aseptically transferred to the centrifuge tube, and carefully 
mixed with 5 ml MCDB-medium. They were centrifuged at 1200 rpm for 3 minutes.  

4. Supernatant was removed from the pelleted cells and they were resuspended in 5 ml 
of MCDB-medium. 

5. The cells were transferred to a 25cm2 plastic flask and incubated in 37°C.  

 

5.4 General experimental outline 

The cells used in the experiments were all in passage 2-4 and seeded into 6- or 12-well cell 

culture plates. Before onset of experiment, the cells grew to a 90-100% confluent monolayer. 

5.4.1 MGO stimulation of cells 
In general, one confluent 25 cm2 cell culture flask was used for each cell culture plate. The 

cells were seeded in 6 well cell culture plastic plates for labeling with [35S]-sulfate, and 12 

well cell culture plastic plates for protein measurement and cell count. They were seeded 

into two parallels for each MGO concentration, including control.  

Standard trypsinization techniques were used (5.2.1) and after centrifugation, the cells were 

resuspended and mixed in complete medium. 2 ml of the mixed solution was added to each 

well on the 6 well plates, and 1 ml was added to each well on the 12 well plates. When the 

cells had grown into a 90-100% monolayer, the different media containing MGO was added.  

Twenty-four hours prior to MGO treatment, the cells were exposed to fresh MCDB-medium. 

Solutions: 

Stock solution of 1M MGO medium 

Components Volume Final concentration 
Complete EBM medium 820 μl  
MGO 40% 180 μl  1M MGO 
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Procedure: 

1. MCDB medium was preincubated at 37°C. 

2. Media containing 0.1, 0.25, 0.5 and 1.0mM MGO were made. 

3. The medium in the wells was removed from the confluent cell monolayer. 

4. Media containing different MGO concentrations were added to the wells, 1 ml to 
each well for the 12 well cell culture plates and 2 ml to each well for the 6 well cell 
culture plates. 

5. The cells were placed in an incubator at 37°C for 24 and 48 hours. 

5.4.2 TNF-α and IL-1α stimulation of cells 
Like in the experiments with MGO, one confluent 25 cm2 cell culture flask was used for 

each cell culture plate. The cells were seeded into 6 well cell culture plastic plates. They 

were seeded in two parallels for each of the different treatments, including control.  

When the cells had grown to a 90-100% monolayer in the wells, the different media 

containing IL-1α and TNF-α was added. Twenty-four hours prior this treatment, the cells 

were exposed to fresh MCDB-medium. 

Solutions: 

Components Volume Final concentration 
RPMI medium with 2% FBS  6 ml  
IL-1α (10ug/ml) 1.2 μl 2 ng/ml 

 

Components Volume Final concentration 

RPMI medium with 2% FBS 8 ml  
TNF-α (10ug/ml) 5.6 μl 7 ng/ml 

 

Procedure: 

1. RPMI medium (5.6.1) was preincubated to 37°C. 

2. The media containing IL-1α (2 ng/ml) and TNF-α (7 ng/ml) was made.  

3. The EBM medium in the wells was removed, and the confluent cell monolayer was 
carefully washed with RPMI medium. 

4. 1 ml of the different medium solutions was added to the wells. 

5. The cells were placed in an incubator at 37°C for 24 hours after labeling with [35S]-
sulfate (5.6.1).
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5.4.3 Harvesting  
After incubation for 24 or 48 hours, the cells and medium fractions were harvested using the 

detergents guanidine hydrochloride and Triton x-100. 

Solutions: 

500 ml 0.2 M Acetate buffer, pH 6.5 

Components Volume Final concentration 

CH3COONa x 3H2O 13.608 g 0.2 M 
mQ H2O 500 ml  

0.2 M HAc was added to adjust the pH to 6.5. 

600 ml 4M Guanidine HCl in 0.1 M acetate buffer with 2% Triton X-100, pH 6.0. 

Components Volume Final concentration 

Guanidine 229.27 g 4M 
Triton X-100 12 ml 2 % 
0.1M acetate buffer 600 ml 0.1M 

Guanidine HCl was added to the acetate buffer and the volume was adjusted to 600 ml. The solution was 
rinsed while stirring with charcoal overnight, then filtered and Triton X-100 was added to a final concentration 
of 2%.  

 

Procedure: 

1. The medium fractions were collected from the cell culture wells, and centrifuged to 
remove cell debris at 1300 rpm. 

2. 1 ml of 37°C PBS was added to each well to wash off rests of medium.  

3. The cell fraction was solubilised in 4M guanidine/2% Triton X-100/0.1M sodium 
acetate buffer, and added to separate tubes. 



 

 

47

5.5 Determination of the amount of cells 

5.5.1 Cell count 
Cells were counted visually, using a hemocytometer to determine a possible difference in 

cell growth and viability of the different culturing conditions.  

Trypan blue is a vital stain used in estimating the proportion of viable cells in a population. 

The reactivity of this dye is based on the fact that the chromophore is negatively charged and 

does not react with the cell unless the membrane is damaged. Live cells do not take up the 

dye but dead cells do. Therefore the staining facilitates the visualization of the amount of 

dead and alive cells in each well. 

 

Procedure: 

1. Cells were trypsinized by using standard techniques (5.2.1). MCDB-medium with 
serum was added to inactivate trypsin. 

2. Equal amounts of trypan blue and cells were mixed, and the solution was incubated 
in 10 minutes at room temperature.  

3. The counting chamber and glass cover slip were carefully cleaned with lens paper.  

4. The cover slip was placed over the area for cell counting prior to applying the cell 
suspension. The suspension was introduced beneath the cover slip with a pipette, and 
the area was filled by capillary action.  

5. The counting chamber was placed on a microscope and cells were counted in a 
Burker chamber.  

5.5.2 Protein measurement 
Growth- and proliferation rates of cells exposed to different agents were monitored by 

measuring cell protein. The absorbance of the test sample and standard samples of protein 

was automatically calculated with Titertek multiscan PLUS spectrophotometer. The amount 

of protein would indicate the amount of cells in each well. The cells grew at different rates, 

so it was necessary to adjust the results to these measurements. BC Assay: Protein 

Quantification kit from Uptima Interchim was used. 

The amount of protein is measured using bicinchoninic acid (BCA). Combining the peptides 

in the samples with an alkaline aqueous reagent system containing Cu2+ and the ions of 

BCA, Cu2+ will be reduced to Cu+ in proportion to the amount of protein present in the fluid. 
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Cu+ produced, combined with the ions of BCA, will form a purple colored complex which 

can be monitored by measuring the absorbance at 562 nm. The color produced is stable and 

increases in a linear fashion over a broad working range of increasing protein concentration. 

The method is modified after Paul Smith et al (93). 

Solutions: 

A+B solution 

Components Volume Final concentration 

Assay reagent A 140 μl 2% 
Assay reagent B 6860 μl 98% 

 

Experiments with MGO: 
The standards were made of a BSA stock solution (2mg/ml). A blank containing mQH2O 

was made. 

Procedure: 

1. The medium fractions were collected from the cell culture wells, and centrifuged to 
remove cell debris. 

2. The cells were gently washed two times with 1ml PBS (37°C).   

3. 1 ml mQH2O was added and the attached cells were scraped loose. The cells were 
transferred to separate tubes and sonicated for 20 minutes. 

4. Standards were made out of BSA stock solution (2 mg/ml). Samples and standards in 
different dilutions were added to a 96-well microtiter plate. 

5. 200 μl of A+B solution was added to each well. 

6. The microtiter plate was gently stirred for 2 minutes, then incubated in 37°C for 30 
min. 

7. The absorbance was measured at 562 nm. 

8. A standard curve was created by plotting the 562 nm values (y-axis) versus their 
concentration in μg/ml (x-axis). The concentration of the unknown sample was 
determined by using the standard curve. 
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Experiments with TNF-α and IL-1α: 
The standards were made of a BSA stock solution (2mg/ml). A blank containing mQH2O 

and one containing 4M guanidine/2% Triton X-100/0.1M sodium acetate buffer, was made. 

Procedure: 

1. After the medium was removed from the wells, the cells were washed two times with 
1ml 1xPBS (37°C).   

2. 1 ml 4M guanidine/2% Triton X-100/0.1M sodium acetate buffer was added to 
recover the cells and they were collected in separate tubes. 

3. Standards were made out of BSA stock solution (2mg/ml). 25 μl sample or standard 
was added to a 96-well microtiter plate. 

4. 200 μl of A+B solution was added to each well. 

5. The microtiter plate was gently stirred for 2 minutes, then incubated in 37°C for 30 
min. 

6. The absorbance was measured at 562 nm. 

7. A standard curve was created by plotting the 562 nm values (y-axis) versus their 
concentration in μg/ml (x-axis). The concentration of the unknown sample was 
determined by using the standard curve. 

 

5.6 Analyses of [35S]-sulfate labeled proteoglycans 

5.6.1 Labeling with [35S]-sulfate 
PGs are macromolecules composed of proteins with high sulfated GAG chains. The GAG 

chains are sulfated in the Golgi apparatus in the cells, and when adding [35S]-sulfate to the 

medium [35S]-sulfate will be taken up by the cells and incorporated into newly synthesized 

PGs. In addition to PGs there are other molecules synthesized in the cells containing sulfate 

that also will be labeled. However, after G-50 fine chromatography (5.6.2), PGs have been 

shown to be the major part of the [35S]- macromolecules (92). 

Because the medium, FCS and gentamicin contains sulfate that will compete with [35S]-

sulfate and affect the labeling efficiency, the medium was changed when labeling with [35S]-

sulfate. Sulfate free RPMI medium was thereafter used. FCS was reduced from 7% to 2%, 

and no gentamicin was added. The cells were labeled with 0.1mCi [35S]-sulfate/ml medium 

24 hours before harvesting.  
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FBS contains many factors that may interfere with our results when we stimulate the cells 

with IL-1α and TNF-α. However, others working in our laboratory have experienced 

problems with HUVEC growing in serum free medium because serum contains many vital 

proteins and other factors important for cell growth and survival. Therefore, we performed 

our experiments with reduced amounts of serum, but not in serum free medium.  

5.6.2 Sephadex G-50 fine gel chromatography 
After labeling, the medium and cell fractions will contain free [35S]-sulfate not incorporated 

in macromolecules. G-50 fine, is a gel material that separates molecules in the range of 500-

10 000 Da. Small molecules like free [35S]-sulfate will penetrate the beads and be retarded 

during chromatography. Macromolecules like PGs will elute in the soluble phase. The total 

incorporation of [35S]-sulfate in macromolecules was after gel filtration measured using a 

scintillation counter. 

Solutions: 

0.05M NaCl  in 0.05 M Tris, pH 8.0 

Components Volume Final concentration 
Tris base 25 ml 1 M 
NaCl 6.25 ml 4 M 
mQH2O 468 ml  

pH was adjusted to 8.0 using 5.0 M HCl. 

Sephadex G-50 fine solution 

Components Volume 

Sephadex G-50 fine powder 10 teaspoons 
0.05 M NaCl in 0.05 M Tris 
HCl, pH 8 

500 ml 

The solution swell overnight. 
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Procedure: 

1. 1 ml of each fraction of cells and medium was applied to a 4 ml column of Sephadex 
G-50 Fine. 

2. The first 1 ml eluting after application was discarded.  

3. 1.5 ml of 0.05 M NaCl in 0.05 M Tris pH 8.0 was added to the columns. 

4. Then 1.5 ml was collected and an aliquot of this, 100 μl, was counted for 
radioactivity in the scintillation counter. 

5. The column was discarded as radioactive waste. 

5.6.3 Scintillation counting 
In scintillation counting the samples are placed in small transparent vials that are loaded into 

a liquid scintillation counter. The radioactivity (photons per minute) in the samples is 

measured using a cocktail containing an aromatic solvent and small amounts of other 

additives known as fluors. [35S]-sulfate is sending out β-particles and β-particles emitted 

from the sample transfer energy to the solvent molecules, which in turn transfer their energy 

to the fluorophores; the excited fluorophore molecules dissipate the energy by emitting light. 

In this way, each beta emission results in a pulse of light, and the amount of light emitted 

will then reflect the amount of radioactivity in the sample. Each sample is counted for 3 

minutes, and measured as counts per minute (cpm). 

5.7 Analyses of [35S]-sulfate labeled glycosaminoglycans 

Each sample was divided into three different tubes, one subjected to enzyme treatment, one 

to nitrous acid treatment, and one was not treated but functioning as a control sample. After 

subjected to different treatments all the three samples were subjected to dietylaminoetyl 

(DEAE) ion exchange chromatography. 

5.7.1 Enzyme treatment 
Samples from medium and cell fractions were treated with chondroitin ABC lyase (cABC). 

cABC breaks  the β(1-4) glycoside linkage between GalNAc and GlcA or IdoA. cABC is 

depolymerizing CS and DS to disaccharides, except small parts (stubs) that remain on the 

protein part. HS is resistant to this enzyme, so by using this method combined with 

chromatography we could calculate the amount of CS/DS (depolymerized) and HS. 
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Solutions: 

10XcABC Buffer 

Components Volume Final concentration 

1.0 M Tris HCl 5 ml 0.5 M 
NaAc x 3H2O 0.6804 g 0.5 M 
BSA 0.1 g 1% 
mQH2O 5 ml  

 

Procedure: 

1. Approximately 10 000 cpm from each sample was added 10XcABC buffer which 
was 10% of the sample volume. 

2. 0.01 units of cABC enzyme was added to each sample. 

3. Samples were incubated at 37°C overnight and thereafter subjected to ion-exchange 
chromatography. 

5.7.2 Nitrous acid (HNO2) treatment  
(Modified after Shively and Conrad, 1976 (94)) 

Treatment with HNO2 in pH 1.5 will break the binding between GlcA or IdoA and GlcNAc 

in HS and heparin. Because these are the only PGs containing GlcNAc this method can be 

used together with cABC treatment to determine the amounts of HS and heparin and CS/DS. 

Procedure: 

1. Equal amounts of 0.5M Ba(NO2)3 and 0.5M H2SO4 was cooled on ice before added 
to a centrifuge tube, and centrifuged for 3 minutes in 1300 rpm.  

2. The newly made supernatant was added to the samples in the same volume as the 
sample volume. 

3. The samples were then incubated at room temperature for 10 minutes. 

4. The reaction was stopped by adding 2M Na2CO3 to obtain a pH value between 6 and 
8. 
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5.7.3 DEAE ion-exchange chromatography 
DEAE ion-exchange chromatography is a method used to separate PGs from other 

macromolecules. DEAE is a weak anion exchanger that binds PGs through ionic 

interactions. Weak negative, neutral or positively charged molecules will bind poorly or 

elute directly from the column. PGs are highly negatively charged molecules that will eluate 

when a high concentration of salt is used. This method is modified after Salmivirta et al (95).  

We used this method to get a measure of the amount of PGs in each sample. 

Procedure: 

1. 25 ml of NH4HCO3 (0.35M) and 2.5 ml of DEAE Sephacel suspention were added to 
a 50 ml centrifuge tube, and centrifuged for 1 minute at 1300 rpm. The supernatant 
was removed, and the wash was repeated one more time. 

2. 100 μl of the pellet was added to each sample and stirred well. 

3. The samples were centrifuged, and the supernatant was removed. 

4. The pellet was resuspended in 1 ml of 0.35 M NH4HCO3 and centrifuged, thereafter 
suspended in 1 ml of 0.2M NaCl and centrifuged. 

5. 200 μl of 2M NaCl were added to the pellet and mixed thoroughly before 
centrifugation.  

6. 100 μl of each sample were counted in a scintillation counter to measure the amounts 
of [35S]-sulfate.   

 

5.8 Qualitative analyses of proteoglycans 

5.8.1 SDS-Polyacrylamide gel electrophoreses of proteins 
In polyacrylamide gel electrophoresis, proteins migrate in response to an electrical field 

through pores in the gel matrix. In gradient gels, pore size decreases with higher acrylamide 

concentrations. The combination of gel pore size and protein charge, size and shape 

determines the migration rate of the protein. Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) is used to separate proteins and other macromolecules 

primarily based on differences in molecular size. For PGs the size of the GAG chains will 

also affect the migration. [35S]-sulfate labeled PGs are visually detected as dark regions on 

the autoradiogram. 
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Solutions:  

4XSample buffer 

Components Volume Final concentration 

Tris-HCl pH 6.8  2.5 ml 1 M 
Glycerol 4 ml 40 % 
SDS 0.8 g 0.08 % (w/v) 
Bromo-phenol-blue, 0.1 % 1 ml 10 % 
Beta-mercaptoetanol  1 ml 10 % 
mQH2O Up to 10 ml  

 

10XRunning buffer 

Components Volume 

Glycine 144 g 
Trizma base pH 8.7 29 g 
SDS 10 g 
mQH2O Up to 1000 ml 

pH was adjusted to 8.4 using 5.0M HCl. 

 

Procedure: 

1. All the samples analyzed had a cpm-value of minimum 10 000. To accomplish this, it 
was necessary to concentrate the volume of the samples in a vacuum centrifuge. 

2. The samples were thereafter prepared in appropriate volumes of 1x SDS sample 
buffer and heated in 100°C for 3 minutes to denature the proteins. However, 
sometimes the heating aggregated the samples and made it impossible to apply them 
to the gel. Then, instead of heating, we let the samples incubate in the sample buffer 
for 10 or more minutes to denature the proteins. The sample buffer contains glycerol 
which make the samples sink down to the bottom of the wells. 

3. The samples were centrifuged shortly at 13 200 rpm to collect condensed fluid. 

4. The gel was mounted in the electrophoresis apparatus and the Tris-glycine 
electrophoresis buffer (running buffer) was added to the top and bottom reservoirs.  

5. Approximately 35 μl of each of the samples were loaded in a predetermined order to 
the wells. An equal volume of 2x sample buffer was loaded to any wells that were 
unused.  

6. The electrophoresis apparatus was attached to an electric power supply. A voltage of 
115V was applied to the gel and the gel was run until the bromophenol blue reached 
the bottom of the gel (~2 hours). 
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5.8.2 Drying SDS-polyacrylamide gels 
SDS-polyacrylamide gels containing proteins radiolabeled with [35S]-sulfate must be dried 

before autoradiographic images can be obtained.  

Solutions: 

Fixing solution 

Components Volume Final concentration 

Isopropanol 200 ml 25 % 
mQH2O 520 ml 65 % 
Acetic Acid 80 ml 10 % 

 

Procedure: 

1. The gel was removed from the electrophoresis apparatus and incubated at room 
temperature in 100 ml of fixing solution for 30 minutes (or overnight).  

2. The fixing solution was removed, and 100 ml amplifier added. The gel was left in 
amplifier for 15 minutes. 

3. A piece of filter paper was placed on aluminum foil and the gel was placed on top of 
this. The paper was large enough to create a border (1-2 cm) around the gel.  

4. A piece of plastic foil was arranged on top of the gel at the same size as the paper.   

5. The paper, gel and plastic foil were placed on the gel dryer. The plastic foil on the 
top, the paper at the bottom. 

6. The lid of the gel dryer was closed, and suction was applied so the lid made a tight 
seal around the gel(s).Heat (70°C) was applied to speed up the drying process.  

7. The gel was dried for approximately 2 hours. 

8. The gel, which was now attached to a piece of paper, was removed from the dryer.  

9. The plastic foil was removed, and the dried gel used for autoradiography. 

 

5.8.3 Autoradiography 
Gels containing radioactive material were subjected to autoradiography. The dried gel was 

placed on a film in -70°C for +/-7 days, dependent on the amount of radioactivity, and then 

developed. After development, the radioactivity was observed as dark regions on the film. 

Finally, the films were scanned using the software Adobe Photoshop and the program Scion 

Image was used to detect the intensity of the dark regions on the films. 
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6. Results 

6.1 HUVEC – cells from different individuals 

Working with primary HUVEC is different from working with an EC-line. These primary 

cells come from different individuals and therefore carry distinct qualities.  

The amount of cells isolated from different umbilical cords did vary. When we isolated cells 

in such a great amount that they reached confluency already the first days of culturing, the 

cells seemed to grow faster, also in later passages.  

After the cells made confluent monolayers in their wells, protein measurements were used as 

a parameter for the amount of cells in each well. There was variation in the amount of 

protein measured as seen in Figure 6.1. Individual A showed to have more than twice the 

amount of cell protein, that is; amount of cells in the well, than individual B and C. This 

result indicates that the cells not only have different growth rates, but may organize 

themselves differently in the wells. Organizational changes such as increased height during 

formation has earlier been shown in epithelial cells (96).  
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Figure 6.1 Protein measurements of cells from three different individuals. HUVEC were 
obtained from three different individuals and cultured to confluency where after protein 
measurements were performed. The results displayed are the average of four measurements +/- SD. 
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All the experiments carried out in this thesis have been performed on cells from different 

donors. Like other studies performed on HUVEC (97), we have experienced variations in 

our results in the different experiments. Some of these variations may be caused by 

differences in cell density or cell organization; therefore all results are presented as a 

percentage of the control.  

6.2 Effects of MGO on HUVEC 

6.2.1 Effects of MGO on the proliferation of HUVEC 
To investigate effects of hyperglycemic conditions on the HUVEC, we made use of MGO, 

which has been shown to increase in intracellular and extracellular compartments in persons 

with DM (46-49). 

HUVEC were initially examined to reveal potential differences in cell proliferation after 

culturing in different concentrations of MGO. Cells were observed in a microscope at 

specific points of time during culturing and the amount of protein was measured when cells 

were harvested. In some experiments, the number of cells and cell viability were also 

determined at the time of harvesting. 

The amount of cellular protein was used as a measure of cell growth. The measurements 

were performed after 24 and 48 hours of incubation. By this method, the amount of protein 

would reflect the amount of cultured cells in each well. Three independent experiments were 

carried out on cells from three different individuals. 

Treatment of MGO resulted in a decrease in the amount of protein in cells after both 24 and 

48 hours (Figure 6.2). 24 hours of incubation in 0.1mM MGO resulted on average in a 

decrease to 81 +/- 9% of control protein, while incubation in 0.25mM MGO resulted in a 

decrease to 77 +/- 1%. After exposure to 0.5mM and 1.0mM MGO the amounts of protein 

were on average 56 +/- 30% and 38 +/- 11% of control, respectively.  

Furthermore, 48 hours of incubation in 0.1mM MGO resulted in a decrease to 93 +/- 14% 

protein of control, while incubation in 0.25mM MGO resulted in a decrease to 80 +/- 5% 

protein (Figure 6.2). Finally, after exposure to 0.5mM and 1.0mM MGO the decrease in 
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protein was on average 54 +/- 7% and 35+/- 6% of control, respectively. 
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Figure 6.2 Cellular protein after 24 and 48 hours of incubation in different concentrations of 
MGO. HUVEC were incubated in four different concentrations of MGO for 24 and 48 hours, and 
the amounts of cellular protein were measured. The data represents three independent experiments as 
percentage average of the control, which was set to 100%. 

The results show that the amount of cellular protein declined in a dose dependent fashion 

with increasing concentrations of MGO. The trend of the decline in cell protein is the same 

after 24 and 48 hours. This indicates that MGO gives its effects on cell proliferation mostly 

during the first 24 hours of incubation. In addition, there was no difference between the cell 

protein measurements performed on the control cells after 24 and 48 hours of incubation.  

In summary, MGO caused a decrease of the cell protein in a dose dependent manner (Figure 

6.2) after both 24 and 48 hours of incubation. Because of these effects, the results of the 

following experiments were consequently adjusted to the measured amount of cell protein.  

6.2.2 Cell viability 
At the time of harvesting, cells were counted in a microscope to determine the number of 

cells and cell viability (data not shown). Cell viability was mostly affected at 1.0mM MGO, 

but with variations between different HUVEC preparations. 

Even if the cell counts infrequently detected viable cells after incubation of 1.0mM MGO, 

we decided to continue using all four concentrations of MGO.   
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6.2.3 The effects of MGO on the synthesis of proteoglycans in HUVEC 
The last 24 hours of incubation in different concentrations of MGO, HUVEC were labeled 

with [35S]-sulfate to measure the amount of [35S]-PGs synthesized in the cells under the 

different conditions.  

Because the medium, FCS and gentamicin contains sulfate that will compete with [35S]-

sulfate, the medium was changed to sulfate-free RPMI medium prior to labeling. FCS was 

reduced from 7% to 2%, and no gentamicin was added. MGO was mixed with the medium 

before added to the wells. Then cells were labeled with 0.1mCi/ml [35S]-sulfate. 

PGs are macromolecules composed of proteins with sulfated GAG chains. When adding 

[35S]-sulfate to the cells, [35S]-sulfate will be incorporated in synthesized PGs. In addition to 

PGs there are other sulfate containing macromolecules in the cells that also will be labeled. 

However, PGs have shown to be the major part of these labeled macromolecules in cultured 

HUVEC (92). 

After labeling, the cell and medium fractions would contain free [35S]-sulfate not 

incorporated into macromolecules. To remove [35S]-sulfate from the samples, the fractions 

were subjected to Sephadex G-50 fine gel chromatography (5.6.2). The total incorporation of 

[35S]-sulfate into macromolecules was then measured in aliquots of each sample using a 

scintillation counter. The experiments were all performed in two parallels.  

After 24 hours, incorporation of [35S]-sulfate into macromolecules in cells and medium 

increased to 131 +/- 32% and 158 +/- 12% of the controls, respectively, after incubation in 

0.1mM MGO. With higher concentrations however, the amount of [35S]-macromolecules 

decreased in a dose dependent manner to 37 +/- 20% and 49 +/- 10% of the controls after 

incubation of 1.0mM MGO (Figure 6.3, Figure 6.4, Table 6.1).  
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Figure 6.3 [35S]-macromolecules in the cell fractions of HUVEC after 24 and 48 hours of 
incubation in different concentrations of MGO. After eluting macromolecules from G-50 fine 
Sephadex columns, the amount of [35S]-sulfate was measured in a scintillation counter to get a 
measure of the amount of [35S]-macromolecules in the HUVEC cell fractions. The data was adjusted 
to the amount of cell protein, and is presented as percent (%) of control. The data shown is from 
three independent experiments, performed in two parallels.  
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Figure 6.4 [35S]-macromolecules in the medium fractions after 24 and 48 hours of incubation 
in different concentrations of MGO. After eluting macromolecules from G-50 fine Sephadex 
columns, the amount of [35S]-sulfate was measured in a scintillation counter to get a measure of the 
amount of [35S]-macromolecules in the medium fractions. The data was adjusted to the amount of 
cell protein, and is presented as percent (%) of control. The data shown is from three independent 
experiments, performed in two parallels. 

On average, the total incorporation of  [35S]-sulfate into macromolecules in the cell and 

medium fractions increased with low concentrations of MGO (0.1 and 0.25mM) and 

decreased with the highest concentration of MGO (1.0mM) after 24 hours of incubation 

(Figure 6.5, Table 6.1). This may indicate that after 24 hours of incubation the synthesis and 

secretion of [35S]-PGs are stimulated in lower concentrations (0.1mM and 0.25mM) of 

MGO, and inhibited in higher concentrations (0.5mM and 1.0mM). However, such a 
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conclusion is preliminary as we observed large variations between experiments as illustrated 

by some of the standard deviation bars in Figure 6.5. 0.5mM is the concentration of MGO 

that causes the largest variations during 24 hours of incubation. It might represent a break 

point where MGO concentrations are starting to build up inside the cells, but further 

experiments are required to address this hypothesis. 

Total after 24 hours

0

50

10 0

150

2 0 0

Co ntro l 0 .1mM 0 .2 5mM 0 .5mM 1.0 mM

[MGO]

[35
S]

-m
ac

ro
m

ol
ec

ul
es

/
m

g 
pr

ot
ei

n

Total after 48 hours

0

50

10 0

150

2 0 0

Co ntro l 0 .1mM 0 .2 5mM 0 .5mM 1.0 mM

[MGO]

[35
S]

-m
ac

ro
m

ol
ec

ul
es

/
m

g 
pr

ot
ei

n

 

Figure 6.5 [35S]-macromolecules in the cell and medium fractions after 24 and 48 hours of 
incubation in different concentrations of MGO. After eluting macromolecules from G-50 fine 
Sephadex columns, the amount of [35S]-sulfate was measured in a scintillation counter to get a 
measure of the amount of [35S]-macromolecules in the cell and medium fractions. The data was 
adjusted to the amount of cell protein, and is presented as percent (%) of control. The data shown is 
from three independent experiments, performed in two parallels.  

The content of [35S]-macromolecules in the cells after 48 hours increased to 119 +/-61% of 

control after incubation in 0.1mM MGO. Exposure to 0.25, 0.5 and 1.0mM MGO seems to 

decrease the synthesis of [35S]-macromolecules compared to the control. The numbers 

obtained indicate that 0.5mM MGO decreased the amount of [35S]-macromolecules in the 

cells somewhat more than 1.0mM MGO (Figure 6.3, Table 6.2.)  

After 48 hours, the amounts of [35S]-macromolecules secreted to the medium increased with 

134 +/- 21% and 124 +/- 56% after incubation in 0.1 and 0.25mM MGO respectively. After 

incubation in 0.5 and 1.0mM MGO it decreased to 37 +/- 0% and 34 +/- 14% (Figure 6.4). 

The total amount of [35S]-macromolecules synthesized and secreted after 48 hours of 

incubation in 0.1mM MGO increased in two of three experiments (Table 6.2). The amount 

of [35S]-macromolecules after incubation in 0.25mM MGO in 48 hours, increased in one 

experiment, and decreased in another. In the third experiment it did not change compared to 

the control. Because of these variations, it is not possible to conclude about the effects of 
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this concentration of MGO. However, when incubated in the highest concentrations (0.5mM 

and 1.0mM) the amounts of [35S]-macromolecules detected in the cells and medium fractions 

consistently decreased compared to the control (Table 6.2).   

The three independent experiments show the same trends, but we observed large variations 

in some of the experiments. For further illustration of these variations, data from all three 

experiments are presented in Table 6.1 and Table 6.2. 

Cells Experiment 1 Experiment 2 Experiment 3 Average 
0.1mM MGO 166 122 104 131 +/-32 

0.25mM MGO 120 129 92 114 +/-19 

0.5mM MGO 38 51 199 96 +/-89 

1.0mM MGO 19 33 59 37+/-20 

 

 Medium Experiment 1 Experiment 2 Experiment 3 Average 
0.1mM MGO 148 154 171 158 +/-12 

0.25mM MGO 151 110 185 149 +/-38 

0.5mM MGO 72 141 183 132 +/-56 

1.0mM MGO 38 54 56 49 +/-10 

 

 Total Experiment 1 Experiment 2 Experiment 3 Average 
0.1mM MGO 153 148 164 155 +/-8 

0.25mM MGO 143 114 175 144 +/-31 

0.5mM MGO 64 123 185 124 +/-61 

1.0mM MGO 34 50 57 47 +/-12 

Table 6.1 [35S]-macromolecules/mg cell protein after incubation in four different 
concentrations of MGO for 24 hours. The data is shown as percent (%) of control, and the average 
of three experiments +/- SD. 
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 Cells Experiment 1 Experiment 2 Experiment 3 Average 
0,1mM MGO 55 177 126 119 +/-61 

0,25 mM MGO 35 139 82 85+/-52 

0,5 mM MGO 15 36 54 35 +/-20 

1 mM MGO 26 61 65 51 +/-21 

 

 Medium Experiment 1 Experiment 2 Experiment 3 Average 
0,1mM MGO 109 146 146 134 +/-21 

0,25 mM MGO 85 189 99 124 +/-56 

0,5 mM MGO 37 37 ND* 37 +/-0 

1 mM MGO 25 50 28 34 +/-14 

*There was a problem with the particular fraction. 

 Total Experiment 1 Experiment 2 Experiment 3 Average 
0,1mM MGO 92 150 143 128 +/-32 

0,25 mM MGO 69 182 96 116 +/-59 

0,5 mM MGO 30 37 ND* 33 +/-5 

1 mM MGO 25 51 34 37 +/-13 

*Because of a problem with the medium fraction, the total fraction could not be determined. 

Table 6.2 [35S]-macromolecules/mg cell protein after incubation in MGO for 48 hours. The data 
is shown as percent (%) of control, and the average of 3 experiments +/- SD.   

In summary, [35S]-sulfate incorporated into total synthesized macromolecules increased on 

average in the presence of low concentrations of MGO, but decreased in the presence of 

higher concentrations of MGO after 24 and 48 hours of incubation. This trend is also shown 

in similar experiments with MGO using Madin Darby Canine Kidney (MDCK) epithelial 

cells (98). 

6.2.4 Qualitative detection of proteoglycans in HUVEC 
SDS-PAGE was used as a qualitative analysis of [35S]-sulfate labeled PGs. The same volume 

of each sample of the cell and medium fractions were added to separate wells on a 

polyacrylamide gel, after subjected to G-50 fine gel chromatography.  

Most PGs are generally large molecules with molecular weights of more than 200kDa. They 

make broad bands in the upper part of the gels, while other sulfated proteins might be 

observed further down in the gel material. The PGs perlecan, versican, syndecans, glypicans, 

decorin, serglycin and biglycan, are all synthesized in ECs, and the molecular sizes of the 
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core proteins vary from 19 to 400 kDa (59;60).  

220 kDa

97 kDa

66 kDa

45 kDa

30 kDa

Co
nt

ro
l

0.
1 

m
M

 M
G

O

0.
25

 m
M

 M
G

O

0.
5 

m
M

 M
G

O

1.
0 

m
M

 M
G

O

 
Panel A 

220 kDa

97 kDa

66 kDa

45 kDa

30 kDa

Co
nt

ro
l

0.
1 

m
M

 M
G

O
0.

25
 m

M
 M

G
O

0.
5 

m
M

 M
G

O
1.

0 
m

M
 M

G
O

 
Panel B 

Figure 6.6 SDS-PAGE of [35S]-sulfate labeled PGs released to the medium after 24 (Panel A) 
and 48 (Panel B) hours of incubation in MGO. After G-50 fine Sephadex gel chromatography, the 
medium fractions of HUVEC incubated in different concentrations of MGO for 24 and 48 hours 
were subjected to SDS-PAGE and autoradiography. The data shown is from one representative of 
three independent experiments. The migration of high molecular weight markers is shown on the 
right side of both panels. 

Figure 6.6 show that the [35S]-PGs obtained from the medium fraction are seen as broad 

smears in the upper part of the gel. This is because the size of the protein cores in the 

different PGs vary, but more importantly, the amount and size of the covalently linked GAG 

chains vary. The bands at the top of the gel might represent protein or protein/PG 

aggregates.  

From the migration pattern we see that the [35S]-PGs secreted to the medium fraction from 

both control and MGO treated cells had the same approximate molecular weights. Even if 

the bands detected after treatment with high concentrations of MGO are faint, bands at the 

size of around 220kDa in all concentrations of MGO after 24 hours of incubation are visible. 

The same migration patterns are seen in material obtained after 48 hours, but in the highest 

concentrations (0.5mM, 1.0mM) of MGO, [35S]-PGs are not visible.  

For comparison, we also analyzed the [35S]-PGs in the cell fractions. As shown in Figure 6.7 
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this material was not as well resolved as the medium fractions. However, [35S]-PGs are still 

detectable in the top region of the gels. The cluster of dark areas in the top region indicates 

that the proteins in the cell fractions might have made more aggregates with the method used 

to prepare the samples. However, it could also reflect large PGs like perlecan which have a 

molecular weight of 400kDa. 
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Figure 6.7 SDS-PAGE of [35S]-sulfate labeled PGs in the HUVEC after 24 (panel A) and 48 
(panel B) hours. After G-50 fine Sephadex gel chromatography, the cell fractions of HUVEC 
incubated for 24 and 48 hours in different concentrations of MGO were subjected to SDS-PAGE and 
autoradiography. The data shown is from one representative of three independent experiments. The 
migration of high molecular weight markers is shown on the right side of each panel. 

Even if this is a qualitative method, application of the same volume of each fraction to 

separate wells, will show the amounts of [35S]-PGs in each fraction. Using the program 

Scion Image we were able to quantify the bands at the gel in square pixels. Like the results 

from earlier analyses (0) the synthesis of [35S]-PGs increased in low concentrations of MGO, 

and decreased with higher concentrations. However, these results are not controlled for the 

amount of cell protein and we cannot make firm conclusions of the effects of MGO on [35S]-

PG-synthesis. 

Other studies of [35S]-PGs in HUVEC using SDS-PAGE have shown that the largest [35S]-

PGs appearing in the upper regions of the gels are HSPGs, such as perlecan. High molecular 
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weight CSPGs could possibly be versican. The PGs with a molecular weight of approximate 

90-100 kDa is of CS/DS nature and probably represent decorin (92).  
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6.3 Effects of IL-1α and TNF-α on HUVEC 

Hyperglycemic conditions may lead to low-grade inflammatory conditions in the circulatory 

system (10;74;77;78). To study the possible implication of inflammation on HUVEC they 

were exposed to IL-1α and TNF-α that acts as proinflammatory mediators. 

Proliferation and synthesis of PGs in HUVEC were studied after exposure to IL-1α (2 ng/ml) 

and TNF-α (7 ng/ml) for 24 hours.  

6.3.1 Effects of IL-1α and TNF-α on the proliferation of HUVEC. 
Also in these experiments we used cell protein as a measure of cell growth. After 24 hours of 

incubation the cell and medium fractions were harvested, and protein measurements were 

performed. By this method, the amount of protein would reflect the amount of cultured cells 

in each well. Three independent experiments were carried out on cells from three different 

individuals.  
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Figure 6.8 Protein content in HUVEC after 24 hours of incubation in IL-1α (2 ng/ml) and TNF-
α (7 ng/ml). The data shown is from 3 independent experiments performed in two parallels, and are 
expressed as percent of control.  

Cells incubated in IL-1α (2 ng/ml) contained 57 +/- 6% of the protein content of the control 

cells and cells incubated in TNFα (7 ng/ml) contained 75 +/- 15% of the controls after 24 
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hours (Figure 6.8). The cell protein measurements indicate that IL-1α and TNF-α both 

decrease the growth or proliferation of the HUVEC.  

We did not perform studies on cell viability because other studies performed on HUVEC in 

the same concentrations of IL-1α and TNF-α found no significant difference in the viability 

of cells incubated in these different conditions (59). Because a lower amount of cells were 

recovered after IL-1α and TNF-α treatment, data presented for the PG analyses are adjusted 

for the cell protein measurements. 

6.3.2 Effects of IL-1α and TNF-α on the synthesis of proteoglycans in 
HUVEC 
The HUVEC were labeled with [35S]-sulfate to measure the amount of [35S]-PGs synthesized 

in the cells under the different conditions. When labeling cells with 0.1mCi/ml [35S]-sulfate, 

the medium was changed to sulfate free RPMI medium with 2% FCS as in the experiments 

with MGO. RPMI medium containing IL-1α (2 ng/ml) and TNF-α (7 ng/ml) was made and 

added to the wells. 

After harvesting, macromolecules were recovered as previously described (5.6.2, 5.6.3). 

On average, the total incorporation of [35S]-sulfate into macromolecules increased to 206 +/-

32% of control in the HUVEC after 24 hours of incubation in IL-1α. When incubated in 

TNF-α, the total incorporation increased to 182 +/- 51% of control (Table 6.3).  

The total amount of [35S]-macromolecules in the medium fractions increased on average to 

354 +/-132% of the control after incubation in IL-1α. Incubation of TNF-α increased the 

total amount to 299 +/- 211% of the control (Table 6.3). 

All three experiments show the same trend, but because of variation in degree of stimulation, 

one experiment is chosen to illustrate this trend (Figure 6.9). For comparison, data from all 

three experiments are presented in (Table 6.3) 
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Figure 6.9 Effects of IL-1α and TNF-α on the amounts of [35S]-macromolecules in both cell and 
medium fractions. After 24 hours of incubation with IL-1α (2 ng/ml) and TNF-α (7 ng/ml), 
macromolecules was eluted from G-50 fine Sephadex columns and subjected to scintillation counting 
to get a measure of the amount of [35S]-macromolecules in the HUVEC . The data shown is from one 
representative experiment of three independent experiments performed in two parallels. The data was 
adjusted to the amount of cell protein, and is presented as percent (%) of control. 

Cells Experiment 1 Experiment 2 Experiment 3 Average 
IL-1α 173 207 238 206 +/-32 

TNF-α 127 190 228 182 +/- 51 

 

Medium Experiment 1 Experiment 2 Experiment 3 Average 
IL-1α 287 269 507 354 +/-132 

TNF-α 138 220 539 299 +/-211 

Table 6.3 [35S]-macromolecules/mg cell protein after incubation in IL-1α (2 ng/ml) and TNF-α 
(7 ng/ml) for 24 hours. Macromolecules was eluted from G-50 fine Sephadex columns and 
subjected to scintillation counting to get a measure of the amount of [35S]-macromolecules in the cell 
and medium fractions. The data shown is from three independent experiments performed in two 
parallels. The data was adjusted to the amount of cell protein, and is presented as percent (%) of 
control. 

Our results are in agreement with previous studies by Kulseth et al (59). In summary, the 

synthesis and secretion of [35S]-PGs increase in HUVEC when exposed to these 

proinflammatory agents. 
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6.3.3 Qualitative detection of proteoglycans in HUVEC. 
SDS-PAGE was used for qualitative analyses of [35S]-sulfate labeled PGs after stimulation 

with IL-1α and TNF-α. The same volume of each sample of the cell and medium fractions 

were added to separate wells on a polyacrylamide gel, after subjected to G-50 fine gel 

chromatography.  
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Figure 6.10 SDS-PAGE of [35S]-labeled PGs in HUVEC. [35S] labeled PGs were recovered from 
the medium fractions (panel A) and cell fractions (panel B) of HUVEC treated with IL-1α and TNF-
α, and subjected to SDS-PAGE. The migration of high molecular weight markers is shown on the 
right side of each panel. 

Figure 6.10 shows that in the medium fraction the PGs appear as two broad bands in the 

upper part of the gel. From the migration pattern we see that the PGs secreted into the 

medium had the same approximate molecular weights irrespective of the cells being treated 

with IL-1α or TNF-α, compared to the control.  

As shown (Figure 6.10), the samples containing the cell material was not as well resolved as 

the medium fractions. However, PGs are detectable in the top region and at the migration 

position of the 220kDa standard. PGs of 220kDa are recovered both in samples treated with 

IL-1α, TNF-α and the control. The cluster of dark areas in the top region may suggest that 

the PGs in the cell fractions more easily aggregate than those in the medium fractions. They 

may also represent large [35S]-PGs like perlecan or versican. 
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Even if this is a qualitative method, application of the same volume of each fraction to 

separate wells, will show the amounts of PG in each fraction. Using Scion Image we 

detected larger amounts of [35S]-PGs in both medium and cell fractions when treated with 

IL-1α and TNF-α compared to the control. There was no difference between the IL-1α and 

TNF-α treatments. Accordingly, these results show an increased secretion of PGs when cells 

are stimulated with these cytokines.  

Even if they are not controlled for cell protein measurements, these observations are in 

support the observations above where we detect a higher amount of [35S]-macromolecules 

after stimulation of these cytokines using gel chromatography (6.3.2).  
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6.3.4 Heparan sulfate and chondroitin sulfate in HUVEC   
To further investigate the differences in the pattern of PG expression, the radiolabeled cell 

and medium fractions were treated with cABC and HNO2. cABC is depolymerizing CS and 

DS to disaccharides while HS is resistant. Treatment with HNO2 will break the linkage 

region between GlcA and N-sulfated glucosamine in HS and heparin. The treated material 

was analyzed by DEAE ion-exchange chromatography, and subjected to a scintillation 

counter. By using this method we wanted to investigate the ratios between the amount of HS 

and CS/DS synthesized when HUVEC were stimulated by the different cytokines. 
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Figure 6.11 The amount of labeled HS and CS/DS in HUVEC after treatment of IL-1α and 
TNF-α. After cABC and HNO2 treatments cell and medium fractions were analyzed using DEAE 
ion-exchange chromatography, and subjected to scintillation counting. The figures show results from 
three independent experiments.  

Approximately 65-75% of the [35S]-GAGs in the cell fractions were HS, whereas the 

corresponding number in the medium was 55-70 % (Figure 6.11, Table 6.4).  

In the medium fractions we did not elute all the [35S]-Sulfate after DEAE, as the control was 

a greater number than the amounts of HS and CS/DS added together. Therefore it seems like 

there are other molecules labeled with [35S]-Sulfate since the amount of CS/DS and HS does 

not make 100% of the total PGs like in the cell fractions. The treatments with enzymes or 

HNO2 change the pH and might lead to changes that alter the binding to the gel material. 
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Cells Experiment 1 Experiment 2 Experiment 3 Average 
Control     

HS 84 70 69 74+/-8 

CS/DS 16 30 31 26+/-8 

IL-1α     

HS 71 66 71 69+/-3 

CS/DS 29 34 29 31+/-3 

TNF-α     

HS 71 63 71 68+/-5 

CS/DS 29 37 29 32+/-5 

 

Medium Experiment 1 Experiment 2 Experiment 3 Average 
Control     

HS 58 68 62 63+/-5 

CS/DS 42 32 38 37+/-5 

IL-1α     

HS 59 63 79 67+/-10 

CS/DS 41 37 21 33+/-10 

TNF-α     

HS 46 63 66 58+/-11 

CS/DS 54 37 34 42+/-11 

Table 6.4 [35S]-HS and [35S]-CS in HUVEC cells. After cABC and HNO2 treatments cell and 
medium fractions were analyzed using DEAE ion-exchange chromatography, and subjected to a 
scintillation counter. The data represents the amounts of HS and CS/DS in percent of total CS/DS 
and HS after treatment of IL-1α and TNF-α. 

In conclusion, the data presented show that the exposure of HUVEC to TNF-α or IL-1α did 

not influence the ratio of [35S]-HS to [35S]-CS/DS in neither the cells nor the medium 

fractions. 
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7. Discussion 

The major findings of the present study revealed increased biosynthesis and secretion of 

[35S]-PGs by HUVEC when exposed to low concentrations of MGO in 24 and 48 hours of 

incubation. In higher concentrations of MGO (1.0mM) the biosynthesis and secretion of PGs 

decreased.  

In this thesis we also showed that exposing primary HUVEC to the proinflammatory 

cytokines IL-1α and TNF-α led to increased biosynthesis and secretion of [35S]-PGs. 

However, the ratio of HS/CS GAGs did not change under the different conditions. 

The results presented therefore suggest that hyperglycemic conditions, using MGO, and 

inflammatory conditions, using IL-1α and TNF-α, both lead to altered PG expression by 

HUVEC in vitro.  

7.1 HUVEC 

HUVEC comes from different individuals, and therefore carry distinct qualities. In this way 

our results will to a greater extent than experiments performed with a cell line, reflect the 

variety represented in a population (biological variation). This is illustrated by the 

differences in growth rate and cellular protein measurements initially performed in this 

thesis. Although the cells made confluent layers in the same-sized wells, they contained 

different amounts of cell protein. There has also previously been shown large variations in 

results from experiments accomplished with HUVEC (97). 

We do not know the reasons for our observations, but in a study by Baccallao et al. 

organizational changes, such as increased height of cells of the epithelial monolayer during 

formation (96) have been shown. This will increase the protein content of the cells without 

affecting the cell number. To investigate this further we will need both cell number and 

protein concentration in the different cell cultures. 

We do not have data of the background of the donors. Their life style, use of medication or 

other factors may have impact on PG synthesis and secretion, or other parameters, in the 

HUVEC. One example is that it has been shown that cigarette smoke condensate (CSC) may 

have an impact on the adhesion of human monocytes to ECs (99).  
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Since HUVEC are primary cells that have to be prepared when umbilical cords are ready, 

they are a time consuming type of cells to work with. The major parts of the experiments 

presented in this thesis were performed on freshly isolated HUVEC. Some experiments 

using MGO were performed with frozen and thawed cells. Although, the results did vary 

when cells were incubated in MGO, the frozen and thawed cells did show the same trends in 

PG expression as the freshly prepared HUVEC. These results show that it is possible to use 

frozen and thawed cells in later experiments. 

Although HUVEC has been used to study a range of important pathophysiological 

processes, they are derived from immune-privileged fetal tissue and may not be 

representative of adult endothelium (90). It has been shown that HUVEC behave differently 

than arterial ECs after cytokine and ox-LDL exposure (90). This argues that HUVEC as a 

model system for EC has its limitations. There is an increasing trend to use arterial ECs 

derived from coronary artery and aorta to study the pathogenesis of atherosclerosis in vitro. 

Unfortunately, the cost and supply of these tissues limit their use. 

7.2 Effects of MGO on HUVEC 

The role of hyperglycemia in macro- and microvascular long term complications of DM is 

becoming more and more obvious. Elevated glucose fluctuation will lead to elevated 

amounts of intra- and extracellular levels of MGO. Elevated levels of MGO has been 

measured in diabetic subjects (46-49). 

7.2.1 MGO in experiments 
The steady-state levels of MGO have shown to increase significantly in plasma of diabetic 

patients compared with normal subjects (47). The plasma concentrations in diabetic patients 

have shown to be in the range from 0.4-2 μM (50). Intracellular concentrations of MGO 

have been difficult to establish in relation to hyperglycemia. Since MGO is produced 

intracellularly, such concentrations are probably higher than those found extracellularly. 

However, the glyoxalasesystem limits high intracellular concentrations of MGO (51). In DM 

this system might be depleted by oxidative stress. 

Based on earlier experimental studies on cultured cells using MGO (50;98;100), we used 
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0.1, 0.25, 0.5 and 1.0mM MGO in our experiments. These concentrations are apparently 

non-physiological high concentrations of MGO and might be too high to be naturally 

attained in the physiological environment of the cell. At the same time, in vivo, MGO can be 

continuously produced enzymatically or nonenzymatically under physiological conditions. 

In addition, higher non physiological quantities of MGO may be produced locally and kept 

for a long time to effectively react with target proteins in patients with hyperglycemia 

associated with DM. In vivo, MGO will be made for each episode of hyperglycemia in a 

diabetic person (53). 

There is limited data on what happens with MGO when it is added to the cell culture 

medium. The concentrations of free MGO in the media will probably decline over time as 

MGO will bind to different molecules in the medium or diffuse through the cell membranes. 

In addition, MGO modified proteins may be taken up by the cells via endocytosis. It is not 

possible to give exact measures of the amount of MGO diffusing through the cell membrane 

and therefore we do not know what intracellular concentrations we achieve in our 

experimental system. Many of MGOs effects will depend on the intracellular concentrations. 

For these reasons, it is difficult to directly compare the relations between the concentration-

dependent effects of MGO in vivo and in vitro.  

Oxidative stress-associated processes have been implicated in many of the pathological 

alterations in the vasculature of diabetic individuals (101). Elevated glucose and MGO may 

increase mitochondrial production of ROS which in turn leads to activation of PKC and 

NFκB (102). Signal pathways involving intracellular ROS can be involved in the MGO-

associated alterations of PG synthesis.  

7.2.2 Effects of MGO on cell protein 
Our results showed that the amount of cellular protein decreased in a dose dependent fashion 

with increasing concentrations of MGO. Since we do not have consistent results of cell 

viability in these experiments, these results may reflect decreased cell proliferation, growth 

or viability of the HUVEC. 

MGO has earlier been shown to be toxic to cultured cells (46). Studies have shown that 

MGO caused a gradual death of renal tubular cells in a concentration- and time dependent 

manner (100). In contrast, our experiments did not show differences in cell protein when 
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incubated in 24 or 48 hours. This indicates that MGO induce its effects on HUVEC more in 

a dose dependent than in a time dependent manner. 

ECs form monolayers and communication between cells and ECM provide essential signals 

for growth and survival. ECM modification by MGO has been shown to inhibit angiogenesis 

(54). Inhibition of angiogenesis occurs in the early stages of vascular disease in DM. A 

possible explanation of our results will be that MGO impairs the growth or proliferation of 

HUVEC because of inhibition of cell adhesion and signaling. Much cell adhesion and 

signaling occur via integrins, which mediate a variety of cell-cell and cell-matrix 

interactions. In diabetic animal models it has been shown that pyridoxamine treatment 

decreased plasma MGO levels and specific MGO-derived protein modification (50). 

Pyridoxamine has also showed to protect EC adhesion and integrin binding against MGO 

modifications, suggesting a role of MGO in modifying integrin interactions (50). The 

proposed hypotheses for the mechanism of inhibition are the modification of lysine residues 

in ECM proteins, protein cross-linking, and conformational changes due to glycation 

(103;104). 

In addition, studies have shown that increased formation of MGO in hyperglycemia and 

glycation of collagen is implicated in EC apoptosis, detachment, and impairment of 

angiogenesis (54). When cells are detached from the ECM, and a loss of normal cell-matrix 

interactions occurs, they may undergo anoikis. Anoikis is a form of apoptosis which is 

induced by anchorage-dependent cells when they are detaching from the surrounding ECM. 

Elevated levels of circulating ECs in type II DM has been reported, independent of HbA1c 

levels (105). It is proposed that these elevated levels may reflect ongoing vascular injury.  

7.2.3 Effects of MGO on PG synthesis 
After 24 and 48 hours of incubation in 0.1 and 0.25mM MGO, elevated amounts of [35S]-

PGs were found both in the cell and medium fractions compared to the controls. This shows 

increased biosynthesis and secretion of [35S]-PGs by HUVEC when treated with these 

concentrations of MGO. The stimulated synthesis further suggests that these concentrations 

do not have adverse effects on the cells. However, whether these results reflect increased 

synthesis or decreased degradation of [35S]-PGs was not studied. AGE has shown to reduce 

the secretion of MMP-2 in HUVEC which can lead to a decreased degradation of endothelial 

ECM (106).  
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The increase in [35S]-PGs was greater in the medium fraction than in the cell fraction. This 

illustrates that the cells also increase their secretion of [35S]-PGs when the biosynthesis is 

stimulated. Our results correlates with studies performed on MDCK cells in our laboratory. 

Incubation of MDCK cells in 0.2 and 0.5mM MGO in vitro increased the content of [35S]-

PGs both in the cell and medium fractions after incubation for 24 and 48 hours (107).  

After incubation in 1.0mM MGO for 24 hours the amount of [35S]-PGs decreased in cell and 

medium fractions compared to controls. This might represent a break point where MGO has 

more unspecific effects on HUVEC. The same result was obtained after incubation in 

0.5mM MGO for 48 hours, which suggests that MGO both has time dependent and dose 

dependent effects on the biosynthesis of PG in HUVEC. Studies have shown that exposing 

HUVEC to hyperglycemia and a highly modified AGE, carboxymethyl lysine bovine serum 

albumin (CML-BSA), led to a decrease in [35S]-PG expression (92). The fact that exposure 

to high concentrations (1.0mM) of  MGO leads to a decrease in [35S]-PG expression in 

HUVEC, as previously observed with CML-BSA, indicates that signaling pathways affected 

by AGEs may be involved. These may include activation of PKC, increased oxidative stress 

or other changes that evidently will affect ECs under hyperglycemic conditions (108;109). 

However, this further raises the questions of intracellular concentrations of both AGEs and 

MGO under in vitro conditions. In addition, to further investigate the effects of high MGO 

concentrations, we need to use other methods than cell counting to measure cell viability, for 

example cytotoxicity assays and apoptosis assays.  

As HSPG is a dominant PG in ECs, the alterations we observe would affect HSPGs to a 

large extent. On the apical side of endothelium, an altered composition of the glycocalyx on 

the cell surface may lead to changes in the regulation of partner molecules, such as 

lipoprotein lipase, chemokines and SOD (62;65). The systemic glycocalyx volume has been 

shown to be reduced in type I DM (73). Loss of glycocalyx may result in shedding of 

endogenous protective enzymes, such as extracellular SOD (60), and will increase the 

oxidative stress of ECs. Increased shedding of syndecan 1 has been shown in persons with 

DM I and nephropathy (110). At present, there is limited data of these important molecules 

in relation to DM. 

Changed levels of HSPG on the basolateral side of ECs can affect matrix assembly, where 

the ratio between the individual components is important for proper functions. Changes in 

GAG content or composition may affect the structure and organization of other matrix 
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components (111) and affect adhesive properties of ECs. Changes in arterial PGs are seen in 

both atherosclerosis and DM (69). In both conditions, HS was decreased to the largest extent 

in diabetic patients with atherosclerosis (69). Altered HSPG levels may affect the filtration 

properties of the endothelium in general, as has been shown for the kidneys (112). It has 

been shown that FGF is associated with ECM, in complex with HSPGs (60;64). A change of 

the amount of HSPG can therefore influence the local regulation of cell proliferation and 

matrix deposition mediated by this growth factor (64).  

The altered expressions of [35S]-PGs can reflect a result of qualitative or quantitative 

alterations in the synthesis and degradation of PGs. Hyperglycemia has shown to inhibit the 

activity of the enzyme UDP-glucose dehydrogenase (113). This enzyme catalyzes the 

generation of different UDP-sugars which are substrates for the biosynthesis of the GAG-

chains. Studies have shown that modification of the activity of this enzyme can lead to 

altered structure and function of the PGs (114).  

The extent of biosynthetic modification, affecting the number, length and substitution 

patterns of the modified domains as well as their position along the HS chain, may differ 

among cell types, alter during proliferation, and change as a result of cell transformation. 

This clearly indicates that the biosynthetic machinery involved in HS modification is tightly 

regulated; however, the underlying mechanisms are largely unknown. The NDST enzymes 

have key roles in determining the overall extent of modification of the HS chain and changes 

in the NDST has been associated with several diseases (58). In hyperglycemia, there have 

been a down regulation of the NDSTs, which are important for the initial sulfation of the 

HS-GAGs (115). A possible alteration of sulfation on the GAGs will not be detected with 

our methods used. However, Gharagozlian et al. showed that there was no differences in the 

polyanionic properties (e.g. sulfation) of  liberated [35S]-GAG chains after HG exposure 

(92).  

To further investigate changes in PGs, the core proteins should be labeled with [35S]-cys/met 

and the GAG-chains with [3H]-glucosamine. This method makes it possible to detect 

changes in GAG/core protein ratio.  
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7.3 Effects of IL-1α and TNF-α on HUVEC 

A prolonged chronic low inflammatory state where proinflammatory cytokines play 

prominent roles is observed in DM. Hyperglycemia, oxidative stress and obesity are all 

factors that have shown to be associated with the elevated plasma concentrations of 

cytokines found in DM (85;86;88).  

7.3.1 Experiments with IL-1α and TNF-α 
In vivo, plasma concentrations of TNF-α in diabetic subjects have been measured in the 

range 2.45-3.8 pg/ml (85;86;88). In the same studies, normal controls have shown TNF-α 

plasma concentrations between 1.58-3.3 pg/ml (86;88).   

IL-1α serum concentrations in subjects with recently diagnosed DM type I have shown to be 

in the range 59-1421 pg/ml, whereas normal controls were in the range 23-233 pg/ml (87). 

The concentrations used in our experiments are based on another study performed on 

HUVEC. Kulseth et al. showed that 2 ng/ml of IL-1α and 7 ng/ml of TNF-α  were the most 

potent concentrations to induce HUVEC serglycin mRNA expression in vitro for 24 hours 

(59).  

7.3.2 Effects of IL-1α and TNF-α on cell protein 
Our cell protein measurements showed a decrease in the amount of cell protein after 

incubation in IL-1α and TNF-α compared to the control. This suggests that the cytokines had 

negative effects on the cell proliferation, growth or viability of the HUVEC. However, 

Kulseth et al. showed that incubation in TNF-α and IL-1α did not significantly affect the 

viability of the HUVEC (59). Even if these concentrations of cytokines have negative effects 

on these parameters in HUVEC, the stimulation of [35S]-PG synthesis observed, exclude a 

possible toxic effect. Further experiments must be accomplished to address the effects of IL-

1α and TNF-α on proliferation, growth and viability of the HUVEC. 
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7.3.3 Effects of IL-1α and TNF-α on PG synthesis 
Incubating HUVEC in both IL-1α (2 ng/ml) and TNF-α (7 ng/ml) for 24 hours, resulted in 

increased amounts of [35S]-PGs in both the medium and the cell fractions. This could reflect 

an increase in the total production and secretion of [35S]-PGs by HUVEC when treated with 

these proinflammatory cytokines. However, if these results are due to increased synthesis or 

decreased degradation of [35S]-PGs was not studied. Increased sulfation of the PGs is also a 

possible explanation for the results obtained. 

We showed no significant difference between the stimulation of IL-1α or TNF-α on the 

expression of [35S]-PGs in neither cell nor medium fractions. These results correlate with the 

study performed by Kulseth et al. which showed that both IL-1α and TNF-α increased the 

incorporation of [35S]-Sulfate into macromolecules with 160% compared to control (59). 

However, the same study showed that TNF-α was the most potent inducer of serglycin 

mRNA in HUVEC. To further investigate changes in the biosynthesis of different core 

proteins, mRNA analyses of these proteins should also be obtained in addition to labeling 

the core proteins with [35S]-cys/met and the GAG-chains with [3H]-glucosamine, as 

previously mentioned in this thesis. 

Using enzyme treatment and treatment with HNO2 we determined the amounts of [35S]-HS 

and [35S]-CS/DS in the PGs synthesized. The major part of the PGs released was of the HS 

type, as ECs primarily synthesize HSPGs. Our results are in agreement with earlier data, 

where HSPG represented approximately 60-70% of the total PG material secreted from 

HUVEC (92). 

There was no difference in the ratio between [35S]-HS and [35S]-CS under the different 

experimental conditions although the total [35S]-PG expression increased. Gharagozlian et al. 

showed that HUVEC exposed to HG expressed a decreased amount of total [35S]-PGs with 

no change in the ratio between[35S]-HS and [35S]-CS/DS (92). This shows that even if the 

expression of [35S]-PGs by HUVEC are stimulated or inhibited, the [35S]-HS/CS ratio does 

not change. However, again we have not taken into account that our results may be due to a 

change in degradation rather than synthesis, which would be an interesting field for 

continuing research. 
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Leukocyte recruitment from the blood circulation into the vascular tissue is essential for 

effective immune responses (65;91). Chemokines with GAG-binding sites will be presented 

by endothelial PGs and provide signals to passing leukocytes, which initiate their adhesion 

and transmigration into the vascular wall (118). In this way EC surface PGs have shown to 

have prominent roles in the inflammatory processes. Since leukocyte adhesion and 

transmigration in the endothelium are dependent on PGs on the endothelial surface, elevated 

amounts of these PGs may favor increased amounts of leukocytes in the vascular wall. This 

again may contribute to elevated immune response and increased endothelial permeability 

that may lead to atherosclerotic processes.  

The biological importance of our findings may also be linked to the retention hypothesis 

which states that the subendothelial retention of atherogenic LDLs by matrix molecules such 

as PGs, is a critical initiating step in the pathogenesis of the early atherosclerotic lesion. This 

critical role of PGs in atherosclerosis has been demonstrated by Skålén et al, who generated 

a series of human apolipoprotein B (apo B) transgenic mice expressing PG binding defective 

apo B, LDL receptor binding defective apo B, or wild type control apo B. The mice 

expressing PG binding-defective apo B developed significantly less atherosclerosis when fed 

an atherogenic diet compared with LDL receptor binding-defective or wild type apo B mice 

(75).  

Together, increased vascular content of PGs could be proatherogenic by directly triggering 

lesion development owing to increased LDL retention and/or leukocyte migration and 

retention in the vascular wall. In addition, increased PG sulfation and/or GAG chain length 

has shown to increase the lipoprotein binding affinity for the GAG chains (76), which makes 

sulfation patterns and length of the GAGs an interesting investigation for the future. 
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8. Conclusions and concluding remarks 

There is a need to increase our knowledge about the relationship between the molecular 

mechanisms leading to DM associated endothelial dysfunction, changes in ECM and 

vascular complications.  

Our results showed that the amount of HUVEC protein decreased in a dose dependent 

fashion with increasing concentrations of MGO. Further experiments should address the 

effects of MGO on EC viability, apoptosis and cell attachment. Low concentrations of MGO 

caused an increase in [35S]-PGs in cell and medium fractions of HUVEC after 24 and 48 

hours of incubation, while higher concentrations caused a decrease in [35S]-PGs. Therefore, 

it seems like MGO’s effects on endothelial expression of [35S]-PGs are dose dependent, and 

that high concentrations may lead to more unspecific effects on HUVEC.  

When HUVEC was incubated in IL-1α and TNF-α, the cell protein decreased compared to 

the control. Incubating HUVEC in IL-1α and TNF-α for 24 hours, resulted in increased 

amounts of [35S]-PGs, with no changes in HS/CS ratio in both the medium and the cell 

fractions.   

The effects MGO, IL-1α and TNF-α have on the [35S]-PGs in HUVEC, indicate that these 

factors are involved in the regulation of biosynthesis and/or degradation of PGs in the vessel 

wall. However, it is difficult to conclude on the in vivo relevance of our data. A combination 

of in vitro studies with data from immunohistochemistry of human tissues should provide an 

attractive approach for future studies. It will further be interesting to evaluate quantitative 

and qualitative effects of MGO and cytokines on specific PGs in the ECM like perlecan and 

decorin and cell membrane attached PGs like syndecans and glypicans.  

Experiments using HUVEC should be accompanied with experiments on human EC-lines 

for comparison. Additional experiments using arterial ECs derived from coronary artery and 

aorta to study the pathogenesis of atherosclerosis in vitro would be interesting. 

In conclusion; control of blood glucose levels is an important part of the strategy to avoid 

long term complications in DM. However, such control to obtain the levels achieved in 

studies like UKPDS and DCCT, is difficult and may lead to weight gain. Therefore, the use 

of therapies that specifically target the biochemical pathways in diabetic macro- and 

microvascular complications are important and should be helpful in addition to a strict 
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glucose-monitoring regimen. Since changes in PG metabolism may contribute to the 

development of vascular complications in DM, further studies should be performed to 

evaluate the contribution PGs have in the progression of diabetic diseases. 
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