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ABSTRACT 

   

Abstract 
A critical step in the development of atherosclerotic lesions appears to be the 
retention of low density lipoproteins (LDL) in the arterial wall, mediated by 
negatively charged proteoglycans (PG). Retained LDL is susceptible to 
modification and uptake by resident macrophages that are found in hypoxic sites in 
atherosclerotic lesions (with oxygen levels below 1%). PG are multifunctional 
proteins and in addition to their interaction with LDL, they bind and regulate the 
activity of growth factors and cytokines as well as cell migration and adhesion.  
The aim of this thesis was to investigate how hypoxia affects PG synthesis in 
macrophages and the potential consequences on the atherosclerotic process. We 
found that expression of two large secreted PG, versican and perlecan, was 
increased in human monocyte-derived macrophages (HMDM) exposed to hypoxia 
(0.5% O2) compared with cells in normal cell culture conditions (21% O2). We 
found that the hypoxic induction of these two PG involved the hypoxia-inducible 
transcription factors HIF-1  and HIF-2 , and that HIF-1  and versican co-
localized in macrophage-rich areas in human advanced atherosclerotic lesions. The 
negative charge of PG is on their attached glycosaminoglycans (GAG). We found 
that GAG secreted under hypoxic conditions bound LDL with higher affinity than 
GAG secreted under normal cell culture conditions, which could be due to the 
increased sulfation and size of GAG secreted in hypoxia. In contrast to the hypoxic 
induction of macrophage-secreted PG, hypoxia decreased the synthesis of the cell-
associated heparan sulfate (HS) PG syndecan-1 as well as the HS GAG chains. The 
general motility of macrophages increased upon hypoxic incubation and was 
associated with the amount of HS GAG chains.  
In conclusion, we found that hypoxia affects the synthesis of the extracellular 
matrix PG in macrophages with the potential to contribute to increased LDL 
deposition. Hypoxia also modulates the synthesis of cell-associated PG, with 
consequences for HMDM cell motility. These results are of importance to 
understand the role of macrophages in biological processes such as atherosclerosis.  
 
Keywords: atherosclerosis, proteoglycans, glycosaminoglycans, macrophages, 
hypoxia, hypoxia-inducible transcription factor, LDL binding, cell motility 
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1 Introduction 
1.1 Atherosclerosis 
Atherosclerosis is the underlying pathology of cardiovascular disease -the leading 
cause of illness and death in industrialized countries. More than 1 million people 
suffer from cardiovascular disease in Sweden [1]. Atherosclerosis is characterized 
by a thickening of the arterial wall, leading to narrowing of the arteries and 
impairment or even occlusion of blood flow. Insufficient blood supply may cause 
ischemia and produce symptoms such as angina pectoris (chest pain). Total 
occlusion of an artery, as a result of plaque rupture, may cause myocardial 
infarction or stroke. The atherosclerotic process begins in childhood and may 
continue for decades without any symptoms. Diabetes, hypercholesterolemia, 
obesity, high blood pressure, old age and smoking are all risk factors for 
atherosclerosis. With an increasingly obese and ageing population, cardiovascular 
disease is likely to increase in the near future [2]. If this development is to be 
stopped, we need to further understand the cellular processes and underlying 
mechanisms of atherosclerosis, in order to identify more specific therapeutic 
targets. 

 

1.1.1 The arterial wall and the atherosclerotic process  
The wall of a normal artery has three distinct morphological layers. Closest to the 
lumen, below the endothelial cells (EC), is the intima. It is constituted by a thin layer 
of extracellular matrix (ECM) components, mainly collagen and proteoglycans 
(PG). Next to the intima is the media layer, which is composed of smooth muscle 
cells (SMC). The third layer is the adventitia, which contains connective tissue with 
small capillaries called the vasa vasorum. During plaque progression, the 
organisation of these three layers is disturbed due to thickening of the intima and 
disruption of the media.  

Normally, circulating lipoproteins diffuse in and out of the arterial intima. A 
hallmark of atherosclerosis is the increased subendothelial accumulation of mostly 
low density lipoproteins (LDL), a retention process mediated by the ECM PG. 
Retained LDL particles are subjected to modifications that stimulate EC to 
synthesize chemotactic signals and surface markers that mediate the recruitment of 
circulating monocytes. Recruited monocytes differentiate into macrophages that 
take up modified LDL. An imbalance within the lipid metabolism generates lipid-
loaded macrophages, so called foam cells. The aggregated foam cells are the first 
visible sign of a fatty streak. These cells express a number of cytokines, enzymes, 
growth factors and reactive oxygen species (ROS) that promote inflammation and 
LDL modification as well as proliferation and migration of SMC. The initiation
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of the atherosclerotic process, with focus on the role of macrophages and PG, is 
illustrated in Figure 1. 

 

Eventually some foam cells burst and cell debris, toxic enzymes, lipids and 
cholesterol accumulate around them. With time, the lesion develops a core of 
necrotic cells covered by a supportive fibrous cap that narrows the lumen and 
impairs blood flow. Compensatory dilation of the vessel may delay symptoms of 
atherosclerotic disease for decades. However, plaque rupture may result in 
thrombus formation or embolism, producing acute symptoms of ischemia. 

 

1.1.2 Mechanisms behind atherosclerosis 
The mechanisms behind the formation of an atherosclerotic plaque are not fully 
understood. Two major theories are at the heart of this thesis:  

In 1995, Williams and Tabas introduced the response to retention theory in a review 
article [3], summarizing findings that negatively charged PG within the intima 
mediate binding and retention of positively charged LDL [4-8]. This mechanism is 

Figure 1. Macrophages in the atherosclerotic process. Circulating monocytes are recruited to the 
arterial wall (1) and differentiate to macrophages within the intima (2). LDL particles are retained 
within the intima by binding to proteoglycans (3). The modified LDL is taken up by macrophages, (4) 
resulting in lipid-loaded macrophages (foam cells) (5). They secrete molecules that will attract more 
monocytes to the intima as well as stimulate migration of SMC. Proliferated SMC secrete increased 
amounts of proteoglycans (6), thus increasing the rate of LDL retention and macrophage uptake. 
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necessary for further modifications of LDL prior to macrophage uptake, foam cell 
formation and plaque progression. Extensive work has been done to confirm this 
theory. Today, it is generally accepted that PG play a key role in atherosclerosis [9].  

The Anoxemia theory was presented as early as 1944 by Hueper [10]. This theory 
suggests that hypoxia plays a key role in atherosclerosis. It has been supported by 
the findings of hypoxic areas, with high concentrations of lactate and low ATP 
(adenosine triphosphate) and glucose, in atherosclerotic plaques. The cells of the 
intima depend on diffusion of oxygen through the arterial wall. Thickening of the 
wall decreases the diffusion capacity of oxygen, creating a hypoxic environment. 
Hypoxia has been found to mediate several processes important in the 
development of atherosclerosis [11, 12].  

 

1.2 Proteoglycans 
The ECM is mainly constituted by PG, hyaluronan, collagen, elastin, laminin and 
fibronectin. PG are negatively charged proteins with attached polyanionic sugar 
chains called glycosaminoglycans (GAG). Their charge and viscosity enables them 
to bind water and form a hydrated gel that mediates mechanical strength and 
support of tissues. PG regulate the activity of growth factors, cytokines and 
enzymes and are thus involved in the dynamic processes of cell signaling, adhesion, 
proliferation and migration [13, 14].  

 

1.2.1 Structure and classification 
Monosacharides and sulfate are metabolised by cells, converted to uridine 
diphosphate (UDP-sugars) and 3´phosphoadenosine 5´-phosphosulfate (PAPS) 
and transported to the endoplasmatic reticulum and Golgi apparatus where 
synthesis of GAG chains occurs. Serine residues of the PG core protein mediate 
the binding of a link region, consisting of three saccharides (Xylose-Galactose-
Galactose) followed by glucuronic acid (GlcA). The link region serves as an 
attachment site and further elongation of the GAG chain. Depending on the 
combination of the amino sugar N-acetyl-glucosamine (GlcNac) or N-acetyl-
galactosamine (GalNac) with either glucuronic acid (GlcA) or iduronic acid (IdoA), 
different types of chains are synthesized: chondroitin sulfate (CS), dermatan sulfate 
(DS) and heparan sulfate (HS) (Figure 2) [13, 15]. There is a fourth type of GAG 
chain, keratan sulfate (KS), composed by galactose and GlcNac. KS and its core 
protein, lumican, have been found in the arterial wall [16, 17]. However, the 
contribution of KS to atherosclerosis seems to be minor, and since macrophages 
do not express this PG, it will not be discussed further 
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PG may be classified by their location: versican, perlecan, decorin and biglycan are 
secreted PG while syndecan and glypican are cell-associated PG (Figure 3). They may 
also be classified by their GAG chains: the chondroitin sulfate PG and the heparan 
sulfate PG. Neither classification is perfect; since a specific PG can carry different 
types of chains, and perlecan for instance is secreted but referred to a basement 
membrane PG [14, 15, 18]. 

 

 

 

Figure 2. The general structure of a proteoglycan. Grey shading on disaccharide units indicates
potential residues for sulfation.
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1.2.2 The chondroitin sulfate proteoglycans and their biosynthesis 
Versican, decorin and biglycan are the major chondroitin sulfate (CS) PG within 
the arterial ECM (Figure 3). Decorin and biglycan belong to the family of small 
leucine-rich PG and are constituted by small core proteins of ~40 kDa with 1-2 CS 
or DS chains attached  [19].  

Versican belongs to the family of hyaluronan-binding PG. Hyaluronan is a large 
unsulfated GAG chain [20] and together with versican it forms enormous networks 
within the ECM [14]. Versican is a large PG with up to 23 CS GAG chains 
attached. The size of the core protein and number of chains are dependent on 
alternative splicing of the versican mRNA transcript. Four different isoforms can 
be generated: V0, V1, V2 and V3 (Table 1) [21]. All isoforms contain an amino-
terminal end (G1), known as the hyaluronan binding site, as well as a carboxyl-
terminal end (G3). The middle regions of versican are encoded by two large exons 
called GAG (exon 7) and GAG (exon 8) and contain the attachment sites for the 
CS GAG chains [22]. V3 has no CS chains and should perhaps be regarded as a 
glycoprotein rather than a PG. The distribution and function of the different 
isoforms are not clear. Due to its high negative charge, versican plays an important 
role in the interactions and regulations of cytokines, enzymes, growth factors, 
lipoproteins and other extracellular matrix molecules within the arterial wall during 
the atherosclerotic process [9, 18, 23].  

versican
biglycan decorin

NH2

COOH

NH2

COOH

NH2

COOH

0-23 CS 1 CS/DS1-2 CS/DS

perlecan
NH2

COOH
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Plasma membrane

Cytosol

NH2

COOH

1-3 HS
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    Figure 3. Location and structure of the proteoglycans investigated in this thesis.
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The PG form of macrophage colony stimulating factor (PG-MCSF) is secreted and 
carries one CS chain [24, 25]. This secreted PG has the capacity to mediate binding 
and uptake of LDL and to regulate cholesterol metabolism in macrophages [26, 
27]. Serglycin is normally an intracellular PG but is secreted by macrophages. It can 
carry both CS and HS GAG chains. Although serglycin from monocytes is 
suggested to carry mainly CS chains [28]. It is involved in the formation, storage 
and delivery of secretory granules and is suggested to play an important role in the 
regulation of proteases and inflammatory mediators [29].  

The synthesis of CS GAG chains is dependent on the activity of specific enzymes. 
Several synthases are involved in the initiation and elongation steps that determine 
the number and size of the chains, which can contain up to 60 disaccharides. The 
4-0- and 6-0-sulfotransferases catalyze the sulfation of position 4 and 6 on GalNac 
(positions marked in Figure 2) [15].  

 

1.2.3 The heparan sulfate proteoglycans and their biosynthesis 
Syndecan, glypican and perlecan are all heparan sulfate (HS) PG (Figure 3). The 
syndecan family consists of four transmembrane PG (syndecan 1-4) and is involved 
in a wide variety of biological activities, including cell migration, adhesion and 
proliferation. The extracellular domain contains the HS GAG chains but syndecan-
1 and -4 might also have CS chains near the cellular membrane. The HS GAG 
chains are known to mediate the binding and activity of several growth factors 
(GF) to their receptors, like fibroblast growth factor (FGF) and vascular 
endothelial growth factor (VEGF). The extracellular domain can be proteolytically 
cleaved, generating free HS GAG chains that can bind and regulate cytokines and 
GF within the ECM. (For a review of syndecans, see [30]).  

Glypican is anchored to the cell surface by a glycosyl-phosphatidylinositol (GPI), 
and six isoforms have been described. This PG is involved in cell-to-cell contact, 
adhesion and GF regulation and signalling [31]. 

    Table 1. The different versican isoforms.

Versican isoforms

V0

V1

V2

V3

mRNA transcript Core protein (kDa) Number of CS chains

17-23

12-15

5-8

0

G1 G3ßGAG

G1 G3aGAG

G1 G3

G1 G3aGAG ßGAG 370

260

180

72
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Perlecan, a secreted PG, differs from other HS PG: its four GAG attachment sites 
may also carry CS chains. It has a large core protein of ~470 kDa and with GAG 
chains attached, this PG can reach a molecular weight of 800 kDa [14]. Perlecan 
binds and regulates several ECM components, including GF, and may function as a 
reservoir for GF. Due to its close association with the cell membrane, perlecan can 
also regulate GF signalling,  just like the cell-associated PG [32].  

HS GAG chains may contain as much as 150 disaccharides. The elongation of the 
chain is mediated by a family of five glycosyl transferases. Two of them, exostoses 
(EXT)1 and 2, are the main enzymes responsible for initiation and polymerization 
of the HS chain [33]. Less is known about the 3 other family members, exostoses-
like (EXTL)1-3, although EXTL2 has been suggested to play a critical role in the 
initiation of HS synthesis [34, 35]. The HS chain can be modified in four different 
ways [33]: 1. N-deacetylase/N-sulfotransferases (NDST) first deacetylate the 
aminogroup (NHCOCH3) on a specific GlcNac and then catalyze a sulfation 
reaction. 2. C5 epimerase catalyzes the epimerization of GlcA to IdoA, which 
results in an orientation of the carboxyl group below the hexose ring. 3. IdoA and 
GlcNac can be subsequently sulfated on the C2 position by 2-O sulfotransferases. 
4. GlcNac may further sulfated by 3-0- and 6-0 sulfotransferases. Sites for potential 
sulfation are marked in Figure 2. 

 

1.2.4 Modulation of proteoglycans 
The normal turnover of PG is mediated by the families of MMP (matrix 
metalloproteinases) and ADAMTS (A disintegrin and metalloproteinase domain 
with thrombospondin motifs). Versican and perlecan core proteins can both be 
cleaved by specific enzymes of these families [36, 37]. Specific cleavage sites in 
versican V0/V1 have been described for ADAMTS-1 and -4 [38]. The cleavage (i.e. 
shedding) of the ectodomain of syndecans can be mediated by several MMP and 
ADAMTS-1 [39, 40]. The turnover of PG also includes cleavage and digestion of 
the GAG by enzymes of the endoglycosidase, sulfatase and exoglycosidase families 
[41]. One example is the heparanase, which is both intracellular and cell-associated, 
that digests HS GAG chains [42].  

 

1.2.5 The role of proteoglycans in atherosclerosis 
The high negative charge of PG, due to the numerous sulfate and carboxylic 
groups of their GAG chains, confers high affinity for the positively charged regions 
of the apolipoprotein B (apoB) within the LDL particle [43-45]. PG binding sites 
have been demonstrated within apoB [6, 46], and it has been shown that 
atherosclerosis is reduced in mice with defective PG-binding sites in apoB [47]. 
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This PG-LDL interaction is the mechanism behind the response to retention hypothesis 
of atherosclerosis [48-50].  

CS PG plays an important role in LDL binding [43] and regions with increased 
amounts of CS-rich PG (versican, decorin and biglycan) are associated with areas of 
LDL depositions in human lesions [51, 52]. Versican is considered the most 
atherogenic PG, but in the earliest stage of human lesions, it is biglycan that is 
suggested to be associated with apoB deposition [53]. HS and DS GAG chains are 
more negatively charged than CS [54]. However, versican has higher LDL-binding 
capacity than biglycan and decorin in vitro [55]. This may be explained by the high 
number of CS GAG chains on versican with a large number of binding sites for 
LDL.  

Longer and more sulfated CS GAG chains have higher affinity for LDL in vitro [56-
58]. Several proatherogenic factors induce changes within the GAG chains with 
effects on their affinity for LDL [9]. LDL has been shown to have higher affinity 
for GAG rich in 6-sulfated disaccharides compared to 4-sulfated [56, 59].  

The PG-mediated retention of LDL makes the particles susceptible to modification 
and oxidation by enzymes and reactive oxygen species (ROS). The presence of PG 
is also important for the enzymatic activity of phospholipase A2 towards LDL [60-
62]. The PG-LDL complex induces LDL aggregation and unmasking of binding 
sites, which increases complex strength as well as macrophage uptake [8, 23, 63-69]. 
Interestingly, PG can distinguish between lipoprotein subclasses, leading to more 
effective macrophage uptake [66]. 

HS is the most negatively charged GAG chains. Although HS GAG chains bind 
and mediate LDL uptake by macrophages [54, 70-72], decreased levels of HS [73] 
as well as perlecan core protein [74] are associated with human atherosclerosis. The 
suggested anti-atherogenic effect of HS GAG chains in ECM may be due to their  
ability to inhibit SMC proliferation, possibly by binding and storage of fibroblast 
growth factor (FGF) [75]. However, in addition to its anti-atherogenic effect, 
perlecan has been shown to induce EC proliferation and angiogenesis [76]. Platelet-
derived growth factor (PDGF) competes with LDL for binding sites on GAG, and 
GAG binding and storage of PDGF influences the proliferation of SMC [64, 77]. 
Cleavage of both versican and perlecan are suggested to promote SMC 
proliferation, possibly by release of GF bound to these PG [78]. Cell-associated HS 
is a co-receptor for several GF. Reduction of HS reduces FGF mediated nitric 
oxide (NO) release [39]. Several anti-atherogenic mechanisms are associated with 
NO, such as the vasodilatory effect and inhibition of SMC proliferation and platelet 
aggregation. Loss of NO activity seen in atherosclerosis could be associated with 
the anti-atherogenic characteristics of HS. Cell-associated HS GAG chains also play 
an important role in the regulation of the superoxide anion O2

• , which is associated 
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with atherosclerosis mainly by its capacity to oxidize LDL. EC-SOD (extracellular 
superoxide dismutase), an enzyme with antioxidant characteristics, catalyzes the 
reaction of O2

• to H2O2 (hydrogen peroxide and oxygen) and thereby suppresses 
LDL oxidation. Since EC-SOD has a unique heparin binding domain, the HS 
GAG chains play an important role in determining the localization of this enzyme 
within the intima. 

 

1.3 Macrophages 

1.3.1 Macrophage origin, differentiation and phenotypes 
Monocytes originate from pluripotent stem cells in the bone marrow. Their 
proliferation and differentiation is dependent on the growth factor MCSF. Several 
monocyte phenotypes have been identified. They are basically distinguished by 
their expression profiles of CD14 and CD16, their cytokine production and their 
phagocytic activity. Interestingly, inflammation, infection and high fat diet affect 
the numbers and types of monocytes released from the progenitor cells (for an 
updated review about monocyte development, see [79]). Monocytes and 
macrophages are parts of the innate immune system and phagocytose foreign 
pathogens and other substances. This process may be followed by secretion of pro-
inflammatory mediators like cytokines that further enhance the immune response. 
Monocytes and macrophages are also antigen-presenting cells, of importance for 
the adaptive immune response by T-cells.  

Monocytes circulate in the blood for 1-3 days and enter tissues in response to 
chemotactic signals, like the monocyte attracting protein-1 (MCP-1), and adhesion 
molecules on luminal EC, such as VCAM and P-selectin. In response to tissue 
inflammation, macrophages develop different phenotypes: classically activated 
macrophages (M1), which mainly secrete pro-inflammatory cytokines, and 
alternatively activated macrophages (M2), which mainly secrete anti-inflammatory 
cytokines [80]. In addition to inflammation, other factors can influence macrophage 
phenotype, such as excessive amounts of lipids (which induces macrophage foam 
cells in atherosclerosis), and hypoxia (which generates tumor associated 
macrophages in tumor tissues). Recent work has focused on identifying 
macrophage phenotypes in pathological conditions. However, the in vivo situation 
with multiple stimuli generates complex phenotypes such as macrophages in 
atherosclerotic lesions, which are exposed to lipids, hypoxia and inflammatory 
mediators. 
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1.3.2 The role of macrophages in atherosclerosis 
Macrophages, like SMC and EC, are involved in the modification of LDL by 
secretion of ROS, NO and enzymes like myeloperoxidase, lipoxygenase and 
phospholipase A2 [81-85]. Macrophages express numbers of scavenger receptors 
that mediate the uptake of several types of modified LDL, e.g. oxidated and 
enzymatically changed LDL. Macrophage degradation of LDL within the lysosome 
generates free cholesterol. An abundance of free cholesterol induces ApoE that 
mediates reverse cholesterol transport [86, 87]. However, an excessive amount of 
available LDL and uncontrolled uptake by scavenger receptors leads to an 
imbalance in lipid metabolism that generates intracellular accumulation of 
cholesterol esters in lipid droplets [88, 89]. Macrophage uptake of fatty acids 
followed by intracellular accumulation of triglycerides is also involved in foam cell 
formation [90, 91].  

Foam cells secrete a number of pro-inflammatory mediators such as interleukins 
(IL-1, IL-6 and IL-8), MCSF and tumor necrosis factor (TNF)- . These factors 
mediate recruitment of monocytes and T-cells [92, 93]. Foam cells also secrete GF, 
like PDGF, FGF and VEGF, that induce proliferation and migration of SMC and 
EC and lead to progression of the lesion [94]. 

Macrophages play a role in plaque rupture. They secrete MMP and ADAMTS that 
degrade collagen and PG in the fibrous cap that provides the mechanical strength 
of the plaque. For instance, macrophages have been shown to secrete ADAMTS-4, 
which specifically cleaves versican V0/V1 [95-97], and heparanase, which cleave 
HS GAG [98]. As previously mentioned, matrix degradation also has major 
consequences for the biological activity of PG in terms of storage and regulation of 
GF activity within the intima. 

 

1.3.3 Role of macrophages in proteoglycan synthesis in   
atherosclerosis 

Extensive work has been done to clarify the role of macrophages in lipid 
metabolism, inflammation and matrix degradation. However, their role in PG 
synthesis has received less attention.  

Macrophages express syndecan, glypican, serglycin, versican, perlecan and the PG 
form of MCSF [26, 99-103]. Serglycin is suggested to be the major secreted PG 
synthesized by human and mouse macrophages [104, 105]. Interestingly, 
inflammatory mediators increase the secretion of serglycin-related CS GAG chains 
in macrophages [106]. The role of serglycin in the regulation of proteases and 
inflammatory mediators indicates that this PG may play at role in atherosclerosis. 
The PG distribution in early stages of human intimal thickening was recently 
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reviewed [9], and versican, biglycan, decorin and lipoproteins are identified in the 
absence of macrophages. These results indicate that macrophages do not 
contribute to the PG synthesis in early lesion development. Perlecan is present in  
macrophage-rich areas of advanced human lesions, while decorin is found 
predominantly around foam cells [51]. Versican staining has been observed in areas 
with macrophages and SMC. Versican has not been demonstrated in the 
macrophage-rich fibrotic core. This is probably one reason why versican synthesis 
during lesion progression has generally been attributed to SMC [36, 51, 52]. 
However, gene array analysis of versican expression patterns in different human 
tissues indicates that myeloid cells, monocytes and hole blood have the highest 
expression of versican, see Figure 4 (adapted from [107, 108]). Consistent with this 
finding, macrophages were recently suggested to play an important role in versican 
accumulation and plaque progression in mice [109].  

Macrophages can synthesize CS GAG chains with high capacity to mediate LDL 
binding [110, 111]. The macrophage secreted PG form of MCSF has also been 
shown to bind LDL in vitro [26], but its presence in atherosclerotic lesions has not 
yet been demonstrated. Aviram and co-workers have shown that both macrophage-
secreted and cell-associated PG can facilitate LDL binding, aggregation and uptake 
[67, 112-114]. Macrophage cell-associated HS GAG chains also mediate uptake of 
native as well as oxidized LDL by binding to the bridging molecule lipoprotein 
lipase and the enzyme phospholipase A2 [70, 72]. 

 

Figure 4. Gene array analysis of versican expression patterns in different human samples.  
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1.4 Hypoxia 
Cells within the arterial intima depend on diffusion of oxygen from the luminal 
blood flow or from the vasa vasorum. The diffusion capacity for oxygen is 
normally ~100-300 m within tissues [115]. During lesion development, an 
increasing number of cells will be located too far from the blood stream to receive 
enough oxygen. The oxygen tension is 20 to 70 mmHg (2.5-9%) in healthy tissues 
but reduced to below 10 mmHg (<1% oxygen) in pathological tissues [116]. Since a 
number of processes are influenced by low oxygen concentrations (i.e. hypoxia), it 
is important to consider the oxygen concentrations in in vitro experiments to obtain 
valid results regarding cellular functions in atherosclerosis. 

 

1.4.1 Cellular adaption to hypoxia  
ATP is the most important source of cellular energy. It is generated by glycolysis, 
the citric acid cycle and oxidative phosphorylation. Oxidative phosphorylation, 
which occurs in the inner mitochondrial membrane, is the most efficient process 
for generation of ATP. 80-90% of all intracellular glucose is normally used for ATP 
production. Numerous genes are induced in hypoxic cells to promote anaerobic 
production of ATP, save oxygen and increase oxygen delivery to the cell: glucose 
transporters (GLUT) and glycolytic enzymes (to increase the capacity of glycolysis); 
lactate dehydrogenase (LDH) and pyruvate dehydrogenase 1 (to inhibit the 
entrance of pyruvate into the citric acid cycle) [117]; vascular endothelial growth 
factor (VEGF) (stimulates angiogenesis); and erytrophoetin (EPO) (stimulates 
production of red blood cells). For a complete list of hypoxia-induced genes 
involved in oxygen homeostasis, see [118]. 

 

1.4.2 HIF, the main transcription factor in hypoxia  
Hypoxia-inducible factor (HIF), identified in 1992 [119], is the major transcription 
factor mediating cellular adaptation to hypoxia [120, 121]. It is a heterodimer whose 
regulation is controlled by the  subunit, since the  subunit also known as 
ARNT (arylhydrocarbon receptor nuclear translocator) , is constitutely expressed. 
At normal tissue oxygen pressure, proline residues on amino acids 402 and 564 
within the oxygen dependent degradation domain (ODD) are hydroxylated by 
prolylhydroxylase (PHD). Von Hippel Lindau tumor suppressor protein (VHL) 
binds to the hydroxylated prolines and acts as a substrate for the E3 ubiquitin ligase 
complex, that marks the HIF-1  subunit for proteasome degradation. However, in 
hypoxic conditions, PHD is phosphorylated and thereby inactivated, generating 
stable HIF-1  that translocates to the nucleus and dimerizes with HIF-1 . This 
complex, together with co-activators, bind to the hypoxia response element (HRE) 
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RCGTG (where R is A or G) on the DNA segment [122]. This binding mediates 
transcription of genes involved in the cellular adaption to hypoxia. The regulation 
of HIF is illustrated in Figure 5. For additional details, see review [123].  

There are three isoforms of the  subunit, HIF-1 , HIF-2  and HIF-3 . They all 
have the capacity to bind and form a complex with the  subunit. HIF-1  is the 
best characterized isoform, although HIF-2  (also known as EPAS-1) has been 
found to have a similar structure and to regulate the same genes. However, 
different functions are suggested for the two proteins [124-126]. HIF-1  is thought 
to play a major role in regulation of genes of importance to the acute response to 
hypoxia (glucose transporters and glycolytic enzymes), whereas HIF-2  is involved 
in the more long-term adaptive response to hypoxia (VEGF and EPO) [122].  

Oxygen is the main regulator of HIF activity but other pathways, not dependent on 
oxygen, have been described. One of them involves RACK1. This protein inhibits 
the heat shock protein HSP90, which normally binds and stabilizes HIF-1 . 
RACK1 also competes with the HSP90 binding site to promote HIF-1  
ubiquitination and degradation [127]. Other enzymes that mediate ubiquitination of 
the  subunit independent of oxygen are the E3 ligases HAF (hypoxia-associated 
factor) and Int6 (integration site 6) [128, 129]. ROS levels are generally proportional 
to the oxygen concentration. Interestingly, ROS increases in response to hypoxia, 

   Figure 5. Regulation and activation of the transcription factor hypoxia-inducible factor (HIF). 
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which has been shown to be important for stabilization of both HIF-1  and HIF-
2  [130].  

 

1.4.3 The role of hypoxia in atherosclerosis 
Hypoxic regions have been demonstrated in both animal and human 
atherosclerotic lesions, as well as high levels of lactate and low levels of glucose and 
ATP [131-134]. Macrophages are found in these hypoxic areas [131, 133], where 
they interestingly enough, co-localized with HIF [134]. These areas become 
hypoxic not only because of decreased availability of oxygen, but also because of 
the increased oxygen demand of foam cells. Foam cells have been found to be 
hypoxic even when located within oxygen diffusion distance [134, 135].  

Inflammation is a hallmark of atherosclerosis. The hypoxic induction of 
inflammatory mediators in macrophages is well documented [116, 136]. Hypoxia 
contributes to oxidation of LDL [137, 138] and induces intracellular accumulation 
of lipids and cholesterol [90, 139]. The hypoxia-induced angiogenesis is associated 
with atherosclerotic plaque progression and rupture [12]. Macrophages are trapped 
in hypoxic areas of the lesion, but the reason for this is unclear. It has been shown, 
however, that macrophage migration decreases in response to hypoxia [140], 
possibly because of hypoxic induction of MIF (macrophage migration inhibitory 
factor)  [141] or changed levels of specific MMP [142].  

A secondary effect of cell metabolism in hypoxia is the increased production of 
lactate [133], which generates an acidic environment with consequences for several 
pH-dependent processes. As early as 1980, low pH was shown to be important for 
the interaction between LDL and PG [43]. This phenomenon was recently 
investigated and it was found that the binding of LDL to PG increased with lower 
pH [143]. Interestingly, it was also shown that pre-modification of LDL, mediated 
by low pH, further increased LDL binding to PG. Considering that macrophages 
are strongly associated with hypoxic areas in atherosclerotic lesions, it is somewhat 
surprising that the effect of hypoxia on PG and its potential role in LDL retention, 
has only been investigated in SMC [144]. 
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2 Aims of the thesis 
Proteoglycans, macrophages and hypoxia are all key players in the development of 
atherosclerosis. The role of human macrophages in proteoglycan expression and 
biosynthesis under pathophysiological oxygen conditions (i.e. hypoxia) has not 
been investigated. The general objectives of this thesis were to investigate the 
effects of hypoxia on macrophage proteoglycan synthesis and their potential 
implications for atherosclerosis. 

Specifically, the following questions were addressed:  

 Does hypoxia influence the synthesis of macrophage-secreted 
proteoglycans and if so, are these changes regulated by the transcription 
factor hypoxia-inducible factor (HIF)? (Paper I) 

 Does versican co-localize with HIF-1  and macrophages in human 
advanced atherosclerotic lesions? (Paper I) 

 Do the effects of hypoxia on macrophage proteoglycan biosynthesis have 
consequences for LDL affinity? (Paper II) 

 Does hypoxia affect the synthesis of macrophage cell-associated 
proteoglycans and does it influence general cell motility? (Paper III) 
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3 Methodological considerations 
A detailed description or original references for each method that have been used 
are described in each paper.  

3.1 Macrophage culture and differentiation 
Most of the experiments in this thesis were performed on human monocyte-
derived macrophages (HMDM). They were isolated from buffy coat, prepared in the 
blood bank of the hospital by centrifugation of whole blood. A buffy coat is a 
concentrate of leukocytes (80% lymphocytes and 20% monocytes) and small 
amounts of red blood cells and plasma. For isolation of monocytes, we used the 
Ficoll-Paque solution [145].  

When the isolated monocytes (with some contamination of lymphocytes) are 
incubated in serum-free conditions, cells adhere to the plastic surface within 1-3 
hours, while the lymphocytes stay in solution and can be eliminated by repeated 
washing with PBS (phosphate-buffered saline). One reason to use a serum-free 
medium in this step is to avoid potential activation of monocytes by lymphocytes 
due to the presence of alloantigens in pooled serum [146]. Monocytes were 

differentiated into macrophages during 7 days of culture in presence of 10% human 
serum. The medium was changed every third day (three times in total), and cells 
were washed three times in PBS upon every change. HMDM from representative 
donors are shown in Figure 6. This procedure results in a cell culture with >95% 
positive staining for the macrophage marker CD68 with minor contamination of 
lymphocytes (most likely T/B-cells). Potentially, this method of monocyte 
differentiation could allow circulating stem cells to differentiate into SMC [147]. To 
confirm that the PG from this cell culture originated from macrophages and not 
from SMC, we assessed the presence of the SMC marker SM-alpha actin and 

Figure 6. Human monocyte-derived macrophages after 7 days of differentiation in the presence of 
10% human serum. A. Light microscopy (20x). B. Lipid staining with Oil Red O and hematoxylin 
(40x).
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CD68. We found no indication of SMC contamination in our macrophage culture 
(Figure 7). 

HMDM are present in atherosclerotic plaques and seemed to us the most relevant 
cell type to study in vitro in this context. Differentiation of HMDM in presence of 
serum is an established method. We exclusively used human serum to avoid 
potential activation of human cells by animal proteins in bovine serum. A 
disadvantage of the method is the variation in attachment efficiency between 
donors. In approximately one out of five donors, we found detachment of cells 
within the first 3-5 days of culture. Individual responses of cells to the human 
serum might explain this [148]. To avoid this problem, others have used a serum-
free medium -specific for macrophages- in combination with granulocyte-
macrophage colony-stimulated factor (GM-CSF). This method results in a more 
homogeneous cell preparation without loss of donors. However, the PG synthesis 
might be stimulated by unknown components of this medium, and GM-CSF has 
been shown to induce versican expression in a dose-dependent manner [149]. 
Increased knowledge about macrophage differentiation in response to different 
stimuli and in specific pathological conditions will hopefully generate more precise 
methods in the future. 

The monocyte-like cell line THP-1 is derived from a patient with acute monocytic 
leukemia [150]. These cells have capacity to differentiate into macrophages [151]  
and are frequently used as an in vitro macrophage model, making it easier to obtain 
large numbers of cells and avoid biological variation. It was recently demonstrated, 
however, that gene expression profiles and differentiation pathways of THP-1 
macrophages and HMDM are quite different [152]. Thus, results obtained from 
THP-1 cells can not be directly applied to primary macrophages. Well aware of this, 
we verified that the hypoxic effects on PG mRNA expression were similar in 
HMDM and THP-1 cells, and concluded that THP-1 cells could be used as a 
model for HMDM in our experimental setup.  

       Figure 7. Staining for SM-alpha actin (green fluorescence) and CD68 (red fluorescence) in A. HMDM culture 
       and B. SMC, used as positive controls. Nuclei staining with DAPI (blue). 
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3.2 Hypoxic incubation  
The oxygen concentration in pathological tissues, like atherosclerotic plaques, is 
<1% [116]. We used an oxygen concentration of 0.5% in our hypoxic experiments. 
The oxygen concentrations in healthy tissue do not exceed 9% O2. However, most 
cell culture experiments are performed in 21% oxygen (oxygen concentration in 
air). To be able to compare our results with published data, we used 21% O2 for 
our “normoxia” experiments, although ~9% O2 would have been more accurate. 
However, results from our versican mRNA expression experiments have indicated 
that changes in response to hypoxia take place at oxygen concentrations less than 
2%, rending the question of 9% or 21% insignificant in our experimental setup 
(Paper I). 

In our hypoxic experiments, the medium was placed in a glass bottle sealed with a 
rubber plug prepared with two syringes. One syringe was connected to a plastic 
tube for medium transfer and elimination of oxygen. Oxygen was eliminated from 
the medium by pre-equilibration with 100% N2 followed by equilibration with 0% 
O2 and 5% CO2 to obtain the correct pH and CO2. Tests performed in our 
laboratory indicate that equilibration with 0% O2 yields an oxygen concentration of 
~2% in medium. However, the oxygen concentration of the medium decreases 
over time inside the hypoxic incubator. This time-dependent decrease of oxygen 
has recently been studied in our laboratory using an oxygen probe: approximately 
3-4 hours of hypoxic incubation is needed to reduce the oxygen concentration of 
the culture medium from 18% to ~1%. This is consistent with the findings of 
others [153]. The rate of decrease is dependent on the number of cells, the volume 
of the medium and probably also the cell type. We used a hypoxic chamber with a 
constant flow of 100% N2 to generate a working condition with an oxygen 
concentration of ~1%. With our method, cells were immediately exposed to 
hypoxia, which is important when incubating cells for a short period of time. One 
could argue, however, that slow adaptation of cells to declining oxygen 
concentrations is more physiological. 

 

3.3 Cell viability 
We used two different methods to analyze the potential cytotoxic effects of 
hypoxia on macrophages. A classical assay is to measure cell leakage of lactate 
dehydrogenase (LDH). We found LDH leakage into the culture medium after 48 
hours of incubation in hypoxia and concluded that exposing the cells to hypoxia 
for 24 hours did not affect cell viability (Paper III). This method could be 
questioned, however, since hypoxia itself induces lactate production without effects 
on cell viability. Therefore, we also studied cell viability using the trypan blue 
exclusion test and found no differences between hypoxic cells and cells incubated 
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in normal conditions (Paper I, supplemental data). These results are consistent with 
published data on macrophage viability in hypoxia [90].  

3.4 Immunosorbent protein assay 
We developed two different immunosorbent assays for detection of versican, based 
on the binding of radioactively labelled versican to its antibody (Paper I). In the first 
assay, cells were incubated in the presence of 35S–methionine, leading to radioactive 
labelling of all proteins produced. To get around the problem of GAG-chains 
attaching to the polysorb NUNC plate, leading to nonspecific signalling, GAG 
chains were eliminated by chondroitinase and heparinase treatment. Plates were 
coated with the versican antibody or PBS (negative control) and washed with 
Tween in PBS. Samples were applied without blocking, since all blocking solutions 
that we tested generated nonspecific binding of radioactively labelled proteins. 
After washing and addition of scintillation liquid, we measured the amount of 
versican protein by detecting the signal from 35S–methionine. In the second assay, 
we quantified versican protein by its metabolically labelled GAG chains. Samples 
from cell cultures incubated in the presence of [35S]-sulfate and D-[6-3H]-
glucosamine were applied on a maxisorb NUNC plate coated with the versican 
antibody or PBS (negative control). This plate was blocked before sample 
application to avoid nonspecific binding. Protein bound to the versican antibody 
was detected by measuring both [35S]-sulfate and D-[6-3H]-glucosamine. In both 
assays, the signal was normalised to total cellular protein. The principles for the two 
assays are illustrated in Figure 8.  

         Figure 8. Illustration of the principles of the immunosorbent protein assays for versican detection.
         A. Detection of protein labelled versican. B. Detection of GAG labelled versican.   

A.                                                           B. 
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Both assays have limitations. For one thing, methionin is not the most common 
amino acid. Also, although the antibody is developed to recognise all the versican 
isoforms, potential degradation and variation of the isoforms may result in errors in 
quantitatation. Potential protein degradation during the experiment could have 
secondary effects on amino acid pool sizes. Drawing conclusions about quantitative 
changes in core protein synthesis based on GAG chains also has its difficulties. 
Differences between samples may be affected by potential changes in size and 
sulfation of the GAG chains rather than changes in the amount of core protein 
itself.  

 

3.5 siRNA knockdown of HIF  
RNA (ribonucleic acid) interference is an intracellular process that controls the 
activity of a specific gene. It is mediated by the binding of a complementary small 
interfering RNA (siRNA) sequence to messenger RNA (mRNA). siRNA is a very 
useful tool for studying the function of a specific gene [154]: Synthetically produced 
doubled-stranded siRNA fragments of 20-25 nucleotides, complementary to the 
mRNA sequence of the target gene, are transferred into the cell. The siRNA 
fragment is enzymatically cleaved and the antisense strand binds to its target 
mRNA sequence. The binding mediates mRNA degradation [155]. To transport 
the siRNA across the cell membrane, we decided to transfect our cells by 
electroporation by using the Amaxa system. Since transfection efficiency and 
stability is difficult to achieve in primary cells, we used THP-1 cells. We found it 
was necessary to split the cells (1:8) 3-4 days prior to transfection to put them in an 
activated state. We observed ~90% efficiency when cells were transfected with the 
green fluorescent protein (GFP) (Figure 9).  

THP-1 monocytes are generally differentiated into macrophages for 72 hours in 
presence of 100 nM Phorbol 12-myristate 13-acetate (PMA). Since PMA itself has 
been found to affect the expression of several genes [152] and because of the short-
term effects of siRNA, we used a PMA concentration of 10 nM and shortened the 

 Figure 9. THP-1 cells, 20 hours after transfection with green fluorescent protein (GFP). A. light microscopy 
 and B. green fluorescence 20x. 
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incubation time to 20 hours. There were no visible differences in cell adhesion or 
morphology between the two PMA concentrations. Following activation by 
electroporation, cells attached to the culture dishes. When PMA was added 4 hours 
after transfection, the cells started to differentiate. The timing was crucial –if PMA 
was added earlier or later, cells detached. 
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4 Results  and discussion 
This thesis focuses on the impact of hypoxia on macrophage PG and on the 
potential involvement of the transcription factor hypoxia-inducible factor (HIF). 
We also investigate effects of hypoxia on GAG biosynthesis with implications for 
LDL affinity and cell motility. Below is a schematic illustration of the different 
components and mechanisms investigated in this thesis (Figure 12).  

4.1 The effect of hypoxia on proteoglycan core proteins in 
macrophages 

4.1.1 The effect of hypoxia on secreted proteoglycans  
In paper I, we analyzed the effects of hypoxia on the mRNA expression of the core 
proteins of several secreted PG in HMDM (Figure 13). Interestingly, the most 
dramatic effect was found on versican. This large PG is postulated to contribute to 
retention of LDL and to modulate the function of cytokines, GF and enzymes in 
human atherosclerotic lesions [48, 49, 78, 156, 157]. Increased versican expression 
in ischemic heart has been associated with infiltrating monocytes in studies on both 
rat and human [149, 158]. Using an antibody that recognises all versican splice 
variants (like the primers and probe  used to analyze mRNA expression of the core 

Figure 12. An overview of the different components of the atherosclerotic process investigated in this 
thesis. 

Figure 12. An overview of the different components of the atherosclerotic process investigated in this 
thesis. 
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protein) [159], we performed western blots on HMDM cell lysates. We detected 
protein products with sizes corresponding to the three known versican isoforms: 
V0 (~370 kDa), V1 (~260 kDa) and V2 (~180 kDa) [22, 160] (Paper I). V2 is 
thought to be expressed mainly in the central nervous system, but has also been 
reported in human and bovine aorta [22, 161]. Our results indicate that V2 might 
be a product of resident macrophages. We also detected bands of ~130 and ~98 
kDa. They do not correspond to V3 (with a predicted size of ~72 kDa) or to the 
incomplete splicing products described for V1 and V3, which generate products 
that are 2 kDa larger for each isoform [159]. Versican isoforms have not previously 
been described in HMDM, but expression of V0, V1 and V3 in ischemic rat heart 
was associated with infiltrating monocytes [149]. 

We were not able to demonstrate correlation of the increased versican mRNA 
expression with protein levels, neither by using western blots nor by measuring the 
methionine-labeled core protein bound to the versican antibody. However, in an 
immunosorbent assay, using the versican core protein antibody, we found an 
increased signal from metabolically labelled GAG. We speculate that this difference 
is related to increased incorporation of tracers into GAG (where every disaccharide 
may be labelled), compared to methionine-protein labelling (where only a fraction 
of the amino acids is radioactive). However, it is also possible that potential 
hypoxia-induced changes in GAG size or sulfation may influence the signal from 
metabolically labelled GAG chains. Changes in the specific activity of the 
precursors, due to potential protein turnover, may have effects on labelled amino 
acid pool sizes. Up to 70% of macrophage-secreted GAG has been reported to be 
free rather than bound to a core protein [104, 162], suggesting that rapid 
degradation of PG core proteins may occur. Macrophages produce several MMP 

Figure 13. HMDM mRNA expression of secreted PG after 24 hours exposure to hypoxia 
compared to normal cell culture conditions. Values are means ± SEM, n= 5-9, *P<0.05, 
**P<0.01. 
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and ADAMTS [95, 163] that mediate versican degradation [38, 164]. Hypoxia has 
been shown to increase MMP synthesis in macrophages that might influence our 
results [165, 166]. Pulse chase experiments may clarify potential effect of hypoxia 
on versican core protein degradation.  

Co-localization of macrophages, hypoxia and HIF in human atherosclerosis was 
recently demonstrated [134]. Co-localization of versican with HIF and 
macrophages has not previously been shown. In an immunohistochemistry 
experiment, using the versican antibody, we found that versican co-localized with 
HIF-1  and macrophage-rich areas in advanced human carotid lesions (Paper I). As 
mentioned in the introduction, versican presence in atherosclerotic plaque has been 
demonstrated before. In these studies, SMC, macrophages and versican were 
located in the same areas of the lesion. Since versican was absent in the 
macrophage-rich fibrotic core, versican production in plaques has generally been 
attributed to SMC [36, 51, 52]. However, one might speculate that the absence of 
versican in the fibrotic core may be due to degradation after interaction with 
lipoproteins [36, 38]. Our data indicate that areas where HIF, macrophages and 
versican co-localize are not rich in SMC. A recent study suggests an important role 
for macrophages in versican synthesis in atherosclerosis in mice [109], a finding 
that supports our results in humans. However, to establish the relative 
contributions of macrophages and SMC to the versican content in lesions requires 
an experimental approach beyond immunohistochemistry.  

The effects of hypoxia on perlecan has been investigated only in EC, where 
decreased expression was observed [167]. This is consistent with the findings of 
reduced perlecan expression in human atherosclerotic lesions [74]. In HMDM, 
however, we found that hypoxia increased the mRNA expression of perlecan core 
protein (Figure 13). We detected perlecan protein in cell lysates by western blot, but 
we did not find increased protein levels in hypoxic samples. Following injury to the 
arterial intima, perlecan synthesis has been detected after 2 weeks [168, 169]. This is 
possibly related to macrophage infiltration and hypoxia. Altered expression of 
perlecan core protein is suggested to promote angiogenesis by stabilization of new 
blood vessels, a process that is associated with hypoxia [76]. 

The expression of serglycin was not significantly elevated in response to 24 hours 
of hypoxia. It would be interesting to extend the time of exposure, since serglycin is 
considered the major secreted PG in the human monocytic cell line U-937 (in 
normal cell culture conditions) and is influenced by inflammatory mediators [29]. 
Interestingly, the PG form of MCSF was the only PG found to be decreased in 
response to hypoxia. Expression of decorin and biglycan in HMDM has not 
previously been investigated. We found no mRNA expression of these PG (SMC 
were used as a positive control). This is consistent with results obtained in 
monocytes [101]. However, decorin co-localizes with foam cells in human 
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atherosclerotic lesions [51] which might indicate that the expression of decorin 
might be affected by foam cell formation in hypoxia. 

 

4.1.2 The effect of hypoxia on cell-associated proteoglycans  
Hypoxia has been found to induce syndecan expression in EC, fibroblasts and 
cardiomyocytes [170], but its effect on syndecan expression in HMDM has not 
been reported. We found that mRNA expression of the cell-associated HSPG 
syndecan-1 and -4 core proteins decreased in hypoxia (Paper III), unlike the 
secreted PG described above. Syndecan-1 has been identified as the major cell-
associated HSPG in macrophages [171] and is found in arterial atherosclerotic 
lesions [172]. We found, in HMDM, that this 90 kDa syndecan-1 protein was 
decreased in response to hypoxia, consistent with the mRNA results. Most of the 
biological activity of syndecan is associated with their HS GAG chains. Therefore, 
the decrease in cell-associated HSPG in response to hypoxia will be further 
discussed in section 4.2.2.  

 

4.2 The effect of hypoxia on macrophage proteoglycan 
biosynthesis biological implications 

4.2.1 Hypoxia induces changes in secreted GAG resulting in 
increased affinity for LDL  

Increased retention of lipoproteins in the arterial wall is a result of both quantitative 
and qualitative changes in secreted PG. Structural changes in GAG biosynthesis, 
resulting in more negatively charged PG, are associated with increased affinity of 
LDL for GAG chains [56-59]. Macrophages synthesize more sulfated GAG 
compared to monocytes, and inflammatory mediators increase the sulfation of 
secreted CS GAG chains in both monocytes and macrophages [106, 173]. 
Macrophage-secreted GAG chains bind LDL [27, 67, 114]. Effects of hypoxia on 
GAG biosynthesis and the consequences on the interaction with LDL have been 
reported only for human SMC [144] and in porcine EC [174].  

We isolated secreted GAG chains from HMDM, incubated in hypoxia and normal 
cell culture conditions for 24 hours in presence of [35S]-sulfate and D-[6-3H]-
glucosamine. We demonstrated that HMDM exposed to hypoxia secreted GAG 
chains for which LDL had a higher binding affinity (Paper II). An increased ratio of 
[35S] to [3H] was found after hypoxic incubation, suggesting that hypoxia induces an 
increase in the relative number of sulfate groups per GAG chain. This may explain 
the increased affinity of LDL for these GAG. The increased negative charge of 
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GAG secreted from hypoxic cells was confirmed with ion exchange 
chromatography in additional HMDM donors. 

The increased negative charge of GAG in response to hypoxia may potentially also 
be due to elongation of the chains or a shift in the position of the sulfate groups 
from position 4 to 6 [56-58, 71, 175, 176]. We found a modest shift towards longer 
GAG chains by size-exclusion chromatography in response to hypoxia. We 
confirmed that a majority of secreted CS GAG chains were 4-sulfated [104] and 
found that hypoxia increased the proportion of 6-sulfated disaccharides. 

The observed increase of GAG sulfation and size in response to hypoxia may 
contribute to the observed increase of versican GAG in the immunosorbent assay 
(Paper I). However, this factor alone cannot explain the 3- to 7-fold increase of the 
signal. 

Low pH, associated with hypoxia, increases the LDL affinity for PG [43, 177]. We 
speculate that the acidic environment in vitro might further increase the affinity of 
LDL for the more atherogenic GAG chains secreted by macrophages in hypoxia. 

In our experiments on GAG biosynthesis, we isolated and analyzed the total 
amount of secreted GAG chains (CS, DS and HS) without the possibility to 
determine their PG source. We speculate that versican, with its large number of 
attached CS chains and its increased expression in hypoxia, may be the major 
source of LDL binding GAG chains isolated from hypoxic cell culture medium.  
However, perlecan, serglycin and the PG form of MCSF might also have 
contributed. 

 

4.2.2 Hypoxia reduces cell-associated HS GAG chains, with 
consequences for general cell motility  

HS chains can bind and mediate LDL uptake [54, 70-72]. However, atherosclerosis 
in humans is associated with a decrease in HS GAG [74, 178]. We observed a shift 
towards less HS GAG chains in cell lysates after 24 hours of exposure to hypoxia. 
In addition, we found decreased mRNA expression of all enzymes involved in the 
biosynthesis of HS GAG chains (Paper III). These results are in line with our 
findings of a hypoxia-mediated decrease of HSPG syndecan-1 and -4 core proteins.  

Secreted perlecan may be associated with the cell surface, as mediated by integrins. 
Perlecan GAG may therefore be found in cell lysates and not only in the medium. 
As previously mentioned, we found an increased expression of perlecan in 
response to 24 hours of hypoxia. This is inconsistent with the decrease in HS GAG 
chains and mRNA expression of HS enzymes described above. However, the effect 
of hypoxia on perlecan core protein mRNA expression was larger than the effect 
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on syndecan, indicating that even small changes in syndecan are of importance for 
the total GAG in cell lysates. High turnover rate (4-24 hours) of cell-associated PG 
[179, 180], compensatory effects among different HS PG and the ability of perlecan 
to carry both HS and CS on their GAG attachment sites may all affect the 
composition of isolated GAG from cell lysates.  

Macrophages accumulate in hypoxic areas of atherosclerotic lesions. This may be 
due to metabolic changes and low levels of ATP in hypoxic macrophages. A more 
specific regulatory mechanism has been suggested: induction of MIF (macrophage 
migration inhibitory factor) in response to hypoxia [141]. The roles of syndecan on 
cell migration and adhesion are mediated by their HS GAG chains. We found that 
the general motility of HMDM increased after 24 hours of hypoxia compared to 
normal cell culture conditions. Removal of additional HS GAG chains from 
hypoxic macrophages further increased the general cell motility (Paper III). This is 
comparable to the role of cell-associated HS PG in the motility of tumor cells: 
Reduced syndecan or HS GAG, which correlates with increased cell motility and 
migration, is associated with metastasis and poor prognosis in certain cancers. 
Hypoxia is associated with cancer progression and enzymes involved in the HS 
biosynthesis (i.e. exostoses) are considered to be tumor supressor genes [181-183].  

Increased general motility of macrophages within hypoxic areas of lesions may 
facilitate uptake of surrounding lipids and increase the rate of foam cell formation. 
However, cell motility is only one of several potential functions that may be 
influenced by the decrease in cell-associated HS PG in hypoxia. The assumed anti-
atherogenic effect of HS in atherosclerosis is generally attributed to their relative 
decrease of binding sites for GF [75]. Interestingly, another potential anti-
atherogenic effect of HS may be mediated by EC-SOD. As described in the 
introduction, cell-associated HS is a ligand for the enzyme EC-SOD that regulates 
the levels of O2

•, thereby preventing oxidation of LDL [184]. Reduced EC-SOD 
activity is found in human atherosclerotic lesions [185], consistent with our results 
of decreased macrophage synthesis of syndecan and HS GAG chains in hypoxia.   

 

4.3 Potential mechanisms involved in regulation of 
macrophage proteoglycans expression in hypoxia 

4.3.1 The role of HIF 
Hypoxia-inducible factor (HIF) is the main transcription factor that mediates 
cellular response to hypoxia. HIF co-localize with hypoxia and macrophages in 
human atherosclerotic lesions [134]. As previously described, we found that HIF-
1  co-localized with versican in macrophage-rich areas in human atherosclerotic 
lesions. We also found potential binding sites for HIF-1  in the sequences of 
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versican, perlecan (Paper I) and syndecan-1 (Paper III). We hypothesized that HIF is 
involved in the hypoxia-induced changes in macrophage PG expression. siRNA-
knockdown experiments suggested that both HIF-1  and HIF-2  were involved in 
the hypoxic up-regulation of versican in macrophages. The effect was additive 
when HIF-1  and HIF-2  were both targeted. Only knockdown of HIF-1  had an 
effect on perlecan mRNA expression, and no effects were found on syndecan or 
the enzymes involved in HS biosynthesis.  

To our knowledge, there are no reports of a role for HIF in the regulation of PG in 
macrophages. However, HIF-2  expression has been shown to correlate with 
versican expression in stem cells [186]. Involvement of HIF-1  has been 
demonstrated in aggrecan, collagen and GAG synthesis in chondrocytes [187-189] 
and EC [190]. HIF-1  has been shown to mediate induction of several enzymes 
involved in the HS biosynthesis in EC [35, 190]. 

HIF-1  and HIF-2  have been shown to regulate overlapping sets of genes, but 
individual gene regulation is reported as well as compensatory mechanisms [191]. 
Induction of HIF-1  has been reported to start immediately upon cell exposure to 
1% oxygen, whereas HIF-2  reaches maximum induction after 48 hours [192]. 
These effects have been observed in neuroblastoma cells, where HIF-1  induced 
early VEGF expression and HIF-2  became more important after some time [193]. 
The suggested role for HIF-1  in the acute response to hypoxia, compared to the 
more long term response described for HIF-2 , might be involved in our results on 
versican and perlecan mRNA expression over time (Paper I): we found a relatively 
late induction of versican (maximum changes after 24 hours) compared to perlecan 
(12 hours). This mechanism could also be due to a secondary regulation, mediated 
by HIF. 

 

4.3.2 The role of glucose  
Glucose consumption is increased in hypoxic cells. We hypothesized that decreased 
mRNA expression of syndecan in response to hypoxia may be due to insufficient 
glucose content of the cell culture medium. To study this possibility, we incubated 
HMDM with twice the amount of glucose present in RPMI 1640 medium (22 v.s 
11 mM). We found no effects on mRNA expression of syndecan. Interestingly, 
versican expression was further increased in hypoxic cells in the presence of high 
glucose concentrations (Figure 14). This effect was not seen in control experiments 
with mannose. 
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4.3.3 Summary of potential mechanisms of versican regulation 
Our results indicate that the hypoxic induction of versican expression in 
macrophages involves transcriptional activity of HIF. However, this regulation may 
be secondary to the multiple metabolic effects mediated by HIF. Hypoxic 
induction of versican seems to be dependent on the availability of glucose. This is 
interesting, since hyperglycemia is a risk factor for cardiovascular disease. No 
effects of glucose on macrophage PG synthesis have been found in normal oxygen 
concentrations [194]. This is consistent with the result of our experiment, where 
effects were seen only in hypoxia (Figure 14). 

High concentrations of circulating free fatty acids (FFA) are a risk factor for type 2 
diabetes, a condition strongly associated with atherosclerosis. Cells within the 
arterial intima are exposed to these high concentrations. Earlier studies from our 
group have shown that expression of versican and perlecan is induced in SMC 
exposed to high concentrations of FFA [195, 196]. FFA-induced versican 
expression in SMC is suggested to be mediated by the accumulation of 
diacylglycerol, which stimulates the phosphorylation of several protein kinase C 
isoforms [196]. We have analyzed versican mRNA expression in HMDM after 
incubation with 800 M linoleate for 24 hours in normal cell culture conditions. In 
response to this high concentrations of linoleate, we found a 4.5 ± 1.0 fold increase 
in mRNA expression of versican (mean ± SEM of n=7). A consequence of 
hypoxia is a reduced mitochondrial capacity to oxidize fatty acids [158], which leads 
to their intracellular accumulation. Macrophages have been shown to accumulate 
increased amounts of lipids in hypoxic conditions due to uptake of fatty acids [90]. 
Our results on FFA-induced versican expression in normal cell culture conditions 

Figure 14: Versican mRNA expression in HMDM in presence of 11 mM glucose and 22 mM 
glucose after 24 hours incubation in hypoxia and normal cell culture conditions (Mean ± SEM of 
n=6). 
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lead us to speculate that excess intracellular fatty acids in hypoxic macrophages may 
increase versican expression even further. However, the combined effect of FFA 
and hypoxia on versican synthesis in macrophages is yet to be determined.  
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5 Conclusions and future perspectives 
PG play a fundamental role in mediating accumulation of lipoproteins and 
regulation of GF and enzymes within the arterial intima during the atherosclerotic 
process. Macrophages, one of the most abundant cell types within the 
atherosclerotic plaque, are located in hypoxic areas, but little was known about 
macrophage PG synthesis in hypoxic conditions. In this thesis, I have presented 
results on the effects of hypoxia on macrophage PG syntheses that indicate a novel 
role for macrophages in atherosclerosis. 

The results presented show that human macrophages exposed to hypoxia increase 
the expression of the large secreted PG versican and perlecan. The results further 
suggest that hypoxic induction of these PG involves HIF signalling. A role for 
hypoxic macrophages in versican synthesis is also indicated by the finding that 
versican co-localizes with HIF-1  in macrophage-rich areas of human advanced 
atherosclerotic lesions. In addition to the hypoxic induction of secreted PG core 
proteins, we found that macrophages in hypoxia secrete more negatively charged 
GAG chains with increased affinity for LDL. Secreted PG contribute to the 
pathology of atherosclerosis in several ways, but the purpose of the hypoxic 
induction of these PG in macrophages is not known. It might be a response to 
metabolic challenges. Versican and CS GAG have been suggested to play a role in 
protecting cells from ROS-induced injury upon oxidative stress [197-199], a 
condition present in hypoxic cells. Furthermore, oxidative stress has been shown to 
increase macrophage synthesis of a CS PG with capacity to bind LDL [112]. 
Increased perlecan synthesis has also been found in the arterial intima upon injury 
[168, 169]. HIF signaling is suggested to protect cells from ROS-induced apoptosis 
in hypoxia since HIF-1 -deficient mouse embryo fibroblasts in hypoxic culture 
undergo cell death upon increased ROS levels [200].  

We found a decreased synthesis of syndecan and cell-associated HS GAG chains in 
response to hypoxia, consistent with the proposed decrease in HS GAG in human 
atherosclerosis. Interestingly, increased general motility of hypoxic macrophages 
might involve hypoxic-induced reduction in HS biosynthesis. We speculate that this 
mechanism may facilitate uptake of surrounding lipids and increase the rate of 
foam cell formation. It would be exciting to evaluate the hypoxia-induced effect on 
decreased levels of syndecan-1 and HS GAG chains on the binding of EC-SOD, 
which may have consequences for LDL oxidation. In several other cell types, 
syndecan is induced in response to vascular injury, indicating an important 
biological role of syndecan in tissue remodeling, vascular repair and inflammation 
[39].  

According to our results from studies in hypoxic conditions, the role of 
macrophages in PG remodelling in atherosclerotic lesions might have been 



CONCLUSIONS AND FUTURE PERSPECTIVES 

 42

underestimated. This could be due to the fact that in vitro studies are normally 
performed in 21% O2. Our results support the conclusion in recent reviews [11, 12, 
142] that hypoxia is a more realistic condition for in vitro experiments when 
studying macrophage function in atherosclerosis.  

Macrophage recruitment and the role of macrophages in lipid storage, 
inflammation and matrix degradation have all been therapeutic targets in the 
different stages of plaque progression [201]. Our results suggest that macrophages 
in hypoxic regions of lesions may alter the matrix in ways that increase their 
contribution to development of atherosclerosis. These novel properties of hypoxic 
macrophages may be susceptible to therapeutic modulation and thus lead to more 
efficient therapies. 
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