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AP-1   activator protein 1
Apo   apolipoprotein
CD   cluster of differentiation
CE   cholesteryl ester
CEase   cholesteryl esterase
CS   chondroitin sulfate
DS   dermatan sulfate
EC   endothelial cell
ECM   extracellular matrix
EDTA   ethylenediamine tetra-acetic acid
E-LDL   enzymatically modified LDL
ERK   extracellular signal-regulated kinase
FFA   free fatty acid
GAG   glycosaminoglycan
HDL   High density lipoprotein
H-LDL   hydrolase-modified LDL
HS   heparan sulfate
IL   interleukin
JNK   c-Jun N-terminal kinase
LAL   lysosomal acid lipase
LDL   low density lipoprotein
LPC   lysophosphatidylcholine
LRP   LDL receptor-related protein
MAPK   mitogen-activated protein kinase
MCP-1   monocyte chemoattractant protein 1
OxLDL   oxidized LDL
PC   phosphatidylcholine
PG   proteoglycan
PLA2   phospholipase A2

PLC   phospholipase C
SM   sphingomyelin
SMase   sphingomyelinase
SMC   smooth muscle cell
sPLA2   secretory PLA2

SR   scavenger receptor
TNF   tumor necrosis factor
UC   unesterified cholesterol
VLDL   very low density lipoprotein
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ABSTRACT

ABSTRACT

Atherosclerosis is an inflammatory disease characterized by the appearance of small extracellular 
lipid droplets, formation of foam cells, and secretion of pro-inflammatory cytokines by vascular 

cells in the arterial intima. There is substantial evidence that the extracellular lipid droplets are derived 
directly from aggregated and fused low density lipoprotein (LDL) particles. However, native LDL 
particles do not aggregate or fuse unless they have been extensively modified. In fact, a variety of 
proteolytic, lipolytic, and oxidative enzymes and agents that are capable of degrading LDL in vitro, 
have also been found in the arterial wall. 

Human Type IIA secretory phospholipase A2 (PLA2) is an enzyme whose plasma level may increase 
dramatically during inflammatory diseases. It has been found in all the stages of atherosclerotic 
lesions, and has been shown to be able to degrade LDL in vitro. In addition, there is indirect 
evidence that once apolipoprotein B-100 containing lipoproteins enter the intima, hydrolysis of 
phosphatidylcholine, the major phospholipid of the LDL surface, by a PLA2-like activity takes 
place. In this study, Type IIA secretory PLA2 was shown to induce fusion of the LDL particles in 
the presence of proteoglycans (PGs), an important structural component of the arterial intima. In 
fact, the presence of PGs appeared to be a prerequisite for the lipolytic particle fusion. In addition, 
the binding strength of the fused LDL particles to PGs appeared to be increased, which promoted 
accumulation of the lipolyzed LDL to the PG-matrix. Enrichment of the PLA2-treated LDL with free 
fatty acids and lysophosphatidylcholines abolished fusion of the lipolyzed particles and detached 
a fraction of the PG-bound particles, suggesting that removal of the reaction product may have an 
important regulatory role in the formation of lipid droplets and their retention by PGs.

Extracellular discharge of the lysosomal enzymes has been shown to be a common physiologic 
response to a variety of inflammatory stimuli. Cathepsin D and lysosomal acid lipase are lysosomal 
hydrolases that play major roles in the degradation of LDL in lysosomal compartments. In this study, 
we could show that both enzymes exist extracellularly in the human atherosclerotic intima and that, 
upon activation, human monocyte-derived macrophages can secrete these enzymes into the cell 
culture media. Incubation of LDL with the macrophage-conditioned media containing cathepsin D 
and lysosomal acid lipase (among other secreted  hydrolases) induced fusion of LDL particles in 
vitro. Analysis of this hydrolase-modified LDL revealed that cathepsin D and lysosomal acid lipase 
had major roles in the degradation of LDL by macrophage-conditioned media. These particles 
were taken up avidly by macrophages and human coronary artery smooth muscle cells, which 
were transformed into foam cells. Hydrolase-modified LDL also induced expression and secretion 
of pro-inflammatory chemokines and cytokines, such as interleukin 8, monocyte chemoattractant 
protein 1, and interleukin 6. It was found that secretion of interleukin 8 from hydrolase-modified 
LDL-treated macrophages involved activation of p38 mitogen-activated protein kinase and nuclear 
translocation of nuclear-factor kappa B.

Taken together, our in vitro data are compatible with the idea that PLA2 and lysosomal acid hy-
drolases, which have both been found in human atherosclerotic lesions, are able to transform LDL 
into fused particles, which resemble extracellular lipid droplets found in the arterial intima during 
atherogenesis.
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Cardiovascular diseases, notably coronary artery disease and carotid artery disease, are the 
leading cause of death and illness in western countries. The pathogenesis of atherosclerosis, 

the disease process behind coronary and carotid artery disease, is characterized by accumula-
tion of lipids and fibrosis in the inner layer of the wall of these arteries. The first visible sign of        
atherosclerosis is the appearance of small lipid droplets in the subendothelial proteoglycan-rich 
layer of the arterial intima. There is substantial evidence that most of these early matrix-associated 
extracellular lipid droplets are derived directly from modified LDL. Aggregation, and especially 
fusion of enzymatically-modified LDL has been shown to increase retention of the modified LDL 
particles in human aortic proteoglycans in vitro. In addition, the proteoglycans and glycosaminogly-
cans have been shown to enhance the enzymatic modifications of both protein and lipid moieties 
of the LDL particle. However, only a few of the physiologically relevant enzymes are currently 
known to induce formation of fused LDL particles. 

In the early atherosclerotic lesions, the subendothelial lipid droplets disappear when monocytes 
migrate into the intima, differentiate into macrophages, and transform into foam cells, suggesting 
that the droplets are ingested by the macrophages. Indeed, aggregated and fused LDL particles 
have been shown to be taken up avidly by macrophages and smooth muscle cells, and to induce 
their transformation into foam cells in vitro. In addition, lipid-laden macrophages and smooth 
muscle cells have been shown to express various atherogenic agents, such as pro-inflammatory 
cytokines. Thus, aggregation and fusion of modified LDL particles may play a key role during 
atherogenesis.

The present series of investigations characterize novel types of non-oxidative modifications of 
LDL that induce fusion of the LDL particles and increase their atherogenic properties. 

INTRODUCTION
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1. The low density lipoprotein (LDL)
1.1 Carriers of cholesterol

Cholesterol is a central molecule in atherosclerosis. Endogenously synthesized and chylomicron 
remnant-delivered dietary cholesterol is packed into very low density lipoproteins (VLDLs) 

in the liver and secreted into the blood plasma. The bulk of the cholesterol in VLDL particles 
exists as cholesteryl esters. VLDL is transformed into LDL by sequential lipolysis by the lipases, 
e.g. lipoprotein lipase, in the plasma. Once in tissues, LDL particles bind to LDL receptors on the 
cell surface, become endocytozed by the cells, and are degraded in the lysosomal compartments 
by acidic hydrolases [27]. Cholesterol diffuses out of the lysosomes and is consumed by the cells. 
The cholesterol homeostasis in the peripheral cells is maintained by regulation of the synthesis of 
LDL receptors, storage as cytoplasmic lipid inclusions, and active release of excess cholesterol 
through distinct cholesterol efflux pathways. The surplus cholesterol is captured from the cell 
membranes by high density lipoproteins (HDLs) or apolipoproteins and is then delivered to the 
liver for secretion.

1.2 Structure of LDL
LDL is a heterogeneous group of particles varying greatly in size, composition, and structure. Plasma 
LDL particles are distributed as a continuum over the density range of 1.019-1.063 g/ml and the 
diameter of the particles varies between 18 and 25 nm. LDL particles contain a hydrophobic core 
of nonpolar lipids composing of, on average, 1600 molecules of cholesteryl esters (CEs) and 170 
molecules of triglycerides and a amphipatic surface monolayer comprising about 700 molecules 
of phospholipids and a single copy of apolipoprotein B-100 (apoB-100) (Reviewed by Hevonoja 
et al. (2000)) [92] (Figure 1). Unesterified cholesterol (UC) molecules are partitioned in both the 
core and the surface of the particles, the former compartment containing, on average, 200 and the 
latter 400, molecules of UC. The main phospholipid components in the surface monolayer are 
phosphatidylcholines (PCs) (about 450 molecules/ particle) and sphingomyelins (SMs) (about 
185 molecules/particle). In addition, LDL particles carry lipophilic antioxidants, such as α- and 
γ-tocopherol, carotenoid, oxycarotenoid, and ubiquinol-10 molecules and enzymes, such as platelet 
activating factor-acetylhydrolase [281;284]. 

According to a new putative model, the structure of LDL can be divided into three layers: 
core, interfacial layer, and surface [92]. The interfacial layer consists of fatty acid chains of 
phospholipids and surface penetrating core molecules, and is likely to have a crucial role in the 
molecular properties of LDL. The lipid constituents of the interfacial and surface layers of LDL 
are not homogenously distributed. It has been shown that PC associate more closely with apoB-
100 than SM and UC interacts more closely with all the physiologically relevant SM species in 
membranes [217]. However, at least the interaction of SM with UC is suggested to be due to the 
hydrophobic mismatch between the lipid constituents rather than to specific interactions [97]. 
Thus, these different environments of the LDL surface and the interfacial layer, i.e. the apoB-100 
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Figure 1. Schematic molecular model of an LDL particle.  Reproduced from Hevonoja et al. (2000) with permission of the 
Publisher. Abbreviations: ApoB-100; apolipoprotein B-100, CE; cholesteryl ester, PC; phosphatidylcholine, SM; sphingomyelin, 
TG; triglyceride, UC; unesterified cholesterol.

containing environment, PC rich and UC poor areas, and SM rich and UC rich areas may have important 
physiological roles. 

The protein component of LDL, apoB-100, is one of the largest known monomeric proteins. It consists of 
4536 amino acid residues and has a calculated molecular weight of about 513 000 [47;53;125;138;306]. It 
is located at the surface of LDL as a “ribbon and bow” conformation [46] and has a pentapartite structure 
consisting of both amphipathic α-helical domains and β-stranded domains [243;244]. A delipidated 
apoB-100 has been shown to contain eight potential heparin-binding sites, and two potent proteoglycan 
(PG)-binding segments have been suggested to reside in residues 3147-3157, site A, and 3359-3367, 
site B [194]. In addition, site B, the most potent PG-binding site, has been shown to contain a binding 
site for the LDL receptor [24]. 

SM PC TG CE
ApoB-100:
α-HELIX

ApoB-100:
β-SHEETUC

~2 nm

LysoPC
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2. Arterial wall
2.1. Arterial layers 

The arterial wall consists of three histologically distinct layers: the intima, the media, and 
the adventitia (Figure 2). The lumen of the artery and the intima are separated by a mon-

olayer of endothelial cells (ECs). ECs, at the blood-tissue interface, play an essential role in 
homeostasis of the circulation and the vessels by secreting agents that regulate relaxation and 
constriction of the arteries. In addition, upon various stimuli, they can express adhesion mol-
ecules and cytokines that can have critical roles in atherogenesis. ECs are seated on the base-
ment membrane which mainly consists of type IV collagen, laminin, and heparan sulfate (HS) 
PGs. HSPGs play an important role in the assembly and structure of the basement membrane 
but also provide a physical barrier to cells and lipoproteins. In fact, a decrease in the amount 
of subendothelial HS [95] could be one factor that increases the influx of LDL into the intima 
during atherogenesis. The intima consists of two layers that are hardly distinguishable by light 
microscopy in segments of normal arteries. The inner layer of the intima, the PG rich layer, 
consists of PGs, which are the most voluminous of the components of intimal extracellular 
matrix (ECM). In addition to PGs, the layer contains different types of collagens, hyaluronan, 
and glycoproteins such as fibronectin and laminin. There are also few isolated smooth muscle 

Figure 2. Schematic  illustration of arterial layers. Abbreviations: col; collagen, e; elastin, EC; endothelial cell, 
EEL; external elastic lamina, FB; fibroblast, IEL; internal elastic lamina, lv; lymphatic vessel, MC; mast cell, MF; 
macrophage, nf; nerve fiber, PG; proteoglycan, SMC; smooth muscle cell, vv; vasa vasorum.
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cells (SMCs) of synthesizing phenotype, macrophages, and mast cells in the intima. The outer 
layer of the intima, the musculoelastic layer, contains SMCs of contractile phenotype, collagen, 
and elastin fibers. 

The middle layer of the arterial wall, the media, which is separated from the intima by an internal 
elastic lamina, consists of diagonally oriented SMCs, collagens, small elastic fibers, and PGs. 
Medial SMCs are of contractile phenotype and are bound on each side by fenestrated sheets of 
elastic tissue, which provide the artery with tensile strength and determine the state of constriction 
of the artery. 

The outermost layer of the arterial wall, the adventitia, is separated from the media by the external 
elastic lamina. It consists primarily of fibroblasts, smooth muscle cells, and mast cells surrounded 
by bundles of collagens and PGs. The layer contains nerve fibers, which enter the media and 
participate in the regulation of arterial tone. The layer also contains small blood vessels (vasa 
vasorum), which supply blood to the outer 2/3 of the media and the lymphatic vessels which 
originate in the media.

Versican Biglycan Decorin

Core protein
Glycosaminoglycan chain

Figure 3. Structure of the major chondroitin and dermatan sulfate proteoglycans in the arterial wall.

2.2. Intimal proteoglycans (PGs)
PGs are characterized by the presence of one or more long, unbranched polyanionic glycosaminogly-
can (GAG) chains that are covalently attached through O-glycosidic linkage to serine residues in 
the core glycoprotein (Figure 3). The most prominent GAG in the intima is chondroitin sulfate 
(CS), dermatan sulfate, HS, and keratan sulfate also being present. CSPG is present throughout the 
interstitial space of normal ECM whereas HS PGs appear in arterial basement membranes and are 
associated with cellular membranes [17;296]. The major CSPGs in the mammalian arterial wall 
are the large versican and the small leucinerich PGs, decorin and biglycan (Reviewed by Williams 
(2001)) [298]. In the interstitium, versican interacts with hyaluronan [139], and fills the interstitial 
space of the vascular ECM not occupied by cells or the fibrous components [74]. The principal 
source of PGs in the arterial intima are SMCs, but also ECs [296], differentiated macrophages [64], 
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Type I

Type II

A. B. 

Type III

Type IV

Type V

Type VI Type VII Type VIII

Foam cell

Extracellular
lipid

Extracellular 
matrix

Smooth muscle
 cells

(Type V + 
surface defects)

(Type V +
calcification)

(Lipid poor 
Type V lesion)

Figure 4. Classification of atherosclerotic lesions. Adapted from Stary (2000). Type II lesions can be either 
highly (A) or moderately (B) susceptible for development of more advanced lesions.

lymphocytes [128] and mast cells [129] secrete small amounts of PGs upon activation. 

3. Changes in the arterial intima during atherogenesis 
3.1. Classification of the stages of atherosclerosis

According to the American Heart Association, atherosclerotic lesions were divided into six types 
based on their histological composition and structure [261;262]. In the latest commentary, 

Stary (2000) clarified the classification by adding two new lesion types to the list [260]. Type I 
lesion is characterized by the presence of macrophage foam cells in the subendothelial layer of the 
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intima (Figure 4). Accumulation of macrophage-derived foam cells and macrophages in addition 
to some SMC-derived foam cells as layers in the intima is classified as Type II atherosclerotic 
lesion. Type II lesions can be subdivided into IIa and IIb according to their susceptibility to the 
development of more advanced lesions, i.e. Type IIa being highly susceptible and Type IIb mod-
erately susceptible [260]. This type of lesion can be seen with the naked eye as a “fatty streak”. 
These early lesions can be found in arteries of most children around puberty [260], but since they 
do not obstruct the arterial lumen or disrupt the structure of the intima, they are clinically silent. 
Type III (intermediate) lesions are characterized by adaptive intimal thickening and the appearance 
of small pools of extracellular lipid in the musculoelastic layer of the intima, that do not form a 
confluent lipid core. When small extracellular lipid pools form a confluent lipid core, the lesion is 
classified as a Type IV lesion. The intima above the core appears similar to that in Types II and III. 
The adaptive development of a fibromuscular cap above the core is characteristic of the Type V 
lesions. If these fibrotic lesions contain surface defects, hematoma, or thrombosis, they are called 
Type VI lesions. Calcified Type V lesions are called Type VII and and lipidpoor type V lesions 
are called Type VIII lesions. However, progression of the lesions can vary, i.e. Type IV lesion can 
proceed directly to Type VI, VII, or VIII [260]. 

          

Proteoglycan Type    Localization   

    Normal intima  atherosclerotic intima 

Versican CSPG  +++   ++++

Biglycan CS/DSPG +   ++++

Decorin  CS/DSPG +/-   ++

Perlecan HSPG  ++   +   

Table I. The most prominent proteoglycans of human arterial intima. Adapted from Reviews by Wight (1995) [297],   
Pillarisetti (2000) [206], Williams (2001) [298], and Khalil (2004) [118]. Abbreviations: CSPG; chondroitin sulfate pro-
teoglycan, DSPG; dermatan sulfate proteoglycan, HSPG; heparan sulfate proteoglycan.

3.2. PGs in atherosclerotic lesions
Retention of lipoproteins occurs primarily in the areas that are known to be prone to develop le-
sions, i.e. in the bifurcation sites of the arteries with eccentric thickening of the intima. These areas 
contain large amounts of ECM, mostly PGs that have been expressed by SMCs due to the abnormal 
shear stress. In fact, upon mechanical strain, cultured SMCs have been shown to secrete PGs with 
increased size and sulfation [142]. In addition to mechanical stress, also oxidized LDL (oxLDL), 
hypoxia, an elevated concentration of free fatty acids (FFAs), and complement activation have been 
shown to increase the length of GAG chains and the chondroitin-6-sulfate/chondroitin-4-sulfate 
ratio of the PGs in vitro (Reviewed by Chait & Wight (2000)) [38]. Also, proliferation of SMCs 
increases the secretion of PGs that have longer GAG chains and increased affinity for LDL [29]. 
Indeed, retained lipoproteins in early atherosclerotic lesions have been shown to be associated 
with PGs, especially CSPGs. In a recent immunohistochemical study it was demonstrated that 
versican was the most prominent PG in non-atherosclerotic regions of the coronary artery [191] 
(Table I). In atherosclerotic lesions, both versican and the small, leucine-rich dermatan sulfate 
PG, biglycan, were enriched [191]. Versican colocalized regionally with the formation of foam 
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cells in the subendothelial area of the intima, was the predominant PG in vascular injury, and was 
localized close to the lipid-filled regions, whereas biglycan directly colocalized with apoB and 
apoE in advanced plaque.  Biglycan has also been shown to be prominent in ECM immediately 
adjacent to areas of macrophage infiltration [191] and to be synthesized by arterial SMCs [112]. 
Increased GAG chain length of biglycan has been found in PG extracts from atherosclerosis-
susceptible arteries [242] suggesting that biglycan may bind extracellular lipid droplets in the 
atherosclerotic lesions. In addition, decorin, that has not been found in the healthy intima, was 
enriched in extracellular regions of the fibrous cap [216]. Taken together, chondroitin-sulfate rich 
PGs partially colocalize in atherosclerotic lesions, but they participate unequally in lipoprotein 
retention and exert unequal regulatory effects that are related to atherogenesis. Thus, the precise 
role of PGs during atherogenesis remains to be clarified. 

3.3. Accumulation of extracellular lipid
There is substantial evidence that initiation of atherosclerosis is characterized by the appearance 
of extracellular lipid droplets. Thus, Tirziu et al. [282] showed that even the grossly normal human 
arterial intima may contain extracellular small lipid droplets and vesicles. In addition, in animal 
studies, infusion of human LDL into New Zealand White rabbits has been shown to induce the 
rapid appearance of both aggregated LDL-sized particles and enlarged lipid droplets within ECM 
[190]. Lipid droplets have been shown to be located subendothelially in human carotid arteries 
and their disappearance coincided with the formation of foam cells [200]. Moreover, in several 
other animal studies, the appearance of extracellular lipid droplets and vesicles has been shown to 
precede migration of monocytes into the vascular wall [4;70;73;82;169;178;189;248;275]. Taken 
together, the above results suggest that the appearance of aggregated and fused LDL-derived par-
ticles extracellularly in the arterial intima could be an initiative factor during atherogenesis. 

 

The lipid particles that have been extracted from the arterial intima can be divided into four cat-
egories: LDL-like particles, small lipid droplets, lipid vesicles, and VLDL/intermediate density 
lipoprotein-like particles (Reviewed by Öörni et al. (2000)) [320]. Arterial LDL-like particles are 
spherical particles slightly larger than LDL and they have marks of fragmentation of apoB-100, 
have a slightly lower hydrodynamic density, contain a normal or slightly increased proportion of 
SM and lysophosphatidylcholine (LPC) but a smaller amount of PC, contain markers of oxida-
tion, and have increased electrophoretic mobility. Arterial small lipid droplets are enriched in 
esterified cholesterol, have decreased amounts of phospholipids and protein, have a low hydrated 
density, and the sizes of the droplets are in the range of 40-200 nm. Lipid vesicles do not show 
immunoreactivity against apoB-100 antibodies, are rich in SM and UC, and contain albumin in 
their core suggesting that they have been formed extracellularly. Finally, the VLDL/intermediate 
density lipoprotein-like particles resemble plasma VLDL that contain apoE [218;312], are poor 
in triglycerides [218;312], and their apoB-100 is almost intact [218].
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4. Aggregation and fusion of LDL
4.1. Lipolytic modification of LDL
4.1.1. Modification of LDL by phospholipase A2 (PLA2)

The surface monolayer of LDL consists of phospholipids, UC, and apoB-100 (see Figure 1). 
There is indirect in vivo evidence that once apoB-100 containing lipoproteins enter the intima, 

hydrolysis of PC, the major phospholipid of the LDL surface, by PLA2-like activity takes place. 
Thus, LDL extracted from vascular tissue appeared to have a decreased content of PC [58;271], a 
lower content of linoleic acid than plasma LDLs [31], and a higher proportion of LPC in the phos-
pholipid fraction [315]. In addition, the concentration of Type IIA secretory PLA2 (sPLA2) in plasma 
has been shown to be a strong independent risk factor for coronary heart disease [135;211]. 

PLA2s are a group of enzymes that catalyze the hydrolysis of the sn-2 fatty acyl ester bond in PC 
of LDL, yielding a FFA and a lysophospholipid [1]. Both cellular and secreted types of PLA2s are 
known (Table II). The expanding family of mammalian sPLA2s now comprises 10 types of iso-
forms: IB, IIA, IIC, IID, IIE, IIF, III, V, X, and XII [75;134;250]. All the sPLA2s have a conserved 
overall three-dimensional structure and a Ca2+dependent catalytic mechanism. Lipolysis of LDL 
by sPLA2s in vitro has been shown to reduce the size of the LDL particles [1;122;235;303;319] 
(Figure 5), and to change the molecular packaging of the surface lipids and apoB-100 [122] which 

There is substantial biochemical evidence that the extracellular lipid in the arterial intima is derived 
directly from plasma LDL. First, the fatty acyl pattern of CEs of the extracellular lipid droplets 
resembles that of plasma lipoproteins rather than that of the cytoplasmic CE droplets of foam cells 
[83;253]. Second, the diameter of most extracellular lipid droplets (range 30–400 nm) is smaller 
than that of intracellular lipid droplets (range 400–6000 nm) [42;84]. Third, similar droplets can 
be formed by enzymatic modifications of LDL in vitro. It has been shown that proteolysis of LDL 
by neutral proteases of mast cell granules [126;197], by α-chymotrypsin [198;201;205], by trypsin 
and pronase [205], lipolysis by PLC [267], by SMase [305;319], by PLA2 [303;319], oxidation 
of LDL [40], and the combined action of a protease and a lipase [18;86;286] produce aggregated 
and/or fused LDL that resemble extracellular lipid droplets in the atherosclerotic intima.

Interestingly, the lipid composition in the necrotic lipid core of atherosclerotic lesions seems to 
depend on the macrophages and macrophage-derived foam cells. Thus, beneath the macrophage-
foam cells of the small initial fibrolipid lesions, the extracellular lipid consists mostly of small 
vesicles enriched in UC and cholesterol crystals, whereas in the absence of foam cells, the lipid 
appears as small lipid droplets enriched with CE (Reviewed by Öörni et al. (2000) [320]). In addi-
tion, Ball et al. (1995) have shown that lipid cores in early lesions contain markers of macrophages, 
i.e. ceroid and CD68 antigen [13], demonstrating that the dying macrophages may be, at least, a 
partial source of the core lipids. Therefore, the relative contributions of extracellular modification 
of liproproteins and apoptosis/necrosis of foam cells in the formation of the lipid core remain to 
be clarified.
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Table II. Mammalian PLA2 enzymes. Adapted from Reviews by Six and Dennis (2000)a [250] and Kudo and Murakami 
(2002)b [134]. Abbreviations: c; cytoplasmic, i; Ca2+-independent, PAF-AH; platelet-activating factor acetylhydrolase, 
s; secretory.

Figure 5. Schematic illustration of structural changes in PLA2-treated LDL particle. PLA2 induces decrease in the 
diameter of LDL particle. Reproduced from Hevonoja et al. (2000) with permission of the Publisher. Abbreviations: ApoB-
100; apolipoprotein B-100, CE; cholesteryl ester, FFA; free fatty acid, PC; phosphatidylcholine, PLA2; phospholipase A2, 
SM; sphingomyelin, TG; triglyceride, UC; unesterified cholesterol.
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may lead to more rigid particles. In some of the studies, Type III sPLA2 [319] and Type V sPLA2 

[303] have been shown to decrease the diameter of the individual LDL particles and to induce 
aggregation of a fraction of the particles [319]. The probable reason for the controversy between 
the aggregability of the PLA2-treated particles in different studies are differences in the experi-
mental design. Thus, in some studies, low concentration or absence of albumin prevented release 
of negatively charged FFAs and LPC from the PLA2-treated LDL particles [1;87;122], which may 
have inhibited the formation of aggregates of LDL particles. 

Types IIA, V, and X sPLA2s have been found in the atherosclerotic lesions [87;224;303]. How-
ever, there is a substantial difference in the specificity and inductivity of human sPLA2s. Whereas 
Type IIA sPLA2 hydrolyzes prefentially anionic phospholipids such as phosphatidylserine and 
phosphatidylglycerol, Type V sPLA2 [77;303] and Type X sPLA2 [87] efficiently degrade also PC. 
Enzymatic activity of Type IIA sPLA2 on LDL has been shown to be enhanced by GAGs and PGs 
[234;236;237], which increases the likelyhood that LDL becomes modified by Type IIA sPLA2 

in the PGrich arterial intima. In contrast to Type IIA sPLA2, which was induced by minimally 
modified LDL [6] and lipopolysaccharide [102], Type V sPLA2 has been shown to be expressed 
either constitutively in differentiating monocytes in vitro [6] or by hyperlipidemia in C57BL/6 mice 
[102]. Thus, there is substantial evidence that secreted PLA2s exist in the human atherosclerotic 
lesions and the different types of PLA2s can modify LDL in vivo, but the precise physiological 
functions of the individual sPLA2s are currently obscure.

4.1.2. Modification of LDL by phospholipase C (PLC) and sphingomyelinase  
          (SMase)
The other lipases that degrade phospholipids and have been shown to induce aggregation and/or 
fusion of LDL are PLC and SMase. PLC is an enzyme that hydrolyses PC and yields diacylglyc-
erol and phosphocholine. Hydrophilic phosphocholine is released from the LDL particle whereas 
diacylglycerol remains in the LDL particles [290] (Figure 6). PLC has been shown to increase 
the turbidity of LDL suspensions [267] and to induce  aggregation and/or fusion of the LDL 
particles in vitro [152; 210]. Moreover, PLC-treated LDL was avidly taken up and degraded by 
macrophages through an LDL receptor dependent pathway [267]. However, LDL isolated from 
the atherosclerotic intima does not contain detectable amounts of diacylglycerol nor has PLC been 
found extracellularly in the arterial intima. 

SMase is an enzyme that hydrolyses SM, another major phospholipid in the surface of LDL, 
yielding a water-soluble phosphocholine molecule, which is released, and a ceramide molecule, 
which is retained in the particle. At least four different SMases have been found in mammals: 
cation-independent lysosomal-type SMase [256], cytoplasmic cation-independent SMase [192], 
membrane-associated Mg2+-dependent SMase [45], and secreted Zn2+-dependent SMase [240;257]. 
In addition, apoB-100 of LDL has been suggested to have an intrinsic SMase activity [96]. Of the 
resident cell types in the human arterial intima, at least macrophages [240] and ECs [167] have 
been shown to secrete Zn2+-dependent SMase. In fact, there is evidence that at least a portion of 
the arterial SMase activity is cation-dependent, suggesting that membrane bound Mg2+-depend-
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Figure 6. Schematic illustration of structural changes in PLC- and SMase-treated LDL particles. PLC and SMase 
induce formation of hydrophobic micro domains. Reproduced from Hevonoja et al. (2000) with permission of the Pub-
lisher. Abbreviations: ApoB-100; apolipoprotein B-100, CE; cholesteryl ester, CER; ceramide, DAG; diacylglycerol, PC; 
phosphatidylcholine, SM; sphingomyelin, TG; triglyceride, UC; unesterified cholesterol.

ent and/or secreted Zn2+-dependent (sSMase) enzymes  may be active in the arterial wall [241]. 
Moreover, the amount of Zn2+ in atherosclerotic lesions [173] and in inflammatory regions [176] 
have been shown to be elevated, possibly permitting sSMase activity.

It has been shown that sSMase induces both aggregation and fusion of LDL particles in vitro 
[197;305;319]. The mechanism(s) for aggregation and fusion of SMase-treated LDL particles is 
suggested to include interactions between non-polar ceramide-enriched microdomains of attached 
particles [319] (Figure 6), membrane disruptive or fusogenic properties of ceramide [251;289], 
or hydrogen bonding between ceramide and the surface phospholipids of neighboring particles 
[305], but without involvement of apoB-100 [241]. It has been shown that arterial lipid droplets are 
mostly enriched with SM [239]. However, aggregated LDL droplets extracted from atherosclerotic 
lesions are enriched in ceramide [241] suggesting that aggregated LDL particles could have been 
produced at least partly by sSMase-like activity. 

4.2. Proteolytic modification of LDL  
ApoB-100 is an important structural component of the LDL surface and even its partial loss is likely 
to loosen the lipid packing on the surface (Figure 7). There is a number of different proteases that 
are capable of degrading apoB-100 of LDL in vitro, e.g. plasmin, kallikrein, thrombin, trypsin,    
α-chymotrypsin, chymase, and pronase, but only some of them, i.e. trypsin, α-chymotrypsin, 
chymase, and pronase, have been shown to induce aggregation and/or fusion of LDL particles. 
Thus, particle fusion was originally observed on the surface of isolated mast cells granule remnants 
[126]. In the remnants, chymase and carboxypeptidase A degraded apoB-100 of the remnant-bound 
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Cathepsins are proteases that normally act in lysosomes, but can be actively secreted in various 
pathological conditions. Cathepsin D, the major cathepsin in lysosomes, in addition to cathepsins B, 
L, S, K, Y, and F, have been found to be expressed in atherosclerotic lesions [44;111;268;307;322]. 
In vitro, cathepsins B, L, and S [220], and cathepsins D and K [213;268] have been shown to 
be secreted by cultured vascular cells.  However, at present, cathepsin F is the only cathepsin 
that has been shown to induce aggregation and fusion of LDL [322]. The authors also showed 
that cathepsin F was expressed by a fraction of the intimal SMCs and ECs, but mostly localized 
the macrophage-rich areas of human coronary artery atherosclerotic plaques [322]. In addition, 
phenotypic differentiation of monocytes into macrophages induced expression and secretion of 
cathepsin F into the cell culture medium, suggesting that the enzyme could be secreted constitu-
tively by arterial macrophages. 

Loosening of the surface of LDL by proteolysis can also promote hydrolysis of the core lipids 
of LDL. Thus, a combined action of a protease that cannot alone induce fusion of the particles, 
such as plasmin [205], and cholesteryl esterase, can induce the formation of LDL-derived lipid 
droplets in vitro [286]. In addition, similar droplets can be produced by replacing plasmin with 
either trypsin, cathepsin H, or matrix metalloproteinases 2 and 9 [286], suggesting that the spe-
cificity of the protease does not play a significant role in rendering the core CEs accessible to 
cholesteryl esterases. These enzymatically modified particles, E-LDL, resemble chemically and 
morphologically the lipid droplets extracted from atherosclerotic lesions [18;41;73;130;245;248]. 
Indeed, by immunohistochemistry, similar E-LDL-like droplets have been found extracellularly 

Figure 7. Schematic illustration of structural changes 
in α-chymotrypsin-treated LDL particles. Proteolysis 
of apoB-100 with α-chymotrypsin loosens the surface of 
LDL and promotes fusion of LDL particles. Reproduced 
from Hevonoja et al. (2000) with permission of the Pub-
lisher. Abbreviations: ApoB-100; apolipoprotein B-100, 
CE; cholesteryl ester, PC; phosphatidylcholine, SM; sphin-
gomyelin, TG; triglyceride, UC; unesterified cholesterol.

LDL [127] and induced fusion of the GAG-bound 
LDL particles [126]. Later, chymase and tryp-
tase, two neutral proteases of human mast cells, 
have been shown to be expressed by mast cells 
in human aortic and coronary lesions [113;114] 
and the purified rat mast cell chymase has been 
shown to induce fusion of LDL even without 
GAGs [197]. Trypsin [205] and α-chymotrypsin 
[201;205], two proteases with specificity similar 
to chymase, have also been shown to induce fu-
sion of LDL particles. However, mere proteolytic 
fragmentation of apoB-100, as induced by plas-
min, kallikrein, and thrombin does not induce 
fusion of LDL particles [205]. Piha et al. (1995) 
showed that the release of peptide fragments from 
proteolyzed LDL was needed for fusion of the 
particles to occur [205]. Thus, only some of the 
proteases that can be found extracellularly in the 
human arterial intima, are able to degrade apoB-
100 of LDL and to induce fusion of LDL. 
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Figure 8. Schematic illustration of structural changes 
in an oxidized LDL particle. Oxidation leads to frag-
mentation and derivation of protein and lipid compo-
nents of LDL particle. Reproduced from Hevonoja et al. 
(2000) with permission of the Publisher. Abbreviations: 
ApoB-100; apolipoprotein B-100, CE; cholesterylester, 
MDA; malondialdehyde, PC; phosphatidylcholine, SM; 
sphingomyelin, TG; triglyceride, UC; unesterified cho-
lesterol.

in the insudative layer below macrophage foam cells and in the deeper part of the intima adjacent 
to the media in early human atherosclerotic lesions [285]. 

 
4.3. Oxidative modification of LDL 
There is considerable evidence that oxidative modification of LDL is directly related to the devel-
opment of atherosclerosis. Thus, oxidized forms of LDL have been isolated from atherosclerotic 
lesions, autoantibodies towards oxLDL have been found in patients [143] and in atherosclerotic 
animal models, and attenuation of atherosclerosis in experimental animals by oxLDL-antibodies 
has been presented (Reviewed by Steinberg (1997)) [263]. It has been suggested that atherosclerotic 
plaques contain transition metals [137], cyclooxygenase II which produces free radicals potentially 
capable of oxidizing LDL, 15-lipoxygenase,  and myeloperoxidase that could induce oxidation 
of arterial lipoproteins (Reviewed by Ylä-Herttuala (1998)) [311]. In addition, antioxidants have 
been shown to inhibit atherogenesis in animal studies [55;301], but human clinical trials have 
given some confusing results [263;311]. 

Of the various pro-oxidative agents, e.g. Cu2+ [94;201], 2,2’-azobis(2-amino-propane)hydrochloride 
[117], peroxynitrite [208], nitrogen dioxide gas [120], nitrite [39], hypochlorite [40;89], and the 
combined action of soybean lipoxygenase and PLA2 [40], at least Cu2+ [94;201], 2,2’-azobis(2-
amino-propane)hydrochloride [117], hypochlorite [40;89], and soybean lipoxygenase [40] have 
been shown to induce aggregation and/or fusion of LDL particles in vitro.  In contrast to most of 
the other modifications of LDL, oxidation can 
modify both the protein and the lipid components 
of LDL (Figure 8). Oxidation initially attacks the 
unsaturated fatty acids of the surface phospholip-
ids, which can then be hydrolyzed by endogenous 
PLA2 of the LDL particles. Release of the reac-
tion products, FFA and LPC, can increase the 
tendency of the particles to aggregate. Moreover, 
reactive aldehydes produced by peroxidation of 
the LDL lipids and/or direct degradation of apoB-
100 by oxidative agents can induce aggregation 
and fusion of LDL particles (Reviewed by Öörni 
et al. (2000)) [320]. In addition, extensive oxida-
tion decreases the mobility of the surface phos-
pholipids, disturbs lipid-protein interactions, and 
increases the polarity of the lipid phase [199]. 
Indeed, hydrophobic regions of apoB-100 of LDL 
have been shown to be preferentially degraded 
during oxidation [249], which may lead to their 
relocation to the surface of LDL with ensuing 
aggregation and fusion of the particles. 
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5. Atherogenic properties of aggregated and/or fused       
    LDL
5.1. Extracellular retention of LDL

Elevated levels of LDL increase atherosclerosis but the actual mechanism(s) are, however, 
poorly understood. Of the three competing hypotheses, the response-to-injury hypothesis 

[187;226;227], the oxidation hypothesis [208;264;265], and the response-to-retention hypothesis 
[299;300], the last one was gradually emerged as a central paradigm of the pathogenesis of athero-
sclerosis. This hypothesis holds that the atherogenicity of apoBcontaining lipoproteins depends on 
their increased plasma concentrations, increased retention of the particles in the intima, decreased 
efflux of the lipoprotein particles from the intima, and modification of the retained particles. As 
discussed above, the early extracellular lipids appear as small lipid droplets and vesicles sub-
endothelially in the ECM in humans and in experimental animals. Moreover, intimal apoB-100 
containing lipid droplets have been shown to associate closely with PGs and collagen fibrils in 
early atherosclerotic lesions [73;190;275]. 

Native LDL shows very low affinity to PGs at neutral pH and at the physiological ionic strength 
and calcium concentration in vitro, but the affinity has been shown to be increased substantially 
by aggregation and fusion of the particles. The binding of LDL to PGs is mediated by positively 
charged lysine and arginine residues of apoB-100 and negatively charged carboxyl and sulfate 
groups of GAG chains of PGs [28;108]. ApoB-100 contains eight different positively charged 
heparin-binding sequences that are partially buried in native LDL. Two of these sites (site A at 
residues 3148 to 3158 and site B at residues 3359 to 3369) have been proposed to act cooperatively 
in association with PGs. It has been shown that positively charged arginine and lysine residues in 
site B are critical for binding of LDL to CS/dermatan sulfate PGs and that mice expressing a defect 
in site B had reduced early atherosclerotic lesions in genetically engineered mice [252] suggesting 
that site B is the primary PG-binding site in apoB-100 of LDL. 

4.4. Other types of modification of LDL
The most simple, and also the most unphysiological, type of modification that produces aggregated 
and fused LDL is vortexing. Vortexed LDL is easy to make and it appears as different kinds of 
LDL droplets and vesicular structures [201]. Therefore, vortexed LDL can serve as a good tool 
for studying the atherogenic properties of aggregated and fused LDL.

In addition, two types of modified LDL, i.e. electronegative LDL [12] and naturally occuring 
multiply modified LDL [278], have been found in human plasma. They are both characterized by 
a decreased content of phospholipids, an increased content of UC, a higher negative charge of the 
particles, but increased tendency to aggregate [12;278], which may lead to their increased uptake 
by macrophages [279]. In addition, both types of modified LDL are depleted in sialic acids sug-
gesting that the particles are similar, if not even identical [277;280]. 
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The conformation of apoB-100 on the surface of an LDL particle is dependent on the composition 
of the core lipids, the surface phospholipid content, and the diameter of the LDL particle. Thus, 
changes in the morphology of LDL can induce changes in the exposure of the PG-binding sites in 
apoB-100. For example, modification of LDL with PLA2 has been shown to alter the expression 
of apoB-100 epitopes on the LDL particle [122] and to increase the affinity of LDL to GAGs [235] 
and human aortic PGs [319]. Recently, Flood et al. [71] showed that in Type IIA sPLA2-modified 
LDL, site A acts cooperatively with site B to increase the affinity of LDL particles for arterial 
PGs, whereas enrichment of the LDL particle with cholesterol increased the affinity of LDL for 
PGs through a conformational change of site B. The authors speculated that the conformational 
changes of apoB-100 in Type IIA sPLA2-modified LDL were caused by defects in the phospholi-
pid composition of the LDL particle and by formation of smaller LDL, that has previously been 
shown to have an increased affinity for PGs [101]. In contrast, Öörni et al. [319] have shown that 
mere lipolysis of LDL by SMase or PLA2 did not affect the binding of the particles to PGs. In fact, 
in accordance with previous results [1;122;235;303], the mean diameter of all the PLA2-treated 
LDL particles was decreased, but the binding strength of the small particles appeared to be slightly 
lower than that of untreated LDL [319]. Instead, aggregation of the lipolyzed particles increased 
their binding strength for human aortic PGs. Moreover, fusion of the LDL particles induced by 
SMase increased the binding strength of the particles to PGs even more [319]. Similarly, fusion 
of LDL by proteolytic enzymes, such as mast cell granule proteases [197], α-chymotrypsin [198], 
and cathepsin F [322] has been shown to increase the binding strength of LDL particles to GAGs 
and PGs. In addition, aggregation and fusion of cathepsin F-treated LDL increased the ability of 
lipoproteins to bind to the PGs and led to accumulation of modified LDL in the PG matrix [322]. 
Analysis of the amount of active lysines, the lysine residues that are suggested to be involved in 
the binding of LDL to PGs, has revealed that fusion of LDL increases both the amount of active 
lysines per modified particle and the binding strength of the particles to PGs [198;319]. Taken 
together, aggregation and fusion of LDL increase the binding strength and retention of the par-
ticles to PGs. In addition, the likely reason for the observed increase in the binding strength of 
aggregated and fused LDL to PGs is a presence of many apoB-100 molecules in LDL aggregates, 
and in fused particles, reorganization of the apoB-100 with exposure of new basic areas at the 
surface of the enlarged particle. 

5.2. Intracellular accumulation of LDL
5.2.1. LDL receptor-mediated uptake of LDL
Native LDL is taken up mainly by the LDL receptor pathway, which is strictly controlled by the in 
flowing cholesterol and therefore does not generally lead to intracellular accumulation of cholesterol 
[27]. However, it has recently been shown that uptake of native LDL by activated monocyte-derived 
macrophages is increased, and that such macrophages are converted into foam cells [131;132]. 
Most probably at least a transient interaction of native LDL with PGs is needed in vivo for uptake 
of LDL by vascular cells and their subsequent transformation into foam cells. Indeed, uptake of 
versican-treated native-sized LDL particles has been shown to induce transformation of SMCs 
into foam cells and to be mediated by the LDL receptor-dependent pathway [155]. In addition, 
LDL-derived aggregates and small lipid droplets, which are potent inducers of massive CE load-
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ing of macrophages, have been shown to be taken up by the LDL receptor-dependent pathway by 
the macrophages [119;209;267;305].

5.2.2. LDL receptor-related protein (LRP)-mediated uptake of LDL
In the arterial intima, LDL-derived lipid droplets are associated with ECM. It has been shown 
that uptake of matrix-retained and aggregated LDL by macrophages [231] and versican-treated 
aggregated and fused LDL by SMCs [155] was mediated by LRP. In fact, an LRP-mediated path-
way has been shown to have a major role in the uptake of aggregated LDL by SMCs [154] and it 
may involve cell surface HSPGs [153]. In addition, differentiated macrophages have been shown 
to express LDL receptor poorly [316] whereas expression of LRP is highly up-regulated in both 
macrophages and SMCs in vivo in the atherosclerotic lesions [57;93;164]. Moreover, expression 
of LRP is upregulated by accumulation of intracellular CE in SMCs [156] suggesting that LRP 
could be one of the most important receptors that mediate the formation of foam cells in the arte-
rial intima. 

5.2.3. Scavenger receptor (SR)-mediated uptake of LDL
Modified LDL particles can also be taken up by charge- and motif-based receptors, such as SRs. 
OxLDL, which has a negative net charge due to modification of positively charged lysine and 
arginine residues in apoB-100 and/or accumulation of electronegative molecules, such as FFAs, 
is taken up avidly by SRs, but it is rather poor in inducing formation of foam cells. However, 
aggregated oxLDL particles have been shown to induce formation of cytoplasmic lipid droplets 
in macrophages [10]. The authors suggested that the primary receptor for aggregated oxLDL in 
macrophages is SR A, whereas non-aggregated oxLDL is taken up mainly by other SRs than SR 
A [9]. The likely candidate receptor for the non-aggregated oxLDL is CD36, a type B SR, that 
has been shown to participate in the uptake and degradation of moderately oxidized LDL [65]. In 
fact, lipid-laden macrophages have been shown to exhibit strong immunoreactivity to CD36, but 
only low or moderate levels of immunoreactivity to SR A [183], suggesting that CD36 could be 
the predominant macrophage receptor for oxLDL in human atherosclerotic lesions. 

5.2.4. Intracellular accumulation of UC
Normally, receptor-mediated uptake of LDL results in complete hydrolysis of its lipid and protein 
components by lysosomal acid hydrolases, such as cathepsin D and lysosomal acid lipase (LAL). 
From lysosomes, liberated cholesterol enters the cytoplasmic metabolically active pool of UC 
[27] and is transported either to the plasma membrane or directly to the endoplasmic reticulum 
[287]. As described below, excess of UC has deleterious effects in the cellular membranes, and 
therefore, it has to be eliminated. In the cytoplasm, UC is re-esterified by acyl coenzyme A:cho-
lesterol acyl-transferase and stored as cytoplasmic CE droplets. Cytoplasmic CE droplets, on the 
other hand, can be hydrolyzed by neutral CE hydrolase, which together with acyl coenzyme A:
cholesterol acyl-transferase can create a constant futile cycle of hydrolysis and re-esterification 
of cholesterol.  
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In addition to cytoplasmic lipid droplets, cholesterol can accumulate in lysosomes. For example, 
oxLDL is avidly taken up by SRs, but is rather poor in inducing the formation of cytoplasmic CE 
droplets in vascular cells. The likely reason is poor degradation of oxLDL particles in lysosomes. 
ApoB-100 in oxLDL has been shown to be resistant to degradation by cathepsins, especially 
cathepsin B, but not cathepsin D [37;98]. In addition, formation of oxysterols [166] or mere lyso-
somal accumulation of UC [219] has been shown to inhibit lysosomal SMase activity and to lead 
to accumulation of SM that can disrupt normal peripheral cholesterol distribution [145] and may 
lead to expansion of lysosomes [160].

 

UC can also accumulate in cellular membranes, where it can have an influence on the function of 
cellular receptors [78;309]. The plasma membrane is normally enriched in UC, i.e. it contains 65-
80% of the total cellular cholesterol [150;171;212], but a unphysiologically high UC/phospholipid 
ratio can inhibit the function of some integral membrane proteins, such as NA+-K+ ATPase and 
adenylate cyclase [309], and the function of cholesterol efflux proteins, such as ATP-binding cassette 
transporter A1[67]. In contrast, the endoplasmic reticulum is low in cholesterol [26] and normally 
contains only a few percent of the total cellular cholesterol [150;171;212]. Thus, excess of the UC 
in the internal membranes may interfere with integral membrane proteins, induce apoptosis of the 
cells [68], and induce a pro-inflammatory response in the cells [146]. 

5.2.5.  Removal of excess cellular cholesterol
Because most of the extrahepatic cells in the body cannot degrade excess cholesterol, it must be 
released from these cells to be conveyed to the liver for excretion from the body (“reverse choles-
terol transport”). UC from lysosomes is first delivered to the plasma membrane, possibly into rafts, 
which concentrate cholesterol and sphingolipids within the plasma membrane microdomains or 
caveolae, where the cholesterol efflux process is driven by the presence of extracellular acceptors 
of UC. Also the UC molecules derived from cytoplasmic CE droplets can be transported to the 
plasma membrane. From the plasma membrane, there are three distinct pathways for cholesterol 
efflux: passive diffusion, SR-B1-mediated selective efflux, and ATP-binding cassette transporter-
mediated efflux. Passive diffusion of cholesterol is driven by the ratio of cholesterol to phospholipid 
of the acceptor(s) vs. the plasma membrane, as well as by the lipid composition of the plasma 
membrane [204]. SR-B1 can bind HDL and phospholipid acceptors of cholesterol [48;110] and 
has the greatest affinity to large HDL particles [148]. SR-B1 is localised to caveolae and expres-
sion of this protein in different cell lines or transfected cells correlates with rates of UC efflux to 
HDL [110]. ATP-binding cassette transporter A1, which is required for uptake of lipid by the cells 
[179], mediates efflux of cellular phospholipids and cholesterol to pre-β-HDL, comprising lipid-
poor apolipoproteins, such as apoA-I [69;196;292], but interacts poorly with the mature globular 
HDL2 and HDL3 particles [292;293] which constitute the bulk of the plasma HDL pool. In contrast, 
ATP-binding cassette transporters G1 and G4 have been shown to mediate cholesterol efflux to 
HDL2 and HDL3, but not to lipid-poor apoA-I [291]. Thus, virtually all the HDL subpopulations 
and most HDL apolipoproteins are able to function as acceptors of cholesterol.
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5.3. Secretion of pro-inflammatory cytokines from vascular cells 
Atherogenesis is characterized by the expression and secretion of cytokines in the arterial intima. 
Cytokines are low molecular weight proteins that regulate various cellular functions such as migra-
tion, differentiation, and proliferation. In atherosclerotic lesions numerous different cytokines are 
secreted by the vascular cells. These include both anti-inflammatory cytokines such as interleukin 10 
(IL-10) and transforming growth factor β, and pro-inflammatory cytokines such as tumor necrosis 
factor α (TNF-α), IL-1, IL-8, IL-6, and monocyte chemoattractant protein 1 (MCP-1). Secretion of 
cytokines by vascular cells is in part mediated by the mitogen activated protein kinases (MAPKs). 
Mammalian MAPK signal transduction pathways include the extracellular signal-regulated kinase 
1 and 2 (ERK1/2), c-Jun N-terminal kinase (JNK), and p38 MAPK. Especially the p38 pathways 
have been shown to play an important role in the expression of several cytokine and chemokine 
genes [195;203]. In addition, promoter regions of many of the pro-atherogenic cytokines, such as 
IL-8, have been shown to contain consensus binding sites for transcription factors nuclear factor 
kappa B (NF-κB) and activator protein 1 (AP-1) [223]. In fact, it seems that concurrent operation 
of AP-1 and NF-κB is required for the transactivation of inflammatory genes, such as the IL-8 gene. 
The roles in atherosclerosis of the most common chemokines for monocytes, i.e. MCP-1, IL-8, and 
pro-inflammatory cytokines, such as IL-6, TNF-α, and IL-1β, are reviewed shortly here.

5.3.1. TNF-α and IL-1β in atherosclerosis
TNF-α and IL-1β are two pro-inflammatory cytokines that have a wide range of pro-atherogenic 
activities. For example, by inducing expression of leukocyte adhesion molecules on ECs, increas-
ing EC permeability, and by inducing secretion of pro-inflammatory cytokines, such as MCP-1and 
IL-8 by ECs, they can accelerate immigration of monocytes into the arterial intima (Reviewed by 
Pober & Cotran (1990)) [207]. TNF-α and IL-1β have also been shown to be secreted by ECs, 
macrophages, and SMCs, and have been detected in human atherosclerotic plaques in vivo (Re-
vieved by Saadeddin et al. (2002)) [230].

5.3.2. MCP-1 and IL-8 in atherosclerosis
MCP-1 and IL-8 are chemotactic cytokines, chemokines, that are released by vascular cells in re-
sponse to TNF-α and IL-1β. They have been shown to participate in the recruitment of monocytes 
and T-lymphocytes to the atherosclerosisprone sites of the arterial wall [76]. MCP-1 has been 
shown to be expressed by macrophages, SMCs, and ECs [185;274;313], whereas IL-8 is produced 
mainly by macrophages [7;294] in human atherosclerotic lesions. The importance of MCP-1 and 
IL-8 in atherogenesis have been confirmed by experiments with atherosclerotic animal models. 
Thus, blocking of the function of MCP-1 [80;188] or deletion of its receptor (CC-chemokine recep-
tor 2) [25;60] have been shown to attenuate atherosclerosis in mice. In addition, transplantation 
of bone marrow cells from mice overexpressing MCP-1 into irradiated apoE-knockout mice [2] 
or from mice lacking the IL-8 receptor (CXC-chemokine receptor 2) into LDL receptor-deficient 
mice [21], led to increased or decreased atherosclerosis, respectively, suggesting that MCP-1 and 
IL-8 play significant roles in atherogenesis. 
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5.3.3. IL-6 in atherosclerosis
IL-6 is a multifunctional cytokine, that can promote differentiation of monocytes to macrophages 
[52] and can induce proliferation of SMCs in vitro [182]. Expression of IL-6 has been detected in 
atherosclerotic lesions of human tissues [121;228;238], in hypercholesterolemic rats [104], and in 
apoE-deficient mice [269] and it was found to colocalize with macrophages [238;269] and SMCs 
[121].  Moreover, ECs have been shown to be able to secrete IL-6 in response to an inflammatory 
stimulus in vitro [181] suggesting that most of the vascular cell types can be induced to secrete 
IL-6. In addition, higher levels of IL-6 have been shown to correlate positively with the extent of 
coronary atherosclerosis [66] and myocardial infarction [105;221]. Thus, IL-6 seems to be strongly 
associated with atherosclerosis.

5.3.4. Secretion of pro-inflammatory cytokines by LDL-treated vascular cells 
High plasma concentration of LDL cholesterol is the principal risk factor in atherosclerosis. Ac-
cording to the prevailing hypothesis, i.e. the response-to-retention hypothesis, increased retention of 
LDL in the PG rich layer of arterial intima promote transformation of LDL particles into atherogenic 
moieties. However, it has been recently shown that even native LDL was able to induce activation of 
both ERK1/2 and p38 MAPKs, nuclear translocation of AP-1 but not NF-κB, and secretion of IL-8 
from SMCs [229]. Moreover, blocking of IL-8 release by SB203580, a specific inhibitor of p38, 
but not with PD98059, an inhibitor of ERK1/2, has shown that the expression of IL-8 is mediated 
by p38 MAPK. Activation of SMCs by LDL has been suggested to involve a rather nonspecific 
second messenger, such as modulation of the cellular redox balance [157]. Indeed, LDL has been 
demonstrated to give rise to the reactive oxygen species, such as H2O2, in SMCs [229]. Therefore, 
by inducing secretion of IL-8, a chemoattractant of SMCs [318] and monocytes [76], LDL could 
promote accumulation of SMCs and monocytes in the atherosclerotic intima. 

5.3.5. Secretion of pro-inflammatory cytokines by cells treated with   
          enzymatically-modified LDL
Modifications that induce aggregation and fusion of LDL, i.e. lipolysis, proteolysis, and oxidation 
of LDL dramatically increase the ability of LDL to induce secretion of pro-inflammatory cytokines 
from vascular cells. Atherogenic properties of PLA2-treated LDL are partly mediated by the prod-
ucts of the enzymatic activity of PLA2, lysophospholipids and FFAs. These lipid mediators can be 
delivered into the arterial cells either by the PLA2-modified lipoproteins themselves or by albumin, 

where they can induce functional alterations of the cells. It has been suggested that PLA2 could 
modify lipoproteins already in the blood plasma compartment [235]. In that case, FFAs and LPCs 
would be delivered first to ECs. Both LPC and FFA have been shown to induce secretion of IL-8 
[270;272], IL-6 [259;272] and MCP-1 [273] from ECs in vitro (Table III). In addition, FFA [259] 
and LPC [225] induce secretion of IL-6 and MCP-1, respectively, from SMCs.

An increased level of palmitate in plasma [259] and an increased  proportion of palmitate and 
linoleate in phospholipids in atherosclerotic coronary arteries [163] have been correlated with the 
concentration of pro-inflammatory cytokines in the circulation and the severity of coronary heart 



30 31

REVIEW OF THE LITERATURE

         
Stimulus   Cytokine Cell type  Reference

OxLDL   IL-8  EC      [54]
   IL-8  mono, macrophage  [276]

 [294]
   IL-8  SMC    [229]
   IL-1β  macrophage   [133]

  IL-1β  SMC    [149]
mm-LDL IL-6  macrophage   [177]

MCP-1  EC, SMC     [56]
  MCP-1  macrophage   [177]
  MCP-1  EC, SMC   [184]
  TNF-α  macrophage   [177]
OxPAPC MCP-1, IL-8 EC    [310]

 [140]
 POVPC, PGPC, MCP-1, IL-8 EC    [140]

PEIPC, PECPC        [266]
 7β-hydroxy-  IL-1β  EC    [144]

cholesterol, 
 7-ketocholesterol 

HOCL-LDL IL-8  mono    [302]
PLA2-LDL  MCP-1, IL-8 EC    [15]
   IL-8  mono    [276]
LPC   MCP-1  EC, SMC   [273]
          [225]  
   MCP-1  EC    [254]
   IL-8, IL-6 EC    [272]
   IL-1β  mono    [151]
FFA   IL-8  SMC        [3]
   IL-8  EC    [270]
         [317]
   IL-6  EC, SMC   [259]
LDL(-)   MCP-1, IL-8 EC      [61]

 [232]
E-LDL   MCP-1, IL-6 macrophage, SMC  [123]
         [124]
   IL-8  EC    [270]
nLDL   IL-8  SMC    [229]
acLDL   MCP-1, IL-8 macrophage   [294]

Table III. Release of cytokines from LDL-treated cells. Abbreviations: AcLDL; acetylated LDL, EC; endothelial cell, 
E-LDL; enzymatically modified LDL, FFA; free fatty acid, HOCL-LDL; glycoxLDL; glycoxidized LDL, HOCL-LDL; 
hypochlorous acid-treated LDL, IL-6; interleukin 6, LDL(-); electronegative LDL, LPC; lysophosphatidylcholine, MCP-1; 
monocyte chemoattractant protein 1, mmLDL; minimally-modified LDL, mono; monocyte, nLDL; native LDL, oxPAPC; 
oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine, oxLDL; oxidized LDL, PLA2-LDL; phospholipase 
A2-treated LDL, POVPC; 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphorylcholine, PGPC; 1-palmitoyl-2-glutaroyl-
sn-glycero-3-phosphorylcholine, PEIPC; 1-palmitoyl-2- epoxyisoprostane-sn-glycero-3-phosphocholine, PECPC; 1-palmi-
toyl-2- epoxycyclopentenone-sn-glycero-3-phosphocholine, SMC; smooth muscle cell, TNF-α; tumor necrosis factor α.
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disease, respectively, suggesting that FFAs play a role in the pathogenesis of atherosclerosis. It has 
been shown in vitro that E-LDL [270] and electronegative LDL [61; 232], both enriched in FFAs, 
induced secretion of IL-8 from ECs. In addition, exposure of ECs to linoleate has been shown to 
induce secretion of IL-8 [270;317] and a significant activation of the NF-kB [90;317], an oxidative 
stress-sensitive transcription factor. Furthermore, secretion of IL-6 and MCP-1 [123;124], both 
oxidative stress-inducible cytokines, from macrophages and SMCs cells suggests that intracellular 
oxidative stress plays a role in the early events in FFA-treated vascular cells. Indeed, elevated FFA 
levels in humans have been shown to induce generation of reactive oxygen species in the ECs and 
in vascular SMCs [107]. 

In addition to FFAs and LPCs, increase in the cellular content of UC has been shown to induce 
secretion of pro-inflammatory cytokines, such as IL-8 [294] and IL-6 [146]. Thus, by inducing 
secretion of IL-8, IL-6 and MCP-1 from cultured vascular cells, LPC, FFA, and UC-enriched LDL 
could promote both accumulation and differentiation of monocytes and SMCs in atherosclerotic 
lesions. 

5.3.6. Secretion of pro-inflammatory cytokines by oxLDL-treated cells
Oxidation of LDL particles generates various biologically active molecules depending on the          
degree of modification. In minimally-modified LDL, active components have been suggested to 
be oxidized phospholipids, such as oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phospho-
choline (oxPAPC). OxPAPC and other other oxidized phospholipid derivatives have been shown 
to increase production of MCP-1 and IL-8 in human aortic EC [140;266], MCP-1 from SMCs 
[56] and macrophages [177], IL-6 from macrophages [177], and to induce expression of TNF-α in 
macrophages [177] (Table III). Extensively oxidized LDL, in which both the lipid and the protein 
moieties of LDL are modified, has been shown to induce secretion of IL-8 from monocytes and/or 
macrophages [276] [294] and from ECs [54], and to induce secretion of IL-1β from macrophages 
[133] and SMCs [149]. 

Activation of signaling pathways are also partly different depending on the extent of oxidation 
of LDL. For example, minimally-modified LDL has been shown to induce activation of p38 and 
JNK MAPKs, but not ERK1/2 MAPK in SMCs [158], but did not induce a nuclear translocation 
of either AP-1 or NF-κB in ECs [310]. In contrast, extensively oxidized LDL has been shown to 
activate ERK1/2 in SMCs [51] and to induce nuclear translocation of NF-κB in SMCs and ECs 
[172]. Thus, oxidation of LDL generates a heterogenous group of chemically and morphologically 
different LDL particles that may have numerous different cellular effects.

5.4. Increased susceptibility of modified LDL to further modifications
5.4.1. Enhancement of LDL modifications by oxidation
In addition to the direct atherogenic properties of aggregated and fused LDL particles, such as 
retention to PGs and induction of cytokine release from vascular cells, particle modifications make 
them more prone to secondary modification by other enzymes or agents. Oxidation, the type of 



32

REVIEW OF THE LITERATURE

33

AIMS OF THE STUDY

modification most studied in terms of atherosclerotic potential of modified LDL particles, has 
been shown to enhance the lipolytic modification of LDL. Thus, oxidation promotes modification 
of LDL by SMase [239] and by Type IIA sPLA2 [63]. Native LDL is a poor substrate for Type IIA 
sPLA2, but mild oxidation of LDL has been shown to increase the enzymatic activity of Type IIA 
sPLA2 on LDL [63]. The authors suggested that oxidation of unsaturated fatty acid acyl residues 
is responsible, at least partly, for this phenomenon. In fact, there are several reports that oxidized 
phospholipids serve as better substrate for PLA2 [246;288] and for the intrinsic LDL-PLA2 or 
platelet-activating factor acetylhydrolase (PAF-AH) [258]. However, extensive oxidation of LDL 
is supposed to decrease the lipolytic activity of Type IIA sPLA2 on LDL [63] and PLA2-treated 
LDL has been shown to be more resistant to oxidation than native LDL [8]. The latter effect was 
reversed by addition of FFAs, suggesting that FFA enriched LDL particles are more suspectible to 
oxidation than native LDL particles. Indeed, FFAs have been shown to increase the oxidizability 
of LDL [16]. Also, CEs of LDL, that normally are protected from hydrolysis, are susceptible to 
cholesteryl esterases if the apoB-100 of the surface is first degraded by oxidation with Cu2+ [43] 
or by proteases, such as plasmin and matrix metalloproteinases [286]. The subsequent degrada-
tion of the core CEs can, then, transform LDL into liposomal-like particles, that are chemically 
and structurally similar to UC-rich lipid particles of atherosclerotic lesions. 

5.4.2. Enhancement of LDL modifications by PGs
Mere binding to PGs or GAGs can enhance modification of LDL. It has been shown that revers-
ible interactions with CSPG increase the uptake and degradation of LDL by human macrophages 
[103] and SMCs [23;155]. Moreover, susceptibility of LDL to Cu2+ or to cell mediated oxidation, 
as well as uptake by macrophages was enhanced by reversible interaction of LDL with arterial 
CSPG or chondroitin-6-sulfate GAG [100]. The authors have suggested that GAGs increased the 
access of Cu2+ to hydrophobic chromophores and the affinity of Cu2+ to LDL [30]. 

It has also been suggested that the pattern of proteolytic cleavage of apoB-100, which is an im-
portant determinant of the binding reaction between LDL and PG, depends on whether or not the 
particles are immobilized during proteolysis. However, the increased rate of proteolysis and fusion 
of LDL particles that were bound to GAGs has been shown to depend on the colocalization of 
the protease and LDL, rather than an increased catalytic activity of the protease [202]. In contrast 
to the above findings, Sartipy et al. have shown that the catalytic activity of Type IIA sPLA2 to 
LDL was increased by direct binding of the enzyme to PGs [234;237]. In addition, chondroitin 
sulfate GAGs have been shown to enhance activity of cathepsin K [147]. 

5.4.3. Enhancement of LDL modifications by lipases
Finally, lipolytic enzymes can promote modification of LDL by another lipolytic enzyme or 
by a pro-oxidative enzyme. It has been shown that sSMase, which has an acidic pH optimum, 
cannot degrade LDL at neutral pH unless it is pre-treated with PLA2 [239]. In addition, pre-
treatment of LDL with PLA2 promotes sSMase-induced aggregation and fusion of LDL [319]. 
On the other hand, SMase can enhance the enzymatic activity of Types IIA and V sPLA2 [77] 
and PLA2 has been shown to enhance 15-lipoxygenase-induced oxidation of LDL [186;255].
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There is an increasing consensus that retention and accumulation of LDL in the subendothelial layer 
of the arterial intima initiates the atherosclerotic process. The binding strength of native LDL to PGs 
is low, whereas fusion of the particles substantially increases the strength of binding to PGs. Fused 
LDL particles are also taken up avidly by vascular cells, transforming them into foam cells, the hall-
mark of atherosclerosis, and have been shown to induce secretion of pro-inflammatory cytokines. 

On the basis of these findings, we studied the effects of PLA2 and secreted lysosomal hydrolases on 
fusion of LDL particles and on their atherogenic properties. The spesific aims of this study were:

1.  To study the effect of Type IIA sPLA2 on the structural modification of LDL and the   
     retention of LDL in the human aortic PGs. (Study I)

2.  To study the role of PGs in the fusion of PLA2-treated LDL. (Study II)

3.  To study secretion of macrophage-derived lysosomal acid hydrolases and their effect   
     on extracellular modification of LDL. (Study III)

4.  To study the cellular effects of hydrolase-modified LDL (H-LDL). (Studies III and IV)
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The biochemical methods central to this thesis, cell cultures, and tissue materials used in the 
original publications are summarized in Table IV. 

Method Original publication Reference
Preparation and labeling of LDL I, II, III, IV [22;88;215]
Extraction and purification of proteoglycans I [101;321]
Protein assays:                  Lowry method
                                          RC DC Protein Assay kit

I, II, III, and IV
IV

[161]

Modification of LDL with:
                                          Type II sPLA2
                                          Type III sPLA2
                                          Lysosomal acid
                                          hydrolases
                                          thrombin
                                          kallikrein
                                          pronase
                                          acetic anhydride

I
II

III
III
III
III
III [14]

TCA-precipitation II, III, and IV [205]
Immunodepletion III
High performance thin-layer chromatography I, II, and III
Gel filtration chromatography II [319]
Affinity chromatography I [198]
Electron microscopy I, II, and III [201]
Microtiter well binding assay I
Ultracentrifugation:          Rate-zonal flotation
                                          Equilibrium density gradient

I
III and IV

[209]
[201]

Determination of TBARS I, III, and IV [91]
Gel electrophoresis:         Cellulose acetate
                                          Agarose
                                          SDS-PAGE

II
III
II, III, and IV

Cultivation and differentiation of the cells:
                                          Mouse peritoneal
                                          macrophages
                                          Human monocytes
                                          HCASMCs
                                          HCAECs

III

III and IV
III and IV
IV

[141]

[233]

Oil Red O staining III
cDNA array (GEArray) IV
RT-PCR IV
Determination of cytokine levels with ELISA kits IV
Determination of FFAs with NEFA kit I, II, and III
Electrophoretic mobility shift assay IV
Immunoblotting IV
Segments of human coronary arteries III
Immunohistochemistry III
Statistical analysis III and IV

Table IV. The methods, cell cultures, and tissue materials used in the study. Abbreviations: ELISA; enzyme-linked 
immunosorbent assay, FFA; free fatty acid, HCAEC; human coronary artery endothelial cell, HCASMC; human coro-
nary artery smooth muscle cell, LDL; low density lipoprotein, RT-PCR; reverse-transcriptase polymerase chain reaction, 
SDS-PAGE; sodium dodecyl sulfate polyacrylamide gel electrophoresis, sPLA2; secretory phospholipase A2, TBARS; 
thiobarbituric acid-reactive substances, TCA; trichloroacetic acid.
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1. Preparation and labeling of LDL
Human LDL (d = 1.019-1.050 g/ml) was isolated from the fasting plasma of healthy volunteers by 
sequential ultracentrifugation under aseptic conditions in the presence of 3 mM EDTA [88;215]. 
LDL was dialyzed to a buffer containing 1 mM EDTA and 150 mM NaCl (pH 7.4) (lipoprotein 
buffer), sterile filtered, and stored at 4°C. Each LDL preparation was prepared from plasma of one 
healthy person and several LDL preparations from different donors were used during the studies. 
Purity of LDL preparations was judged by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and cellulose acetate electrophoresis. LDL which appeared as a single band in cellulose 
acetate electrophoresis and contained only apoB-100 in sodium dodecyl sulfate polyacrylamide 
gel electrophoresis, was used in experiments. Oxidation of LDL was not found during the storage 
as analyzed by TBARS assay. ApoB-100 of LDL was labeled with the tritium-labeling reagent 
by the Bolton-Hunter procedure [22]. The amount of LDL is expressed in terms of its protein 
concentration determined by the method of Lowry [161].

2. Extraction and purification of aortic PGs 
To avoid significant post-mortem autolysis of the arterial tissues [314], human aortas were obtained 
at autopsy within 24-48 h of accidental death. Proteoglycans from intima-media of the aortas were 
isolated as described previously [101;321]. Briefly, PGs were extracted from the intima-media at 
4°C for 24 h with 15 volumes of buffer containing 6 M urea and protease inhibitors. After extrac-
tion, the mixture was centrifuged at 100,000g for 60 minutes. The supernatant was diluted with 6 
M urea to give a final concentration of 0.25 M NaCl and loaded on a HiTrap Q column. The PGs 
were eluted with a linear gradient of 0.25 to 1.0 M NaCl and the peaks at 280 nm were collected, 
dialyzed against water, lyophilized, and stored at -70°C. The disaccharide composition of the PGs 
was analyzed by high performance liquid chromatography using 5-µm NH2 column after treatment 
of the PGs with chondroitinase ABC and AC [165]. The PG preparation used contained 49% of 
chondroitin 6-sulfate, 34% of chondroitin 4-sulfate, and 17% of dermatan sulfate.

3. Modifications of LDL  
Human recombinant Type IIA sPLA2 was a kind gift from Eva Hurt-Camejo. Tritium-labeled LDL 
(1 mg/ml) was incubated with or without (control) Type IIA sPLA2 (7.5 µg/assay) in the presence of 
PGs that were immobilized to NHS-activated Sepharose according to manufacturer’s instructions 
(GE Healthcare). After incubation, the PG-Sepharose-bound tritium-labeled LDL was detached 
with a buffer containing 0.5 M NaCl.

LDL (1 mg/mL) was incubated with or without (control) bee venom PLA2 (Type III sPLA2) (50 
ng/ml) either in the fluid phase or immobilized into the heparin-Sepharose HiTrap column (GE 
Healthcare) at a physiological salt concentration and pH, and in the presence or absence of 2% 
(w/v) of BSA (Sigma).

For preparation of macrophage-conditioned medium containing hydrolytic enzymes, Zymosan A 
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(Sigma) was opsonized (Zop), i.e. was coated with iC3b and immunoglobulins [50] with fresh hu-
man serum and used for stimulation of human monocyte-derived macrophages. Detached cells and 
Zop-particles were removed from the macrophage-conditioned medium. H-LDL was prepared by 
incubating tritium-labeled LDL (20 µg, 2000 dpm/µg) with the macrophage-conditioned medium 
from Zop-treated macrophages under aseptic conditions at low pH (4.5) for 18-24 h. Control LDL 
was prepared by incubating LDL with the macrophage-conditioned medium from untreated mac-
rophages. After the incubation, both LDL preparations were purified by discontinuous equilibrium 
density gradient ultracentrifugation as described previously [201].   

For the analysis of the enzyme activities in the macrophage-conditioned media, tritium-labeled 
LDL (20 µg, 2000 dpm/µg) was modified in 175 µl of macrophage-conditioned medium (H-
LDL) or control medium (control LDL) in the presence of one of the following inhibitors: 1 mM 
phenylmethylsulfonylfluoride, 10 mM EDTA, 1 µM 4-Morpholineurea-Leu-HomoPhe-vinylsul-
phone (Axys Pharmaceuticals), 30 µM pepstatin A, 4 µM leupeptin, 0.3 µM aprotinin, or 60 nM 
α2-macroglobulin. After incubation for 6 h, the degree of apoB-100 degradation was determined 
by measuring the amount of trichloroacetic acidsoluble radiolabeled apoB-100 fragments. For 
immunodepletion experiments, medium from Zop-treated cells and polyclonal rabbit anti-human 
cathepsin D (1µg) (DAKO) or rabbit antiserum against human LAL (5 µl) were mixed and incubated 
at room temperature for 30 min. Protein A-sepharose (35 µl) (Zymed Laboratories) was washed 
and suspended (1:1) with Dulbecco’s Minimal Essential Medium. Aliquots of protein A-sepharose 
(10 µl) suspension were mixed with media and rotated for 30 min at room temperature. After cen-
trifugation at 10,000g for 5 min, the supernatants were collected and used for LDL incubations. 
After the incubations, the degrees of apoB-100 proteolysis and of the lipolytic modifications of 
LDL were determined by the trichloroacetic acid precipitation method and by high performance 
thin layer chromatography, respectively.

LDL was also proteolyzed by thrombin (15 U/ml), kallikrein (4.6 U/ml), and pronase (20 µg/ml) for 
the indicated times and analyzed in sodium dodecyl sulfate polyacrylamide gel electrophoresis. 

LDL was acetylated by repeated additions of acetic anhydride [14], sterile filtered, and stored in 
lipoprotein buffer (see preparation of LDL) at 4°C. The degree of acetylation was monitored by 
cellulose acetate electrophoresis.

4. Analysis of modified LDL 
The degree of aggregation and/or fusion of the LDL samples was determined by gel filtration 
chromatography at 4°C. Samples (100-400 µg of LDL) were run through a Superose 6 HR 10/30 
column (GE Healthcare) and fractions were collected. The degree of aggregation and/or fusion of 
the LDL samples was determined by calculating the ration of the radioactivity in the void volume 
peak to the total amount of radioactivity eluted. The function of the column was monitored by 
following the pressure values during the runs, the ratio between applied and eluted radioactivity, 
and the elution time of native and/or untreated LDL. For the rate-zonal flotation [209] NaBr was 
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added to 500 µl of modified tritium-labeled LDL to yield 40% NaBr (w/v). Linear NaBr gradi-
ent (d=1.006 to 1.10 g/ml) was layered on the top of each sample and centrifuged at 33,000 rpm 
in a SW 40 Ti rotor (Beckman) for 1 hour at 20°C. The gradient was then fractioned into 500 µl 
aliquots, the radioactivities of which were determined. Flotation velocity of modified LDL was 
compared to flotation of untreated LDL. The reliability of the run was judged by following the 
flotation velocity of native or untreated LDL. Aggregation and/or fusion of modified LDL, i.e. 
increased turbidity of the sample, was also analyzed by measuring the absorbance of the reaction 
mixture at 340 nm (III).

The morphology of the modified LDL particles was analyzed by transmission electron microscopy. 
For this purpose, LDL preparations were negatively stained as described previously [72;201]. 
Briefly, LDL samples were dried on the grid coated with a thin carbon film, stained with 1% 
of potassium phosphotungstate (pH 7.4), and viewed in a JEOL JEM-1200EX or a JEOL JEM-
100CX transmission electron microscope. For the determination of the size distribution of the 
LDL particles, the diameters of 200 randomly selected lipoprotein particles were measured from 
the electron micrographs. In addition, some samples were analyzed in thin-section transmission 
electron microscopy as described [201]. Briefly, LDL samples were cast into 2% GTG low-melting 
point agarose gel and fixed with 3% of glutaraldehyde at 4°C for 18 h. Fixed samples were stained 
with osmium-tannic-acid-paraphenylenediamine technique as described [81] and processed for 
electron microscopy. Diameters of the modified LDL particles were compared to native and/or 
untreated LDL.

The binding strength of the control and modified LDL to PGs were analyzed by affinity chromatog-
raphy as described [198]. Aliquots (20-30 µg) of the PLA2-modified LDL samples were dialyzed 
against buffer B (10 mM Hepes, 5 mM CaCl2, 2 mM MgCl2, pH 7.4) containing 20 mM NaCl, 
applied to PG affinity columns, and eluted with a linear NaCl gradient (20-250 mM) in buffer B 
at a flow rate of 0.5 ml/min. Elution was monitored by UV absorbance at 280 nm. Fractions (200 
µl) were collected and their radioactivities were determined by liquid scintillation counting. The 
chromatographic apparatus was SMART (Amersham Pharmacia Biotech). The typical binding 
strength of the control LDL to PGs served as the measure of the quality of PG-Sepharose columns. 
Accumulation of the control and modified LDL in immobilized PGs was analyzed in the wells of 
polystyrene 96-well plates that had been coated with 100 µl of human aortic PGs (50 µg/ml) or 
bovine serum albumin (5 mg/ml) by incubation at 4°C overnight. Tritium-labeled LDL  (5 µg) was 
incubated with or without (control) human recombinant Type IIA sPLA2 (0.5 µg) in the wells for 
6 h at 37°C, and the amount of radioactivity retained in the PG-coated wells was determined with 
a scintillation counter. Spesific binding to PGs was calculated by subtracting the amount of LDL 
bound to BSA-coated wells from the amount of LDL bound to PG-coated wells.

The lipid composition of the LDL preparations was analyzed from lipid extracts [20] by high per-
formance thin layer chromatography, using chloroform/methanol/concentrated acetic acid/H2O (50:
30:8:3.5, v/v/v/v) for phospholipids and hexane/diethylether/concentrated acetic acid/H20 (130:30:
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2:0.5, v/v/v/v) for neutral lipids. Individual lipid classes were visualized by dipping the thin layer 
chromatography plate into CuSO4 (3%)/H3PO4 (8%) and then charring the plates in the heater at 
150°C. The spots were scanned with an automatic plate scanner (CAMAG TLC Scanner n:o 3). 
The total cholesterol content of H-LDL was also determined with commercial CHOD-PAP kit 
(Roche) (IV) and the generation of FFAs was measured with NEFA C kit (Wako) according to 
manufacturer’s instructions.

 

The degree of LDL oxidation was determined by measuring the amount of thiobarbituric acid-
reactive substances [91]. The net charge of oxidized and acetylated LDL particles was analyzed 
by cellulose acetate electrophoresis and agarose gel electrophoresis, and the spots were visualized 
with Ponceau-S or Sudan Black, respectively.

The degree of proteolysis of LDL was determined by measuring the trichloroacetic acidsoluble 
apoB-100 radioactivity as described [205]. The integrity of apoB-100 was analyzed by sodium 
dodecyl sulphate polyacrylamide gels (4-20%) under reducing conditions [136]. The gels were 
stained with Coomassie Brilliant Blue and destained with 40% methanol (v/v)-10% acetic acid 
(v/v). 

5. Cell culture
Peritoneal macrophages were harvested from unstimulated NMRI mice (20-30 g, purchased from 
Viikki Laboratory Animal Center of the University of Helsinki) and plated as described [141]. Hu-
man monocytes were isolated from buffy coats obtained from The Finnish Red Cross, Helsinki, as 
described previously [233]. The cells were cultured in macrophage serum-free medium (GIBCO) 
supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, and 10 ng/ml granulocyte-mac-
rophage colony-stimulating factor (Cascade Biologics). The cells were cultured for 7 days to in-
duce differentiation of monocytes into macrophages, and were then used for experiments. Human 
coronary artery SMCs (Clonetics) were seeded on 25 mm2 flasks and cultured in Medium 231 
(Cascade Biologics) supplemented with growth factors and the mixture of antibiotics (penicillin, 
streptomycin, ampicillin). Before experiments growth arrest was induced by incubating the cells in 
growth factor-free medium for 48 h before treatment. Passages 5-8 were used in the experiments. 
Human coronary artery ECs (PromoCell) were plated in flasks (350,000 cells/ 25 cm2) and cultured 
in Endothelial cell basal medium Mv (PromoCell) containing fetal calf serum (5%), endothelial 
cell growth supplement, epidermal growth factor, hydrocortisone, gentamicin and amphotericin 
B. Before stimulation arrest of growth was induced by incubating the cells in growth factor-free 
medium containing 0.5% fetal calf serum for 3 h. Passages 5-8 were used in the experiments. The 
quality of the cells was continuously observed under the microscope.

6. Analysis of the lipid loading of the cells
For Oil Red O staining, macrophages and human coronary artery SMCs were plated on 13-mm 
glass coverslips, loaded with modified LDL for the indicated times, and then stained with 0.7% 
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Oil Red O. The coverslips were mounted on glass microscope slides with Aquamount (BHD 
Laboratory Supplies) and photographed. The cells loaded with native LDL and acetylated LDL 
served as negative and positive controls, respectively. For determination of the lipid loading of 
the cells, cellular lipids were extracted with hexan:isopropanol (3:2, v/v). The samples were then 
dried under N2, dissolved in chloroform:methanol (2:1, v:v), and analyzed with high perform-
ance thin-layer chromatography. The cytoplasmic lipid droplets were also visualized by electron 
microscopy. For this purpose, human monocyte-derived macrophages were fixed with 2.5% (v/v) 
glutaraldehyde and postfixed with 2% (v/v) osmium tetroxide. Samples were then stained with 
the tannic acid-paraphenylenediamine technique as described [201] and processed for electron 
microscopy. Untreated cells and acetylated LDLtreated cells served as negative and positive 
controls, respectively.

7. Analysis of the expression and secretion of cytokines in H-LDL-stimu- 
    lated cells 
Human monocyte-derived macrophages, human coronary artery SMCs, and human coronary artery 
ECs were incubated for the indicated times with or without (control) H-LDL (50 µg cholesterol/
ml) and total RNAs were extracted with the Qiagen Minikit (Qiagen), and stored at -70°C, if not 
used immediately. Expression of the common human cytokine genes in H-LDL-stimulated cells 
was analyzed with commercial GEArray Q Series kit (SuperArray Bioscience Corporation, MD, 
USA) according to manufacturer’s instructions. The controls for the assay were included in the kit 
and appeared to be normal in all the assays. RNAs extracted from untreated cells and lipopolysac-
charide-treated cells served as controls for the experiments. For reverse-transcriptase polymerase 
chain reaction analysis of the gene expression, complementary DNAs were synthesized by using 
random primers (50 ng/ml) and MMLV Reverse Transcriptase (Invitrogen). After the synthesis, 
complementary DNAs were cooled to +4°C and stored at -20°C. For the polymerase chain reac-
tion, 1 µl of each complementary DNA was mixed with the reaction buffer containing Tag DNA 
Polymerase. After the polymerase chain reaction the products were analyzed in 1.4% agarose gel 
and quantified with the Gel Doc 2000 gel documentation system.

The quantities of IL-8, IL-6, IL-1 and MCP-1 secreted by H-LDL-treated cells was measured 
in centrifuged cell culture media with commercial enzyme-linked immunosorbent assay kits ac-
cording to the manufacturer’s instructions (Human immunoassays, Quantikine, R&D Systems). 
Sensitivities of the kits (varied from 0.5-7.5 pg/ml) were sufficient to detect the lowest amounts 
of cytokines in our experiments. The coefficiency of variation for the kits varied from 1.7 to 5.9% 
(intra-assay measurements) and from 2.0 to 8.1% (inter-assay measurements) as stated in the data 
sheets of the manufacturer. 

8. Analysis of the signaling molecules in H-LDL-treated macrophages
Human monocyte-derived macrophages were pre-incubated for 30 minutes with or without ap-
propriate inhibitors: 10 µM SB203580 (p38 MAPK), 30 µM PD98059 (ERK1/2 MAPK), 10 
µM JNK inhibitor II (JNK), 15 µg/ml caffeic acid phenethyl ester (NF-κB), 10 µM MG-132 
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(proteasome/NF-κB), 2 µM sulfasalazine (NF-κB), and 10 µM curcumin (AP-1). Concentration 
of the inhibitors that was not cytotoxic to the cells was used in experiments. Then, H-LDL was 
added and incubations were continued for 6h at 37°C. After the incubations, the amount of IL-8 
in the media was analyzed with commercial enzyme-linked immunosorbent assay kit. 

Nuclear extracts for electrophoretic mobility shift assay were produced by the modified method 
of Andrews & Faller [5]. Briefly, the cells were first swelled in ice-cold hypotonic buffer for 10 
minutes, after which NP-40 (final concentration of 0.1%) was added and the cells were vortexed 
for 10 s. After centrifugation, the supernatants were stored at -70°C for Western blotting, and the 
pellets containing the nuclei were resuspended in ice-cold high salt buffer. After incubation for 20 
minutes on ice, the nuclear debris was removed by centrifugation and the supernatant, containing 
nuclear proteins, was stored at -70°C.

Double-stranded DNA oligomers (Santa Cruz) were labeled with [γ-32P]ATP, purified in a Sephadex 
G-50 Nick column (GE Healthcare) and the radioactivity of the labeled oligomers were measured 
with a scintillation counter. 5-10 µg of the nuclear protein extracts were incubated for 10 minutes 
on ice in the reaction buffer, labeled DNA probes (50 000 dpm) were added, and incubation was 
continued for an additional 30-60 minutes at room temperature. Competitors, i.e. non-labeled or 
mutated appropriate oligomers, were added 10 minutes before the labeled probes. For supershift 
assays, the samples were incubated with 2 µg of appropriate antibodies at room temperature for 
an additional 1h. Samples were then mixed with DNA-loading buffer and were run in 4% non-
denaturing polyacrylamide gel. After the electrophoresis, the gel was dried and the bands were 
visualized by autoradiography. Nuclear extracts from untreated and lipopolysaccharide-treated 
cells served as controls for the experiment. Non-labeled and mutated oligomers served as controls 
for the assay.

Phosphorylation of MAPKs was analyzed by immunoblotting. The total cell lysates were run 
in 15% sodium dodecyl sulphate polyacrylamide gel under reductive conditions. The protein 
concentration of the samples was determined by the commercial RC DC Protein Assay kit (Bio 
Rad). The proteins were transferred to polyvinylidine fluoride membranes, and the bands were 
immunostained according to the instructions of Cell Signaling Technology. The bands were visu-
alized with an enhanced chemiluminescense kit (GE Healthcare). The assay was controlled with 
commercial positive and negative controls. In addition, extract from lipopolysaccharidetreated 
cells served as an additional positive control for the assay and for the experiment. The proportion 
of activated (phosphorylated) p38 was estimated by comparing the ration of phosphorylated form 
of p38 to total p38 MAPK.

9. Immunohistochemistry
Segments of human coronary arteries (n= 37) were collected at autopsy in the Department of Fo-
rensic Medicine, University of Helsinki, Helsinki, Finland, or during heart transplantation (n= 4) 
at the Papworth Hospital, Cambridge, U.K. The samples were either embedded in OCT medium 
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and snap-frozen in liquid nitrogen (34 samples) or fixed with 10% neutral-buffered formalin and 
embedded in paraffin (7 samples) according to standard procedure. Sections were cut and im-
munostained with ABC Elite kits from Vector Laboratories (Burlingame, CA) according to the 
manufacturer’s instructions, using 3-amino-9-ethylcarbazole (Sigma) as the peroxidase substrate. 
The sections were then counterstained with hematoxylin and mounted in Aquamount. The samples 
were viewed and photographed with a Nikon E600 microscope with a cooled CCD camera (Spot 
RT, Diagnostic Instruments, Sterling Heights, MI). The primary antibodies used were rabbit anti-
human LAL antiserum (1:300 dilution, a kind gift from Drs Du and Grabowski, Ohio, USA), rabbit 
anti-human cathepsin D antibody (40 µg/ml, DAKO), mouse anti-human cathepsin D antibody (10 
µg/ml, Calbiochem), and mouse anti-human CD68 (7.2 µg/ml, DAKO). As negative controls, the 
primary antibodies were replaced with non-specific rabbit IgG or isotype-matched mouse IgG. 

10. Other determinations 
The cytotoxicity of the reagents towards the cells was determined by measuring the release of 
lactate dehydrogenase with the Cytotoxicity Detection Kit  (Roche) (IV) according to the manu-
facturer’s instructions. The bacterial endotoxin contamination in the H-LDL preparations was 
monitored with Limulus Amebocyte Lysate kit (Bio Whittaker) according to the manufacturer’s 
instructions (IV).

 

11. Statistical analysis 
Results of individual experiment, or means ±S.E.M. of the given number of experiments are shown. 
The data were analyzed with the two-tailed unpaired Student’s t test; p< 0.05 was considered 
statistically significant.
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1. Type IIA sPLA2 induces fusion of LDL particles and  
    increases their binding strength for human PGs.

A variety of enzymes and agents have been shown to induce aggregation and fusion of LDL 
in vitro, but only a few of them are expressed in the arterial intima. A Type IIA sPLA2 is an 

enzyme that has been shown to be located extracellularly in the intima [99;174;224]. It is capable 
of lipolyzing LDL [236] and GAGs can increase the activity of Type IIA sPLA2 toward LDL [234]. 
Thus, we lipolyzed LDL with human Type IIA sPLA2 in the presence of human aortic PGs. We 
found that the binding strength of lipolyzed LDL particles for the human aortic PGs was increased 
substantially (Study I, Fig. 3A). In contrast to the results of Hurt-Camejo et al. (1997), all the 
lipolyzed particles, that had increased binding strength for PGs, appeared to be fused (Study I, Fig. 
2 and 3B). Thus, the mean diameter of the particles that had been bound to PGs during lipolysis 
(32 nm ± 6 nm, median 32 nm) was larger than unlipolyzed PG-bound particles (23 nm ± 3 nm, 
median 22 nm) which resembled native LDL (22 nm ± 4 nm, median 22 nm) as analyzed by elec-
tron microscopy. In addition, by using immobilized PGs, we could show, that lipolysis of LDL 
with Type IIA sPLA2 increased the retention of LDL particles to PGs, i.e. induced accumulation of 
lipolyzed LDL in the PG matrix (Study I, Fig. 4). Similar results were obtained with decorin PG 
(Hakala et al. unpublished data). Accumulation of LDL in the PG matrix depended on the degree 
of lipolysis (Hakala et al. unpublished data) suggesting that the effect was induced by Type IIA 
sPLA2. These result are in accordance with previous results showing that fusion of LDL increase 
the affinity of LDL to GAGs and PGs [198;319]. All the rection mixtures were tested for oxidation 
and proteolysis of LDL, but no signs of either were found, suggesting that lipolysis of LDL was the 
predominant type of modification of the particles. Thus, lipolysis of LDL with Type IIA sPLA2 in 
the presence of human aortic PGs induced fusion of the particles, increased their binding strength 
for PGs, and induced accumulation of the fused particles in the PG matrix.

2. Interaction of LDL with glycosaminoglycans (GAGs)  
     is a prerequisite for fusion of LDL particles

As described previously, the enzymatic activity of Type IIA sPLA2 toward LDL was increased 
by GAGs [236] and lipolysis of LDL with Type IIA sPLA2 induced formation of small dense 

LDL particles [235], whereas in the presence of PGs, all the PG-bound LDL particles that were 
lipolyzed with Type IIA sPLA2 appeared to be larger than untreated particles, i.e. they were fused 
(Study I, Fig. 2 and 3B). To study more closely the effect of GAGs and PGs on the lipolysis of 
LDL with PLA2, LDL was lipolyzed with or without (control) bee venom PLA2 (Type III sPLA2) 
in the presence or absence of heparin GAG. We found, that Type III sPLA2 induced aggregation 
of about 45% of the heparin-bound LDL particles, 50% of them being larger than any of the un-
treated particles revealing fusion of the particles (Study II, 2E-H). In addition, increased tendency 
of aggregated and/or fused LDL to bind unspesifically to the column may have underestimated 
the proportion of larger LDL particles.  In the absence of heparin, however, only aggregation, but 
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not fusion of the particles was found (Study II, Fig. 1) (Figure 9). The degree of lipolysis and the 
degree of the morphological modifications of LDL were identical in all the LDL preparations, 
i.e. heparin-bound, heparin-treated, and untreated LDL (Study II, Fig. 3), thus, differences in the 
enzymatic activity could not explain the effect. Surprisingly, even a transient interaction of LDL 
with heparin before lipolysis promoted fusion of a fraction of the particles (Study II, Fig. 2A-D) 
suggesting that interaction of LDL with heparin had induced irreversible changes in the structure 
of LDL which then promoted fusion of the LDL particles. Indeed, intertwinement of GAGs and 
proteins has been shown to induce conformational changes in the protein backbone [168] and to 
induce changes both in the conformation of apoB-100 and in the distribution of lipid pools within 
LDL [32;49;170]. Therefore, our results suggest that in addition to loosening of the structure of LDL, 
heparin GAG could perhaps resist the compensatory changes in apoB-100 conformation during 
lipolysis and allow more hydrophobic core lipids to penetrate to the surface of the particles, and 
so facilitate the fusion of some of the adjacent particles. However, we cannot state if aggregation 
and/or fusion of lipolyzed LDL occurred already when the particles were bound to heparin GAG 
or after the detachment of the particles with high salt. In fact, it has been shown [155;283] that 
irreversible changes induced by GAGs in apoB-100 appeared to be so marked that a prolonged 
interaction of LDL with PGs or GAGs, and subsequent removal of the PGs and GAGs from the 
incubation system, induced aggregation of a fraction of the LDL particles [34]. 

+ PLA2

LDL

A. B.
Figure 9. The effect of proteoglycans on fusion of PLA2-treated LDL particles.
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The central observations in Studies I and II, i.e. aggregation and/or fusion of lipolyzed LDL particles 
analyzed by rate-zonal flotation (Study I, Fig. 1) and by gel filtration chromatography (Study II, 
Figs. 1 and 2) were confirmed by repeating the experiments three times. In all the other experiments 
where controls appeared to be normal, two independent and similar results were considered as a 
reliable observation. At that time, we lacked stable spesific quality control specimens that would 
have increased the credibility of the methods. Therefore, the reliability of the assays was judged 
by following the values of control samples, e.g. elution time and flotation velocity of the control 
LDL in affinity chromatography and in rate-zonal flotation, respectively, which usually resembled 
that of native LDL and were extremely repeatable. 

3. Fusion of LDL increases the number of active   
    lysines in PLA2-treated LDL particles

Binding of LDL to PGs is governed by ionic interaction between positively charged lysine and 
arginine residues of apoB-100 and negatively charged carboxyl and sulfate groups of PGs 

[33;36;108;295]. The lysine residues in apoB-100 are of two type, i.e. normal and active lysine 
residues, the active lysines being involved in the binding of LDL to PGs [162;198;321]. We have 
found that lipolysis of LDL with Type III sPLA2 in the presence of heparin increased both the 
amount of active lysines per fused LDL particle and the binding strength of LDL for human aortic 
PGs and heparin (Hakala et al. unpublished data). This is in accordance with the previous results 
that fusion increases the amount of active lysines and the binding strength of SMase-treated LDL 
[319] and α-chymotrypsin-treated LDL [198] for PGs. However, the number of active lysines in 
aggregated Type III sPLA2-treated LDL particles did not change (Hakala et al. unpublished data) 
[319], suggesting that the higher binding strength of the aggregates was due to colocalization 
of active lysine residues in aggregates. Surprisingly, the amount of active lysines of monomeric 
lipolyzed particles dropped dramatically in the presence of heparin (Hakala et al. unpublished data), 
whereas in the absence of heparin such an effect has not been found [319]. This was accompanied 
by a decrease in the diameter and binding strength for heparin of monomeric lipolyzed particles 
(Hakala et al. unpublished data). However, this experiment was performed only once and should be 
repeated. Taken together, lipolysis of LDL with Type III sPLA2 in the presence of heparin dramati-
cally decreased the amount of active lysine residues in monomeric lipolyzed particles suggesting 
that the decrease in the diameter of monomeric lipolyzed LDL particles had induced substantial 
conformational changes in apoB-100 which partially inactivated the active lysine residues in 
monomeric lipolyzed LDL particles. In contrast, fusion of lipolyzed LDL particles increased the 
amount of active lysines in fused particles and increased their binding strength for PGs and GAGs, 
suggesting that increased retention of the PLA2-treated LDL into PG-matrix was due to increase 
in the amount of active lysines in the fused LDL particles. 
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4. Release of LPCs from PLA2-treated LDL particles  
    allow aggregation of the lipolyzed particles

As discussed above, lipolysis of LDL with Type III sPLA2 in the absence of GAGs or PGs 
induced aggregation, but not fusion of LDL (Study II, Fig, 1) [319]. The mean diameter of 

all the individual Type III sPLA2-treated particles was decreased. Thus, the mean diameters of 
the lipolyzed aggregated and lipolyzed monomeric particles were 18 nm (± 3 nm, median 17nm) 
and 19 nm (± 3 nm, median 18 nm) whereas the mean diameter of control LDL was 22 nm (± 2 
nm, median 23 nm) as analyzed by electron microscopy (Study II, Fig. 1). In addition, all the PC 
molecules in both LDL pools, i.e. aggregated and monomeric particles, were degraded by Type 
III sPLA2. Of the formed FFAs, 90% were released from both pools of lipolyzed LDL, whereas 
aggregated particles contained less LPC than monomeric particles (Study II). This result suggests 
that the surface defects on LPC poor lipolyzed particles allow aggregation of the adjacent particles, 
but decrease in the diameter of the extensively lipolyzed particles and the increased rigidity of 
the surface may inhibit subsequent fusion of the particles. Indeed, it has been suggested that the 
release of majority of FFAs and a fraction of LPC from the surface monolayer of the PLA2-treated 
LDL induces lipid reorganization, leading to an increase in the proportion of the core lipids in the 
surface [79;159]. This may lead to a more rigid surface lipid environment [159], which may have 
prevented fusion of the lipolyzed particles in our experiments. Interestingly, an increase in the 
rigidity of the surface appears not to take place in LDL that has been treated with either SMase 
or PLC, since the particles readily undergo fusion. Degradation of LDL by SMase and PLC lead 
to release of the hydrophilic phosphocholine molecules, whereas ceramide and DAG are retained 
within the particles [320]. The release of bulky head group (choline) of the phospholipids may 
loosen the surface of LDL and the reaction products, i.e. ceramide and DAG, can form hydropho-
bic surface domains on the LDL particle that can bridge two adjacent particles and induce their 
aggregation and fusion. 

5. Increased negative charge abolishes aggregation  
    and fusion of PLA2-treated LDL particles

We have shown, that lipolysis of LDL with Type III sPLA2 induced aggregation of the 
particles in the presence, but not in the absence of albumin (Study II, Figs. 2A and 6A). 

The likely reason for the effect is sequestration of negatively charged FFAs by albumin (Study 
II, Fig. 4.). This could also explain why in some studies (Study II) [303;319] LDL was found to 
aggregate, while in others [1;87;122] this was not observed. In addition, aggregation of SMase-
treated LDL, but not of SMase-treated acLDL, shows that negatively charged LDL particles are 
resistant to aggregation [305]. We could also show that the enrichment of Type III sPLA2-treated 
heparin-bound LDL particles with FFAs detached 70% of the particles (Study II, Fig 5). Interest-
ingly, these released particles contained about twice the amount of FFAs as compared to heparin-
bound particles resembling the electronegative LDL of plasma [15]. The detached particles did 
not aggregate unless they were treated with albumin, whereas the heparin-bound particles, that 
also contained substantial amount of FFAs (Study II, Fig. 5B), were still able to aggregate (Study 



46 47

RESULTS AND DISCUSSION

II, Fig. 6C). Similarly, other negatively charged modified LDL preparations, such as oxdized 
LDL, electronegative LDL, naturally occurring multiply modified LDL, and E-LDL, are able to 
aggregate and/or fuse suggesting that other interactions can overcome, at least partially, the charge 
repulsion between particles. 

 

6. Cathepsin D and LAL can be found extracellularly  
    in human atherosclerotic lesions

Cathepsin D is a protease, which initiates degradation of LDL in lysosomes. It has been found 
intracellularly in the atherosclerotic lesions [115], and is secreted by cultured monocyte-

derived macrophages [213]. LAL, again, the major cholesteryl esterase in endo-lysosomal com-
partments, has been found in macrophage foam cells and deep in the intimal fibrous tissues [59], 
but there is little in vivo evidence of secretion of LAL. Thus, sections of human coronary arteries 
arteries obtained from autopsies or, to avoid post-mortem release of these enzymes, from heart 
transplantations were first immunohistochemically stained for cathepsin D and LAL. We found 
that the amounts of cathepsin D and LAL in the normal arterial intima were so low that they were 
barely detectable by immunohistochemistry (Study III, Fig. 1A and C). In contrast, in advanced 
atherosclerotic lesions the amounts of cathepsin D and LAL were dramatically increased (Study 
III, Fig. 1B and D). Both enzymes co-localized with infiltrations of macrophages (Study III, Fig. 
1F) and showed both punctate cellular and diffuse extracellular staining, whereas a lysosomal 
marker, the lysosome-associated membrane protein 1 showed only punctate intracellular staining 
(Study III, Fig. 1H), suggesting that cathepsin D and LAL were actively secreted from intimal 
macrophages.  Moreover, sections in which primary antibodies were replaced with non-spesific 
rabbit IgG or isotype-matched mouse IgG remained unstained. Consistent with these results, other 
lysosomal cathepsins, i.e. cathepsin F [322], cathepsins S and K [268], and cathepsin B [111] have 
also been found extracellularly in atherosclerotic lesions. Taken together, the present and previous 
findings suggest that a number of different lysosomal enzymes are present extracellularly in the 
human atherosclerotic intima.

7. Macrophage-derived cathepsin D and LAL induce  
    fusion of LDL particles in vitro

Various agents, such as immunocomplexes [35] and zymosan [62], can trigger the release of 
lysosomal enzymes from macrophages. Thus, we have modeled a inflammation-induced 

stimulation of secretion of lysosomal acid hydrolases by incubating human monocyte-derived 
macrophages with zymosan A opsonized with fresh human serum (Zop) [106]. The level of lac-
tate dehydrogenase activity in the control media (6.1 ± 3.5% of total cellular activity) and the 
conditioned media from Zop-treated macrophages (6.5± 0.3% of total cellular activity) was low, 
indicating that Zop did not exert cytotoxic effects on macrophages. Incubation of LDL with the 
conditioned medium from Zop-treated macrophages induced fusion of LDL particles as analyzed 
by electron microscopy (Study III, online supplement, Fig. 1).  The largest H-LDL particles were 
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about 200 nm in diameter, resembling those found extracellularly in atherosclerotic lesions. Fusion 
of the LDL particles appeared to be independent of oxidation, since the samples contained EDTA, 
the amount of thiobarbituric acid-reactive substances in H-LDL (< 1 nmol/mg LDL) was low as 
compared with oxLDL (22 nmol/mg LDL), and the modification was unaffected by the presence 
of 20 µM butylated hydroxytoluene, an inhibitor of peroxidation. In addition, incubation of LDL in 
the culture medium with or without Zop particles in the absence of macrophages failed to generate 
trichloroacetic acid-soluble radioactivity and conditioned medium from unstimulated macrophages 
did not increase turbidity of the LDL sample (Study III, Fig. 2C), showing that proteolytic activity 
was released from stimulated macrophages. Analysis of the lipid composition of the H-LDL particles 
revealed that the amounts of CEs and triglycerides were significantly decreased and the amounts 
of UC and FFAs were significantly increased in H-LDL as compared with native LDL (Study III, 
Fig. 4A). No significant hydrolysis of PC or SM was found suggesting that the macrophage-con-
ditioned media did not contain PLA2- or SMase-like activities. In addition, immunodepletion of 
LAL from the conditioned medium totally inhibited release of FFAs from LDL (Study III, Fig. 4B) 
suggesting that LAL was the predominant lipase degrading LDL in the macrophage-conditioned 
media. Finally, large amounts of LAL were found in the macrophage-conditioned media by Western 
blotting (Study III, Fig. 5B), suggesting that Zop-induced secretion of active form(s) of LAL into 
the culture media, indeed, induced degradation of the core lipids of LDL in vitro.

Characterization of proteolytic activity in the macrophage-conditioned media by protease inhibitors 
revealed that proteolytic degradation of LDL was accomplished by an aspartic protease (Study 
III, Fig. 3A). Mature form(s) of cathepsin D, an aspartic protease, were found by Western blot-
ting (Study III, Fig. 5A), suggesting that cathepsin D could have at least promoted proteolysis of 
LDL. This was confirmed by abolishing activity of cathepsin D in the medium. We found, that 
immunodepletion of the macrophage-conditioned media with antibody against cathepsin D totally 
blocked H-LDL proteolysis (Study III, Fig. 3B). Moreover, the pattern of apoB-100 fragmenta-
tion of H-LDL resembled the one that had been produced by incubating LDL with commercial 
cathepsin D, but was totally different from patterns obtained with thrombin, kallikrein, or pronase 
(Study III, Fig. 3C-D). However, we cannot exclude that the macrophage-conditioned medium 
contained a minor activity of other proteases as well. Similar proteolytic activity, albeit smaller in 
extent, was released from macrophages when they were incubated with LDL immunocomplexes, 
vortexed LDL, or zymosan particles. Thus, Zop-treated macrophages secrete active cathepsin D 
and LAL into the cell culture media. A combined action of these enzymes transform LDL into the 
fused particles, which resemble those found extracellularly in human atherosclerotic lesions.

8. H-LDL induces formation of foam cells

When mouse peritoneal macrophages and human coronary artery SMCs were incubated with 
50 µg/ml of H-LDL and stained with Oil Red O, cytoplasmic lipid inclusions were found 

in both the macrophages (Study III, Fig. 6A-D) and in SMCs (Study III, Fig. 7), showing that 
H-LDL had transformed them into foam cells. Native LDL or oxLDL failed to induce formation 
of cytoplasmic lipid droplets in either cell type (Study III, Figs. 6 and 7). In addition, analysis of 
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human monocyte-derived macrophages by electron microscopy revealed that numerous cytoplasmic 
lipid inclusions had appeared after incubation with H-LDL (Study III, online supplement, Fig. 
2). Untreated and native LDL-treated macrophages that served as controls were totally devoid of 
intracellular lipid droplets. Determination of the cellular lipid content by high performance thin 
layer chromatography showed that H-LDL had increased the levels of both unesterified and esteri-
fied cholesterol in macrophages (Study III, Fig. 6E-F). In conclusion, H-LDL was avidly taken up 
by macrophages and SMCs and induced their transformation into foam cells.

The mechanisms of uptake of H-LDL by macrophages were studied in competition experiments 
(Study III). In the presence of 20-fold excess of unlabeled lipoproteins, the degradation of H-
LDL by macrophages was inhibited by 53% with LDL, by 59% with acLDL, by 69% with mildly 
oxidized (3 h) LDL, by 57% with totally (18 h) oxidized LDL, and by 67% with the unlabeled 
H-LDL. In addition, anti-CD36 and anti-LRP antibodies decreased the degradation of H-LDL in 
macrophages (Hakala et al. unpublished). In accord with our findings, uptake of E-LDL (resembling 
H-LDL) was previously shown to be partially mediated by CD36 [116] and aggregated LDL was 
taken up through LRP into macrophages [231]. Therefore, our preliminary results suggest that 
SRs, e.g. CD36, and a member(s) of LDL receptor family, e.g. LRP, may participate in the uptake 
of H-LDL by macrophages. 

9. H-LDL induces secretion of pro-inflammatory           
    cytokines by cultured vascular cells

It has been shown that loading of macrophages with lipid induces the expression of a variety of 
inflammatory mediators, such as cytokines [146;294] and, as described above, H-LDL is able 

to induce accumulation of lipid in macrophages and SMCs. Thus, the ability of H-LDL to induce 
secretion of pro-inflammatory cytokines was studied. First, the expression of common human 
cytokine genes in human monocyte-derived macrophages, human coronary artery SMCs, and hu-
man coronary artery ECs was screened with a complementary DNA array (GEArray). Untreated 
cells and lipopolysaccharide-treated cells served as controls for the experiment. Surprisingly, of 
the 96 cytokine genes in the array, only IL-8, IL-1β, and IL-6 were up-regulated when compared 
to untreated cells (Study IV). Notably, neither expression of TNF-α, the major pro-inflamma-
tory cytokine induced by lipopolysaccharide and oxLDL, nor expression of anti-inflammatory 
cytokines, e.g. transforming growth factor-β or IL-10, were found to be up-regulated by H-LDL 
treatment. Indeed, the level of endotoxin in all the H-LDL preparations was tested and found to 
be substantially lower than the highest amount of lipopolysaccharide that was not able to induce 
cellular effects. In addition, no generation of thiobarbituric acid reactive substances was found in 
the H-LDL preparations. Analysis of the secretion of the cytokines showed that H-LDL had induced 
secretion of IL-8 from macrophages and ECs and of IL-6 from macrophages and SMCs (Study 
IV, Fig. 1). Surprisingly, only a trace amount of IL-1β was secreted from the cells even after 24 
h of stimulation with H-LDL suggesting post-transcriptional degradation or cellular segregation 
of the cytokine. All the studied types of cells, however, secreted MCP-1, an important chemoat-
tractant for monocytes. Interestingly, H-LDL and E-LDL, representing similar types of modified 
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LDLs only partially overlap in their biological effects. Both H-LDL (Hakala et al. unpublished 
data) and E-LDL [19] bind CRP and activate complement, but they induce differential secretion 
of pro-inflammatory cytokines in the cultured vascular cells. They induce secretion of MCP-1 
from macrophages and SMCs, but only H-LDL is able to induce a massive secretion of IL-8 and 
IL-6 from macrophages and SMCs (Study IV). In addition, both H-LDL and E-LDL are able to 
induce secretion of IL-8 from ECs, but only H-LDL induce secretion of MCP-1 from ECs. Thus, 
we have shown that H-LDL is a potent novel inducer of secretion of pro-inflammatory cytokines 
from cultured vascular cells. However, the actual molecule(s) that initiate secretion of pro-inflam-
matory cytokines from the vascular cells remains to be studied, the probable candidates being 
FFAs and UC of H-LDL.

We next studied signaling pathway(s) in human monocyte-derived macrophages that were treated 
with H-LDL and analyzed for the secretion of IL-8 as a measure of the inflammatory response of 
the cells. Expression of IL-8 in H-LDL-treated macrophages was first confirmed by reverse-tran-
scriptase polymerase chain reaction, which showed that H-LDL induced about six-fold increase 
in the amount of IL-8 messenger RNA (Study IV, Fig. 2). The role of MAPKs in the inflammatory 
response of cells to H-LDL was studied by using MAPK specific inhibitors. Only p38 MAPK in-
hibitor, SB203580, was able to totally block the release of IL-8 from H-LDL treated macrophages 
(Study IV, Fig. 3A), whereas inhibition of ERK1/2 or JNK MAPKs had only a weak effect. This 
is in accordance with previous results showing that in the intimal cells, p38 plays a major role in 
inflammatory response [85]. Indeed, analysis of the phosphorylation of p38 MAPK in macrophages 
by Western blotting showed that H-LDL induced transient activation of the p38 MAPK between 
5-30 minutes of incubation (Study IV, Fig. 3B). Thus, activation of the p38 MAPK appears to play 
an important role in the expression of IL-8 by H-LDL-treated macrophages.   

Initiation of the gene transcription involves nuclear translocation of transcription factors. It has 
been shown that the promoter area of IL-8 contains binding sites for NF-κB and AP-1 transcription 
factors [180;222] and  that their nuclear translocation is needed for IL-8 secretion from human 
monocytes [109]. In addition, it has been suggested that NF-κB dimers promote gene transcription 
either alone or as part of a complex of several coactivators [247] and with other transcription fac-
tors, such as activator protein-1 (AP-1) [308]. Thus, activation of NF-κB and AP-1 transcription 
factors was analyzed in H-LDL-treated macrophages by the electrophoretic mobility shift assay. 
We found that H-LDL induced time-dependent nuclear translocation of both NF-κB and AP-1 in 
macrophages (Study IV, Fig. 4A and B). When inhibitors of NF-κB and AP-1 were included in 
the reaction mixtures, it was found that NF-κB was more important in the release of IL-8 (Study 
IV, Fig. 5). Inhibition of the secretion of IL-8 by caffeic acid phenylethyl ester and sulfasalazin, 
two antioxidants, as well as increased secretion by MG-132, an activator of the production of 
reactive oxygen species [304], suggest that secretion of IL-8 from H-LDL-treated macrophages 
may involve generation of reactive oxygen species beside activation of p38 MAPK and the NF-κB 
transcription factor. Thus, nuclear translocation of NF-κB was needed to secretion of IL-8 from 
H-LDL-treated macrophages.
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10. Proposed atherogenic properties of sPLA2 and  
      lysosomal acid hydrolases modified LDL.

We have shown that Type IIA sPLA2 (Study I) and lysosomal acid hydrolases, i.e. cathepsin 
D and LAL (Study III), induce fusion of LDL particles, which has been shown to increase 

their retention to proteoglycans in vitro [197;198;319;322] (Figure 10). The action of both Type 
IIA sPLA2 or lysosomal acid hydrolases on LDL produces FFAs, which can increase secretion of 
PGs from SMCs [193]. In addition, lipolysis of LDL with Type IIA sPLA2 generates LPC, another 
bioactive molecule, which participates in the chemotaxis of monocytes [214]. Moreover, both 
sPLA2-treated LDL [11;175] and H-LDL (Study III) are taken up avidly by vascular cells, which 
induces their transformation into foam cells and may increase their ability to secrete pro-inflam-
matory cytokines, such as IL-8, IL-6, and MCP-1 (Study IV). The pro-inflammatory cytokines 
can increase, again, the amount of monocytes (IL-8 and MCP-1) [76] and SMCs (IL-8) [318] in 
the intima, and may induce proliferation of SMCs (IL-6 and IL-8) [182;318]. In addition, IL-6 
drives differentiation of monocytes into macrophages [52]. Finally, the lipids liberated from dy-
ing foam cells and formed extracellularly in the intima may induce formation of a lipid-rich core 
in the intima.

Figure 10. Proposed model of atherogenic properties of LDL modifications induced by PLA2 or by lysosomal acid 
hydrolases.
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Lipolysis of LDL with Type IIA sPLA2 induced fusion of LDL particles in the presence 
of human aortic PGs (Study I). The binding strength of the fused LDL particles to human 
aortic PGs appeared be substantially increased, which led to increased retention of LDL in 
PG-matrix. Thus, Type IIA sPLA2 may induce formation and accumulation of LDL-derived 
lipid droplets in PG-rich areas of arterial intima during atherogenesis.    

Lipolysis of LDL with PLA2 induced particle aggregation in the absence and fusion in the 
presence of heparin-GAG (study II). Even a transient interaction of LDL with GAGs pro-
moted fusion of PLA2-treated LDL particles. Thus, the presence of GAGs was a prerequisite 
for fusion of the PLA2-treated LDL particles.

Only low amounts of cathepsin D and LAL, two lysosomal acid hydrolases, can be found in 
grossly normal intima, but their concentrations increased dramatically during atherogenesis 
(Study III). Notably, both enzymes were found extracellularly in the human atherosclerotic 
lesions where they mainly colocalized with infiltrations of macrophages suggesting secretion 
by macrophages. Stimulated monocyte-derived macrophages released substantial amounts 
of cathepsin D and LAL into the cell culture medium and they induced fusion of LDL par-
ticles (H-LDL) in vitro. Thus, our in vivo and in vitro results suggest that lysosomal acid 
hydrolases released from macrophages may induce formation of LDL-derived lipid droplets 
and vesicles in the human arterial intima.  

H-LDL was avidly taken up by human macrophages and SMCs in vitro (Study III). In ad-
dition, H-LDL also induced secretion of pro-inflammatory cytokines, i.e. IL-8, IL-6, and 
MCP-1, from human cultured vascular cells (Study IV). Thus, H-LDL may transform mac-
rophages and SMCs into foam cells and accelerate inflammatory reaction in arterial intima 
during atherogenesis. 

Thus, our in vitro data strongly suggest that PLA2 and lysosomal acid hydrolases, which 
have both been found in human atherosclerotic lesions, may induce atherogenic changes in 
LDL, and so participate in the development of atherosclerosis.

SUMMARY AND CONCLUSIONS

1.

2.

3.

4.

In this thesis, we have studied aggregation and fusion of enzymatically-modified LDL particles, 
i.e. LDL treated with sPLA2 and lysosomal acid hydrolases, and the atherogenic properties of 

such modified LDL. The answers for the specific aims of the study were:
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