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Abstract

Lucyna Neuger, 2005. Department of Medical Biosciences and Department of Surgical and Perioperative 
Sciences, Umeå University, SE-901 87 Umeå, Sweden  

Lipoprotein lipase (LPL) hydrolyses blood lipids at the vascular endothelium. This action makes fatty acids 
available for tissue metabolic requirements. LPL is anchored to the endothelium by electrostatic forces and may 
act as a bridge connecting lipoproteins to cell surfaces. Clusters of positively charged amino acid residues in 
LPL interact with anionic groups on oligosaccharides covering the cell surfaces. Heparin competes with cell 
surface oligosaccharides for binding to LPL. Interaction of LPL with soluble and cell surface-bound 
oligosaccharides influences the activity and catabolism of the enzyme. LPL has a dual role in the development of 
atherosclerosis. Hydrolysis of lipoproteins by LPL contributes to clearance of lipids from plasma, resulting in an 
anti-atherogenic lipid profile. On the other hand, trough its bridging function, LPL contributes to lipoprotein 
retention at the endothelium and in the connective tissue of the artery wall. Furthermore LPL may stimulate 
uptake of lipoproteins in cells, converting them to foam cells. In this way LPL is considered to be pro-
atherogenic.

We have investigated the effects caused by a synthetic heparin analogue, RG-13577, developed for treatment of 
tumors by anti-angiogenesis theraphy (Paper I) and by heparin (Paper II) on the turnover and biological role of 
LPL. The variation of LPL activity in kidney among animal species was studied in Paper III. Localization of 
LPL in healthy and atherosclerotic human arteries in relation to two other heparin-binding proteins (extracellular 
superoxide dismutase and apolipoprotein B) was studied in Paper IV.  

Paper I: Like heparin, RG-13577 released LPL and hepatic lipase from cell surfaces. On intravenous injection 
of RG-13577 to rats, binding of LPL in extrahepatic tissues was prevented and clearance of radiolabeled LPL 
from the circulation was delayed. RG-13577 released LPL from extracellular matrix (ECM) produced by 
entothelial cells, and from THP-1 monocyte-derived macrophages, and prevented lipase-mediated binding and 
uptake of LDL in these cells. It was concluded that this heparin-mimicking compound had similar effects on 
LPL as heparin, but RG-13577 was less effective on a molar basis. 

Paper II: LPL is catabolized in the liver. Heparin injection increases LPL transport to the liver. There was an 
increase predominantly in LPL protein mass in the liver, indicating that LPL was inactivated on uptake. By 
localization with immunohistochemistry, injected active, dimeric lipase was initially found in the liver sinusoids. 
With time the staining disappeared from the sinusioids and was found in a granular pattern over hepatocytes and 
Kupffer cells. The immunostaining gradually faded, indicating internalization and degradation of the lipase in 
the liver. Injected monomeric LPL was located mainly to the Kupffer cells, indicating a contribution of these 
cells to the uptake of inactive LPL, the dominating form of LPL in plasma. 

Paper III: A proposed association between deranged lipoprotein metabolism and kidney disease directed our 
interest to LPL activity in the kidney. Injected active LPL was picked up from blood in the glomerular capillary 
network in rats and mice. LPL activity was studied in kidneys from five different animal species. The highest 
activity was in mink, followed by mice and Chinese hamsters, whereas the activity was lower in rats and very 
low in guinea pigs. The levels of LPL activity per g tissue in kidneys of mink, mice and Chinese hamsters were 
higher than that in adipose tissue of these animals. Immunolocalization of LPL to tubular epithelial cells in 
kidneys from mice and mink indicated that these cells synthesized the LPL. It was concluded that kidney LPL 
may contribute significantly to the pool of free fatty acids circulating in blood.  LPL produced in mouse kidney 
was subject to nutritional regulation similar to the regulation of LPL in adipose tissue.  

Paper IV: LPL, EC-SOD and apo B were all detected by immunolocalization in connection with endothelial 
cells in the arterial intima. In the media layer LPL was mainly associated with smooth muscle cells (SMC), EC-
SOD was associated both with SMC and connective tissue while apo B was mostly in the connective tissue. In 
the adventitia LPL was located in connection with the endothelial cells of small vessels, while both EC-SOD and 
apo B found in the connective tissue. In both normal and moderately diseased human arteries LPL was 
associated mainly with SMC. LPL was found in a minor fraction of the macrophages in arteries with lesions, 
while EC-SOD and apoB were found with most macrophages. Our data suggest that most of the LPL at the 
vascular endothelium originates from SMC, both in normal and in diseased arteries.   
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1. Introduction 

The enzyme lipoprotein lipase (LPL) hydrolyses lipids in blood making them accessible for 

cellular uptake in the tissues. It has been proposed that LPL in addition acts as a bridge 

connecting lipoproteins to the cell surfaces. This function of LPL is independent of its 

hydrolytic ability. LPL may be produced locally in the vessel wall or be transported there 

from other tissues. We have studied transport of LPL in blood. Previous studies have shown 

that LPL is taken up and catabolized in the liver. How and in which cells this occurs was 

previously not known. LPL is reversibly bound to the vascular endothelium via interaction 

with heparan sulfate proteoglycans (HSPG). It is possible that LPL can be released from these 

binding sites in many different tissues. LPL has previously been found in glomerular 

capillaries suggesting binding of circulating LPL in the kidney. These findings directed our 

interest to the cellular location of LPL in the kidney. It is well established that injection of 

heparin releases LPL from the vascular binding sites to the blood in vivo and prevents binding 

of LPL to binding sites in vitro. We studied binding of LPL in the liver and in the kidney in 

the presence of heparin. The fact that heparin counteracts binding of LPL to the vascular 

endothelium, as well as LPL-mediated uptake of lipoproteins to cells, opens new treatment 

possibilities. A model study, using a synthetic heparin-mimicking substance, RG-13577, was 

aimed to explore a promising pharmacological agent for treatment of atherosclerosis. In 

another study we compared the localization of LPL in healthy arteries and in arteries with 

artherosclerotic lesions to the location of some other heparin-binding proteins. 

1.1 Atherosclerosis 

Atherosclerosis is a multifactorial disease initiated by injury or infection. The injury may be 

caused by accumulation of lipoproteins in the subendothelial space [1]. Uptake of lipoproteins 

in cells of the vessel wall is considered to be an important factor for development of 

atherosclerosis. Lipoproteins that stay for a prolonged time at the endothelium can be 

modified through oxidation, which may lead to uptake of the lipoprotein in cells via 

scavenger receptors. The presence of lipoproteins changed by oxidation may induce the 

expression of adhesion molecules on the vascular endothelial cells [2]. The vascular cell 

adhesion molecule-1 (VCAM-1) mediates recruitment of mononuclear leucocytes. The 

adherent mononuclear leucocytes enter the arterial wall and differentiate to macrophages that 

express cytokines and matrix metalloproteinases. Degradation of the extracellular matrix 
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(ECM) facilitates cell migration and proliferation. Both the proliferated smooth muscle cells 

(SMC) and macrophages (MQ) are prone to accumulate lipids deposited in the subendothelial 

space and may subsequently transform to foam cells. The foam cells generate fatty streaks as 

a very first step towards an artherosclerotic plaque [3]. LPL is synthesized both by SMC and 

MQ and may contribute to atherosclerosis by mediating binding and uptake of lipoproteins in 

the cells [4]. An increased binding of low-density lipoprotein (LDL) in the artery wall may 

facilitate oxidative modification. The uptake of both native and mildly oxidated lipoproteins 

in macrophages is mediated by LPL [5]. Lipid deposits initiate changes in the SMC 

converting them from contractile to proliferative and actively synthetic cells, which 

contributes to the abnormal connective tissue deposition. This results in progression of the 

atheroma and formation of a fibrous lesion. Further progression of atherosclerosis may cause 

development into an advanced plaque and manifest clinical disease. In addition to lipid 

accumulation, infectious agents such as clamydia pneumoniae and cytomegalovirus (CMV) 

may contribute to the development of atherosclerosis [3]. Disturbances in arterial blood flow, 

especially in branch points, may also initiate the inflammatory process [3]. 

1.2. Lipoprotein lipase 

Paul Hahn discovered the action of lipoprotein lipase (LPL) in 1943 during a study of red 

blood cells in dogs. He noted that postprandial lipemia was cleared by injection of heparin in

vivo but not by addition of heparin to lipaemic blood in vitro [6]. Continued studies by several 

groups revealed that the “clearing reaction” was due to heparin-mediated release of a lipase 

into the blood [7;8]. This enzyme has been the subject of intense studies in many laboratories 

and much is now known about its structure, properties and function [9;10]. The function of 

LPL can be summarized in the following way: After entry to the blood stream, dietary fat, in 

the form of chylomicrons, is hydrolysed by LPL which is bound to the vascular endothelium. 

The formed chylomicron remnants are taken up in the liver via low density lipoprotein (LDL) 

and low density lipoprotein-related protein (LRP) receptors. Apolipoprotein E (apo E) and 

LPL are recognition signals for the receptors. Lipids taken up in the liver can be used for 

synthesis of very low density lipoprotein (VLDL) and be released in this form to the 

circulating blood. Triglycerides carried in VLDL are substrates for LPL. As a result of 

triglyceride hydrolysis, VLDLs are reduced to remnant particles that can be remodelled into 

low density lipoprotein (LDL) and high density lipoprotein (HDL). These are the dominant 

types of lipoproteins in plasma because they are catabolized slowly. Fatty acids are taken up 
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in the tissues for storage or metabolism. LPL needs an activator protein, apolipoprotein C II 

(apo-C II), to exert its full hydrolytic activity. Binding of fatty acids to LPL is another way by 

which the action of LPL may be regulated. This binding provides feedback regulation of 

hydrolysis, ensuring balance between the amount of product and its uptake in the tissues. 

Besides the hydrolytic function, LPL can act as a ligand mediating binding of lipoproteins to 

heparan sulphate-coated cell surfaces and to receptors (LDL-R and LRP). 

1.2.1.1 Molecular properties 

The LPL is a glycoprotein with a molecular mass of 55 kDa. The tertiary structure of LPL has 

been modelled from the X-ray structure of pancreatic lipase; a lipase that belongs to the same 

gene family and has high sequence homology to LPL [11]. According to these models LPL 

consist of two folding-domains. The catalytic site is located on the amino terminal domain 

whereas the C-terminal domain contains the receptor-binding site. The active enzyme is a 

dimer of two identical subunits which are non-covalently linked together in a head to tail 

fashion [12]. The proper binding between the monomeric subunits is important for the 

intracellular processing of LPL. Introduction of a short peptide linking two subunits together 

slowed down the secretion of the LPL dimer [13]. The fully active dimeric form of LPL 

dissociates to monomers with fast exchange of monomeric partners [14]. The exchange is 

estimated to occur in less than 5 s and is not slowed down in the presence of heparin or 

lipoproteins [14]. It is therefore possible that exchange of monomers takes place at the 

vascular endothelium. The dissociation of dimer and exchange of monomeric partners may be 

important for the regulation of the enzyme activity through exposure of subunits to factors 

that impair the reassociation of the subunits [14]. Monomers are prone to undergo irreversible 

changes in conformation with subsequent loss of catalytic activity, unless they reassociate to 

dimers [15]. An intermediate form of the monomer may have some hydrolytic activity against 

substrates that do not require the presence of apoC-II [14]. Except for dissociation of dimeres 

followed by unfolding of the monomers, LPL may also form non-covalent and covalent 

aggregates [16]. Hydrofobic areas are more exposed in the monomer compared to dimeric 

state of LPL. However aggregation occurs slowly at low temperature and high salt 

concentration, which indicates that ionic interactions play a greater role than hydrofobic 

interactions in the formation of aggregates [14]. Inactive LPL monomers are found both in 

tissues and in blood [17;18].
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1.2.1.2 Catalytic properties 

LPL has a rather wide substrate specificity and hydrolyses triglycerides, diglycerides, 

monoglycerides and phospholipids [19;20]. The preferred substrates are triglycerides in 

chylomicrons and VLDL. ApoC-II is required for full catalytic activity of LPL [21]. LPL 

generates free fatty acids (FFA) and monoglycerides that can be taken up by the tissues as a 

source of energy or for storage. After hydrolysis, smaller and denser lipoproteins (remnants) 

Figure 1. Left side: Different classes of heparan sulfate proteoglycans depending on mode of 
attachments to the plasma membrane. Proteoglycans consist of glycan chains of repetitive 
disaccharides (yellow) anchored to a core protein (green). The core protein is in syndecans
integrated in a cell membrane lipid bilayer (green and brown), in perlecans the core protein is 
attached through integrin (pink) and in glypicans the core protein and glycan chains can be 
anchored by binding to a lipid receptor (blue).  
Right side: Structure of repeating units in heparin/heparan sulfate: A. Primary disaccharide 
with glucuronic acid and N-acetylated glucosamine B. Maximally processed disaccharide 
with iduronic acid (2-O-sulfated) and N-sulfated glucosamine (6-O-sulfated). C: Structure of 
the heparin-mimicking compound RG-13577.
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1.2.1.3 Interaction with heparin and heparin-like substances 

LPL has high affinity for heparin and related substances. There are many binding sites for 

heparin on the LPL molecule. Theses binding sites act in concert to anchor LPL to membrane-

bound heparan sulphate proteoglycans (HSPG) on the luminal region of the vascular 

endothelium [22]. Each subunit of the LPL dimer has several heparin binding sites and the 

monomers are probably arranged with the heparin binding regions facing to the same side of 

the dimer, which is opposite to the entries of the two active sites [23]. This arrangement can 

explain why the active form of the lipase binds to heparin with a higher affinity than the 

monomeric form and also that binding to heparin does not interfere with the catalytic activity. 

Heparin stabilises the enzyme by preventing unfolding of dissociated monomers [14]. The 

dimeric structure of the enzyme is needed for the high-affinity binding to heparin or HSPG 

[24]. The binding of LPL to heparin or heparan sulphate is mainly through electrostatic 

interactions of highly polyanionic sites in heparin with clusters of positively charged amino 

acids in the LPL molecule [25]. Heparin is more sulphated than HSPG and competes with 

HSPG for binding to LPL (Fig. 1). Due to a higher affinity of the dimeric form of LPL to 

heparin compared to HSPG, heparin releases the lipase to the circulating blood. Binding is not 

restricted to sulphate groups. Also other negatively charged compounds with a suitable charge 

distribution like polyphosphates, polynucleotides and the polycarboxylated polymer RG-

13577 (Fig. 1C) can be accepted by the heparin-binding site of LPL [26] and Paper I.  

1.2.1.3.1 Structural requirements for binding of LPL to heparin 

Heparin is mainly located in the granules of tissue mast cells and it is found in blood in very 

low free concentrations. Mast cells are widely abundant in the connective tissue. Numerous 

mast cells are located beneath the vascular endothelium [27]. Proteolytic enzymes present in 

the mast cells are involved in the release of heparin from the granule. Mast cell granules 

contain, in addition to heparin, also histamine, a mediator of the inflammatory response. 

Within the mast cells, heparin may inactivate histamine and thereby beneficially moderate 

allergic reactions [28]. Remnants of granules contribute to the development of fatty streaks 

through stimulation of smooth muscle cells with secretory phenotype to accumulate 

cholesterol esters [29]. Heparin also has impact on blood lipid metabolism, reacting with 

some of the lipolytic enzymes. The chemical structure in heparin required for binding of LPL 

is not very specific. Negatively charged sulphate groups in five repeated disaccharides of 
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heparin or heparan sulphate decasaccharides bind with high affinity to peptide regions 

comprised of basic amino acid residues in LPL. The most preferred structures for LPL 

binding have a high content of negatively charged groups (polyanions) [22]. The affinity to 

LPL increases with progressing degree of sulfation and increasing chain length of saccharides 

[30]. Heparin is a drug in common use in anticoagulant therapy. Heparin enhances 

antithrombin (AT-III) mediating inhibition of blood coagulation factors. It should be pointed 

out that the structural requirements of heparin for binding of LPL are different from those for 

binding of AT-III [30;31]. A specific pentasaccharide sequence in heparin is a minimum 

structure required for binding of AT- III, while no particular sequence is required for 

electrostatic interactions with LPL.  

 The molecular structure of heparin allows interactions with several other plasma 

proteins. This makes heparin a potent regulator of several biological processes. Heparin 

modulates the immune response through regulating activities of proteins that are members of 

the complement cascade. Heparin augments inhibition of C1 protein that binds to the antigen-

antibody complex on the cell surfaces [32]. Heparin interacts also with growth factors 

involved in cell proliferation and angiogenesis. Heparin binds several fibroblast growth factor 

(FGF) molecules and through this action it promotes dimerisation of the FGF-receptor (FGF-

R) which makes further signal transduction possible [33]. Another group of heparin-binding 

proteins are cytokines, activated during cell inflammation. The monocyte chemoattractant 

protein-1 (MCP-1) and macrophage inflammatory peptides-1 (MIP-1) are examples that can 

form complexes with both cell surface and soluble oligosaccharides. These interactions have 

different functions. Complexes of heparin with cytokines are not capable to bind to receptors, 

while binding to cell surface oligosaccharides enhances the concentration of chemokines in 

the vicinity of the receptors [34]. Binding of LPL in the liver was accelerated in the presence 

of heparin [35] and LPL can be taken up in both hepatocytes and Kuppfer cells despite the 

presence of heparin in the circulation [Paper II]. 

1.2.1.3.2 Structure and functions of heparin-like oligosaccharides 

Heparin-like glycosaminoglycans are commonly found on the cell surfaces in vertebrates and 

their structure may be tissue specific (Fig. 1). They are composed of repeating units of 

disaccharides arranged in long polysaccharide chains (Fig. 1A and B). The disaccharide units 

consist of a hexosamine and a hexuronic acid residue of D-glucuronic or D-iduronic acid [36].
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The disaccharides are characterized by the presence of negatively charged carboxyl- and 

sulphate groups. There are three possible sulphation positions on the disaccharide units (Fig.

1B). Heparan sulphate has the same disaccharide composition as heparin, but heparin has 

longer regions of continuos, highly sulphated, areas. The sulphation pattern is determined by 

the specificity and activity of certain sulfotransferases, which may differ between different 

types of cells [37].  Depending on the structure of the core protein, three major classes of cell-

surface HSPGs have been identified: transmembrane syndecans, glypicans which are 

anchored to the membrane via phosphatidylinositol, and perlecans which are secreted and 

may adhere to cell surfaces via integrins [38]. HSPGs are abundant on all cell surfaces 

throughout the body. Together with collagens and extracellular proteoglycans they compose 

the extracellular matrix (ECM), which is a metabolically active, space-filling component 

between cells (connective tissue). Cleavage of HSPG by heparanases affects the integrity of 

the extracellular microenvironment, thereby opening possibilities for cell migration. 

Endothelial cells produce such enzymes and they can remodel the ECM and release cytokines. 

Heparanases have also been demonstrated in human tumours [39]. These enzymes release 

angiogenic factors and fragments of HS from the tumour inducing an angiogenic response in 

vivo and facilitating tumour cell invasion and vascularization [39]. Heparan sulphate 

fragments formed through the action of heparanases have been suggested to release LPL from 

the places of synthesis in order to allow transport to the endothelium [40]. 

HSPGs exhibit binding capacity for several proteins, growth factors and hormones [41]. 

Many of these molecules are stored in the ECM bound to HSPGs and are released to act on 

target cells when HSPGs are degraded. Internalization of cell surface-bound substances can be 

triggered by clustering of the transmembrane and/or intracellular domains of the HSPGs 

through a non-coated pit pathway. HSPG can allow transfer of ligands to receptors [42] and 

can themselves act as ligands for receptors [38]. An example is the inhibitory signal for 

migration and proliferation of SMC in the artery wall which is mediated by HSPG [43].  

Apolipoprotein E (apo E) is a constituent of chylomicrons and very low density 

lipoproteins (VLDL). This apolipoprotein acts as a ligand for the LRP receptor and is a 

recognition signal for metabolism of TG-rich lipoproteins [44]. The initial interaction of apoE 

with HPSG on the cell surface is a recognition signal. 
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Figure 2. Localization of lipoprotein lipase (LPL) in the artery wall. LPL is mostly 
synthesized in SMC of the media layer and is then transported to the endothelium where it 
attaches to heparan sulfate chains on the cell surfaces. LPL recycles through endothelial cells. 
Dimeric LPL can detach from the binding sites at the endothelium or dissociate to monomers 
and then detach. Both dimeric and monomeric LPL follow the blood to the liver where LPL is 
catabolized. LPL may be syntesised also in intimal SMC and it is also found in the small 
vessels supporting the artery wall (vasa vasorum).  

1.2.1.3.3 Consequences of the binding to HSPGs for the function of LPL 

Binding of LPL to HSPGs on the endothelial cell surface places the enzyme in a suitable 

position to interact with lipoproteins in the circulating blood [45] (Fig. 2). The filter in renal 

glomerulae consists of vascular endothelium, basement membrane and podocytes. All three 

layers are covered by HSPG and exhibit a strong negative charge on the surface. LPL was 

previously found in the glomerular capillary network. It was concluded that the lipase had 

probably been picked up from blood, since in situ hybridization showed no LPL mRNA 

within the glomeruli [46]. Circulating LPL can also be picked up in the liver, particularly in 

the space of Disse [44].
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According to the model for association between LPL and HSPG, LPL molecules 

exchange rapidly between binding sites and can diffuse along the endothelium without 

leaving the surface. The rapid dissociation of LPL from heparan sulphate chains and the 

almost immediate rebinding enables movement of the enzyme along the endothelium without 

dissociation to the blood [25]. Binding of LPL to HSPG stabilises the enzyme through 

stabilising the monomers. The existence of several heparin-binding regions in a dimer 

guarantees that the catalytic function, located at the N-terminus of the homodimer, is not 

affected by binding of the enzyme to negatively charged groups [47]. LPL hydrolyses 

lipoproteins anchored to the endothelium through interaction between HSPG chains and 

apolipoprotein B (apo B) and apoE. After hydrolysis, FFAs are taken up in the ambient tissue 

as an energy source for metabolism or released to plasma where they circulate bound to 

albumin. It is worth to notice that there is a big variation in the tissue disposition of the LPL 

system among species. The skeletal muscles and adipose tissue, the major places of LPL 

synthesis, have previously been known to be the major contributors to FFA in plasma. It is 

possible that in some species FFA generated in the kidney is sufficient to provide energy 

substrate for the rest of the body and that the function of the kidney LPL corresponds to its 

functions in adipose tissue and muscle (Paper III).  

Interactions of LPL with HSPG mediate binding of lipoproteins to the cell surfaces. The 

dimeric form of LPL binds to HSPG and may also serve as a ligand for receptors of the LDL-

R family [48-50]. Cell surface proteoglycans are essential as a primary binding site for the 

lipase. They stabilize the lipase conformation for adequate binding to LRP. Accumulation of 

FFA at the endothelium may break the binding of LPL to HSPG [45]. This is a product 

feedback and rate-limiting factor of the hydrolysis. Monomeric LPL binds with lower affinity 

to negatively charged surfaces than dimeric LPL and dissociates therefore more easily from 

the endothelial binding sites to the circulating blood [51]. We have studied LPL transport in 

the blood and the fate of both dimeric and monomeric LPL after uptake in the liver. It was 

previously known that LPL is catabolized in the liver and we have here studied how this is 

accomplished and what kinds of cells are involved (Paper II).  

1.2.2. Interaction of LPL with receptors 

LPL is an efficient enzyme, but it should be sitting on the vascular endothelium to be able to 

direct the flow of lipids to the tissues according to their needs. Therefore it is important that 
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the circulating concentration of LPL in blood is kept low by an efficient clearing mechanism.

Both forms of the lipase bind to receptors that ensure efficient uptake and catabolism of the 

enzyme after detachment from the vascular endothelium. Interaction of the enzyme with 

HSPG as well as with receptors of LDL-R family is a way by which LPL can be internalised 

and degraded in the liver and to a minor extent also in the extrahepatic tissues. The kidney of 

mice and mink contains substantial amount of LPL. Immunolocalization over tubular 

epithelial cells suggested that they are the main cells that produce LPL (Paper III). The 

receptor megalin in LDL-R family has been localized to epithelial cells of the glomerulus and 

proximal tubule [52]. For endocytosis of LPL both heparan sulphate and LRP have been 

shown to participate in the uptake and degradation of the enzyme, but these pathways for LPL 

metabolism are different and independent of each other [53;54]. In vitro studies have shown 

that LPL can be internalized by a slow endocytic process independent of LDL- or LRP 

receptors [55].   

1.2.2.1. The LDL receptor family 

Binding of LPL to LRP is not dependent on enzyme activity as has been shown by 

experiments with active site-inhibited LPL and with monomeric, inactive LPL. Because, the 

binding sites for lipoproteins and for receptors are located close to each other in the carboxyl-

terminal domain of the LPL monomer, only the dimeric form of LPL can mediate binding of 

lipoproteins to receptors [54]. LPL has been shown to bind also to other receptors of the LDL 

receptor gene family than LDL-R and LRP, e.g.VLDL-R, Gp 330 (megalin), and the 

vitellogenin receptor [56]. 

LDL-R and LRP-R are expressed in the liver and in several other kinds of cells [57;58]. 

VLDL-R is barely detectable in the liver, but occurs in adipose tissue, skeletal muscle, heart, 

and placenta [59;60]. Gp 330 megalin [52] was found in epithelial cells of glomeruli and 

proximal tubules of the kidney and the vitellogenin receptor is in oocytes [61]. Interaction of 

LPL with gp 330 is similar to the interaction of LPL with LRP, and LPL promotes binding of 

lipoproteins also to this receptor [62]. Interaction between LPL and LDL-R family member is 

in all cases abolished by heparin. 
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1.2.2.2. Other receptors 

Both active and inactive LPL is efficiently taken up and degraded in the liver. LPL can also 

be taken up in extrahepatic tissues. Previous studies with injected 125I-labeled bovine LPL 

gave evidence for two types of binding sites: heparin-sensitive sites at the endothelial surfaces 

that compete with heparin for binding of LPL, and heparin-insensitive sites located mainly in 

the liver [63-65]. Since binding of LPL to receptors of the LDL-R family is abolished by 

heparin, a different receptor in the liver with properties different from the LDL-R family is 

probably responsible for uptake of LPL there. Other types of sites bind and degrade mainly 

inactive LPL. These binding sites are heparin insensitive [66]. Among receptor candidates for 

uptake of LPL in the liver, receptors with specificity for carbohydrates have been 

investigated. Compared to LPL, the uptake and degradation of the glycoprotein asialofetuin 

was noticeably faster [63]. Moreover, injection of agents that are known to block hepatic 

receptors for glycoproteins did not delay the removal of LPL [67]. 

1.2.3. LPL-mediated bridging of lipoproteins to cell surfaces and extra cellular matrix 

LPL can act as a ligand to bridge lipoproteins to cell surfaces by binding to different receptors 

[68;69] and to HSPG. This effect is independent of catalytic activity. The binding of both 

LDL and VLDL to cells is enhanced several fold in the presence of LPL [70]. LPL enhances 

binding, internalization, and degradation of VLDL and LDL [55;71]. A lipid-binding site 

located at the C-terminus mediates this function of the enzyme [72]. The bridging function of 

LPL facilitates binding of lipoproteins to cell surfaces and may cause prolonged stay 

(retention) of the lipoproteins in the ECM where they may undergo oxidative modification. 

The bridging effect was shown not only with TG-rich lipoproteins, but also with the 

cholesterol-rich LDL. These lipoproteins are poor in TG and are therefore not a favoured 

substrate for the hydrolytic action of the enzyme. LDL is the lipoprotein mostly connected to 

development of atherosclerosis [73].  

1.2.3.1. Bridging via heparan sulphate 

HSPG are abundant in the ECM, particularly in the space of Disse in the liver. The initial 

clearance of lipoproteins begins with sequestration of lipoproteins in the space of Disse where 
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LPL may serve as a ligand and mediate remnant uptake [74]. Internalization of lipoproteins 

through HSPG is slow compared to the internalization through endocytosis via the LDL-R 

recycling system [75]. In contrast to bridging of lipoproteins by LPL to receptors of the LDL-

R family, the bridging of lipoproteins to HSPG could theoretically occur even with the 

monomeric form of LPL, since binding sites for heparin are present in several different areas 

of the LPL subunits. Interaction can therefore occur simultaneously with HSPG and with 

lipoproteins. The enhanced binding of remnant particles may also occur in the vessel walls 

when the continuity of the endothelial lining, normally restricting the entry of larger 

lipoproteins, is disrupted. After hydrolysis of the lipoproteins by LPL, FFA and 

monoglycerides are taken up in the tissue, while the smaller and denser remnant particles 

return back to the circulating blood. Chylomicrons and VLDL are large particles and probably 

several LPL molecules act simultaneously on the same lipid particle [9]. There is a linear 

relation between chylomicron size and binding affinity to LPL. Larger chylomicrons have 

higher affinity to LPL than smaller, partly hydrolyzed particles [76]. The series of events is 

probably that a lipid particle binds to one LPL molecule creating an initial complex to which 

another LPL molecule can attach by moving along the endothelial lining. The hydrolysis 

reaction continues until FFA accumulates and breaks the binding.  

1.2.3.2. Bridging via receptors 

Remnant particles resulting from catabolism of chylomicrons and VLDL are rapidly taken up 

in the liver. Uptake through the LDL-R is mediated by apo E, a ligand for the LDL receptor. 

LPL acts as a ligand to LRP, another receptor commonly found in the liver and in the 

extrahepatic tissues. LPL enhances binding of lipoproteins to cells by forming a molecular 

bridge between the lipoprotein and the receptors. Binding of LPL to LRP enhances binding of 

apoE containing lipoproteins to LRP [57]. Bridging of lipoproteins by LPL to LRP depends 

on the intact dimeric structure of the lipase. This requirement for a dimer is due to 

lipoprotein- and receptor-binding sites being located close to each other in the LPL monomer.  

Therefore bridging of lipoproteins to LRP requires the dimeric structure of LPL which allows 

one subunit to interact with the lipoprotein while the other subunit binds to the receptor [77]. 

Uptake of lipoproteins into cells mediated by bridging via dimeric LPL to the receptor is 

inhibited by LPL monomers, suggesting competition between monomers and dimers for 

binding to the receptor [78]. Lipoproteins are not needed for interaction of LPL with 
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receptors, but LPL increases lipoprotein binding. Binding of LPL to LRP is, however, 

impeded by heparin [54]. The receptor-associated protein (RAP), an general inhibitor of 

ligand binding to LRP, almost totally abolished uptake of LPL into rat hepatocytes [79]. 

1.2.4. Turnover of LPL within the tissue 

1.2.4.1. Synthesis, assembly and regulation of LPL 

Adipocytes and myocytes are the major sites for LPL synthesis [80]. LPL is also produced in 

the lactating mammary gland [81], in ovaries [82], adrenal glands [83], and in macrophages 

[84]. During the neonatal period LPL is produced also in hepatocytes [85]. In the adult liver 

LPL is produced by Kupffer cells [86]. The enzyme is secreted and transported to the vascular 

endothelium [46]. The time needed for synthesis and processing of LPL in the endoplasmatic 

reticulum (ER) and in Golgi until the enzyme is released from the cells is about forty minutes 

[87]. Several steps of protein processing, including glycosylation and protein folding are 

required for LPL to acquire catalytic activity [88]. Kinetic experiments on the inactivation of 

LPL showed that the dimeric form of native LPL is in equilibrium with active monomers that 

in turn can undergo essentially irreversible changes in secondary structure leading to loss of 

activity [15]. Proper folding of the monomer is believed to be a limiting factor for the 

formation of the dimeric form that in turn stabilizes the conformation of the subunits. The 

presence of the ER-based molecular chaperones calnexin and calreticulin has been shown to 

be critical for proper folding of the LPL subunits and may facilitate dimerisation [89]. These 

results are supported by findings of decreased levels of calnexin in mice with combined lipase 

deficiency (cld/cld) [90] and by reports of nutritional and/or hormonal regulation of ER 

chaperones [91].  

LPL activity is regulated in a tissue specific manner. In adipose tissue, the down-

regulation during short time fasting is mainly post-translational. Doolittle et al found a two-

fold increase in LPL mRNA level accompanied with a decrease in LPL activity [92]. Bergö et 

al found no significant decrease of LPL mRNA during the first day of fasting, but a decrease 

during prolonged fasting [93]. In adipose tissue, a main place for LPL synthesis, the 

regulation involves a shift between active and inactive forms of the lipase restricted to the 

extracellular compartment. The larger pool of heparin releasable LPL in the fed state reflects a 

larger amount of active extracellular LPL. The LPL activity within the adipocytes is kept at 

the same level in those two nutritional states [94]. Extracellular regulation on feeding and 
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fasting seems to occur also in the heart, but the mechanism for regulation is different 

compared to adipose tissue. Rat heart can increase the binding capability of active lipase 

during limited nutritional access. Total LPL in the heart remained unchanged while both 

heparin-releasable LPL activity and binding of 125I-LPL increased during a short time fasting. 

Heparin releasable activity suggests changes in the number of binding sites at the endothelium 

as a possible regulation mechanism [95]. Whether it is due to differences in expression or in 

different structures of HSPGs is not known. Thus the regulation of LPL activity in adipose 

tissue and in the heart most likely is controlled through different genes [96]. 

1.2.4.2. Transport of LPL within the tissue 

How LPL is transported from its places of synthesis to the endothelial binding sites is 

currently unknown. Blanchette-Mackie et al used electron microscopic immunolocalization to 

study LPL in mouse hearts. They suggested that LPL, synthesized and secreted by myocytes, 

moves along cell surfaces and crosses endothelial cells in vesicles or intracellular channels to 

be concentrated at the luminal surface of the endothelium [97]. Another hypothesis presented 

by Pillarisetti et al suggested that specific heparan sulphate (HS) oligosaccharides produced 

by endothelial heparanase, form complexes with the lipase and bring it across the endothelial 

cells, serving as extracellular chaperones for the transport of subendothelial LPL [40]. 

Metabolic control of the action of LPL could act both on recycling of LPL through 

endothelial cells and on the exchange of LPL between the endothelium and plasma. Binding 

of LPL to endothelial cell HS was proposed to involve an additional 116-kD protein. This 

heparin-releasable protein with both proteoglycan- and LPL-binding domains was suggested 

to offer high affinity binding sites for LPL at the endothelium [98], but no recent follow up 

has been published regarding this mechanism. 

1.2.5. Transport of LPL in blood 

1.2.5.1. LPL in blood 

The concentration of LPL mass in human plasma is 92.1 ± 38.6 ng/ml [99]. Inactive LPL 

protein is the dominating form of the enzyme in the circulating blood. The concentration of 

active LPL in blood is low, 1.4 ± 0.9 mU/ml [18;99;100], corresponding to about 4 ng/ml. 
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Both the active and the inactive forms of LPL are bound to lipoproteins in the circulating 

blood. The levels of LPL mass in plasma are such that there could be one LPL on each 500 to 

1000 LDL particles [18]. LPL is a ligand for the LRP receptor and attached to lipoproteins 

LPL may be a signal for the uptake in the liver. Tornvall et al concluded that LPL in plasma is 

not in equilibrium with the endothelial-bound LPL [99]. Negative correlation has been shown 

between LPL mass in plasma and the levels of TG, which are known risk factors for 

atherosclerosis [99]. Patients with coronary artery stenosis had significantly lower plasma 

LPL mass compared to the healthy controls. A positive correlation has been reported between 

plasma LPL mass and HDL-cholesterol level, which in turn is negatively correlated to risk for 

atherosclerosis. Moreover plasma LPL mass has been shown to be inversely correlated with 

intra-abdominal visceral fat and body mass index [101]. 

1.2.5.2. Release of LPL into the blood 

Release of LPL to plasma is important for enzyme turnover at the endothelium. Due to the 

high affinity of LPL to HSPG most of the active lipase will be bound to the endothelial 

binding sites and only a small fraction will be in the circulating blood. Binding of LPL to 

HSPG is a rapidly reversible process [25] and a slow dissociation of active lipase from tissues 

to the circulating blood is to be expected. Crass and Meng [102] suggested that endogenously 

produced heparin may be sufficient to enhance LPL release to the circulation, followed by 

efficient uptake in the liver in order to keep the level of the circulating enzyme low. It is 

likely that the dissociation of the LPL dimer to monomers restricts the life span of LPL at the 

endothelium. The affinity of monomeric LPL for heparin is about 6000-fold lower than that of 

the dimer [25], which is in accordance with that in normal plasma inactive monomeric LPL is 

the dominating form [18]. As soon as monomers are formed they will detach to the circulating 

blood where they stay until they are captured in the liver or elsewhere. The shedding of active 

lipase into the circulating blood may be an important way for enzyme turnover in the heart. 

Bagby [103] described release of active LPL during heart perfusion with media without 

heparin. This indicates that there is a continuous release of the enzyme from the extracellular 

compartment in the heart to the circulating blood. Active lipase is redistributed between 

tissues. Studies of arteriovenous differences in several tissues have directly shown that 

substantial amounts of LPL are released to the circulating blood. Karpe et al found that a 

minor part of active LPL is redistributed from muscle to adipose tissue while active LPL 
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produced in adipose tissue is retained there [100]. The different way to handle the enzyme 

may be dependent upon metabolic regulation or on endothelial binding capacity within the 

tissue. Both muscle and adipose tissue release substantial amounts of inactive LPL [100]. 

Release of both forms of the lipase had no correlation with the levels of non-esterified fatty 

acids (NEFA) or plasma TG. The differences in metabolic regulation between muscle and 

adipose tissue, as well as tissue-specific binding of LPL to the vascular endothelium, could be 

an explanation for the observed differences [100]. Immunohistochemical localization of 

endogenous LPL in guinea pigs showed an even distribution of the enzyme along the vascular 

endothelium of both capillaries and larger vessels. There was no particular concentration in 

areas with LPL-producing cells [86]. This is in contrast to hepatic lipase, which is mainly 

found in the liver in most animal species and which returns to liver on intravenous injection 

[104].

1.2.5.3. Removal of LPL from the blood 

Injected, active 125I-labelled LPL is taken up to 40-50 % in extrahepatic tissues all over the 

body, possibly by binding to HSPGs [63]. This binding occurs irrespective of the 

physiological content of LPL in that particular tissue. It is likely that the local production of 

LPL is the main determinant for the content of LPL in tissues. A following heparin injection 

releases most of the enzyme from the extrahepatic binding sites back to the circulation. About 

30 % of the injected lipase, which had bound in extrahepatic tissues, reappeared in an active 

form on heparin injections up to 1 h after injection of the lipase. This demonstrated that LPL 

is not immediately internalized, inactivated or degraded when bound to the endothelium and 

that the lipase binds to places that cannot compete with heparin for binding, most probably to 

HS [63]. The active form of the enzyme released to blood can either reattach to the same or 

similar binding sites in the extrahepatic tissues or be taken up in the liver. As shown in 

experiments with active radiolabelled bovine LPL injected in rats, more than 50 % of the 

injected dose was taken up in the liver and the remaining part was taken up in the extrahepatic 

tissues. The exchange of bound active lipase between the binding sites on HSPG is a 

continuous process that ensures efficient formation of binding-lipolysis sites involving several 

LPL molecules acting on the same lipoprotein. Furthermore, the rather loose attachment 

allows dissociation of LPL and transport of the protein to the where LPL is finally degraded. 

In order to follow the fate of the enzyme after dissociation from the endothelium Chajek et al 
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perfused rat hearts with both 125I-labeled and unlabeled bovine LPL [105].  The exogenous 

enzyme could exchange with the endogenous LPL. Moreover, exogenous LPL was similar to 

the endogenous LPL in being readily heparin-releasable. The bound exogenous lipase retained 

its catalytic activity. This suggests that the main part of the endothelial-bound LPL dissociates 

to blood in an active form. The negligible degradation of the lipase to acid-soluble products or 

peptide fragments demonstrated that only slow degradation of LPL occurred by endothelial 

cells [106]. A ten-fold higher concentration of LPL in the perfusion medium, compared to 

LPL activity in rat plasma, was required to achieve post-heparin LPL activity comparable 

with post heparin activity of the endogenous LPL. The endogenous LPL that arrives at the 

endothelium from parenchymal cells has probably a better opportunity to bind than LPL 

coming from the blood [105]. After dissociation from the endothelium nearly 50% of the 

lipase is taken up in the liver. The liver is the main place for the removal and degradation of 

both forms of the lipase from the circulation [67]. Some portion of the captured LPL recycles 

and some undergoes degradation mainly in parenchymal cells, and at a slower rate in the 

endothelial cells [75;105-107]. Plasma contains mainly the inactive form of the LPL [18;108], 

in agreement with that this form has a much lower affinity for HSPG than the active dimer. 

Due to the existence of two types of binding sites in the liver, both monomeric and dimeric 

forms of the lipase can be captured there [66].  

1.2.5.4. Effects of heparin 

Studies with perfused hearts have shown that the release of LPL by heparin can be divided 

into three phases [109]. The peak of LPL activity released probably represents the fraction of 

LPL located on the luminal side of the endothelial cells and which is easily accessible for 

heparin. The second phase, lasting for the next 15 minutes, forms a shoulder in the activity 

curve and was proposed to represent lipase located in the subendothelial space, or in vesicles 

inside the endothelial cells undergoing transport to and possibly from the luminal side of the 

endothelium. The third phase, lasting for the remaining 45 minutes, represents the release of 

newly synthesized LPL. This phase could be inhibited by cycloheximide, a substance that 

inhibits protein synthesis [109]. 

Active LPL located on the luminal endothelial sites is, due to its high heparin affinity, 

easily accessible for the release by heparin-containing media. On intravenous injection of 

heparin mostly the active, dimeric LPL is released to the blood, demonstrating that this is the 
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main form of LPL bound to the endothelium [35]. Perfusion experiments of rat heart with 

heparin-containing media resulted in rapid initial release of LPL activity followed by a slower 

rate of active enzyme release. Ten minutes after the start of the perfusion the rate of released 

active LPL did not differ significantly between media with or without heparin [103]. The 

release of LPL activity from the extracellular compartments was then operating by other 

mechanisms than through competition for electrostatic binding by heparin.  

Heparin dissociates LPL from its binding sites on heparan sulfate to blood and increases 

the LPL activity in plasma more than 100 fold [99]. LPL circulates as heparin-LPL complexes 

in post-heparin plasma, probably also involving lipoproteins [110]. The fact that the liver has 

both heparin-sensitive and heparin-insensitive sites for binding and uptake of LPL means that 

the liver takes up both forms of the enzyme and continues to bind and degrade LPL after it 

has been released from the other tissues.  

Adult liver does not synthesize LPL and the enzyme has to be transported there from the 

extrahepatic tissues [111]. Heparin releases LPL present in the so-called functional pool, the 

one localized with immediate contact with the circulating blood and also, with some delay, 

LPL from the subendothelial pool. This release may lead to depletion of the tissue stores of 

LPL and thereby a decreased rate for lipoprotein degradation in the tissues [35]. The uptake of 

LPL from the circulating blood to the liver is however delayed in the presence of heparin, and 

furthermore heparin stabilizes the LPL dimer. This results in a high activity level of LPL in 

post-heparin plasma [35]. The initial high concentrations of both heparin and LPL in the 

blood enhances the rate of lipolysis, but this decreases later in parallel with disappearance of 

heparin from the circulation, increased uptake of LPL in the liver and depletion of LPL in the 

peripheral tissue [35;112].

During prolonged infusion of heparin, as during haemodialysis, heparin may deplete 

tissue stores of LPL. The initial peak of LPL activity, appearing within 30 minutes after 

heparin infusion, causes a reduction in plasma TG. When heparin infusion is continued, the 

LPL activity reaches a plateau, about 20 % of the peak activity value, while the TG increases 

to the initial levels [112]. Heparin is a mixture of polysaccharides of different lengths [113]. 

Decasaccharides are the shortest heparin fragments that effectively release both LPL and 

hepatic lipase to the circulating blood. Preparations of low-molecular-weight (LMW) heparin, 

drugs commonly used today in anti-thrombotic therapy, have the same ability as full length 

heparin to release LPL, but is less effective in delaying lipase uptake in the liver [114]. 

Injection of a uniform decasaccharide fraction of LMW heparin caused a high initial peak of 
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LPL activity. In this case the decay of the enzyme activity was even faster than the decrease 

in the blood concentration of decasaccharide. The decasaccharide caused a pronounced 

depletion of LPL in peripheral tissues and an accelerated turnover of the enzyme in the liver 

[115]. In contrast to LPL, the activity of HL decreases slowly both after injection of heparin 

and after LMW heparin, indicating that the turnover of HL in the liver in the presence of 

heparinoides is not accelerated [116-118]. In contrast to LPL, the levels of pre- and post-

heparin activity of HL correlate well with each other and repeated injections of heparin 

increases HL activity in plasma to the same level, while the levels of LPL decrease with 

repeated injections [119]. These results suggest that even in the presence of heparin a fraction 

of LPL is removed from plasma, while HL stays as long as there is heparin in the circulation 

and then binds back to the liver.  

1.2.6. LPL and atherosclerosis 

LPL is a protein with potent enzymatic properties towards TG-containing lipoproteins and 

exerts also bridging of lipoproteins to the cell surfaces. Depending on different functions of 

LPL, its level of activity and site of the expression, LPL can be seen as both pro- and 

antiatherogenic [4;120;121].  

1.2.6.1. LPL and macrophages 

LPL expressed by macrophages and macrophage-derived foam cells is thought to be the 

primary source of the enzyme within atherosclerotic lesions [122]. The enzyme was 

previously immunolocalized to macrophage-rich areas within atherosclerotic plaques. LPL 

expression in macrophages, like in most other cells, may be necessary to provide FFA as a 

source of energy in the areas of short supply of blood-derived nutrients. The macrophages 

need energy for catabolism of cell debris. LPL also promotes the binding of apoB-containing 

lipoproteins to the cells by forming a molecular bridge to the cell surface HSPG. This binding 

rely on the lipid content of the lipoprotein particles and binding of partially delpidated apoB- 

containing lipoproteins to LPL is weaker than binding of normal LDL [123]. LPL has high 

affinity also to mildly oxidized LDL [124]. The expression of LPL in macrophages therefore 

promotes their enrichment in cholesterol esters and the transformation to foam cells, leading 
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to increased formation of atherosclerotic lesions. This concept has been supported in vivo by 

several animal models [121;125].  Moreover, Saxena et al observed that increased 

concentrations of FFA, generated as a result of LPL hydrolysis of TG-rich lipoproteins, might 

increase the permeability of endothelial cell monolayers. This may enhance passage of LDL 

into the artery wall [126]. Furthermore, LPL has been shown to mediate binding between 

monocytes and endothelial cell layers, further promoting the recruitment of inflammatory 

cells to the vessel wall [127;128]. 

1.2.6.2. Potential anti-atherogenic effects of LPL 

Animal studies in mice with deficiency in both LDL-R and apoE have shown that a general 

overexpression of LPL may decrease the susceptibility to development of atherosclerosis 

[129;130]. High levels of plasma TG and/or low levels of HDL cholesterol are a major risk 

for the development of atherosclerosis [131]. Increased LPL activity is protective against 

atherosclerosis through its ability to improve the plasma lipoprotein profile. The efficient 

hydrolysis of TG-rich lipoproteins decreases the postprandial concentration of lipoproteins in 

plasma. Therefore the action of LPL in heart, skeletal muscles and adipose tissue decreases 

the exposure of the arterial wall to high levels of TG-rich lipoproteins. This could explain the 

anti atherogenic role of LPL. The excess of the surface material (phospholipids and 

apolipoproteins) remaining after TG hydrolysis is transferred to HDL and thereby increases 

the level of HDL in plasma [132]. HDL has several potentially anti-atherogenic roles, among 

them to participate in reverse cholesterol transport from extra-hepatic tissues to the liver and 

to participate in prevention of LDL oxidation [133]. Hypertriglyceridemia itself does not 

cause atherosclerosis as evidenced by homozygote individuals for LPL deficiency. They have 

massive hypertriglyceridemia due to impaired catabolism of chylomicrons and VLDL [134]. 

The major complication of this state is abdominal pain with or without pancreatitis, lipemia 

retinalis or eruptive xantomas. Interestingly, these patients are relatively free from 

cardiovascular complications. The explanation could be their low levels of LDL cholesterol 

and the presence of mostly large chylomicrons which are not atherogenic [135]. 

Heterozygotes for LPL deficiency are mostly normolipemic in the fasting state, but they can 

present postprandial hyperlipidemia, a known risk for development of atherosclerosis. There 

are two common mutations of the LPL gene resulting in amino acid changes: aspartic acid is 

substituted by asparagine at residue 9 (D9N) and asparagine is substituted for serine at residue 
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291 (N291S). The allele frequencies of these mutations are 2-7% in European populations. 

Carriers of these mutations are partly deficient in LPL. A larger portion of the N9 variant is 

retained within the cells [136] and for the S291 mutation the dissociation rate from dimer to 

monomer is greater [137]. They have therefore reduced LPL hydrolytic activity, resulting in 

elevated levels of plasma TG and lowered levels of HDL cholesterol. Despite the atherogenic 

lipid profile, carriers of these mutations do not show any association with premature coronary 

heart disease (CHD) in some studies, but in other studies they do [138]. These results are 

interpreted to demonstrate that LPL is normally produced in excess, so that a reduction of 

LPL activity to half the normal level is usually without effect. However, in connection with 

other atherogenic risk factors, like obesity, smoking, increasing age or other genetic and/or 

lifestyle factors, mutatations in LPL may augment the effects on plasma lipid levels and 

increase the risk for CHD [139].  

The content of LPL in plasma and in the vessel wall, respectively, may have different 

roles in atherogenesis. Bridging of lipoproteins to cell surfaces should contribute to accelerate 

atherosclerosis, while stimulated uptake of atherogenic lipoproteins in the liver should protect 

against atherosclerosis. Interestingly, transgenic mice with simultaneous apoE deficiency and 

a heterozygote deficiency for LPL (LPL +/- E -/-) showed reduced atherosclerotic areas 

compared to LPL+/+, apoE-/- siblings, despite elevated TG and cholesterol levels in plasma 

[140]. Therefore reduced expression of LPL in the vessel wall is associated with decreased 

formation of the atherosclerotic lesions [120]. LPL has most likely different roles for 

atherosclerosis development depending on the site of the expression [141]. 

1.2.6.3. Potential pro-atherogenic effects of LPL 

LPL enhances binding of lipoproteins to the vascular endothelium [48] (Fig. 3). Hydrolysis of 

large non-atherogenic lipoproteins results in atherogenic remnant particles which are smaller 

in size, richer in cholesterol ester and more accessible for uptake through the vascular 

endothelium [142]. Increased concentrations of free fatty acids may increase the permeability 

of endothelial cell monolayers and augment LDL entry into the artery wall [143]. The 

enzymatic action of LPL generates LDL, which are known to be atherogenic lipoproteins 

[73]. LPL may enhance the trapping of LDL in ECM by simultaneously binding to both 

HSPG and to the lipoproteins. When trapped in the ECM the LDL are prone to undergo 

oxidation and become even more atherogenic through accelerated uptake in macrophages via 
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scavenger receptors and LPL [144]. After hydrolytic modification of the triglyceride content 

in LDL, the lipoprotein particle is more avidly bound by LDL receptors expressed on SMC in 

the arterial media, a process that may contribute to foam cell development [145].  LDL 

modified by oxidation attracts monocytes to the arterial wall [146] and promotes the 

transformation of macrophages to foam cells. Other effects of LPL on macrophages are 

discussed in more detail in the section “LPL and macrophages”. Semenkovich et al. found 

that decreased LPL expression in macrophages of the vessel wall impeded the development of 

atherosclerotic lesion [147].  

Figure 3. Possible sites for the pro-atherogenic actions of LPL. At the endothelial surfaces 
LPL (red dimers) hydrolyses triglyceride-rich lipoproteins and increases attachment of 
monocytes. In the artery wall LPL can bridge potentially atherogenic LDL to both 
macrophages (MQ), smooth muscle cells (SMC) and to the extracellular matrix. The cells 
accumulate LDL and convert to foam cells (FC). Prolonged stay (retention) of lipoproteins in 
the artery wall may increase the risk for oxidation. Severely oxidated LDL are taken up in 
macrophages through scavanger receptor (SC), while non-oxidized and minimally oxidized 
LDL is efficiently taken up via LPL.  

1.2.6.4. LPL in the vessel wall 

Camps et al reported immunoreaction for LPL at the endothelium of all blood vessels [46]. 

The intravenous injection of heparin reduced the immunologically detectable LPL in the 
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vessel, which supports the hypothesis of LPL being attached to HSPG [86]. There was no 

positive hybridization for LPL mRNA over the endothelial cells [46]. The enzyme has to be 

transported to the endothelium from underlying cells in the vessel wall or it might be picked 

up from the blood circulation (Fig. 2). In the aorta, staining for LPL was present at the 

endothelial layer and over the smooth muscle cells in the media layer where it showed a 

punctured pattern, suggesting that the enzyme was inside transport vesicles [46]. LPL was 

also localized in blood vessels of human adipose tissue [148]. The enzyme was found on the 

luminal surface and luminal invaginations of capillary endothelium of both arterioles and 

venules, as well as in capillary perivascular cells. An interesting possibility is that blood 

vessels in different places of the body have different ability to bind LPL. Vessels in the spleen 

showed only little immunofluorescence for LPL, but substantial amounts of LPL mRNA were 

found in macrophages in the spleen by in situ hybridization studies. It seems as if vessels in 

the spleen have low ability to bind LPL. They should otherwise bind LPL from the circulating 

blood or from the local macrophages [86]. In a healthy human artery LPL was detected 

together with endothelial cells and smooth muscle cells in both the intima and the media. In 

an atherosclerotic plaque LPL co-localized with SMCs surrounding the plaque and to a lesser 

extent with the fibrous cap of the lesion [149]. LPL has also been localized to macrophages 

within the atherosclerotic lesions. Not all of the macrophages in the atherosclerotic lesion 

contain LPL[149;150]. The macrophages within the advanced lesion may have lost the 

capability to synthesize LPL due to the disease. The lipid core consisting of macrophages and 

T cells have comparatively the low number of LPL-containing cells.  

23



2. Aims

The specific aims of this thesis were: 

- to compare the heparin-mimicking compound RG-13577 to heparin with regard to 

effects on LPL  

- to use immunohistochemistry to localize heparin-sensitive and heparin-insensitive 

binding-sites for active and inactive LPL in the liver  

- to study kidney as a an organ for LPL synthesis and for uptake of LPL from blood  

- to study localization of LPL in relation to other heparin-binding proteins in normal as 

well as in atherosclerotic human arteries  
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3. Results and Discussion 

Paper I 

Heparin can affect several biological processes such as cell growth and differentiation, 

inflammation, host defence and viral infections as well as lipid transport and metabolism. 

This has stimulated attempts to develop synthetic analogues mimicking the effects of heparin 

but without anticoagulant properties. One of these synthetic compounds is RG-13577. The 

molecular weight of RG-13577 is 5800 compared to commercially available heparin which 

has molecular weights is in the range 5000-30 000, but most chains are larger than 12 000 

[151]. Heparin is composed of repeating disaccharide units. Like heparin, RG-13577 is a 

polymer, but RG-13577 is composed of aromatic rings linked by a methylene group (Fig.

1C). The anionic group in RG-13577 is a carboxyl group, while heparin contains sulfonate as 

the dominating anionic group [151]. Growth factors are heparin-binding proteins. The basic 

fibroblast growth factor (bFGF) induces both endothelial and SMC proliferation and 

formation of microvessels [113]. Both of these processes are part in the patophysiology of 

atherosclerosis. The inhibitory effect of RG-13577 on proliferation of SMC, mediated by 

basic fibroblasts growth factor (bFGH), was greater than that of heparin. Consequently the 

compound was considered as a drug for both antiatherogenic and antiangiogenetic therapy. 

We compared the effects of RG-13577 and heparin on LPL and LPL-mediated binding 

of lipoproteins to the cells. LPL is synthetized by both SMC and MQ in the vessel wall 

[8;152].  Besides its hydrolytic activity, and ability to mediate binding/uptake of whole 

lipoprotein particles in these cells, LPL may also contribute to retention of potentially 

atherogenic lipoproteins in the extracellular matrix (ECM), thereby promoting the risk for 

oxidation and uptake of oxidized lipids into the cells. The experiments with RG-13577 and 

heparin were carried out on culture plates coated with extracellular matrix produced by 

endothelial cells, in cell culture with MQ and with intravenous injection of the substances to 

rats. The effects of RG-13577 and heparin were similar in all three experimental systems, but 

RG-13577 was less effective on a molar basis. In the cell culture experiments LPL was 

synthesized by a monocyte-derived macrophage cell line (THP-1). Both heparin and RG-

13577 prevented LPL-mediated binding of LDL to the cells. Also here heparin was more 

efficient on the weight basis. The lower efficiency of RG-13577 was even more pronounced 

in experiments in vivo. The clearance of 125I-LPL injected to rats was retarded similarly as in 

the presence of heparin, but the effect was less pronounced with RG-13577. Both compounds 

changed the tissue distribution of the injected radiolabelled LPL and reduced in a similar 
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manner binding of 125I-LPL in both the heart and in the spleen. The radioactivity with or 

without the compounds remained the same in the kidney, but was slightly increased in the 

liver in the presence of either RG-13577 or heparin.     

The interactions of heparin with both LPL and hepatic lipase (HL) have several 

consequences for lipoprotein metabolism. We investigated the effect of RG-13577 on release 

of LPL and HL in vivo. Similarly to heparin, RG-13577 was able to release both LPL and HL 

to the blood circulation when injected to rats. The activities of both enzymes were however 

lower with RG-13577 than after injection of heparin (post-heparin plasma). Whether this was 

due to a lower efficiency of the release of the lipases, or to a lower ability to delay clearance 

of them, was not investigated in further detail. We concluded that the effects of the synthetic 

compound RG-13577 on the lipase system was in all respect similar to those of heparin.  
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Paper II 

Both LPL and HL are catabolized in the liver, but only HL is produced there, while LPL is 

taken up from the circulating blood. The presence of heparin in the blood influences these two 

enzymes in different ways [79]. We followed the fate of LPL released from its binding sites 

on HSPG in extrahepatic tissues. It was known from before that heparin delays LPL clearance 

from blood and simultaneously causes an accelerated uptake of LPL in the liver [63,67]. 

Heparin released HL to the circulating blood. Thus, opposite to LPL, that increased in the 

liver after heparin, HL activity decreased by 60 %. These two lipases may have some binding 

sites in common in the liver. The increase in LPL activity in the liver in the presence of 

heparin suggests the existence of binding sites that are insensitive to heparin. Based on our 

results it is unlikely that the two lipases share the heparin-insensitive sites. 

Binding of exogenous active bovine LPL injected to rats was detected at sinusoids, 

especially around the portal regions, which indicates an immediate binding of the lipase after 

entrance to the liver (Fig. 4). This binding decreased after injection of heparin indicating 

competition between heparin and sinusoidal binding sites for binding of LPL. Staining for 

injected LPL over the hepatocytes dominated even in the presence of heparin. Both staining 

associated with Kupffer cells and with hepatocytes increased in the presence of heparin. It is 

known that Kupffer cells bind and take up heparin [153], and the increased binding of LPL 

after heparin injection may be due to recognition of LPL-heparin complexes. The existence of 

binding sites in the liver with ability to bind LPL despite the presence of heparin was pointed 

out previously from studies using 125I-labeled LPL [63]. 

Both monomeric and dimeric LPL is taken up and catabolized in the liver as well in the 

presence as in the absence of heparin [63;64;66;67]. Receptors in the LDL-receptor (LDL-R) 

family bind both dimeric and monomeric lipase [54]. LRP is commonly found in the liver but 

binding of dimeric LPL to the LRP is strongly impeded in the presence of heparin [54]. It is 

therefore not likely that receptors in the LDL-R family participate in the uptake of the lipase 

in the presence of heparin. Among the receptors present in the liver also the galactose receptor 

has been considered as a candidate for uptake of LPL. The time needed for uptake and 

degradation of 125I-LPL was about fourfold longer than the half-life for asialofetuin, which 

indicates that the uptake of LPL unlikely to operate through this receptor [67]. Furthermore, 

the uptake of LPL was not competed by injection of large amounts of asialofetuin, enough to 

compete with the galatose receptor [67]. 
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Before the injection of heparin, the specific activity of LPL was slightly higher in 

plasma compared to in the liver. The injection of heparin increased the difference between 

liver and plasma even more. The total activity in the liver increased slightly between 15 and 

60 minutes, while during the same time the value for LPL mass was close to doubled. Our 

results are in accordance with earlier studies and indicate that the lipase loses catalytic activity 

soon after entering the liver, but that the degradation process proceeds more slowly. There is 

monomeric LPL in the tissues and this form of the lipase dominates in plasma [154]. To 

explore which tissues release LPL to plasma we measured LPL activity before and after 

heparin injection in heart muscle and adipose tissue, which are major places of LPL synthesis. 

The heart was a dominating source of LPL in fasting, while in fed animals LPL in plasma 

originated from white adipose tissue. These results agree well with results of previous 

investigators [155].

To study turnover of inactive LPL produced under physiological conditions, we 

prepared monomeric LPL by incubation of the active bovine lipase in rat plasma at 45° C. 

This resulted in dissociation of the dimeric enzyme to monomers that were probably still 

folded, since such a state has been found to be rather stable for LPL [14]. It is however not 

known whether this preparation of the monomeric lipase mirror exactly the structure and 

metabolic behaviour of the inactive LPL normally present in plasma.  

Immunolocalization of endogenous LPL showed that the staining was more intense over 

Kupffer cells compared to hepatocytes. When active bovine LPL was injected to heparinized 

rats, the immunostaining for LPL associated with hepatocytes and Kupffer cells increased 

compared to rats without heparin. We concluded that these binding sites may be the same 

sites as those that bind inactive LPL both in the presence and in the absence of heparin. The 

turnover of monomeric LPL was not influenced to a great extent by heparin and some of the 

heparin-sensitive sites may contribute to the initial capture of LPL from blood. 
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Figure 4. A schematic illustration of a sinusoid inside a liver lobulus. The localization of LPL 
is indicated (red dimers and monomers). 

Paper III 

The kidney is another organ where LPL to some extent is captured from the circulating blood 

[46;67]. The glomerular filter consists of a vascular endothelium, a basement membrane and 

the podocytes. The entire filter exhibits a strong negative charge. LPL was previously 

immunolocalized in guinea pig kidney and was found exclusively in the glomerular capillary 

network. The lipase had probably been picked up from the blood as there was no LPL mRNA 

within surrounding cells in the glomeruli [46]. The similarity with endogenous LPL in guinea 

pig kidney was seen with active bovine LPL injected to rats and mice, which was also picked 

up by the capillary network in the glomeruli. This binding of active bovine LPL was 

abolished when heparin was injected prior to the enzyme, supporting the view that the main 

binding was to negatively charged binding sites. Studies using surface plasmon resonance 

have demonstrated that the affinity of inactive, monomeric LPL to heparin and to HSPG-
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covered surfaces is much lower than that of active, dimeric LPL [25]. After injection of 

monomeric LPL, prepared in the same way as described in paper II, there was no staining at 

the glomerular capillary network, supporting the view that binding in the glomeruli was 

mainly to heparin-like structures.  

The amount and localization of endogenous LPL in the kidney varied among animal 

species. In mice and mink there was a substantial level of LPL mRNA, protein and catalytic 

activity. There were also high levels of LPL activity and LPL mass in kidneys from Chinese 

hamsters. Immunolocalization of LPL in kidneys of mice and mink showed staining in 

connection with tubular epithelial cells and capillaries around the tubules. The staining over 

tubular epithelial cells suggested that LPL is synthesized there. In mink kidney LPL was 

mainly produced in tubules in the cortex while in mice immunostaining for LPL was mostly 

associated with tubules in the medulla.  

In tissues synthesizing LPL, such as adipose tissue and skeletal muscles, cells take up 

fatty acids for storage or use them as an energy substrate. LPL is probably synthesized in the 

tubular epithelial cells to provide fatty acids main energy substrates. However in previous 

studies, only a small fraction of radioactivity from labelled chylomicrons injected to mink was 

found in the kidney [156]. It is therefore possible that FFA generated in kidney in some 

species contributes to the main body pool of circulating FFA in plasma. 

LPL at the vascular endothelium may enhance binding of circulating lipoproteins to 

mesangial cells in the glomerulus. This can stimulate mesangial cells to proliferate and 

express cytokines such as PDGF that may cause sclerosis [157]. It has been shown recently 

that accumulation of saturated FFA in mesangial cells cause cellular damage through 

activation of caspase 9, an initiator of intrinsic pathways in proapoptotic signalling [158].

In mice LPL in kidney responded to changes in the nutritional state, similar to LPL in 

adipose tissue, while in mink and Chinese hamster nutrition did not influence LPL activity in 

any of the investigated tissues [156]. Mink kidney contained both high LPL mass and high 

activity. The values were even higher than in adipose tissue. In previous studies on a mink 

model of LPL deficiency due to a mutation of Pro214Leu it was demonstrated that the 

animals had very low levels of LPL-activity in post-heparin plasma, but increased levels of 

both  LPL protein and mRNA in heart and adipose tissue [159]. LPL in the Pro214Leu 

mutated mink retained only a small fraction of catalytic activity [156]. In kidney from 

Pro214Leu mutated mink LPL was localized over the tubular cells as in normal mink but no 

staining was present outside the cells. Immunolocalization supported the previous findings 
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that LPL with this mutation failed to bind to the cell surfaces or to the vascular endothelium, 

probably because it was mostly inactive and monomeric. 

In humans suppressed LPL activity has been reported in chronic renal disease [160]. 

These patients have elevated VLDL, decreased levels of HDL cholesterol and it has been 

suggested that decreased LPL activity contributes to the dyslipidemia and the propensity of 

these patients to develop atherosclerosis.  There is at present no information about the 

expression and activity of LPL in human kidney. Therefore its possible association with 

kidney disease remains to be investigated.  

Paper IV

There is strong evidence for that LPL in macrophages of the artery wall participates in the 

development of atherosclerosis. We studied the immunolocalization of LPL in relation to two 

other heparin-binding proteins, EC-SOD and apoB, in both healthy and diseased human 

arteries. Staining for all three proteins was found on and around the endothelial cells (Fig. 2).

This is in agreement with the findings that LPL is internalized and that it recycles through 

endothelial cells, probably inside endocytotic vesicles [42].  Internalization of EC-SOD is a 

step in the catabolism of this enzyme [161] and apoB-containing lipoproteins can penetrate 

from the lumen to the media [162]. The endothelial cells do not synthesize any of the 

investigated proteins, which therefore all have to originate from other sites. The intima 

consists of a single lining of endothelial cells and a layer of subendothelial matrix with a 

mixture of fibroblasts and SMC. LPL could to some extent transfer through lateral movement 

along endothelial surfaces [25], or like EC-SOD be transported to the endothelium after 

synthesis in SMC and/or in macrophages [163;164]. In contrast to LPL, EC-SOD may also 

come from fibroblasts [165]. An interesting possibility is that the main source of LPL could 

be the special pool of SMC found in the intima, which are known to have a different 

phenotype compared to those in the media. 

Most of the LPL in the artery wall was confined to SMC of the media layer. The media 

is composed of SMCs and lamellae of elastic fibres containing collagen. There was a 

difference in the distribution pattern of LPL, apoB and EC-SOD in the media. Most of the 

LPL-positive staining was connected to SMCs, while EC-SOD was detected both with SMCs 

and in spaces between the SMCs. ApoB was mostly detected between the cells. The staining 

patterns of these three proteins reflect that both LPL and EC-SOD are synthesized in SMC,

while apoB has to be transported to the media as a component of lipoproteins from blood. 
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In the adventitia LPL was found in the endothelium of small vessels (vasa vasorum). As 

in the media there was a clear difference in localization between LPL and apoB and EC-SOD. 

Not all of the MQs were LPL-positive, but all of them stained both with anti-apoB and anti 

EC-SOD. It is possible that the MQs express LPL mostly when they are overloaded with 

lipoproteins.

It is presently not known if the three heparin-binding proteins studied here bind to same 

type of glycan structures or if any of them have preferences for structure and charge. Studies 

by surface plasmon resonance have shown that both LPL and EC-SOD bind to heparin with 

relatively high affinity [166], while the affinity of lipoproteins to heparin/heparin sulphate is 

much lower [51]. It is therefore possible that binding of lipoproteins to the endothelial 

surfaces is mediated mostly by LPL.  

Among apoB-containing lipoproteins LDL are the smallest and the ones that are clearly 

connected to development of atherosclerosis. Also post-prandial lipoproteins like chylomicron 

remnants have been found in the intima and in atherosclerotic lesions [167]. The nutrients to 

the media diffuse both from the endothelium and from the adventitia. In the presence of LPL, 

binding of LDL increases several folds to both SMC and MQ. MQs do not take up non-

oxidized or minimally oxidized LDL through scavenger receptors. It is therefore possible that 

LPL in the subendothelial space facilitates uptake of LDL in cells that are present there. The 

evolving arterial lesion extends from the intima to the media, even though most of the LPL in 

the arterial wall was detected in connection with the medial SMCs.  

We conclude that the three heparin-binding proteins studied were unevenly distributed 

in the artery wall, most likely reflecting their different sites of origin, which determines where 

the concentration of each of them is highest. 

32



4. Conclusions 

- The synthetic compound RG-13577 had in all respects similar effects on LPL as 

heparin, but was less effective than heparin on a molar basis. 

- Heparin accelerated transport of LPL to the liver 

- There were heparin-insensitive binding sites for LPL both on hepatocytes and on 

Kupffer cells  

- Both endogenous and injected inactive LPL was taken up in Kupffer cells. Active LPL 

bound primarily to sinusoidal surfaces and was transferred for uptake into hepatocytes 

- The kidney may be an organ both for synthesis of LPL and for uptake of LPL from 

blood

- Activity of LPL in kidney varies among animal species. Mouse, mink and hamster 

have high levels, while rats and guinea pigs have low levels 

- Active bovine LPL injected to rats and mice was taken up at the glomerular capillary 

network. Heparin injection abolished this binding 

- Inactive, monomeric LPL was not picked up by the glomerular capillary network  

- LPL was co-localized with EC-SOD and apoB at the vascular endothelial cells of 

human arteries 

- Both in a healthy artery, and in a lesioned artery, LPL was mainly localized to SMCs 

in the media layer, while EC-SOD and apoB were to a large extent associated with the 

extracellular matrix and with fibroblasts 

- Most macrophages located in the adventitia and in the subendothelial space of a 

diseased artery contained apoB and EC-SOD, while only a few macrophages stained 

for LPL 
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