
 

 

Universidade de Aveiro 

2008  

Departamento de Biologia 

 
MARIA JOÃO  
FREITAS FERREIRA 
 

 
O gene da LPL em pacientes Portugueses com 
hipertrigliceridémia.  
 

 

 

   









 

  

 

 

 

 

 

 

 

 

 

 

  

palavras-chave 

 

Metabolismo lipídico; hipertrigliceridémia; lipoproteína lipase; sequenciação; 
mutações. 

 

resumo 
 

 

Foram identificados 2 pacientes não relacionados portadores de mutações no 

gene da LPL que levam a uma perda de função enzimática; portadores de 

Gly188Glu. De forma a fazer o despiste de mutações pontuais, o DNA 

genómico foi digerido com várias enzimas de restrição: NIa IV; Bfa I; Hinc II; 

Taq I; Ava II; Alu I and Rsa I.De seguida, foram sequenciados os exões 2-9 do 

gene da LPL, verificando-se a presença da mutação Gly188Glu nos pacientes 

4 e 69.  Estes pacientes apresentam hipertrigliceridemia moderada e níveis 

baixos de HDL enquanto que o paciente 69 tem também hipercolesterolemia. 

A combinação de hipertrigliceridemia com hipercolesterolemia, está associado 

a aterosclerose prematura.  

 A determinação da estrutura do gene da LPL humana e o rápido progresso na 

biologia molecular tornou possível desvendar os mecanismos subjacentes a 

formas comuns de dislipidémia e hipertrigliceridemia. A técnica de PCR em 

conjunto com a sequenciação utilizadas neste estudo permitirão, sem dúvida, 

caracterizar as variantes estruturais da LPL. Estas variantes, por sua vez, 

permitirão determinar o papel das mutações da LPL nas desordens do 

metabolismo lipídico. 
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abstract 

 
We have identified 2 unrelated hypertriglyceridemic patients carrying LPL loss-

of-function mutation Gly188Glu. In order to promote a first screening for some 

point mutations, genomic DNA was digested with a diversity of restriction 

endonucleases: NIa IV; Bfa I; Hinc II; Taq I; Ava II; Alu I and Rsa I. After, exons 

2 to 9 of the LPL gene were sequenced for these 2 patients, which revealed the 

presence of the Gly188Glu substitution in patients 4 and 69. These patients 

have decreased HDL cholesterol, and moderate hypertriglyceridemia. Patient 

nº 69 has also hypercholesterolemia. The combination of hypertriglyceridemia 

with hypercholesterolemia, which is associated with premature atherosclerosis. 

 The determination of the structure of the human LPL gene and the fast 

progress in DNA technology has made it possible to unravel the mechanisms 

underlying clinically more common forms of dyslipidemia and 

hypertriglyceridemia. The PCR technique in conjunction with direct sequence 

analysis utilized in this study will undoubtedly facilitate the characterization of 

the structural variants of LPL. These variants will further aid in characterizing 

the role of LPL mutations in disorders of lipid metabolism. 
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ABBREVIATIONS 

 

  

aa Aminoacid 
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AcLDL Acetylated LDL 
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Arg Arginine 

BLAST Basic local alignment search tool 
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CEs Cholesteryl esters 
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EDTA Ethylene diamine tetraacetic acid 

EL Endothelial Lipase 
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HDL-C -cholesterol 
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HL Hepatic lipase 

HMG-CoA 3-hydroxy-3-methylglutaryl coenzime A 

HSPGs Heparan sulphate proteoglycans 

IFN-γ Interferon gamma 

IDL Intermediate density lipoproteins 
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LPL Lipoprotein lipase 

LRP LDL-receptor-related protein 
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MSR1 Macrophage scavenger receptor 1 

MTTP Microsomal triglyceride transfer protein 

nt Nucleotide 

OxLDL Oxidized LDL 

PCR Polymerase chain reaction 
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PLTP Plasma lipid transfer protein 

PRL Prolactin 

RPM revolutions per minute 

RR Relative risk 

SR-B1 Class B, type 1 scavenger receptor 

SSCP Single-strand conformation polymorphism 

TAE Tris-acetate-EDTA buffer 

TG Triglyceride 

TNF- α Tumor necrosis factor alpha 

Total-C Total cholesterol 

TRLP Triglyceride-rich lipoproteins 

UV Ultraviolet 

VLDL Very low density lipoprotein 
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I.1 LIPID METABOLISM 

I.1.1 Lipids  

 

Lipids comprise a heterogeneous group of organic compounds, insoluble in water, but 

soluble in nonpolar solvents such as chloroform or benzene (1). According with Bloor's 

concept, lipids can be defined as one of the major classes of biological substances 

constituting a cell (2).  Lipids differ in their structure, but all have pronounced nonpolar 

groups or both nonpolar and polar groups. Thus lipids are either hydrophobic or 

amphipatic compounds, and they have a strong tendency to associate through noncovalent 

interactions. Lipids have a number of general biological functions, they constitute the 

primary storage form of energy in animals, and they serve also as structural components of 

biological membranes, the dynamic permeability barriers that regulate the movement of 

material into, and discharge of substances from, cells and subcellular structures. 

Membranes are composed primarily of lipids, particularly phospholipids and glycolipids 

(1). According with Bloor's classification, lipids can be divided in: simple lipids, complex 

lipids and derived lipids (2). Simple lipids are esters of fatty acids and alcohols; fats, 

monoacylglycerol, diacylglycerol, triglycerides or waxes. Complex lipids contain a lipid 

moiety plus some nonlipid component; that may be small molecule or a macromolecule. 

Major classes of complex lipids include sphingopholipids, glycolipids, lipoproteins and 

proteolipids. Plasma lipoproteins comprise water-soluble aggregates of protein and lipid 

that function as transport vehicles for triacilglycerols and cholesterol.  Derived lipids 

constitute a group of diverse compounds including prostaglandins, isoprenoids, fat-soluble 

vitamins and steroids (1).  

Lipids can also be classified, as polar or nonpolar; this characteristic is an important 

determinant of where they are found within a lipoprotein (3). TG and cholesterol esters are 

the major nonpolar lipids witch are miscible and soluble in hydrocarbon solvents. They 

form the core of plasma lipoproteins, and the relative abundance of TG and cholesterol 

esters in lipoproteins can affect their physical properties and metabolism. TG forms the 

center of lipid-rich inclusions in adipocytes; cholesteryl ester is the major component of 

inclusions in macrophage foam cells in arterial lesions (3). In contrast, polar lipids are not 

readily soluble in hydrocarbon solvents or in nonpolar lipids but dissolve in polar organic 

solvents such as ethanol; they can be dispersed in water, where they form micelles or 
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emulsions. Polar lipids are located in lipoprotein and intracellular lipid inclusions surfaces, 

where they form a barrier between the neutral lipid core and the surrounding aqueous 

phase. In each instance, the hydrocarbon part of a polar lipid is in contact with the neutral 

lipid, whereas the polar head group is in contact with water (3). Some important 

differences in complex lipids are determined by fatty acid composition. There are three 

major fatty acid classes: saturated, monounsaturated and polyunsaturated (3).  Fatty acids 

follow several metabolic pathways, which are determined in part by their structure. The 

differences are important determinants of the effects of fatty acyl components of dietary fat 

on plasma cholesterol and TG concentrations, in the fasting or postprandial state. Although 

most dietary fatty acids are delivered to cells to satisfy energy and growth requirements, 

some are precursors to or modulators of important bioregulators such as prostaglandins, 

thromboxanes and leukotrienes (3). 

I.1.2 Lipid synthesis 

 

 The biosynthesis of lipids involves four major pathways which are similar in most tissue 

sites, leading to one of four compounds: fatty acids, glycerol lipids, cholesterol and its 

esters, and sphingolipids.  The synthesis of fatty acids from glucose is called lipogenesis    

(Fig.1).  

 

 

Figure 2- Schema of Lipogenesis (Adapted from Veech RL) (3, 4). 
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This pathway is highly regulated through the interaction of insulin, glucagon, and 

somatostatin, and through the concentration of the initial substrate and the resulting 

product (3). The pathway leads to the synthesis of palmitic acid, which, through a series of 

elongation and desaturation reactions, forms long-chain unsaturated fatty acids. The 

hypertriglyceridemia that frequently accompanies diabetes mellitus is, in part, due to the 

over synthesis of fatty acids in the liver. Fatty acids are incorporated into TGs and secreted 

as VLDL particles, which are further remodeled through hydrolysis in the plasma 

compartment to FFAs. They in turn are incorporated into adipose tissue (3). 

The second of the four products are glycerol lipids, which are derived from glycerol-sn-3-

phosphate and the coenzyme A (CoA) derivatives of a variety of fatty acids. Two 

successive acylations of glycerol-sn-3-phosphate produce phosphatidic acid, which is 

converted first to a specific phosphatase and then to diacylglicerol. Diacilglycerol may 

enter one of three pathways. When fatty acid concentrations are low, a large fraction of the 

diacylglicerol is converted to phosphatidylcholine, the most abundant phospholipid in 

plasma lipoproteins, or to phosphatidylethanolamine through the transfer of cytidine 5’-

diphosphate (CDP)-choline and CDP-ethanolamine, respectively (3). Phospholipids are 

necessary for the formation of cell membranes and, thus, are critical to cell survival. As 

available fatty acid increases, the pathways for phospholipid synthesis become saturated, 

and an increasing fraction of the TG is diverted to the synthesis of triacylglycerol. This 

hierarchy is the result of the lower Km (Michaelis constant) associated with phospholipid 

synthesis and the much higher maximum velocity for the diacylglicerol acyltransferase that 

forms TG. The relative amounts of TG and phospholipid formed by this route appear to be 

important in determining whether TG is secreted as VLDL or is retained as cytoplasmic 

lipid droplets. Additional phosphatidylcholine can be formed by methyl transfer from S-

adenosyl-methionine to phosphatidylethanolamine, although this pathway is usually 

considered to be minor (3). The specificity of the enzymes involved in the synthesis of 

glycerol lipids leads to a nonrandom of saturated and unsaturated fatty acids. Fatty acyl 

groups at the sn-1 and the sn-3 positions of glycerol are almost always saturated, whereas 

the fatty acyl group at the sn-2 position is usually unsaturated. This distribution is 

important to lipolytic enzymes in the plasma compartment whose substrates are 

lipoproteins (3). 
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An additional route for the formation of TG exists in the intestine. Because the passage of 

lipids through the intestinal mucosa is largely a function of their solubility, intestinal 

lipases hydrolyze fatty acids at the sn-1 and sn-3 positions of glycerol lipids; this produces 

water-soluble FFAs and monoglycerides that after absorption and reesterification to TG 

form the majority of neutral lipid core of chylomicrons. The third of the four pathway 

products, cholesterol, is one of the most studied biomolecules (Fig.2).  

 

 

 

Figure 2- Cholesterol biosynthesis (Adapted from M. W. king) (4). 

 

Endogenous cholesterol is derived from acetate through a rate-limiting intermediate step – 

the conversion of HMG-CoA to mevalonic acid by HMG-CoA reductase. This step is 

inhibited by the HMG-CoA reductase inhibitor drugs, or statins, which results in a 

dramatic reduction in the rate of cholesterol biosynthesis and an increase in LDL receptors 

(3). The liver and intestine are the major sources of endogenously derived lipoproteins 

cholesterol. A variable fraction of cholesterol can be derived from diet, and in normal 

subjects it down-regulates endogenous cholesterol biosynthesis. Both endogenous 

cholesterol and dietary cholesterol are involved in several important processes, including 

biogenesis of cell membranes, production of steroid hormones, and formation of bile acids. 

The fourth and last of the lipid synthesis pathway products are sphingolipids. 

Sphingomyelin, the second most abundant phospholipid component of plasma lipoproteins, 
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is synthesized from palmitoyl CoA. Ninety percent of cellular sphingomyelin resides in 

plasma membrane (5). 

 

I.1.3 Apoproteins  

 

Apoproteins are the protein fraction of lipoproteins. They are responsible for the TG and 

cholesterol transport (5). Apoproteins are a specialized group of proteins that associate 

with lipids and mediate several biochemical steps related with plasma lipid metabolism. 

For example, some apoproteins contain determinants that regulate some activities essential 

to normal lipid metabolism; others stimulate enzymes that degrade plasma lipids and some 

of them contain the ligands that mediate the binding of lipoproteins to cell surface 

receptors (6).  

The apoproteins include a wide range of molecular masses, from less than 6 kDa for apoC-

I to more than 500 kDa for some B apoproteins and apo (a). The relative abundance, 

distribution and sources of the apoproteins in human plasma are shown in Table 1. 
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Table 3- Relative abundance, distribution and sources of the apoproteins in human plasma (3). 

 

 

Some of the apoprotein genes are closely linked. Those for apoA-I, apoA-IV, and apoC-III 

are within 22 kb on chromosome 11. Those for apoC-I, apoC-II, and apoE are all on 

chromosome 19. The genes for plasminogen and apo (a) are closely linked on chromosome 

6. Those for apoA-II, apoB-100, and apoD are on chromosomes 1, 2, and 3, respectively 

(6).The plasma apoliproteins can be divided into three groups according to shared protein 

and gene structures.  

 Percentage for each 

apolipoprotein 

 

Apolipoproteins Plasma 

concentration 

(mg/dL) 

HDL LDL IDL VLDL Tissue 

source(s) 

ApoA-I 130 64    Liver,intestine 

ApoA-II 40 20    Liver,intestine 

ApoA-IV 10-15     Liver,intestine 

ApoB-48 -     Intestine 

ApoB-100 80  95 63 36 Liver 

ApoC-I 6 6  1 3 Liver 

ApoC-II 3 1  4 7 Liver 

ApoC-III 12 4  15 40 Liver 

ApoD 10 3    Liver 

ApoE 5 2 <5 14 13 Liver 

ApoF 2      

ApoG -      

ApoH 10-20      

ApoJ 10      

Apo (a) 0-10      
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Group I  

 

Group I comprises the soluble apoproteins that reversibly associate with lipid surfaces, 

namely, apo A-I, A-II, A-IV, C-I, C-II, C-III and E. All these proteins are coded by a gene 

that contains four exons and three introns. With the exception of exon 4, there is high 

homology among respective exons in all seven genes. Exon 1 codes for part of the 5’-

untranslated region of the apoprotein. Exon 2 codes for the remainder of the 5’-

untranslated region and a portion of the leader sequence that usually characterizes secreted 

proteins. Exon 3 codes for the remainder of the leader sequence, approximately 40 residues 

of the primary polypeptide structure, and a pro-sequence in apoA-I, apoA-II and apoC-II. 

Exon 4 codes for the region that gives each applicable apoprotein its distinct physiological 

character (6). 

ApoA-I is the major lipoprotein component of HDL, plays an important role in reverse 

cholesterol transport and mediates the action of LCAT, a key enzyme in cholesterol 

metabolism. Its function is known to be influenced by oxidation. It appears to inhibit LPL 

and HL (7, 8). ApoA-I is present in at least one copy in each HDL particle of normal 

plasma. The preproapolipoprotein with 267 aa, originates in liver and also in the small 

intestine. It is secreted as a 249-aa proprotein that is rapidly cleaved by a plasma protease 

to generate the mature 243 aa polypeptide. ApoA-I consists mainly of 22-aa repeating 

segments, typically spaced with helix-breaking proline residues (9).  

ApoC proteins regulate the activity of lipoprotein lipase, the key enzyme of triglyceride 

metabolism (8, 10). 

ApoE containing lipoproteins are recognized by the B/E-receptor with a 10 to 100 fold 

affinity vs non apoE containing lipoproteins. There exists, however, another specific 

receptor for apoE, which is responsible for the fast removal of the atherogenic remnants 

from circulation. ApoE in addition serves to secrete deposited cholesterol out of 

macrophages and foam cells (8). ApoE is, like apoB100, a ligand for the LDL receptor, 

and it is also the ligand for the LDL receptor-related protein (LRP), the VLDL receptor, 

and the recently identified apoE receptors (11). 

Mutations of apoE interfere with its interaction with cell-surface receptors can lead to type 

III hyperlipoproteinemia when present in homozygous form (5). 
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Apo C-I, C-II and C-III, which are synthesized mainly in the liver, are involved in several 

stages of the intravascular metabolism of TRLP (triglyceride-rich lipoproteins) (12, 13). 

ApoC-II is the necessary activator of LPL, and, although complete deficiency of apoC-II is 

extremely rare, heterozygotes for mutations in the apoC-II gene may have modest 

elevations in plasma TRLP levels. ApoC-III is an inhibitor of LPL, possibly by interfering 

with the binding of chylomicrons and VLDL to the heparan sulfate proteoglycans on 

endothelial cells (12, 13). Importantly, persons lacking apoC-III have very low levels of 

TRLP accompanied by very efficient lipolysis of triglycerides. ApoC-III is the most 

abundant apolipoprotein in TRLP (12, 13). 

Group II 

 

 ApoB-48, which is synthesized in the intestine only, and apoB-100 which is made in the 

liver are the necessary structural proteins required for the assembly and secretion of 

chylomicrons and very low-density lipoproteins (VLDL), respectively. They form group II 

(6). They are grouped together because they are very large and are associated with the 

cholesteryl ester-rich lipoproteins and TRLP.  

ApoB-100 is the major apolipoprotein component of the atherogenic lipoproteins (VLDL, 

LDL, and IDL) (14).Conformational changes in apoB-100 in the small, dense LDL lead to 

defective interaction with receptors and defective metabolism. Impaired capacity for 

clearence via the benign LDL receptor pathway increases clearance via scavenger 

receptors with consequent formation of foam cells (5). 

 ApoB-48 is the amino terminal 48% of apoB-100. This apoprotein contains some of the 

glycosylation and heparin binding sites, but does not contain the receptor-binding domain 

of apoB-100 that targets LDL to cell surface receptors (3). It seems that both apoB-48 in 

the intestine and apoB-100 in the liver are constitutively synthesized, and that their 

secretion is regulated mainly by the availability of the core lipids (triglycerides and 

cholesteryl esters) that they deliver into the circulation. 

ApoB is necessary for the secretion of neutral lipids out of the liver and the intestine. In 

addition, apoB containing lipoproteins are recognized by specific cell surface receptors 

leading to the fast removal of cholesterol rich fractions from circulation (8). 
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Group III 

  

ApoD, apo (a), apoF, apoG, apoH and apoJ belong to group III of apoproteins. No unifying 

structural or functional determinant has been identified. 

ApoD is a serum glycoprotein that has no sequence similarity with other apolipoproteins 

but rather belongs to the alpha 2-microglobulin superfamily whose other members 

transport small hydrophobic ligands in a wide variety of biological contexts (13). ApoD 

contains no internal repeats of amphipathic helices (3). 

Apo (a) is a lipoprotein generally present in low concentration in blood stream, but whose 

level in plasma has been correlated with the risk of CHD in many studies. The risk 

associated with elevated apo (a) levels appears to depend to a great extent on the 

concurrent elevation of LDL levels (5).  Apo (a), is bound to a minority of LDL particles, 

and belongs to a family of proteins involved in fibrinolysis. Highly polymorphic, it bears 

little resemblance to any of the other apoproteins. One of the fundamental subunits of apo 

(a) is the kringle; this structure is widely distributed among the proteins of the fibrinolysis 

pathway. (8) A kringle is a protein domain that contains about 80 amino acid residues that 

are cross-linked by three internal disulfide bonds.  The molecular weight of apo (a) varies 

greatly (400 to 800 KDa); the various polymorphs largely differ because of differences in 

the number of kringles (11). Apo (a), which contains 17 to more than 30 kringles, has been 

linked to Glu-plasminogen, which contains 790 amino acid residues and 5 kringles that 

precede a serine protease domain (11).Although the catalytic triad that characterizes serine 

proteases is present in apo (a), the potential activation site that is cleaved by tissue 

plasminogen activator is modified and may not be activated (3). 

 As for apoF and apoG their function is not yet known (7). 

 ApoH, also known as β2-glycoprotein-1, is found in chylomicrons, VLDL and HDL. This 

apoprotein should act as an activator for LPL (7). ApoH is a plasma glycoprotein of 50 

kDa and has 326 amino acids (15-18). Is the primary target antigen recognized by 

autoantibodies in patients with the antiphospholipid syndrome (APS) (19, 20). Although 

the physiological function of β2GPI in normal individuals remains to be elucidated, plasma 

from β2GPI knockout mice exhibits impaired thrombin generation in vitro (21). β2GPI has 

both pro- and anticoagulant properties when examined in vitro. 
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 ApoJ was isolated from HDL and VLDL and its main function seems to be the 

maintenance of cellular membrane integrity (7). 

 ApoL is associated to lipoproteins containing apoA-I and is a marker of different HDL 

subpopulations (7).  

 

I.1.4 Lipoproteins 

 

The plasma lipoproteins are complex particles consisting of a core of neutral lipids 

(triglycerides and/or cholesterol esters), which is surrounded by a monolayer of so-called 

amphipathic lipids (phospholipids and unesterified cholesterol). The protein component of 

the lipoproteins - the apoliprotein (apo) - is bound to the surface of the lipoprotein. Several 

different lipoproteins and apo have been identified (22).  

Lipoproteins are spherical particles with a nonpolar core composed of triglyceride and 

cholesteryl ester. A polar outer coat is composed of unesterified cholesterol, phospholipid, 

and specific proteins termed apolipoproteins. The apolipoproteins stabilize and impart 

solubility to the lipoproteins, are involved in catalyzing or modulating intravascular 

changes in the lipoproteins, and facilitate lipoprotein entry into and exit from cells (5).  

The major lipoproteins are usually categorized in terms of their density (Table 2) into four 

major classes: chylomicrons, very low-density lipoproteins – VLDL; LDL or low-density 

lipoprotein, and high-density lipoproteins (HDL). Chylomicrons, the transport vehicle for 

dietary fat, are usually 90% to 95% triglyceride by weigth, 1% to 2% cholesterol, and <1% 

protein. VLDL, the carrier of endogenously produced triglyceride, secreted by the liver, is 

approximatel 60% triglyceride, 12% cholesterol, 10% protein, and 18% phospholipid. 

LDL, a catabolic product of VLDL and normally the major carrier of cholesterol in the 

plasma, is 50% cholesterol, 25% protein, 20% phospholipid, and less than 5 % triglyceride. 

HDL is the densest of the major classes of lipoproteins because of its high protein content; 

it is approximately 50% protein, 20% cholesterol, and 25% phospholipid (6).  

 

 

 

 Chylomicrons VLDL IDL LDL HDL 
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Table 4- Classification and properties of plasma lipoproteins (3). 

 

I.1.5 Key plasma proteins of lipid transport  

 

I.1.5.1 LPL 

 

LPL plays a pivotal role in the hydrolysis of circulating triglyceride-rich lipoproteins such 

as chylomicrons and VLDL, which appear to be determinants of vascular disease risk. (23) 

This lipoprotein hydrolyzes the 1(3)-position of TGs and diglycerides. The resulting 

monoglyceride is sufficiently water soluble to transfer to tissues, where cellular lipases 

complete the hydrolysis (3).  LPL is synthesized in parenchyma tissue (8, 24). It is bound 

to vascular endothelium through interaction with membrane-anchored proteoglycans (3). 

ApoC-II is required for its maximum activity on TRLP (23). While the main catalytic 

activity of LPL is within the capillary beds of skeletal muscle and adipose tissue, it also 

has a nonenzymatic molecular bridging function, which mediates the cellular uptake of 

lipoproteins. Thus the catalytic function of LPL is probably antiatherogenic, while the 

noncatalytic bridging function may be proatherogenic (23). LPL endothelial receptor is a 

heparin-sulfate peroteoglycan (25).  

Density (g/mL) <0,95 <1,006 1.006-

1.019 

1.019-

1.063 

1.063-1.210 

Particle weight 

x10
-6

 

10
3
-10

4
 5-10 3.5-4.5 2.0-2.5 0.19-0.39 

% (by weight) 

Composition 

Protein 1.5-2.5 5-10 15-20 20-25 40-55 

Triglycerols 85-90 50-65 20-30 7-10 2-5 

Cholesterol 1-3 5-10 7-10 7-10 3-5 

Phospholipid 7-9 15-20 20 15-20 20-35 

Major 

apoproteins 

A-I, A-II, A-IV 

B-48,C-I,C-II, C-

III and ApoE 

B-100,C-I, 

C-II,C-III 

and ApoE 

B-100 

ApoE 

Apo B-

100 

A-I, A-II, C-

I, C-II, Apo 

C-III 
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I.1.5.2 HL 

 

HL is synthesized in hepatocytes and transported to hepatic endothelial cells, where it is 

bound by means of heparin sulfate. Its main role appears to be the hydrolysis of TGs and 

phosphoglycerides of HDL and IDL, which usually almost completely lack the activator 

for LPL, apo C-II (26).  

HL is a 477-residue glycoprotein (26). It is a secreted glycoprotein, and remodelling of the 

N-linked oligosaccharides appears to be crucial for the secretion process, rather than for the 

acquisition of the catalytic activity. HL is also present in adrenals and ovaries, where it 

might promote delivery of lipoprotein cholesterol for steroidogenesis (27). 

 

I.1.5.3 EL 

 

EL is a recently discovered member of the triglyceride lipase gene family. It is highly 

homologous to LPL and HL (28, 29). 

EL has been shown to effectively hydrolyze HDL phospholipids in vitro (30), and over 

expression of human EL in mouse liver markedly reduced plasma HDL cholesterol (HDL-

C) levels in vivo (30).These data suggested that EL might play a physiological role in 

modulating HDL metabolism (28).EL is synthesized
 

by endothelial cells, where its 

expression is regulated by cytokines
 
and physical forces as well as by cholesterol feeding. 

EL expression has also been demonstrated in macrophage
 
cell lines (31). EL is mainly a 

phospholipase active toward
 
all lipoprotein classes, although preferring HDL as a substrate

 

(31). Recent studies suggested that EL may be an important determinant of HDL-

metabolism and inflammation acting at the level of the vessel wall (32). 

 

 

 

I.1.5.4 LCAT 

 

LCAT is synthesized in the liver, and has the only known cholesterol-esterifying activity in 

human plasma. It binds to lipoproteins or is present in lipid-free form in plasma (6). 
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LCAT has two activities; one is the formation of cholesteryl esters in plasma by 

transferring a fatty acid from lecithin to the 3-hydroxyl group of cholesterol (33). It is 

generally believed that LCAT maintains the unesterified cholesterol gradient between 

peripheral cells and HDL (34). The other which occurs in the absence of cholesterol, is a 

phospholipase A2 activity (6). LCAT is activated primarily by apoA-I because of its high 

abundance and high stimulatory potency. But can also be activated by apoA-IV, apoC-I 

and apoE (33). Both cholesteryl esters and TGs are too hydrophobic to be transferred 

between lipoproteins by a spontaneous mechanism. In addition, spontaneous phospholipid 

transfer is too slow to be important in the turnover of the TRLP, which are relatively short-

lived (6).  

 

I.1.5.5 ACAT 

 

Two different enzymes, ACAT1 and ACAT2, use acylCoA as substrate for intracellular 

cholesterol esterification (33). ACAT1 is present in almost all tissues, while ACAT2 seems 

to occur only in liver and intestine. The first is responsible for maintaining the correct 

availability of intracellular cholesterol, and the second is responsible for lipoprotein 

secretion and formation of esters (7). 

In nearly all mammalian cells, ACAT catalyzes the intracellular esterification of 

cholesterol and formation of cholesterol esters. The esterification of cholesterol mediated 

by ACAT is functionally significant for several reasons. ACAT-mediated esterification of 

cholesterol limits its solubility in the cell membrane lipids and thus promotes accumulation 

of cholesterol ester in fat droplets within the cytoplasm; this process is important because 

the toxic accumulation of free cholesterol in various cell membrane fractions is prevented. 

Most of the cholesterol absorbed during intestinal transport undergoes ACAT-mediated 

esterification before incorporation in chylomicrons. In the liver, ACAT-mediated 

esterification of cholesterol is involved in the production and release of apo B-containing 

lipoproteins. ACAT also plays an important role in foam cell formation and atherosclerosis 

by participating in accumulating cholesterol esters in macrophages and vascular tissue. The 

rate-controlling enzyme in cholesterol catabolism, hepatic cholesterol 7-hydroxylase, is 

believed to be regulated partly by ACAT (34).
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I.1.5.6 CETP and PLTP 

 

CETP and PLTP are factors found in the lipoprotein-free fraction of human plasma that 

transport lipids between lipoproteins. Both transfer proteins exhibit broad specificity with 

respect to lipid type and fatty acid composition (6). CETP catalyzes an exchange of neutral 

lipids, particularly triglyceride and cholesteryl esters, between all the major lipoprotein 

classes. In normal plasma, the net transport of cholesteryl ester by CETP depends mainly 

on the availability of suitable triglyceride-rich acceptor particles, not on CETP 

concentration (35). 

CETP is a 74 KDa glycoprotein with 476 amino acid residues. Its gene resides on 

chromosome 16 (36). This protein does not share much structural homology with the 

apolipoproteins, and the distribution of hydrophobic regions that might bind to neutral 

lipids is very different from those found in lipolytic enzymes and plasma lipoproteins (3). 

CETP has the potential to carry cholesteryl esters from HDL into the apoB-100 containing 

lipoproteins, where they are removed from plasma with the acceptor particle (35, 36). 

CETP is also important in the transfer of TG from VLDL to HDL and LDL.  CETP 

deficiency in humans produces a lipoprotein profile that simulates that found in species 

that lack this activity (37, 38). The deficiency is associated with the production of HDL 

particles that are much larger than normal (39). 

Plasma PLTP is an acidic, with a protein with a mass of 54, 719 KDa. This protein belongs 

to a family of lipid transfer proteins that includes CETP, bactericidal/permeability-

increasing protein, and lipopolysaccharide-binding protein (6). Recent studies suggest that 

PLTP plays a key role in lipoprotein turnover and reverse cholesterol transport, and that 

HDL is the primary target for its transfer and remodeling activity. PLTP is probably 

important in cholesterol transport because it facilitates the transfer of phosphatidylcholine 

(6). PLTP is able to promote the net transfer of phospholipids between plasma lipoproteins 

and mediate the conversion of HDL (40, 41). 

I.1.5.7 MTTP 

 

The addition of triglyceride to apoB is catalyzed by the microsomal triglyceride transfer 

protein (5). MTTP is an essential
 
chaperone for the assembly and secretion of apoB.

 
In 
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addition, MTTP is known to transfer several other lipids,
 
such as phospholipids and 

cholesteryl esters (42). MTTP enhances the rate of lipid transfer between vesicles. Kinetic 

studies with model membranes suggest that MTTP transfers
 
lipids by a shuttle mechanism. 

In this mechanism, each
 

MTTP molecule is proposed to interact transiently with a 

membrane,
 
extract lipid molecules, dissociate from the membrane, bind

 
transiently with 

another membrane, deliver lipids rapidly to
 
the second membrane, and become available 

for another cycle
 
of lipid transfer. The lipid transfer activity was shown to

 
be optimum with 

neutrally charged membranes and decreased in
 
the presence of negatively charged lipids in 

vesicles.
 
Kinetic studies suggest that MTTP has two, one fast and one slow,

 
lipid binding 

sites. The fast site is implicated in
 
lipid transfer. Lipids associated with MTTP increase 

apoB-MTTP
 
binding whereas lipids associated with apoB decrease this binding (43). 

 

I.1.6 Lipoprotein Catabolism 

 

Lipoprotein transport out the plasma compartment is a function of the composition and 

structure of lipoproteins, and of the cell surfaces that are in contact with the plasma 

compartment and other cell types immediately adjacent to those lining the plasma 

compartment. Some lipoproteins are removed as intact particles by means of cell surface 

receptors that recognize a specific ligand within the lipoprotein. Some particles are also 

internalized by cells through nonspecific mechanisms. Finally, some of the sparingly 

soluble components of lipoproteins, such as the apolipoproteins, cholesterol, and 

phospholipids, can transfer from the lipoprotein to cell surfaces by desorption into the 

surrounding aqueous phase.  This is followed by diffusion to the plasma membrane, where 

they are adsorbed into the plasma membrane and translocated by various mechanisms into 

the cell (3). 

 

 

I.1.6.1 Receptor-mediated uptake of Lipoproteins 

 

A major route for the removal of lipoproteins from plasma involves receptors located on 

the surfaces of cells in contact with blood. The receptors are recognized by a specific 
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ligand (a protein or protein fragment) on the lipoprotein surface, and in many instances 

their expression is regulated by the status of the cell, that is, whether the cell needs more of 

the lipids that are in a given lipoprotein (3). 

I.1.6.2 LDL-R 

 

The LDL (apo B/E) receptor is the best characterized of all the lipoprotein receptors. Its 

family also includes receptors for VLDL and the chylomicron (3). 

Each LDL contains one molecule of apoB-100 as its only protein. LDL binds to receptors 

located within coated pits on the cell surface. A coated pit closes to form a coated vesicle, 

which is converted to an endosome that dissociates into an LDL vesicle and an LDL 

receptor vesicle (3).The receptor vesicle recycles to the cell surface, and the remaining 

endosome is converted into a lysosome. Within the lysosome, acid esterases and proteases 

hydrolyze the lipids and proteins, respectively, to FFAs, free cholesterol, and amino acids.  

The free cholesterol, if in excess is converted into cholesteryl esters. Within the 

endoplasmic reticulum, free cholesterol down-regulates the production of LDL receptors. 

When there are inadequate supplies of cellular cholesterol, additional receptors are 

synthesized. After modification in the Golgi compartment, they move to the cell surface 

(3). From this model it is easy to understand how LDL-R activity regulates plasma 

cholesterol concentration and how the absence of LDL receptors leads to an elevation in 

plasma cholesterol. In the absence of receptor binding, there is no efficient means of 

removing LDL from plasma, and the plasma LDL concentration rises. Also, since there is 

no cholesterol from LDL within the cell to down-regulate cholesterol biosynthesis, the cell 

continues to produce and secrete cholesterol even though it is not needed (3).  The LDL-R 

has an important role in regulating cholesterol homeostasis, and mutations in its gene can 

lead to familial hypercholesterolemia. The 839 amino acid LDL-R is organized into five 

structural domains.  

I.1.6.3 Very Low Density Lipoproteins Receptor 

 

The VLDL receptor binds lipoproteins that contain apoE (VLDL and IDL) and consists of 

five functional domains that resemble those of the LDL receptor. The VLDL and LDL 

receptors are almost the same in terms of gene structure and organization. Despite the 
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presence of sterol regulatory element-1-like sequences in the VLDL-receptor gene, the 

transcription of the gene is not down-regulated by sterols (3). The physiologic role of the 

VLDL receptor in mammals is unresolved. The expression in endothelial cells suggests 

that the receptor plays a role in the transport of VLDL (44). The VLDL receptor might also 

be responsible for VLDL catabolism in muscle and adipose tissue. 

The VLDL-receptor messenger RNA is highly expressed in tissues that actively metabolize 

fatty acids as their source of energy (45). This receptor is expressed in macrophages in 

human atherosclerotic lesions, and endocytosis of Lp (a) by way of VLDL receptor could 

lead to cellular accumulation of lipid within macrophages and may represent a molecular 

basis for the atherogenic effects of Lp (a). The VLDL receptor is expressed in the same 

tissues as LPL therefore it might not only mediate the uptake of VLDL or IDL, but also of 

chylomicron remmants (46). The VLDL receptor might represent the counterpart to LRP in 

peripheral tissues, facilitating the uptake of TRLP via apoE and LPL into adipose tissue, 

heart, and striated muscle, which are active in fatty acid metabolism. (46). 

I.1.6.4 High Density Lipoprotein Receptor 

 

The lipids and proteins of HDL can be catabolized independently of one another and of the 

HDL particle (3).  Class BI scavenger receptor, SR-BI, is the first HDL receptor to be well 

defined at a molecular level and is a mediator of selective cholesterol uptake in vitro (47). 

It is expressed most abundantly in steroidogenic tissues, where it is coordinately regulated 

with steroidogenesis by adrenocorticotropic hormone (ACTH), human chorionic 

gonadotropin (hCG) and oestrogen, and in the liver (48). SR-BI can also bind LDL and 

anionic
 
phospholipids, which raised the possibility that HDL apolipoproteins might

 
not 

participate directly in HDL binding (49).Studies have shown that HDL cholesteryl ester is 

selectively removed by the adrenal glands and liver (50).  

I.1.6.5 Chylomicron Receptor 

 

Some remmants of chylomicron are transiently bound to proteoglycans by means of apoE; 

others can be sequestered by cell surface HL by means of apoB-48. In each case they are 

transferred from their sites of sequestration to the LDL receptor (3). The chylomicron 
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receptor recognizes apoE instead of apoB-48 and is responsible for hepatic uptake of 

remanescents (7). 

 

I.1.6.6 Scavenger Receptors  

 

Scavenger receptors are suggested to play a role in the development of atherosclerosis (51). 

Various modifications of LDL, including acetylation (52), malondialdehyde treatment (53) 

and oxidative modification (54), result in effective recognition of LDL by these receptors 

(55-57). They are integral membrane proteins composed by six functional domains that 

mediate the endocytosis of chemically modified lipoproteins, such as acetylated LDL 

(AcLDL) and oxidized LDL (OxLDL) (58, 59). The acetyl LDL receptor, known as 

macrophage scavenger receptor A, because of its broad ligand specificity, is rapidly 

internalized by macrophages (3). As a result of the accumulation of OxLDL, these cells are 

converted into cholesterol-rich foam cells (60, 61), which is a characteristic feature of early 

atherosclerotic lesions. AcLD is mainly cleared via endothelial liver cells (55), whereas 

OxLDL is mainly taken up by Kupffer cells (57). 

 

I.1.6.7 LSR 

 

The lipolysis-stimulated receptor (LSR) is a lipoprotein receptor primarily expressed in the 

liver and activated by free fatty acids (62).LSR was initially described in 1992. In the 

presence of free fatty acids, this receptor recognizes either apoB or apoE and as a 

consequence, leads to the internalization and degradation of the lipoprotein particles. Its 

affinity is highest for those lipoproteins most susceptible to lipolysis, triglyceride-rich 

lipoproteins (63). 

 

I.1.6.8 LRP 

 

The LDL receptor – related protein (LRP) is structurally similar to other members of the 

LDL receptor
 
gene family, an ancient family of endocytic receptors (64). It is now referred 
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to as LRP1,  and
 
is widely expressed in several tissues, and plays diverse roles in various

 

biological processes, including lipoprotein metabolism, degradation
 
of proteases, activation 

of lysosomal enzymes, and cellular
 

entry of bacterial toxins and viruses (65). LRP 

recognizes at least 30 different ligands that
 
represent several families of proteins. These 

include proteinase-inhibitor complexes, ECM proteins, various intracellular proteins and 

others (64). 

Tissue-specific gene
 
deletion studies reveal an important contribution of LRP1 in

 
the 

vasculature, central nervous system, macrophages, and adipocytes.
 

Three important 

properties of LRP1 dictate its diverse role
 
in physiology: 1) its ability to recognize more 

than 30 distinct
 
ligands, 2) its ability to bind a large number of cytoplasmic

 
adaptor 

proteins via determinants located on its cytoplasmic
 
domain in a phosphorylation-specific 

manner, and 3) its ability
 

to associate with and modulate the activity of other 

transmembrane
 
receptors such as integrins and receptor tyrosine kinases (65). In vitro 

studies evidencing that LRP binds apoE led to the proposal
 
that this molecule serves as a 

receptor for chylomicron remnants (66). 

 

I.1.7 Lipoprotein Metabolism 

I.1.7.1 Chylomicrons and Chylomicron Remnants 

 

TG proceeding from the diet undergo hydrolysis in the intestinal lumen; these reactions are 

catalyzed by pancreatic lipase in the presence of bile salts to form monoglyceride and 

unesterified fatty acids. These products of lipolysis, together with bile salts and other lipids 

(like cholesterol), form a micellar solution from which lipid absorption takes place. After 

absorption into mucosal cells of the small intestine, triglyceride is re-synthesized and 

packaged with small amounts of cholesterol, phospholipids, and protein to form 

chylomicrons (67). Chylomicrons are formed in the intestine and transport dietary 

triglyceride to peripheral tissues and cholesterol to the liver (68). These are secreted into 

the intestinal lymphatics from which they enter the thoracic duct and then the venous 

circulation (67). In the circulation, chylomicrons rapidly accumulate apoE and 

apolipoproteins C-I, C-II and C-III, which are transferred to them from HDL (24).  
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LPL with apoC-II as a co-factor hydrolyzes chylomicrons triglycerides allowing the 

delivery of free fatty acids to muscle and adipose tissue. As a result, a new particle called a 

chylomicron remnant is formed. This particle is enriched in cholesteryl ester and fat-

soluble vitamins and contains apoB-48 and apoE. It is rapidly removed from the circulation 

by the liver. ApoE is the moiety required for rapid hepatic removal (68).The hepatic uptake 

of remnants occurs by endocytosis following their binding to receptors on the sinusoidal 

surface of liver cells (69, 70). Chylomicrons, unlike their remnants, are not readily 

removed from the circulation by the liver (71, 72). 

I.1.7.2 VLDL and VLDL remnants 

 

The mechanism of VLDL metabolism is believed to be generally similar to that of 

chylomicrons. Several additional complexities exist, however (67). VLDL is secreted from 

the liver as the major carrier in plasma of endogenously produced triglyceride (73, 74).  

In most nonprimate species, hepatic VLDL particles may contain either the full-length 

apoB-100 transcript or the edited apoB-48 protein. In contrast, primates hepatic VLDL 

contains only apoB-100.  

Catabolism of larger VLDL begins with an LPL-mediated step and more of these large 

particles are removed from the bloodstream before their conversion to LDL. This 

conversion by LPL could lead to a more or less atherogenic lipoprotein profile (75).  The 

TG of VLDL undergoes LPL-mediated hydrolysis in capillary beds, by combined action 

with hepatic lipase, as well as further enrichment with cholesteryl ester catalyzed by the 

CETP, they become LDL particles. This class of lipoproteins is generally free of apoE, and 

thus, has a lower affinity for the LDL receptor and little, if any, affinity for the LRP or 

VLDL receptor (67). As they progress along the delipidation cascade, and before being 

transformed to LDL, the VLDL particles fall into the IDL class, a smaller, cholesterol-rich 

remnant particle (5). Because they contain some apoE and decreasing amounts of apoCs, 

they are potential participants in the “remnant” removal pathway (67). 

In normal humans, approximately 10% to 30% of VLDL remnants are removed from the 

circulation by liver, the remaining 70% to 90% of VLDL particles undergoes further 

conversion to LDL (5). 

 



 27 

I.1.7.3 LDL Metabolism 

 

LDL is the major carrier of cholesterol in human plasma and is largely a catabolic product 

of VLDL (67, 76- 77). It is catabolized mainly in the liver through the high affinity binding 

of apoB-100 to the LDL receptor followed by cellular endocytosis, lysosomal hydrolysis of 

the lipid moiety and degradation of apoB-100 (78).Still substantial amounts of LDL, 30–

50%, are removed from plasma by LDL receptor-independent pathways that may be 

particularly important in non-hepatic tissues (79, 80). 

(See sector I.1.6.2 - Low-Density Lipoprotein Receptor)  

 

I.1.7.4 HDL Metabolism 

 

HDL is produced by several mechanisms. Both the liver and the intestine secrete discoidal 

HDL particles constituted by different apolipoproteins, including the most abundant apoA-

I, apoA-II, present in 2/3 of the HDL particles. The outer layer is amphipathic and contains 

free cholesterol, apolipoproteins and phospholipids. The inner layer is hydrophobic and 

contains cholesteryl esters (81-83). The major site of HDL cholesterol uptake is the liver. 

The best-understood mechanism of direct uptake of HDL is mediated by the SR-BI. 

Studies of SR-BI in polarized hepatocytes suggest that this receptor mediates 

internalization of whole particles of HDL, with subsequent removal of cholesterol and 

resecretion of smaller cholesterol-depleted HDL particles (84). 

Nascent-HDL particles (rich in triglycerides and poor in cholesterol) are synthesized in the 

liver and intestine or formed by hydrolysis of TRLP with later shape modifications into 

spherical particles named HDL-2. There occurs an esterification process of cholesterol 

molecules received from peripheral tissues by lecithin-cholesterol acyltransferase (LCAT) 

creating cholesterol esters which are transferred to the liver following three routes. Via 

cholesteryl-ester transfer protein (CETP), which transfers cholesterol from HDL to rich in 

triglycerides lipoproteins, which are subsequently catabolized following the route of the 

LDL receptor; via scavenger receptor B1 (SRB1) that mediates the selective uptake of 

cholesterol esters by the liver; via endocytosis of HDL holoparticles through a catabolic 

hepatic receptor (83). The protector role of HDL-cholesterol has been demonstrated in 
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several studies (85-87). HDL-cholesterol is responsible for the outflow of cholesterol 

excess from the peripheral tissues (including macrophages) and its transport to the liver, 

where it is eliminated by bile excretion. This process is named reverse cholesterol transport 

(88). 

I.1.7.5 Reverse Cholesterol Transport 

 

Reverse cholesterol transport is the movement of cholesterol from peripheral cells such as 

tissue macrophages through the plasma compartment to the liver for excretion, thus 

preventing atherosclerosis. At the liver, this cholesterol can be recycled in newly secreted 

plasma lipoproteins, but part appears in the bile as free cholesterol or (after degradation) as 

bile acids (89).  Major constituents of reverse cholesterol transport include acceptors such 

as high-density lipoprotein (HDL) and apoA-I, and enzymes such as LCAT, PLTP, hepatic 

lipase and CETP. A critical part of reverse cholesterol transport is cholesterol efflux from 

peripheral cells, in which accumulated cholesterol is removed from macrophages in the 

subintima of the vessel wall, and other cells, by ATP-binding membrane cassette 

transporter A1 (ABCA1) or by other mechanisms, including passive diffusion, SR-B1, 

caveolins and sterol 27-hydroxylase, and collected by HDL and apoA-I.  Esterified 

cholesterol in the HDL is then delivered to the liver for excretion. In patients with mutated 

ABCA1 genes, reverse cholesterol transport and cholesterol efflux are impaired and 

atherosclerosis is increased. In studies with transgenic mice, disruption of ABCA1 genes 

can induce atherosclerosis. Levels of HDL are inversely correlated with incidences of 

cardiovascular disease. Supplementation with HDL or apoA-I can reverse atherosclerosis 

by accelerating reverse cholesterol transport and cholesterol efflux, as shown in 

experimental trials. On the other hand, pro-inflammatory factors such as interferon-gamma 

(IFN-gamma), endotoxin, tumour necrosis factor-alpha (TNF-alpha) and interleukin-1 beta 

(IL-1beta), can be atherogenic by impairing reverse cholesterol transport and cholesterol 

efflux, according to in vitro studies. Reverse cholesterol transport and cholesterol efflux 

play a major role in anti-atherogenesis, and modification of these processes may provide 

new therapeutic approaches to preventing cardiovascular disease. Further research on new 

modifying factors for reverse cholesterol transport and cholesterol efflux is warranted (90). 

A number of cellular lipid transporters and receptors and a spectrum of HDL and HDL 

intermediates participate in this movement of peripheral cholesterol.  HDL is a mixture of 
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different types of particles that vary in size, density, and composition and consists of 

particles containing both apoA-I and apo A-II (Lp A-I/A-II) and those containing apoA-I 

but not apoA-II (Lp AI) (91). 

 

I.1.8 Lipoproteins in Disease 

I.1.8.1 Lipoprotein and Atherogenesis 

 

Atherosclerosis involves a large genetic network, it is not a simple linear pathway. This 

network extends to interactions with the many known risk factors for the disease and 

involves many cell types and organ systems (92). The accumulation of macrophage-

derived foam cells, under the intima of large arteries is a hallmark of atherosclerosis (93). 

Macrophages secrete a variety of proteinases that are thought to participate in vascular 

remodeling of the extracellular matrix (ECM) associated with all stages of this disease (94, 

95). Macrophages are capable of storing massive amounts of cholesteryl esters in non-

membrane-bound cytoplasmic droplets. The uptake of these esters by these cells occurs via 

specific processes involving type A scavenger receptors. These receptors recognize and 

facilitate the uptake of chemically modified forms of LDL, but not native LDL forms (5). 

Oxidation is an important chemical modification of LDL. Some studies have showed that 

circulating OxLDL was associated with both subclinical atherosclerosis (clinically silent 

ultrasoundassessed atherosclerotic changes in the carotid and femoral arteries) and 

inflammatory variables (C-reactive protein and the inflammatory cytokines interleukin-6 

and tumor necrosis factor α) supporting the concept that oxidatively modified LDL may 

play a major role in atherosclerosis development. Thus OxLDL has a major atherogenic 

impact and its removal is a promising therapeutic strategy against atherosclerosis (96). 

Autoantibodies against OxLDL have been reported to be associated with atherosclerosis. 

However, the data are not consistent: some studies have reported a positive relationship 

between autoantibodies against OxLDL and CHD (97, 98), whereas another did not (99).  

OxLDL is chemotactic for circulating monocytes. Thus, when OxLDL enters arterial 

endothelium, it facilitates the accumulation of foam cell precursors. Furthermore, when 

these monocytes are transformed to macrophages, their motility is inhibited by OxLDL; 

thus, they become more likely to stay within the vessel wall. Another deleterious effect of 
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OxLDL is that it appears to deplete stores of nitric oxid, witch has been shown to be the 

previous called endothelial-derived relaxing factor. Reduced levels of OxLDL may be the 

explanation for the reported beneficial effects of LDL-lowering therapy on endothelium-

mediated vasodilatation in patients with coronary atherosclerosis (5). Elevated LDL-

cholesterol levels are associated with a high risk of CHD, and LDL cholesterol continues 

to be the primary target of therapy for the prevention of CHD (100). ApoB-100 is the 

major apolipoprotein component of the atherogenic lipoproteins (VLDL, LDL, and IDL). 

TRLP comprises a great variety of nascent and metabolically modified lipoprotein particles 

differing in size, density, and lipid and apolipoprotein composition. Studies have shown an 

inverse relationship between the size of lipoproteins and their ability to cross the 

endothelial barrier to enter the arterial intima (101). LDL receptors may also contribute to 

the formation of foam cells.  They are sluggishly down-regulated by plasma lipoproteins. 

In a variety of species (102, 103), feeding a cholesterol-rich diet can result in the 

accumulation of a cholesteryl ester-rich very low density lipoprotein (β-VLDL) that has 

been reported (104, 105) to be associated with development of atherosclerosis. Beta 

VLDL, commonly found in the plasma of subjects with type III hyperlipoproteinemia, is 

taken up by macrophages via LDL receptor pathway (5). 

On the other hand, increased levels of HDL reduce the risk of CAD. As already explained, 

HDL plays a nuclear role in reverse cholesterol transport. HDL is known to fuse with the 

polar “surface remnants” released from TG as they undergo lipolysis in plasma; these 

surface remnants may be harmful to vascular endothelium. By stimulating the synthesis of 

prostacyclin, HDL helps to prevent vasoconstriction. HDL has been shown to protect LDL 

from oxidation. Finally, low HDL levels may be a marker for abnormalities in other classes 

of lipoproteins, which may themselves be atherogenic (5). 

Chylomicrons and large VLDLs are probably not capable of entering the arterial wall. On 

the other hand, small VLDLs and IDLs can penetrate the arterial intima. A large body of 

evidence suggests that small VLDLs and IDLs are independently associated with 

atherosclerosis (101). ApoC-III in VLDL is associated with denser, smaller VLDL 

subclasses and is believed to be particularly atherogenic. Remnants associated with apo C-

III are more related to the development of atherosclerosis than are triglycerides per se. 

Additionally, remnants of TRLP can be taken up by nonreceptor mechanisms involving the 

binding to heparin sulphate proteoglycans (5). Epidemiological and experimental evidence 
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has shown that CETP may, also, play an important role in the development of 

atherosclerosis (106).  The potential atherogenicity of CETP relates to its ability to transfer 

cholesteryl esters from the antiatherogenic HDLs to the proatherogenic VLDL and LDL 

fractions. It has also been suggested that CETP has the potential to inhibit atherogenesis by 

enhancing the rate of reverse cholesterol transport (106). 

Many studies have noted that plasma TG levels (a composite measure of all TRLP, 

including chylomicrons and VLDL) are higher in patients with coronary artery disease 

(CAD) than healthy matched subjects. However, the strong inverse correlation between 

HDL-C and plasma TG levels raised doubts about whether raised TG were an independent 

risk factor for CAD or merely reflect the HDL-C effect. Not until the meta-analysis of 

Hokanson and Austin, and other posterior meta-analysis, has the positive association 

between raised plasma TG and CAD risk been adequately evaluated (24). The mechanism 

for this raised TG-CAD risk association results from the overproduction of TRLP and 

partially hydrolyzed lipoproteins, called remnants, which cannot be efficiently cleared 

from the circulation and thus accumulate in plasma. TG from these particles are 

inappropriately transferred to LDL, which become cholesterol depleted and TG enriched. 

Subsequent hydrolysis of this TG by HL converts these LDL particles to smaller, more 

dense particles (small dense LDL) (24).  Small dense LDL particles are prone to oxidation 

because they are no longer cleared by the LDL-receptor (LDL-R) and remain in the 

circulation. Oxidized small dense LDL particles cleared by the scavenger receptor of 

macrophages promote foam cell formation, and thus atherogenesis (24), as referred above.  

 

I.1.8.2 Lipoproteins and Pancreatitis 

 

Abdominal pain and pancreatitis can complicate severe hypertriglyceridemia; this may 

occur when plasma TG levels are above 1000 mg/dL (5). Since high concentration of 

chylomicrons increase the viscosity of the plasma, it is speculated that marked 

chylomicronemia might lead to small, local areas of ischemia within the pancreas, thereby 

triggering the release of pancreatic lipase from cells; this lipase then catalyzes hydrolysis 

of the large amount of TG  present in plasma, locally releasing large amounts of free fatty 

acids (5). Hypertriglyceridemia is a risk factor for pancreatitis and it accounts for 1 to 4% 

of cases of acute pancreatitis. Although a few patients can develop pancreatitis with 
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triglyceride levels of 500 mg/dL, the risk for pancreatitis does not become clinically 

significant until levels are over 1000 mg/dL (100).  When the fatty acids are present in 

excess of the binding capacity of albumin, their detergent effect causes the lysis of cell 

membranes. In the pancreas, this leads to the release of additional amounts of lipase and a 

chain reaction is initiated: production of fatty acids leading to cell lysis and release of 

lipase leading to more production of fatty acids, etc (5). Pancreatitis occurs in most patients 

with type I hyperlipoproteinemia (chylomicronemia due to lipoprotein lipase or apoC-II 

deficiency), where triglyceride levels are even higher. Hemorrhagic pancreatitis is the 

major life-threatening risk for patients with type I hyperlipoproteinemia (5). 

I.2 AIMS OF THE THESIS 

 

The aim of this thesis is to search for mutations in the LPL gene of Portuguese patients 

with hypertriglyceridemia, in order to address the genetic contribution to this pathology. 

 

The specific aims were as follows: 

 

1. To collect blood samples from patients with hypertriglyceridemia, attending the 

Lipid Unit at the University Hospital of Coimbra; 

2. To optimize conditions for DNA extraction and for PCR amplification of the LPL 

gene exons; 

3. To screen for mutations by restriction analysis and DNA sequencing. 

4.   Clinical interpretation of the obtained results. 

 

 

 

 

 

 

 

 



 33 

 

 

 

 

 

 

 

CCHHAAPPTTEERR  IIII  

MMAATTEERRIIAALLSS  AANNDD  MMEETTHHOODDSS  

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II.1 METHODS 

 

For the complete composition of all reagents and solutions used see Appendix I. 

II.1.1 Subjects 

 

We selected 173 patients based on no evidence of underlying factors that justify an altered 

lipid profile. They are patients of the out-patient clinic of Medicine 2 of HUC (Coimbra’s 

University Hospital), that have different forms of dyslipidemia, for collection of venous 
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blood in EDTA. Of these, 44 patients with hypertriglyceridemias (TG>150 mg/dl) were 

selected for sequencing of the exons 2, 3, 4, 5 and 6, where mutations are more often 

found. 

The control group of patients consisted of 10 individuals chosen at random from those 173, 

and knowledge of lipid profile, with normal TG values. Written informed consent was 

obtained from the subjects who agreed to participate in this study. 

 

For the complete lipid profile of each patient see Appendix II. 

 

II.1.2 PCR Analysis 

II.1.2.1 DNA Extraction 

 

DNA was extracted using the Fassst DNA Releaser Kit from Euroclone 

(Cat.#EMR057100), that allows recovery of about 30 µg/ml of DNA, according to the 

manufacturer’s instructions. Briefly, 0.2ml of blood from each patient was added to 1 ml of 

Lysis Solution and it was inverted gently in order to get a homogeneous solution, and 

centrifuge at 12,000 RPM for 1 minute at room temperature. After discarding the 

supernatant, the previous procedure was repeated. The supernatant was discarded and the 

pellet was resuspended in 200 µl of Solution A. The tubes were then incubated at 100ºC 

for 10 minutes. After incubation, 20 µl of Solution B was added mixed and centrifuged for 

3 minutes at 14,000 RPM. Since the DNA was contained in the supernatant, this was 

transferred to a fresh tube and stored at -80ºC. 

II.1.2.2 Exon amplification by PCR 

 

In order to examine the DNA sequences, gene amplification was performed by the 

polymerase chain reaction. 5µl f extracted DNA was added to a mixture containing 

36.75µl of sterile water, 5µl buffer 10x, 1µl of each primer, 1µl of dNTPs and 0.25µl of 

Taq (Taq PCR Core Kit from Qiagen Cat.#201225). The oligonucleotide primers used are 

described in Appendix III. 

 

 PCR was performed using the following conditions: 
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 II.1.2.3 Electrophoretic analysis of DNA 

 

 The necessary amount of agarose 2% was prepared by mixing 1X TAE and agarose in the 

right proportion. The slurry was heated until the agarose was dissolved, obtaining a 

homogeneous solution, and allowed to cool to 60ºC before adding ethidium bromide to a 

final concentration of 0.5µg/ml. The agarose solution was poured into the mold and the 

comb was positioned. After the gel became solid, the comb was gently removed and the 

gel mounted in the tank. The electrophoresis apparatus was prepared and the 

electrophoresis tank filled with enough 1X TAE to cover the agarose gel. 

 The samples were loaded into the slots of the submerged gel, after adding 2µl of LB 

(0.25% xylene cyanol/30% glycerol in water) to 5µl of each sample. Marker DNA (100 bp 

ladder from Invitrogen) was also loaded onto the gel (5µl). The lid of the gel tank was 

closed and the electric leads were attached so that the DNA migrated towards the anode. 

The gel was run at 100V until the xylene cyanol had migrated the appropriate distance 

through the gel. Then the gel was examined in a UV light translluminator and 

photographed, or otherwise analysed on a Molecular Imager (Biorad). 

II.1.3 DNA Sequencing 

 

Before performing the sequencing PCR reaction, all selected PCR products from gene 

amplification were purified using the QIAquick PCR Purification Kit (QIAGEN). 

 

 Temperature/time 

Initial Denaturation 94ºC / 5 min 

3 Step Cycle  

Denaturation 94ºC / 1 min 

Annealing 55ºC / 2 min 

Extension 72ºC / 3 min 

Nº of cycles 35 

Final extension 72ºC / 7 min 
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II.1.3.1 QIAGEN DNA Purification kit 

 

Briefly, 5 volumes of PB Buffer were added to the DNA, and the mix was applied to a 

QIAquick column and centrifuged at 14,000 RPM for 1 minute. Then it was washed with 

750µl of PE buffer and centrifuged at 14,000 RPM for another minute to remove all 

remaining buffer. After discarding the flow-through, it was centrifuged for another minute. 

The column was placed in a fresh tube and the DNA was eluted with 50µl of sterile water 

and stored at -20ºC, until further use. 

 

II.1.3.2 Sequencing PCR reaction 

 

For the sequencing PCR, 1µl of each primer and 4µl of Ready Reaction Mix were added to 

5µl of each DNA sample and water to a total reaction volume of 20µl. Ready Reaction 

Mix (Applied Biosystems) is composed of: dye terminators, deoxynucleoside 

triphosphates, AmpliTaq DNA polymerase, FS, rTth pyrophosphatase, magnesium 

chloride and buffer.  The reaction mixture was vortexed and spun down for a few seconds. 

The PCR was then performed using the following conditions: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature  Time  Nº of 

Cycles 

96 ºC 1 min 1 

96 ºC 

42 ºC 

60 ºC 

30 sec 

15 sec 

4 min 

 

25 
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Afterwards, the reaction mixture was precipitated with ethanol to eliminate unincorporated 

nucleotides. Concisely, 1/10 volume of ice-cold 3M sodium acetate (pH 5.2) and 2.5 

volumes of 100% ethanol at -20ºC were added to the DNA. This mixture was left at               

-20ºC for 20 minutes in order to precipitate the DNA and centrifuged at 14,000 RPM for 

20 minutes at 4ºC. The pellet was washed with 250µl of 70% ethanol at -20ºC and left for 

5 minutes at -20ºC, before centrifuging at 14,000 RPM for 5 minutes. The pellet was dried 

under vacuum for 7 minutes and, afterwards, applied to an ABI PRISM 310 Genetic 

Analyser (Applied Biosystems). 

 

II.1.4. Restriction fragment analysis of DNA 

 

Previously data refer that some common point mutations create/disrupt recognition sites 

for restriction endonucleases, confirmed in NEBcutter.  In order to screen for some point 

mutations, PCR purified products were submitted to the appropriate restriction enzyme 

analysis with the restriction endonucleases described in Table1. For a typical DNA 

digestion the manufacturer’s instructions were followed:  

 

 100µg/ml DNA 

 1X reaction buffer (specific for each restriction enzyme)  

 1U/µg DNA of restriction enzyme 

 1X BSA (only when described in the manufacturer’s instructions)  

The mixture was incubated at the appropriate temperature for a few hours (or overnight if 

convenient). The resulting fragments were analyzed electrophoretically on a 2.5% agarose 

gel (See sector II.1.2.3). 

 

Table 3-  Restriction endonucleases used for screening for some point mutations. 
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Mutation Exon Restriction Endonuclease Wild type Mutant 

Gly154Ser 

G→A nt715 

4 

 

Bfa I 

(creates recognition site) 

 

200bp 47bp 

153bp 

 

Ala221Ter 

G deletion 

nt916 

5 

 

Alu I 

(disrupts recognition site) 

68bp 

73bp 

189bp 

73bp 

256bp 

 

Asp204Glu 

C→G  nt867 

 

5 

 

Hinc II 

(disrupts recognition site) 

120bp 

210bp 

 

330bp 

Asp156Gly 

A→G nt722 

 

5 

 

Taq I 

(disrupts recognition site) 

65bp 

109bp 

156bp 

156bp 

174bp 

 

Gly188Glu 

G→A nt818 

 

5 

 

Ava II 

(disrupts recognition site) 

76bp 

88bp 

166bp 

254bp 

76bp 

254bp 

 

Asn291Ser 

A→G nt 1127 

6 

 

Rsa I 

(creates recognition site) 

 

238bp 23bp 

215bp 

238bp 

Cys239Trp 

C→G nt972 

6 

 

NIa IV 

(creates recognition site) 

 

320bp 63bp 

257bp 

 



  

  

  

  

  

  

  

  

CCHHAAPPTTEERR  IIIIII  

RREESSUULLTTSS  
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III.1. Restriction fragment analysis of DNA 

 

In order to promote a first screening for some of the most commonly found point 

mutations, genomic DNA from our cohort of Portuguese patients was digested with a 

diversity of restriction endonucleases: Bfa I; Alu I; Hinc II; Taq I; Ava II, Rsa I and  NIa 

IV. We can verify that a different number of samples were tested for the different 

mutations; this was duo to the fact that we took into account the published data consulted, 

therefore we tested more samples for the most frequent mutations(Asn291Ser and 

Gly188Glu) found in the general population for LPL gene.  

 

Digestion of exon 4 from 6 patients (samples 8, 12, 18, 19, 22, 26) with Bfa I yielded a 

single fragment of 200bp (Fig.3) instead of the two fragments of 153bp and 47bp 

respectively, as expected for carriers of the Gly154Ser mutation. 

 

Figure 3- Agarose gel electrophoresis of PCR amplified exon 4 digested with Bfa I, resulting in a 

fragment of 200 bp that correspond to non carriers for this point mutation. M- molecular weight 

marker 100 bp ladder. Lane 1- patient 22, lane 2-patient 70, lane 3-patient 69, lane 4-patient 63. 

  

From 10 patients (samples 8, 12, 18, 19, 22, 26, 63, 70, 71, 4, 69) screened for the 

Ala221Ter substitution, none were positive for the mutation. Digestion of exon 5 with Alu 

I resulted in three fragments of 68bp, 73bp and 189 bp (Fig.4). Instead of the two 

fragments of 73bp and 256bp expected for mutant carriers. 
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Figure 4- Agarose gel electrophoresis of PCR amplified exon 5 digested with Alu I. The fragments had 

73 and 189 bp that correspond to non carriers for this point mutation. M- molecular weight marker 

100 bp ladder. Lane 1- patient 8, lane 2-patient 12, lane 3-patient 18.  

 

Digestion of exon 5 with Hinc II from 11 patients (samples 12, 18, 19, 22, 25, 30, 55, 63, 

70, 71, 4, 69) revealed digestion products with two fragments: one of 120bp and the other 

of 210bp (Fig.5).  None of these patients is a carrier for the Asp204Glu mutation. In that 

case one single fragment with 330bp would be observed.  

 

Figure 5- Agarose gel electrophoresis of PCR amplified exon 5 digested with Hinc II. The fragments 

had 120 and 210 bp that correspond to non carriers for this point mutation. M- molecular weight 

marker 100 bp ladder. Lane 1-patient 12, lane 2-patient 25, lane 3-patient 30, lane 4-patient 19, lane 5- 

patient 22, lane 6-patient 55.    

 

Screening for Asp156Gly in 11 patients (samples 12, 16, 18, 19, 22, 25, 30, 55, 63, 70, 71) 

revealed that all digestion products correspond to non carriers for this point mutation, since 

electrophoresis analysis revealed three fragments with 65bp, 109bp and 156bp respectively 

(Fig.6). Carriers for this mutation should present only two fragments: one with 156bp and 

other with 174bp. 
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Figure 6- Agarose gel electrophoresis of PCR amplified exon 5 digested with Taq I. The fragments had 

65, 109 and 156 bp that correspond to non carriers for this point mutation. M- molecular weight 

marker 100 bp ladder. Lane 1- patient 70, lane 2-patient 63, lane 3-patient 22.  

 

Digestion of exon 5 with Ava II from 36 patients (samples 4, 12, 15, 16, 18, 19, 22, 25, 26, 

29, 30, 32, 38, 55, 56, 57, 63, 69, 70, 71, 77, 81,  82, 87, 98, 100, 112, 113, 115, 116, 121, 

123, 124, 129, 162, 165) yielded two positive assays for the Gly188Glu substitution 

(samples, 4 and 69) ( The resulting fragments obtained had 76bp, 88bp, 166bp and 254bp 

(Fig.7). Identifying these patients as heterozygous carriers for the Gly188Glu substitution. 

The remaining samples yielded only two fragments of 76bp and 254bp respectively, thus 

being negative for this point mutation. 

                 

 

Figure 7- Agarose gel electrophoresis of PCR amplified exon 5 digested with Ava II. The fragments 

corresponding to the non carriers had 76 and 254 bp, sample nº4 had fragments with 76, 166 and 254 

bp wich mean that this patient is heterozygous carrier for the Gly188Glu substitution. M- molecular 

weight marker 100 bp ladder. Lane 1-patient 12, lane 2-patient 22, lane 3-patient 70, lane 4-patient 71, 

lane 5- patient 81, lane 6-patient 15, lane 7-patient 82, lane 8-patient 26, lane 9-patient 113, lane 10-

patient 116, lane 11-patient 4, lane 12-patient 129.    

 

Digestion of exon 6 with Rsa I from 22 patients (samples 12, 15, 18, 25, 29, 32, 38, 43, 56, 

71, 81, 82, 87, 98, 112, 113, 115, 123, 124, 129, 162, 165) also failed to detect the 
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Asn291Ser mutation. The fragment detected in all patients was 238bp in length (Fig.8), 

positive carriers for the Asn291Ser substitution, would be expected to yield fragments of 

23bp, 215bp and 238bp. 

 

Figure 8- Agarose gel electrophoresis of PCR amplified exon 6 digested with Rsa I, resulting in a 

fragment of 238 bp that correspond to non carriers for this point mutation. M- molecular weight 

marker 100 bp ladder. Lane 1-patient 81, lane 2-patient 112, lane 3-patient 38, lane 4-patient 43, lane 

5- patient 81, lane 6-patient 87, lane 7-patient 98, lane 8-patient 115.   

 

All 12 patients (samples 69, 81, 82, 87, 98, 112, 113, 115, 123, 124, 162, 165) screened for 

the Cys239Trp mutation were negative for this substitution (Fig.9). The resuling fragments 

from exon 6 digestion with NIa IV had 320bp in length. Instead, two fragments of 63bp 

and 257bp respectively, would be expected in carriers for this point mutation. 

 

 

Figure 9- Agarose gel electrophoresis of PCR amplified exon 6 digested with NIa IV, resulting in a 

fragment of 320 bp that correspond to non carriers for this point mutation. M- molecular weight 

marker 100 bp ladder. Lane 1-patient 69, lane 2-patient 87, lane 3-patient 98, lane 4-patient 82, lane 5- 

patient 115. 

 

III.2. DNA sequence analysis 

 

In order to attempt to establish the molecular defect underlying the observed 

hypertriglyceridemia in the Portuguese patients selected for this study, we also subjected 

the PCR-amplified DNA to direct DNA sequencing. This analysis also allowed us to 

confirm the results obtained by restriction analysis. Direct sequence analysis of PCR 

amplified DNA, for all the samples in the present study, failed to detect any other 
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mutation.  As expected, no mutations were detected in a group control of 10 control 

patients. Direct sequence analysis of PCR amplified DNA from exon 5 for samples 4 and 

69, did confirm that these patients are heterozygous carriers of a G→A substitution at 

position 1014 of the published cDNA sequence (107). We had to readjust the nucleotide 

position where this mutation can be found (1014 instead of 818 of the published cDNA 

sequence), with the new findings on the cDNA sequence of LPL gene (107). This mutation 

affects the second position of codon 188 and changes the aminoacid from glycine (GGG) 

to glutamic acid (GAG). Direct sequence analysis failed to detect any other mutations 

within the coding sequence of the LPL gene in these 2 patients. The chromatogram 

(Fig.11) shows two peaks (A+G) at nucleotide position 1014 and BLAST sequence 

analysis revealed an identity gap in this nucleotide (Fig.10).  

 

Figure 10- BLAST sequence comparison of LPL exon 5 sequences for patient 4 and 69 and control.  

Arrows indicates a gap in the alignment of the sequences.                                                                                             
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Figure 11- Partial chromatogram of LPL exon 5 from patient 4 and 69. Arrows shows two peaks 

(A+G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wild type                                                                               Mutant                                                                         

 Fig. 12- Comparison of the nucleotide sequence of the normal to the mutant LPL cDNA for 

Gly188Glu, surrounding position 188.  
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IV.1 The lipase gene family 

 

The LPL gene is part of a supergene family of lipases that also includes HL and PL (108-

109). In addition, there is also a limited sequence similarity between LPL and the 

Drosophila yolk proteins (vitellogenins) (108, 109).  Recent studies have implicated two 

other lipolytic enzymes to be closely related members of this lipase gene family, namely 

endothelial lipase (110) and phosphatidylserine phospholipase (111).  Two other members 

of the lipase gene family, PL-related proteins 1 and 2, have been identified and found to 

form a subfamily of PLs (112). 

 

IV.2. Evolution of the lipase genes 

 

As a member of the lipase gene family, LPL has a high degree of primary sequence 

homology to HL and PL (113-115), with conserved residues clustered primarily around the 

central portion of the proteins. The location of the cysteine residues involved in the 

formation of five disulfide bonds in LPL appear also to have been conserved in PL and 

HL, indicating potentially similar tertiary conformation (113, 114, 116,117). This 

phylogenetic relationship among the members of the lipase gene family was been revealed 

by sequence analysis (108). While LPL and HL have 10 exons interrupted by 9 introns in 

identical locations and phases, the PL gene is composed of 13 exons separated by 12 

introns. The first intron for both LPL and HL occurs just downstream from the signal 

peptide-cleavage site for both LPL and HL, whereas the first intron in PL gene separates 

the short 5’-untranslated sequence from the beginning of the coding sequence, and the 

second intron is located immediately after the signal peptide (108). Based on a shared 

organization of intron-exon boundaries along with high sequence homology, it was 

proposed that PL, LPL, and HL were derived from a common ancestor. It was also found 

that LPL and hepatic lipase were more closely related to each other than to PL (108). 

Analyses of the full complement of the lipase gene family indicated that endothelial lipase 
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is even more closely related to LPL than HL, and that phosphatidylserine phospholipase 

A1 diverged earlier from PL than LPL (112).   

The availability of the PL crystal structure and the ever-increasing protein structure 

database has led to the recognition of a superfamily that includes esterases and 

thioesterases (118). Direct sequence comparison revealed that all members share a 

characteristic structural feature surrounding the active site residues called the α/β hydrolase 

fold (118, 119), responsible for maintaining the juxtaposition of conserved residues in the 

active site pentapeptide (120).  The similarity in function, primary sequence, and genomic 

organization of the three genes suggests a common evolutionary origin, and it is likely that 

the three enzymes display analogous secondary and tertiary structure and structure-

function relationships (121). 

IV.3 Structure-function relationships  

 

Molecular biology techniques, such as the construction of chimeric lipases, have been 

applied to investigate the structure-function relationships of HL, PL and LPL (121).  

Recent studies, involving the analysis of chimeric LPL-HL mutants (122-123), have 

suggested that the COOH-terminal domains of LPL and HL may play a role in determining 

the preferred substrate of the respective lipase (124, 125).  

Extensive amino acid homology between these lipases has led to the presumption that they 

have similar three-dimensional structures (9, 126), conservation of disulfide bridges, and 

similarity of lipolytic function. The information gained from several structural and 

functional studies of both lipases has led to the proposal of a model for an active dimeric 

enzyme (122). For example, LPL is a much less efficient phospholipase than HL, even 

though these enzymes have >50% amino acid similarity. Basic differences in lipase 

characteristics provide an opportunity to evaluate the contribution of individual structural 

domains to enzyme function (127). The structure of human PL derived from X-ray 

crystallographic studies forms the basis of current models for HL and lipoprotein lipase 

(128, 129). The enzyme is composed of two domains, with a larger amino-terminal domain 

(NHz-terminal) containing the catalytic site joined by a short spanning region to a smaller 

carboxyl-terminal domain (COOH-terminal) (130). Based on these studies, Ser-152, Asp-

176, and His-263 (131-133), have been identified as the residues forming the catalytic 

Asp-His-Ser triad in pancreatic lipase and Ser-152 appears to be the nucleophilic residue 
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that is essential for catalysis by pancreatic lipase. These amino acids are highly conserved 

among other members of this lipase family, and the homologous residues in human LPL, 

Ser-132, Asp-156, and His-241, are present in LPL from all species analyzed to date (8, 11, 

14, 26, 134).  Characterization of naturally occurring mutations within the LPL and HL 

genes have identified a number of amino acids critical for enzyme activity (135). Some of 

these mutations appear to directly alter specific enzyme functions such as the catalytic site. 

However, most have been interpreted as disrupting the general structural integrity of the 

molecule. The smaller C-terminal domain, although assigned no function, is superficially 

similar in both size and structure to fatty acid-binding protein (FABP) (136).  

The effect of mutations on the function of HL (131, 132) and lipoprotein lipase (121) has 

been reported. N-linked glycosylation was required for lipoprotein lipase activity (123) but 

not for HL activity (131, 132), and replacement of residues at or near the putative active 

site resulted in the production of catalytically incompetent proteins (131, 133). In addition, 

naturally occurring mutations, (deletions, duplications, truncations, and substitutions) have 

been characterized for both lipases (137). However, analyses of this kind often cannot fully 

define structure-function relationships. Such mutations commonly result in inactive 

enzyme, and, in the absence of crystal structure, the precise reason for inactivation remains 

open to conjecture. Recently, studies involving site directed mutagenesis of Ser-132 in 

human LPL (136) and the homologous serine (Ser-147) in rat hepatic lipase (117) have 

indicated the importance of these two residues for enzyme activity of LPL and hepatic 

lipase, respectively.  Human LPL monomer consists of two domains, a larger amino-

terminal domain, and a smaller carboxyl-terminal domain connected by a flexible peptide 

(138, 132). The amino terminal domain comprises: the catalytic triad, Ser-132, Asp-156, 

and His-241 (139); the lid covering the catalytic triad (residues 216-239) (140); three 

positively charged amino acid clusters, that may be binding sites for heparin (141); and the 

binding site for the cofactor apoC-II (141). The C-terminal folding domain includes: two 

sites for binding to α2-macroglobulin receptor/LRP comprising residues 380-384 (142); a 

binding site for heparin and for heparan sulphate proteoglycans (143); and a binding site 

for lipid substrates – tryptophan cluster Trp
390

 – Trp
393

 – Trp
394 

(144), which confers 

substrate specificity to the lipase (145). Despite this similarity, these enzymes differ in 

cofactor requirements, optimal reaction conditions, heparin affinity, and substrate 
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specificity. The underlying structural basis for these differences in functional properties is 

unknown (131, 146). 

 

Table 4- Domain location of structures and functions of the lipase gene family (147). 

 

IV.4 LPL characterization 

 

LPL (triacylglycero-protein acylhydrolase, EC 3.1.1.34), recognized as a multifunctional 

protein, plays a pivotal role in the hydrolysis of triacylglycerols in plasma lipoproteins, 

hydrolyzing triglycerides contained in the core of either chylomicrons or VLDL, causing 

these particles to be transformed into chylomicron remnants and intermediate density 

lipoproteins (IDL) (148) and LDL, respectively. It regulates the distribution of energy in 

the form of free fatty acids and the transport of cholesterol from triacylglycerol-rich 

particles to low and high density lipoproteins (LDL and HDL) (146). LPL protein may also 

function as an apolipoprotein, incorporating the surface of various lipoproteins to promote 
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 Surface loops and lid 

 

 Colipase binding 

 Micelle binding 

 Lid, in open conformation 
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 ApoC-II binding 
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binding to the LDL receptor-related protein/α2-macroglobulin receptor, LDL receptor and 

extracellular proteoglycans.  The LPL protein can be functionally divided into major 

domains: a NH2-terminal domain containing the catalytically active site and a COOH-

terminal domain (13). The latter is essential for catalytic activity (11), binds lipoproteins 

(14), and is probably responsible for the LPL-mediated catabolism of triglyceride-rich 

lipoproteins by the LDL receptor-related protein/ α2-macroglobulin receptor (26). The 

action of LPL occurs at the luminal surface of vascular endothelium to which it is anchored 

by a membrane-bound heparan sulfate glycosaminoglycan chain. The synthesis of LPL, 

however, occurs in parenchymal cells, primarily adipose tissue and skeletal muscle from 

which it is secreted and transported by an unknown mechanism to the intimal surface of 

the vascular endothelium where it binds to the heparan sulfate proteoglycans. Active LPL 

is a noncovalently linked homodimer of two glycoprotein chains each of 50 kD (149, 150), 

bound to the surface of endothelial cells via heparan sulphate proteoglycans (HSPGs), 

from which it can be released by heparin (151). Dissociation of the LPL dimer into 

monomers leads to an irreversible loss of catalytic function (151). For optimal activity 

against long-chain triglycerides, LPL requires the presence and binding of ApoC-II.  LPL 

activity has been observed in a wide variety of tissues including adipose, heart, skeletal 

muscle, lung, mammary gland, brain, kidney, and macrophages (152). 

IV.5 Structure of the LPL gene 

 

The human LPL gene has been assigned to chromosome 8p22 (short arm of chromosome 

8) (120). It extends over 30 kb, and consists of 10 exons (153) (Fig.13).  

 

 

Figure 13 - Schematic representation of the exons (numbered)/ introns organization of the LPL gene. 

 

The first exon encodes 188 nt of 5’-untranslated sequence and coding sequence for the 

entire signal peptide plus the first two amino acid residues of the mature protein (154). 
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Exons 2 through 9, encodes the remaining 446 amino acids of the coding sequence, 

beginning with the codon for the third aminoacid of the mature protein and ending with the 

translation stop codon.  The unusually long 3'- untranslated sequence of LPL mRNA (153), 

encompassing 1948 nt, is encoded in the tenth and final exon.  Certain regions of the LPL 

gene are more highly conserved than others. The strictly conserved catalytic triad residues, 

Ser132-Asp156-His241 (155, 156), span 3 different exons (exons 4, 5, and 6). 

Wion et al. (157) elucidated the cDNA sequence of human LPL. The gene encodes a 

proprotein of 475 amino that contains a signal peptide. Cleavage of the signal results in a 

mature protein of 448 residues.  

Sparkes et al. (120) used a cDNA probe for lipoprotein lipase to map the LPL gene to 8p22 

by Southern blot analysis of somatic cell hybrids and by in situ hybridization. 

Mattei et al. (158) likewise used in situ hybridization to map the LPL gene to 8p22. 

Linkage studies by Emi et al. (159) indicated that the LPL gene is located about 11 cM 

proximal to the MSR1 locus, which is also located in the 8p22 band. cDNA clones 

corresponding to the entire coding region of mature lipoprotein lipase were identified by 

antibody screening of a mouse macrophage library and sequenced. Recent sequence 

analysis of human lipoprotein lipase cDNA indicates that the majority of the noncoding 

region occurs at the 3’ end and that multiple mRNAs result from alternative use of two 

polyadenylation signals (111). 

IV.6 Binding of LPL to heparin 

 

Release of LPL from the adipocytes is required for LPL to migrate
 
to its physiological site 

of action on the luminal surface of capillary
 
endothelial (160). The interaction allowing 

LPL to hydrolyze circulating TG into FFAs while it is bound to the luminal surface of 

endothelial cells is highly dependent on LPL binding to surface heparan sulfate 

proteoglycans (HSPGs). Heparin binding is important for biological actions of a number of 

proteins including enzymes, growth factors, cytokines, and coagulation proteins. In some 

situations, association with HSPGs appears to concentrate proteins near signaling and 

endocytosis receptors (161).  

This interaction between LPL and heparan sulfate is mediated by molecular domains of 

high structural specificity. Studies involving creation of chimeric molecules that used 

regions of LPL and HL showed that high affinity heparin binding requires the carboxyl 
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terminal region of LPL (162, 163). Some in vitro experiments suggested that the carboxyl-

terminal region of LPL contains a major heparin-binding region (164), a study by site-

directed mutagenesis has demonstrated that Lys 321, Arg 405, Arg 407, Lys 409, and Lys 

416 form the major heparin-binding site of LPL (164). 

Heparin binding via this carboxyl-terminal region is required to maintain LPL activity and 

probably prevents the conversion of the enzyme into inactive monomeric subunits (164). 

So, binding to heparin increases the stability of the enzyme under physiological conditions 

(165), either by displacing the equilibrium between dimeric and monomeric forms through 

its binding to both subunits or by inducing a conformational change which directly 

enhances subunit association.  

LPL binding to HSPGs on the luminal side of endothelial cells concentrates LPL in sites of 

enzyme synthesis like adipose tissue and muscles. This is hypothesized to promote local 

uptake of LPL-generated fatty acids into those tissues. A second role of LPL binding to 

HSPGs may be to stabilize the enzyme on its endothelial-binding site. In vitro data have 

demonstrated that LPL is rapidly inactivated at 37°C, and this loss of activity is partially 

prevented by inclusion of heparin in the incubation.  Heparin binding may be required for 

efficient removal of LPL from the bloodstream. Support for this role of heparin binding 

comes from experiments showing that heparin injection into animals delays clearance of 

LPL by the liver (166). 

 

IV.7 LPL Regulation 

 

Lipoprotein lipase activity has been observed in a wide variety of tissues including 

adipose, heart, skeletal muscle, lung, mammary gland, brain, kidney, and macrophages. 

The enzyme is regulated in a complex, poorly understood manner with its activity 

changing in various tissues in response to energy requirements. For example, adipose 

lipoprotein lipase activity is high in fed animals and low during fasting whereas the 

reciprocal is true in heart and skeletal muscle. Insulin, glucocorticoids, catecholamines, 

heparin, cAMP, prolactin, triiodothyronine, and other hormones have all been suggested to 

play a role in lipoprotein lipase regulation (111, 155, 167). Insulin has been show to 

regulate LPL activity. In diabetic rats and humans, insulin deficiency is associated with 

low adipose tissue LPL activity, which is increased by treatment with insulin. In isolated 



 54 

human and rat adipocytes, and cultured 3T3-Ll adipocytes, insulin increases LPL activity 

(156). LPL activity can be altered in a tissue-specific manner, which is physiologically 

important because it directs fatty acid utilization according to the metabolic demands of 

individual tissues so that the degradation of TGs can be targeted to specific sites. For 

example, fasting results in a reduction in LPL activity in adipose tissue but an increase in 

cardiac tissue (168-171); as a result, fatty acids are diverted away from storage in adipose 

tissue to meet the metabolic demands of the heart under conditions of caloric deprivation. 

Another example is the dramatic increase in mammary gland LPL activity with a 

corresponding decrease in adipose tissue LPL activity during lactation (172, 173), so that 

circulating triacylglycerols are preferentially utilized for milk production.  

The regulation of LPL is also important in some clinical disorders of lipid metabolism, 

such as obesity where fat cell LPL activity is markedly elevated (174). cAMP-mediated 

decreases in LPL activity have been attributed to decreased LPL synthesis and decreased 

LPL catalytic efficiency (175). 

IV.8 Mutations in the LPL gene 

 

At present, more than 120 types of mutations that lead to LPL deficiency have been 

investigated. The majority of the mutations have been located in exons 5 and 6 (176), the 

most conserved regions of the LPL gene, with a minority located in exon 3, and one 

mutation reported in exon 1 (167). Many of these mutations in the LPL gene have been 

implicated in a number of disease states, especially in Type I hyperlipoproteinemia 

syndrome (177). This syndrome is characterized by fasting chylomicronemia, normal or 

marginally increased VLDL levels, and decreased LDL and high density (HDL) 

lipoprotein concentrations (178, 179). Mutations in the LPL gene have been linked to other 

diseases: Alzheimers disease risk was increased in Asn291Ser carriers (180) and decreased 

or not affected by Ser447stop (181). Hypertension was linked to the LPL gene locus, but 

only in some studies (182, 183). In heterozygote LPL deficiency, severe 

hypertriglyceridemia and pancreatitis can occur during pregnancy and with diabetes (184, 

185). Carriers of Asn291Ser or the combined Asp9Asn/T-93G mutations may have an 

increased risk of pre-eclampsia (186). In addition, a lowering of LPL activity occurs in 

cachexia, a syndrome characterized by severe weight loss and hypertriglyceridemia 

(187,188). The clinical syndrome of LPL deficiency presents with abdominal pain, 
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pancreatitis, eruptive xanthomata, hepatosplenomegaly, and failure to thrive (189). LPL 

deficiency is a rare disorder occurring with a frequency of at least 1:1 million in most parts 

of the world (189). However, a significantly increased frequency of this disease has been 

found in French Canadians in certain regions of Quebec, where the frequency of affected 

persons reaches between 1:5,000 and 1:10,000 with carrier frequencies of up to 1:40 (134).   

More than 40 different mutant alleles of the LPL gene have so far been detected in 

individuals with familial LPL deficiency.  All of these mutations, which include single 

base substitutions, deletions, insertions, and partial duplications, are located within the 

LPL structural gene. The frequency of carriers of LPL mutant alleles in the population is at 

least 1/500 individuals (190). The diagnosis of familial LPL deficiency can be made based 

on the presence of decreased LPL activity (5). As above, most of the genetic defects in the 

LPL gene are located in exons 5 and 6, which code for amino acids 154 to 285 of the 

mature protein and correspond to the N-terminal region of the enzyme (191, 191), but 

some mutations are located within the C-terminal portion. These include two truncated 

forms of LPL, Trp382Ter (193) and Ser447Ter (194), and some missense mutations, such 

as Ala334Thr (195); Glu410Val (83); Cys418Tyr (196); and Glu410Lys (197).  Mutations 

in the LPL gene usually induce a reduction in LPL activity and may predispose to 

dyslipidemia and cardiovascular disease (198). There are two common mutations in LPL 

gene, an Asp9Asn substitution in exon 2 and a T-to-G transition at position 3 of the 

proximal promotor region (12). The LPL Asp9Asn mutation is in nonrandom association 

with a T-to-G substitution at position 93 of the proximal promotor region, and the 

combined 93G/Asn9 genotype predisposes to decreased HDL cholesterol and an increased 

risk of CAD (12). Recently, a more common serine for asparagine substitution at residue 

291 (Asn291Ser) in exon 6 of the LPL gene has been described that is observed with high 

frequency, ranging from 2% to 5% in different populations. This common Asn291Ser LPL 

mutation significantly influences the risk for cardiovascular disease in patients with 

familial hypercholesterolemia. A fourth LPL variant, Ser447Ter nonsense mutation, does 

not impair LPL enzyme activity (199). 

In this study we have found 2 unrelated hypertriglyceridemic patients carrying LPL loss-

of-function mutation Gly188Glu in exon 5. This mutation was first described by Emi et al 

(200) in a patient with lipoprotein lipase deficiency; the patient was homozygous for a 

G→A transition at nt 818 in exon 5 of the LPL gene (155). Exon 5 codes for the amino 
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acids 154 to 231 of the mature LPL enzyme protein (155, 201), and it’s one of the most 

common exon for mutations. The region from 154 to 231 amino acids is highly conserved 

in different species and shows strong homology to both HL and PL (202, 203). 

This missense mutation at residue 188 of LPL results in the substitution of a glycine by 

glutamic acid and leads to a completely catalytically defective enzyme. Heterozygosity for 

the Gly188Glu substitution, however, does not lead to LPL deficiency (204, 205).  

Nevertheless, Hata et al (205) suggested that mutations in the exon 5 may affect protein 

folding and stability, rather than its catalytic activity directly.  

Wilson et al (199) described in vitro studies of exon 5 mutants that result in clinical LPL 

deficiency, such as Ala176Ter, Gly195Glu, Ser244Ter, and including Gly188Glu.Wild 

type and mutant sequences were expressed in vitro in COS-1 cells and heparin binding was 

assessed by high-resolution affinity chromatography. For all of these mutants a 

catalytically inactive protein with reduced affinity for heparin was detected in the culture 

media by specific ELISA. Thus, this substitution (Gly188Glu) appears to be critical for 

catalytic activity of human LPL, but does not appear to affect normal catalytic activity of 

HL (204). This may further suggest that this residue is not the active site for LPL or any 

other lipase, but rather effects catalytic activity through an indirect mechanism (206). 

Species conservation provides additional evidence for biological significance of certain 

regions. The two largest segments of the LPL protein that share complete homology among 

human, bovine, guinea pig, mouse, and cow are residues 178-210 in exon 5 and residues 

287-320 which span part of exon 6 and 7 (207). This high degree of conservation strongly 

suggests that this domain is important for the catalytic activity of these enzymes.  

In fact, there is complete amino acid identity extending between residues 178-210 of 

human (208), and mouse (209) LPL (Table 5).  

Table 5-Amino acid sequence comparison between  human and mouse LPL: residues 178 to 210. 

H
u

m
a
n

 

Arg Ile Thr Gly Leu Asp Pro Ala Gly Pro Asn Phe Glu Tyr Ala Glu Ala 

Pro Ser Arg Leu Ser Pro Asp Asp Ala Asp Phe Val Asp Val Leu His  

M
o
u

se
 

Arg Ile Thr Gly Leu Asp Pro Ala Gly Pro Asn Phe Glu Tyr Ala Glu Ala 

Pro Ser Arg Leu Ser Pro Asp Asp Ala Asp Phe Val Asp Val Leu His  
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Furthermore, the predicted 3-D structure of LPL suggests that some of these residues are 

located on the hydrophobic surface loops, which can influence substrate binding or dimer 

formation and stability (209). 

Osborne et al. (209) have shown that for normal LPL, inactivation occurs spontaneously as 

a result of dissociation of the LPL dimer into monomers that then rapidly and irreversibly 

lose activity and conformation. Two other studies on the Gly188Glu (22) and Ala176Thr 

(15) LPL mutants reported that these defective LPL proteins bound with decreased affinity 

to heparin-Sepharose, as would be expected if they were present as a partially denatured 

LPL monomer (203). The amino acid substitution of residue 188 alters the charge of the 

molecule and significantly impairs catalysis (205), since Glu is a higly positively charged 

aminoacid. Biochemical and structural evidence indicate that the triad formed by Ser-152, 

His-263, and Asp-176 represents the lipolytic site for human PL (210). The active site Ser 

152 (which corresponds to Ser 132 in hLPL) is blocked by a loop between residues 237 to 

261. Repositioning of this loop is necessary to allow accessibility of the active site to 

substrate and may be influenced by side chains in intimate contact with the loop (210). The 

described mutation does not affect the catalytic site but may influence catalysis by 

modulating accessibility of the substrate to the active site of hLPL by affecting tertiary 

structure (205). 

The three-dimensional structure of hLPL is likely to provide answers to some of these 

questions. Interestingly observed amino acid substitution of glycine for glutamic acid 

extends the homology between abnormal (mutant) human LPL and human and rat hepatic 

lipase for an additional residue (Table 6). 
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Table 6 - LPL of all species shares complete homology with human and rat hepatic lipase between 

residues 182-187 (18). Complete homology with human and rat hepatic lipase between residues 181-

188 (189).  

 

 

 Residue 188 is the center of the loop linking strand 9 to strand 10 (Pro209 in PL). This 

residue is a part of one of the three variable loops in the neighbourwood of the catalytic 

site, so its mutation is likely to affect the enzyme’s activity by modulating accessibility of 

the substrate to the active site of LPL. In the wild type structure, the side chain of glycine 

is just a hydrogen atom that does not sterically hinder or restrict the polypeptide. Glycine 

often occurs in locations where tight chain folding does not leave room for a larger side 

chain. By replacing glycine for glutamate, the sterical structure has to change to 

accommodate the large side chain (200). The conformational change may cause a loss of 

enzyme function. Beside, in the neighbouring loop of the “lid” there is another negatively 

charged residue in LPL (Glu), and thus the two introduce electrostatic repulsion, also 

affecting tertiary structure (192). Monsalve (204) et al found 11 of a total of 38 French 

Canadian mutant alleles to contain this single nucleotide substitution. An additional 50 

alleles from 24 unrelated persons of Dutch, East Indian, Javanese, Columbian, Turkish, 

English and Polish descents were examined. All these patients had demonstrated LPL 

deficiency (204). The clinical consequences of being a carrier for lipoprotein lipase 

deficiency are yet to be determined. However, recent evidence suggests that these subjects 

might have variable hyperlipidemia with an increased predisposition to atherosclerosis 

(178). The detection of carriers of this mutation with allele specific oligonucleotide probes 

may be the first step toward the identification of other factors, whether genetic or 

environmental, which lead to the expression of hypertriglyceridemia. That as yet 

Human LPL Asp 

180 
Val Leu His Thr Phe Thr Arg 

Gly 

188 
Ser 

Mouse, Guinea 

pig, 

and Bovine LPL 

Asp 

180 
Val Leu His Thr Phe Thr Arg 

Gly 

188 
Ser 

Human and Rat 

HL 

Asp 

196 
Ala Leu His Thr Phe Thr Arg 

Glu 

188 
His 

Mutant LPL Asp 

180 
Val Leu His Thr Phe Thr Arg 

Glu 

188 
Ser 
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unidentified factors modulate the expression of the heterozygous state for LPL deficiency 

is supported by the observation of a normal lipid profile in some carriers, or of 

hypertriglyceridemia in noncarriers (200). 

Homozygosity for the Gly188Glu mutation results in absence of enzyme protein. By 

hybridization of DNA from multiple family members with allele-specific probes for the 

Gly188Glu mutation, Wilson et al (199) detected 29 relatives of a homozygous proband 

who were carriers of the mutant allele. They found that these individuals were prone to a 

form of familial hypertriglyceridemia that was age modulated, with differences between 

carriers and noncarriers observed only after age 40.  

Yang WS et al (207) identified a naturally occurring mutation in the promoter of the LPL 

gene in patients with familial combined hyperlipidemia. The mutation, a T-C substitution 

at nt 39, occurred in the binding site of the transcription factor Oct-l. As a result, the 

transcriptional activity of the mutant promoter was <15% of wild type, as determined by 

transfection studies in the human macrophage-like cell line THP-1. Thus, heterozygosity 

for LPL promoter mutations may be one of several factors that contribute to the etiology of 

FCHL (207). Furthermore, screening for this mutation in persons of a similar origin who 

present with premature atherosclerosis and comparison with a control group will help to 

determine whether this mutation is associated with predisposition to increased 

atherogenesis in this community (211). 

 Yu XH et al (212), revealed two mutations, one of which was a novel homozygous G-C 

substitution, resulting in the conversion of the translation initiation codon methionine to 

isoleucine (LPL-1). The second was the previously reported heterozygous substitution of 

glutamic acid at residue 242 with lysine (LPL-242) in exon 6.  In vitro expression of both 

mutations separately or in combination demonstrated that LPL-1 had approximately 3% 

protein mass and 2% activity, whereas LPL-242 had undetectable activity but normal mass. 

The combined mutation LPL-1-242 exhibited similar changes as for LPL-1, with markedly 

reduced mass, and for LPL-242, with undetectable activity. These results suggest that the 

homozygous initiaton codon mutation rather than the heterozygous LPL-242 alteration was 

mainly responsible for the patient severe hypertriglyceridemia and recurrent pancreatitis, 

and subsequent   decreased LPL activity (212). 

The underlying molecular defects that lead to a deficiency of LPL have been investigated 

(213, 214). Although several major gene rearrangements (215-217) as well as single point 
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mutations resulting in abnormal splicing (218-220) or the introduction of premature stop 

codons (206, 221-223) have been identified, most LPL gene defects are missense 

mutations that are located in the amino-terminal region of the enzyme and lead to the 

synthesis of an inactive LPL ( 213, 224-227).  In one reported study, Rouis et al (228) has 

identified a patient as homozygote for two point mutations in the LPL gene. DNA 

sequence analysis was performed, as well as digestion of patient DNA with Bcl I and Asu 

I. Functional analysis of both mutations, using an in vitro expression system, revealed 

normal expression of all mutant lipases and demonstrated that substitution of Tyr262His 

results in markedly reduced LPL dimer stability, leading to impaired lipolytic activity of 

the mutant enzyme. Thus, replacement of Tyr262His may enhance the formation of 

inactive monomer, with reduced heparin binding properties, ultimately leading to enhanced 

catabolism of the mutant lipase in vivo. This substitution might ultimately affect lipase 

interaction with cell wall glycosaminoglycans and lead to enhanced catabolism of unbound 

enzyme, as the liver avidly takes up monomeric LPL via heparin-insensitive sites (166, 

229). 

In this study, involving 44 Portuguese patients with hypertriglyceridemia, we have found 

two heterozygote carriers for Gly188Glu mutation. Taking into account the number of 

patients studied, and based on a study previously described involving the Portuguese 

population in the same parameters that reported 7 hypertriglyceridemic patients carrying 

LPL mutations; Asn291Ser in 5 of them, and Gly188Glu in 2 of them, we consider that our 

results have left us short of expectations. Given the number of mutations reported in this 

study (230) where patients carriers of these mutations showed plasma triglyceride levels 

between 307 to 455 mg/dl, and from 1617 to 3191 mg/dl, whereas plasma triglyceride 

levels of the two heterozygotes with the missense mutation in our study, where much lower 

(241 and 209 mg/dl respectively) .We can say that there is a significant difference between 

them; which may explain such results. Accordingly, we can hypothesize that mutations on 

the LPL gene may constrain higher values of triglycerides and thus explain the results 

obtained. Other factors that may explain the low frequency of the mutations found can be 

due to operator’s error and the possible occurrence of shortcomings in the implementation 

of some techniques carried out in this study. Nevertheless, it is possible that the Portuguese 

population has a low incidence of LPL mutations, meaning that the majority of 
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hypertriglyceridemias have other causes that merit investigation and may have clinical 

implications, as the response to diet and drug treatment might not be the same. 

Apart from moderate hypertriglyceridemia (shown before), both patients in our study have 

decreased HDL cholesterol. Patient 69 also has hypercholesterolemia. 

High TG concentration predisposes HDL particles to the hydrolysis by HL. In addition, 

one study (231) reported that postprandial
 
clearance of TRLP is severely delayed,

 
which 

may expose lipoproteins to oxidation. Moreover, reverse
 
cholesterol transport may be 

impaired as a result of an alteration
 
in the composition of HDL particles, which are cleared 

more
 
rapidly from the circulation. 

The reduction of LPL activity leads to increased TGs, decreased HDL, and therefore 

premature atherosclerosis (232). At least three different mechanisms could account for a 

defective LPL function leading to premature atherosclerosis and heart disease:  

1) Slower conversion of chylomicrons and VLDL particles due to reduced TG hydrolysis 

could lead to a longer half-life of the intermediate sized lipoproteins in plasma 

(chylomicrons remnants, small VLDL and IDL); such particles appear to be more easily 

trapped in the vessel wall, and may therefore promote atherogenesis (233). 

2) A decreased TG catabolism could decrease transfer of excess surface material from 

chylomicrons and VLDL particles to nascent HDL particles, whereby fewer of such 

particles would be available for reverse cholesterol transport (234). 

3) Elevated plasma TG have been shown to be associated with a subclass of small, dense 

LDL particles that by themselves are more atherogenic than normal LDL particles (219).  

Several studies have been performed to identify the factors that contribute to the 

expression of hypertrigliceridemia in heterozygous carriers of one defective LPL allele. 

Obesity, age over 40 years, pregnancy, and insulin resistance have been implicated in 

elevation of plasma triglyceride levels in heterozygotes. 

Regulatory factors of LPL gene expression such as insulin deficiency, and changes in other 

proteins such as apoC-II levels, might partially accounted for lowering of LPL activity 

(235). This combined with the fact, that there are other factors that cause 

hypertriglyceridemia, such as mutations on HL gene, diabetes mellitus, obesity, sedentary 

habits, can explain the high number of patients non carriers for mutations on the LPL gene 

that had hypertriglyceridemia. On the other hand, hyperinsulinemia, adiposity, or apoE can 

modify the effects of mutations on LPL gene. Therefore, the possible absence of these 
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situations can explain the fact that the two heterozigotes carriers of Gly188Glu mutation 

had only moderately high triglyceride plasma levels, and not largely increased TG. Also, 

being heterozygotes, the activity of LPL was at least 50% of normal, what, in most cases, 

in enough to maintain normal or almost normal fasting triglycerides, although there usually 

is a significant increase in post-prandial triglyceridemia. 

To further elucidate what determines elevation of TG among carriers of heterozigotic 

mutations, we suggest that several variables such as LPL activity should be tested in vitro, 

and it would be important to evaluate the genetic risk assessment and the use of family 

history and genetic testing to clarify genetic status for family members.  

 It would be important to restrict the patients dietary intake of fat to test whether  elevated 

plasma values of TG from patients carriers of mutations are correctable by the 

improvement in dietary habits, such as alcohol consumption, as a diet surcharge is usually 

necessary to unchain high triglyceride levels in patients with a heterozygote defective  

LPL. The underlying metabolic mechanism that causes elevation of TG among midly LPL 

deficient heterozigotes is most likely overproduction of VLDL (235). This, together with 

the fact that apoB is a constituent of VLDL was also of interest to study the determinants 

of VLDL TG among the predictor variables (mutations, LPL activity, apoE-IV, serum 

insulin, age). In agreement with the previous analysis, it was found that the presence of the 

mutant allele for Asn291Ser was a strong positive determinant of VLDL TG levels 

whereas LPL activity had an equally strong and independent but inverse association (235). 

Thus, it seems that the presence of the mutation in that study subjects not only caused 

somewhat lower LPL activities but also was associated with some other characteristic that 

results in hypertriglyceridemia. In the near future, and in order to understand the 

underlying factors for dyslipidemias, it would be important to optimize a laboratory 

screening test to rapidly check for a defective LPL. Sequence analysis is a lengthy process 

and with high economic costs. DNA sequencing is the most sensitive method for finding 

DNA polymorphism and mutations (236).  The clinical presentation of LPL deficiency is 

quite varied (197). Most cases are detected in the first decade of life but diagnosis has been 

reported as late as in the sixth decade. Environmental factors, especially dietary intake and 

pregnancy, may modulate the clinical phenotype. However, it is also possible that different 

mutations in the same gene will result in different clinical phenotypes (200). LPL 

deficiency occurs with the highest reported worldwide frequency in the French Canadian 



 63 

population. The study of mutations in the LPL gene is likely to provide clues to which 

regions of the LPL protein are crucial for specific functions (200). In the near future it is 

likely that more defects in the LPL gene that cause moderately elevated triglyceride levels 

and a less severe clinical picture will be discovered. At the present time it seems obvious 

that a proportion of hypertriglyceridemia in the general population is caused by defects in 

the gene coding for lipoprotein lipase. This suggestion is supported by a recent finding that 

up to 30% of severe hypertriglyceridemic subjects may have functionally defective LPL 

(210). 
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APPENDIX I – Reagents and solutions 
 

 

 

Solutions 

 

 50X TAE Buffer 

 121g Tris base 

            350 ml H2O 

 28,6ml glacial acetic acid 

 50ml 0.5M EDTA (pH 8.0) 

SDS-PAGE Solutions  

 

 

 LGB (Low Gel Buffer) 

 To 900ml of deionised H2O add:  

181.65g Tris  

 4g SDS  

 Shake until the solutes have dissolved. Adjust the pH to 8.9 and adjust the volume to 

1L with deionised H2O. 

 

 

 UGB (Upper Gel Buffer) 

 To 900ml of deionised H2O add:  

75.69g Tris  

 Shake until the solute has dissolved. Adjust the pH to 6.8 and adjust the volume to 1L 

with deionised H2O. 

 

 

 30%Acrylamide/0.8% Bisacrylamide 

 To 70ml of deionised H2O add: 

 29.2g Acrylamide  

 0.8g Bisacrylamide  



 Shake until the solutes have dissolved. Adjust the volume to 100ml with deionised 

H2O. Store at 4ºC. 

 

 

 

 Loading Gel Buffer 

250mM Tris-HCl (pH 6.8) 

8% SDS 

40% Glycerol 

2% 2-mercaptoethanol 

0.01% Bromophenol blue 

 

1X Running Buffer 

25mM Tris-HCl (pH8.3) 

250mM Glycine 

0.1% SDS 

 

1X Transfer buffer 

25mM Tris-HCl (pH8.3) 

192mM Glycine 



 

APPENDIX II - Characteristics of the study subjects 
 

 

 

 

 

 

 

 

SAMPLE TG (mg/dl) GLICEMIA (mg/dl) TOTAL-C (mg/dl) C-HDL (mg/dl) AGE SEX 

3 152 90 267 42 46 M 

4 241 93 194 33    44 F 

7 152 99 183 52    37 M 

8 201 107 215 34 60 M 

12 38 71 109 58 20 M 

15 150 97 188 31 50 M 

16 220 93 362 46 52 F 

18 291 90 245 39 47 M 

19 186 88 167 28 44 M 

22 574 86 188 22    53 M 

25 285 90 186 37 40 M 

26 142 88 223 37 52 M 

28 723 114 379 42 61 F 

29 217 86 164 35 39 F 

30 162 85 332 47 46 F 

32 220  98 201 40 60 F 

38 120 99 228 50 65 M 

40 276 90 306 52 48 F 

43 191 100 157 36 30 M 

45 218 107 253 58 43 M 

55 229 85 291 56 58 F 

56        950 96 188 32 49 F 

59 51 98 210 53 29 F 

60 63 87 162 63 23 F 

62 98 86 204 69 23 F 

63 94 95 244 47 23 M 

68 154 94 199 38 20 M 

69 209 117 285 47 41 M 

70 39 74 166 67 24 F 



 

 

SAMPLE TRG (mg/dl) GLICEMIA (mg/dl) TOTAL-C (mg/dl) HDL-C (mg/dl) AGE SEX 

71 71 85 170 68 24 F 

72 78 81 266 69 23 F 

75 121 102 267 44 61 M 

77 269 87 189 50 37 M 

81 225 155 192 44 47 M 

82 235 91 196 35 42 M 

87 202 80 174 54 24 F 

91 97 109 258 57 60 M 

98 164 69 273 71 23 F 

100 112 80 175 50 22 M 

108 67 74 170 64 22 F 

112 112 73 203 45 26 F 

113 183 222 167 36 32 M 

115 284 92 225 49 57 F 

116 220 112 250 43 44 M 

121 137 101 250 63 39 M 

123 114 91 252 108 24 F 

124 127 75 213 69 23 F 

129 153 79 197 59 28 M 

135 157 77 185 52 23 F 

140 155 82 173 59 26 F 

162 261 100 203 42 59 M 

165 159 73 264 94 26 F 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix III 
 

Oligonucleotide primers used for PCR amplification 

(Sequences derived from published data
(107)

 and certified using BLAST) 

 
 

Exon 

 

Sequence 

 

5’-

intron(bp) 

Amplified 

exon 

 (bp) 

 

3’-intron 

(bp) 

 

Total 

size 

(bp) 

1 5’-CAAGTGACAAACAGGATTCGTC-

3’ 

5’-CCCGCCGGGTCTGCAGGTGG-3’ 

391 273 45 709 

2 5’-CTCCAGTTAACCTCATATCCA-3’ 

5’-CAATCCACTCTTCCCCAAAGAG-3’ 

36 161 32 229 

3 5’-GGTGGGTATTTTAAGAAAGCT-3’ 

5’-AAAACACTGTTTTGGACACAT-3’ 

38 180 32 261 

4 5’-TTGGCAGAACTGTAAGCACCT-3’ 

5’-AGTCTTTTCACCTCTTATGATA-3’ 

43 112 46 201 

5 5’-ATGCGAATGTCATACGAATGG-3’ 

5’-GAGTCACATTTAATTCGCTTC-3’ 

61 234 35 330 

6 5’-TCTGCCGAGATACAATCTTGG-3’ 

5’-CTCCTTGGTTTCCTTATTTAC-3’ 

39 243 38 320 

7 5’-CTGAATTGCCTGACTATTTGG-3’ 

5’-GGGACTGGTGCCATGATGAC-3’ 

76 121 40 237 

8 5’-GCTGATCTCTATAACTAACCAA-3’ 

5’-ATACAGCCCCTAGGTCCTGA-3’ 

43 183 67 293 

9 5’-TGTTCTACATGGCATATTCAC-3’ 

5’-TCAGGATGCCCAGTCAGCTT-3’ 

39 105 37 181 

10 5’-GAAGATAATAAATTGCCCTTT-3’ 

5’-GAATTCCAATTAAAATAGGAG-3’ 

40 380 ___ 420 

 

 


