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Abstract 

The progress of human society outpaces our biological evolution, and this brings 

unexpected health problems. The industrial revolution brought up dramatic 

changes in nutrition and lifestyle – we are increasingly shifting towards a 

nutrient-rich Western-patterned diet and to a sedentary lifestyle. Unfortunately, 

our energy metabolism is not fully capable to adapt to these changes. The excess 

of nutrients has led to global epidemics in obesity, type 2 diabetes, and 

cardiovascular diseases. To battle this, medical research has focused on the 

metabolism of sugars and cholesterol, whereas the fate of triglycerides, the major 

dietary lipid, has received less attention. Recently it became clear that blood 

triglycerides are connected to the development of type 2 diabetes and 

cardiovascular diseases. As a result, triglyceride metabolism became a focus of 

attention in both basic and clinical research. 

Lipoprotein lipase (LPL) is the cornerstone of blood triglyceride metabolism. This 

means that LPL must be tightly regulated in response to the nutritional state of 

the body, and to the needs of particular tissues. LPL is produced and secreted by 

cells that store triglycerides or use them for generation of energy. After secretion, 

LPL stays attached to the capillary endothelium where it hydrolyses triglycerides 

from the triglyceride-rich lipoproteins. LPL is relatively unstable and the 

instability is a key property in its physiological regulation since transcriptional 

control of LPL does not respond to the metabolic changes fast enough. Instead, 

LPL is regulated by two groups of proteins – plasma apolipoproteins, which serve 

as activators or inhibitors of LPL, and angiopoietin-like (ANGPTL) proteins, 

which irreversibly inactivate LPL in the tissues which do not require triglycerides.  

One aim of my thesis was to study the effects of ANGPTL proteins on LPL 

structure and function. In papers I and II, using various biophysical and 

biochemical methods, we studied the effects of ANGPTL3, 4 and 8 on LPL 

structure and function. All data supported the concept that LPL is inactivated by 

dissociation of active dimers to monomers. Additionally, we describe the 

molecular basis for complex formation between ANGPTL3 and 8, as well as a 

novel complex between ANGPTL4 and 8 with unique properties. The other aim 

of my thesis was to perform an in-depth study of rate-limiting factors that control 

the activity of LPL in human plasma. In papers III and IV we study LPL activity 

using an isothermal titration calorimetry-based assay directly in plasma samples. 

We found that the normal variation in plasma levels of either ANGPTL proteins 

or apolipoproteins had no significant impact on LPL activity. Instead, the 

strongest determinant for LPL action was the size of the triglyceride-rich plasma 

lipoproteins. 
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Background 

Triglycerides 

Triglycerides, otherwise known as triacylglycerols or triacylglycerides, are the 

main constituent of human fat and a long-term energy storage molecule in our 

body. This is due to the energy density of the molecule – 1 gram of triglycerides 

yields 9 kcal, whereas carbohydrates and proteins yield 4 kcal per the same 

weight. Additionally, unlike carbohydrates and proteins, triglycerides are 

insoluble in water. This means that they can be efficiently stored in anhydrous 

lipid droplets, whereas carbohydrates bind water that further decreases their 

energy density. As a result, triglycerides were evolutionarily selected as energy 

storage molecules in our body, as they weigh only about one-sixth of the weight 

of the equivalent amount of energy stored as carbohydrates (1).  

The majority of triglycerides in our body is stored in the cytoplasm of adipose 

cells in the form of large droplet organelles. In white adipose tissue, a single large 

droplet often occupies most of the cell volume, whereas in brown adipose tissue 

there are several small droplets interlayered with mitochondria (2, 3). The main 

function of adipose tissue is storage and release of triglycerides according to the 

needs of the body. White adipose tissue also functions as a secretory organ – it 

releases leptin – a “satiety” hormone, and other adipokines. Together with ghrelin 

– a stomach-secreted “hunger” hormone, they are important nutritional 

regulators of the body (4). Brown adipose tissue is a thermoregulatory organ 

which is mostly present in children and metabolically healthy and active adults. 

Brown adipose tissue produces heat by uncoupling of the electron transport chain 

(5). 

The high energy density and the hydrophobicity make triglycerides perfect for 

energy storage. This, however, comes at a price – the transport of triglycerides in 

the body is more complicated than that of carbohydrates. Since the main 

transport pathways of dietary molecules run through the blood, the anhydrous 

triglycerides must be solubilised. One way to do this is to break down triglycerides 

into the more soluble fatty acids, which can travel through the bloodstream bound 

to albumin. This, however, has limitations, because at high concentrations fatty 

acids become toxic to cells, as fatty acids are able to incorporate into and 

destabilise cell membranes and cause DNA fragmentation (6). Additionally, there 

is no efficient mechanism for directing fatty acids into specific tissues for storage 

or utilization. A safer mechanism is to create large water-soluble particles, which 

have a hydrophobic core made up of triglycerides and cholesteryl esters, covered 

by a monolayer made up of amphipathic phospholipids, free cholesterol, and 

apolipoproteins. These particles are known as lipoproteins and they are produced 
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either in the small intestine from dietary fat, or in the liver from endogenously 

produced lipids (2, 7). 

Metabolism of dietary triglycerides 

As food is consumed, it enters the upper gastrointestinal tract, where it is crushed 

and ground to smaller chunks, mixed with saliva and digested in the stomach. 

Triglycerides, which were consumed as part of a meal, leave the stomach in large 

insoluble droplets. In the duodenum, these droplets are emulsified with bile into 

smaller and more accessible particles. Those particles then interact with colipase 

and pancreatic lipase, which are secreted into the duodenum via the pancreatic 

duct. The triglyceride droplets then proceed to the lower gastrointestinal tract, 

where they are hydrolysed by pancreatic lipase into more soluble monoglycerides 

and fatty acids (8, 9). The hydrolysis products are mixed in micelles with bile salts 

and taken up by enterocytes in the small intestine. Within these cells, 

monoglycerides and fatty acids are re-esterified into triglycerides and packed into 

large lipoprotein particles called chylomicrons (10, 11). Chylomicrons are the 

largest species of lipoproteins. They contain a large non-polar core made up of 

triglycerides and cholesteryl esters, surrounded by a layer of phospholipids and 

cholesterol. Chylomicron formation requires the presence of a single copy of 

apolipoprotein (Apo) B48 and microsomal transfer protein (MTP) (10). MTP helps 

to load ApoB48 with triglycerides, cholesterol, cholesteryl esters and 

phospholipids, giving preference to non-polar molecules (12). The correctly 

packed chylomicrons are secreted into the bloodstream via the lymphatic system 

(13). In the blood, chylomicrons mature by addition of exchangeable 

apolipoproteins (ApoCs and ApoE) from high-density lipoproteins (HDL), which 

serve as a reservoir for most of the exchangeable apolipoproteins (14, 15). As 

mature chylomicrons travel in the bloodstream, they encounter the enzyme 

lipoprotein lipase (LPL) which is bound to the endothelial 

glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 

1 (GPIHBP1) that is attached to the luminal side of the capillaries (16). Since LPL 

is produced in metabolically active parenchymal cells, the complexes of LPL and 

GPIHBP1 are concentrated in close proximity to the tissues that are destined to 

handle triglycerides – adipose and muscle tissue (17). LPL binds chylomicrons, 

while GPIHBP1 keeps LPL bound to the capillary walls. One of the surface 

proteins on chylomicrons – ApoC2, interacts with LPL and promotes the 

hydrolysis of the triglycerides. The hydrolysis products are absorbed in the form 

of fatty acids and monoglycerides in the underlying tissues (18, 19). When most 

of the triglycerides from the core of the chylomicron are consumed, the 

lipoprotein particle is no longer capable of interacting with LPL. This particle – 

the chylomicron remnant – is remodelled by loss of excess surface lipids and 

exchangeable apolipoproteins. These components are reassembled into HDLs 

and can be recycled to form new chylomicrons (20, 21). Chylomicron remnants, 
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containing mostly ApoB48 and ApoE, are small enough to cross the fenestrated 

capillary endothelium of the liver. ApoE interacts with members of the low-

density lipoprotein receptor (LDLR) family and the entire remnant particle is 

then taken up by endocytosis in the hepatocytes (22). Some additional 

triglycerides may be hydrolysed during the uptake process by the endothelial-

bound hepatic lipase (HL). A schematic illustration of the metabolism of dietary 

triglycerides is presented in Figure 1. 

 

Figure 1. Metabolism of dietary triglycerides. 

Metabolism of endogenous triglycerides 

As chylomicron remnants are taken up by the hepatocytes, they are completely 

broken down in lysosomes to fatty acids, glycerol, cholesterol, and amino acids. 

Fatty acids may be re-esterified to form new triglycerides and together with other 

endogenously produced lipids get packed into very low-density lipoproteins 

(VLDL). VLDL requires the presence of ApoB100 as its main structural protein and 

MTP, which adds lipids to ApoB (23, 24). After being secreted by the hepatocytes 

into the bloodstream, VLDL gets matured by addition of exchangeable 

apolipoproteins from HDL, including the LPL cofactor ApoC2. Mature VLDL 

eventually encounters LPL/GPIHBP1 complexes in capillaries, where the 

particles get hydrolysed in a similar fashion as chylomicrons (18). When the 

triglyceride-rich VLDL core is hydrolysed to a critical point, the particle loses 

surface material (like exchangeable ApoCs and polar lipids) and as a result, LPL 

loses affinity for the particle. The VLDL remnant is then released into the 

bloodstream as an intermediate-density lipoprotein (IDL). IDLs can be taken up 
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by hepatocytes via the LDLR family receptors, which interact with ApoB100 and 

ApoE (25). Remaining triglycerides in the IDL core can be further hydrolysed by 

the action of HL, which will cause IDL to lose all of the remaining exchangeable 

apolipoproteins and form low-density lipoproteins (LDL) (26, 27). The lipid core 

of LDL mostly consists of cholesteryl esters and therefore LDL functions as a 

transport particle for cholesterol. Uptake of LDL occurs via the LDLR in the liver 

or peripheral tissues. In the liver, LDL components can be stored, recycled for 

VLDL production, or can be excreted in bile together with bile salts, which helps 

to solubilise dietary fat, as was mentioned earlier (2, 26, 28). A schematic 

illustration of the fate of the endogenously produced lipids secreted from the liver 

is presented in Figure 2. 

 

Figure 2. Metabolism of endogenously produced triglycerides. 

Plasma lipoproteins  

Lipoproteins are macromolecular complexes of lipids and proteins, which is 

essential for the transport of hydrophobic lipids in the blood. The lipoproteins 

consist of a hydrophobic core with triglycerides and cholesteryl esters, 

surrounded by a monolayer of phospholipids, cholesterol, and apolipoproteins. 

Traditionally lipoproteins are classified based on their density into HDL, LDL, 

IDL, VLDL, and chylomicrons. Most of these groups contain a spectrum of 

differently sized particles. Since protein density is higher than that of lipids, the 

higher density particles have a higher proportion of proteins (7). The composition 

and physical properties of lipoproteins are presented in Table 1. 
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Table 1. Composition and physical properties of lipoproteins* 

Lipoprotein Density Diameter Composition (% dry weight) 

class (g/mL) (nm) Protein Cholesterol Phospholipid Triglyceride 

Chylomicrons <0.95 
100-500  

1-2 8 7 84 

(1000) 

VLDL 
0.95- 

30-80 10 22 18 50 
1.006 

IDL 
1.006- 

25-50 18 29 22 31 
1.019 

LDL 
1.019- 

18-28 25 50 21 4 
1.063 

HDL 
1.063- 

5-15 33 30 29 8 
1.21 

*Data from ref (1, 7) 

Chylomicrons are the largest lipoprotein particles. They transport dietary fat and 

fat-soluble vitamins in the bloodstream. They originate from the intestinal 

enterocytes and their production seems to go on regardless of the nutritional state 

(29). During the fed state, when there is large amount of lipids entering the cells, 

they produce large, lipid-rich chylomicrons. In the fasted state, enterocytes still 

produce chylomicrons, but they are smaller and contain only a small amount of 

lipids (30). Chylomicrons are formed around ApoB48, a truncated version of 

ApoB. ApoB48 is translated from a full-length ApoB100 mRNA, which is edited to 

stop protein translation at codon 2153 (31, 32). Lipids are essential for ApoB48 

folding – the protein binds lipids before it is released from the ribosome (33). In 

the absence of lipids, ApoB48 is degraded (34). Initial lipidation of ApoB48 is 

carried out on the membrane of the endoplasmic reticulum by MTP. Triglycerides 

and cholesteryl esters are recruited to ApoB48 by MTP, and together they form a 

“primordial lipoprotein”, roughly the size of HDL (33). This “primordial 

lipoprotein” travels to the luminal side of endoplasmic reticulum and later to 

Golgi complex, where it acquires additional lipids and proteins. Nascent 

chylomicrons then leave the Golgi, packed in vesicles that are directed for 

secretion (35, 36). The size of chylomicrons does not allow them to enter the 

capillaries that drain the small intestine. Instead, chylomicrons travel through the 

lymphatic system and enter the bloodstream via the thoracic duct in the left 

subclavian vein (36, 37). In the bloodstream, chylomicrons pick up exchangeable 

apolipoproteins from HDL particles (38). Those apolipoproteins serve both as 

structural components and ligands to various receptors and enzymes. Amongst 

all, ApoC2 is crucial for the metabolism of chylomicrons. ApoC2 is a cofactor for 

LPL – it acts as a bridge between LPL and the chylomicron and ensures that LPL 
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is capable of hydrolysing the triglycerides at a high rate (39, 40). LPL is secreted 

mostly by adipose and muscle tissue and stays at its site of synthesis bound to 

GPIHBP1 on the capillary endothelial plasma membranes. Thus, the majority of 

the chylomicron content of triglycerides is utilised in those tissues. After 

sufficient hydrolysis, the chylomicron remnant loses most of its exchangeable 

apolipoproteins, which relocate back to HDL, and the remnant detaches from 

LPL (41). When chylomicron remnants reach the liver, they may be further 

hydrolysed by HL and are then taken up by the LDLR or the LDL receptor-related 

protein (LRP). Some remnant lipids may be re-esterified and re-cycled to form 

VLDL (22, 42). 

VLDL is the transport particle for endogenously produced lipids from the liver. 

The triglycerides which are used for VLDL production are synthesised from free 

fatty acids acquired from chylomicron remnants, adipocytes and/or directly from 

the intestine (24). Mature VLDL is produced in the liver via a three-step pathway. 

First ApoB100, the main structural protein of VLDL, is co-translationally lipidated 

by the action of MTP in the endoplasmic reticulum of hepatocytes (23). This 

particle is known as pre-VLDL. It needs to be sufficiently lipidated in order for 

ApoB100 to fold in a correct way. Otherwise, pre-VLDL is directed to degradation 

(43, 44). Correctly folded pre-VLDL is transformed into VLDL2 through 

additional lipidation steps. VLDL2 leaves the endoplasmic reticulum and travels 

to the Golgi apparatus, where it receives additional lipids, proteins, and 

posttranslational protein modifications before the particle is secreted into blood 

(24, 45, 46). There the particle, now referred to as VLDL3, picks up additional 

apolipoproteins from HDL and becomes fully mature and ready for transport of 

triglycerides and other lipids to other parts of the body (38). In the bloodstream, 

the mature VLDL encounters capillary bound LPL/GPIHBP1 complexes, which 

are mostly located in muscle or adipose tissues, where both proteins are originally 

produced (16, 17, 47). Triglycerides from VLDL are hydrolysed to fatty acids and 

monoglycerides, which are then taken up by the tissues in close proximity to the 

lipolysis site via fatty acid transport proteins and cluster of differentiation 36 

(CD36) (48). When triglycerides in the VLDL core have been sufficiently 

depleted, the lipoprotein detaches as an IDL particle (2). Kinetic studies have 

revealed that a VLDL may go through many binding-hydrolysis-detachment 

cycles before it gets fully hydrolysed (49). 

IDL, which may also be referred to as a VLDL remnant, is an intermediate particle 

between the triglyceride-rich VLDL and the cholesterol-rich LDL. IDL is formed 

from VLDL by the action of LPL, which hydrolyses triglycerides originating from 

the core of VLDL (2). The lipid hydrolysis and shedding of redundant surface 

materials (like exchangeable ApoCs) may result in an increased surface 

concentration of ApoE on the IDL, which in turn leads to the higher affinity of 

IDL for receptors of the LDLR family, in comparison to VLDL (50). This allows 
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IDL to be cleared from the bloodstream, primarily by the liver. An alternative 

mechanism for IDL catabolism involves the action of HL. In this case, IDL is 

hydrolysed further until it loses most of its triglycerides and becomes an LDL (51). 

It is not clear what determines if an IDL will be directly taken up in the liver, or 

whether it will form an LDL. It is hypothesised that IDL formed from smaller 

VLDL particles are directed to LDL formation due to their propensity to be 

hydrolysed by HL (52, 53). 

LDL, often referred to by the misnomer “bad cholesterol”, is another subclass of 

lipoproteins. LDL consists predominately of cholesterol and cholesteryl esters, 

and its main role is to deliver cholesterol to peripheral tissues. LDL is formed 

from VLDL, via the IDL particles through several steps of lipolysis. The final step 

of LDL production is thought to be mediated by HL in the liver. Each LDL particle 

contains a single ApoB100 that originates from the assembly of VLDL and never 

leaves the particle (2). Full-length ApoB100 is essential for recognition of the LDL 

particle by the LDLR, and for consecutive removal of LDL by the liver (26). This 

is an essential process, as it allows the organism to excrete excessive amounts of 

cholesterol in the bile (2, 28). Oxidised LDL cannot be recognised by the LDLR 

and cannot be processed by the liver. As a result, oxidised LDL is mainly taken up 

by extrahepatic tissues, which leads to inflammation (54). The inflammatory 

processes attract monocytes, which differentiate into macrophages, take up more 

oxidised LDL via scavenger receptors and form foam cells that contribute to the 

formation of atherosclerotic plaques (55–57). LDLs misnomer “bad cholesterol” 

is originating from the fact that high levels of LDL are directly correlated with 

increased risk of cardiovascular disease (CVD) (58, 59). Thankfully, nowadays it 

is possible to lower LDL levels by the use of statins, which provide a strong 

reduction of cholesterol synthesis, resulting in beneficial effects on the risk of 

CVD (60). 

HDL, commonly referred to by the misnomer “good cholesterol”, is the smallest 

and densest of the lipoprotein particles. The main function of HDL is in the so-

called reverse cholesterol transport – transport of cholesterol from extrahepatic 

tissues to the liver or to other lipoproteins (2). As was previously mentioned, HDL 

also functions as a reservoir for exchangeable apolipoproteins (38). The main 

apolipoprotein of HDL is ApoA1 which is produced and secreted by the liver and, 

to a lesser extent, by the intestine. ApoA1 is secreted in a poorly lipidated form 

that acquires additional lipids and apolipoproteins at the plasma membrane of 

hepatocytes through the ATP-binding cassette transporters (ABC) A1 and G1 (2). 

Mature HDL travels through the bloodstream, exchanging apolipoproteins and 

surface material with other lipoprotein classes. When HDL reaches tissues with 

an excess of cholesterol, it easily travels to the subendothelial space due to its 

small size, and recovers cholesterol from macrophages secreted via ABCA1, 

ABCG1 and scavenger receptor class B, type I (SR-BI)-mediated pathways (61). 
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Cholesterol-rich HDL leaves the tissues through vasa vasorum and lymphatic 

vessels. In the bloodstream, free cholesterol on the surface of HDL is modified 

into cholesteryl esters by lecithin-cholesterol acyltransferase (LCAT) (62). 

Cholesteryl esters from cholesterol-rich HDL can then be taken up by the liver via 

the SR-BI receptor. In addition, the entire HDL particle can be taken up by SR-

BI, CD36 or the low-affinity HDL binding site-mediated pathway (63). 

Alternatively, HDL in the bloodstream can exchange cholesterol with 

triglycerides from triglyceride-rich lipoproteins (TRL) with the use of cholesteryl 

ester transfer protein (CETP) (64). The term “good cholesterol” is often used for 

HDL because high levels of HDL were previously shown to protect against CVD 

(65). Unfortunately, pharmacological regulation of HDL levels, via CETP 

inhibition did not provide the expected effect on the risk of CVD (64, 66). 

Diseases associated with triglyceride transport and 

metabolism 

Although triglycerides are evolutionary superior for energy storage and their 

metabolism is effectively regulated, they have become an increasing problem in 

modern society. Individuals in developed countries of today have access to almost 

unlimited supplies of food. What is more, large populations are shifting from 

rather basic but healthy diets towards a Western-pattern diet, which is rich in 

sugar and fat. Together with a sedentary lifestyle and lack of regular exercise, this 

has led to a worldwide obesity epidemic and to dramatically increased levels of 

type 2 diabetes and CVD (2, 67, 68).  

The main problem associated with dysfunctional triglyceride metabolism is 

hypertriglyceridemia (HTG) – a condition characterised by elevated levels of 

triglycerides in the blood. HTG is a common condition, defined as triglyceride 

levels above the 90th or the 95th percentile for age and sex (69, 70). HTG may be 

divided into 2 major groups: primary HTG which is caused by hereditary 

mutations in the triglyceride-processing genes, and secondary HTG which results 

from indirect factors (70). Primary HTG is divided into subgroups, based on the 

abnormalities in the lipoprotein profile. Those abnormalities are generally caused 

by single or multiple mutations in the genes responsible for the production, 

function, or degradation of chylomicrons and VLDL (69, 71). Secondary HTGs 

have no clear genetic background, but instead, they are connected to other 

conditions. Obesity, metabolic syndrome, diabetes, renal diseases, and non-

alcoholic fatty liver disorder are often associated with HTG (70, 72, 73). High 

levels of triglycerides are also associated with non-pathological conditions – like 

pregnancy, special diets, alcohol consumption or certain medications (70, 74, 75). 

Although a moderate increase in blood triglyceride levels is not harmful, as our 

body deals with this after each meal, prolonged exposure to high triglyceride 

levels may cause severe phenotypes, such as xanthomas, lipemia retinalis and 
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acute pancreatitis (70). The latter, though rarely occurring, is an extreme 

condition with high mortality rates even in treated cases (76, 77). Thus, in order 

to manage severe HTG, the triglyceride levels must be kept as low as possible, and 

certainly below 11 mmol/L, in order to avoid complications. This can be achieved 

by limiting the fat intake, omega-3 fatty acid supplementations or by 

pharmacological treatments with fibrates and niacin (70, 77).  

Apart from direct medical conditions, HTG is one of the key components in the 

metabolic syndrome (MetS). MetS can be described as a metabolic abnormality 

with at least 3 of the following conditions: obesity, impaired glucose metabolism, 

high blood triglyceride levels, low levels of HDL cholesterol and high blood 

pressure (78). Since most of these conditions are associated with a Western-

pattern diet, MetS prevalence is tightly associated with obesity, and both 

conditions have reached the status of epidemics (79). Rather than a disease of its 

own, MetS is a cluster of negative factors, which all are strong predictors for type 

2 diabetes and CVD (80). It is, however, possible to reverse the progression of 

MetS with proper diet and exercise, usually leading to weight-loss, whereas type 

2 diabetes and CVD are manageable, but irreversible conditions (79).  

Type 2 diabetes is another metabolic disorder tightly connected with 

dysfunctional triglyceride metabolism. The main causes of type 2 diabetes are 

problems with insulin production and poor insulin sensitivity. Since insulin is one 

of the key hormones for metabolic regulation, abnormalities in its effects cause 

dramatic changes in triglyceride handling. Most changes concern elevated VLDL 

levels – decreased insulin sensitivity causes increased secretion of VLDL particles 

by the liver and decreased clearance of those particles both by LPL in extrahepatic 

tissues and by the liver (81, 82). The clearance of the remnant VLDL particle is 

mostly affected by an increased level of ApoC3 – an inhibitor of both LPL and of 

receptor-mediated uptake by LDLR (83). High VLDL levels result in dramatic 

effects on other lipoprotein subclasses. The levels of LDL, which is produced from 

VLDL and is an atherogenic lipoprotein subclass, get higher, whereas the levels 

of the anti-atherogenic HDL get lower. This occurs partly via the action of CETP 

– the cholesteryl esters from HDL are exchanged for triglycerides in VLDL and 

the triglyceride-rich HDL is degraded at a higher rate than normal HDL by the 

action of hepatic and endothelial lipases (81, 84). As a result, individuals with 

type 2 diabetes have an atherogenic plasma profile and are prone to develop CVD 

(81, 82). 

Finally, one of the leading causes of death in modern society, now recognised to 

be partly due to dysfunctions in triglyceride metabolism, is CVD. CVD is a 

heterogeneous group of maladies, which occur due to narrowed or blocked blood 

vessels and result in severe, life-threating medical emergencies, such as heart 

attacks and strokes (85). Most CVD events occur due to the progression of 
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atherosclerosis – a disease described by the presence of plaques in the artery 

walls. Atherosclerosis develops as a part of normal ageing of blood vessels – fatty 

streaks, which are considered to be the initial step of atherosclerosis, are often 

found in teens and young adults. It is only when a fatty streak, via a cascade of 

events, turns into fibrous plaque, with a lipid-rich necrotic core, atherosclerosis 

becomes a clinically significant problem (86). Atherosclerosis is traditionally 

known to be a disease caused by dysfunctions in cholesterol metabolism – for 

more than 100 years LDL cholesterol has been associated with plaque formation 

(87). Therefore cholesterol-lowering therapies have been the focus of CVD 

prevention. Currently, it is possible to efficiently reduce cholesterol levels in 

individuals with a high risk of CVD development using lifestyle interventions, 

statins, proprotein convertase subtilsin-kexin type 9 inhibitors, and the dietary 

cholesterol uptake inhibitor Ezetimibe (88). Unfortunately, cholesterol-lowering 

therapies alone are not always enough to eliminate the risk of CVD. Recent 

studies suggest that the level of plasma triglycerides is also a strong predictor of 

CVD (89). Since the underlying mechanisms are not clear it is hard to say whether 

triglycerides serve as biomarkers or if they directly contribute to the disease 

progression. However, genetic association analyses and studies focusing on 

inhibiting negative regulators of LPL activity have shown that triglyceride 

metabolism is directly involved in the development of CVD (90–95). Therefore, 

several regulators of triglyceride metabolism are increasingly interesting targets 

for the prevention of CVD. 

Proteins involved in triglyceride transport 

Lipoprotein lipase 

LPL is the key enzyme in blood triglyceride metabolism, as well as the prime focus 

of this thesis. It is a membrane-associated enzyme, which hydrolyses triglycerides 

derived from the core of lipoproteins into fatty acids and monoglycerides. The 

action of LPL was initially discovered in dogs after heparin infusion and it was 

named clearing factor due to its ability to clear opaque triglyceride-rich plasma 

(96, 97). Later LPL was identified as the primary enzyme in the catalytic 

processing of triglycerides in chylomicrons and VLDLs (50, 98). Although LPL 

has been extensively studied for more than 60 years, important details about its 

function and regulation became clear only in the past two decades. The discovery 

of the ANGPTL proteins and their role in LPL-mediated triglyceride metabolism, 

as well as the discoveries of GPIHBP1 and the specific lipase maturation factor 1 

(LMF1), reignited interest in the field (16). 

LPL is mostly produced in parenchymal cells in adipose tissue, heart, and skeletal 

muscle, i.e. in adipocytes and myocytes. LPL transcription is tightly regulated by 

various nutritional and hormonal factors (99). The transcriptional regulation is, 
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however, too slow to respond to rapid changes in blood triglyceride levels. 

Instead, LPL activity and secretion is regulated in several steps on a post-

translational level (99, 100). LPL is synthesised as an inactive monomer, which 

folds in a correct way to form a non-covalent dimeric structure with the help of 

N-linked glycosylation and the action of the specific chaperones LMF1 and sel-1 

suppressor of lin-12-like (101–103). Prior to the discovery of the importance of 

LMF1, in vitro expression of LPL resulted in extremely low amounts of often 

inactive protein. Thus, LPL was mostly purified from natural sources, such as 

milk or post-heparin plasma (104). Now, with co-expression of LPL with LMF1 in 

the same cells, it is possible to obtain relatively large quantities of properly folded 

and active LPL from in vitro systems (105). Even with the action of dedicated 

chaperones, large amounts of the newly synthesised LPL are misfolded and 

therefore directed to degradation in the endoplasmic reticulum (106, 107). 

Properly folded LPL passes through the Golgi complex, where it is additionally 

modified, before being secreted by the cells into the subendothelial space (108). 

Secreted LPL needs to reach the basolateral membrane of the capillary 

endothelium cells, where it can interact with the transendothelial transport 

protein GPIHBP1 in order to be transported to the luminal side of the 

endothelium. LPL travels from the plasma membrane of the synthesising cells, 

through the subendothelial space, while interacting with heparan sulphate 

proteoglycans (HSPG). These are negatively charged molecules present on cell 

surfaces and as components of the extracellular matrix (109). Before LPL reaches 

the basolateral side of the endothelial cells the enzyme is susceptible to the action 

of angiopoietin-like (ANGPTL) protein 4 – one of the key negative regulators of 

LPL. ANGPTL4 can irreversibly inactivate LPL based on the metabolic needs of 

the particular tissue (110, 111). LPL, which reaches the basolateral side of the 

capillary endothelium, is protected by the interaction with GPIHBP1, which 

stabilises LPL during the transport to the luminal side and holds the enzyme in 

place during its action on blood TRLs. LPL remains attached to the capillary walls 

where it can be further controlled by ANGPTL proteins and its action on TRL is 

regulated by several of the exchangeable apolipoproteins, discussed in detail 

below. Eventually, the absence of TRLs, the action of ANGPTL proteins, and/or 

spontaneous conformational changes result in LPL monomerization and 

inactivation. Inactive LPL is either internalised by the endothelial cells or 

detaches from the endothelial membrane and travels through the blood to the 

liver, where it gets degraded (16, 112). Active LPL can be rapidly released from 

the capillary surface via injection of heparin, which allows to estimate the total 

endothelial-bound fraction of LPL activity in the body (97, 113). A schematic 

model of LPL regulation is presented in Figure 3. 
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Figure 3. Schematic illustration of LPL regulation. Black arrows demonstrate the path of the 

LPL molecule from synthesis, through folding, secretion, transendothelial transport, site of action on 

lipoproteins on the capillary endothelium, and all the way to degradation in the liver or elsewhere. 

The main regulatory element of the LPL molecule is in fact concealed in its own 

structure. LPL is thought to be active only as a noncovalent, homodimer protein. 

In the absence of stabilising substances, LPL rapidly monomerises even at room 

temperature. This instability has a functional role – it ensures that LPL can be 

quickly inactivated when it is not needed (2, 114). In vivo, LPL probably relies on 

the interactions with HSPGs, GPIHBP1 and/or lipoproteins in order to stay 

stable. In vitro, in addition to the above, LPL is also stabilised by heparin, bile 

salts and several types of detergents (115–118). The interaction between LPL and 

HSPGs, heparin or GPIHBP1 is insured by the presence of positively charged 

patches on the LPL surface (16, 112, 119). Although both HSPG and GPIHBP1 

protect LPL from spontaneous inactivation, only GPIHBP1 is capable of 

protecting LPL from the action of ANGPTL proteins (116). More evidence points 
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to the fact that the LPL/GPIHBP1 complex should be considered a functional 

unit, rather than a transient complex of two proteins (17, 120, 121). The discovery 

and understanding of the GPIHBP1-mediated protection of LPL was a critical 

step in LPL research. Using this knowledge it was recently possible to obtain the 

crystal structure of LPL, which is presented in Figure 4 (105).  

 

Figure 4. The high-resolution crystal structure of LPL in a complex with the Ly6 domain 

of GPIHBP1; PDB ID: 6E7K; created with Swiss-PdbViewer v4.1 (105). The acidic domain of 

GPIHBP1 is not detectable, due to its intrinsically disordered nature (122).  

Each LPL monomer consists of two distinctive domains. The N-terminal domain 

is responsible for the hydrolysis of ester bonds in triglycerides and other lipids. 

This is done by the action of the catalytic triad – serine-159, aspartic acid-183 and 

histidine-268 (105, 123). When LPL is not bound to a lipoprotein particle, the 

catalytic pocket is protected by lid made up of amino acid residues in the region 

249–258. This lid plays a role in determining the substrate specificity of LPL (124, 

125). Analysis of the LPL structure has also revealed the presence of a single 

calcium ion in the N-terminal domain (105). It was previously shown that calcium 

ions help LPL to refold and increase the stability of the protein (126). The C-

terminal domain of LPL forms a distinctive β-barrel. This domain is responsible 

for the interaction with lipoproteins and with the Ly6 domain of GPIHBP1 (105, 

112). Two monomers of LPL are arranged in a head-to-tail dimer and are held 
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together by weak non-covalent bonds (105, 127). This arrangement brings 

together the lipoprotein binding site of one monomer and the catalytically active 

N-terminal domain of another monomer and ensures that LPL can both bridge 

and hydrolyse the lipoprotein particle (128).  

The head-to-tail arrangement of the LPL domains, and their distinct functions, 

result in a two-step action of LPL. The initial step is the interaction of LPL with 

the lipoprotein. It was previously shown that this step may be considered a 

separate event, independent of the catalytic function – LPL may act as a receptor 

for binding of lipoproteins to cells and other surfaces (118, 129, 130). It was 

proposed, that LPL found on the surface of macrophages may act as a receptor 

for both lipoproteins and for bacterial lipid components (129, 131). The second 

step is the hydrolysis of ester bonds. It is based on the serine hydrolyse action of 

the catalytic triad in the active site of LPL (123). This process may also be 

considered as an independent step, as LPL is capable of hydrolysing soluble, 

short-chain substrates even when the enzyme is partially unfolded (132). In 

addition to the above, LPL is susceptible to product inhibition – free fatty acids 

bind back to the active site of LPL, effectively inhibiting its function. This 

inhibition can be prevented by the presence of free fatty acid acceptors, such as 

albumin or cells (133, 134). Unfortunately, many of the currently used LPL 

activity assays are oversimplified and mostly measure the hydrolase activity of 

LPL, but ignore other aspects of its function.  

In the past 60 years, a lot of work has been done to study abnormalities caused 

by errors or dysfunctions in the LPL-mediated triglyceride metabolism. A 

common disease associated with those errors is HTG, which was described 

earlier. Interestingly, homozygote LPL deficiency was the target for the first-ever 

commercially available gene therapy by Alipogene tiparvovec (135). 

Unfortunately, due to the extreme rarity of this condition, and high costs of the 

therapy, it was later discontinued. As of now, LPL is an important target for 

triglyceride-lowering therapies, although current approaches focus on LPL 

regulators, rather than the enzyme itself (93, 95, 136). Evidence from recent 

studies is linking LPL and its function to the development of atherosclerosis and 

CVD (112). The role of LPL in the development of these diseases is still 

controversial, with some studies suggesting a pro-atherogenic role of LPL in the 

uptake of lipoproteins by the macrophages (131, 137–139), while others suggest 

an anti-atherogenic role of LPL in improving the overall plasma lipid profile (140, 

141). Of note, carriers of the LPL S447X gain-of-function mutation were shown to 

have an anti-atherogenic plasma lipid profile and a low risk of CVD (142–144). 

The combined experiences from animal and human studies seem to agree that 

the role of LPL for a healthy plasma lipid profile overrides the role for lipid uptake 

in cells of the artery wall. Therefore, the general opinion is that means to increase 

the LPL activity on demand would be highly desirable.  
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In addition to the above-mentioned cellular production sites, LPL is also 

produced in relatively high amounts in neurons throughout the brain (145). 

Several studies have shown that LPL is involved in lipid uptake in the brain, in 

satiety signalling and in the processing of protein aggregates involved in the 

development of Alzheimer’s disease (146–149). The brain lacks expression of the 

LPL transport protein GPIHBP1 (121, 146). As a result, there is no evidence that 

LPL reaches the luminal surface of the brain capillaries, but LPL may mostly be 

involved in local lipid transport between cells in the brain. General deficiency of 

LPL, or specific lack of LPL in the brain, was connected with signs of impaired 

memory, learning, and body weight regulation (146, 150). The latter function, 

together with the role of LPL in white adipose tissue, supports the fact that LPL 

acts as an obesity factor (119). 

Glycosylphosphatidylinositol-anchored high-density lipoprotein- 

binding protein 1 

Over the past decade, GPIHBP1 has proven to be an extremely important player 

in LPL-mediated triglyceride metabolism. GPIHBP1 was discovered and named 

in 2003, but its function was only demonstrated four years later, by the study of 

GPIHBP1 knockout mice (47, 151). Mice lacking GPIHBP1 were affected by severe 

HTG, with plasma triglyceride levels as high as 35 g/dl on a high-fat diet, which 

is >100 fold higher than normal (121). After additional thorough investigation, it 

became clear that GPIHBP1 is responsible for the translocation of LPL across the 

endothelium to the luminal side of the capillaries (16, 121). 

The existence of GPIHBP1 was predicted long before its discovery. The only 

mechanism proposed for LPL translocation and localisation prior to GPIHBP1 

was centred around HSPGs – proteoglycans which are abundantly present both 

on cell surfaces and in the subendothelial extracellular space (118, 119). The 

HSPGs, however, lack specificity – they are present in large quantities and bind 

any positively charged protein available. Furthermore, HSPGs were unable to 

translocate of LPL through the endothelial cells (121). GPIHBP1 was shown to be 

both specific in its interaction with LPL, and important for LPL translocation 

(152–156). GPIHBP1 is produced in the endothelial cells in the capillaries, but not 

in larger blood vessels, of adipose tissue, heart and skeletal muscles (47, 155). 

GPIHBP1 is also found in high amounts in the lung capillaries (157). As a result, 

GPIHBP1 binds LPL to the luminal side of the small capillaries, close to its site of 

origin, and ensures that triglycerides carried by plasma lipoproteins end up in the 

tissues which need them the most at the current moment (17, 121). In the absence 

of GPIHBP1, LPL is mislocalised and remains in the subendothelial space (155).  

Although GPIHBP1 was discovered only recently, its structure is very well 

studied, partly due to that it belongs to a family of Ly6 domain-containing 
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proteins. GPIHBP1 consists of three domains, each separated by a short linker 

region: the N-terminal acidic domain, the central Ly6 domain, and the C-terminal 

glycosylphosphatidylinositol anchor, that keeps the protein bound to the cell 

membrane (47, 121). The N-terminal acidic domain of GPIHBP1 was immediately 

connected to the interaction with LPL – out of 26 amino acid residues of this 

domain, 21 are negatively charged aspartate and glutamate residues (47). LPL is 

known to bind to negatively charged molecules and not surprisingly LPL also 

binds the acidic domain of GPIHBP1 with a high affinity (152, 153). The N-

terminal acidic domain of GPIHBP1 is intrinsically disordered, and it can, 

therefore, attain any conformation in order to fit the positively charged patches 

on LPL (122). The central domain, known as the Ly6 (due to structural 

similarities with lymphocyte antigen 6 protein) or the three-finger domain, has a 

rather rigid structure due to 5 disulphide bridges, which are critical for the proper 

folding of the protein (158–161). Studies of GPIHBP1 mutants, as well as studies 

of the biophysical properties of the different domains, made it clear that the Ly6 

domain is crucial for the interaction with LPL (152, 153, 160, 161). Unlike the 

electrostatic interactions between LPL and the N-terminal acidic domain of 

GPIHBP1, the interaction between LPL and Ly6 domain relies on hydrophobic 

forces between the two proteins (152). The distinct roles of the two domains of 

GPIHBP1 in the interaction with LPL are still unclear, but our evidence suggests 

that the N-terminal domain acts as a “lasso”, tethering LPL to GPIHBP1, while 

the Ly6 domain is responsible for the stronger and more lasting interaction (152, 

153). Additionally, our data point to that the N-terminal domain is crucial for the 

interaction of LPL with GPIHBP1 during lipolysis because LPL is unable to bind 

lipoproteins while attached to the Ly6 domain alone (152). 

The main function of GPIHBP1 is undoubtedly the transendothelial transport of 

LPL. This was clear from heparin release experiments done in mice – after the 

heparin injection and release of LPL from the capillaries, new LPL was brought 

up to the luminal side of endothelium at a rate which suggests an active transport 

mechanism (121, 162). This points to that there might be considerable amounts 

of active LPL in the subendothelial space, possibly bound to GPIHBP1, and ready 

to be shuffled to the other side when the need arises. The exact mechanism of LPL 

transport through the cells, and its possible regulation is yet to be discovered, but 

electron microscopy images suggest that this occurs through vesicular transport 

(154). However, some inconsistencies in the GPIHBP1 function remain: mice with 

loss-of-function mutations in GPIHBP1 were shown to have some LPL on the 

luminal side of the capillaries, and chickens, who have a similar triglyceride 

handling system as mammals, but lack GPIHBP1, still have a high amount of 

active LPL in the capillaries (121, 163–165). This may indicate the existence of 

alternative LPL transport mechanisms, yet to be discovered.  
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The crucial role of GPIHBP1 is evident in individuals who lack the active protein. 

Its absence results in the same severe HTG as seen in the absence of functional 

LPL or ApoC2 (164–168). Unfortunately, the only treatment option available for 

the carriers of inactive GPIHBP1 is a dietary reduction of fat intake (70). On the 

other hand, GPIHBP1 may be an interesting drug target on its own. GPIHBP1 

serves as a lipolysis platform for LPL on the luminal side of the capillaries and 

protects it from heat- and ANGPTL-induced inactivation (116, 153). Injections of 

LPL/GPIHBP1 complexes may be useful for an acute reduction of triglyceride 

levels in individuals with acute pancreatitis. This approach, however, has its own 

risks, apart from immune reactions, as sudden large quantities of released free 

fatty acids may be toxic to the surrounding cells, and may cause heart dysfunction 

(169). 

Heparan sulfate proteoglycans 

Before the discovery of GPIHBP1, HSPGs were thought to be the bridging 

molecules between the LPL and the surface of endothelial cells (50, 170). 

Although the interest has shifted away from the HSPGs, they remain important 

in the LPL-mediated triglyceride hydrolysis.  

Different types of HSPGs are found on the surface of cells and as a part of the 

extracellular matrix. They serve a variety of functions: as components of the 

extracellular matrix, as a platform for proteases and protease inhibitors, as 

receptors for a variety of ligands and they play a role in cell-cell adhesion, 

coagulation, wound repair and formation of biological gradients (171). As for LPL, 

HSPGs may serve as a transport network, helping the enzyme to reach the 

GPIHBP1 on the endothelial cells (109). In the case of macrophages, and other 

cells, HSPGs act as a bridge between the cell and LPL, allowing LPL to serve its 

receptor function and also facilitating lipid hydrolysis (172, 173). These roles are 

fulfilled due to the properties of HSPGs – their negative charges stabilise LPL and 

protect it from spontaneous dissociation into monomers (117, 118). Interestingly, 

HSPGs are not sufficient to protect LPL from the inactivation by the ANGPTL 

proteins, suggesting that the GPIHBP1 Ly6 domain is crucial for this function 

(116). Additionally, since HSPGs are present on the walls of the capillaries, they 

may still be able to bind some LPL which has detached from the GPIHBP1. Thus 

HSPGs may also act as a platform for lipolysis much like the GPIHBP1, freeing 

the latter for the transport of more LPL to the luminal side of the capillaries (17, 

118, 130). This notion is supported by some ambiguities regarding the interaction 

between LPL and GPIHBP1, for instance by the fact that heparin can rapidly 

dissociate LPL from the capillaries, but not from the GPIHBP1 Ly6 domain (152). 

Structurally, HSPGs are very diverse, but they share similar properties – they 

consist of a protein chain, with one or more heparan sulphate chains. The 



 

18 
 

heparan sulphate chains can reach the lengths of more than 100 sugar residues 

and, as a result, contain a very strong cluster of negative charges (171, 174, 175). 

This is the key to the strong interaction between HSPGs and various ligands, of 

which LPL has one of the highest affinities (117, 118, 171). Since HSPGs are very 

diverse and hard to isolate, for research purposes they are usually substituted 

with heparin – a smaller polysaccharide compound, which is produced in the 

mast cells, and which is used in the clinic as an anticoagulatory drug (176). Since 

heparin is cheap and easily available, it is commonly used as a stabilising agent 

for LPL, for affinity purification, and for release of LPL in cell culture experiments 

and in vivo from the capillary walls (104, 118, 177, 178). Heparin is highly 

heterogeneous and does not have a defined molecular mass, which limits its use 

for some applications (115, 118). 

Angiopoietin-like proteins  

The ANGPTL family of proteins consists of eight family members which are 

produced throughout the human body. All family members share two specific 

properties: they all contain an N-terminal coiled-coil domain and every member, 

except ANGPTL8, contains a C-terminal fibrinogen-like domain (179, 180). The 

coiled-coil domain allows ANGPTL proteins to interact with each other and to 

form oligomeric structures (179, 181, 182). Although ANGPTL proteins are 

structurally similar, they serve a variety of functions: ANGPTL1-4, 6 and 7 are 

involved in angiogenesis, ANGPTL3-6 and 8 are involved in lipid metabolism, 

ANGPTL4 and 6 are involved in glucose metabolism, and ANGPTL2 and 4 are 

involved in cancer (179). In this thesis, the focus is on ANGPTL proteins that are 

involved in the regulation of LPL-mediated triglyceride metabolism – namely 

ANGPTL3, 4 and 8. Their role in LPL regulation is described below in greater 

detail. Other ANGPTL proteins are summarised in Figure 5 and reviewed 

elsewhere (179, 183). 

Angiopoietin-like protein 3 

ANGPTL3 was the first ANGPTL protein discovered to play a crucial role in 

triglyceride metabolism. This was first observed in the KK/San mice, who had a 

dramatic reduction in triglyceride levels due to a premature stop codon in the 

ANGPTL3 gene (184). Subsequent studies revealed, that ANGPTL3 affects 

triglyceride levels via inhibition of LPL (185). Although the function of ANGPTL3 

was discovered first, in the past it remained in the shadow of its sister-protein 

ANGPTL4. Recently, ANGPTL3 emerged as a very potent drug target in lipid-

lowering strategies and in the prevention and management of CVD (186). 
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Figure 5. Summary of the structure of ANGPTL protein family members. The LPL 

inhibitory motif is presented as in the work of Mysling et al. (187). The coiled-coil domains were 

predicted using Paircoil2 software, using P-score cut-off at 0.05 and minimum coiled-coil length of 

28 (188). The signal peptide and the fibrinogen-like domains are presented as in UniProt. 

ANGPTL3 is predominately produced in the liver, although some expression is 

also seen in the kidneys. In the liver, ANGPTL3 is expressed and secreted by 

hepatocytes under the control of the liver X receptor (189, 190). Various studies 

have demonstrated, that the peroxisome proliferator-activated receptor (PPAR)-

β, insulin, leptin, thyroid hormones, and liposaccharides are capable of 

suppressing the production of ANGPTL3 mRNA (191–194). These effects do not 

seem to contribute much to the control of ANGPTL3 expression, as it is not 

affected by the metabolic state of the body (195). This observation has led to an 

understanding that ANGPTL3 must be working together with other factors, like 

other ANGPTL proteins, in order to participate in the regulation of LPL in 

response to the nutritional state of the body (181, 196). 

The exact mode of ANGPTL3 action is, however, not entirely clear. Recent 

evidence shows that ANGPTL3 forms a complex with ANGPTL8 in the liver and 

that this complex is more potent than ANGPTL3 alone (181, 182). The 
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ANGPTL3/8 complex is secreted by the liver into the blood, where it is believed 

to act on LPL mostly in the metabolically active tissues (195). Some aspects of this 

regulation, however, are opposed by previous observations. Firstly, LPL in the 

blood is thought to be attached to the capillary endothelium via GPIHBP1. It was 

previously demonstrated that GPIHBP1 protects LPL from ANGPTL-induced 

monomerization (116, 153). Secondly, lipoprotein-bound LPL is efficiently 

protected from the effects of ANGPTL proteins (197). Finally, it was previously 

shown that ANGPTL3 is a less potent LPL regulator than ANGPTL4 (116, 181, 

190). This leaves room for several possible, yet completely hypothetical, 

mechanisms for the action of ANGPTL3 on LPL: large amounts of ANGPTL3/8 

complexes may accumulate on the surface of the endothelium and overpower the 

protective effects of GPIHBP1 and lipoproteins; ANGPTL3 alone or in the 

complex with ANGPTL8 may modify the LPL-GPIHBP1 interaction; or the 

ANGPTL3/8 complex may enter the subendothelial space, where LPL is not 

protected by GPIHBP1 and TRLs. As a result, understanding the exact site of 

ANGPTL3 action remains a major question regarding its mechanism.  

The exact molecular mechanism for ANGPTL3 action is also under debate. 

ANGPTL3 consists of 2 domains – the N-terminal coiled-coil domain, which 

contains the motif responsible for the inhibition of LPL, and the C-terminal, 

fibrinogen-like domain, that is involved in angiogenesis (179, 181, 198). The 

domains can be cleaved apart by the action of proprotein convertases, and 

ANGPTL3 is commonly found in a cleaved form in plasma (199). The role of this 

process remains unclear – there are indications that the cleavage may be 

important for the activity of ANGPTL3, however in our assays both cleaved and 

intact forms behave remarkably similar with regard to inactivation of LPL. 

Though its N-terminal domain shares homology with ANGPTL4, which was 

previously shown to inactivate LPL by irreversible unfolding of the active dimer 

into inactive monomers, ANGPTL3 was proposed to act via other, reversible 

mechanisms (110, 200). Additionally, the mechanism of complex formation 

between ANGPTL3 and ANGPTL8 is not clear. It was recently shown that both 

proteins need to originate from the same cell in order to form a complex (182). 

Despite its unclear mechanism of action, ANGPTL3 is, without doubt, a potent 

target for lipid-lowering therapies. A multitude of genetic studies have associated 

loss-of-function mutations in the ANGPTL3 gene with low levels of plasma 

triglycerides and cholesterol (201–204). Lack of functional ANGPTL3 in humans 

results in hypobetalipoproteinaemia – a condition characterised by a low level of 

ApoB-containing lipoproteins (chylomicrons, VLDL, LDL) and by an increased 

amount of post-heparin LPL activity (186). Carriers of loss-of-function mutations 

in ANGPTL3 are less prone to develop CVD and generally have an anti-

atherogenic plasma lipoprotein profile (91, 93). Additionally, the biological 

properties of ANGPTL3 make it a great target for novel treatment strategies. 
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ANGPTL3 is produced almost exclusively in the liver and it is hypothesised to act 

on LPL directly in the blood. This allows the use of antisense and antibody 

treatments, which were tested in humans in two parallel studies (92, 93, 205). 

Both approaches produced a dramatically positive change in the plasma 

lipoprotein profile of both healthy participants and participants with elevated 

levels of triglycerides. Treatment with anti-ANGPTL3 oligonucleotides and 

antibodies both resulted in a decrease in plasma triglycerides by up to 63% and 

80% respectively (92, 93). These observations, together with the lack of side 

effects in individuals lacking functional ANGPTL3, make ANGPTL3 one of the 

prime targets for the treatment of HTG and in the management of CVD (93, 186). 

Angiopoietin-like protein 4 

Although ANGPTL4 was discovered after ANGPTL3, the role of ANGPTL4 in lipid 

metabolism is far more studied than that of any other ANGPTL protein. The main 

reason for this is that ANGPTL4 is the most potent inhibitor of LPL – it 

inactivates LPL several times faster than ANGPTL3 and at lower concentrations 

(116, 181, 190). ANGPTL4 was discovered as a fasting-induced factor in white 

adipose tissue (206, 207). The role of ANGPTL4 in triglyceride metabolism was 

discovered in the same KK/San mice, which were used to study the role of 

ANGPTL3 – the injection of ANGPTL4 lead to a rapid and dramatic increase of 

the triglyceride levels (208). Therefore, ANGPTL4 became a centre of attention 

in attempts to design triglyceride-lowering therapies. 

In contrast to ANGPTL3, which is produced mostly in the liver, ANGPTL4 is 

produced in a multitude of tissues in the body, often in the same cells as LPL 

(209). Most notably, ANGPTL4 expression occurs in white adipose tissue, brown 

adipose tissue, liver, placenta, macrophages, intestine, skeletal muscle and heart 

(111, 210). Unlike ANGPTL3, the production of ANGPTL4 is regulated by the 

metabolic state of the body – ANGPTL4 levels rise during fasting (207). 

ANGPTL4 production is regulated in a tissue-specific manner, and it is mostly 

regulated by the action of different PPAR receptors (210). In white adipose tissue, 

ANGPTL4 is upregulated in response to free fatty acids by the action of PPARγ, 

by the glucocorticoid receptor, and by the hypoxia-inducible factor 1α (111, 211). 

As a result, in white adipose tissue ANGPTL4 acts as a metabolic switch – during 

fasting it stimulates the intracellular lipolysis, while simultaneously inactivating 

LPL, thus blocking the uptake of fatty acids from TRLs in the blood and instead 

releasing fatty acids from stored triglycerides (111, 196, 212). In the heart and 

skeletal muscle ANGPTL4 expression is regulated by PPARδ, most likely in 

response to free fatty acids and exercise (213–215). The role of ANGPTL4, as well 

as its impact on LPL activity in those tissues is not entirely clear, but ANGPTL4 

might serve as a protection against excessive storage and/or consumption of 

triglycerides (111, 216). The expression of ANGPTL4 in the liver is regulated by 
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the levels of PPARα, PPARδ and the glucocorticoid receptor (217, 218). In 

humans, the liver-produced ANGPTL4 comprises the major portion of ANGPTL4 

in blood, but its function is unclear. It is possible that it acts on LPL in 

extrahepatic tissues if it manages to overcome the protective effects of GPIHBP1 

and lipoproteins (111, 116, 153, 197). In the macrophages, ANGPTL4 levels are 

upregulated mostly via the action of PPARδ (219). 

The molecular mechanism for the action of ANGPTL4 on LPL has been known 

for more than ten years and, in many aspects, it seems common to the three 

members of the ANGPTL family. Just as ANGPTL3, ANGPTL4 consists of 2 

domains, and much like the former, those domains can be cleaved by the action 

of proprotein convertases (220). The N-terminal, coiled-coil domain of ANGPTL4 

interacts with LPL and catalyses the dissociation of LPL dimers into inactive 

monomers, probably due to a minor conformational change in the LPL subunit 

as a result of the interaction with ANGPTL4 (110). Since both processes occur in 

a short time span, it is not clear whether ANGPTL4 induces the dissociation of 

the monomers, followed by the unfolding of LPL, or prevents the re-association 

of still properly folded monomers that have transiently dissociated, or whether 

ANGPTL4 first catalyses the partial unfolding of LPL followed by the dissociation 

of the LPL dimer. It is, however, clear that this process is temperature dependent 

– at 4°C LPL and ANGPTL4 interact, but there is little loss of LPL activity, 

whereas at 25°C, and above, LPL rapidly unfolds and becomes inactivated (221). 

Thus, ANGPTL4 serves as a reverse, or unfolding, chaperone – it irreversibly 

inactivates LPL, dissociates from the inactive enzyme, and can be recycled to 

inactivate another LPL molecule (110). The main question which remains is the 

site of ANGPTL4 action. Results from our lab indicate that ANGPTL4 inactivates 

LPL in the subendothelial, extracellular space, right after the secretion of both 

proteins (219, 222). Other researchers, however, report that ANGPTL4 may 

inactivate LPL directly in the cells of origin, which leads to intracellular cleavage 

of the LPL protein, further degradation and decreased levels of the LPL protein 

in adipose tissue (223, 224). The inactivation of LPL is not the only function that 

ANGPTL4 has in the triglyceride metabolism. Recent evidence suggests that the 

C-terminal, fibrinogen-like domain of ANGPTL4 induces intracellular lipolysis in 

white adipose cells in an LPL-independent manner (212). This is an intriguing 

concept since it makes ANGPTL4 a master switch of the triglyceride flow in 

adipose tissue, but it requires additional studies, as the exact mechanism and C-

terminal receptors remain unclear. 

The important role of ANGPTL4 as a regulator of triglyceride metabolism made 

it a key target for lipid-lowering strategies. A multitude of genetic studies have 

identified 2 mutations in ANGPTL4 – E40K and T266M, which are common in 

humans and which were associated with decreased plasma triglyceride levels and 

with an anti-atherogenic plasma profile (225–228). Unfortunately, ANGPTL4 
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proved to be a double-edged sword – in case of a full body knockout of ANGPTL4 

and on a high-fat diet, macrophages may form foam cells, which greatly speed up 

the progression of atherosclerosis (111, 229, 230). This occurs due to that the 

normal suppression of LPL activity by ANGPTL4 is absent in the macrophages 

(111, 138, 139). In addition, the C-terminal domain of ANGPTL4 is involved in an 

array of non-metabolic functions and may play a crucial role in the stimulation of 

lipolysis in the adipose tissue (212, 231–233). As a result, anti-ANGPTL4 

treatment strategies must be approached with great care in order to avoid 

possible side effects. Tissue-specific inhibition of an N-terminal domain of 

ANGPTL4, or blockade of its interaction with LPL, might provide a new powerful 

tool for triglyceride lowering therapies (234).  

Angiopoietin-like protein 8 

ANGPTL8, also known as betatrophin, lipasin, RIFL and TD26 is the recent 

addition to the ANGPTL protein family. It was first discovered in 2012 and was 

immediately connected with triglyceride metabolism (235–237). Despite its 

novelty, and lack of a molecular mechanism of action, together with ANGPTL3, it 

became a prime target in lipid-lowering therapies. 

ANGPTL8 is predominately produced in the liver and adipose tissue – the same 

sites which produce both ANGPTL3 and ANGPTL4. Unlike ANGPTL3, ANGPTL8 

expression is regulated in response to the metabolic ques of the body, but unlike 

ANGPTL4, it is upregulated in response to feeding (235–237). The main regulator 

of ANGPTL8 production is the liver X receptor, which upregulates the ANGPTL8 

expression in response to insulin (238). ANGPTL8 production is downregulated 

by glucocorticoids in response to fasting, and by AMP-activated protein kinase in 

response to stress (196, 238, 239). In brown adipose tissue, ANGPTL8 is 

upregulated in response to cold – as opposed to ANGPTL4 which instead is 

downregulated (234, 240). Recent evidence suggests that in order to be secreted 

by the cells, ANGPTL8 needs to be produced together with ANGPTL3 (182).  

Little is known about the structure of ANGPTL8 and the mechanism of its action. 

Unlike other family members, ANGPTL8 lacks the C-terminal fibrinogen-like 

domain (235–237). Computational analysis has shown, that ANGPTL8 contains 

a coiled-coil domain, typical for members of the ANGPTL family (180). It also 

contains the peptide sequence which is responsible for LPL inactivation and 

which is found in both ANGPTL3 and ANGPTL4 (181). Although numerous 

reports have shown that ANGPTL8 is affecting the plasma triglyceride levels, 

there is no evidence of ANGPTL8 having a direct effect on LPL on its own (181, 

182, 237). Because both ANGPTL3 and ANGPTL8 are made in the same cells in 

the liver, it was quickly established that they work together in order to inactivate 

LPL (181, 237). Some evidence suggests that ANGPTL3 and 8 form 
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heterooligomers, but the exact mechanism remains unknown (181, 182). The role 

of the individual proteins in this complex is not clear – either ANGPTL8 enhances 

the activity of ANGPTL3, or ANGPTL3 is necessary for the correct folding of 

ANGPTL8, or both are necessary for the proper active complex formation. Recent 

studies have shown, that the main site of action for the ANGPTL3/8 complex is 

in the metabolically active, energy-demanding tissues – skeletal muscle and 

heart, but the reason why the ANGPTL3/8 complex is preferentially active in 

those tissues is not clear (195, 241). Interestingly, ANGPTL4 and ANGPTL8 are 

made in the same cells in adipose tissue, while their production is upregulated by 

opposite mechanisms (195, 196). There are, however, no reports of complex 

formation between these two proteins and no indication that this complex has a 

function in the adipose cells. 

Until now, a few mutations in ANGPTL8 have been discovered, but none of them 

were shown to have a strong impact on plasma triglyceride levels (242–244). 

Although the exact mechanism and its role in vivo remain unclear, ANGPTL8 has 

become an important player in triglyceride lowering therapies. Experiments on 

mice have shown that injections of monoclonal antibodies against ANGPTL8 

lower the plasma triglycerides, and promote weight loss via increased activity of 

LPL in the heart and skeletal muscles (241, 245). Targeting liver-secreted 

ANGPTL8 remains a prime strategy in triglyceride lowering therapies, as the 

exact role of ANGPTL8 in adipose tissue remains unclear. Adipose tissue does not 

produce ANGPTL3, so it is not likely that adipose tissue ANGPTL8 can act on LPL 

on its own. Moreover, upon its initial discovery ANGPTL8 was connected with 

beta cell proliferation and regeneration and was therefore considered to be an 

important player in the diabetes field (246, 247). Although some aspects of this 

role of ANGPTL8 were disproven in the follow-up studies, ANGPTL8 still remains 

an interesting, yet controversial, biomarker for obesity and type 2 diabetes (248–

250). 

Apolipoproteins 

Apolipoproteins are lipid-binding proteins that are located on the surface of 

plasma lipoprotein particles and serve both as structural components and as 

ligands for various proteins and receptors (251). Amongst the apolipoproteins, 

ApoAs, ApoB, ApoCs, and ApoE are the most studied because of their vital 

importance for lipid metabolism. ApoB is crucial for the assembly and for the 

structural stability of chylomicrons, VLDL, IDL, and LDL. A single copy of ApoB 

is attached to those particles throughout their lifecycle. In contrast, ApoAs, 

ApoCs, and ApoE are present in several copies per lipoprotein and are capable of 

transfer between various particles. The mobility and lipid interaction of those 

apolipoproteins is based on flexible amphipathic α-helices with carefully 

balanced hydrophobicity, that enable detachment and exchange between 
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lipoproteins (252, 253). The lipid-soluble face of the amphipathic α-helix 

interacts with the non-polar proximal parts of the lipids on the lipoprotein 

surface, while the polar side of the amphipathic α-helix faces the water molecules 

and the polar phospholipid head groups (253–255). The main driving forces 

behind the relocation of apolipoproteins from one lipoprotein to another are the 

changes in the lipid composition, changes in the surface pressure due to the 

curvature of the particle and crowding effects on the surface of lipoproteins (256). 

All of these characteristics are affected by triglyceride hydrolysis which decreases 

the size of the particle. HDL serves as a transport particle and reservoir for most 

of the exchangeable apolipoproteins. When HDL encounters a lipoprotein with a 

larger diameter and a less crowded surface, some of the HDL-bound 

apolipoproteins may transfer to the larger particle. As the triglyceride-rich core 

of those lipoproteins is utilised, the outer layer becomes compressed and may 

even start to curve. These changes drive both apolipoproteins and some polar 

lipids to leave the particle to be picked up by HDL, from which the 

apolipoproteins can be reused again (19, 257). 

The structural properties that allow apolipoproteins to transfer between 

lipoproteins and fulfil their function also make the proteins prone to formation 

of amyloid fibres. In this regard, ApoE is the most studied apolipoprotein, as it is 

produced in the brain and is commonly found in the amyloid plaques in 

Alzheimer’s disease (258). The D25V variant of ApoC3 was shown to form 

amyloid fibres and amyloid deposits in vivo (259).  

Exchangeable apolipoproteins were suggested to derive from a common ancestor 

protein and are found in hundreds of species down to prokaryotes (260–262). 

The family shares 40% similarity on the nucleotide and 15% similarity on the 

amino acid level. Most of the human apolipoprotein genes are clustered on two 

chromosomes – APOA1/C3/A4/A5 on chromosome 11, and APOE/C1/C4/C2 on 

chromosome 19 (263, 264). ApoB together with other lipid-exchange proteins are 

members of a multispecies, multigene super-family (265). The human APOB gene 

is located on chromosome 2 (266). Below is a brief description of the 

apolipoproteins which play a role for the LPL-mediated metabolism of plasma 

triglycerides.  

Apolipoprotein A5 

ApoA5 is the most enigmatic LPL regulator. Together with ApoC2, which is 

described below, they are the only known activators of LPL activity. ApoA5 is, 

however, present in very low concentrations in plasma, less that one copy per 

lipoprotein particle (267, 268). This suggests that ApoA5 may have catalytical 

activity and, possibly, is reused (267, 269). 
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ApoA5 is mainly produced in the liver and it is found on chylomicrons, VLDL and 

HDL (268, 270). It was shown that PPARα upregulates the production of ApoA5. 

This, in part, explains the triglyceride-lowering effect of fibrates (271, 272). 

Additionally, the farnesoid X receptor and retinoic acid receptor-related orphan 

receptor were shown to upregulate ApoA5 production (273, 274). On the other 

hand, liver X receptor and insulin were shown to downregulate the expression of 

ApoA5 (275, 276). This suggests that ApoA5 production is regulated in 

accordance with metabolic cues of the body and that ApoA5 may be involved in 

type 2 diabetes-associated HTG.  

ApoA5 is a highly helical, 343 amino acid residue protein. It is composed of two 

domains – a hydrophobic region responsible for the interaction with lipids, and 

a positively charged region that may interact with heparin, HSPGs and similar 

polyanions (277, 278). Only very small amounts of ApoA5 are secreted by the 

liver, but even those low amounts are sufficient in order to decrease plasma 

triglyceride levels. The exact means of this regulation are still unknown, but there 

are three possible mechanisms proposed. The first mechanism is direct LPL 

activation by ApoA5 (267, 279, 280). This was especially evident in studies of 

mouse models lacking ApoA5, where triglyceride clearance was greatly 

diminished (279). Even though molecular mechanism of this activation is not 

clear, there is evidence for a possible interaction between ApoA5 and LPL (267, 

278, 280). On the other hand, both ApoA5 and LPL are positively charged, which 

makes molecular interactions less likely. It was previously proposed that ApoA5 

might act via interactions with HSPGs or GPIHBP1, which are both negatively 

charged (281, 282). Interactions with ApoA5 may create an additional bridge, 

which brings LPL closer to its substrate or reinforces LPL-lipoprotein interaction. 

The second mechanism that has been proposed for ApoA5 involves inhibition of 

VLDL secretion. It was demonstrated that ApoA5 is poorly secreted by hepatic 

cells (277). As a result, there is much more ApoA5 within the hepatic cells than in 

circulation. Increased concentrations of ApoA5 in hepatocytes leads to lower 

triglyceride secretion and to production of smaller than normal VLDL particles 

(283). Finally, the third proposed mechanism is based on the ability of ApoA5 to 

influence triglyceride clearance by accelerating the uptake of TRL remnants by 

the liver cells. ApoA5 shares some properties with ApoB and ApoE, which allow 

ApoA5 to interact with LDLR (281, 284). It has been argued, however, that this 

property is common to all apolipoproteins (269). 

Single nucleotide polymorphisms within ApoA5 have been consistently 

associated with elevated triglyceride levels in the affected individuals (272). The 

association with CVD is, however, not entirely clear (269). As a result, ApoA5 is a 

potent drug target for blood lipid-lowering therapies. Unfortunately, the lack of 

mechanistic insight into the function of ApoA5 limits its use in therapy. 
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Apolipoprotein B 

ApoB is a very large, single chain, hydrophobic protein, which is an essential 

structural component of TRLs – chylomicrons and VLDL. ApoB plays a key role 

in the assembly of the lipoproteins, in their degradation and in the formation and 

turnover of lipoprotein remnants (285, 286). ApoB exists in two forms, which 

differ by size and tissue distribution. ApoB100 is the full-length ApoB protein, 

which is produced in the liver and is a structural component of VLDL. ApoB48 is 

a truncated version of ApoB, spanning 48% of N-terminal sequence. Thereby 

theApoB48 lacks the site for the interactions with LDLR and other receptors of 

this family (32, 285). 

The main regulator of ApoB production is hepatic nuclear factor-4α – a master 

switch in lipoprotein secretion. It regulates ApoB expression both in the liver and 

in the intestine (287, 288). Additionally, there is a multitude of regulatory 

elements which are specific to either hepatic or intestinal cells, which tightly 

control the production of both forms (285, 287). ApoB secretion, however, is 

mostly dependent on the amount of lipids in the tissue (23, 33). As ApoB is a 

hydrophobic protein, it requires excessive lipidation during production. This is 

carried out by MTP – a chaperone-like protein, which governs the creation of an 

early lipoprotein particle. If the ApoB is not sufficiently lipidated it is directed to 

degradation (33, 34, 43, 44). 

ApoB is a 4536 amino acid protein with 5 domains: a globular N-terminal domain 

which is responsible for the interaction with MTP, two large amphipathic β‐ sheet 

domains which strongly interact with lipids, and two amphipathic α‐ helix 

domains (286). ApoB100 is so large, that it entirely encloses the LDL particle 

(289). The main clinical significance of ApoB, however, comes from its role in the 

degradation of lipoprotein remnant particles. ApoB100, together with ApoE, is 

essential to ensure the interaction with LDLR, endocytosis, and degradation of 

VLDL remnants (290, 291). Chylomicrons rely entirely on ApoE for their 

degradation (285, 286). 

Since ApoB is permanently attached to the lipoprotein, ApoB100 follows the fate 

of VLDL and is found on LDL. Thus, ApoB100 may serve as a marker for 

atherogenic lipoproteins. ApoB is an important target for cholesterol-reducing 

therapies. Anti-ApoB100 antisense treatment with Mipomersen resulted in 

reduced production of ApoB100 in the liver and was proven to be effective in 

lowering both total plasma cholesterol levels and LDL cholesterol levels (292). 

This treatment may, however, have some negative side effects, both because 

antisense drugs, in general, tend to affect the liver and because a complete 

deletion of ApoB results in liver steatosis (293, 294). Nonetheless, ApoB is a 

potential drug target for lowering cholesterol levels in cases where statins and 

other treatments are not effective. 
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Apolipoprotein C1  

ApoC1 is small, 57 amino acid long, protein, which is produced mostly in the liver 

(295, 296). Although ApoC1 has been known for more than 40 years and was 

shown to play a role in lipid metabolism, it is not as well studied as the other 

ApoCs. ApoC1 is located on the APOE/C1/C4/C2 gene cluster on chromosome 19, 

and its expression is regulated by the same elements which regulate ApoE (297). 

The main regulatory elements in this cluster are the two hepatic control regions 

which play a role in the production of all the proteins in the APOE/C1/C4/C2 

cluster (298, 299). 

ApoC1 is the smallest exchangeable apolipoprotein. It is only 6.6 kDa in size and 

consists of two amphipathic helices. Both helices are needed for the interaction 

with the lipoprotein surface, and point mutation in either of them affect the 

binding of ApoC1 to the lipoproteins (300, 301). The ApoC1 distribution is 

dependent on the metabolic state of the body – during fasting, ApoC1 is 

predominately located on the HDL, whereas in the fed state it relocates to 

chylomicrons and VLDL (264). ApoC1 was shown to have a variety of actions. The 

most important function of ApoC1 in the context of this thesis is its ability to 

inhibit the activity of LPL in vitro (302–305). The exact mechanism of this action 

remains unknown, but it was proposed that ApoC1 may displace LPL from the 

lipoprotein particles (302). Another way for ApoC1 to affect plasma triglyceride 

levels is via inhibition of the ApoE-mediated receptor uptake of triglyceride-rich 

remnants (264, 306). Additionally, ApoC1 was shown to be an inhibitor of CETP 

– the key protein in reverse cholesterol transport (307, 308). Other functions of 

ApoC1 include a role as a biomarker in Alzheimer’s disease (309, 310), and in 

several types of cancer (311, 312). 

Although ApoC1 is a potential drug target for the regulation of triglyceride levels 

in the blood, its use is complicated by several factors. Firstly, to our knowledge, 

there are no described individuals with single ApoC1 loss-of-function mutations. 

The only case known had a second loss-of-function mutation in the ApoC2 gene, 

which by itself resulted in a severe HTG (313). Thus, there is no evidence that 

ApoC1 removal will affect the overall health in humans. Additionally, experiments 

on mice with both ApoC1 knock-out and overexpression resulted in comparable 

phenotypes – the mice had increased levels of plasma triglycerides and 

cholesterol in both cases (314, 315). These factors, together with a lack of a clear 

molecular mechanism for the function of ApoC1, hamper its use in a clinical 

setting. Thus, there is a great need for further studies of the role of ApoC1 in 

triglyceride metabolism. 
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Apolipoprotein C2 

ApoC2 is one of the key proteins in plasma triglyceride metabolism. ApoC2 acts 

as a crucial cofactor for triglyceride hydrolysis by LPL. The mechanism for the 

stimulated activity is still not fully understood, but it is clear that the stimulation 

is related to properties of the substrate rather than to a true effect on the active 

site of the enzyme (316–318). ApoC2 ensures that LPL will stay attached on the 

lipoprotein in a productive way until the triglyceride-rich core is sufficiently 

hydrolysed. The majority of ApoC2 is produced in the liver, although ApoC2 is 

also expressed at other sites (39). The APOC2 gene is located in the 

APOE/C1/C4/C2 cluster on chromosome 19. This cluster contains two hepatic 

control regions that are essential components in liver expression of ApoC2 (298, 

299). In hepatic cells, the expression of ApoC2 is regulated via a multitude of 

transcription factors which respond to the metabolic needs of the body. The 

principal players in ApoC2 regulation are hepatic nuclear factor-4α and farnesoid 

X receptor, which interact and respond to the levels of free fatty acids and bile 

acids respectively (319, 320). 

Secreted ApoC2 is a small, 8.9 kDa protein, which consists of 79 amino acids 

arranged in three amphipathic helices. The first and second helices are 

responsible for the interaction with the lipoprotein surface, while the third helix 

is responsible for the activation of LPL (316). In blood, ApoC2 is mostly found on 

chylomicrons, VLDL and HDL (318). The plasma levels of ApoC2 are relatively 

stable but may increase with the accumulation of TRL and were shown to respond 

to age and diet (321, 322). It is well documented that lack of ApoC2 has similar 

effects on plasma triglyceride levels as a total deficiency of LPL (323, 324). 

Overexpression of ApoC2, however, may also lead to decreased triglyceride 

hydrolysis (325). The reason for this is not entirely clear, but a large amount of 

ApoC2 may cover the surface of lipoproteins and they may, therefore, become 

inaccessible to LPL (326). The action of ApoC2 has been proven to be greatly 

dependent on the surface tension of lipoproteins (19). Freshly secreted TRLs are 

covered by a surface layer of polar lipids, with relatively few proteins. Thus, native 

lipoproteins have low surface tension, and this may attract both ApoC2 and LPL. 

ApoC2 relocates from HDL onto the TRL, and the triglyceride content of this 

particle is then rapidly hydrolysed by LPL. As this occurs, the surface of the 

lipoprotein remains essentially the same and therefore the surface pressure 

increases. At some point this pressure forces ApoC2 and LPL to detach from the 

lipoprotein, leaving the TRL remnant behind (19). ApoC2 is then incorporated 

into HDL particles and is either degraded as part of HDL after endocytosis or 

reused by newly synthesised TRLs. 

Genetic deficiency of ApoC2 results in dramatically elevated levels of plasma 

triglycerides. This, however, occurs only in case of a complete lack of functional 

ApoC2, as a monoallelic expression of ApoC2 is enough to sustain high activity of 
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LPL (318). As in the case of LPL deficiency, conventional triglyceride lowering 

treatments have little or no effects on the triglyceride levels of individuals that 

completely lack ApoC2 (39). The main treatment option for these rare individuals 

is a strict fat-restriction diet (327). Another possibility for acute reduction of 

triglycerides in these patients is plasmapheresis with plasma from healthy donors 

(323). Recently designed ApoC2 mimetic peptides may provide a new tool for the 

treatment of individuals lacking ApoC2 and may also be used for triglyceride-

lowering therapies in other cases. One of the reasons why mimetic ApoC2 

peptides are so effective lies in their structure – they retain the LPL activating C-

terminal helix, but the lipid binding N-terminal helix is replaced with a shorter 

analogue, which covers less of the lipoprotein surface. This property allows the 

use of higher concentrations of the mimetic peptide, as compared to the native 

ApoC2, without any adverse effect on LPL activity (136, 328). 

Apolipoprotein C3 

ApoC3 is a 79 amino acid long secreted glycoprotein, which is predominately 

produced in the liver and to a smaller extent in the intestine (329). Production of 

ApoC3 in hepatic cells is mostly regulated by various metabolic and hormonal 

factors. The ApoC3 expression is upregulated by glucose levels, via the action of 

carbohydrate response element–binding protein and hepatic nuclear factor-4α, 

and by saturated fatty acids, via the PPARγ coactivator-1β and estrogen-related 

receptor α (330). On the other hand, production of ApoC3 is downregulated by 

insulin and polyunsaturated fatty acids via the transcription factor Forkhead box 

O1 (330, 331). 

ApoC3 is secreted to blood as a component of nascent chylomicrons, VLDL and 

HDL. High plasma levels of ApoC3 are positively correlated with high levels of 

plasma triglycerides (332). The main mechanism for how ApoC3 influences 

triglyceride levels is, however, not entirely clear. It has been shown that ApoC3 

can inhibit both triglyceride hydrolysis by LPL and clearance of TRL remnants by 

receptors in the liver (332, 333). A multitude of in vitro studies have shown that 

ApoC3 has a direct inhibiting effect on LPL activity. The C-terminal aromatic 

residues of ApoC3 are important for the inhibition of the interaction between LPL 

and TRLs (302, 305, 334). This, however, occurs only when the levels of ApoC3 

are 5-fold higher than the levels of ApoC2. These concentrations are rarely 

achieved in healthy individuals. It is possible that ApoC3 simply displaces ApoC2 

from the lipoproteins, making them a poor substrate for LPL and/or ApoE, 

preventing lipolysis and/or the uptake of remnant particles in the liver (332, 333). 

Clear indications for that come from studies of patients with familial 

chylomicronaemia due to LPL deficiency. When these patients were treated with 

ApoC3 antisense oligonucleotides, they experienced a dramatic drop in blood 

triglyceride levels (335). Since this effect cannot be attributed to the action of LPL, 
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it was proposed that ApoC3 inhibits the uptake of TRL remnants by hepatic cells 

via LDLR or LRP. Further proof was that ApoC3 antisense oligonucleotide 

treatment had no effect in mice simultaneously lacking these receptors (336).  

Because ApoC3 is clearly an important regulator of plasma triglyceride levels, 

much effort has been put into studies of mutations which affect the levels and 

function of ApoC3. Analyses of individuals with ApoC3 mutations have 

demonstrated that low levels of ApoC3 result in low levels of plasma triglycerides 

and decreased risk of CVD (337–339). Therefore, ApoC3 is an interesting target 

for the treatment of HTG and prevention of CVD. Statins, fibrates, omega-3 fatty 

acid supplementation and other lipid-lowering strategies decrease the levels of 

ApoC3 as well as levels of triglycerides (340–342). A more specific approach, such 

as ApoC3 antisense treatment of patients with familial HTG, resulted in 

alleviation of HTG symptoms, such as pancreatitis and abdominal pain (343). As 

of now, ApoC3 remains one of the primary targets for the development of efficient 

triglyceride-lowering drugs. 

Apolipoprotein E 

ApoE is an important regulator of triglyceride metabolism and one of the most 

studied apolipoproteins. It originates from the same gene cluster on chromosome 

19 as ApoC1 and ApoC2, but unlike the latter two proteins, ApoE it is produced 

not only in the liver, but in a variety of tissues, including the brain, adipose tissue, 

and macrophages (344). Two hepatic control regions play a key role in the liver 

production of all proteins on the APOE/C1/C4/C2 cluster (297–299). Other 

tissues, however, rely on different, ApoE specific, regulatory elements. ApoE 

production in macrophages and adipose cells is regulated by the action of two 

distal multi enhancer elements (345), whereas ApoE expression in the brain is 

guided by several elements in the proximal promoter (346, 347). Neurons, on the 

other hand, have a unique regulation for ApoE expression – they produce an 

inactive ApoE mRNA with an intact third intron. Under stress or injury, 

astrocytes induce the splicing of the third intron in neural cells, which initiates 

the production of the ApoE protein, which in term assist in cell repair (348, 349). 

ApoE is a 299 amino acid protein which is found on chylomicrons, VLDL, IDL, 

and HDL. It consists of 2 domains – an N-terminal domain which binds to LDLR 

and a C-terminal lipid-binding domain (350). This dictates its main function in 

lipid metabolism – ApoE is responsible for the interaction with LDLR and LRP, 

and for the uptake and degradation of TRL remnant particles by the liver. Thus, 

ApoE is one of the key proteins, responsible for the regulation of triglyceride and 

cholesterol levels in plasma (347, 350). Interestingly, in humans, ApoE is found 

in 3 different common alleles, which differ by only a single amino acid 

substitution, but this substitution has dramatic effects on its function. The ApoE3 
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allele is considered “normal” – it has a strong affinity for LDLR, nearly 20-fold 

stronger than that of ApoB (344). In contrast, a single substitution of arginine 

with cysteine in position 158 in ApoE2 allele results in an impaired interaction 

with LDLR and was shown to cause HTG, especially in conjunction with other 

metabolic diseases (344, 351, 352). The third, ApoE4 allele, described by the 

cysteine to arginine substitution in position 112, does not affect the interaction of 

ApoE with LDLR, but instead plays a significant role in the progression of 

Alzheimer’s disease. The presence of single or double ApoE4 allele increases the 

risk of Alzheimer’s disease 4- and 14-fold respectively (350). The role of ApoE in 

the pathogenesis of Alzheimer’s disease is still not clear, but it was shown that 

ApoE4 may enhance the deposition of Aβ peptide in the amyloid plaque, whereas 

ApoE3 may have an opposite function in clearing the Aβ peptide via receptor-

mediated mechanisms in the brain (350, 353–355). 

Different alleles of ApoE also play a role in the development of CVD. The most 

prominent effect comes from the impaired interaction between ApoE2 with 

LDLR, which results in increased levels of TRL-remnants. ApoE2 is present in 

nearly 8% of the population, and this puts them in imminent risk of developing 

CVD (344, 350). ApoE4, which is found in 15% of the population, binds to LDLR 

with the same affinity as ApoE3 but prefers large VLDL particles. This leads to an 

increased amount of ApoE4 on the surface of VLDL, which in term displaces 

ApoC2 and reduces the LPL mediated lipolysis. As a consequence, more VLDL is 

cleared from plasma by the liver which results in two effects: there is less surface 

material in the circulation for HDL formation, and there is a reduction in LDLR 

production (350, 356). Thus, individuals with the ApoE2 and ApoE4 alleles have 

an atherogenic plasma lipoprotein profile and are at risk of developing CVD. One 

of the possible ways to compensate for the negative effects of ApoE2 and ApoE4 

alleles is to increase the amount of LDLR, which can be achieved by treatment 

with proprotein convertase subtilisin-kexin type 9 inhibitors and several types of 

statins (357, 358). Higher levels of LDLR will facilitate the TRL remnant removal 

by both ApoE2 and ApoB and will help to avoid the reduction of LDLR by ApoE4. 

Nonetheless, the main interest in ApoE treatment right now lies in the field of 

neurodegenerative diseases – ApoE3 overexpression in the brain or substitution 

of the ApoE4 allele with that of ApoE3 may serve as a treatment approach in 

Alzheimer’s disease (359).  
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Aims of the thesis 

The overall aim of my thesis was to investigate the molecular mechanisms for the 

regulation of LPL activity by various identified proteins that are part of the LPL 

machinery. To do so I have specifically focused on the following aspects of LPL 

regulation: 

 role and the molecular mechanism of ANGPTL8-mediated LPL inhibition 

 

 formation of ANGPTL8 complexes with ANGPTL3 and ANGPTL4 

 

 molecular mechanisms of the ANGPTLs effects on LPL structure and function 

 

 structural effect of ANGPTL4 E40K mutation on its overall activity 

 

 development of a novel method to measure LPL activity, which allows 

analysing the mechanism of LPL action and regulation directly in human 

plasma 

 

 application of the novel method to study lipolysis in a collection of human 

plasma samples in order to analyse the influence of various plasma 

components on the activity of LPL in an in vivo-like environment 
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Materials and methods 

Several pertinent observations presented in this thesis were obtained using rarely 

implemented biophysical techniques: hydrogen-deuterium exchange mass 

spectrometry (HDX-MS) in paper II and isothermal titration calorimetry (ITC) in 

papers III and IV. A brief description of these methods is given below. In addition, 

this section contains a brief description of an ongoing clinical study – 

visualization of asymptomatic atherosclerotic disease for optimum 

cardiovascular prevention (VipViza), samples from which were used in paper IV. 

Hydrogen-deuterium exchange mass spectrometry 

HDX-MS is a powerful technique, which in recent years has become a golden 

standard for studies of the dynamics of protein structure under effects of various 

factors. As the name suggests, the technique is based on the exchange of hydrogen 

atoms in the studied protein with deuterium atoms from heavy water. The protein 

hydrogen atoms, which are bound to oxygen, nitrogen, and sulphur, are in 

constant exchange with the surrounding water molecules. Thus, if the protein is 

surrounded by heavy water, the hydrogen will be exchanged for deuterium, which 

will increase the mass of protein by one dalton per each exchange event. The 

exchange mostly occurs in the amide backbone of the protein – the hydrogens on 

solvent-exposed amino acid side chains are mostly involved in the hydrogen 

bonds with surrounding water molecules and thus exchange at a much slower rate 

(360).  

The protein weight change which occurs during a hydrogen-deuterium exchange 

can be measured using high-resolution mass spectrometry. To increase the value 

of this measurement, the proteins are degraded into peptides by the action of 

proteases. As a result, the peptides which were exposed to the water phase will 

have a higher molar weight than the same peptides of the untreated protein. The 

peptides which were hidden in the interior of the protein, or are shielded by 

protein-protein interaction, will have the same molar mass as their untreated 

counterparts. This, together with various computational models gives a low-

resolution structure of the protein. Using various duration of the deuterium 

labelling, HDX-MS allows monitoring of structural changes in the protein 

population, which can be translated into structural changes during folding an 

unfolding. Additionally, protein interactions with various macromolecules result 

in changes in the deuterium exchange patterns of the protein – the peptides 

which were previously exposed to the solvent become hidden in the interior of the 

interaction interface. In some cases, protein interactions may result in structural 

changes in the rest of the proteins (360, 361). A schematic illustration of HDX-

MS principle is presented in Figure 6. In paper II we focused on the unfolding of 



 

35 
 

LPL under the influence of ANGPTL4. Additionally, HDX-MS allowed us to 

demonstrate the effect of the E40K (E15K in mature protein) mutation on the 

structure and function of ANGPTL4. 

 

Figure 6. A schematic illustration of HDX-MS principle. A. A protein is subjected to heavy 

water for various time intervals. B. The hydrogen-deuterium exchange is quenched by low pH, and 

the protein is subjected to fragmentation by proteolysis. C. The peptides are analysed by mass 

spectrometry, in order to measure the degree of hydrogen-to-deuterium exchange. D. The results can 

be presented as a butterfly plot of the peptide masses, or as a dynamical change of a mass of a specific 

marker peptide. These results can be later translated into structural properties of the protein. 

Isothermal titration calorimetry 

ITC is a biophysical technique which emerged as a reliable tool for measuring the 

thermodynamic parameters of protein interactions (362). The relative simplicity 

of the method has made it invaluable in drug discovery and in studies of 

mechanisms of protein interactions with macromolecules and small compounds. 

The ITC device consists of a cell filled with the sample of interest and a reference 

cell filled with water or buffer. In order to minimise the effects of the 

environment, both cells are surrounded by an adiabatic jacket. The temperature 

in both cells is kept constant by built-in heaters and the reference cell has a small 
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amount of constant power added to it. When a ligand is added to the sample cell 

via the stirrer-syringe, it interacts with the sample and this results in a change of 

temperature in the sample cell. To compensate, the heater heats up or cools down 

the sample cell, so that the temperature is equal to that of a reference cell. The 

energy needed for this process is recorded and plotted. This result is then 

transformed into a titration curve, which is used to estimate the change of 

enthalpy (ΔH), the binding constant, and the stoichiometry of the interaction. As 

a result, the Gibbs free energy (ΔG) and the change in entropy (ΔS) can be 

calculated using the equation ΔG = ΔH – TΔS (363).  

A more exotic use of ITC is for studies of the kinetics of enzymatic reactions. Any 

enzymatic process is connected with a heat flow –production of heat over time. 

This heat flow is proportional to the molar enthalpy of the reaction and the 

amount of product formed over a given time in a reaction volume. Thus, if we mix 

an enzyme with its substrate, it will produce a constant heat flow until the 

substrate runs out. This result is plotted as a change of baseline, followed by a 

return to the initial baseline after all substrate is utilised (364, 365). The 

schematic illustration of an ITC device, as well as examples of hypothetical 

results, are presented in Figure 7. Our approach to the use of ITC for 

measurements of LPL activity is discussed in detail in the Results and Discussion 

sections of Paper III.  

As with any biophysical technique, ITC has both advantages and disadvantages. 

Amongst the advantages of ITC is its ability to measure the change of enthalpy, 

the binding constant, and the stoichiometry of the interaction in a single run. 

However, ITC may only be performed on soluble proteins and compounds. This 

is both an advantage and disadvantage, as it limits the use of ITC in studies of 

membrane proteins. The ITC sample cell walls are made from inert materials, like 

gold and Hastelloy alloy, which allow the use of moderately corrosive reagents 

and soft organic solvents. Most importantly, all measurements in ITC are label-

free ruling out pan-assay interference compounds, that are major issues in 

fluorescence-based assays (363, 366, 367). ITC, however, has a limited 

throughput. In certain cases, a single experiment may last up to 4 hours. This 

disadvantage is actively addressed by the manufacturers of ITC devices. New 

machines are fully automated and allow up to 48 runs per day, without any 

human input. 
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Figure 7. A schematic illustration of the ITC principle. A. A schematic illustration of the ITC 

device. B. A hypothetical output of an interaction experiment from ITC. Asterisks denote the peaks, 

which are produced by the interaction between molecules. After peak number 4 the system becomes 

saturated, which is necessary in order to calculate the stoichiometry of the interaction. C. A 

hypothetical output of an enzyme activity experiment performed by ITC. The injection of an enzyme 

results in an increase in heat production (dQ/dt). The octothorpe denotes the point of an experiment 

where the enzyme reaction is saturated, and every further injection of the enzyme speeds up the 

utilization of a substrate. Asterisks denote the peaks, which are produced by the interaction between 

the enzyme and the substrate, as well as “mixing” effects of enzyme and substrate solutions. 

Visualization of asymptomatic atherosclerotic disease for 

optimum cardiovascular prevention 

Paper IV is based on the plasma samples from a subcohort of the VipViza study. 

VipViza is based on the Västerbotten Intervention Programme – a population 

study based in the county of Västerbotten, which enrols every individual aged 40, 

50, and 60 for a health examination, and a follow up with a health consultation, 

in order to prevent CVD development. All individuals get advice on lifestyle, and 

individuals with hypercholesterolemia, hypertension, diabetes and family history 

of CVD are directed to a specialised treatment (368). The Västerbotten 

Intervention Programme has a strong beneficial effect on the population health, 

mainly via direct promotion of a healthy lifestyle in at-risk individuals. VipViza 

aims to advance this effect even further with the use of ultrasonography. The 

VipViza setup involves 3200 individuals from the Västerbotten Intervention 

Programme, with at least one identified risk factor for CVD development, divided 

into two groups: an intervention group, which in addition to standard 

intervention receives an in-depth information of their personal health based on 

the ultrasound of their carotid artery, and a control group. Follow up of the 

participants were made after one and three years. The main aim of the VipViza 
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study is to examine the psychological changes, which occur when individuals 

realise the direct health implication of their previous lifestyle, demonstrated to 

them by images of their own atherosclerotic plaques. Additionally, VipViza aims 

to diagnose and prevent CVD in earlier stages – the blood samples collected in 

this study are thoroughly examined by a variety of techniques, in order to screen 

for potential biomarkers for CVD development (369). 

In paper IV we use plasma samples obtained from a small, randomly selected 

group of individuals, from the VipViza study at the three year follow up. The main 

reason for using the VipViza study lies in the in-depth analysis of both the study 

participants and their plasma samples in terms of CVD risk and lipid metabolism. 

Additionally, the close proximity of the study centre allowed us to obtain fresh 

plasma samples, which are very valuable for lipid analysis. Finally, the VipViza 

organization was capable of providing us with sufficiently large quantities of 

plasma for the ITC analyses. In return, as a part of our study of the effects of 

various components of human plasma on the activity of LPL, we have measured 

the levels of several proteins that are known to be involved in the plasma lipid 

metabolism and/or that were shown to be involved in the development of CVD. 

We aim to incorporate our data on the small subset of the VipViza cohort into the 

VipViza study, as those factors may act as potential biomarkers in early CVD 

development. 
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Results and discussion 

Paper I 

In this paper, we have studied the individual effects of ANGPTL3, 4 and 8, as well 

as the heterooligomers formed between ANGPTL8 and ANGPTL3 or 4 in order 

to understand the mode of ANGPTL8 action. We have used bacterially expressed 

N-terminal coiled-coil domains of all proteins since it was previously reported 

that they have the same effect on LPL as the full-length form, but do not contain 

the complex tertiary structure of the C-terminal domain (370). 

Much like in the previous studies, we have observed that ANGPTL3 is a less 

potent inactivator of LPL activity than ANGPTL4 (181). We have also confirmed 

the previous observations that, on its own, ANGPTL8 has no effect on LPL activity 

(181, 182). Our experiments revealed, that in order to have any effect on the LPL, 

ANGPTL8 needs to be refolded together with ANGPTL3. The separately folded 

ANGPTL3 and 8 were unable to form a functional complex. This was evident from 

both co-immunoprecipitation and measurements of LPL activity, which was the 

same as the LPL activity in the presence of ANGPTL3 alone. The lack of effect of 

ANGPTL8 on LPL may be due to the poor solubility and/or instability of 

ANGPTL8 on its own. It was reported by others that ANGPTL8 is unable to be 

secreted from cells in the absence of ANGPTL3 (182). We have also studied the 

role of the short C-terminal helix of ANGPTL8, which was previously proposed to 

cover the active site of ANGPTL8 (180, 181). We observed that ANGPTL8 lacking 

this helix still had no effect on LPL activity, but was instead unable to interact 

with ANGPTL3. Thus the effect of the inhibitory antibody, observed by others in 

the previous study, was most likely due to the disruption of the ANGPTL3/8 

complex (181). 

The complex formation between ANGPTL3 and 8 lead us to suspect that the same 

may occur between ANGPTL4 and ANGPTL8. This was an intriguing concept, as 

both proteins are produced in the same cells, but are inversely regulated by the 

metabolic ques of the body (240, 371). Both co-immunoprecipitation experiments 

and measurements of LPL activity indicated that ANGPTL4 and 8 form a 

complex, but to our surprise, the effect of this complex on LPL activity was much 

lower than that of ANGPTL4 alone. This is an intriguing discovery, as ANGPTL8 

may act as a negative regulator of ANGPTL4, inhibiting its action in the fed state 

in white adipose tissue, or during cold exposure in brown adipose tissue. In 

support of our hypothesis, previous studies have shown that the full-body knock-

out of ANGPTL8 in mice diminishes the uptake of radiolabeled triglycerides from 

VLDL in the fed state in white adipose tissue (372). This mechanism, however, 

needs to be examined by additional in vivo studies. The C-terminal helix of 
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ANGPTL8 also seemed to play a crucial role in interaction with ANGPTL4, which 

was evident both from experiments with co-immunoprecipitation and from 

measurements of LPL activity. 

In summary, our results led us to revise the previously proposed model for the 

action of ANGPTL3-4-8 (195). From our experiments, it is evident that all three 

ANGPTL proteins act on LPL via the same mechanism which involves 

dissociation of active LPL dimers and, as a result, irreversible inactivation. All 

three proteins have reduced effects on LPL when it is bound to GPIHBP1, 

although ANGPTL4 is still capable of overcoming this protection. In the fasted 

state, high levels of ANGPTL4 locally inactivate LPL in white adipose tissue and 

triglycerides are redirected to other tissues for oxidation and energy production. 

In the fed state, or upon cold exposure, the levels of ANGPTL4 in adipose tissue 

are reduced and the levels of ANGPTL8 increase. The formation of a complex 

between the two ANGPTLs inactivates any remaining ANGPTL4 and ensures that 

most of the newly produced LPL reach the luminal side of capillaries, where it 

hydrolyses triglycerides for storage or heat production. In the liver, the levels of 

ANGPTL8 also go up in the fed state, and the ANGPTL3/8 complexes are secreted 

for inactivation of LPL on the surface of capillaries of oxidative tissues, protecting 

them from lipotoxicity. 

Paper II 

In Paper II we have focused on structural changes of LPL under the effect of 

ANGPTL4. To do so, we employed the HDX-MS technique in order to study the 

unfolding of the N-terminal hydrolase domain of LPL. HDX-MS was done in 

parallel with measurements of LPL activity, which allowed us to translate 

structural data into functional effects. The results from our study strongly support 

the previous model of ANGPTL4 action, in which it was shown to unfold a 

catalytically active LPL dimer into inactive monomers (110). Even low levels of 

ANGPTL4 relative to LPL were able to unfold a major portion of the LPL dimers, 

which suggest that ANGPTL4 does not stay attached on a single LPL molecule, 

but rather is recycled in a catalytical fashion. We observed that both the 

ANGPTL4-mediated and the temperature-dependent, spontaneous, inactivation 

of LPL are likely to be variants of the same process. These data, together with a 

careful analysis of the data from Lafferty et al., and repetition of experiments 

under their conditions, made it clear that the reversible inhibition model they 

have proposed for the effect of ANGPTL4 on LPL was due to the use of 

deoxycholate (373). Deoxycholate is capable of protecting LPL from inactivation, 

but this is a rather non-specific effect since deoxycholate readily binds to 

hydrophobic sites of LPL and prevents the enzyme from visiting unstable 

conformations. We show that in the case of the specific protection of LPL by 

GPIHBP1, LPL is capable of retaining what activity it had after the ANGPTL4-



 

41 
 

mediated unfolding, but the enzyme does not recover the catalytic activity that it 

had already lost. This once again supports the notion that ANGPTL4 irreversibly 

inactivates LPL. We also compared the inactivation of LPL by ANGPTL3 with that 

of ANGPTL4. It was clear, that although ANGPTL3 is markedly less potent than 

ANGPTL4, they act on LPL via the same molecular mechanism. This effect 

probably originates from the highly conserved LPL inactivation motif that is 

found on ANGPTL3, 4 and 8 (374).  

As discussed earlier in this thesis, the main site for LPL action is on the luminal 

side of the capillaries, where LPL is anchored through the interaction with 

GPIHBP1. We wanted to investigate whether ANGPTL4 is able to act on the 

LPL/GPIHBP1 complex. To examine this, LPL was preincubated with full-length 

GPIHBP1 or with its separate domains prior to the ANGPTL4-mediated 

inactivation. Only the full-length GPIHBP1 was capable of protecting LPL from 

inactivation by ANGPTL4. This is an interesting observation since both our 

experiments and previous data suggest that LPL can be protected from 

spontaneous inactivation by the presence of negatively charged polyanions, like 

heparin and N-terminal domain of GPIHBP1 (117, 118, 153). Our data indicate, 

that not only the presence of both domains of GPIHBP1 is necessary for LPL to 

be protected from ANGPTL4, but they also must be arranged in a correct 

orientation to each other, as a mixture of separate domains provided only 

moderate protection. Our results are in line with the earlier observation that LPL 

in complex with GPIHBP1, but not with heparin, is protected from inactivation 

by ANGPTL4 (116). We also observed similar protection from the effect of 

ANGPTL3 by GPIHBP1. In light of these results, it seems evident that when LPL 

reaches GPIHBP1 on the basolateral side of the endothelium, the enzyme 

becomes invulnerable towards the action of the ANGPTL proteins. This raises a 

question about the site of action for ANGPTL3 and ANGPTL8, which are known 

to be present in plasma, and which are proposed to act on LPL directly in the 

blood. 

Finally, in Paper II we studied the effect of the E40K (E15K in the mature protein) 

mutation of ANGPTL4 on its function. A multitude of genomic studies have 

linked the E40K mutation to decreased levels of plasma triglycerides and 

increased LPL activity in post-heparin plasma, but the structural and functional 

role of this mutation remained unclear (226, 375–377). It was previously 

proposed that the E40K mutation has an effect on the stability, activity and the 

oligomerization of ANGPTL4, but no molecular evidence was ever presented 

(377). Our results demonstrate that the E40K mutation of ANGPTL4 results in a 

much less stable protein. The structural instability is likely due to the change from 

a negatively charged side chain to a positively charged in the N-terminal section 

of the first helix of the coiled-coil domain. This affects the structural integrity of 

the first helix and, according to our results, this is carried over to the second helix 
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via the impaired weak interaction between the two helices. The mutant E40K is 

most likely unstable already upon synthesis and is therefore, to a large extent, 

degraded intracellularly resulting in a decreased secretion. Additionally, because 

the first helix of ANGPTL4 contains the region responsible for the inactivation of 

LPL, the E40K mutation has a direct effect on the overall activity of the ANGPTL 

protein. 

Paper III 

As mentioned in the Materials and Methods section of this thesis, ITC may be 

used for measurements of enzyme activity, though this is not a common 

application of the technique. Previously described ITC-based activity assays were 

usually performed on simple enzyme-substrate systems (364, 365, 378, 379). Our 

aim was, however, to implement the use of ITC in a more complex environment 

– namely for studies of hydrolysis of TRLs by LPL in human plasma. The need for 

this experimental environment lies in the complexity of the natural substrate of 

LPL, which is an aggregate of lipids and proteins forming TRLs, and which are 

hard to reproduce in synthetic ways. Furthermore, some of the components of the 

TRLs are exchanged with other lipoproteins during the hydrolysis reaction. Some 

of the exchange processes are mediated by proteins that are present in plasma, 

such as CETP and the phospholipid transport protein. In addition, as for other 

lipases, the catalytic activity of LPL is a complicated process, involving the 

interaction of LPL with the surface of a TRL, the interaction with the cofactor 

protein ApoC2, binding of an individual lipid molecule in the active site, 

hydrolysis of the ester bond, and finally removal of the more polar, but still 

hydrophobic, lipolysis products from the enzyme. LPL activity assays with water-

soluble, monomolecular, substrates miss out on the first steps and are 

independent of ApoC2, and therefore may give grossly misleading results.  

We performed a thorough study of the use of ITC for the measurements of LPL 

activity. We were able to reliably determine LPL activity using various lipid 

substrates (human plasma, purified human VLDL and the synthetic lipid 

emulsion Intralipid®) and with LPL from different sources. We observed a linear 

correlation between the amount of heat produced by the action of LPL and the 

amount of products (fatty acids) released. The recorded heat change includes not 

only the heat from hydrolysis of lipid ester bonds but also binding of LPL to the 

lipid substrate (the TRLs in plasma), possible structural changes in the 

lipoproteins and binding of the released fatty acids to fatty acid acceptors 

(albumin in plasma). Nonetheless, the total heat measured by ITC relates to LPL 

activity, since not only is it linearly correlated to the product release, but also 

linearly correlates with the amount of LPL in the ITC cell. Our experimental setup 

allowed us to detect the activity from a 50 pM concentration of LPL in the sample 

cell, and in a wide range of concentrations, which is comparable to the most 



 

43 
 

sensitive LPL assays available to date. Furthermore, ITC allows recording of the 

complete hydrolysis of plasma lipids by LPL in real time. This is an intriguing 

application of a technique that may reveal new aspects of the LPL reaction that 

may not be evident from studies of initial rates of lipid hydrolysis. As the 

lipoprotein core is reduced due to the utilisation of triglycerides, the lipoprotein 

shrinks. Because the lipid composition of the lipoprotein surface remains 

essentially the same, the action of LPL should lead to increase in surface pressure, 

and particle curvature, that pushes away some of the exchangeable 

apolipoproteins, and eventually LPL itself. This type of information may prove 

useful for understanding apolipoprotein kinetics in vivo, as well as for drug 

discovery. ITC may also be helpful in the design of mimetic apolipoproteins for 

more efficient handling of lipoproteins and/or their remnants. 

To summarise, ITC offers an alternative to currently available assays for LPL 

which use radiolabeled or fluorescent substrates, as well as the assays which 

measure the fatty acid production with commercial non-esterified fatty acid kits 

(380–383). The prime advantage of the ITC assay is the use of natural 

lipoproteins, that need not to be isolated from plasma, which is otherwise a 

tedious process that invariably leads to damaged lipoproteins. Unlike the non-

esterified fatty acid kits, used for detection of LPL activity, ITC does not suffer 

from the high background levels of free fatty acids in plasma. The main drawbacks 

of the technique right now are the relatively low throughput and lack of an 

absolute standard of measurements. It is, however, the only technique which can 

be used to precisely compare plasma samples from different individuals as a 

substrate for LPL, which is useful in order to study the effect of various plasma 

components in an in vivo like environment. 

Paper IV 

In Paper IV we made use of the ITC based LPL activity assay in order to study the 

properties of plasma samples from different individuals in their ability to 

stimulate LPL activity. Our aim was to correlate the physiologically occurring 

levels of LPL regulators to the rate of LPL mediated TRL hydrolysis. Previous 

studies of LPL regulators were conducted either in isolated in vitro systems or by 

knocking out/overexpressing the proteins of interest in cells or in mouse models. 

While these approaches have provided invaluable information on the 

mechanisms of the LPL regulation, they give little information on the roles of the 

physiological levels of LPL regulators. Furthermore, several of LPL regulators 

have effects on different aspects of lipid metabolism and are involved in other 

important processes in the body. Our approach allows us to isolate and study the 

plasma compartment and thus we focus only on the effect of the plasma 

components on LPL activity. In order to get a broad overview of the individual 

proteins and plasma parameters in human plasma, we have recruited 118 
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individuals from VipViza study, measured the levels of all known protein 

regulators of LPL by commercial ELISA, and examined more than 200 plasma 

parameters by NMR in the commonly employed Nightingale platform. 

To our surprise, variations in the physiological levels of the majority of the known 

LPL regulators had no significant effect on the recorded LPL activity. ANGPTL3, 

4 and 8, that are known to be potent inactivators of LPL, failed to affect the 

activity of LPL in plasma. This observation was, however, predicted by previous 

research, which indicated that the plasma LPL is protected from the action of 

ANGPTL by the interaction with TRL (197). Furthermore, in line with this 

observation, in Paper III we showed that supplementing human plasma with 

ANGPTL4 resulted in only a moderate decrease of LPL activity. Taken together 

these results support the previous notion that ANGPTL4 acts on LPL in the 

subendothelial compartment, and once again they raise the question for the 

ANGPTL3 and ANGPTL8 site of action on LPL (219, 222–224). Interestingly, the 

normal variation in the physiological levels of ApoC1, C2 and C3 had no 

significant effect on the activity of LPL in plasma. Our results, together with the 

data from paper III, indicate that in the case of ApoC1 and ApoC3, their plasma 

concentrations were simply too low to have any effect on LPL. Most of the studies, 

which showed the inhibitory effect of ApoC1 and ApoC3 on LPL activity, were 

done in vitro, usually with an artificial substrate, and with concentrations of the 

Apos exceeding the physiologically occurring ones. In light of this evidence, our 

results support the view, that under physiological conditions the effect of ApoC1 

and ApoC3 on plasma triglyceride levels is due to the inhibition of TRL remnant 

uptake by the liver, rather than the inhibition of LPL activity (264, 306, 332, 333). 

However, based on our data we cannot exclude the role of ApoC1 and ApoC3 on 

the LPL activity, as they might be involved in the inhibition of the enzyme when 

it is bound to GPIHBP1 (384).  

The results from Paper III indicate that the physiological levels of ApoC2 are 

several fold higher than the critical levels needed for LPL activation. Thus, there 

is enough ApoC2 to saturate LPL, meaning that variations in the physiologically 

occurring levels of ApoC2 do not directly influence the activity of an enzyme in 

plasma. The distribution of ApoC2 among lipoprotein classes, however, might 

play an important role in the activation of LPL. We observed that the mean 

diameter of VLDL particles, as well as variables associated with the size, such as 

the ratio of triglycerides to phospholipids and the VLDL triglyceride 

concentration, were positively correlated with the activity of LPL in plasma 

samples. Furthermore, the mean diameter of HDL particles and the variables 

associated with it, like HDL cholesterol concentration, were inversely correlated 

with LPL activity. ApoC2 is found both on HDL and on VLDL, but it fulfils its role 

as LPL cofactor only on VLDL. Therefore, the relative amounts of these 

lipoproteins should affect ApoC2 distribution, and thereby the recorded activity 
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of LPL in human plasma. ApoC2 prefers the largest of both VLDL and HDL 

particles, and this is in line with our observations that only the largest VLDL and 

HDL particles correlated with LPL activity.  

In contrast to the insignificant relations between known regulatory proteins of 

the LPL system, we observed a positive correlation between LPL activity 

measured by ITC and the concentrations of ApoA5 in the plasma sample. There 

is both direct and indirect evidence in the literature for that ApoA5 is an activator 

for the action of LPL, but this effect has previously been difficult to demonstrate 

in vitro. This may be due to the low levels of ApoA5 in plasma (1 molecule per 

200 VLDL in our study) and/or structural properties and limited solubility of this 

protein (267, 279–281). Our results link the amount of ApoA5 to the plasma 

triglyceride correlation, and as such, it is possible that the effect of ApoA5 on the 

LPL activity in plasma is a confounding variable, rather than a direct effect on the 

enzyme.  

We observed a significant correlation between the activity of LPL and the 

composition and saturation of fatty acids in the plasma samples. These 

parameters, however, are very hard to evaluate, because the NMR platform 

facilitates the measurement of total fatty acid content in the plasma samples. This 

includes the fatty acids that are part of phospholipids, triglycerides, cholesteryl 

esters, as well as free fatty acids bound to albumin. The measurement of the fatty 

acid composition of lipids in individual lipoprotein classes could potentially shed 

a light on their role in LPL regulation, although such analyses would require the 

separation of the lipoproteins before analyses with NMR or other techniques. It 

is possible that fatty acids affect the interaction between lipoproteins and LPL or 

ApoC2, but unfortunately, our current setup does not allow us to dissect this 

observation properly. 

The results from the work, done in Paper IV highlights the need for further studies 

of plasma samples not only from asymptomatic, healthy people with rather 

moderate differences in their levels of potential determinants for LPL activity but 

also from patients with dramatic changes in lipid metabolism. 
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Conclusions 

 ANGPTL3 and 4 inactivate LPL via the same mechanism which involves 

irreversible unfolding of LPL. The unfolding is initiated in the N-terminal 

domain of LPL 

 

 ANGPTL8 can form complexes with both ANGPTL3 and ANGPTL4. The 

ANGPTL3/8 complex is more potent in LPL inactivation than ANGPTL3 

alone, whereas the ANGPTL4/8 complex is less potent than ANGPTL4 alone. 

If ANGPTL8 is capable of acting directly on LPL, it does so via the same 

mechanism as other two ANGPTL proteins  

 

 Full-length GPIHBP1 protects LPL from inactivation by ANGPTL3, 4 and 8. 

Thus LPL should be protected from the ANGPTLs when attached to GPIHBP1 

at the capillary endothelium 

 

 The naturally occurring E40K mutation in ANGPTL4 introduces a structural 

instability to the first helix of the ANGPTL4 coiled-coil domain, which affects 

the overall stability and function of the protein 

 

 ITC serves as a potent technique for measurement of LPL activity in real time 

directly on lipoproteins in plasma samples. This offers multiple advantages 

over existing techniques, as plasma contains all of the natural determinants of 

LPL activity, including apolipoproteins, lipid exchange proteins and 

ANGPTLs  

 

 When ITC was applied to study the LPL hydrolysis of plasma samples from a 

group of healthy individuals, we observed that the physiological variation of 

the known regulators of LPL in plasma was not high enough to affect the 

enzyme activity. Instead, other factors, such as the size of the lipoproteins and 

the fatty acid saturation levels, proved to be more important 
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