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Abstract

Individuals with high levels of plasma triglycerides are at high risk to develop cardiovascular
disease (CVD), currently one of the major causes of death worldwide. Recent epidemiological
studies show that loss-of-function mutations in the APOC3 gene lower plasma triglyceride levels
and reduce the incidence of coronary artery disease. The APOC3 gene encodes for
apolipoprotein (APO) C3, known as an inhibitor of lipoprotein lipase (LPL) activity. Similarly, a
common gain-of-function mutation in the LPL gene is associated with reduced risk for CVD.

LPL is central for the metabolism of lipids in blood. The enzyme acts at the endothelial surface of
the capillary bed where it hydrolyzes triglycerides in circulating triglyceride-rich lipoproteins
(TRLs) and thereby allows uptake of fatty acids in adjacent tissues. LPL activity has to be rapidly
modulated to adapt to the metabolic demands of different tissues. The current view is that LPL is
constitutively expressed and that the rapid modulation of the enzymatic activity occurs by some
different controller proteins. Angiopoietin-like protein 4 (ANGPTL4) is one of the main
candidates for control of LPL activity. ANGPTL4 causes irreversible inactivation through
dissociation of the active LPL dimer to inactive monomers. Other proteins that have effects on
LPL activity are the APOCs which are surface components of the substrate TRLs. APOC2 is a well-
known LPL co-factor, whereas APOC1 and APOC3 independently inhibit LPL activity.

Given the important role of LPL for triglyceride homeostasis in blood, the aim of this thesis was
to find small molecules that could increase LPL activity and serve as lead compounds in future
drug discovery efforts. Another aim was to investigate the molecular mechanisms for how
APOC1 and APOC3 inhibit LPL activity.

Using a small molecule screening library we have identified small molecules that can protect LPL
from inactivation by ANGPTL4 during incubations in vitro. Following a structure-activity
relationship study we have synthesized lead compounds that more efficiently protect LPL from
inactivation by ANGPTL4 in vitro and also have dramatic triglyceride-lowering properties in vivo.
In a separate study we show that low concentrations of fatty acids possess the ability to prevent
inactivation of LPL by ANGPTL4 under in vitro conditions.

With regard to APOC1 and APOC3 we demonstrate that when bound to TRLs, these
apolipoproteins prevent binding of LPL to the lipid/water interface. This results in decreased
lipolysis and in an increased susceptibility of LPL to inactivation by ANGPTL4. We demonstrate
that hydrophobic amino acid residues that are centrally located in the APOC3 molecule are
critical for attachment of this protein to lipid emulsion particles and consequently for inhibition
of LPL activity.

In summary, this work has identified a lead compound that protects LPL from inactivation by
ANGPTL4 in vitro and lowers triglycerides in vivo. In addition, we propose a molecular
mechanism for inhibition of LPL activity by APOC1 and APOC3.
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Abbreviations

ABCA1 — ATP-binding cassette transporter Al
ANGPTL — angiopoietin-like protein

APO — apolipoprotein

ATP — adenosine triphosphate

CETP — cholesteryl ester transfer protein

CHD — coronary heart disease

CVD - cardiovascular disease

ER — endoplasmic reticulum

GPI — glycosylphosphatidylinositol

GPIHBP1 — GPl-anchored HDL-binding protein 1
HDL — high-density lipoprotein

HTS — high-throughput screening

IDL — intermediate-density lipoprotein

LCAT — lecithin-cholesterol acyltransferase

LDL — low-density lipoprotein

LDLR — low-density lipoprotein receptor

LMF1 — lipase maturation factor 1

LPL - lipoprotein lipase

LRP1 — low-density lipoprotein receptor-related protein 1
LXR — liver X receptor

LY6 — lymphocyte antigen 6

MTP — microsomal triglyceride transfer protein
PPARs — peroxisome proliferator-activated receptors
PTLP — phospholipid transfer protein

SAR — structure—activity relationship

SR-B1 — scavenger receptor class B member 1
TG — triglyceride

TRL — triglyceride-rich lipoproteins

VLDL — very low-density lipoprotein
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Introduction

Triglycerides (or triacylglycerols) are the most abundant dietary lipids. They are used as
source of energy in most tissues or for storage in adipose tissue. Triglycerides are non-polar
esters made up of glycerol and long-chain fatty acids that are incapable of entering cells on
their own. Hydrolysis of the ester bonds, catalysed by enzymes called lipases is therefore
needed. By the action of lipases fatty acids are released from the glycerol backbone so that
the polar lipolysis products (fatty acids and monoglycerides) can cross the plasma membrane
of cells and be used for metabolic purposes. Besides serving as a source of energy, fatty
acids are active substances and function as signal molecules. When in excess, fatty acids may
lead to cellular dysfunction and even cell death. In contrast triglycerides are inert. Therefore
fatty acids in excess are re-esterified to form triglycerides that in turn enable safe storage in
intracellular lipid droplets and/or transport in lipoproteins in blood.

Lipoproteins are macromolecular assemblies of lipids and proteins composed of
phospholipids and cholesterol that form spherical monolayers covering a core of
triglycerides and cholesteryl esters. The polar headgroups of the phospholipids and the
hydroxyl groups of cholesterol compose a hydration shell that surrounds the hydrophobic
core. Apolipoproteins (APOs) are specific protein components of the surface layer of
lipoproteins. They regulate lipoprotein metabolism by serving as receptor ligands and
cofactors/inhibitors of enzymes. Lipoproteins are divided into subclasses based on their
density (Table 1). The different lipoprotein classes have distinct origins and functions and
compose a dynamic system that maintains lipid homeostasis in blood. Chylomicrons and
VLDL are the largest lipoproteins. They are responsible for the transport of triglycerides in
blood and are therefore important carriers of energy to cells, while LDL and HDL mainly
serve as carriers of cholesterol.

Disturbances in lipid homeostasis are associated with common human diseases such as
obesity, insulin resistance and diabetes. Ultimately, lipid disorders may lead to
cardiovascular disease with fatal outcomes.



Chylomicrons VLDL IDL LDL HDL

. 3 0.95- 1.006- 1.019- 1.063-
Density (g/cm’) <0.95 1.006 1.019 1.063 121
Diameter (nm) 75-1200 30-80 25-35 18-25 5-12
Chemical composition
(% dry weight)

Protein 1-2 10 18 25 33
Triglyceride 83 50 31 10 8
Cholesterol and 3 29 29 16 30
cholesteryl ester

Phospholipid 7 18 22 22 29
Apolipoproteins B.s, A, C, E Bigo, C, E Bioo, C, E B1oo ACE

Table 1. Characteristics and composition of human lipoprotein classes [1].

Transport and metabolism of exogenous lipids

After a meal, dietary triglycerides enter the gut in large insoluble lipid droplets. Bile salts
help to emulsify these lipid droplets into smaller entities and thereby increase the accessible
surface. The protein colipase binds and promotes hydrolysis of the triglycerides by
pancreatic lipase [2]. The lipolysis products (fatty acids and monoglycerides) are taken up by
intestinal absorptive cells (enterocytes) and subsequently resynthesized to triglycerides.
With the aid of microsomal transfer protein (MTP) and APOByg triglycerides are incorporated
into chylomicrons [3]. Chylomicrons are the largest of the lipoproteins and transport dietary
triglycerides, fat-soluble vitamins, cholesterol and cholesteryl esters (Table 1). Compared to
other lipoproteins, chylomicrons are large in size because of their massive triglyceride core.
Due to their size chylomicrons cannot pass into the fenestrated capillaries of the intestinal
mucosa. Consequently, chylomicrons are directed to the lymphatic system before entering
the bloodstream via the left subclavian vein [4]. In blood, chylomicrons acquire additional
apolipoproteins (APOCs and APOE) from high-density lipoproteins (HDL), which function as
an apolipoprotein reservoir [5,6]. In capillaries chylomicrons bind avidly to a membrane-
bound protein complex composed of lipoprotein lipase (LPL) and GPl-anchored HDL-binding
protein 1 (GPIHBP1) [7]. LPL in turn is activated by APOC2 on the chylomicron surface and
triglycerides from the core are readily hydrolyzed allowing delivery of lipolysis products to
the underlying parenchymal cells [6,7]. During intravascular lipolysis the chylomicron particle
decreases in size and is transformed into a chylomicron remnant. The chylomicron remnant
particle is remodeled by release of excess surface material to HDL while mainly APOB4g and
APOE remain bound to the remnant surface [8,9]. The small size of the chylomicron
remnants allow them to pass the fenestrated capillary endothelium in the liver followed by
cellular uptake via binding of APOE to members of the LDL (low-density lipoprotein) receptor



family [9]. A brief summary and schematic representation of chylomicron metabolism is
shown in Figure 1.
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Figure 1. Chylomicron metabolism.

Transport and metabolism of endogenous lipids

The chylomicron is taken up in the liver by receptor-mediated endocytosis after the majority
of its core triglycerides have been depleted by intravascular lipolysis. Constituents from the
chylomicron remnant such as remaining triglycerides and dietary cholesterol, together with
lipids endogenously synthesized in the liver, are utilized in the hepatocytes for formation of
very low-density lipoprotein (VLDL). VLDL is formed by the stepwise lipidation of APOBq
with the aid of MTP [10]. After secretion from the liver the VLDL particle is rich in
triglycerides and is hydrolyzed by LPL in capillaries [7]. During lipolysis, VLDL is transformed
to an intermediate-density lipoprotein (IDL). Consequently surface rearrangements must
occur and APOCs will detach from the surface while APOE is less affected and remain on the
IDL particle [5,11]. IDL can be removed from the circulation by APOE/APOB;o-mediated
uptake in the liver [12]. Alternatively, IDL can be furthered depleted of its triglyceride
content by the enzyme hepatic lipase [13]. When core triglycerides in IDL are depleted, APOE
will detach and the remaining particle is referred to as low-density lipoprotein (LDL) [14]. In
contrast to the parental VLDL particle, LDL has a high cholesteryl ester to triglyceride ratio.
LDL delivers cholesterol to extrahepatic tissues via endocytosis mediated via LDL receptors



[15], followed by hydrolysis of all constituents in the lysosomes. Uptake of LDL also occurs in
the liver where the cholesterol content is incorporated in VLDL or excreted to the gut via bile
[16,17]. A brief summary and schematic representation of the endogenous lipoprotein
metabolism is shown in Figure 2.
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Figure 2. Endogenous lipoprotein metabolism.

Reverse cholesterol transport

HDL functions as a reservoir for APOCs and APOE in both the exogenous and the endogenous
pathways for lipoprotein metabolism. Another important role for HDL is to accept excess
cholesterol from extrahepatic tissues for transport to the liver where the cholesterol can be
excreted in bile. This HDL-mediated process is called reverse cholesterol transport. Nascent
HDL is formed in enterocytes and hepatocytes by the addition of phospholipids and free
cholesterol to APOAL1 via the ATP-binding cassette transporter A1 (ABCA1) [3,18]. In the
circulation, nascent HDL is remodeled by phospholipid transfer protein (PTLP) which
transfers phospholipids to the maturing HDL particle from excess surface coats of
chylomicron remnants [19]. The phospholipid-rich nascent HDL becomes fully matured by
the acquisition of free cholesterol from extrahepatic tissues by ATP-binding cassette
transporters [20]. The majority of the mobilized cholesterol is esterified to cholesteryl esters
by the action of HDL-bound lecithin-cholesterol acyltransferase (LCAT) and thereby
relocalized from the surface of the HDL particle to the core [21]. Mature HDL release free



cholesterol and cholesteryl esters in the liver via binding to scavenger receptor class B1 (SR-
B1) [22]. Alternatively, HDL can be relieved of cholesteryl esters by cholesteryl ester transfer
protein (CETP) which exchange HDL-cholesteryl esters for triglycerides from other
lipoprotein classes [23].

Dyslipidemia and cardiovascular disease

Cardiovascular disease (CVD) includes conditions that narrows and block blood vessels, often
as a consequence of atherosclerosis and/or high blood pressure, leading to life-threatening
events such as heart attacks or strokes [24]. Inflammation and impaired lipid metabolism
(dyslipidemia) severely increases the risk of developing atherosclerosis. The onset of
atherosclerosis is believed to be due to discrete areas of chronic inflammation in large and
medium sized arteries due to infiltration and retention of LDL particles inside the blood
vessel wall. A cascade of events follows that ultimately lead to the recruitment of monocytes
that differentiates into macrophages which internalize lipoproteins and are transformed into
lipid-loaded foam cells — the archetypical cell in atherosclerosis [reviewed [25,26]].

Patients at increased cardiovascular risk commonly display high levels of plasma
triglycerides, elevated LDL cholesterol, small dense LDL particles and low levels of HDL-
cholesterol. Statin therapy effectively reduces CVD events in patients with elevated LDL-
cholesterol. However, many patients remain at high cardiovascular risk even after optimal
reductions in LDL-cholesterol [27]. Numerous case-control studies have established positive
correlations between plasma triglyceride levels and CVD, even after adjustment for LDL-
cholesterol and HDL-cholesterol [reviewed [28]]. However, whether triglycerides have a
causal role in the development of CVD, or serve as a predictive biomarker, has been debated
for decades. Similarly, a discussion is ongoing on the benefit of HDL-cholesterol which since
long has been shown to correlate inversely with CVD risk [reviewed [29,30]].

The level of triglycerides in blood is the result of environmental factors in combination with
common and rare variants of multiple genes that govern lipoprotein metabolism. Some
genes known to be involved in lipoprotein catabolism have a large impact on the levels of
plasma triglycerides, such as LPL or genes that have been proven essential for proper LPL
functionality. Individuals that are homozygous or compound heterozygous for loss-of-
function mutations in these genes are incapable of hydrolyzing triglyceride-rich lipoproteins
(TRLs), i.e. chylomicrons and VLDLs. Consequently these patients display severe
hypertriglyceridemia, often accompanied by low levels of HDL-cholesterol due to impaired
intravascular lipolysis. Interestingly, from a disease perspective, these patients may develop
pancreatitis due to chylomicronemia but they do not experience increased CVD risk. Instead
evidence point toward an increased CVD risk for individuals with moderate
hypertriglyceridemia [31,32]. The etiology of non-severe hypertriglyceridemia is complex
and may involve heterozygous mutations in genes affecting LPL functionality in combination
with other determinants that each may have small effects on plasma triglyceride levels
[reviewed [33]]. The current belief is that elevated fasting plasma triglyceride levels are a



consequence of an accumulation of deleterious alleles in genes regulating lipoprotein
catabolism. Conversely, reduced plasma triglyceride levels are believed to be due to an
accumulation of loss-of-function mutations in genes regulating lipoprotein assembly or
secretion, or genes responsible for inhibition of lipoprotein catabolism like APOC3. Thus,
plasma triglyceride levels and CVD risks are presumed to be due to the combined effects of
such deleterious and protective alleles [31].

Even though much is known about determinants for plasma triglyceride and HDL-cholesterol
levels, there are still gaps in our knowledge. This is well exemplified by the recent outcomes
from randomized control trials regarding CETP-inhibition and triglyceride lowering therapy.
CETP-inhibition resulting solely in increased plasma HDL-cholesterol was shown to be
ineffective in reducing recurrent cardiovascular events [34]. Similarly, administration of
niacin as an add-on therapy to statins failed to reduce the incidence of CVD despite
reductions in plasma triglyceride and LDL-cholesterol levels in combination with increased
levels of HDL-cholesterol [35]. It should be mentioned that there are ongoing trials with
other CETP-inhibitors, and that randomized control trials with fibrates as lipid lowering
therapy have shown beneficial effects in the prevention of coronary events [29,36].

Thus, assessing CVD risk solely based on plasma triglyceride and HDL levels may have its
caveats. However, numerous epidemiological studies infer an associated CVD risk for both
elevated triglycerides and low levels of HDL-cholesterol. Presumably future discoveries will
enable us to distinguish between benign and at-risk individuals with similar lipid profiles.

Determinants of plasma triglyceride metabolism

The catabolism of circulating TRLs is important in maintaining plasma triglyceride
homeostasis. LPL is central for this function and acts as a gatekeeper by directing fatty acids
from the circulation to underlying tissues. The demands of fatty acids differ between tissues
and depend on nutrient status as well as the relative energy consumption. As mentioned in
the beginning, excessive fatty acid delivery may lead to cellular dysfunction and death
because fatty acids at high concentrations are toxic to cells. Thus, LPL must be carefully
regulated to meet up with the tissue-specific metabolic demand. Below follows a summary
of the currently known main determinants of plasma triglyceride metabolism.

Lipoprotein lipase

The effect of LPL was first described by Hahn who noticed that administration of heparin to
dogs abolished the turbidity in blood associated with postprandial lipemia [37]. Later, Korn
concluded that the “clearing factor” was a heparin-releasable lipase that hydrolyzed core
triglycerides of large lipoproteins and consequently reduced the light-scattering in lipemic
plasma, and hence the enzyme was later named lipoprotein lipase [38].

Homozygous loss-of-function mutations in the gene for LPL are rare and result in creamy
blood plasma due to accumulated TRLs. Individuals that are heterozygous for these



mutations display diverse phenotypes ranging from normal to high levels of plasma
triglycerides, suggesting an increased predisposition to hypertriglyceridemia when
confounding factors are present [39]. There are numerous identified human mutations in the
LPL gene [reviewed [40]]. Loss-of-function mutations include splice site mutations,
frameshift mutations, and missense mutations affecting secretion, endothelial transport or
the catalytic function of LPL [7]. Also, other mutations may be accompanied by increased
plasma triglyceride levels and reduced levels of HDL-cholesterol [40]. In contrast, a common
gain-of-function mutation, LPL-5447X, has been associated with increased pre- and post-
heparin LPL activity, reduced levels of plasma triglycerides and increased levels of HDL-
cholesterol [41,42]. Numerous epidemiological studies have suggested that S447X-carriers
have a lower risk for CVD compared to non-carriers, while other investigations have not
been able to confirm these observations [42].

LPL is a 448 amino acid residue glycoprotein that is mainly synthesized in heart, skeletal
muscle and adipose tissue. Other tissues also produce LPL. Of special interest is LPL in
macrophages which may promote atherosclerosis (discussed below). LPL catalyzes the ester
hydrolysis of triglycerides in TRLs, resulting in the release of fatty acids and monoglycerides.
LPL is a serine hydrolase and a member of the lipase gene family with highest sequence
homology to endothelial lipase followed by hepatic lipase and pancreatic lipase [43]. Due to
the lack of available 3-D structure for LPL or any of its closest relatives an in silico modelling
was performed based on the crystal structure of pancreatic lipase [44]. By analogy with
pancreatic lipase it is assumed that LPL is composed of two domains; a large N-terminal
domain (residues 1-312) which contains the active site and a smaller C-terminal domain
(residues 313-448) that is required for binding to lipid substrates [45]. Unlike pancreatic
lipase, LPL is catalytically active only as a non-covalent homodimer [46]. It was suggested
that the two LPL monomers are oriented in a head-to-tail fashion where the C-terminal
domains bind to the surface of lipid particles and allow the opposing catalytic N-terminal
domains to act on individual lipid molecules in the surface layer of lipoproteins (Figure 3)
[45,47]. Evidence for this is that co-expression of two inactive forms of LPL, with loss-of-
function mutations in the C-terminal and N-terminal domains, respectively, resulted in
catalytically active LPL [48]. LPL has high affinity for heparin. This was early indicated by the
release of lipolytic activity to blood upon intravenous heparin injections [37,38], and this
property was used for the initial large-scale purifications of LPL from bovine milk [49]. Later
it has been demonstrated that surface exposed clusters of positive charges located in both
the N- and C-terminal domains of LPL interact with negatively charged sulphate groups in
heparin [44]. By using heparin-Sepharose chromatography it was shown that LPL protein
elutes at two distinct salt concentrations, approximately at 0.5 M and 1 M of NaCl
respectively, and that catalytic activity was only associated with the 1 M NaCl fraction [50].
Analytical ultracentrifugation and sedimentation studies in sucrose gradients have shown
that native LPL has a molecular mass of about 110 kDa, corresponding to a non-covalent
homodimer of 55 kDa subunits [46].



Figure 3. Homology model of LPL based on the crystal structure of pancreatic lipase using SWISS-MODEL
[51,52,53]. The N-terminal (orange) of one LPL monomer is presumed to interact with the opposing C-terminal
(gray) of another LPL monomer, forming a head-to-tail homodimer.

LPL can hydrolyze triglycerides and phospholipids in all lipoprotein classes. However, when
different substrates are presented in a mixture, such as in the plasma, triglycerides of TRLs
are almost exclusively hydrolyzed, presumably due to the preferred binding of LPL to TRLs
and to that triglycerides are a preferred substrate over phospholipids [54]. Cleavage of LPL
by chymotrypsin at residues 390-391 and 392-393 abolished binding and enzymatic activity
towards TRLs, while the activity towards the more water-soluble substrates tributyrin and
para-nitrophenyl butyrate remained unaffected. These findings suggested a anchoring
function of the C-terminal domain of LPL to the surface of the lipid droplets [55]. The
chymotrypsin-truncated form of LPL was capable of binding to synthetic lipid emulsions
although with severely impaired lipolytic capability and the authors proposed that the C-
terminal domain is also crucial for a correct interfacial orientation of the enzyme. APOC2



increases the LPL activity on synthetic lipid emulsions composed of long-chain triglycerides,
but has little or no effect with short-chain triglycerides (e.g. tributyrin) [56]. By the use of
chimeras (hepatic lipase and lipoprotein lipase) it was suggested that APOC2 interacts
directly both with the LPL C-terminal domain after residue 388 and with the N-terminal
domain, presumably each on different subunits [57]. Other studies showed, however, that
chymotrypsin-cleaved LPL was dependent on APOC2 and had a maximal activity of about
25% compared to that of intact LPL for lipid emulsions of long-chain triglycerides. Soluble
ester substrates like tributyrin were hydrolyzed just as well with the chymotrypsin-cleaved
LPL as they were with the intact enzyme [55].

When LPL hydrolyzes long-chain triglyceride substrates, the activity becomes markedly
reduced with time unless a fatty acid acceptor is present (e.g. albumin) due to product
inhibition. In the absence of fatty acid acceptors, the LPL reaction may seemingly come to a
stop, but on addition of albumin the inhibition is immediately relieved [58]. The authors
suggested that LPL forms a complex with fatty acids that prevents further hydrolysis of
triglycerides, and that this could serve as a feed-back mechanism to prevent excessive fatty
acid delivery to cells and tissues in vivo.

LPL contains two conserved N-linked glycosylation sites. In human LPL these are located at
Asn 43 and Asn 359. Expression studies with mutated LPL in COS cells demonstrated
intracellular accumulation within the endoplasmic reticulum (ER) and complete loss of
enzymatic activity when Asn 43 was substituted for Ala. In contrast, the LPL mutant N359A
was secreted, and showed only a minor loss in enzymatic activity compared to the wild-type
protein [59,60]. The ability of cells to properly secrete active LPL depends on the unique ER
membrane protein called lipase maturation factor 1 (LMF1). Recently it was shown that
homozygous loss-of-function mutations in the LMF1 gene cause severe hypertriglyceridemia
due extremely low LPL activity, combined with moderate reductions in hepatic lipase activity
in post-heparin plasma [61]. It was suggested that LMF1 functions as a chaperone for the
assembly of functional homodimers for LPL, endothelial lipase and hepatic lipase [62]. Unlike
humans with LPL deficiency, Lp/-knockout mice die soon after birth. They can be rescued by
transient expression of LPL from adenovirus during the neonatal stage [63,64]. Lp/-knockout
pups are mildly hypertriglyceridemic immediately after birth but on suckling they manifest
severe hypertriglyceridemia with markedly reduced levels of LDL- and HDL-cholesterol
compared to wild-type pups. Heterozygous Lpl-knockout pups display only mild
hypertriglyceridemia during suckling [63]. In contrast, transgenic mice that overexpress LPL
display hypotriglyceridemia with increased LDL-cholesterol levels and a concomitant
decrease in VLDL-cholesterol. These observations were suggested to reflect a more rapid
conversion of VLDL to LDL [65].

Chylomicrons and large VLDLs do not readily move across the capillary endothelium. Thus,
lipid delivery to cells depends on the activity of LPL that generates more polar lipolysis
products, fatty acids and monoglycerides, which can cross cellular membranes. LPL also



promotes cholesterol delivery to cells by initiating the formation of LDL particles from
parental VLDLs [66]. Released lipolysis products are predominantly taken up by parenchymal
cells and used as energy source or stored as triglycerides in lipid droplets for later use.
Tissues with a high energy demand, such as striated muscle tissues (heart and skeletal
muscle), primarily use fatty acids as an energy source. Adipose tissue instead stores lipolysis
products for later mobilization when dietary lipids are no longer available. To accommodate
for efficient and appropriate fatty acid delivery, the activity of LPL is rapidly modulated in
different tissues to readily adapt to their metabolic needs [54]. The rapid regulation of LPL
activity is believed to mainly occur at the post-transcriptional level. The current knowledge
regarding the tissue-specific regulation of LPL suggests two conceptually different
mechanisms. In adipose tissue it appears that regulation occurs by irreversible inactivation
of the enzyme, while in striated muscle the amount of active LPL that is located on the
vascular side of the endothelium in contact with blood seems to be regulated. A summary of
the tissue-specific regulation of LPL in rats follow below.

Regulation of lipoprotein lipase activity

In adipose tissue the nutrient status is presumed to be the main determinant of the level of
LPL activity. In the fed state LPL activity is high to promote lipid storage. In contrast, the
enzymatic activity is markedly reduced in the fasted state. By comparing fed and fasted rats,
Olivecrona and coworkers showed that fasting had modest effects on LPL mass while the
ratio of active LPL dimers over inactive monomers was substantially decreased with a
concomitant loss of LPL activity in adipose tissue of the fasted animals [67]. Subsequent
studies showed that administration of the transcription blocker actinomycin D to fasted rats
rapidly reverted the fasting-induced reduction in LPL activity and this was accompanied by
an increased ratio of active LPL dimers over inactive monomers [68]. These observations
could not be explained by changes in LPL mRNA or mass. It was suggested that another
protein, with a more rapid turnover, causes inactivation of LPL in adipose tissue on fasting.
Later studies showed that angiopoietin-like protein 4 (ANGPTL4) could inactivate LPL by
converting active dimers to inactive monomers. In addition, the expression of ANGPTL4 in
adipose tissue correlated with LPL activity during both fed-to-fasted and fasted-to-fed
transitions [69]. It now seems likely that ANGPTL4 is a key determinant for regulation of LPL
activity in adipose tissue [70].

In contrast to adipose tissue, LPL activity in homogenates of rat hearts does not change
much on fasting. More detailed studies have shown that the amount of heparin-releasable
LPL activity increases during fasting [71,72]. An advantage with the heart is that it allows for
extracorporeal perfusion experiments in which LPL bound to the endothelium facing the
lumen can be released by a heparin-containing medium and then quantified [73]. Due to
technical difficulties to perfuse adipose tissue, an alternative was to compare the LPL activity
in total tissue to that of isolated adipocytes from the same tissue. With this method it was
concluded that the specific LPL activity (activity/mass) was reduced only in the extracellular
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fraction of rat adipose tissue upon fasting [74]. It is noteworthy that the extracellular
fraction of LPL in adipose tissue represented approximately 70% of the total LPL pool. In
following studies of the perfused rat heart it was shown that only 10-20% of the total LPL
pool was released upon heparin addition [75]. It remains to be determined if the residual
pool of LPL resides within the interstitial spaces or inside cardiomyocytes. The specific
activity of LPL in homogenates of heart is not affected by nutrient status. Instead there was a
shift in the amount of heparin-releasable LPL that was increased during fasting. Conversely,
heparin-releasable LPL mass was low in the fed state but could be reverted by the
administration of actinomycin D [75]. These observations suggest a regulatory mechanism
involving a protein responsible for transporting LPL to its endothelial site of action, rather
than an effect on the catalytic function of LPL as seen in adipose tissue. A strong candidate
for this regulation is GPIHBP1 that has been found to transport LPL across the capillary
endothelium [76]. More studies are needed to understand how GPIHBP1 transports LPL to
the capillary lumen and if additional factors are involved in this process. The mechanisms for
regulation of LPL activity in skeletal muscle is less understood than in heart and adipose
tissue. Changes in LPL activity were reported to correlate with LPL mRNA and enzymatic
activity has been found to increase during fasting. Several studies correlate acute exercise
with increased expression of LPL and with increased LPL activity in skeletal muscle [71].
Hindlimb unloading (inactivity) demonstrated a dramatic reduction in LPL activity in the
soleus muscle of rats compared with that in the muscles of ambulatory control rats. The
observed loss in LPL activity could not be explained by a decrease in tissue LPL mass.
However, the amount of heparin-releasable LPL mass was markedly reduced. The reduction
in LPL activity associated with physical inactivity was prevented by administration of
actinomycin D, but also reverted by treadmill walking [77]. Taken together, LPL regulation in
skeletal muscle show several similarities to that of the heart and point toward GPIHBP1 as
part of the regulatory process in times when there is a local energy demand.

Lipoprotein lipase in atherosclerosis

The role of LPL in atherosclerosis is dual-faceted. It was early postulated that the action of
LPL may be pro-atherogenic because remnant lipoproteins, depleted of their triglyceride
core, should be capable of entering the arterial wall while unprocessed large TRLs remain in
the circulation [78,79]. In support of this presumption, individuals with homozygous loss-of-
function mutations in the LPL gene, or in genes responsible for proper enzymatic
functionality, are not associated with severely increased CVD risk [31]. However, the
involvement of LPL in atherosclerosis is far more complex than originally anticipated.
Individuals with heterozygous loss-of-function mutations in the LPL gene have been reported
to be predisposed to premature atherosclerosis [80]. Although unprocessed circulating TRLs
are not able to cross the endothelial barrier, evidence point toward involvement of remnant
lipoproteins with not fully depleted triglyceride cores in the development of atherosclerosis.
To further add complexity, it was shown that severely hypertriglyceridemic mice, deficient of
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either LPL or GPIHBP1, spontaneously develop atherosclerosis on a normal diet [81,82].
Whether these observations are species-specific effects warrant further studies

It was suggested that lipolysis products derived from LPL may promote atherosclerosis by
causing vascular injury and increased endothelial permeability. This was based on in vitro
studies using aortic endothelial cells [83]. Previous studies had shown that injection of
labeled human VLDLs followed by injections of LPL increased the amount of VLDL-label in the
arterial wall of perfused rat carotid arteries compared to when no LPL was injected.
Injections of HDL prior to injections of the labeled VLDLs and LPL prevented the VLDL-label to
enter the arterial wall [84]. Assuming that LPL is not present at the luminal endothelium of
arteries, due to the lack of GPIHBP1 in these vessels [7], the pro-atherogenic effects of
lipolysis products should be due to either effects of lipolysis spillover in adjacent tissues
[reviewed [85]] — or to that catalytically active LPL within the arterial wall (e.g. macrophage
LPL) may account for such effects by hydrolysis of triglycerides in retained remnant
lipoproteins. Irrespectively, the observation regarding the protective effects of HDL is highly
interesting. Possibly a similar mechanism could account for the anti-atherogenic effects seen
by overexpression of LPL in atherosclerotic mice models that lacks the LDL-receptor (LDLR)
or its ligand APOE. When fed an atherogenic diet, the combined Ld/r-knockout and LPL-
transgenic mice displayed an 18-fold reduction in atherosclerotic mean lesion area
compared to LdIr-knockout mice. As expected, overexpression of LPL increased HDL-
cholesterol levels and erased the relatively mild hypertriglyceridemia associated with the
LDLR deficiency. Interestingly, LPL overexpression reduced plasma LDL-cholesterol levels by
approximately 50% without effects on circulating APOB levels [86]. Similar experiments on
Apoe-knockout mice showed a more modest two-fold reduction in mean lesion area upon
LPL overexpression. The lesion area size was in the same order of magnitude as that
observed for LdIr-knockout mice in the previous study. Analogous to the previous study the
combined Apoe-knockout and LPL-transgenic mice showed lower plasma triglycerides levels
compared to Apoe-knockout mice while there were no differences in circulating APOB levels.
However, in contrast to the LdIr-knockout mice, total cholesterol levels remained unaffected
[87]. The detailed mechanism behind why LPL overexpression protects against
atherosclerosis is intriguing but remains unknown. However, it is striking that cholesterol
levels were only affected in LdIr-knockout mice who also benefitted dramatically by LPL
overexpression in terms of reduced atherosclerotic lesion area. Studies on transgenic rabbits
overexpressing LPL show conflicting results. One study showed that overexpression of LPL
protected against diet-induced atherosclerosis [88]. The same group later showed that
overexpression of LPL promoted atherosclerosis [89]. Their suggestion for these
discrepancies were that in the first study reduced lesion formation was a result of reduced
plasma cholesterol in the transgenic animals, while in the second study cholesterol levels
were similar between transgenic and wild-type rabbits. The authors proposed that the anti-
atherogenic effects of LPL are due to increased remnant removal while the pro-atherogenic
effects of LPL are caused by an increased amount of atherogenic LDL particles due to a more
rapid and extensive depletion of VLDL-triglycerides. The latter suggestion is in contrast to the
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observations seen in mice deficient of either LDLR or APOE, as discussed above. Possibly
there are confounding effects which differ among species.

In contrast to the anti-atherogenic properties of endothelial bound LPL in mice, LPL in
macrophages is presumed to be pro-atherogenic. By ablating endogenous macrophages in
LdIr-knockout mice using lethal irradiation, Babaev et al. showed that transplantation of
macrophages from an LPL-deficient donor reduced the mean lesion area by approximately
30% when compared with irradiated littermates transplanted with macrophages which had
normal LPL expression levels [90]. In this study the lipid profiles were not different between
the groups of mice, suggesting that macrophage transplantation had no impact on
circulating TRLs. Reductions in mean lesion areas were seen upon irradiation followed by
macrophage transplantations in wild-type C57BL/6 mice [91,92]. It should be mentioned that
these mice only developed minor lesions even when LPL-expressing macrophages were
transplanted. Gustafsson et al. were successful in reproducing the observations previously
made by Babaev et al. with macrophage transplantation from LPL-deficient donors into
irradiated LdIr-knockout mice [93]. They also showed that LDL retention in the aortae was
reduced in mice with LPL-deficient macrophage transplants compared to those transplanted
with LPL-expressing macrophages. They overexpressed both catalytically active and inactive
LPL in macrophages on an APOE-deficient background. Modest overexpression of
macrophage LPL in Apoe-knockout mice increased lesion size area by approximately 30%
independently of catalytic ability, suggesting that the main effects are due to the non-
catalytic properties of LPL [93]. Wu et al. showed that local transient overexpression of
either catalytically active or inactive LPL in the carotid artery of rabbits receiving a normal
diet resulted in rapid lipid deposition in the arterial wall [94]. It is evident that LPL exerts pro-
atherogenic functions in the arterial wall, mainly by non-enzymatic effects. LPL can mediate
binding and subsequent uptake of atherogenic lipoproteins in macrophages independent of
LDLR [95]. It was also shown that LPL can bridge lipoproteins to the extracellular matrix,
suggesting that LPL could promote retention of atherogenic lipoproteins in the artery wall
[96].

Angiopoietin-like proteins

Several lines of evidence implicate that members of the angiopoietin-like protein family
(ANGPTLS3, -4, -8) are important LPL modulators. Transgenic mouse models overexpressing
either ANGPTL3, -4 or -8 all display increased circulating triglyceride levels, while
corresponding knockout models all show reduced triglyceride levels compared to wild-type
mice [71]. Importantly, ANGPTLs differ in their expression, regulation and tissue distribution
suggesting that they have distinct roles in lipid metabolism. In support of this is that Angpt/3-
knockout mice show increased LPL activity only in the fed state while the increase in LPL
activity for Angptl/4-knockout mice is more pronounced in the fasted state [97]. This suggests
that the ANGPTLs may act as control proteins for LPL activity but under different metabolic
conditions.
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ANGPTL4 is under the transcriptional control of peroxisome proliferator-activated receptors
(PPARs) [98,99]. Fatty acids are PPAR agonists, suggesting a feed-back mechanism involving
ANGPTL4 with the aim to control lipid homeostasis [100,101,102]. Mice display a complex
regulation of ANGPTL4 partly due to overlapping functions between PPAR isoforms.
ANGPTL4 is synthesized by numerous tissues in mice, including white and brown adipose
tissue, skeletal muscle, heart, liver and macrophages, supporting that it has a role as a
paracrine factor to control LPL activity [71]. Hepatocytes do not normally produce LPL, while
ANGPTL4 is mainly produced by the liver in humans. ANGPTL4 is found in blood, and
intravenous injection of recombinant ANGPTL4 to mice, or overexpression of ANGPTL4 in
mouse livers, have effects on LPL activity in post-heparin plasma, suggesting effects on the
total tissue pool of LPL [97,103]. Thus, an endocrine role of ANGPTL4 circulating in blood
cannot be excluded [71]. There are conflicting results on whether ANGPTL4 may affect
hepatic lipase activity. Transgenic overexpression of ANGPTL4 in mice showed no effects on
post-heparin hepatic lipase activity in one study, while a 50% reduction was found in another
study [97,104]. There are no reports whether ANGPTL4 have effects on endothelial lipase.

ANGPTL4 consists of two domains, an N-terminal domain containing a coil-coiled region,
followed by a C-terminal fibrinogen-like domain. Both the full-length protein and the N-
terminal domain can inhibit LPL activity, while the C-terminal domain alone has no
inactivating effect on LPL [99,103]. The mechanism for LPL inhibition is presumed to be due
to conversion of active LPL dimers to inactive monomers [69]. Recently, another study
suggested that ANGPTL4 inhibits LPL via a non-competitive, reversible mechanism and
thereby prevents LPL to reach its site of action in vivo [105]. It is noteworthy that in this
study deoxycholic acid was used to prevent the spontaneous inactivation of LPL. In the
presence of other stabilizing factors like substrate lipoproteins, LPL is less susceptible to
become inactivated by ANGPTL4 [106].

Generation of Angptl4-knockout mice, ANGPTL4-transgenic mice as well as injection of
recombinant ANGPTL4 or injection of an neutralizing antibody against ANGPTL4 to different
mouse models infer effects on LPL in vivo [97,103,107]. Interestingly, intercrossing Angptl4-
knockout mice with atherosclerotic-inducible Apoe-knockout mice suppressed foam cell
formation and protected against atherosclerosis compared with APOE-deficient control mice
[108]. In contrast, Angptl4-knockout mice given a diet high in saturated fat developed a
lethal phenotype with lipid-laden (foamy) macrophages in the mesenteric lymph nodes
[101]. The authors proposed that ANGPTL4 prevents macrophage activation by reducing
fatty acid uptake from triglycerides in chyle mediated by LPL. Another study showed that
ANGPTL4 mimics the effects of tetrahydrolipstatin, an active-site inhibitor of LPL [109],
regarding reduced uptake of oxidized LDL in macrophages [110]. In the same study,
transgenic mice overexpressing ANGPTL4 were intercrossed with atherosclerosis-prone
apolipoprotein E*3-Leiden mice. Combined ANGPTL4-transgenic and E*3-Leiden mice
showed no difference in atherosclerosis susceptibility but displayed a 34% reduction in total
lesion area size compared to E*3-Leiden mice. Previous studies have demonstrated that LPL
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activity is under control of ANGPTL4 in macrophages [111]. Together these studies raise the
possibility that the catalytic activity of LPL in macrophages may have pro-atherogenic effects
in terms of atherosclerotic lesion progression.

In population studies it was found that a missense mutation in the ANGPTL4 gene, E40K, was
present in approximately 3% of European Americans and resulted in reduced levels of
plasma triglycerides and increased levels of HDL-cholesterol [112]. Later studies showed that
a recombinant N-terminal fragment of ANGPTL4 containing the E40K mutation was unable
to bind to LPL explaining the lack of function [113]. Other rare mutations within the
ANGPTL4 gene have also been associated with reduced levels of plasma triglycerides
[114,115]. Although loss-of-function mutations in the ANGPTL4 gene are associated with an
anti-atherogenic lipid profile, there are conflicting results regarding the beneficial effect of
these mutations on cardiovascular outcomes. One study showed that E40K-ANGPTL4 carriers
were protected from coronary heart disease (CHD) compared to non-carriers [116]. In
contrast, another study showed an association between E40K-ANGPTL4 and increased risk
for CHD [115]. Further studies are needed to validate the role of loss-of-function mutations
in the gene of ANGPTL4 and their implications for CVD. In addition to effects on lipid
metabolism, ANGPTL4 has other non-metabolic functions, presumably linked to the C-
terminal fibrinogen-like domain [reviewed [117]].

ANGPTL3 was the first member of this gene family to be recognized for its involvement in
lipid metabolism. A mutant strain of KK obese mice (KK/San) showed marked reductions in
plasma free fatty acids, and levels of total cholesterol (including HDL-cholesterol) and
triglyceride compared to KK mice. It was later found that the hypotriglyceridemic mice were
homozygous for a mutation in the Angpt/3 gene and that mutations in the human ortholog
gene also gave rise to hypolipidemia [118,119]. Fasted Angpt/3-knockout mice displayed
approximately 50% increased post-heparin LPL and hepatic lipase activities compared to
wild-type mice [120]. Another study showed opposite effects, where Angpt/3-knockout mice
had slightly increased LPL activity in the fasted state while activity was dramatically
increased in the fed state compared to wild-type mice [97]. ANGPTL3 was also reported to
inhibit endothelial lipase activity and suggested to account for the low levels of HDL-
cholesterol seen in ANGPTL3-deficient mice [121].

The biochemical mechanism for how ANGPTL3 inhibits LPL activity is unclear. Compared to
ANGPTL4, several-fold more ANGPTL3 was required to cause LPL inactivation [122]. Based on
kinetic studies it was suggested that ANGPTL3 causes inhibition of LPL rather than
irreversible inactivation of the enzyme [123]. It was proposed that ANGPTL3 increases the
susceptibility of LPL to become cleaved by proprotein convertases [124]. Similar effects were
reported for ANGPTL4 [125]. One possible explanation for this could be that LPL is more
prone to cleavage by proteinases in its monomeric conformational state [126]. LPL
monomers are formed on inactivation by ANGPTL4 and these data suggests that also
ANGPTL3 may inactivate LPL by a dimer to monomer conversion.
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ANGPTL3 is exclusively expressed in the liver both in mice and humans. Like ANGPTL4,
ANGPTL3 is found in blood. This suggests the effects of ANGPTL3 on the LPL system is
accomplished by the circulating protein. Due to the modest effects of ANGPTL3 on LPL in the
presence of TRLs [106], it is hard to understand the mode of action of ANGPTL3 in vivo. It
was recently suggested that ANGPTL3 acts in concert with ANGPTL8 [127]. ANGPTLS8 is
expressed in liver, brain and adipose tissue in mice and humans. Interestingly, the expression
of ANGPTLS is increased by feeding and decreased during fasting (in mice), suggesting a role
of ANGPTL8 as a LPL controller in the fed state. More studies are needed to corroborate
these observations, and to unravel the biochemical mechanisms for the effects of the
ANGPTLs on the LPL system, both in mice and humans.

GPl-anchored HDL-binding protein 1

Previous dogma held that LPL interacted with heparane sulphate proteoglycans at its site of
action on the luminal capillary endothelium. This view has been changed with the discovery
of GPIHBP1, a GPl-anchored protein of capillary endothelial cells, and the evidence for the
importance of GPIHBP1 for plasma triglyceride metabolism [76]. It was clearly demonstrated
by Stephen Young and coworkers that GPIHBP1 binds to LPL in the subendothelial spaces
and shuttles the enzyme to the capillary lumen where it can interact with TRLs. When
GPIHBP1 is absent, LPL remains in the interstitial spaces. This mislocalization of LPL results in
severe hypertriglyceridemia [128]. Recently it was shown that the complex of LPL and
GPIHBP1 on endothelial cells is crucial for the so called margination of TRLs, referring to the
attachment of the TRLs to the luminal side of the endothelium allowing triglyceride
hydrolysis by LPL to proceed [129]. After the discovery of GPIHBP1, several human loss-of-
function mutations in the gene of GPIHBP1 have been reported [reviewed [130]]. Common
for these mutations are that homozygous carriers have extremely low post-heparin LPL
activity in plasma, and that they display a similar phenotype as those with LPL-deficiency.
Heterozygous carriers have approximately 50% of the LPL mass and corresponding activity in
post-heparin plasma compared to non-carriers. The plasma triglyceride levels are however
usually within the normal range [131]. This is an interesting observation suggesting that
GPIHBP1 is not rate-limiting in terms of plasma triglyceride removal, but it does indicate that
the subendothelial pool of LPL is in excess compared to GPIHBP1. These facts opens up for
that the transport of LPL to the capillary lumen might very well serve as a regulatory element
for controlling fatty acid delivery to cells in striated muscle, as discussed previously.

Human GPIHBP1 is made up of two domains followed by a GPl-anchor which attaches the
mature protein to the endothelial cell surface layer. The N-terminal domain consists of a
stretch of 25 amino acid residues highly enriched in negatively charged aspartic and glutamic
acid residues. Deletion of this domain or alanine-replacements of all negatively charged
amino acid residues in the N-terminal domain, abolished interaction with LPL. In the C-
terminal domain 10 cysteine residues are highly conserved across species. These residues
are presumed to form intramolecular disulphide bonds, similar to those observed in
UPAR/ly6 proteins. By cysteine to alanine replacement studies it was found that each
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individual cysteine residue was essential for the interaction with LPL but not for secretion of
GPIHBP1 to the cell surface. In addition, it was found that an epitope adjacent to the N-
terminal acidic domain was still exposed in loss-of-function mutations in the C-terminal ly6-
domain [132,133]. These observations suggest that the C-terminal ly6-domain binds directly
to LPL, alternatively that it positions the N-terminal acidic domain in such a way that it can
interact with LPL.

Gpihbpl-knockout mice are severely hypertriglyceridemic due to the mislocalization of LPL
within interstitial spaces [128]. When mice that were genetically manipulated to express LPL
in endothelial cells were intercrossed with Gpihbp1-knockout mice, the margination of TRLs
was not stimulated, while plasma triglycerides were markedly reduced. The authors
suggested that this was due to lipolysis by LPL secreted to the blood stream, rather than to
lipolysis ocurring on the plasma membranes of the endothelial cells. Interestingly,
intercrossing Gpihbp1-knockout mice with Angpt/4-knockout mice resulted in offspring with
mild hypertriglyceridemia. It was shown that GPIHBP1 protects LPL against both ANGPTL3-
and ANGPTL4-mediated inactivation under in vitro conditions. In addition, administration of
an antibody against ANGPTL4 in fasted Gpihbpl-knockout mice almost normalized their
triglyceride levels while the effects were much less pronounced using a corresponding
antibody against ANGPTL3 in fed Gpihbp1-knockout mice [122]. What is peculiar about these
findings is that in the absence of GPIHBP1 no LPL should be transported to the capillary
lumen. Another mystery is that in contrast to humans, LPL can be slowly released to blood
by heparin in Gpihbp1-knockout mice. The release of LPL is markedly delayed in these mice.
Yet, LPL mass and specific activity is similar to wild-type mice after 10 minutes, suggesting
that the LPL pool is not inactivated [134]. With this in mind it is hard to understand how
ANGPTL4-deficiency could ameliorate the hypertriglyceridemia associated with GPIHBP1-
deficiency. Another possibility for such an observation could be that ANGPTL4 enables LPL to
passively travel across the endothelial barrier to the capillary lumen.

Apolipoproteins

Apolipoproteins constitute the protein content of lipoproteins (see Table 1) and are located
on the surface of the lipoprotein particles. The APOBs initiate lipoprotein assembly and are
present in one copy per lipoprotein particle and remain attached during the entire metabolic
cycle of the lipoprotein. In contrast, the other major apolipoproteins (APOAs, APOCs and
APOE) are not permanently attached to one lipoprotein particle. Instead, these
apolipoproteins are frequently exchanged among the lipoproteins and function as receptor
ligands and enzyme cofactors/inhibitors. The exchangeable apolipoproteins share a
secondary structural motif referred to as an amphipathic a-helix [135]. The amphipathic a-
helix has a non-polar face which is presumed to associate with the proximal parts of the fatty
acyl chains of the surface phospholipids on the lipoproteins. On the opposing face of the
helix there are charged amino acid residues disposed such that they can interact with
solvent molecules and the polar headgroups of the phospholipids [136,137]. The
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amphipathic properties of the a-helix prevent apolipoproteins to bury into the hydrophobic
environment of lipoproteins. As a result, the apolipoproteins remain at the lipid/water
interface which facilitates transfer between lipoproteins and enables interaction with
enzymes and cell-surface receptors [138].

In humans the genes for the main exchangeable apolipoproteins are primarily clustered at
two distinct chromosomal regions. It was suggested that apolipoproteins have diverged
through evolution from a common ancestral protein [139]. The genes (APOA1/C3/A4/A5)
and (APOE/C1/C4/C2) are located on chromosome 11 and 19 respectively. The gene for
APOA2 is on chromosome 1 and the gene for the main non-exchangeable apolipoprotein
APOB is on chromosome 2 [138]. Below follows a brief description of the most studied
apolipoproteins with focus on the APOCs and their relationship to LPL. In addition, another
apolipoprotein, APOAS, is discussed for its particular, and yet not fully understood,
importance for plasma triglyceride metabolism.

Apolipoprotein A1

Individuals with a premature stop mutation in the gene of APOA1 have markedly decreased
levels of HDL-cholesterol and develop premature CHD [140]. APOA1 is mainly synthesized in
the liver where it interacts with ABCA1 which aids in the formation of nascent HDL by the
addition of phospholipids and cholesterol. APOA1 is also synthesized by enterocytes and
becomes associated with chylomicrons. During intravascular lipolysis HDL is matured by the
release of chylomicron surface material along with APOA1 in a process that depends on both
LPL and PTLP [141,142]. The role of LPL for HDL metabolism is complex [as discussed [143]].
HDL has major functions in reverse cholesterol transport as acceptors for cholesterol,
mediated from cells by ABC-transporters. APOA1 activates LCAT which enables incorporation
of cholesterol into the lipid core of HDL through conversion of free cholesterol to cholesteryl
esters [144]. In addition, APOA1 acts as a ligand for SR-B1 and thus facilitates cholesterol
uptake in the liver [145].

Apolipoprotein B

APOB is synthesized in both liver and intestine where it initiates intracellular lipoprotein
assembly with the aid of MTP. Liver-specific expression of APOB (APOB;q) translates into a
polypeptide chain with 4536 amino acid residues, while the intestine expresses an truncated
form corresponding to approximately 48% of the amino acid sequence of the full-length
protein. Hence, it is referred to as APOB,4g [146]. Consequently, in humans chylomicrons are
assembled with APOB,g while VLDLs are assembled with APOB4gg [146]. In contrast, mice
synthesize APOByg lipoproteins also in the liver [147]. The main difference between the two
isoforms is that APOB,s lacks the ability to interact with members of the LDL-receptor family,
and therefore cannot be internalized into cells via this pathway. In order for chylomicron
remnants to interact with members of the LDL-receptor family these lipoproteins must carry
APOE. The importance of APOByq is highlighted in patients suffering from a condition
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referred to as familial defective apolipoprotein Big. These individuals display
hypercholesterolemia and have increased risk for developing premature atherosclerosis due
nonsense mutations in the gene of APOB resulting in a truncated protein of 3500 amino acid
residues [146].

Apolipoprotein C1
There are no known monogenic loss-of-function mutations in the human APOC1 gene.

APOC1 is a 57 amino acid residue polypeptide primary synthesized in the liver. APOC1 is a
constituent of chylomicrons, VLDL and HDL in the circulation [148]. APOC1 inhibits LPL
activity in vitro, but the mechanism for this effect has not been previously described [149].
Structurally, APOC1 is composed of two long amphipathic a-helices both with polar faces
composed of negative residues (Figure 4) [150]. Point mutations in either of the two helices
strongly influence the ability of APOC1 to bind to, to modify and to be retained on
lipoprotein-like structures [151]. There are currently no reported mutagenesis studies on
APOC1 that examine effects on LPL inhibition. It was shown that APOC1 can interfere with
APOE-dependent, but not APOBig-dependent, uptake of remnant lipoproteins. These
observations were suggested to be the result of either conformational changes of APOE or
displacement of this protein from the lipoprotein by the presence of APOC1 [152,153].

Surprisingly, Apoc1-knockout mice display slightly elevated plasma triglyceride levels and are
more prone to develop hypercholesterolemia compared to wild-type mice when challenged
with a severe atherogenic diet, suggesting impaired lipoprotein remnant clearance [154].
Early studies on APOCI-transgenic mice showed increased plasma cholesterol and
triglyceride levels compared to wild-type mice. The effect of APOC1 was presumed to be due
to impaired clearance of VLDL [155]. APOCI-transgenic mice that were intercrossed with
Apoe-knockout mice displayed increased plasma cholesterol and triglyceride levels
compared to Apoe-knockout mice. However, triglyceride levels were several-fold more
increased than the corresponding cholesterol levels. The authors suggested that the main
effect of overexpression of APOC1 was due to inhibition of LPL [156]. Animal studies also
suggest that physiological levels of APOC1 have effects on plasma lipid levels. By comparing
combined Apoe/Apocl-knockout mice with Apoe-knockout mice it was proposed that
endogenous levels of APOC1 increase VLDL production and inhibit LPL activity [157]. APOC1
was also suggested to be involved in reverse cholesterol transport by acting as an activator
for LCAT [144] and as an inhibitor of CETP in humans [158].
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Figure 4. High-resolution structure of human APOC1 in complex with sodium dodecyl sulfate micelles [150].

Apolipoprotein C2

Homozygous loss-of-function mutations in the human gene of APOC2 are rare and manifests
in chylomicronemia and reduced levels of HDL-cholesterol, almost as severe as seen on LPL
deficiency [159,160]. Several mutations that result in low or absent plasma levels of APOC2
have been reported and include premature stop mutations, donor splice-site mutations,
exon missense mutations or null mutations within the promotor region [reviewed [161]].
Individuals heterozygous for loss-of-function mutations in the APOC2 gene display normal
plasma triglyceride levels, unless genetic or environmental confounding factors are present
[162]. Interestingly, one case of drug-resistant hypertriglyceridemia was reported and
suggested to be due to high levels of plasma APOC2 [163].

APOC2 is a 79 amino acid residue polypeptide primarily synthesized in the liver. APOC2 is
present on chylomicrons, VLDL and HDL [6,164]. High concentration of APOC2 inhibits LPL
activity in vitro, but the explanation for these observations has not been studied in detail
[149]. At physiological concentrations, APOC2 increases the activity of LPL on TRLs and
emulsified long-chain triglyceride substrates [56,165]. However, there are important
differences in the dependency of LPL for APOC2 with different types of lipid emulsions. For
instance, synthetic lipid emulsions of triglycerides made up from long-chain fatty acids are
hydrolyzed to some extent by LPL even without APOC2, referred to as the basal activity of
LPL. Addition of APOC2 may increase the basal activity about 5-fold [166]. However, with
APOC2-deficient chylomicrons as substrate, the basal activity of LPL was extremely low and it
therefore increased >100-fold upon addition of exogenous APOC2 [167]. Structurally APOC2
is made up of three amphipathic a-helices all with negative polar faces spanning between
residues 16—38, 45-57, and 65-74 respectively (Figure 5) [168,169]. Helix 1 and 2 are
presumed to constitute the main lipid binding properties of APOC2 [170,171]. It was
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concluded that the N-terminal APOC2 fragment (residues 1-50) could not activate LPL while
the C-terminal fragment (residues 51-79) was responsible for activation of LPL [172]. It was
shown that an APOC2 fragment spanning residues 50-79 could increase LPL activity against
synthetic lipid emulsion particles, while full-length APOC2 was required when APOC2-
deficient chylomicrons were used as substrate. The same authors suggested that the surface
pressure for the individual lipid particles could account for these differences [167]. It was
proposed by others that an APOC2 fragment (residues 39-62) could activate LPL [173], but
these results could not be reproduced [174]. More recent studies confirmed the importance
of helix 3 in LPL activation and indicate a direct interaction with the enzyme. In this study the
nature of the fully conserved residues among animal species within the polar face of helix 3
were shown to be more critical for LPL activation than the hydrophobic residues on the
opposite side of the helix [174].

There are no reports on successful generation of Apoc2-knockout mice. APOC2-transgenic
mice develop hypertriglyceridemia attributed to delayed clearance of VLDL. Plasma APOC2
levels correlated positively with plasma triglycerides [175]. APOC2 was reported to impair
the cellular uptake of remnant lipoproteins by either displacement of, or conformational
modifications of, APOE [153]. However, it is also possible that APOC2-transgenic mice exhibit
impaired intravascular lipolysis. Intercrossing APOC2-transgenic mice with muscle-specific
LPL-transgenic mice reduced the hypertriglyceridemia associated with APOC2
overexpression [176]. This support the notion that excessive amounts of APOC2 inhibit LPL
activity in vivo and suggest that LPL can compete with excessive APOC2 residing on TRLs.

Dogma holds that APOC2 is the LPL cofactor. The exact mechanism for how these proteins
interact has not been resolved. For this, studies of the lipid-bound states for both APOC2 and
LPL are necessary and steady state kinetics cannot be obtained for the required time due to
lipid hydrolysis by LPL followed by remodeling of the lipid. Thus innovative approaches are
required to explain how LPL is activated by APOC2.
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Figure 5. High-resolution structure of human APOC2 in complex with dodecylphosphocholine micelles [177].

Apolipoprotein C3

Human subjects that are heterozygous for a premature stop mutation within the signal
peptide R19X in the APOC3 gene have reduced levels of plasma APOC3 compared to non-
carriers. As a result, carriers display lower levels of plasma triglycerides and increased levels
of HDL-cholesterol. In addition, carriers were shown to be less prone to develop coronary
arterial calcification [178,179]. Other rare mutations in the APOC3 gene were reported to be
associated with reduced levels of plasma APOC3, and with concomitant reductions in plasma
triglyceride levels compared with controls; these include two splice site mutations [180], the
A23T and E58K  variants [181,182]. For the A23T and the splice site mutations, plasma
APOB levels were not affected, suggesting more efficient intravascular lipolysis (for the E58K
mutation no APOB measurements were reported). Recently it was shown that loss-of-
function mutations in APOC3 are associated with protection against CVD [183,184].

" R19X refer to the position 19 with position one being the first amino acid residue of the
signal peptide. A23T and E58K refer to the positions 23 and 58 respectively where position
one being the first amino acid residue of the secreted protein.
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APOC3 is a 79 amino acid residue glycoprotein. It is mainly synthesized by the liver, but is
also synthesized in the intestine [164]. APOC3 is a constituent of chylomicrons, VLDL and
HDL [6]. APOC3 inhibits LPL activity in vitro [185,186]. Alaupovic and coworkers concluded
from studies on hypertriglyceridemic patients that plasma from these subjects had inhibitory
effects on LPL activity and that this effect was due to APOC3. Using kinetic analysis the
authors suggested that APOC3 inhibits LPL activity by a direct interaction with the enzyme
[187]. A reduced degree of glycosylation of APOC3 was recently proposed to account for
improved postprandial triglyceride clearance due to lowering the inhibition of APOC3 on LPL
activity [188]. The authors also suggested that an altered distribution of APOC3 on plasma
lipoproteins could account for their observation. From our unpublished observations using
synthetic emulsions we could not see any difference between APOC3 glycosylation variants
regarding inhibition of LPL activity. Thus, other explanations are needed. APOC3 is composed
of 6 amphipathic helices with positively charged residues accessing the solvent for helices 1
and 2 while negatively charged residues comprise the polar face of the C-terminal helices 4
and 5 (Figure 6) [189]. Thrombin cleavage of APOC3 generates two fragments (residues 1-40
and 41-78), where the C-terminal fragment is mainly responsible for lipid binding and LPL
inhibition [190,191]. For the rare natural mutation A23T in the APOC3 gene, the associated
low levels of plasma triglycerides could not be explained by reduced inhibition of LPL
compared to the wild-type protein when a synthetic lipid emulsion was used as substrate
[182]. Moreover, the E58K mutation has not been shown to have impaired ability to inhibit
LPL activity. Recently, it was proposed that APOC3 plays a crucial role in VLDL assembly,
independently of MTP, and that both A23T and E58K were unable to incorporate bulk
triglycerides into precursor lipoproteins [192,193]. APOC3 impairs APOE-mediated, but not
APOBg-mediated, uptake of remnant lipoproteins [153]. From studies of VLDL from
hypertriglyceridemic subjects, Breyer et al. demonstrated that APOE was redistributed from
VLDL to HDL at increasing APOC3 concentrations [194]. Interestingly, the redistribution of
APOE was dependent on VLDL size, with large particles being less capable of ejecting APOE
from the lipid/water interface.

Unlike Apocl-knockout mice, Apoc3-knockout mice have decreased plasma cholesterol and
triglyceride levels and do not display hypercholesterolemia when put on an atherogenic diet
[195,196]. Combined Apoe/Apoc3-knockout mice display moderate reductions in plasma
cholesterol and significant reductions in circulating triglyceride levels compared with Apoe-
knockout mice. The postprandial response to an oral lipid load was blunted in both Apoc3-
knockout mice and the combined Apoc3/Apoe-knockout mice. Particle clearance was not
affected, suggesting profound effects on intravascular lipolysis. Chylomicron production
rates were lower in combined knockout mice compared to Apoe-knockout mice, but the
reductions in chylomicron secretion could not account for the dramatic effects seen on the
postprandial lipid response [196].

Several species have been genetically modified to overexpress human APOC3 and in all cases
the animals develop severe hypertriglyceridemia [197,198,199]. APOC3-transgenic mice
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intercrossed with Apoe-knockout mice displayed increased plasma cholesterol and
triglyceride levels without effects on lipoprotein production rates. Triglyceride levels were
several-fold more increased than corresponding cholesterol levels suggesting that the main
effect of APOC3 overexpression was due to inhibition of LPL activity [200].

Overexpression of APOC3 in mice causes a phenotype with high resemblance to that seen on
overexpression of APOC1. Possibly all these observations can be explained by a
redistribution of APOE from TRLs to other lipoproteins, causing impaired ability for the
APOC3-containing TRLs to interact with LPL, and prolonged residency for APOB4g remnant
lipoproteins in blood. The redistribution of APOE might be a consequence of the excess of
APOC3 that competes out APOE from TRLs. In support of this is that combined APOE-
transgenic and APOC3-transgenic mice display normal levels of plasma triglycerides [201].
Additionally, APOC3 can displace APOC2 from lipid emulsion droplets [202]. Thus, it is
conceivable that APOC3 (and APOC1) can displace APOC2 from TRLs and thereby impair
lipolysis. In contrast, there are differences when Apocl- and Apoc3-knockout mice are
compared, either on a wild-type or an APOE-deficient, background suggesting distinct roles
for these APOCs in lipoprotein metabolism.

Figure 6. High-resolution structure of human APOC3 in complex with sodium dodecyl sulfate micelles [189].
Apolipoprotein E
APOE deficiency in humans is associated with premature CVD and manifests in moderately

increased levels of plasma triglycerides and massive accumulation of cholesterol in remnant
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lipoproteins due to impaired hepatic uptake via receptor-mediated endocytosis [203]. The
human APOE gene is represented by three common alleles; APOE2, APOE3 and APOE4,
where APOE3 is the normal allele with regard to all known functions. The APOE isoforms
differ by having different combinations of arginine and/or cysteine residues at position 112
and 158, respectively. Allele-specific effects have been extensively studied in the fields of
cardiovascular disease and alzheimers disease [reviewed [204]].

APOE is a ligand for members of the LDL-receptor family which internalize lipoproteins into
endosomes and lysosomes of cells. The main function of APOE is to mediate uptake of
remnant lipoproteins (chylomicron remnants and IDL) in the liver, mainly via LDL receptor-
related protein 1 (LRP1) and LDLR. APOE is especially important for clearance of
chylomicrons remnants because APOB,4g cannot interact with members of the LDL-receptor
family [12]. APOE is much more potent than APOB;qq as ligand for LDLR, and may therefore
regulate the residence time of lipoproteins in the circulation [204]. Unlike most other
apolipoproteins, APOE is synthesized by numerous tissues. Large amounts are produced in
the brain where APOE functions as a lipid transport vehicle in cerebrospinal fluid. APOE plays
a central role in the neuronal response to injury by providing lipids which promote neuronal
repair [204]. Macrophages secrete significant amounts of APOE. It was shown that APOE
stimulate efflux of cholesterol from cholesterol-enriched macrophages to HDL in vitro
[205,206].

Apoe-knockout mice show a similar phenotype as humans with dysfunctional APOE due to
impaired removal of APOB4s remnant lipoproteins. In contrast to humans wild-type mice do
not spontaneously develop atherosclerosis, while Apoe-knockout mice develop
atherosclerotic plaques when put on a diet enriched in cholesterol [207]. Mice deficient of
APOE, except for in macrophages, were protected against atherosclerosis when compared
with Apoe-knockout mice [208]. Direct evidence for the importance of APOE for cholesterol-
efflux from macrophages, and for prevention of atherosclerosis, was obtained by studies
with bone-marrow transplantations. Transplantation of bone marrow from APOE deficient
donor mice to wild-type mice showed that the recipient animals developed 10-fold more
atherosclerosis than their littermates reconstituted with bone marrow from wild-type
donors [209].

Apoe-knockout mice intercrossed with LPL-transgenic mice were protected against diet-
induced atherosclerosis [87]. In this study, overexpression of LPL reduced plasma triglyceride
levels while total cholesterol and APOB levels remained unchanged. These observations
demonstrated that increased triglyceride hydrolysis of APOB4s remnant lipoproteins did not
improve lipoprotein remnant particle removal from the circulation, nor did an excess of LPL
under these conditions improve remnant uptake via cell surface heparan sulphate as
previously proposed [210].

In in vitro experiments APOE inhibits LPL activity dose-dependently, both with lipid emulsion
particles and APOE-deficient VLDL as substrate. Injection of lipid emulsion particles
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containing recombinant APOE showed impaired lipolysis in hepatectomized rats dependent
on the dose of APOE [211,212]. APOE-transgenic mice show moderately increased plasma
triglyceride levels where plasma APOE levels correlate positively with plasma triglyceride
levels and negatively with APOC2 on VLDL. This suggests that APOE may impair lipolysis, at
least in part, by displacement of APOC2 from the TRLs. In addition, VLDL secretion was
higher in APOE-transgenic mice. This could in part account for the observed
hypertriglyceridemia [213]. As discussed above, APOE-transgenic mice ameliorate the
hypertriglyceridemia associated with APOC3 overexpression. Thus, the inhibition of LPL
activity by APOE in vivo warrants further studies.

Apolipoprotein A5

Homozygous nonsense mutations in the human gene of APOA5 are associated with severe
hypertriglyceridemia and low levels of HDL-cholesterol [214,215]. Typically the
hypertriglyceridemia is not as severe as that observed in homozygous loss-of-function
mutations in any of the genes for LPL, GPIHBP1, APOC2 or LMF1.

APOAS is mainly produced by the liver and associates with chylomicrons, VLDL and HDL
[216,217]. Peculiar for this apolipoprotein are the low circulating levels in plasma ranging
from 1 to 10 nmol/l [217]. In comparison, plasma levels of APOB1go and APOCs in fasted
subjects were reported to be in the micromolar range [161,218]. The low plasma
concentrations of APOAS suggest intracellular functions for this protein. Ryan and coworkers
have postulated that APOA5 promotes lipid droplet formation in hepatocytes and thereby
modulate hepatic triglyceride stores by retarding VLDL assembly and subsequent secretion
[219,220]. However, certain human mutations in the gene of APOA5 cause chylomicronemia
suggesting effects also on circulating TRLs [214].

Transgenic APOA5-mice displayed reductions in plasma triglycerides without affecting
cholesterol levels. Moreover, Apoa5-knockout mice displayed approximately 4-fold
increased levels of plasma triglycerides, while cholesterol levels remained unaffected
compared to wild-type mice [216]. This is a relatively mild phenotype compared to knockout
mice models for other human mutations that cause severe hypertriglyceridemia (e.g. LPL,
GPIHBP1, LMF1, APOC2). Possibly this is a species-dependent effect, but it could also
indicate that other confounding factors are present in humans. Due to their opposing
phenotypes; Apoc3-knockout mice were intercrossed with Apoa5-knockout mice. Similarly
APOC3-transgenic mice were intercrossed with APOA5-transgenic mice. In both cases the
resulting double knockout and double transgenic progeny displayed lipid levels within the
normal range, compared to wild-type mice. Based on this the authors suggested that APOAS
and APOC3 affect plasma triglyceride levels independently but in an opposing manner [221].
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Aims of the thesis

To investigate the molecular mechanisms by which APOC3 inhibits LPL activity

To compare the molecular mechanisms for inhibition of LPL by APOC1 and APOC3

To investigate if fatty acids bind to ANGPTL4 and whether fatty acids affect the
inactivation of LPL by ANGPTL4

To conduct a small molecule screen designed to identify compounds that would block
the ability of ANGPTL4 to inactivate LPL

To perform structure-activity relationship studies on promising “hit” compounds to
find lead compounds with improved potency to preserve LPL activity
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Results and discussion

Paper |

In this study we present evidence for that APOC1 or APOC3, when bound to TRLs, prevents
binding of LPL to the lipid/water interface of the substrate lipid droplets. This results in
decreased lipolysis by the enzyme. In the presence of APOC2 more APOC1 or APOC3 was
needed to prevent LPL from binding to lipid emulsion particles, and consequently to inhibit
lipase activity. We found that prevention of LPL from binding to the lipid/water interface of
TRLs and lipid emulsion particles rendered LPL more susceptible to inactivation by ANGPTL4.
Mutagenesis of APOC3 revealed that alanine replacements within helix 3 and 4 of (W42A
and F47A) were the most important changes that caused decreased lipid binding of APOC3
and consequently decreased inhibition of LPL activity.

Method development and considerations

To be able to assess binding of LPL to lipid emulsion particles, a filtration method was
developed. By filtering the incubation mixtures through a syringe filter, LPL that was bound
to lipid particles larger than the pore size of the filter would be retained. Previous methods
had utilized the buoyant properties of triglyceride-rich particles to investigate LPL binding.
The large triglyceride-rich lipid particles can be recovered from the top layer after
centrifugation of the incubation mixtures and analyzed for their content of LPL [56,167].
However, lipolysis will go on during the time required for the centrifugation and this may
impair the buoyant properties of the lipid particles. Another problem is that pressure effects
will occur during the centrifugation [222]. Our technique avoids lipolysis by allowing for a
very rapid separation of the incubation mixture. A disadvantage shared with the flotation
techniques is that LPL bound to lipid particles smaller than the filter pore size are not
distinguished from unbound LPL. This problem could probably be solved by using filters with
an even smaller pore size. For centrifugation, the density of the mixtures could be increased
to flotate even the smaller particles. However, the filtration method is quick and allows
control regarding separation based on particles size. A potential disadvantage by using the
filter approach is that unbound proteins may get stuck in the filter. Because of this we used
filters composed of membranes with low protein-binding properties. We also used albumin
in the incubation mixtures to block unspecific protein binding. In control experiments we
observed >90% recovery of LPL from the separations, even in the absence of lipid particles,
suggesting that binding of LPL to the filter was minimal.

Discussion

Previous studies, based on conventional analysis of enzyme kinetics, had proposed that
APOC3 inhibits LPL by direct interaction with the enzyme at a site other than the active site
[187]. However, such an interaction has not been possible to demonstrate. In contrast, our
results suggest that APOC1 or APOC3 affects the properties of the substrate so that binding
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of LPL to the lipid lipid/water interface is reduced. It is known that analyses of lipase kinetics
are complicated due to that the lipid substrate is aggregated in emulsion droplets [223]. This
makes the normal tests for enzyme inhibition non-applicable. A mechanism similar to ours
was reported for an inhibitor of trypsin and thrombin, by which the inhibitor affected the
substrates rather than interacted with the enzymes directly [224].

The exchangeable apolipoproteins differ in their ability to bind to and be retained on
lipoproteins. It was demonstrated that when apolipoproteins penetrates a phospholipid
monolayer the surface pressure increases as the interface becomes more crowded [225]. It
was predicted that APOC1 has a higher affinity for lipoproteins than APOC2. Therefore it was
speculated by others that binding of APOC1 to a TRL will result in a local increase of the
surface pressure, leading to the displacement of APOC2 [151]. By using lipid emulsion
particles carrying APOC2 it was shown that APOC3 inhibited LPL activity with a concomitant
loss of APOC2 from the lipid/water interface [202]. We did not investigate if APOC1 or
APOC3 displaced APOC2 in our systems, but in light of the previous report it is likely that this
was the case also in our systems. In the absence of APOC2 the ability of LPL to hydrolyze
triglycerides in TRLs is severely impaired [167], while with lipid emulsions containing long-
chain triglycerides (e.g. Intralipid) LPL shows some triglyceride hydrolysis even in the
absence of APOC2, suggesting that interaction between LPL and the surface lipids occur [56].
Our results suggest that APOC3 prevents this interaction, while APOC2 may promote such
interactions. Based on our observations it should be expected that LPL is unable to bind to
APOC2-deficient TRLs. This was, however, reported not to be the case with APOC2-deficient
human TRLs that were isolated by flotation [167]. Further studies are needed to investigate
these ambiguities that are likely due to that binding of both LPL and the apolipoproteins is
highly dependent on the lipid composition and physical properties of the surface layer of the
substrate emulsion particles, and that these properties may differ between synthetic
emulsions and plasma lipoproteins.

Several studies have addressed the effects of APOCs on receptor-mediated endocytosis of
lipoproteins. It was reported that addition of APOCs to VLDLs could displace APOE and that
that this caused a reduction in cellular lipoprotein uptake. There are, however, conflicting
opinions about whether the degree of APOE-displacement (APOE was reduced but still
present) could account for the effects on lipoprotein uptake via the LRP1 [152,153,226]. This
phenomenon could be due to displacement of LPL by APOCs, because it has been shown that
LPL strongly enhance binding of APOE-containing lipoproteins to LRP1 [227]. Supporting that
LPL could act as a ligand in vivo is that LPL is present in plasma at concentrations of about
100 ng/ml [228]. Interestingly, transgenic mice overexpressing LPL intercrossed with Apoe-
knockout mice display low levels of plasma triglycerides, while circulating APOB levels are
not affected compared to those in Apoe-knockout mice [87]. Possibly the combined
presence of APOE and LPL on the remnant lipoproteins is necessary for receptor-mediated
uptake.
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A mysterious component in triglyceride metabolism is APOAS. It was suggested that APOA5
and APOC3 affect plasma triglyceride levels independently, but in an opposing manner [221].
In this study the combined APOC3/APOA5-trangenic mice overexpressed both proteins to
the same magnitude, approximately 500-fold higher than their respective founder line.
Given the observations that APOC3 can displace APOC2 and APOE, it is not unlikely that
APOAS could be displaced as well [194,202]. If APOC3 and APOAS bind competitively to the
lipid/water interface of TRLs, it is conceivable that the amount bound of each protein will
depend on their respective concentrations and binding affinities. Thus, the observed effect
that the combined transgenic mice displayed normal triglyceride levels was most likely
dependent on the relative concentrations of the apolipoproteins on the surface of the TRLs.
This cannot be considered as representing independent mechanisms for control of TRL
metabolism. LPL-transgenic mice were able to normalize plasma triglycerides in Apoa5s-
knockout mice. It was suggested that APOAS enhance intravascular lipolysis by guiding TRLs
to proteoglycan-bound LPL [229]. This is an interesting hypothesis, especially in light of
recent advances in triglyceride metabolism. As discussed above, several lines of evidence
suggest that LPL is bound to its transporter protein GPIHBP1 also at the luminal side of the
capillary endothelial cells. TRL margination in capillaries depends on LPL, but only when the
enzyme is in complex with GPIHBP1 [129]. Thus, the hypothesis originally proposed by
Merkel et al. might hold true, [229], with the updated modification that APOAS via its affinity
to GPIHBP1 could enhance LPL-dependent lipolysis by guiding TRLs to LPL anchored to the
endothelial cells by GPIHBP1. APOAS was shown to bind to GPIHBP1 in vitro. Later studies
showed that recombinant APOAS fails to reduce plasma triglyceride levels in Gpihbpl-
knockout mice, but ameliorates much of the hypertriglyceridemia in Apoa5-knockout mice
[76,230]. It should be noted, however, that Gpihbp1-knockout mice have extremely low
amounts of LPL in capillaries. Taken together, these are interesting data that implicate an
important role for APOAS5 to enhance LPL-dependent lipolysis through interaction with
GPIHBP1 and thereby tethering the TRLs to the endothelium.

We propose another consequence of the competition by APOC1 and APOC3 with LPL for
binding to the surface of lipid particles, namely an increased susceptibility for LPL to become
inactivated by ANGPTL4. Given that ANGPTL4 can readily inactivate LPL when the enzyme is
free in solution, and that previous studies had shown that TRLs or lipid emulsion prevent this
inactivation, we expected that APOC1 or APOC3 should promote inactivation of LPL by
ANGPTL4 in the presence of lipid droplets. Our data in paper | show that this is in fact the
case. Whether these effects occur also in vivo remain to be demonstrated. Transgenic mice
that overexpressed APOC1 displayed increased levels of LPL activity in post-heparin plasma
compared to wild-type mice [156]. With our proposed mechanism in mind this observation
may be due to the inability of TRLs to remove LPL from the endothelium. Transgenic
miniature pigs that overexpressed APOC3 did not show reduced post-heparin LPL activity
after the effects of APOC3 were corrected for by serial dilution, while other studies
demonstrated reduced LPL activity but had not taken this effect into account [199]. Thus,
transgenic animal models that overexpress APOC1 or APOC3 do not indicate that LPL is more
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susceptible to inactivation by ANGPTL4, but recombinant injection or overexpression of
ANGPTL4 in mice reduces post-heparin LPL activity [97]. Later studies showed that this effect
was reproducible in fasted mice, but interestingly not in littermates that had been given an
olive oil bolus [106]. The same study suggested that the prime action of ANGPTL4 on LPL
occurs by paracrine effects within interstitial spaces rather than at the capillary lumen. This
was based on the knowledge about the low plasma concentrations of ANGPTL4 in humans
and the protective effects on LPL activity seen by TRLs in blood. Our present observations
could predict that under certain conditions, when plasma concentrations of APOC1 and/or
APOC3 and ANGPTL4 are elevated, LPL activity could also be modulated at the capillary
lumen.

Recently two independent studies have shown that rare heterozygous loss-of-function
mutations in the gene of APOC3 are associated with reduced CVD risk [183,184]. Carriers
show reductions in plasma triglyceride levels (-39%, -44%) and increased levels of HDL-
cholesterol (+22%, +24%) compared to non-carriers. Plasma triglyceride levels were similar
for all mutations which included two splice-site mutations, the nonsense mutation R19X and
the missense mutation A23T. Interestingly, the A23T mutation is comparable to wild-type
APOC3 for inhibition of LPL activity in incubation systems in vitro [182]. Therefore other
mechanisms for the effect of APOC3 on plasma triglyceride levels must be considered. A
recently proposed mechanism for the function of APOC3 was to assist in VLDL assembly and
secretion. The A23T variant abolished the ability to stimulate VLDL secretion in vitro [192].
This is an interesting observation and challenges the preexisting view regarding the function
of APOC3 for inhibition of intravascular lipolysis when this apolipoprotein is expressed at
normal levels. It is possible to inhibit LPL activity on TRLs in blood by i.v. injections of tri-
block copolymers (e.g. triton wr-1339 or poloxamer 407) and thereby assess lipoprotein
production rates [231]. In such experiments there were no differences in VLDL production
rates between Apoc3-knockout mice compared to wild-type mice, suggesting that the main
effect by APOC3 on plasma triglyceride levels is due to inhibition of LPL activity and/or
impaired receptor mediated uptake [196]. Thus, more studies are needed to understand the
mechanisms of the A23T mutation in vivo. The in vitro systems are not representative for the
situation in blood which differs in two fundamental ways. Firstly, apolipoproteins can
redistribute among the lipoprotein classes in blood. This is not possible in systems using lipid
emulsions. It was shown that, compared to wild-type APOC3, the A23T mutation caused
reduced affinity of LPL for phospholipid liposomes, while the inhibition of this mutant on LPL
activity against emulsified triglycerides was not affected [182]. Mutants like the A23T may
cause small changes of the properties of lipoproteins that reduce the affinity for LPL. These
effects may not be detected in in vitro systems using lipid emulsions, whereas in blood they
may cause an altered distribution of apolipoprotiens among lipoprotein classes, resulting in
an impaired ability to inhibit LPL activity. Secondly, most mechanistic studies on
apolipoproteins in relation to LPL activity have been conducted in test tube experiments
with LPL free in solution. The recent findings that LPL is bound to GPIHBP1, also at its site of
action in capillaries, give rise to a fundamental question; are TRLs more dependent on
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apolipoproteins for efficient triglyceride hydrolysis when LPL is bound to GPIHBP1 compared
to when LPL is free in solution? If this is the case, some known apolipoproteins may serve
other functions than those we know of today. As discussed above, APOA5 might guide TRLs
to LPL, and APOC2 may support binding of TRLs to the LPL-GPIHBP1 complex in addition to
its direct enzyme activating properties.

In summary, | suggest that APOC1 and APOC3 retard TRL catabolism by preventing LPL from
interaction with the lipid particles and by competition with other apolipoproteins for binding
to the lipid/water interface. APOCs retard receptor-mediated uptake by displacement of
APOE and my studies suggest that also LPL could be displaced. Further studies are needed to
understand the details of the function of APOC1 and APOC3 in vivo by using in vitro systems
that mimic the situation in capillaries where LPL is bound to GPIHBP1 and all lipoprotein
classes are present.

Paper Il

In this study we used surface plasmon resonance, isothermal titration calorimetry, and
fluorescent quenching to investigate binding of fatty acids to ANGPTL4. It was shown that
fatty acids bind with very high affinity to ANGPTL4 and that ANGPTL4, in the presence of
fatty acids, has limited capacity to inactivate LPL. Addition of bovine serum albumin to
incubation mixtures containing fatty acids, ANGPTL4 and LPL removed the protective effect
of fatty acids on LPL activity, and dose-dependently promoted ANGPTL4-mediated
inactivation of LPL.

Discussion

It was previously shown that LPL is inhibited by its products when incubated with long-chain
triglyceride substrates, and that the inhibition is relieved by addition of a fatty acid acceptor
like albumin [58]. In this study the authors proposed that the inhibition was mainly due to
binding of fatty acids to LPL, and that the function might be to serve as a feed-back
regulation to prevent excessive fatty acid delivery to cells. In the present study we found
that fatty acids can bind even stronger to ANGPTL4 than to LPL. We also found that LPL is
less prone to become inactivated by ANGPTL4 in the presence of fatty acids. Previous studies
had demonstrated that TRLs protect LPL against ANGPTL4-mediated inactivation [106].
Possibly the fatty acids released during lipolysis of TRLs prevent ANGPTL4 from interacting
with LPL. This may explain part of the observed protective effect. Because albumin was
present during those incubations in vitro, and should sequester the fatty acids, it is also likely
that binding of LPL to TRLs had protective effects on LPL activity.

In an in vivo situation it is difficult to reconcile the effects of fatty acids on LPL activity in
adipose tissue in the fasted state when the expression of ANGPTL4 is up-regulated by
activated PPARs, while the LPL system is tuned down and fatty acids are mobilized from
intracellular lipid stores, presumably with the aid of ANGPTL4 [68,69]. The reduced ability of
ANGPTL4 to inactivate LPL in the presence of fatty acids is not in accordance with the rapid
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down-regulation of LPL activity during fasting [68]. Intriguingly, LPL activity in adipose tissue
of obese individuals was shown to be unresponsive to a meal, while lean subjects displayed
decreased specific LPL activity during fasting indicating inactivation of the enzyme [232].
Administration of the transcription inhibitor actinomycin D to old obese rats in order to
block protein synthesis did not increase LPL activity in the fasted state as would have been
expected due to decreased synthesis of ANGPTL4. This suggested impaired ability of
ANGPTL4 to inactivate LPL in the obese animals [68]. In obesity, plasma free fatty acids are
usually elevated due to insulin resistance, and hypoxia may occur in white adipose tissue
[233,234]. Both factors may promote upregulation of ANGPTL4 expression. In human
adipocytes hypoxia causes dramatic increases in ANGPTL4 expression [235]. Later studies
have shown that in addition to hypoxia, fatty acids may elevate ANGPTL4 expression and
secretion in human adipocytes [236]. Thus, it would be expected that adipose tissue LPL
should be strongly suppressed in obesity. Evidently this is not the case. A possibility could be
that the increased concentration of fatty acid that accompanies obesity neutralizes the
ability of ANGPTL4 to inactivate LPL. More studies are obviously needed to understand the
physiological relevance of the high affinity of ANGPTL4 for fatty acids.

Paper Ill and IV

In Paper Il we have employed a small molecule screening approach to identify compounds
that could protect LPL against inactivation by ANGPTL4. Paper IV is a follow-up structure-
activity relationship (SAR) study aimed to develop lead compounds for drug development
efforts for prevention of CVD. Small molecules that prevent inactivation of lipoprotein lipase
(LPL) were identified. One hit compound (Figure 7) prevented both ANGPTL4-dependent and
heat-dependent inactivation of LPL. This occurred by stabilization of the active LPL dimer.
The hit compound reduced postprandial triglyceride levels in Apoa5-knockout mice. SAR
studies resulted in a series of lead compounds, some of which showed approximately 2-3
fold improved potency compared to the original hit compound. SAR analysis identified the
carboxyl-group (Figure 7, marked in orange) as highly important for retaining biological
activity of the compound. Increasing the steric hindrance by substituent scrambling of the
central phenyl ring (blue) decreased the compound potency and solubility. Modifications of
the amide group (green) seemed tolerable. Hydrophilic substituents of either the piperidinyl
group (yellow) or the para-tolyl group (red) reduced biological activity of the compound
while more lipophilic substituents increased compound potency but decreased solubility.
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Figure 7. Chemical structure of the hit compound used as starting point for our SAR investigation. The
encapsulations denote chemical groups that were investigated by modification and/or substitution.

Although administration of our original hit compound showed promising lipid-lowering
effects in Apoa5-knockout mice [Paper Ill], the phthalimide moiety (white) was shown to be
metabolically unstable in the presence of human liver microsomes [Paper IV]. Primary
metabolites were less potent than the original hit compound in vitro. Secondary metabolites
did not show in vitro activity at 25 uM or below. For this reason, analogous heterocyclic
compounds were synthesized to investigate if improved metabolic stability could increase
compound efficacy in vivo. Although certain heterocyclic analogues showed improved
potency in vitro the effects were moderate compared to the dramatic effects observed in

vivo, suggesting that the original hit compound had a shorter half-life than the modified
compounds in vivo (Table 2).

Original hit Hetero- Hetero- Hetero- Hetero- Hetero-
compound cycle-A cycle-B cycle-C cycle-D cycle-E
(Mg TG/ml)  (ug TG/ml)  (ug TG/ml)  (ug TG/ml)  (ug TG/ml)  (ug TG/ml)

Time Buffer
(min)  (ug TG/ml)

0 349+112 3251104 263197 27176 21773 196x75* 222473
60 7594249 5314256 4461167** 297+114*** 379+161** 323%121*** 413x124**
120 9214241 8024377 507+110** 324+110*** 359x162*** 485+123**  521+283*

180 10431656 10794301 600+£122 456+109**  421+96** 440+90**  436+159**

Table 2: In vivo effects of heterocyclic phthalimide substituents. Female C57B6J mice (n=56, n=8/group) aged
8-9 weeks with an average weight of 18 g were used for the in vivo experiments. The mice were housed at
room temperature with free access to tap water and standard chow. The mice were treated in the morning for
3 days with 0.5 ml intraperitoneal injections (buffer composition as that described in Paper lll containing 1 mM
compound). On the 3" day the mice had been fasted 8 h from midnight and injected a final 4™ time. One hour
after the final injection the mice were given an oral olive oil gavage of 0.2 ml. Blood samples were collected to
EDTA coated capillaries from the tail vein at baseline and for every 60 min until 180 min. They were analyzed
for their triglyceride contents. Data for blood triglyceride (TG) levels are represented as mean values with
standard deviations. *p < 0.05, **p < 0.01, ***p<0.001.
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Method development and considerations

In the pharmaceutical industry high-throughput screening (HTS) is part of the early drug-
discovery process. Once the decision has been made to try to affect the function of a target
(e.g. protein of interest) the next step is to test if drug-like compounds possess biological
activity towards the target. Typically more than 100000 compounds are screened in fully
automated facilities. Therefore it is necessary to develop robust assays that are amenable to
automation. Usually traditional benchtop assays for a given target are transformed to a
microtiter plate format to enable robotic pipetting and facilitate endpoint readouts. Assay
reliability is easily assessed by applying various statistics based on controls (e.g. no
compound) or the total signal distribution [237]. Reliable assays are able to identify
biologically active compounds, usually referred to as “hits”, while discarding inactive ones. In
the screening process it is most common to use one concentration at one time and then
cherry-pick hits for re-screening by using the same assay. Hits are further validated by
secondary assays and by dose-response studies to better assess if a hit compound interacts
with the target, or if the effects are due to off-target effects. Using a compound library of
approximately 17000 compounds these steps were carried out in the facilities of
Laboratories for Chemical Biology Umead and form the basis for Paper Ill. Compounds that
remain after validation studies may be used as starting points for lead optimization studies.
In the lead optimization step SAR studies are used to study the relationship between a
compounds molecular structure and its biological activity. By the identification and
substitution of functional groups and structurally relevant properties, these studies aim to
increase the potency of the original hit compounds. A lead optimization was carried out for
our hit compound and is described in Paper IV.

Traditional benchtop assays for measuring LPL activity include triglyceride-based substrates
(e.g. TRLs or lipid emulsions) and water-soluble ester substrates (e.g. para-nitrophenyl
butyrate). When triglyceride substrates are used, a subsequent method for quantification of
fatty acids is required. Quantification of radiolabelled fatty acids is most commonly used in
in vitro assays for LPL. This procedure is not easily transformed to an automated format. An
alternative quantification method for fatty acid is titration using a pH-stat, but this is too
laborious in a screening environment. An attractive but expensive option was to use
guantification of non-labelled fatty acids by an enzymatic calorimetric assay. To obtain an
affordable, yet reliable, assay we used a water-soluble substrate for LPL in our primary
screen. LPL has catalytic activity to both emulsified triglyceride substrates and water-soluble
ester substrates. However, previous studies had shown that on inactivation of LPL the
enzymatic activity disappears more quickly towards long-chain triglyceride emulsions than
towards water-soluble substrates [238]. This is presumably because the water-soluble
substrates do not require binding of LPL to the lipid/water interface of emulsion particles
[55]. Thus, by using water-soluble esters as substrates we expected that we should not miss
out on potential hits. Rather, we took the risk of identifying compounds that showed effects
on LPL with water-soluble ester substrates, but not with emulsified triglyceride substrates.
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However, we reasoned that such compounds could be identified and later discarded by using
a long-chain triglyceride-based substrate in a secondary screen. We first used the water-
soluble para-nitrophenyl butyrate as substrate [239]. However, numerous compounds
appeared to catalyze hydrolysis of this substrate themselves, leading to large numbers of
false positives. We therefore turned to an umbelliferone-ester (pivaloyl-umbelliferone)
which had shown better resistance to non-specific hydrolysis [240]. There were yet no
reports regarding whether this ester could function as a substrate for LPL. Interestingly, in
comparison with para-nitrophenyl butyrate, the hydrolysis of the umbelliferone-ester was
linear over a very long time suggesting that LPL was stabilized by the substrate and/or by the
product formed. Addition of ANGPTL4 caused marked reductions in product formation. We
therefore decided to use this substrate in our primary screen. Our second concern was to
keep LPL stable during the automated process. One problem in this regard was that
traditional stabilizers of LPL activity (e.g. bile salts or fatty acids) did not enable ANGPTL4 to
inactivate LPL. Other known stabilizers, such as heparin and similar polyanions, are less
efficient and bind LPL by ionic interactions that could prevent interactions with compounds.
For these reasons we decided to use conditions for preserving LPL activity without the
addition of stabilizers. It appeared that LPL was relatively stable in phosphate buffer for
activity against pivaloyl-umbelliferone for sessions up to three hours. Our screening
campaign had a throughput of approximately 600 compounds per hour. Given the relatively
small compound library, we did try to increase throughput further. Validation and follow-up
studies are described in detail in Paper lIl.

Discussion

The idea of finding a drug that prevents inactivation of LPL by ANGPTL4 in order to reduce
the risk for CVD is based on the knowledge that increased levels of LPL activity is associated
with an anti-atherogenic lipid profile and that carriers of the LPL-S447X gain-of-function
mutation have been associated with reduced CVD risk [31,41,42]. Also, the E40K mutation of
ANGPTL4, that has impaired ability to inactivate LPL in vitro, is associated with an anti-
atherogenic lipid profile [112,113]. However, there are conflicting results regarding the
effects on CVD risk for this ANGPTL4 mutation [115,116]. Transgenic mice overexpressing
LPL at locations other than in macrophages are protected against atherosclerosis, while
overexpression of LPL in macrophages is pro-atherogenic and was found to mainly be due to
the non-catalytic functions of LPL [93]. An alarming fact is that when Angptl/4-knockout mice
are fed a diet enriched in saturated fat they develop lipid-laden macrophages in the
mesenteric lymph nodes [101]. It was also shown that ANGPTL4 suppresses LPL activity in
macrophages and that this may reduce atherosclerotic lesion progression [110,111]. Given
these contradictory findings for the role of LPL with regard to presumed CVD risk it is
impossible to speculate on the outcomes for a drug that would increase LPL activity in vivo.
Our goal was, however, to find a drug that can reduce the levels of plasma triglycerides. The
obvious target for this effort is LPL. Irrespective of outcome, a compound that directly
affects LPL activity is an interesting tool for future studies.
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Recently, another group reported on a small molecule as a novel LPL agonist [241]. They
used para-nitrophenyl butyrate as substrate for LPL and ANGPTL4 for inactivation, an
approach almost identical to that of our first screening effort. Similar to several compounds
in our primary screen, the published LPL agonist failed to show activity in our secondary
screen using triglyceride-based substrates [Paper Ill]. The reason for this discrepancy is
currently unknown, but as discussed in Paper Ill it might be due to lack of stabilization of the
necessary lipid-binding properties of LPL. Other drugs that may affect LPL activity are those
which prevent the hypertriglyceridemia induced by triblock co-polymers (e.g. triton wr-
1339). It should be noted that the mechanism by which triblock co-polymers inhibit LPL is
not understood. One compound class which prevented triton wr-1339 induced
hypertriglyceridemia showed structural similarities to our compounds [Paper 1V,[242]].
However, this compound class did not show activity in our assays. Furthermore
administration of triton wr-1339 to mice receiving our original hit compound showed a
similar rise in plasma triglyceride levels as mice receiving vehicle only. The drug lbrolipim
(NO-1886) was reported to increase post-heparin LPL activity, and to decrease plasma
triglycerides, increase HDL-cholesterol and protect against atherosclerosis in rats and rabbits
[243,244]. The exact mechanism by which Ibrolipim increases LPL activity has not been
elucidated. Both LPL mRNA levels and LPL mass is increased upon lbrolipim administration,
suggesting transcriptional effects [245]. Ibrolipim protect against diet-induced
atherosclerosis in miniature pigs [246]. The same animals displayed increased post-heparin
LPL activity, but they also had increased levels of ABCA1 mRNA and mass, presumably due to
increased levels and activation of the liver X receptor alpha (LXRa) [246]. Activation of LXR
has many effects and protects against atherosclerosis [reviewed [247]]. This makes it hard to
discriminate the exact mode of action by which Ibrolipim may protect against
atherosclerosis.

Small molecules with biological activity in our assays show a common property; they are all
anionic amphiphilic compounds. This property is shared with fatty acids and is also a
property in common with deoxycholic acid that is known to efficiently stabilize LPL in vitro
[Paper 11][248]. We have observed that deoxycholic acid prevents inactivation of LPL by
ANGPTL4 (unpublished data). Both fatty acids and deoxycholic acid function as ligands for
nuclear receptors involved in lipid metabolism where fatty acids primarily activate PPARs,
while deoxycholic acid activates the farnesoid X receptor [249,250,251]. Thus, it is highly
important to investigate if our compounds show off-target effects on nuclear receptors and
if these effects may account for our observations regarding plasma lipids in vivo. Both LPL
and ANGPTL4 bind with high affinity to fatty acids as well as to our original hit compound
[Paper II, Paper Ill]. It is therefore likely that our lead compounds bind to both proteins as
well.

With regard to the mode of action of ANGPTL4 on LPL an appealing idea has emerged during
our studies. It is evident that LPL and ANGPTL4 show similar physical properties with regard
to hydrophobic and charged sites. It was previously shown that rapid subunit exchange
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occurs in the active LPL dimer [238]. Thus, it is possible that ANGPTL4 mimics the structure
of an LPL monomer, and once a transiently free LPL monomer encounters ANGPTL4 they
may bind to each other. The suboptimal partner ANGPTL4 may not be able to stabilize the
conformation of the LPL subunit as well as another LPL subunit. Therefore the interaction
with ANGPTL4 results in irreversible inactivation of LPL. The presence of anionic amphiphilic
compounds may shift the equilibrium in favour of the dimeric state of LPL and thereby
prevent the enzyme from inactivation by ANGPTL4 (Figure 8). Another possibility is that the
anionic amphiphiles simply prevent interaction between ANGPTL4 and LPL by blocking the
binding site.
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Figure 8. Model for stabilization of the active LPL dimer by compounds and ANGPTL4-mediated inactivation
involving binding of ANGPTLA4 to dissociated, but still natively folded LPL monomers.

In terms of the lipid-lowering effects of our compounds, preliminary in vivo data are highly
encouraging. Administration of our stable heterocyclic lead compounds to wild-type mice
caused dramatic reductions in plasma triglycerides. Studies are ongoing to validate these
compounds regarding off-target effects and to assess if they are effective in the prevention
of atherosclerosis in animal models.
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Conclusions

e APOC1 and APOC3 inhibit LPL activity by similar mechanisms. Both proteins prevent
LPL from binding to the lipid-water interface of TRLs and lipid emulsion particles.

e Hydrophobic amino acid residues centrally located in APOC3 are the most important
residues for lipid-binding, and consequently for inhibition of LPL activity.

e ANGPTL4 and LPL both have high affinity for fatty acids. More studies are needed to
understand the physiological relevance of this interaction.

e Anionic amphiphilic small molecules stabilize the LPL homodimer and prevent
inactivation of LPL by ANGPTLA4.

e Heterocyclic substitution of our original hit compound caused dramatic

improvements in plasma lipid parameters in vivo, presumably by improved metabolic
stability of the compound.
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