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ABSTRACT

Dyslipidemia can be a comorbidity of both insulin-resistance and atherosclerosis.
Hypertriglyceridemia is common in hyperglycemia and is associated with
hypoalphalipoproteinemia (low HDL) and with altered nucleotide or purinergic signaling. We
therefore hypothesized that extracellular nucleotides may affect hepatic lipoprotein
metabolism. Our studies confirm this view and show that nucleotides regulate cellular
proteolytic pathways in liver cells and thereby control lipoprotein secretion and their
metabolism by hepatic lipase (HL).

Treatment of liver cells with the nucleotide, adenosine diphosphate (ADP), stimulates
VLDL-apoB100 and apoE secretion, but blocks HDL-apoA-I and HL secretion. ADP
functions like a proteasomal inhibitor to block proteasomal degradation and stimulate
apoB100 secretion. Blocking the proteosome is known to activate autophagic pathways. The
nucleotide consequently stimulates autophagic degradation in liver cells and increases cellular
levels of the autophagic proteins, LC3 and p62. Confocal studies show that ADP increases
cellular LC3 levels and promotes co-localization of LC3 and apoA-I in an autophagosomal
degradation compartment. ADP acts through the G-protein coupled receptor, P2Ys;, to
stimulate autophagy and block both HDL and HL secretion. Overexpression of P2Y;
increases cellular LC3 levels and blocks the induction of both HDL and HL secretion, while
P2Y 3 siRNA reduce LC3 protein levels and cause up to a ten-fold stimulation in HDL and
HL secretion. P2Y 3 gene expression regulates autophagy through the insulin receptor (IR-p).
A reduction in P2Y 3 expression increases the phosphorylation of IR-f and protein kinase B
(Akt) >3-fold, while increasing P2Y 3 expression inhibits the activation of IR-B and Akt.

Experiments with epitope-labeled apoA-I and HL show that activation of purinergic pathways
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has no effect on the internalization and degradation of extracellular apoA-I and HL, which
confirms the view that nucleotides primarily impact intracellular protein transport and
degradation. In conclusion, elevated blood glucose levels may promote dyslipidemia by
stimulating purinergic signaling through P2Y;3 and IR-f and perturbing the intracellular

degradation and secretion of both HDL and VLDL.
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CHAPTER 1 - INTRODUCTION

1.1 Coronary Heart Disease & Dyslipidemia

Coronary heart disease (CHD) is a leading cause of death of both men and women not
only in North America, but worldwide. CHD is characterized by the narrowing of the
coronary arteries of the heart due to a buildup of fatty plaque and inflammation, resulting in a
decreased supply of blood and oxygen to the heart eventually leading to a heart attack. Major
risk factors for CHD fall into two categories: unmodifiable and modifiable risk factors. The
unmodifiable risk factors include male gender, increasing age, race and genetic predisposition
- all of which an individual cannot change '*. However, individuals can decrease their risk for
developing CHD by making healthy lifestyle choices and taking measures to control their
modifiable risk factors. These modifiable risk factors include smoking, high cholesterol, high
blood pressure, overweight and obesity, physical inactivity, poor diet, and diabetes '~

Dyslipidemia has been a primary focus in the treatment of CHD over the last two
decades. Research into developing new therapies involved devising strategies to treat

6-9

hyperlipidemia by lowering plasma low density cholesterol (LDL-C) levels and

triglyceride (TG) levels '

as well as to treat dyslipidemia by increasing plasma high density
lipoprotein (HDL) levels '*". Although there have been numerous advances in recent years,
which have helped to decrease mortality from CHD, much more research is still needed to

better understand the underlying molecular mechanisms that contribute to dyslipidemia for the

prevention and treatment of CHD.



1.2 Lipoprotein Metabolism & Atherosclerosis
1.2.1 Lipids

Lipids are small hydrophobic or amphiphatic molecules that are responsible for
multiple vital biochemical functions in the human body and in all living organisms. Lipids
serve as high-density stored energy sources, structural components of cell membranes (plasma
membrane and organelles), precursors to hormones and vitamins, and act as signaling
molecules. There are many different lipids, but the four major classes are: phospholipids,
cholesterol, triglycerides, and fatty acids. Lipids in the body are derived by dietary intake or
by de novo production in the liver. Although the adipose tissue is the main storage site for
lipids in the body, the liver plays a critical role in lipid metabolism by regulating fatty acid

synthesis and lipoprotein metabolism.

1.2.2 Lipoprotein Metabolism

Lipoproteins are macromolecular structures comprised of lipids and proteins that aid
in the transport of lipids in the circulation to various tissues in the body. The inner
hydrophobic core of a lipoprotein is made up of triglycerides and cholesterol esters which are
surrounded by an outer hydrophilic layer comprised of phospholipids, cholesterol, and
apolipoproteins ' There are five different classes of lipoproteins: chylomicrons (CM), very
low density lipoproteins (VLDL), intermediate density lipoproteins (IDL), low density
lipoproteins (LDL), and high density lipoproteins (HDL). Each class of lipoprotein has its
unique function and can be distinguished based on their lipid and protein composition, density
and eletrophoretic charge.

Lipoprotein metabolism/biogenesis involves two pathways: 1) the exogenous pathway

involving the processing of dietary lipids, and 2) the endogenous pathway involving the



processing of lipoproteins synthesized by the liver .

Upon ingestion of a meal,
chylomicrons (CM) are secreted from the intestines, which carry triglycerides (TG) to the
liver, skeletal muscle and adipose tissue. The liver then further processes the CM remnants
that are generated, to produce and secrete VLDL into the circulation, which carry TG to

peripheral tissues .

The TG-rich VLDL is further processed by TG lipases, lipoprotein
lipase (LPL) and hepatic lipase (HL), to supply free fatty acids (FFA) as energy sources to
peripheral cells. This decreases the ratio of TG to cholesterol content whereby VLDL
becomes converted to IDL and then LDL °. LDL is the lipoprotein that contains the most
cholesterol and therefore supplies tissues with cholesterol. In contrast to LDL, HDL’s role is

to collect excess cholesterol from the peripheral tissues and to bring it back to the liver in a

process called reverse cholesterol transport.

1.2.3 Apolipoproteins

Apolipoproteins are amphipathic proteins that are key structural components of
lipoproteins. They assist in the solubilization and transport of lipids to tissues through the
bloodstream . Aside from their lipid transport role, apolipoproteins also act as co-factors for
multiple different circulatory enzymes, and act as ligands for lipoprotein receptors '’. There
are two categories of apolipoproteins: 1) exchangeable, and 2) non-exchangeable. The
exchangeable apolipoproteins are reversibly associated with lipoproteins and thus, can be
exchanged between different types of lipoproteins '’. The exchangeable apolipoproteins are
comprised of the apoA, C and E families, each of which has numerous subclasses. The most
common include apoA-I, apoA-II, apoA-IV, apoA-V, apoC-I, apoC-II, apoC-III, and apoE.
ApoA-I and apoA-II are the main apolipoproteins that constitute HDL. ApoC-II is a

stimulatory co-factor while apoC-III is an inhibitory co-factor for lipoprotein lipase (LPL).



ApoE plays an important role as a ligand for the LDL receptors, and the lipoprotein receptor-
like protein-1 (LRP) '”. The non-exchangeable apolipoproteins are irreversibly associated
with the lipoprotein, and therefore cannot be separated '’. The non-exchangeable
apolipoproteins belong to the apolipoprotein B family. They include apoB48 and apoB100.
ApoB48 is the main constituent of CMs, whereas apoB100 is the key component of VLDL

and LDL. ApoB100 functions as a ligand for the VLDL and LDL receptors.

1.2.4 Dyslipidemia & Treatment

Dyslipidemia is a condition marked by abnormal plasma lipid levels due to aberrant
lipoprotein metabolism resulting in either increased or decreased lipid levels. It is as result of
either: 1) genetic factors such as mutations in key receptors or apolipoproteins/co-factors
responsible for the metabolism of specific lipoproteins, or 2) diet and lifestyle, which are
secondary factors that contribute to other conditions such as diabetes and metabolic disorders.
Hyperlipidemia is the most common form of dyslipidemia characterized solely by elevations

18

in plasma lipid levels Three common forms of hyperlipidemia include:

hypercholesterolemia, hypertriglyceridemia, and combined hyperlipidemia referring to the

excess of plasma cholesterol, triglycerides or both, respectively '

. Another dyslipidemia
that is prevalent in the general population is the decreased levels of plasma HDL or
hypoalphalipoproteinemia. Low levels of HDL may impair the body’s ability to remove
excess cholesterol and consequently, HDL is often referred to as the “good” cholesterol.

The Canadian guidelines for plasma lipids sets target levels of total cholesterol, LDL-
cholesterol (LDL-C), HDL-C, total cholesterol to HDL-C ratio , and TG for the population
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depending on an individual’s personal risk factors for CHD In general, an individual

should aim for a target level of < 5.2 mmol/L of total cholesterol, <3.5 mmol/L LDL-C, >1.0-



1.3 mmol/L HDL-C, <5.0 mmol/L total cholesterol to HDL-C ratio, and < 1.7 mmol/L TG
21 These targets serve as a general guideline to help physicians assess an individual’s risk
for CHD, and targets may be more stringent on a case-by-case basis.

It has been known for many decades that low plasma HDL-C and high LDL-C is
associated with an increased risk for developing CHD in humans, however high HDL-C
appears to lower the risk of CHD even in the presence of high LDL-C . In addition, high
plasma TG levels are also associated with increased risk for CHD, but there also exists an
inverse relationship between plasma TG levels and HDL . Low HDL-C levels are often
associated with high TG levels in both men and women, greatly increasing the risk of
developing heart disease compared to men and women with high HDL cholesterol and low
TG levels.

Currently, popular treatments for high LDL-C levels include: 1) statins, which inhibit
HMG-CoA reductase, a rate-limiting enzyme responsible for the synthesis of cholesterol in
the liver, and 2) cholesterol absorption inhibitors, such as Ezetimibe, which inhibit the

724 Unlike LDL, there are fewer and less effective

absorption of cholesterol from the diet
treatment options for increasing HDL. The HDL-C raising therapeutics on the market are
niacin and fibrates. Niacin is more commonly known as vitamin B3 and is the most effective
HDL-increasing drug available, although it only modestly increases HDL by 20% '""°.
Niacin functions by acting through the GPR109A to decrease HDL uptake and degradation by
the liver, but it also has the adverse effects such causing flushing ''. Fibrates increase plasma
HDL levels by only 10% and act through peroxisome-proliferator activated receptors alpha

3

(PPARG) to increase apoA-I transcription . Other HDL-raising therapeutics that are under

development include infusions of apoA-I mimetics/recombinant HDL and CETP inhibitors



. Although torcetrapib increased mortality and morbidity due to off-target effects increasing
aldosterone production and hyperternsion, another CETP inhibitor, dalcetrapib increased
HDL-C, but did not decrease CHD risk »?’. In clinical development, anacetrapib and
evacetrapib showed greater increases in HDL-C than dalcetrapib, while greatly reducing
LDL-C and Lp(a) *°. Studies have also showed that linoleic acid phospholipids (LAPL) such
soy phosphatidylinositol (PI) and dilinoleoylphosphatidylcholine (DLPC) are also able to
increase plasma HDL-C levels in humans and stimulate reverse cholesterol transport in

rabbits 253!

. DLPC was shown to be twice as effective as PI in stimulating apoA-I secretion
from human hepatocytes since it contains two linoleic side chains *>. LAPL act through
phospholipase C and protein kinase C to stimulate PPAR-a, and inhibitors of cytosolic
phospholipase A, inhibit the stimulation of apoA-I secretion by PI **** There is also evidence
to show that LAPL may induce HDL secretion by reducing membrane F;-ATPase levels on
hepatocytes suggesting a role for purinergic signaling **. In this study, we now show how
DLPC may modulate purinergic signaling by regulating cellular proteolytic pathways.
Interestingly, drugs that increase plasma HDL also decrease plasma TG levels in humans,
which again highlights this inverse relationship between plasma HDL and TG levels. In fact,
HDL raising therapies were shown to have an even more potent TG-lowering ability. Niacin,
fibrate and soy PI treatment have all shown to have a significant 25-35% decrease in plasma

TG levels upon administration '>**.

1.2.5 Reverse Cholesterol Transport & Cholesterol Efflux
Reverse cholesterol transport (RCT) is a process by which excess cholesterol is
35:36

retrieved from peripheral tissues by HDL and delivered back to the liver for excretion

(Figure 1.1). RCT is a mechanism through which the body manages cholesterol levels and



Figure 1.1. The maturation of HDL and reverse cholesterol transport. Lipid-poor pre-§-
migrating apoA-I is secreted from the liver and then acquires phospholipids and cholesterol
via the ATP-binding cassette, sub-family A, member 1 transporter (ABCA1) to form pre-f3-
HDL. Pre-B-HDL acts as an acceptor of more cholesterol from macrophages and other
peripheral tissues via the ABCA1/ABCG] transporters to form a-HDL. a-HDL functions to
return the collected sterol back to the liver through selective uptake pathways involving
scavenger receptor class B1 (SR-BI). The lipids are then transported for storage or excretion
through a process known as reverse cholesterol transport (RCT). The resulting lipid-poor
apoA-I can re-enter the maturation cycle or be degraded.
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involves the coordination of numerous receptors and enzymes. RCT is important for the
prevention of atherosclerosis since it is responsible for removing cholesterol from
macrophage foam cells, which form atherosclerotic plaques *°.

ApoA-I, the main constituent of HDL is secreted by the liver and then becomes
lipidated to form HDL particles 37 (Figure 1.1). ApoA-I collects free cholesterol through its
interaction with an important membrane protein, ATP-binding cassette, sub-family A,
member 1 (ABCA1). ABCAI is responsible for the transport of cellular cholesterol and
phospholipids across the plasma membrane, a process referred to as cholesterol efflux >°.
ABCAL is expressed in the liver, macrophages, and many other tissues. ApoA-I is a major
acceptor for the cholesterol and phospholipid from macrophages and other peripheral tissues
through efflux to form HDL. The free cholesterol on HDL then becomes esterified in the
plasma to form cholesteryl esters (CE) by lecithin:cholesterol acyltransferase (LCAT), which
is another co-factor on HDL *°. The CE on HDL can then be transferred to VLDL or LDL for
receptor-mediated uptake by the liver in exchange for TG by cholesteryl ester transfer protein
(CETP) *. Studies have also shown that HDL charge is a mediator of cholesterol

mobilization 2%3%38

. It was shown that increasing the net negative charge of HDL by anionic
lipids such as phosphatidylinositol (PI) results in increased excretion of cholesterol and
decreased storage by blocking LCAT and CETP activity.

A second pathway involved in RCT is the scavenger receptor class B1 (SR-BI)
mediated selective uptake of CE (Figure 1.1). As its name implies, this process involves the
selective uptake of CE from HDL by SR-BI on the liver with minimal degradation of the

HDL particle *°. SR-BI mediated CE uptake is also known to be enhanced by hepatic lipase

(HL) ***. Hepatic lipase serves as a ligand of SR-BI and facilitates the interaction of HDL



with SR-BI, in addition to lipolysis and remodeling of HDL “***!,

The net result of RCT is the return of CE to the liver for either storage or excretion.
CE can become unesterified to form free cholesterol, which is then secreted in the bile or

converted to bile acids to facilitate the absorption of dietary lipids.

1.2.6 Atherosclerosis

Atherosclerosis is a disease that is characterized by the progressive deposition of
cholesterol and other lipids, calcium, and macrophages forming plaques in the inner walls of
the arteries *. This leads to the narrowing and thickening of the arteries, which impairs blood
flow to vital organs including the heart and brain resulting in a heart attack or stroke. Plaques
may also rupture forming blood clots, which can travel in the circulation and deprive other
tissues of blood and oxygen causing tissue damage or death. The weakening of the artery
wall by the plaque formation may also result in vessel rupture or aneurysm. Interestingly,
atherosclerosis has an early onset in life, where initial lesion formation has been reported as
early as adolescence without the presence of any symptoms *°. Atherosclerosis is the result of
abnormal lipoprotein metabolism and RCT, as well as an impaired chronic inflammatory
response. The slow, progressive accumulation of lipids and chronic inflammation over a
lifetime can lead to complications from atherosclerosis and its devastating outcomes *'.

The development of atherosclerosis is a complex process that occurs over decades,
which can be broken down to 5 stages: lesion initiation, inflammation, foam cell formation,
fibrous plaque formation, and complex lesions and thrombus *°. Haemodynamic forces play a
critical role in determining the sites for lesion development on the endothelium of the artery
1%,

wal Lesions usually form on areas of the endothelium where there is turbid blood flow

such as regions where there is branching and curving of the arteries *. As the endothelial
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cells in these regions are susceptible to injury, there is greater permeability to atherogenic

. . . L 45:48:4
lipoproteins and proinflammatory cytokines *>*%%.

This response-to-injury hypothesis was
first proposed by Ross and Glomset in 1974.

The deposition and accumulation of LDL is the hallmark of lesion development and
initiates atherogenesis according to the response-to-retention hypothesis *. This first step
triggers an immune response whereby monocyte-derived macrophages are recruited to
scavenge the excess cholesterol. LDL becomes trapped in the subendothelial space undergoes
oxidative modifications by neighboring smooth muscle cells, endothelial cells and
macrophages® (Figure 1.2). The oxidized LDL stimulates a further inflammatory response
to recruit more macrophages. Macrophages engulf the modified lipid via scavenger receptors
like SR-A, to become foam cells as per the oxidative modification hypothesis **. This foam
cell phenotype is more commonly referred to as the fatty streak in lesion development. Foam
cell formation results in the recruitment of cell adhesion molecules and secretion of pro-
inflammatory cytokines, which further exacerbates the inflammatory response **. Thus, an
initial acute inflammatory response to manage excess cholesterol in the arteries becomes a
chronic inflammatory response leading to atherosclerosis progression.

More advanced progression of atherosclerosis is characterized by fibrous plaques
followed by complex lesion and thrombus formation. Fibrous plaques consist of foam cells as
seen in fatty streaks along with extracellular accumulation of cholesterol, CE, and dead cells.
This forms a necrotic core that is protected by a layer of smooth muscle cells and extracellular
matrix **. As the fibrous plaque expands, it projects into the arterial lumen obstructing blood
flow as well thickening and hardening the arteries. Fibrous plaques develop into complicated

lesions upon calcification, thinning and degradation of fibrous caps **. The destabilization of
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Figure 1.2. Macrophages scavenge LDL in the artery wall. Atherogenesis is initiated by
the deposition and accumulation of LDL in the artery wall. This elicits an inflammatory
response, wherein monocyte-derived macrophages are recruited to scavenge the excess
cholesterol. The trapped lipoprotein lipid undergoes oxidative modifications that augment the
inflammatory response and trigger the formation of macrophage foam cells and lesion
development.

12
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the structural integrity of the fibrous cap results in its rupture, exposing contents of the

. . . . . 4
necrotic core, and inducing coagulation cascades and thrombus formation *.

1.3 High-Density Lipoproteins
1.3.1 Structure & Function

HDL has been long regarded as having a protective role in the development of
atherosclerosis. The composition and structure of HDL is important to its multi-faceted
atheroprotective functions. HDL is the smallest (5-12nm in diameter) and most dense
lipoprotein (1.063-1.21g/mL) with a ~50% protein composition and a low lipid to protein
ratio °’. ApoA-I is the primary constituent of HDL forming 70% of the apolipoprotein
concentration. ApoA-II is the second most abundant apolipoprotein *. Structurally, HDL
particles are known to have a double-belt conformation and follow the trefoil model, whereby
the lipids are stabilized by 3 molecules of apoA-I that form a 3-D cage structure around it .
ApoC, apoE, apoA-IV and apoA-V are among other apolipoproteins that are known to
associate with HDL and contribute to its highly diverse and heterogeneous nature '’. HDL can
be broken down into subspecies that can be characterized according to apolipoprotein
composition, density and electrophoretic mobility " The two main subclasses of HDL are
HDL, and HDL;. HDL, is more buoyant, has less apoA-II, and is associated with a decreased

°192 Recent studies have characterized

magnitude of postprandial lipema, compared to HDL;
more distinct subpopulations of HDL and have proposed that the quality of HDL particles
may actually be more significant in mediating atheroprotection than plasma HDL

concentration alone >*>°

. HDL composition and structure are therefore integral to its function.
The complex intricacies of HDL enable it to conduct its various functions. Although

HDL is primarily known for its anti-atherogenic property, it also has anti-oxidant and anti-
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thrombotic functions. HDL’s central role in macrophage cholesterol efflux and RCT has been
well characterized and received much attention contributing to its atheroprotective

designation .

HDL particles also serve as carriers for a number of plasma remodeling
enzymes such as LCAT, CETP as well as anti-inflammatory mediators such as paraoxonase
and platelet-activating factor acetylhydrolase. These associated anti-inflammatory factors
enable HDL to reduce the proinflammatory response that is induced by macrophage foam

cells %7

. This is achieved by blocking LDL oxidation and endothelial inflammation,
promoting nitric oxide production, and inhibiting platelet and coagulation cascade activation
> More recent work has shown an association of HDL with hepatic lipase (HL) and
demonstrated a novel role for HDL in regulating hepatic lipase activity and TG metabolism >
62

. Importantly, this work highlights a direct relationship between HDL and HL, which may

help explain the inverse relationship between plasma HDL and TG levels in humans.

1.3.2 Gene Regulation

HDL production is primarily dependent on the regulation of apoA-I. The majority of
apoA-I is synthesized in the liver with a small contribution from the small intestine. The
APOAI gene is located on the long arm of chromosome 11q23-q24 . APOAI was originally
identified as having 4 exons and belonging to this 17kb region of DNA which also
encompasses the APOC3 and APOA4 genes. Years later APOAS5 was identified 30kb distal to
APOA4 and from then on this ~60kb region has been referred to as the APOA1/C3/44/45
gene cluster ®*. Numerous genetic studies have implicated single nucleotide polymorphisms
(SNPs) in the APOAI1/C3/44/A5 gene cluster to pertubations in lipid metabolism and CHD
risk. However, results have been variable between different populations due to confounding

. 4
factors such as environment %,
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Transcriptional expression of apoA-I is heavily dependent on the regulation of its
promoter activity. The promoter region of APOAI contains a number of cis-acting elements
including: apolipoprotein regulatory protein (ARP1), retinoid acid (RARE), insulin (IRE),
cytokine (CRE), drug (DRE), hepatocyte nuclear factor4 (HNF4), and negative thyroid
response elements ®. The fibrate drugs are known to mediate their plasma HDL-increasing
effect by activating PPARa and binding to the DRE/PPRE to stimulate both apoA-I and
apoA-1II transcription ®*7. ApoA-I expression is also differentially regulated by hormones.
Estrogen, thyroid hormone, glucocorticoids and insulin stimulate apoA-I expression, while
androgens and retinoic acid inhibit its expression .

Recent studies have identified several microRNAs that play a key role in regulating
HDL metabolism. Most notably, microRNA-33a and b were shown to be involved in lipid
metabolism, and able to increase HDL and decrease VLDL secretion in non-human primates.
Inhibition of miR-33 in mice was demonstrated to increase ABCA1 expression, increase RCT

. -71
and decrease atherosclerosis ®7!.

1.3.3 Synthesis & Secretion

The biogenesis of mature spherical HDL is a complex process involving multiple
lipidation and remodeling steps (Figure 1.1). Nascent apoA-I is originally synthesized as
pro-apoA-I with a 6 amino acid prosegment that is cleaved later on and an 18 amino acid
signal sequence, similar to other secreted proteins '°. The site for the processing and
proteolytic cleavage of the prosegment of apoA-I to form apoA-I has been controversial.
Early studies have demonstrated that the conversion of pro-apoA-I to apoA-I occurred
extracellularly, however later studies have demonstrated that human hepatic cells are also able

to convert the pro-form to the processed form depending on the culture conditions and
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hormonal environment of the cells *. The processing appears to begin in the Golgi and is
completed around the time of secretion.

Hepatic apoA-I is originally secreted as a lipid-poor, pre-B-migrating apoA-I. Newly
synthesized murine apoA-I from primary hepatocytes was shown to be phospholipidated early
in the secretory pathway in the ER, independent of the membrane transporter, ABCA1. The
majority of phospholipidation and acquisition of cholesterol by apoA-I mainly occurs in the

Golgi and the plasma membrane in an ABCA1-dependent process

. Lipid-poor, pre-B-
migrating apoA-I acquires phospholipids via ABCA1, which translocates the lipids from the
inner leaflet of the plasma membrane to the outer leaflet, to form nascent pre-B-migrating
discoidal HDL . The discoidal HDL particles then obtain unesterified cholesterol with the

373576 Qtudies have

help of ABCA1 through a mechanism that is still under investigation
shown that the interaction of apoA-I with ABCA1 can result in the phosphorylation of
ABCAI via a cAMP/protein kinase A dependent pathway "’. A high capacity binding site for
apoA-I was identifited on the plasma membrane that results in ABCA1-dependent nascent
HDL formation "*. It was also found that there was a prerequisite for ABCAI to be in a
homotetrameric form for nascent HDL biogenesis °. However, there is some controversy in
the importance of ABCAIl in mediating discoidal pre-f and mature a-HDL particles
formation. A loss-of-function mutation in ABCAI1 leads to Tangier’s disease due to the
inability to form lipidated HDL and the rapid clearance of nascent lipid-poor HDL. However,
studies also suggest that ABCA1 is not required for the production of pre-f HDL, but is

;81
LSO,S.

necessary for the formation of a-HD Other research has shown that mature a-HDL

can be formed even in the absence of ABCA1 .
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The esterification of the newly acquired cholesterol on pre- HDL particles by LCAT
results in the conversion of nascent HDL to mature small spherical a-HDL. The
transformation of the disc-shaped particles to spherical HDL particles is due to the
hydrophobic nature of the cholesterol esters, which need to be maintained in the inner
hydrophobic core away from the outer hydrophilic surface of HDL *’. Small spherical a-HDL
particles comprising two apoA-I molecules can undergo further remodeling by LCAT and
PLTP to create larger spherical a-HDL particles comprising three or four apoA-I molecules
either by the fusion of smaller HDL particles or the acquisition of more lipid. Given that
apoA-II is also an important component of HDL, more complex HDL particles containing
both apoA-I and apoA-II can be formed by the fusion of spherical apoA-I HDL with discoidal
apoA-I1 HDL particles, since LCAT alone is unable to esterify discoidal apoA-II HDL *’. In
contrast, large spherical a-HDL particles can also be remodeled by CETP and HL, resulting in
a decrease in particle size and regeneration lipid-poor pre-B-migrating apoA-I. The lipid-poor
pre-B-migrating apoA-I molecules that are generated by this process can re-enter the HDL
biogenesis cycle at different stages: 1) form new discoidal HDL, 2) integrated into circulating
pre-existing discoidal HDL, 3) used to generate larger spherical HDL, or lastly 4) cleared

from the circulation by excretion through the kidney.
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1.4.1 Abstract

Hepatic lipase (HL) is a lipolytic enzyme that contributes to the regulation of plasma
triglyceride (TG) levels. Elevated TG levels may increase the risk of developing coronary
heart disease (CHD) and studies suggest that mutations in the HL gene may be associated
with elevated TG levels and increased CHD risk. HL facilitates the clearance of TG from the
VLDL pool and this function is governed by the composition/quality of HDL particles. In
humans, HL is a liver resident enzyme that is regulated by factors that release it from the liver
and activate it in the bloodstream. HDL regulates the release of HL from the liver and HDL
structure controls HL transport and activation in the circulation. Alterations in HDL-
apolipoprotein composition can perturb HL function, by inhibiting the release and activation

of the enzyme. HDL structure may therefore affect plasma TG levels and CHD risk.

1.4.2 Triglycerides and Heart Disease

Elevated plasma triglyceride (TG) levels have been viewed as a risk factor for
coronary heart disease (CHD) for over a decade 12 Plasma TG levels are regulated by both
the synthesis and degradation of VLDL and chylomicron particles. The clearance of TG-rich
lipoproteins from the circulation is controlled by the actions of lipoprotein lipase (LPL) and
hepatic lipase (HL) and by the interlipoprotein exchange of TG by cholesteryl ester transfer
protein. LPL is the predominant TG lipase and is responsible for hydrolyzing TG in
chylomicrons and VLDL, while HL is both a phospholipase and TG lipase and plays an
important role in HDL metabolism and in the conversion of VLDL to LDL °. Single
nucleotide polymorphisms (SNPs) in the HL gene (L/PC) have been shown to associate with
plasma lipid concentrations and increased CHD risk *°. HL deficiency is a result of relatively

rare LIPC mutations that give rise to a loss in circulating HL activity (due to impaired
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secretion or inactive enzyme) and cause an increase in TG-rich HDL and VLDL remnants and
increased CHD "®. Common SNPs have variable functional consequences. SNPs in the LIPC
gene can be associated with both increased or decreased plasma HDL-C levels and variable
CHD risk ™. Unique SNPs may consequently confer both pro- and anti-atherogenic
phenotypic consequences. This may explain why bigger and more comprehensive studies
have not observed an association between LIPC mutations and CHD risk °. Variable
phenotypes may be partly due to secondary factors such as environment, lifestyle, and
hormone levels '°, but will primarily depend on the functional consequences of SNPs on HL
activity. SNPs in the LIPC gene may directly affect the TG-hydrolytic ability of HL and may
indirectly affect HL by affecting the metabolism of HDL and its ability to control the function

of HL in the circulation.

1.4.3 HL and the Liver

HL is synthesized and secreted by the liver and binds to heparan sulfate proteoglycans

512 1t has been known for

(HSPG) on the cell surface of hepatocytes and endothelial cells
over 50 years that HSPG-bound lipases can be released into the bloodstream by heparin. Hahn
showed in 1943 that intravenous heparin stimulated TG hydrolytic activity in lipemic serum
. While lipase activity is normally undetectable in human plasma, infusion of heparin
increases both HL and LPL mass and activity in the bloodstream '*. Post-heparin HL activity
measurements have been utilized to reflect the functional levels of HL in an individual and are
indirectly measured by subtracting NaCl-sensitive LPL activity from total post-heparin lipase
activity. Post-heparin HL activity measurements are often elevated in hyperlipidemic patients
and have been linked to an increased risk for developing CHD '*'®. This has led to the

17;18

suggestion that HL may be a pro-atherogenic enzyme . High post-heparin HL activity may
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also be related to CHD risk by reflecting reduced lipolytic function. Increased post-heparin
HL activity may represent an elevated storage pool of inactive HL in the liver, which results
from defective release and activation of the enzyme "*?2. Cell surface, HSPG-bound HL is
catalytically inactive enzyme and studies show that HDL functions to mobilize and activate

this liver-resident pool of HL *°.

1.4.4 Displacement of HSPG-bound HL

In humans, HL is primarily found associated with cell-surface HSPG on hepatocytes
and endothelial cells of the liver and is therefore considered to be a liver resident enzyme **.
Previous work has shown that specific residues in the HL protein regulate the association of
HL with HSPG **%. Mapping studies using peptide arrays have identified two HL-heparin
binding domains, one at the N-terminus, (R310, K312, K314, R315) and another at the C-
terminus (R473, K474, R476) 2 In rodents, HL is also synthesized in the liver, but is

2627 Murine HL appears to be more

predominantly found circulating in the bloodstream
readily displaced from cell-surface HSPG due to differences in the C-terminal amino acid
composition of the enzyme *’. Human HL can be released or liberated from cell-surface
HSPG by both heparin and HDL. Studies have suggested that heparin interacts directly with
the TG lipases and/or competes for binding sites on cell-surface HSPG **. Other studies show
that heparin may act through protein kinase and calcium signaling pathways to stimulate HL
release . HDL-dependent HL displacement is regulated by interactions between HL and
HDL and affected by both the lipid and apolipoprotein composition of HDL 2*2,

HDL composition directly affects the displacement of HL from cell-surface HSPG
20,21

Ramsamy et al. showed that different subclasses of HDL have unique abilities to

displace HL 2 The larger, more buoyant HDL, fractions were more effective at displacing
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HSPG-bound HL, than the smaller, dense HDL; fractions. Rouhani et al. showed that the
various lipids in HDL had unique effects on HL displacement *'. Increases in HDL-TG and
phospholipid content directly inhibited HL displacement from the cell surface, while changes
in the other lipid components of HDL had little effect on HL release. More recently, HDL and
serum isolated from postprandial subjects were shown to promote increased HL displacement,
relative to samples from fasted subjects 2. The study showed that even though postprandial
HDL is TG-enriched, the lipoprotein is deficient in apoE and more effective at binding to and
displacing cell-surface HL **.

HL displacement appears to be controlled by HDL apolipoproteins and is stimulated
by the apoA-II content of HDL *'. ApoA-II increases the release of HL from HSPG by
enhancing the association of HL with HDL and this increased association promotes an
inhibition of HL activity ***'. Conversely, HL displacement is inhibited by HDL-apoE **.
Young et al. showed that HDL isolated from female subjects was significantly better at
displacing HL from cell surface HSPG, relative to male HDL **. HDL isolated from women
also contained less apoE, as compared to HDL isolated from the plasma of males. The study
identified an inverse relationship between HDL-apoE content and the amount of circulating
HL in the bloodstream **. Increased apoE content on HDL results in decreased HL release
(Figure 1.3). Treatment of HDL with monoclonal apoE antibodies, directed against epitopes
in the glutamic acid-enriched N-terminus of apoE, resulted in greater HL displacement >,
which may suggest that the binding of HL to HDL is sensitive to apoE-dependent electrostatic
properties of the lipoprotein. Other work has shown that HL activity is also dependent on
electrostatic events that regulate the association of HL with HDL >,

Apolipoproteins are exchanged between HDL and the TG-rich lipoproteins, such as
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Figure 1.3. HDL regulates the release and activation of hepatic lipase. The liver is a
storage depot for catalytically inactive HL that is anchored to cell-surface HSPG. HDL binds
to HL and releases the enzyme into the circulation. Fasting, apoE-rich HDL is ineffective at
releasing HL from cell surface HSPG. During a postprandial response, HDL loses apoE to
VLDL and the apoE-deficient HDL is more efficient at releasing HL from the cell surface.
HDL compositional changes can then release HDL-bound HL and activate the catalytic
activity of the circulating enzyme. HDL therefore plays an important role in the mobilization
and activation of HL.
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VLDL and IDL, during a postprandial lipemic event ****,

Notably, apoE and apoCs are
transferred from HDL to VLDL, where they act as lipolytic co-factors and receptor ligands .
HDL is therefore a storage depot for apoE in the fasting state. A few hours after a meal, when
plasma TG levels are high, apoE moves from HDL to the TG-rich lipoproteins ***°. This
decrease in HDL-apoE content appears to initiate the mobilization of HL from the hepatocyte
cell surface to the vascular compartment (Figure 1.3), where the enzyme can then act to

hydrolyze circulating TG *. At the end of the lipemic response, apoE returns to the HDL pool
ydroly. g p p P

and blocks the ability of HDL to release HL from the liver.

1.4.5 Regulation of HL Lipolytic Activity

In humans, there appear to be two inactive pools of HL, one that is HSPG-anchored in
the liver and one that is HDL-bound and circulating in the bloodstream as an inactive enzyme.
HDL therefore regulates HL activation in a two-step process, wherein HDL binds and
displaces HL from cell surface HSPG, and then HDL dissociates and activates the circulating
enzyme (Figure 1.3). Under fasting conditions, HL in the circulation appears to be
catalytically inactive. HL activity can only be detected in the plasma after the enzyme is
released from the liver by infusions of heparin '*. While apoA-I and HDL are also able to
liberate HL from cell surface HSPG, the association of HL with HDL directly inhibits HL

c o 19;31532
activity

. HL is inactivated by its association with HDL particles containing both apoA-I
and apoA-IT %2176,
HL activity is stimulated by the dissociation of HL from HDL (Figure 1.3) and

31;32

controlled by lipoprotein electrostatic properties . Enrichment of HDL or serum with free

fatty acid or anionic phospholipids (such as PI, PA or PS) increases the net negative charge on
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HDL and stimulates VLDL-TG hydrolysis by HL **. An increase in HDL net negative charge
was shown to reduce the binding of HL to HDL and increase HL hydrolytic activity for all
lipoprotein substrates. HL activity is therefore inhibited by the electrostatic-dependent
association of HL with HDL 2. ApoA-II has been shown to increase the association of HL
with HDL and to directly inhibit TG hydrolytic activity *~'°. ApoE has quite the opposite
effect. ApoE blocks the association of HL with HDL *, but stimulates the HDL lipolytic
activity of HL *’. Women have been shown to have reduced plasma apoE levels and increased
circulating HL, relative to men *>. Women also have a reduced post-heparin HL activity,
which has been thought to be a consequence of an inhibitory effect of estrogen on HL

transcription "

Reduced post-heparin activity in women may therefore be partly a
consequence of reduced apoE levels and defective HL activation **. ApoE has been shown to
directly interact with apoA-II * and as such, may block apoA-II dependent association of HL
with HDL *'. ApoA-II may therefore control HL displacement and activation, and its action is
modulated by the amount of apoE that can reside on the HDL particle surface.

In the circulation, HDL remains associated with HL, to keep the enzyme in an inactive
state, until hydrolytic activity is required. A tight regulation of HL lipolytic activity by HDL
would be expected, as HL is a phospholipase and potentially lytic to cell membranes. The
liberation of HL by HDL from the cell surface therefore primes HL for its hydrolytic function,
by releasing the anchored-enzyme and enabling HL to gain access to circulating substrate.
Increased lipase shuttling between substrate molecules has been shown to stimulate most
interfacial lipolytic enzymes, such as HL *°. Higher circulating levels of HDL-bound, inactive

HL may be important to TG clearance. HDL isolated from the plasma of female

normolipidemic subjects, by sequential density ultracentrifugation, was shown to contain
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significant HL mass *.

In contrast, HDL isolated from normolipidemic males and
hyperlipidemic patients contains much less HL protein. An increased vascular pool of HL in
women may therefore contribute to the reduced magnitude of postprandial lipemia, often
observed in women relative to men *'. Increased HDL-bound HL in the circulation may also

affect the remodeling of HDL, since HDL, formation has been shown to be increased in

subjects that can clear alimentary TG more rapidly **.

1.4.6 Regulation of HL Secretion from the Liver

Since HDL is able to liberate HL from the cell-surface HSPG, it follows that hepatic
HDL secretion would be expected to impact the release of HL from the liver. This view has
been confirmed in studies in primary human hepatocytes and HepG2 cells, which showed that
factors that increase apoA-I/HDL secretion from hepatocytes also increase HL secretion
(Figure 1.4) B, Chatterjee et al. showed that overexpression of apoA-I in HepG2 cells directly
stimulated HL release from the cell surface. Conversely, a knockdown of apoA-I expression
with siRNA decreased HL release into the media. Therefore, newly secreted HDL may be
able to bind and displace cell surface HL (Figure 1.4). Alternatively, HL may associate with
apoA-I/ HDL complexes intracellularly and be co-secreted with HDL.

HDL and HL secretion may also be affected by membrane reuptake and degradative
pathways. Treatment of HepG2 cells and primary human hepatocytes with compounds that
block apoA-I retroendocytosis, also affect HL release. Linoleic acid phospholipids (PL), such
as dilinoleoylphosphatidylcholine, increase hepatic apoA-I secretion by 3-fold and promote a
2-fold increase in HL release **. PL treatment does not appear to affect HL transcription, as
they have no effect on steady-state mRNA levels **. PL instead stimulate PPARo. expression

# and inhibit membrane nucleotide signaling events on the cell surface to block
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Figure 1.4. HDL and hepatic lipase secretion are co-regulated. HDL secretion regulates
HL release from the liver through three potential mech