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Abstract

Lipoprotein lipase (LPL) is upregulated in atherosclerotic lesions and it may
promote the progression of atherosclerosis, but the mechanisms behind this process are
not completely understood. My laboratory has previously shown that the phosphorylation
of protein kinase B (Akt) within THP-1 macrophages is increased in response to the lipid
hydrolysis products generated by LPL from total lipoproteins. Notably, the free fatty acid
(FFA) component was responsible for this effect. | hypothesized that activation of Akt
may play a role in cellular lipid accumulation. My results show that the total FFA
component results in Akt phosphorylation in a dose-dependent manner over 18 hours.
Specifically, palmitoleate can significantly increase Akt phosphorylation over two hours
versus control. Additionally, | expanded previous studies showing that the total FFA
component significantly inhibits cholesterol efflux to apolipoprotein (apo) A-I. I further
show that blocking of Akt phosphorylation using the inhibitor MK-2206 restores
cholesterol efflux levels to those observed for apolipoprotein A-1 alone, for cells treated
with either the total complement of FFA or palmitoleate alone. Overall, my data support a
negative role for LPL in macrophage lipid accumulation, which is a major contributor to

atherogenesis.
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Chapter 1 Introduction

1.1 Atherosclerosis

1.1.1 Incidence and prevalence of atherosclerosis

Atherosclerosis is a progressive inflammatory disease of the vascular intima. It
involves the deposition and accumulation of fatty plaque along the interior of major blood
vessels, eventually leading to at least partial occlusion of those vessels. Symptoms of the
disease often do not appear until it is in its later stages, at which time damage to the
vessels and risk of plaque rupture are of primary concern [1]. Hypertension, and other
associated risk factors such as high serum cholesterol are very prevalent in North
American society. In Canada, the prevalence of hypertension is 23%, rising despite better
disease management options [2, 3]. The latest Heart Disease and Stroke Statistics Report
from the American Heart Association estimates that 31.1% of the world’s adult
population has hypertension, with high blood pressure associated with up to 37.5%
percent of deaths [4]. In addition, nearly half of the adults in the United States over the
age of 40 have high enough blood cholesterol levels to qualify them for statin therapy,
though actual statin use is not nearly this high [4]. The incidence of disease and mortality
rates due to cardiovascular disease (CVD) in most high-income countries have been
decreasing as diagnosis and treatment have improved, but remain a significant financial
burden, both from pressure on the healthcare systems, and in lost productivity [4 - 6].
Low- and middle-income countries on the whole have poorer records for age-adjusted

mortality rates due to clinical atherosclerotic conditions, though they are decreasing over



time [5, 7]. Though improvements in diagnosis and care are being made, there remains a

genuine need to better understand the etiology of atherosclerosis.

1.1.2 Overview of atherosclerosis

Atherosclerosis, or at least the knowledge that arteries can become occluded over
time, has existed since the 1500’s, when Leonardo Da Vinci described the thickening of
arteries in the elderly [8]. A long-held, and still valid explanation for the onset of this
disease involves the disturbance of blood flow at junction points in the vessels, causing a
mechanical disturbance and triggering an inflammatory repair mechanism [8, 9]. Diet was
not regarded as a factor until much later, in the early 1900’s. The earliest references to the
role of dietary lipid in this disease come from experiments on rabbits and dogs, where the
feeding of fatty diets and/or pure “cholesterin” induced the disease, even in
atherosclerosis-resistant dogs [10, 11]. The initial stages of atherosclerosis (the fatty
streaks) begin to develop in early childhood (even as early as in utero) with the gradual
deposition of lipid-laden cells such as macrophages and vascular smooth muscle cells
(VSMCs) along the interior of the blood vessels [12, 13]. It is a largely inflammatory-
mediated process, and as such, is associated with other conditions of chronic low-grade
inflammation such as obesity and metabolic syndrome [14]. Indeed, C-reactive protein
levels, traditionally used as an indicator of infection or chronic inflammatory disease such
as arthritis, are now measured as a risk factor for heart disease [15].

Figure 1 shows a brief overview of the cellular changes associated with the vessel

microenvironment during the onset and progression of atherosclerosis. Briefly, there are



Figure 1: Overview of the development of atherosclerosis

Monocytes are recruited to a site of local inflammation along the vascular endothelium of
a large artery. Once inside the intimal space, the monocytes, responding to the
inflammatory signals in their environment, may differentiate into macrophages.
Macrophages, along with resident vascular smooth muscle cells (VSMCs), then begin to
take up lipid (especially oxidized low-density lipoprotein (oxLDL)) and become lipid-
laden foam cells. These foam cells contribute to the development of a fatty streak which
eventually becomes a complex lesion. At this stage, VSMCs, structural proteins, and free
lipid, along with foam cells and necrotic cellular debris form a large plaque in danger of
rupture. When a plaque ruptures, it creates a thrombus which can travel through the
circulation and produce a lethal cardiac event or stroke. Figure created in Microsoft

PowerPoint 2016.
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several contributors to the early pathogenesis of this disease, including physical strain or
insult to the vessel wall, poor dietary habits (such as a Western diet characterized by high
fat and salt consumption, and low intake of fibre and omega-3 fatty acids), and oxidative
stress in the microenvironment [16 - 18]. The extent to which each factor plays a role in
the onset of this disease is debated. However, the progression once the disease is initiated
is better understood. Macrophages within the intima of the blood vessels are largely
responsible for the intake of excess lipid that results in the fatty streak. Some of these
macrophages originate within the deeper structures of the vessel (the mesenchymal cells
of the tissue), while many are recruited from the circulation as monocytes, which then
differentiate into macrophages based on the environment within. Macrophages which take
up excess lipid may differentiate further into foam cells, and begin secreting pro-
inflammatory cytokines and chemokines, which stimulate the accumulation of foam cells
[19]. The vessel wall will develop lesions consisting of foam cells, extracellular lipid, and
some fibrous proteins before progressing to a complicated lesion where there is a necrotic
core of dead cells within the plaque. This plaque can later become unstable and rupture,
resulting in stroke or myocardial infarction [20]. Given the severe endpoints of this
disease, it is crucial to continue investigating the contributing factors with an aim to better

therapeutic options.

1.1.3 Lipoproteins

Before further discussing the development of atherosclerosis, it is important to
understand how lipids travel through the circulation. While lipid is stored in cells in the

form of specialized vesicles called lipid droplets, transport takes place in the form of



Figure 2: General lipoprotein structure

Lipoproteins are complexes of protein and lipid intended for the transport of lipid though
the circulation. In order for this to occur, the largely non-polar lipids such as triglycerides
and cholesteryl esters must be encased in a phospholipid monolayer. The phospholipids
that make up the membrane are oriented such that the polar head groups are facing
outward, and the non-polar tails inward. The membranes of lipoproteins also contain

unesterified cholesterol and proteins. Figure created in Microsoft PowerPoint 2016.
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lipoproteins. Lipoproteins are complexes of lipid contained in a phospholipid monolayer
with embedded proteins, as shown in Figure 2. They are responsible for the transport of
lipid through the circulation [21]. There are several classes and subclasses of lipoproteins,
principally defined by particle density, origin, and function. The core of each lipoprotein
consists of neutral lipids like cholesteryl esters and triglycerides, while the membrane
consists of phospholipids and free cholesterol. Each lipoprotein is associated with one or
more apolipoproteins (apo), which have a variety of functions including acting as
cofactors and ligands [22]. These sealed lipid particles allow for the regulated transport

and metabolism of lipid in the body.

Chylomicrons are the largest and least dense type of lipoprotein, and are derived
from the diet. Each chylomicron is associated with one apoB48 that is synthesized in the
small intestine and is required for chylomicron formation. In this form, chylomicrons first
enter the lymphatic system, and then enter the circulatory system to transport dietary
lipids to cells all over the body. Once the chylomicrons have been partially hydrolyzed by
lipases such as lipoprotein lipase (LPL), they are known as chylomicron remnants. These
remnants have had most of their triglycerides broken down, and are therefore smaller and
more dense, with a higher ratio of cholesterol to triglyceride. Small dense lipoproteins are
more atherogenic, with several studies identifying a positive association between an
increase in the circulating levels of these lipoproteins and the development of CVD [23].
The remnants that are left in the circulation are delivered to the liver, where the remaining
lipid is broken down. The liver then synthesizes very low-density lipoprotein (VLDL),

which occurs in tandem with the synthesis of apoB100. VLDL are transported through the



circulation to distribute lipids to extrahepatic tissues, and in the process their lipids are
hydrolyzed to form intermediate-density lipoprotein (IDL), and then low-density
lipoprotein (LDL) [24]. Each of these three types of lipoproteins are always associated
with one apoB100 — the same apoB100 that was synthesized along with the “parent”
VLDL. Unlike all other apolipoproteins, which can be transferred and exchanged between
lipoproteins, apoB proteins are non-exchangeable [25]. Chylomicrons, VLDL and IDL
are also associated with apoE, a lipoprotein that facilitates the binding of these

lipoproteins to cell surface receptors [24].

High-density lipoprotein (HDL) is the so-called “anti-atherogenic” lipoprotein. It
is more dense than most, and it usually has a higher phospholipid and cholesterol content.
Indeed, CVD risk is inversely associated with HDL levels according to several studies
[26, 27]. HDL acts as a cholesterol acceptor, receiving cholesterol from extrahepatic
tissues via cholesterol transporters such as adenosine triphosphate (ATP)-binding cassette
subfamily G member 1 (ABCG1), ATP-binding cassette transporter 1 (ABCA1), and
scavenger receptor-class B type | (SR-BI), and transporting the cholesterol back to the
liver for excretion. The initial transfer of cholesterol from cells to HDL through these
transporters is called cholesterol efflux. HDL are usually associated with at least one
apoA-I protein and sometimes apoE as well [24]. It was postulated in 1979 that
atherosclerosis is a “postprandial phenomenon”, and it has been shown since that delayed

clearance of chylomicrons, VLDL, and their remnants, is a risk factor for CVD [28, 29].



1.1.4 Atherosclerotic disease development and progression

Early atherosclerosis is typically an inflammatory response to increased lipid in
the arterial space. LDL and VLDL are the primary lipoproteins found to influence this
process, and these are typically elevated in the serum of individuals with metabolic
syndrome and/or that follow a diet high in fat. When local inflammation is present in
vessel walls, monocytes are recruited from the bloodstream to the site, where they
differentiate into macrophages following environmental stimuli [30]. It is traditionally
believed that the bulk of the macrophages in atherosclerotic plaques are derived from
monocytes that have infiltrated the intima and differentiated near the plaque site.
However, it has more recently been observed that macrophage proliferation within the
plaque contributes more to the overall number [31]. Regardless of the manner in which
macrophages become associated with the growing plaque, they contribute to disease
progression in several ways. Plaque-associated macrophages demonstrate increased lipid
accumulation, in part through an increase in the uptake of oxidized low-density
lipoprotein (oxLDL), and the decreased capacity for cholesterol efflux. As macrophages,
they are phagocytic in nature, and may begin taking up any excess lipids. In particular,
they are shown to readily accept large quantities of oxidized lipid, such as that found in
oxLDL, which arises when the lysine residues of apoB100 are modified and oxidized.
Scavenger receptors such as cluster of differentiation 36 (CD36) are involved in the
uptake of oxidized lipids and proteins [32]. In fact, it has been shown that when CD36 is
missing from human monocytes, there is up to a 40% reduction of oxLDL uptake,

highlighting the importance of scavenger receptors such as CD36 and SR-BI [33]. As the
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lipid content of the cells increase they develop more lipid droplets and transition to the
foam cell phenotype. Smooth muscle cells from the surrounding artery migrate to the
plaque site and can develop a foam cell phenotype as well [34]. As the plaque begins to
form, it is mostly comprised of fatty foam cells derived from macrophages and VSMCs.
As the plaque development progresses however, extracellular lipid accumulates between
the cells in the streak to form an intermediate, fibrous lesion containing both lipid and
structural proteins like collagen [30]. At this point in the disease, there may be no
outward signs of atherosclerosis beyond the presence of existing risk factors.

At this intermediate stage, the artery is significantly reduced in diameter due to the
buildup of plaque, and further growth includes the incorporation of structural proteins,
more smooth muscle cells, and the development of calcification. Blood pressure can be
affected by the narrowing of the arteries at this stage, but the more critical end-points of
the disease do not occur until the lesion becomes unstable. Studies have shown that
individuals with more calcification present in atherosclerotic lesions have a significantly
higher risk of a coronary event in the future, as it represents a more advanced plaque, and
tends to make it less stable [35, 36]. During this stage, an increasing number of
macrophage- and VSMC-derived foam cells begin to die. While normal cell death is not
typically an issue that would lead to disease, apoptosis in this case can be damaging in the
intermediate plaque due to the reduced ability to clear the cell debris from the local area.
Both macrophages and VSMCs have been shown to produce reactive oxygen species
within atherosclerotic lesions due to the presence of oxLDL, and this has further been
proposed as a major mechanism by which these cells undergo apoptosis [37, 38].

However, this is not the only death pathway these lesion-associated cells follow,

11



especially as the lesion progresses to late-stage. Instead, they often necrose in an
unregulated manner, or undergo the slightly more structured but still damaging
necroptosis (or programmed receptor interacting protein 3 (RIP3)-dependent necrosis)
death pathway [39]. In two mouse models of atherosclerosis, the Ldlr”" and the Apoe”
mice, a genetic knockout of RIP3 reduced lesion area and the size of the necrotic core in
later stages of the disease. This highlights the role of necrosis and necroptosis of foam
cells in advanced plaque formation [40]. Inside the lesion space, the dead cells and debris
accumulate from these death processes, causing the plaque to grow.

End stage atherosclerosis is characterized by an unstable fibrous cap, as the
necrotic core grows and weakens, and the complicated lesion is at risk of breaking off as
a thrombus. In the event that a thrombus does dislodge from the arterial wall, it can travel

to a vital organ such as the brain or heart, resulting in severe injury or death [41].

1.2 Cholesterol efflux

1.2.1 Cholesterol metabolism in the body

Cholesterol is part of the sterol family of lipid biomolecules which is ubiquitous to
all animal cells. It is a vital molecule for maintaining the dynamic structure of animal cell
membranes, is involved in various cell signaling processes, and is a precursor for other
important biomolecules such as bile [42, 43]. It is derived both from the diet and from de

novo synthesis, which principally occurs in the liver and intestine [44].

Dietary cholesterol comes from animal products, as all animals are capable of

synthesizing it, but plants can only do so to a much lesser extent. Instead, plants primarily
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synthesize phytosterols, which have been shown to reduce LDL cholesterol by inhibiting
intestinal uptake of dietary cholesterol [45]. Though cholesterol can be obtained through
the diet (around 300 mg/day), it is not normally necessary to do so as most of the required
cholesterol in the body is synthesized from acetyl-coenzyme A (CoA) (between 700 mg
and 900 mg/day) [44]. In most countries, no recommended upper limit for cholesterol
consumption exists (the US is an exception, with an UL of 300 mg/day), instead for lipids
there is a more general recommendation that saturated and trans fat intakes stay below
10% of the total daily energy intake [46]. While regulations regarding dietary intakes are
always evolving, the lack of specificity for cholesterol may be something to evaluate in

the future.

While the majority of cholesterol synthesis in humans occurs in the liver and
intestine, nearly all cells are capable of synthesis. The process starts with acetyl-CoA, a
metabolite produced both from glycolysis and B-oxidation of fatty acids. The synthesis
pathway is very long, requiring 18 ATP per molecule of cholesterol. Despite requiring
many enzymes, the rate limiting step is the conversion of B-hydroxy B-methylglutaryl
(HMG)-CoA to mevalonate by HMG-CoA reductase [42]. The main regulators of
cholesterol synthesis in humans are the sterol regulatory element-binding protein
(SREBP) transcription factors, which are master regulators of many genes of lipid
metabolism, including those that code for HMG-CoA reductase, LDL receptor, and LPL

[47].

One of the major functions of cholesterol is as a structural element in cell

membranes. The presence of cholesterol in the lipid bilayer that defines most animal

13



membranes alters its structure and therefore its function. Cell membranes are not static
structures; they grow and shrink as vesicles are either exocytosed or fused, the protein
content changes as transporter and receptor expression fluctuates, and the lipids
themselves that make up the bulk of cell membrane structure move, flip, and rearrange as
needed [48]. The presence of cholesterol in the membrane causes the lipid chains inside
the hydrophobic centre to be more ordered, which in turn regulates membrane
permeability. It forms a central component of lipid rafts, dynamic domains in the cell
membrane which are enriched in cholesterol and sphingolipids, and to which some
proteins are targeted [49]. For example, glycosylphosphatidylinositol (GPI) linked
proteins are more often found in complex with lipid rafts than in the less-ordered sections
of cell membranes [50]. Lipid rafts tend to be in areas where signaling events take place,
which is lost if the cholesterol content of the membrane is too low [49]. Cholesterol, aside
from being an important structural component of cells, is a precursor for bile, vitamin D,
and steroid hormones [44]. Cholesterol is therefore involved in a wide range of biological

processes.

The primary location of cholesterol uptake, from either the diet or from bile is the
small intestine, mediated by the Niemann-Pick C1-like 1 protein [51]. Once inside the
body, it is transported by lipoproteins to the liver, and then to extrahepatic tissues. Excess
cholesterol may be stored in adipocytes, though to some extent excess can be removed

through an anti-atherogenic excretion route called reverse cholesterol transport.
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1.2.2 Reverse cholesterol transport

Reverse cholesterol transport is the body’s mechanism for recycling and excreting
excess cholesterol. As discussed in the context of atherosclerosis, a large buildup of
cholesterol and lipid within cells can become pathological so the system has adapted to
allow for transfer of cholesterol from lipid-laden extrahepatic cells to high density
lipoprotein for transport and excretion. Figure 3 shows an overview of the process of

reverse cholesterol transport.

The first step in reverse cholesterol transport is called cholesterol efflux. This
requires either apoA-I or an HDL particle to receive cholesterol from a macrophage via
cholesterol transporters on the cell. ABCAL is mainly responsible for the transport of
cholesterol to apoA-I, resulting in the formation of nascent HDL, while ABCG1 and SR-

Bl are responsible for efflux to mature HDL [52].

Following cholesterol efflux, HDL brings the cholesterol to the liver via the
circulation, where it can either be used for sterol biosynthesis, repackaging, or bile acid
synthesis. The average rate of bile acid synthesis is approximately 500 mg per day, and
once made, it is stored in the gallbladder until a meal is ingested. Postprandial release of
bile acids into the intestine allows for the emulsification and absorption of dietary lipids,
fat-soluble vitamins, and reuptake of free cholesterol. The cholesterol that is not re-
absorbed in the intestine then gets excreted from the body through the feces [53]. While
this process is anti-atherogenic, it is not sufficient to prevent the development of

atherosclerosis, especially in the presence of a typical Western diet. Strategies to increase
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Figure 3: Overview of reverse cholesterol transport

The first step of reverse cholesterol transport is the efflux of cholesterol from
macrophages to apolipoprotein A-1 (apoA-1) or high-density lipoprotein (HDL) via
cholesterol transporters such as adenosine triphosphate (ATP)-binding cassette subfamily
G member 1 (ABCGL1), ATP-binding cassette transporter 1 (ABCAL), or scavenger
receptor-class B type | (SR-BI). The HDL then travels through the circulation, delivering
the cholesterol to the liver. In the liver, the cholesterol may be used for various functions,
or may be used for the production of bile. The bile is then stored in the gall bladder until,
after a meal, the bile is secreted into the small intestine to aid in digestion. Most
cholesterol is reabsorbed through the small intestine, but that which is not is then excreted

through the feces. Figure created in Microsoft PowerPoint 2016.
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Figure 3
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the capacity of reverse cholesterol transport are currently under investigation as a way to
lower risk, and even as a potential therapeutic measure. While it is logical that an increase
in HDL, the particle that accepts cholesterol for transport and eventual removal, should
increase cholesterol clearance and reduce CVD risk, clinical trials to increase HDL in
humans have been ineffective [54]. This does not disqualify HDL as a potential target for

the treatment of atherosclerosis, but points to a need for further research in this area.
1.2.3 Macrophage cholesterol efflux

Cholesterol efflux from macrophages is the first step in the elimination of excess
cholesterol. The levels of cholesterol in the body are very tightly regulated, and
macrophage cholesterol efflux does not account for a large portion of the total body
cholesterol at any point in time. However, given that macrophages (and their ability to
store excess amounts of cholesterol) are a major causal factor in atherosclerosis, it almost
certainly has an impact on the course of the disease [55]. It has been demonstrated that
cholesterol efflux is compromised in serum from non-human primates that had advanced
atherosclerotic lesions [52]. MicroRNAs are currently being studied as a target for
increasing the cholesterol efflux capacity of macrophages in atherosclerotic plaques.
MiR-33 is found in an intronic region of the SREBF2 gene, and acts as a repressor of
cholesterol transporter transcription, specifically ABCA1 and ABCG1. MiR-33 is
expressed in macrophages, and its inhibition in Ldlr” mice (which are a mouse model of
atherosclerosis) resulted in a reduction of plaque size, an increase in ABCAL expression
in plaque-associated macrophages, and enhanced cholesterol efflux [56]. These and other

studies show that alteration of cholesterol efflux can affect the progression or
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development of atherosclerosis, and may prove a valuable target in the treatment of the

disease.

1.3 Lipoprotein lipase

1.3.1 The sn-1 family of lipases

Lipases consist of a group of enzymes that catalyze the breakdown of fatty acid-
containing molecules such as triglycerides and phospholipids, releasing the fatty acids as
single units for circulation. As such, they are important for a large variety of cellular
functions, such as the maintenance of membrane dynamics, energy production, and
signaling [57]. They are ubiquitous among all species of animals, and found at different
concentrations in most tissues [58]. Many subcategories of lipase exist based on structure,
substrate, and localization. The focus of this work is on a single lipase in the sn-1 family
of neutral lipid lipases, which includes hepatic lipase (HL), endothelial lipase (EL), and
LPL. These lipases are responsible for the hydrolysis of lipids such as triglycerides and
phospholipids at the sn-1 position, and the subsequent release of free fatty acids (FFA),
di- and mono-glycerides, and lysophospholipids. Figure 4 shows the general structure of a

triglyceride and phospholipid with the sn-1 positions highlighted.

Of the sn-1 lipases, only LPL has a solved crystal structure. However, they are
known to share significant sequence homology, and a recent phylogenetic divergence
with each other and with pancreatic lipase, which has a solved structure [59]. Due to this,
it is believed that all of the sn-1 lipases possess a ‘lid” domain, along with the classical

catalytic triad, which controls access to the active site [60]. These lipases also
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Figure 4: sn-1 position of triglycerides and phospholipids

Basic structures of triglyceride and phospholipid are shown. sn-1 lipases are enzymes
responsible for the cleavage of lipids from circulating lipoproteins and the delivery of the
resultant hydrolysis products to the surrounding tissues. Lipase hydrolysis products may
include free fatty acids, diacylglycerols, monoacylglycerols and lysophospholipids. The
arrows in the figure indicate the sn-1 position that these lipases may target to remove the

fatty acyl chain. Figure created in Microsoft PowerPoint 2016.
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display a non-catalytic bridging function which allows them to come into close contact
with their substrates [61, 62]. This facilitates the enzymatic reaction and allows for more

efficient uptake of the products, as well as acting as a regulatory mechanism.

Despite their similarities, these lipases have different tissue distribution and
substrate specificities. EL is primarily located in the vascular endothelium, but is also
found in the liver, lung, thyroid, testis, ovary, and placenta. It has a much more robust
phospholipase activity than the other sn-1 lipases, and fairly low triglyceride lipase
activity [60]. It is an important regulator of HDL cholesterol levels, as shown in studies
using EL"" mice where fasting plasma HDL cholesterol was increased by 57% [63].
Conversely, when overexpressed in mice, EL significantly reduces the levels of both

HDL and apoA-1 [64].

HL hydrolyzes both phospholipids and triglycerides from various types of
lipoproteins. This lack of apparent specificity is attributed to a slightly different lid
domain structure. It is mainly synthesized in the liver, though can also be expressed in
ovarian and adrenal tissues, and in macrophages [60]. HL can be pro- or anti-atherogenic
depending on the model studied [60]. It plays a role in the hydrolysis and clearance of
lipoprotein remnants, and it is through this anti-atherogenic function that HL has been
investigated as a therapeutic target for the disease. Studies of HL overexpression in rats
have shown improved clearance of remnant lipoproteins, as well as increased uptake of
LDL [65]. Our laboratory has investigated the potential role of a protein mimicking the
heparin-binding domain of HL as a way to displace more HL into the circulation, as an

anti-atherogenic function [66].
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1.3.2 Location and synthesis of LPL

LPL is an enzyme responsible for the hydrolysis of triglycerides from circulating
chylomicrons and VLDL [67]. It is anchored to the outside of endothelial cells lining the
luminal surface of capillaries in several tissues, including adipose, skeletal and cardiac
muscle, and to a lesser extent, in macrophages, breast and adrenal tissues [68, 69]. While
it is located on endothelial cells, it is mainly synthesized in the parenchymal cells of the

respective tissues, with macrophages being an exception [70].

Like many proteins, it is synthesized in the endoplasmic reticulum in its
monomeric form, at which point it is inactive. Lipase maturation factor 1 (LMF1) acts as
a chaperone, facilitating the folding of the amino acid chain into the proper conformation
[71]. LMF1 is essential for functional LPL (and HL) secretion, as evidenced by the
combined lipase deficiency seen in both mice and humans with defects in the Lmfl gene
[72]. The LPL monomers are then assembled into homodimers before being transferred to
the Golgi for post-translational modifications like glycosylation [71]. After being heavily
glycosylated, LPL is secreted into the interstitial space between cells in the tissue, then
picked up by glycosylphosphatidylinositol-anchored high-density lipoprotein-binding
protein 1 (GPIHBP1) and brought to the cell surface [73]. LPL that resides in the
capillary space, linked to the outer cell membrane, is able to interact with its lipoprotein

substrates.
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1.3.3 Structure and function of LPL

The gene encoding human LPL is found on chromosome 8p22, and the fully
translated monomer is 448 amino acids long [71]. The crystal structure of LPL (in
complex with GPIHBP1) has been recently determined after years of study and the
production of many predictive models [74, 75]. GPIHBP1 binds to and stabilizes the LPL
protein in a 1:1 stoichiometry, and helps to prevent unfolding. LPL possesses a catalytic
triad and lid domain similar to that of the previously solved pancreatic lipase. The active
LPL enzyme is a homodimer in a head-to-tail orientation, with recent structural evidence
suggesting that they may function in vivo as arrays [76, 77]. As stated before, LPL is
located extracellularly, shuttled to the cell membrane by GPIHBP1 and attached to the
outside by it and by heparan sulfate proteoglycans [73, 78, 79]. While LPL has basal
activity, it is greatly enhanced by its co-activator, apoC-I1l [80]. ApoC-Il is an
exchangeable lipoprotein, found in complex with circulating triglyceride-rich lipoproteins
including VLDL and chylomicrons [81]. Active LPL hydrolyzes the triglycerides residing
in apoB-containing lipoproteins, as well as bridging the lipoproteins to the cell surface to
allow for efficient uptake of the hydrolysis products. ApoC-I and apoC-I1lI are negative
regulators of LPL activity, disrupting the ability of LPL to bind to its substrate, and thus
decreasing its activity [82]. Both of these apoproteins can be found on HDL, VLDL, IDL,

and LDL, and are exchangeable [83].

1.3.4 Macrophage LPL

In addition to some major tissue types, macrophages also express LPL.

Macrophages (and later foam cells) are responsible for the bulk of the accumulation of
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lipid in the intimal space. As highly plastic cells, macrophages can rapidly adapt to their
environment, thus it is not surprising to find that macrophages within atherosclerotic
lesions display characteristics different from those located in normal tissue. Of note, it
was first postulated by Zilversmit that macrophages in atherosclerotic lesions expressing
LPL may be a contributing factor to the progression of atherosclerosis [84]. They
discovered that macrophages within atherosclerotic plaques highly expressed LPL, and
that LPL expression was positively correlated to the cholesterol content of the plaques
[85]. In the decades since, the role of macrophage LPL in atherosclerosis has been further
cemented. In apoE”" mice, the transgenic expression of human LPL accelerated
atherosclerotic lesion formation [86]. Conversely, when apoE™ mice were treated with
miR-590 (which can inhibit macrophage LPL expression), lesion formation was
prevented [87]. Though all of the mechanisms by which macrophage LPL contributes to
the pathogenesis of atherosclerosis are not yet known, it has roles in the production of
pro-inflammatory cytokines, smooth muscle cell recruitment, and of course contributes to

the lipid uptake of macrophages as part of their transition to foam cells [88 - 90].
1.4 Protein kinase B (Akt)
1.4.1 Akt structure and function

Protein kinase B, also commonly known as Akt, is a serine/threonine kinase
involved in many cell signaling pathways [91]. It has three isoforms in humans, of which
Aktl is ubiquitously expressed in all tissues, Akt2 is found at its highest levels in insulin-
responsive tissues, and Akt3 is mostly found in the brain [92]. The three isoforms are

very similar in sequence and share three conserved domains: a pleckstrin homology
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domain at the N-terminus responsible for membrane interactions, a catalytic kinase
domain connected by a linker region, and a C-terminus putative regulatory domain
characterized by a hydrophobic motif [93]. Aktl, which is the focus of this work, has two
principal phosphorylation sites: Ser-473 in the regulatory region, and Thr-308 in the
active site. Ser-473 is the best-studied and the site most commonly investigated when
seeking to interrogate Akt function in most systems. Thr-308 must also be phosphorylated
for full Akt activity, but the two sites are not acted on by the same kinase [94]. Akt itself
is a kinase that can phosphorylate a variety of downstream proteins with a range of
possible functions. One in particular that has been very well studied, and has been
investigated in the context of atherosclerosis, is the mammalian target of rapamycin
complex 1 (mTORC1). Akt phosphorylates tuberous sclerosis factor 2 (TSC2), which
inactivates it, preventing it from inhibiting mTORC1. In the context of atherosclerosis,

this has been shown to influence cholesterol efflux in mouse macrophages [95].

1.4.2 Phosphoinositide 3-phosphate signaling pathway

Akt is a downstream component of the class | phosphoinositide 3-kinase (PI3K)
pathway, which begins with the activation of a receptor tyrosine kinase or G protein-
coupled receptor (GPCR) on the cell surface. Following this, PI3K is induced to convert
phosphatidylinositol bisphosphate (PIP2) to phosphatidylinositol triphosphate (PIP3).
PIP3 then acts as a secondary lipid messenger, bringing Akt and its upstream kinases,
phosphoinositide-dependent kinase 1 (PDK1) and the mTORC2 complex, from the
cytosol to the cell membrane. PIP3 is able to interact with Akt though its pleckstrin

homology domain. Following phosphorylation of Akt, it becomes active and may then

26



phosphorylate other proteins downstream [94]. Figure 5 shows a basic overview of PI3K
signaling. It has been found that PI3K is more highly associated with lipid raft sections of
the cell membrane, with signal transduction more strongly induced in these areas [96].
PI3K signals can be terminated by phosphatase and tensin homolog (PTEN) by
dephosphorylating PIP3, regenerating PIP2 and releasing the downstream kinases from

the cell membrane [97].

PI3K may be activated by a variety of stimuli, the most well studied of which
include insulin and insulin-like growth factor-1. PI3K mediated responses to insulin have
been implicated in the stimulation of lipogenesis in the liver [98]. It is a highly
upregulated pathway in various types of cancers, often attributed to the involvement of

Akt in the regulation of cell death and proliferation [97].

1.5 LPL hydrolysis products — previous findings and relevance

Of particular note, our laboratory has previously determined the subsets of various
lipid species released from the hydrolysis of total human lipoproteins by LPL and EL.
After treatment of THP-1 macrophages with these LPL hydrolysis products, it was found
that several signaling nodes and receptor tyrosine kinases were activated, including Akt
[99]. Further studies have shown that LPL hydrolysis products are able to differentially
regulate expression of various genes and small nucleolar RNAs. More specifically, genes
affecting cholesterol transport (ABCA1, ABCG1, SCARB1) were decreased, and genes
affecting lipid storage (CD36, PLIN2) were increased [100, 101]. This has pointed to an

overall pro-atherogenic role of LPL hydrolysis products in human macrophages, with
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Figure 5: Overview of PI3K activation and downstream signaling

Phosphoinositide 3-kinase (PI13K) may be activated by a variety of receptor tyrosine
kinases or G protein-coupled receptors (GPCRs). Following stimulation by a receptor,
PI3K phosphorylates phosphatidylinositol bisphosphate (PIP2), converting it to
phosphatidylinositol triphosphate (PIP3). PIP3 is a secondary lipid messenger that can
interact with phosphoinositide-dependent kinase 1 (PDK1), mammalian target of
rapamycin complex 2 (mTORC2), and Akt to bring them all to the cell membrane. PDK1
phosphorylates Akt at the Thr-308 site, while mTORC2 phosphorylates Akt at the Ser-
473 site. Once fully phosphorylated, Akt can then interact with a variety of downstream
targets. | hypothesize that FFA matching those released by the hydrolysis of total
lipoproteins by LPL can influence Akt activation via incorporation the PIP signaling
species. Further, that Akt activation can reduce the cholesterol efflux capacity of our
THP-1 macrophages to apoA-I. Adapted figure courtesy of Ryan Elliott, created in

Microsoft PowerPoint 2016.
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likely effects on foam cell formation in vivo.

Aside from the entire complement of LPL hydrolysis products, treatment of THP-
1 macrophages with the FFA component resulted in the activation of Akt [99]. This FFA
subset has been shown to reduce cholesterol efflux to apoA-1 in THP-1 macrophages and
to increase the expression of pro-inflammatory cytokines [100]. To summarize, there is an
increase in Akt activation on one hand, and pro-atherogenic cellular changes on the other
hand, both in response to LPL hydrolysis products, and specifically the FFA component.
Therefore, the question arises: are the two results connected? Preliminary and
unpublished results from our laboratory show that the FFA subset of the LPL hydrolysis
products can increase neutral lipid accumulation by 70% in our cells when compared to
control, as determined by Oil-red O staining. When the same treatment was used along
with the PI3K inhibitor LY294002 (as an upstream inhibitor of Akt), the lipid
accumulation was reduced by 20%, indicating an effect of modulating the Akt pathway
[Courage & Brown, unpublished]. While these data establish a link between LPL, Akt,
and macrophage lipid, more questions remain as to how the FFA subset of the LPL
hydrolysis products are activating Akt, and by what mechanisms this can affect

macrophage function in the context of atherosclerosis.

1.6 Hypothesis

I hypothesize that the complement of FFA released by the hydrolysis of human
total lipoproteins by LPL (as a reconstituted mixture) will activate Akt in a dose-

dependent manner, and that specific FFAs in the total mixture may be responsible for the
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effect. | further hypothesize that the ability of these FFA to reduce cholesterol efflux is at

least partially mediated through Akt.

1.7 Objectives

Given that FFA released as LPL hydrolysis products have been shown to induce
Akt phosphorylation in THP-1 macrophages, and to reduce cholesterol efflux in the same
cells, the objectives of this project were 1) to determine more about how the FFA are
activating Akt, and 2) to determine whether the reduction of cholesterol efflux may be

moderated by Akt.
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Chapter 2 Materials and Methods

2.1 Mammalian cell culture
2.1.1 THP-1 human monocyte cell culture

THP-1 human monocytic leukemia cells (#T1B-202, ATCC) were cultured in T75
flasks (BD Biosciences) with Roswell Park Memorial Institute (RPMI)-1640 medium
containing 25 mM HEPES and 0.3 mg/L L-glutamine (#SH30255.01, Fisher), which was
further supplemented with 10% v/v fetal bovine serum (#SH30396.03, Fisher) and 1% v/v
antibiotic/antimycotic (A/A) (#15-240-062, Fisher). The cells were maintained at 37°C
with 5% COx(g in an incubator. At 80-90% confluency, the cells were passaged by adding
2 mL of cell-containing media to a new flask containing 13 mL of the RPMI growth

medium and incubated at 37°C with 5% COz(g).
2.1.2 THP-1 monocyte-to-macrophage differentiation

At 80 to 90% confluency, THP-1 cells were seeded for differentiation. From the
confluent T75 flask, the cell-containing medium was transferred to a 15 mL tube for
centrifugation. Cells were pelleted by spinning at 200 g for 5 minutes, after which the
supernatant was removed and the cells resuspended in RPMI growth medium. Cells were
counted using a hemocytometer (Fisher), and diluted to 3.86 x 10° cells per mL (or 7.72 x
10° cells per mL for gene expression analyses) in RPMI growth medium with 100 nM of
phorbol 12-myristate 13-acetate (PMA) (#16561-29-8, Sigma) before seeding 2.5 mL in

each well of a 6-well plate. Cells were allowed to incubate for 48 hours to differentiate
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before being washed three times with plain RPMI and incubated with RPMI
supplemented with 0.2% w/v fatty acid-free bovine serum albumin (FAF-BSA) (Fisher),
1% v/v A/A, and 100 nM PMA. Cells were incubated for 24 hours in this medium before

treatments.
2.2 Treatment of THP-1 macrophages with FFA mixture
2.2.1 Preparation of FFA mixture

Purified FFA (Nu-Chek Prep) were kept as 10 mg/mL solutions in high
performance liquid chromatography-grade methanol (Fisher), with treatment mixtures
freshly prepared from these stocks prior to each experiment. For the total FFA mixture,
final concentrations of each FFA matched those released and identified from the
hydrolysis of total human lipoproteins by LPL (total FFA concentration of 0.68 mM), as
seen in Table 1 [99]. Briefly, stock FFA were brought to room temperature and vortexed
until uniform, then diluted in high performance liquid chromatography-grade methanol
and pooled in a 1.5 mL centrifuge tube. In the case of treatments with only saturated fatty
acids (SFA), myristate (14:0), palmitate (16:0), and stearate (18:0) were used; for
monounsaturated fatty acids (MUFA), palmitoleate (16:1) and oleate (18:1) were used;
for polyunsaturated fatty acids (PUFA), linoleate (18:2), arachidonate (20:4), and
docosahexaenoate (22:6) were used. The contents of the tube were vortexed for 3 seconds
before drying under N2(g) to remove the methanol. Prior to addition of FFA to treatment
medium, they were dissolved in 30 uL of dimethyl sulfoxide (DMSQO) (Sigma) and
vortexed for 30 seconds. Stock solutions of FFA were stored in glass tubes under Ny at -

20°C.
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Table 1: Concentrations of FFA released from the hydrolysis of total human lipoproteins

by LPL

Concentrations of free fatty acids (FFA) match those found following the hydrolysis of
3.9 mM (by phospholipid content) of total human lipoproteins by recombinant human

lipoprotein lipase (LPL), at 0.68 mM FFA, as previously described [99].
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Table 1

Concentration (nmol/mL) Matching

FFEA Species LPL Hydrolysis Products
Myristate 18.6
Palmitoleate 23.7
Palmitate 275
Linoleate 70
Oleate 241.8
Stearate 45.2
Arachidonate 0.9
Docosahexaenoate 0.4
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2.2.2 Treatments of THP-1 macrophages

Following differentiation, and 24 hours of incubation with RPMI supplemented
with 0.2% w/v FAF-BSA, 1% v/v A/A, and 100 nM PMA, cells were ready for treatment.
The cells were washed with plain RPMI before being incubated for 1 hour with RPMI
supplemented with 0.2% w/v FAF-BSA, 1% v/v A/A, 100 nM PMA and 25 pg/mL
tetrahydrolipstatin (THL) (Sigma), a lipase inhibitor. FFA treatment media were prepared
as above, in RPMI supplemented with 0.2% w/v FAF-BSA, 1% v/v A.A, 100 nM PMA
and 25 pg/mL THL. Control cells were treated instead with an equal concentration of
DMSO as a vehicle control in the same medium. Cells were incubated in treatment

medium for 2 hours at 37°C, 5% COz(q) before collection.

2.2.3 Lysis and collection of treated THP-1 macrophages

After cell treatments, plates of cells were placed on ice before removing and
discarding treatment medium. Cells were washed three times with 2 mL of ice-cold
phosphate-buffered saline (PBS) at pH 7.0. To each well of a 6-well plate, 450 uL of a
working solution of Triton X-100 containing cell lysis buffer (#9803S, Cell Signaling
Technology) supplemented with 0.1% v/v protease/phosphatase inhibitor (#5872S, Cell
Signaling Technology) was added and allowed to sit for 15 minutes. Cells were then
scraped into the lysis buffer and collected into 1.5 mL centrifuge tubes to be stored at -

80°C.

Prior to use, the cell lysates were measured for overall protein concentration using

a bicinchonic acid (BCA) Protein Assay kit (Fisher), according to manufacturers

36



instructions. Briefly, cell lysates were added to a 96 well plate along with BCA assay
buffer, along with a standard curve of albumin (from 0 mg/mL to 2000 mg/mL), and
incubated at 37°C for 30 minutes. The plate was then read using a Biotek Powerwave
microplate reader (Fisher), using an endpoint read at 562 nm. From this assay, the protein
concentration of each collected sample could be calculated to ensure equal loading of

sample in future protein gels.

2.3 SDS-PAGE and western blot analysis

2.3.1 SDS-PAGE

Proteins were analyzed and separated by sodium dodecyl sulfide polyacrylamide
gel electrophoresis (SDS-PAGE) in gels containing a 12% (w/v) resolving gel, and a 4%
(wi/v) stacking gel, using a stock of 29:1 acrylamide:bis-acrylamide (#A3574, Sigma). For
each sample to be loaded into the gel, a 20 uL solution containing 5 pg of protein, 5 pL of
a 4x sample solution (50% v/v glycerol, 6% v/v B-mercaptoethanol, 10% w/v SDS, and
0.01% w/v bromophenol blue), and deionized water was made in a 1.5 mL centrifuge
tube. The samples were boiled for 6 minutes before being loaded into the wells of the gel.
A running buffer of Tris-glycine-SDS (TGS) was used for each instance of SDS-PAGE,
diluted from a 10xTGS stock (#161-0772, BioRad). Gels were run for ~50 minutes at

200V.

37



2.3.2 Western blotting and imaging

Following protein separation by SDS-PAGE, the proteins were transferred to
nitrocellulose membranes in cold transfer buffer (TGS supplemented with 20% v/v

methanol), at 350 mA at 4°C for 2 hours.

Following transfer, the membranes were blocked in a solution of Tris-buffered
saline (TBS) at pH 7.4 containing 5% w/v BSA, 0.05% v/v Tween 20, and 0.05% w/v
sodium azide, on a rocker at 4°C overnight. After blocking, the membranes were
incubated with blocking solution containing the primary antibody of interest. For each
experiment, the gels were run in duplicate so as to analyze Akt and pAkt in the same
samples. So, for one gel, the blocking solution contained a 1:1000 dilution of total anti-
rabbit Akt antibody (#9272, Cell Signaling Technology), and for the other, the blocking
solution contained a 1:2000 dilution of anti-rabbit pAkt (Ser-473) antibody (#4060, Cell
Signaling Technology). In some cases a different anti-rabbit pAkt antibody was also used:
a 1:2000 dilution of pAkt (Thr-308) antibody (#2965S, Cell Signaling Technology).
Additionally, an anti-mouse B-actin antibody was used at a dilution of 1:5000 (#NB600-
501, Novus). Membranes were incubated with primary antibodies on a rocker at 4°C
overnight. Following primary incubation, the membranes were then washed four times
with a solution of TBS containing 0.05% v/v Tween 20, by rocking at room temperature
between each wash. Membranes were then incubated for two hours on a rocker at room
temperature with the secondary antibody solution, which consisted of TBS containing 5%
BSA, 0.05% Tween 20, and either a 1:2000 dilution of donkey anti-rabbit antibody

conjugated to horseradish peroxidase (#SA1-200, Fisher), or a 1:2000 dilution of donkey
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anti-mouse antibody conjugated to horseradish peroxidase (#SA1-100, Fisher). Following
incubation, membranes were washed twice with TBS containing 0.05% Tween 20, and a

further two times with TBS, by rocking at room temperature.

Membranes were visualized using an ImageQuant LAS detection system (GE
Healthcare) following development using the ECL Prime Western Blotting Detection Kit
(GE Healthcare), according to manufacturers protocol. Exposure occurred at -25°C at the
chemiluminescence setting, and the visualized bands analyzed using ImageJ software.

Densitometries were determined and used for statistical analysis.

2.4 Cholesterol efflux analyses

2.4.1 Desalting of apolipoprotein A-I

The apolipoprotein A-1 (apoA-I) (Cedarlane) was thawed on ice and spun briefly.
A PD-10 desalting column (GE Healthcare) was prepared and equilibrated to PBS buffer.
The apoA-I was added to the column, and the flow-through collected. One mL aliquots of
PBS were added to the column, and each mL of flow-through was collected into a
separate tube. The collected fractions were analyzed in a UV-vis diode array
spectrophotometer (Agilent) using a quartz cuvette. Absorbance was assessed at 280 nm
against a blank of 1xPBS. The protein-containing fractions were pooled, and the pooled
absorbance was re-measured at 280 nm. This absorbance measurement was used to

calculate the concentration of apoA-1 in the buffer, using the Beer-Lambert Law equation:

A=¢c¢XbXc
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where A is the absorbance of the sample, € is the molar absorptivity coefficient (being
1.23 mL/mg x cm), b is the path length (1 cm), and c is the concentration. The apoA-I

was then aliquoted into 1.5 mL centrifuge tubes and stored at -20°C until needed.
2.4.2 Measurement of cholesterol efflux in THP-1 macrophages

THP-1 monocytes were seeded into 12-well plates following the same protocol as
in section 2.2. Cells were allowed to differentiate under 100 nM PMA for 48 hours before
cholesterol loading. The procedure for cholesterol efflux is similar to that which is
previously described [102]. Briefly, the spent medium was removed from the
differentiated macrophages, and replaced with 500 pL of RPMI supplemented with 1%
v/v FBS, 1% v/v A/A, 100 nM PMA, and 1 uCi/mL [*H]cholesterol (Perkins-Elmer).
Cells were then allowed to incubate for 24 hours to allow the tritiated cholesterol to
incorporate into the system. After 24 hours, the medium was removed and the cells
washed twice with 750 uL of RPMI supplemented with 0.2% w/v FAF-BSA, 1% v/v
A/A, and 100 nM PMA. The cells were then incubated for 5 hours with 500 uL of the
same medium. Next, the spent medium was removed and replaced with 480 uL of RPMI
supplemented with 0.2% w/v FAF-BSA, 1% v/v A/A, 100 nM PMA, and 25 pug/mL THL,
and incubated for 1 hour. Next, this medium was replaced by 446 uL of the same
medium, but containing either the FFA treatment (at the concentrations previously
defined), the FFA treatment along with 1 uM of Akt inhibitor MK-2206 (Selleckchem),
or a DMSO vehicle control. The cells were treated for 18 hours. Following FFA

treatment, the cells were washed twice with 750 uL of RPMI supplemented with 0.2%
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w/v FAF-BSA, 1% v/v A/A and 100 nM PMA, before adding 446 uL of the same
medium = 25 pg/mL apoA-I to each group. Cells were incubated for 6 hours before

collection of medium and cell lysates.

Medium from each well was collected into a separate labelled scintillation vial, to
which 554 uL of deionized water was added. To the dry cells, 500 uL of 0.2 M NaOH
was added to each well and allowed to sit for 30 minutes to lyse the cells. This solution
was then washed over each well vigorously to collect the cells off the bottom of the plate,
and then put into a labelled scintillation vial. An additional 500 pL of 0.2 M NaOH was
added to each well, washed briefly, and then added to the corresponding vial for that well.
To every sample, 5 mL of Scintiverse BD Cocktail (Fisher) was added, the vials capped
and inverted 20 times to mix, and then left overnight before reading on a Tri-Carb 2810

liquid scintillation counter (Perkins-Elmer).

Cholesterol efflux was calculated as follows:

media[ 3H]
media| *H| + cell[ *H]

% cholesterol ef flux = X 100%

2.5 Gene expression analyses of cholesterol-associated genes
2.5.1 RNA isolation

For gene expression, treatments were carried out largely as described in section
2.2, however, in addition to control and FFA-treated cells, for each replicate, a group of

FFA-treated/Akt inhibited cells were included. For treatments with the Akt inhibitor,
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MK-2206, a 1 uM dose was added to the treatment medium [103]. Cells were treated for

18 hours, in order to stay consistent with previous experiments.

At the end of the 18 hour incubation in treatment medium, the spent medium was
removed, and a 1 mL aliquot of Trizol (Fisher) was added to each well. Cells were
scraped into the Trizol before being collected to a 1.5 mL centrifuge tube. RNA was
isolated as previously described [103]. Briefly, 200 uL of chloroform (Fisher) was added
to each sample tube and mixed well. The tubes were centrifuged at 13800 g for 15
minutes at 4°C to separate the aqueous, organic, and protein layers. The RNA was
collected as the upper aqueous phase, and it was transferred to a fresh tube containing 500
uL of isopropanol (Fisher) and incubated at room temp for 5 minutes. These tubes were
then centrifuged a second time at 13800 g for 20 minutes at 4°C to pellet the RNA. After
centrifugation, the supernatant was removed and discarded, being careful not to disturb
the pellet. To each pellet, 1 mL of 75% ethanol was added and the tubes centrifuged at
7500 g for 5 minutes at 4°C. The supernatant was removed and discarded, with the tubes
left open until all ethanol had evaporated. Each pellet was then gently resuspended in 20
uL of nuclease-free water, before reading the RNA concentration (at 260nm, also
assessing 230nm and 280nm peaks) on a Nanodrop 2000 Spectrophotometer (Fisher),

using nuclease-free water as a blank.

The isolated RNA samples were then treated for DNA contamination using a
TURBO DNA-free kit (Invitrogen), according to manufacturer’s instructions. Briefly, to

10 uL of a 200 ng/uL solution of RNA, 1 uL of DNase buffer and 1 uL of DNase was
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added before spinning the tubes briefly to mix. They were then allowed to incubate at
37°C for 25 minutes, after which 1 pL of DNase inactivation reagent was added. The

tubes were gently mixed at room temp for 5 minutes, and then centrifuged at 10000 g for
2 minutes. The supernatant was collected into fresh tubes and the DNA pellet discarded.
The RNA concentration of each sample was determined using a Nanodrop 2000

Spectrophotometer, using nuclease-free water as a blank.

Agarose gels were used to assess RNA degradation both before and after
treatment with the TURBO DNA-free kit. In each case, a 1% agarose gel in Tris-acetate-
EDTA buffer (#BP13354, Fisher) was used, and bands visualized by ethidium bromide

detection on a FluorChem HD2 system (Bio-Techne).

2.5.2 cDNA synthesis

cDNA synthesis was performed using an Eppendorf Mastercycler (Fisher). Master
mixes for the reaction were made in advance and placed on ice. Master mix 1 contained
(per sample): 1 uL of random primers (3 pg/pL) (# 48190-011, Fisher) and 0.5 uL of
deoxyribonucleotide triphosphate mix (10 mM) (#R0191, Fisher). Master mix 2 contained
(per sample): 2 uL of 5x first-strand buffer (#Y02321, Fisher), 1 uL of 0.1 M
dithiothreitol, and 0.5 uL of RNaseOut (40 U/uL) (#10777-019, Fisher). Master mix 3
contained (per sample): 0.5 uL of M-MLYV reverse transcriptase (200 U/uL) (#28025013,
Fisher). For each reaction, 500 ng of RNA was diluted in 4.5 pL of nuclease-free water.
The first phase using master mix 1 incubated the samples for 5 minutes at 65°C. The

second phase (after adding master mix 2) incubated the samples for 2 minutes at 37°C.
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Finally, following addition of master mix 3, the samples were incubated in the following
cycle conditions: 25°C for 10 minutes, 27°C for 50 minutes, 72°C for 10 minutes,
followed by an infinite setting of 4°C until the samples were retrieved. Following this, the
concentration of the cDNA samples was quantified using a Nanodrop spectrophotometer,

and they were stored at -20°C until use.

2.5.3 Quantitative PCR analyses

Quantitative PCR was performed on a BioRad CFX96 Touch Real-Time PCR
Detection System paired to a C1000 Touch Thermal Cycler (BioRad). iQ SYBRGreen
Supermix (BioRad) was used according to manufacturers instructions to quantify gene
expression of ABCA1, ABCGL1, and SCARBL, using B-actin as a reference gene [104]. For
each reaction, 25 ng of cDNA was used and the conditions were as follows: 95°C for 3
minutes, followed by 40 cycles of 95°C for 15 seconds, 59.5°C for 15 seconds, and 72°C
for 20 seconds. Each set of replicates was run on a plate with both the gene of interest and

B-actin. Table 2 shows the PCR primer sequences used for the genes analyzed.

Expression for each gene was calculated and standardized to p-actin using the
AACt mathematical model, following previous protocols in our laboratory and using

previously determined primer pair efficiencies [100, 104].

2.6 Statistical analysis

Statistical analyses were performed using unpaired Student’s t test or one-way

ANOVA with Tukey’s multiple comparison post-test, unless otherwise stated. Unless
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otherwise stated, all data are given as mean = SD, with significance assigned to

differences with a p<0.05.
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Table 2: Real time PCR primer sequences

Table 2

Gene Forward Primer Reverse Primer
ABCA1 5’- AAC GAG ACT AAC CAG GCA ATC- 3’ 5’- ACA CAA TAC CAG CCC AGA AC -3’
XM 005251780.1 Template: 1778 ......ccccvviniiniiiinnn 1798 Template: 1925.......c.ovvviviiiiiiiiiiiien, 1906
ABCG1 5’- GAG GGA TTT GGG TCT GAA CTG- 3’ 5’-CTG TTC TGA TCA CCG TAC TCG- 3’
XM 005261209.1  Template: 1108........cc.oeveeiiiiinieennnnn. 1128 Template: 1197......ccviiiiiiieiieeeen, 1177
SCARB1 5’- ATC CTC ACT TCC TCA ACG C-3’ 5’-TTC ACA GAG CAG TTC ATG GG- 3’

XM_005253637.1

Template: 979.......covoiii i 997

Template: 1108........coovviiiiiiiinennnn. 1089
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Chapter 3  Results

3.1 Assessment of Akt phosphorylation following total FFA treatment

The first objective of this study was to confirm by immunoblot what had
previously been detected via antibody array [99]. Namely, that the FFA released from the
hydrolysis of total lipoproteins by LPL could induce the phosphorylation of Akt. THP-1
cells were cultured, differentiated, and treated with the total FFA mixture as per section
2.2. Following immunoblot analysis according to section 2.3, it can be seen that Akt (at
the Ser-473 site) was significantly activated by our FFA treatment compared to the
control DMSO treatment (Figure 6). The ratio of phosphorylated Akt (pAkt) to total Akt
in the FFA treated group was over 200% of control, confirming that this effect can be
detected using our immunoblotting method. In addition, there was no alteration of B-actin

in response to my FFA treatment.

3.1.1 Effect of overall FFA concentration on Akt phosphorylation

I sought to see if this effect was a function of the concentration of FFA present in
the mixture, and further if we had reached the maximal effect on Akt at the overall
concentration of 0.68 mM FFA. To test this, | completed additional experiments,
following the protocols listed in sections 2.2 and 2.3, except the overall concentration of
FFA was varied as follows: 0.17 mM, 0.34 mM, 0.68 mM, and 1.36 mM FFA. | did find a
dose-dependent effect of our FFA treatment on the phosphorylation of Akt, such that

lower doses caused less activation than larger doses (Figure 7).
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Figure 6: Akt phosphorylation following treatment of THP-1 macrophages with total

FFA mixture

A + B) THP-1 macrophages were exposed to a mixture of purified free fatty acids (FFA)
matching the concentrations released from the hydrolysis of total human lipoproteins by
recombinant human lipoprotein lipase (LPL) (0.68 mM by FFA), or with a vehicle control
for 2 hours. Cell lysates were collected and proteins separated by SDS-PAGE, before
being transferred to nitrocellulose and used for immunoblotting with densitometry
analysis. Data are expressed as the ratio of phosphorylated Akt to total Akt, as a percent
of Control (mean + SD, from five independent experiments). Statistical analysis was

performed using Student’s t-test with p=0.002 (**).
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Figure 7: Phosphorylation of Akt following treatment of THP-1 macrophages with varied

doses of total FFA mixture

A + B) THP-1 macrophages were exposed to a mixture of purified free fatty acids (FFA)
which are released from the hydrolysis of total human lipoproteins by recombinant human
lipoprotein lipase (LPL) (0.17 mM, 0.34 mM, 0.68 mM, or 1.32 mM by FFA), or with a
vehicle control for 2 hours. Cell lysates were collected and protein separated by SDS-
PAGE, before being transferred to nitrocellulose and used for immunoblotting with
densitometry analysis. Data are expressed as the ratio of phosphorylated Akt to total Akt,
as a percent of Control (mean £ SD, from three independent experiments). Statistical

analysis was performed using non-linear regression, with R?=0.49, p=0.01.
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Additionally, the 1.36 mM dose of FFA increased FFA activation beyond our
physiological dose of 0.68 mM. Thus, a statistically significant positive correlation
between the overall concentration of our FFA mixture and Akt activation in THP-1

macrophages was observed.

3.2 Effect of varying FFA treatment time on Akt phosphorylation

In addition to changing the dose of FFA given to the THP-1 macrophages, I chose
to alter the treatment time, in part to see how lasting the effects of our FFA are, but also
to give some small insight to mechanism of activation. Protocols in sections 2.2 and 2.3
were followed, with the exception that treatment times were varied from 10 minutes to 18
hours. All other conditions were kept the same. Figure 8 shows these data for the Ser-473
site of Akt. We are able to see that maximal activation of Akt at this site seems to occur at
approximately 20 minutes, though it remains above control levels even up to 18 hours.
We see that activation begins at 10 minutes, indicating a relatively quick response to the
FFA once added to the cells. The level of phosphorylation gradually decreases over time,
but Akt does remain active at this principal site up to and possibly beyond 18 hours of

treatment.

3.2.1 Effect of FFA treatment on Thr-308 phosphorylation

I investigated the other main phosphorylation site of Akt in response to the FFA
treatment, Thr-308. The same samples analyzed for section 3.2 were instead probed with

an antibody specific to Thr-308 and densitometry analysis was performed. Figure 9
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Figure 8: Phosphorylation of Akt at Ser-473 following treatment of THP-1 macrophages

with total FFA mixture at various time points

A + B) THP-1 macrophages were exposed to a mixture of purified free fatty acids (FFA)
matching the concentrations released from the hydrolysis of total human lipoproteins by
recombinant human lipoprotein lipase (LPL) (0.68 mM by FFA), or with a vehicle control
for a range of time points. Cell lysates were collected and proteins separated, before being
transferred to nitrocellulose and used for immunoblotting with densitometry analysis.
Data are expressed as the ratio of phosphorylated Akt to total Akt, as a percent of Control

(mean + SEM, from three independent experiments).
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Figure 9: Phosphorylation of Akt at Thr-308 following treatment of THP-1 macrophages

with total FFA mixture at various time points

A + B) THP-1 macrophages were exposed to a mixture of purified free fatty acids (FFA)
matching the concentrations released from the hydrolysis of total human lipoproteins by
recombinant human lipoprotein lipase (LPL) (0.68 mM by FFA), or with a vehicle control
for a range of time points. Cell lysates were collected and proteins separated, before being
transferred to nitrocellulose and used for immunoblotting with densitometry analysis.
Data are expressed as the ratio of phosphorylated Akt to total Akt, as a percent of Control

(mean + SEM, from three independent experiments).
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shows that Akt activation was maximal at approximately 15 minutes, but the response
was sharply decreased in the 20 minute treatment group. For all remaining time points,
activation was apparently elevated in comparison, remaining slightly above control levels
up to 18 hours. At most time points, levels of phosphorylation were lower for Thr-308

than for Ser-473.

3.3 Assessment of Akt phosphorylation following treatment with FFA of varying

saturation

3.3.1 Effect of SFA, MUFA, and PUFA on Akt phosphorylation

Given the variety of FFA present in the overall mixture, and knowing that
different FFA can have widely different effects as signaling molecules [105] [106] [107],
it was important to determine if there were select FFA activating Akt. To start, | separated
the FFA into three categories based on the saturation status of the carbon chain (or
number of double bonds), 1) saturated fatty acids (SFA) myristate, palmitate, and
stearate; 2) monounsaturated fatty acids (MUFA) palmitoleate and oleate; and 3)
polyunsaturated fatty acids (PUFA) linoleate, arachidonate, and docosahexaenoate. Cells
were treated as stated in sections 2.2 and 2.3, but with only the selected FFA of each
group. Concentrations still matched those found in Table 1, so as to be physiologically
relevant. From these treatments, only the MUFA treatment was able to statistically

significantly elevate Akt phosphorylation beyond the control (Figure 10).
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Figure 10: Akt phosphorylation following treatment of THP-1 macrophages with groups

of FFA varied by saturation

A + B) THP-1 macrophages were exposed to mixtures of purified free fatty acids (FFA)
matching the concentrations released from the hydrolysis of total human lipoproteins by
recombinant human lipoprotein lipase (LPL) (0.68 mM by FFA), or with a vehicle control
for 2 hours. Mixtures were as follows: Total (all FFA), saturated fatty acids (SFA - 14:0,
16:0, 18:0), monounsaturated fatty acids (MUFA - 16:1, 18:1), and polyunsaturated fatty
acids (PUFA - 20:4, 22:6). Cell lysates were collected and proteins separated by SDS-
PAGE, before being transferred to nitrocellulose and used for immunoblotting with
densitometry analysis. Data are expressed as the ratio of phosphorylated Akt to total Akt,
as a percent of Control (mean £ SD, from five independent experiments). Statistical
analysis was performed using one-way ANOVA with Tukey’s multiple comparison test,

with p=0.02 (*) and p=0.006 (**) compared to Control.
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3.3.2 Effect of individual MUFA on Akt phosphorylation

Given that MUFA was the class of FFA to have a significant effect on Akt
activation, the two fatty acids in that class were used separately to determine if one or the
other was having the significant effect alone. Therefore, THP-1 macrophages were treated
as previously described, as per section 2.2 and 2.3, and at the concentrations listed in
Table 1, with either palmitoleate (16:1), oleate (18:1), or a control. From this, we can see
that only palmitoleate significantly increased Akt phosphorylation, indicating that this
fatty acid is likely the driving force of the FFA component of the LPL hydrolysis

products for Akt signaling (Figure 11).

3.4 Cholesterol efflux analyses following FFA treatment and Akt inhibition

3.4.1 Verification of Akt inhibition by MK-2206

In order to determine if any downstream effects of FFA treatment may be due to
Akt, a means of inhibiting or blocking Akt was required. MK-2206 is a highly specific,
allosteric chemical inhibitor of Akt that has not shown interactions with any other
kinases. It works in the micromolar range for most cell types, and in my model | used a 1
UM concentration. Figure 12 shows a representative western blot of THP-1 cell lysates
following treatment with MK-2206. At the 1 uM dose, there was no discernable pAkt

band, indicating inhibition. There were no changes to B-actin expression.
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Figure 11: Akt phosphorylation following treatment of THP-1 macrophages with distinct

MUFA

A + B) THP-1 macrophages were exposed to either palmitoleate (16:1), oleate (18:1), or
to a vehicle control for 2 hours. Free fatty acid (FFA) concentrations matched those of the
same FFA released from the hydrolysis of total human lipoproteins by recombinant
human lipoprotein lipase (LPL) (Table 1). Cell lysates were collected and protein
separated by SDS-PAGE, before being transferred to nitrocellulose and used for
immunoblotting with densitometry analysis. Data are expressed as the ratio of
phosphorylated Akt to total Akt, as a percent of Control (mean £ SD, from five
independent experiments). Statistical analysis was performed using a one-way ANOVA

with Tukey’s multiple comparison test, with p=0.006 (**) compared to Control.
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Figure 12: Representative image of a western blot for detection of pAkt following

treatment of THP-1 macrophages with MK-2206

THP-1 macrophages were exposed to a 0.5 uM dose (0.5) and a 1 uM (1) dose of Akt
inhibitor MK-22086, or vehicle controls (0.5C, 1C). Cell lysates were collected and used
for immunoblotting, probing both Akt and pAkt. Inhibition was confirmed by a lack of

pAkt band following treatment, indicating an inactive Akt.
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Figure 12
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3.4.2 Cholesterol efflux to apoA-I following treatment with total FFA mixture and

Akt inhibition

Previously, our laboratory has shown that an 18 hour treatment with our FFA
mixture has reduced the THP-1 macrophages ability to efflux cholesterol [100]. In this
study, | sought to determine if this process could be mediated through Akt. THP-1
macrophages were treated as per section 2.4. Figure 13 shows that, as expected, the FFA
mixture decreased cholesterol efflux to apoA-1 by almost 40% compared to control levels.
When the cells were simultaneously treated with the Akt inhibitor MK-2206 however,
efflux was restored, with no significant difference between the control group and the FFA

plus inhibitor group.

3.4.3 Cholesterol efflux to apoA-I following treatment with palmitoleate or oleate

and Akt inhibition

Given that other experiments have shown that palmitoleate (16:1) is likely the
principal FFA to induce Akt phosphorylation, | sought to determine if it would reduce
cholesterol efflux to apoA-1. The experiment was conducted as in section 2.4, and the
results mirrored that of the total FFA experiments, as shown in Figure 14. When treated
with palmitoleate (at the concentration seen in the LPL hydrolysis products), the THP-1

macrophages displayed a reduction in cholesterol efflux by approximately 30%
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Figure 13: Cholesterol efflux to apoA-I in THP-1 macrophages in response to total FFA

mixture and MK-2206 treatment

THP-1 macrophages labelled with [?H]cholesterol were treated for 18 hours with the FFA
mixture (FFA), the FFA mixture along with 1 uM MK-2206 (FFA+MK), or a vehicle
control (Control), then subsequently tested for cholesterol efflux ability to apoA-I over 6
hours. Efflux was calculated as a percent of media [*H]cholesterol per total cell and
media [*H]cholesterol. All data were corrected for control efflux experiments to 0.2% wi/v
FAF-BSA. Data are presented as mean + SD from eight independent experiments.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple

comparison test, with p<0.05 (*) and p<0.001(***).
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Figure 14: Cholesterol efflux to apoA-1 in THP-1 macrophages in response to

palmitoleate (16:1) and MK-2206 treatment

THP-1 macrophages labelled with [2H]cholesterol were treated for 18 hours with
palmitoleate (16:1), palmitoleate along with 1 uM MK-2206 (16:1+MK), or a vehicle
control (Control), then subsequently tested for cholesterol efflux ability to apoA-I over 6
hours. Efflux was calculated as a percent of media [*H]cholesterol per total cell and
media [3*H]cholesterol. All data were corrected for control efflux experiments to 0.2% wi/v
FAF-BSA. Data are presented as mean + SD from five independent experiments.
Statistical analysis was performed using one-way ANOVA with Tukey’s multiple

comparison test, with p<0.05 (*).
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compared to control. Cells treated with the Akt inhibitor, however, showed efflux

indistinguishable from control levels.

| repeated this experiment using oleate, to determine if 1) cholesterol efflux would
be affected, and 2) if there would be any effect of the Akt inhibitor. Shown in Figure 15, |
did find a non-significant reduction in cholesterol efflux to apoA-I in our THP-1
macrophages following treatment with oleate. There was no significant effect of the Akt

inhibitor.

3.5 The effect of total FFA mixture and Akt inhibition on expression of cholesterol-

associated genes

Given that the FFA mixture was reducing cholesterol efflux, in a manner that is
affected by Akt phosphorylation, | decided to look into the expression of cholesterol
transporter genes in THP-1 macrophages, and if perhaps inhibition of Akt might alter
their expression profiles. To do this, | used previously validated primers for ABCAL,
ABCG1 and SCARB1, using B-actin as a control. Previously, our laboratory has shown
that this FFA mixture was able to significantly reduce the mRNA expression of ABCAL,
ABGC1, and SCARB1 [100]. While a trend to a decrease could be seen with ABCAL, only
ABCG1 expression was significantly reduced by approximately 25% following our FFA
treatment in this case (Figure 16). While this was unexpected, importantly for this

experiment, the Akt inhibitor had no effect on any of the results, including ABCGL.
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Figure 15: Cholesterol efflux to apoA-I in THP-1 macrophages in response to oleate

(18:1) and MK-2206 treatment

THP-1 macrophages labelled with [*H]cholesterol were treated for 18 hours with oleate
(18:1), oleate along with 1 uM MK-2206 (18:1+MK), or a vehicle control (Control), then
subsequently tested for cholesterol efflux ability to apoA-1 over 6 hours. Efflux was
calculated as a percent of media [*H]cholesterol per total cell and media [*H]cholesterol.
All data were corrected for control efflux experiments to 0.2% w/v FAF-BSA. Data are
presented as mean + SD from five independent experiments. Statistical analysis was

performed using one-way ANOVA with Tukey’s multiple comparison test, with n.s.
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Figure 16: Analysis of gene expression levels of cholesterol transporter genes in THP-1

macrophages incubated with total FFA mixture and MK-2206

THP-1 macrophages were treated with either total FFA mixture (FFA), FFA with MK-
2206 (FFA + MK), or a vehicle control (Control) for 18 hours. RNA was collected, and
real-time PCR was performed on the samples using primers for A) ABCAL, B) ABCG1,
and C) SCARBL. All results are presented as means + SD (from four independent
experiments) as a percentage of the control gene expression, normalized to B-actin.
Statistical analyses were performed using one-way ANOVA with Tukey’s multiple

comparison test, with p=0.04 (*).
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Chapter 4  Discussion

4.1 Dose-dependent ability of purified FFA released by LPL to moderate Akt

activity

Beyond their roles as energy sources and structural lipids, FFA are potent
signaling molecules. They act as endogenous ligands for nuclear receptors such as
peroxisome proliferator-activated receptors (PPAR), liver X receptor (LXR), SREBP,
nuclear factor kB (NF-«xB), in addition to Toll-like receptors and GPCRs [106]. While it
could be expected that these lipids would influence processes associated with lipid
metabolism, FFA, through regulation of some of these receptors, are able to play a role in
more diverse functions, such as glucose metabolism through PPARs [108 - 110], and
cytokine release through NF-«xB [111], in addition to processes like de novo lipogenesis

and cholesterol metabolism [112, 113].

In our laboratory, we have confirmed a role for our FFA mixture in decreasing the
gene expression of nuclear receptors PPARa, PPARy and LXRa in THP-1 macrophages
[100], as well as increasing the expression of the pro-inflammatory cytokine tumor
necrosis factor-a (TNF-a) [101]. Previously, we have shown that Akt is significantly
phosphorylated by our FFA mixture through the use of antibody arrays, and | sought to
verify its detection by immunoblotting [99]. As expected, | found a statistically
significant phosphorylation of Akt following these treatments (Figure 6). Akt is a master

kinase, with over 100 unique downstream substrates, and clearly defined roles in a variety
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of functions, such as cell growth and proliferation, insulin response, and angiogenesis
[91]. As such, there are a myriad of pathways that could be influenced by a change in Akt
phosphorylation status, some of which have implications in atherogenic processes. An
example of this has been demonstrated by showing the influence of Akt on TNFa-
mediated expression of monocyte chemoattractant protein-1, a protein involved in the
recruitment of monocytes to a developing lesion area [114]. Interestingly, ApoE/Aktl
double knockout mice display more severe atherosclerotic lesions than just the ApoE
single knockout mice, indicating that Akt certainly plays a role in the development of the
disease [116]. This would seem contradictory to my findings that activation, not loss, of
Akt reduces cholesterol efflux and may promote lipid accumulation. With that being said,
the Akt knockout study was a global knockout, not macrophage-specific, and it is the
local uptake of lipids by macrophages that has the most profound effect on the

development of the disease.

I have shown that Akt is indeed activated in response to our FFA treatment, but
the mechanism by which it achieves this is as yet unknown. FFA are known to be potent
transcriptional regulators, and so there could be a change in gene expression of an
upstream kinase of Akt, resulting in an increase of phosphorylation events. Another
possibility is that the FFA are being incorporated into either the cell membrane, or into
the PIP3 secondary messengers responsible for Akt translocation along with its upstream
kinases, PDK1 and mTORC2. If the FFA are being incorporated into the cell membrane,
they could be influencing the fluidity, and therefore the protein content of the local area.

It is known that lipid rafts contain a different lipid composition and tend to be associated
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with membrane signaling proteins [49, 50]. It is important to note that Akt activation
occurs at the cell membrane. Indeed, constitutive activation of Akt is achieved by
myristoylation of the kinase, which keeps it constantly attached to the cell membrane
[115]. An alteration in the membrane that encouraged interaction of Akt could account for
the increase in phosphorylation. If the FFA are being incorporated into PIP3, it is possible
they could become a preferential binding partner for Akt or its upstream kinases, which
would achieve the same result: increased time spent at the cell membrane for

phosphorylation events to occur.

I have found that Akt responds quickly to our FFA treatment (Figures 8 & 9),
which may lend more support to the hypothesis that direct incorporation of FFAs could be
the cause of the phosphorylation, rather than through transcriptional regulation. However,
additional studies at even shorter time points aimed at finding the earliest sign of
activation, could be useful. The dose-dependent relationship shown between FFA
concentration and extent of Akt phosphorylation (Figure 7) could be an indicator that
physiological conditions could exacerbate the effects seen in the majority of these studies.
The lipoproteins isolated for our experiments are from normolipidemic subjects, and
therefore the FFA mixture used represents that of a healthy individual without excess
plasma lipid. If the concentration of FFA released by LPL inside a growing lesion falls on
the higher end of a physiological range, our study suggests that Akt would be more
strongly activated, and hence the downstream effects our laboratory has shown could be
more robust. Physiological levels of FFA have been recorded up to 2 mM (with a normal

range between 0.5 and 0.9 mM), whereas most of our studies have used 0.68 mM, and
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have still seen a significant effect on Akt phosphorylation. I have shown that at a
concentration of 1.36 mM FFA (still less than the upper level of the physiological range),
the phosphorylation of Akt is higher than for the 0.68 mM (or normophysiological) dose,

so the potential for a more robust response in an in vivo situation exists [116].

Throughout this work, the serine-473 phosphorylation site of Akt was the most
often assessed for activation of Akt. However, in both the initial LPL hydrolysis study in
this laboratory, and in this body of work, the threonine-308 phosphorylation site has also
been activated by our FFA mixture (Figure 9). While typically both sites must be
phosphorylated for a fully active Akt, they are modified by two distinct kinases, and may
be regulated differently [117]. Indeed, in some cancer cell types, Thr-308 seems to be the
primary source of Akt activation, despite the fact that in most systems, the Ser-473 site is
more important [117]. Because of this, | chose to evaluate both sites of Akt following the
FFA treatment (Figures 8 & 9). We can see that there are some differences in the
phosphorylation pattern of the two sites in my system, both sites were phosphorylated by
approximately 200% of control levels at the 10- and 15-minute treatment times, and both
sites displayed a slow reduction in pAkt over the course of 18 hours, though remaining

above control.

4.2 Ability of MUFA, specifically palmitoleate, to modulate Akt activity

An interesting finding of my study was that a single FFA from the subset released
by LPL, palmitoleate, was sufficient to induce the activation of Akt in the THP-1
macrophages (Figure 11). The same theories about how FFA in general could be

influencing Akt apply here, but this gives us a more straightforward way to begin
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assessing them, as only one FFA need be tested for a preliminary mechanistic study.
There are studies that have shown the activation of Akt by MUFA (though in this case,
oleate, not palmitoleate), via the blocking of an upstream inhibitor of Akt, protein
tyrosine phosphatase 1B [118]. While this study showed no link between palmitoleate and
Akt, the study was done in fibroblasts, not macrophages, so it could still be useful to

evaluate the interactions of FFA with kinases upstream of Akt in our model.

4.3 MUFA are able to influence cholesterol efflux to apoA-I

In a meta-analysis performed in 2009 evaluating the effects of certain types of fat
on cardiovascular outcomes, it was suggested that replacing the SFA in the diet with
PUFA or MUFA could improve outcomes [17]. The authors hypothesis was initially that
either MUFA or PUFA could improve CVD risk when compared to SFA, but were
surprised to find no association with MUFA. They pointed out that most of the dietary
MUFA in these studies was derived from animal fat and cited that as a possible
confounding factor in their conclusion [17]. However, my data suggests that MUFA in
atherosclerotic plaques may actually be an accelerating factor by partially blocking
cholesterol efflux (Figure 14). A study in mouse macrophages has found that unsaturated
free fatty acids (including palmitoleate) were able to reduce cholesterol efflux, in part
through the reduction of apoA-1 binding to the cell surface. Investigations into the rate of
degradation of ABCAL have been performed as a link to a possible mechanism, and
found that unsaturated FFA accelerated the breakdown of mature ABCA1 [119]. It has
been found that cyclic AMP (CAMP) increases ABCAL expression and promotes

cholesterol efflux, in part by making the protein more stable [120]. There may be
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crosstalk between the protein kinase A/CAMP pathway and the PI3K/Akt pathway that
allows for our FFA treatment to influence CAMP levels, though this remains to be

investigated.

4.4 Cholesterol efflux to apoA-1 is partially modulated by Akt, though not through

transcriptional regulation of select cholesterol transport genes

The changes in the gene expression of cholesterol transporters following treatment
with the FFA mixture (Figure 16) observed in this study were modest, especially when
compared to earlier studies of our model [100]. Previous work has shown a robust and
significant decrease of ABCA1, ABCG1, and SCARB1 following FFA treatment [100],
while in this study, only the expression of ABCG1 was significantly reduced, with the
other two genes only showing a trend. Some of these discrepancies could be explained by
the difference in replicates, as the previous study had a far greater number. Overall,
studies in our laboratory have indicated that the FFA released from LPL do alter
cholesterol handling in the cells, and may at least partially be realized at the
transcriptional level. However, there was no difference between the FFA-treated group
and the FFA + MK-2206-treated group in this study, indicating no effect of Akt inhibition
on the expression of cholesterol-associated genes. This is consistent with the findings of
another group, who have found that Akt has no effect on the gene expression of
cholesterol transporters in other cell types [122]. Interestingly, they found that PI3K
activation increased cholesterol efflux to ABCAL in hepatocytes, which is contrary to the
evidence | present here. This discrepancy can likely be explained by the difference in cell

model, however, as hepatocytes and macrophages have very different physiological roles

80



as far as metabolising and regulating cholesterol in the body. The mechanism for the
influence of PI3K on cholesterol efflux in hepatocytes is based on not the overall
expression of cholesterol transporters, but specifically on the cell-surface expression of
them. PI3K activation induced the translocation of ABCAL1 to the cell membrane, which
allowed for more exchange of lipid [121]. It could be worth investigating if a similar form

of regulation occurs in our macrophage model.

Though in my THP-1 model | did not see an effect of inhibiting Akt on the
transcription of cholesterol transport genes, these studies indicate that the mechanism by
which Akt influences cholesterol efflux is likely at the post-translational regulatory level.
Other groups have looked at the potential influence of Akt on cholesterol efflux, and have
found similar results to our study. For example, it has been shown that in RAW 264.7
mouse macrophages that inhibition of Akt increased ABCA1-mediated cholesterol efflux
to apoA-1 [95]. In addition, this effect could be attributed to a downstream component of
the PI3K/Akt pathway, mMTORC1. When mTORC1 was directly inhibited, cholesterol
efflux also increased, which reveals a potential downstream effector for the role of Akt in

macrophage lipid handling [95].

4.5 Future perspectives

Further parameters of lipid accumulation should be assessed in our research
group’s THP-1 macrophage system upon treatment with the FFA mixture. In particular, a
theory my laboratory has postulated in the past is that these FFA are able to activate Akt
by virtue of modifying the PIP3 secondary messenger molecules responsible for the

translocation of Akt and its direct upstream kinases (PDK1 and mTORC?2) to the cell
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membrane for activation [99]. We believe that our FFA may be incorporated into these
PIP3, thereby creating a preferential substrate for Akt, increasing the frequency of
membrane interactions, and therefore phosphorylation. Recent experiments performed in
our laboratory have been conducted to assess the changes in PIP lipid species following
treatment with palmitoleate. These have demonstrated that there is an apparent
incorporation of palmitoleate (16:1) into PIP biosynthesis, with significant increases in
34:1 (likely 18:0/16:1) and 34:2 (likely 18:1/16:1) PIP2 and 34:2 PIP3. While there
remains more to elucidate about the mechanism of activation, this shows a proof-of-
principle for the ability of FFA to alter secondary lipid messenger species [Wakelam &

Brown, unpublished].

The present study has looked at inhibition of Akt as a way to establish a link
between this kinase and LPL-associated changes in macrophage lipid handling. However,
to strengthen this link, similar studies with an overexpression of Akt could be performed.
An adenoviral construct containing myristoylated Akt has been developed by Fujio et al.
[122], and was generously sent to our laboratory by Dr. Jason Dyck (University of
Alberta) in a collaborative effort to further assess the effect of modulation of Akt in our
model. Akt with this myristate post-translational modification is constitutively active
within cells, by virtue of being almost completely membrane-bound, and therefore in
constant proximity to its upstream effectors [115, 123]. This virus has been grown up in
HEK-293T cells in our laboratory, and the virus-containing media collected for future
use. This will no doubt help to elucidate the role of Akt in lipid accumulation and

cholesterol efflux, as future experiments assess the role of hyper-expressed Akt.

82



Additionally, future work with this project would aim to determine through which
possible signaling axis Akt is having these lipid modulating effects. A likely starting point
could be through mTORC1 regulation, as it was shown by another research group to

influence cholesterol efflux from mouse macrophages [95].

4.6 Overall conclusion

Lipoprotein lipase generates a select complement of FFA species following
incubation of the enzyme with total human lipoproteins. In the present study, I have
demonstrated that these FFA, at a physiologically relevant dose, may activate the
signaling molecule Akt in a dose- and time-dependent manner in human THP-1
macrophages. Further, a single monounsaturated FFA, palmitoleate, seems to be
responsible for most of the effects I have seen. Treatment of THP-1 macrophages with
either the full complement of FFA, or palmitoleate singly (at physiological
concentrations) impair cholesterol efflux to apoA-I. This effect was eliminated upon
treatment with an Akt inhibitor, indicating that this process is mediated by the PI3K/Akt
pathway. This is further supported by preliminary work in our laboratory that has shown
inhibition of PI3K to reduce FFA-mediated neutral lipid accumulation in our model
[Courage & Brown, unpublished]. While these effects on cholesterol transport may not be
controlled at the transcriptional level, there are promising theories to investigate in the
future to further elucidate this apparent pathway, and the pro-atherogenic role of LPL in

macrophage-stimulated atherosclerosis.
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