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Abstract

Lipoprotein lipase (LPL) is an extracellular lipase that hydrolyzes triglycerides (TG)
from TG-rich lipoproteins (Lp) within the bloodstream. In the arteries, macrophage LPL
expression has been observed to negatively influence atherosclerosis and promote
cardiovascular disease. Previously, our laboratory reported that Lp hydrolysis products
(HPs) generated by LPL resulted in the upregulated expression of 63 small nucleolar
RNAs (snoRNA) within the human macrophage cell. Interestingly, the very low-density
lipoprotein (VLDL) HPs by LPL induced the production of reactive oxygen species
(ROS), and the cell stress further induced the snoRNA expression in various cell models.
The inhibition of NADPH oxidase (NOX) in the cell models diminished snoRNA
expression. This project aimed to assess the role of Lp HPs by LPL in oxidative stress
using in vitro and in silico approaches. For in vitro studies, human VLDL and
chylomicron (CM) HPs generated by LPL were incubated with THP-1 macrophages,
with or without a NOX inhibitor (NOXi). The ROS production and lipid peroxidation in
the media and cells were analyzed. With an increase in free fatty acid (FFA)
concentration from both Lp HPs by LPL, relative to control, there was a decreasing trend
in ROS generation for the lowest FFA concentration followed by increasing trend for
other FFA concentrations. However, when THP-1 cells were incubated with 0.5 nmol/pL
FFA of both Lps HPs by LPL, there was a reduction in ROS with NOXi treatment
relative to control. Extracellular ROS was higher with NOXi with 0.5 nmol/pL FFA from
VLDL. On the other hand, no change in media malondialdehyde (MDA) with both Lps

HPs by LPL was decreased with the addition



of NOXi, while the cellular MDA was decreased with or without NOXi. For in silico
analyses, available transcriptomic datasets for Lp lipolysis by LPL in two cell lines showed
an upregulation of stress-inducing genes and a downregulation of genes associated with
cell cycle arrest. Henceforth, my study indicated that Lp HPs by LPL may stimulate foam
cell conversion through enhanced NOX-mediated ROS and extracellular MDA levels,

which may lead to cellular stress and cell death.
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Chapter 1: Introduction

1.1. Atherosclerosis

Even though many advancements have been made in the field of cardiovascular disease
(CVD) with respect to diagnosis and treatment, CVD was still the second leading cause of death
in Canada from 2015 to 2019. In 2019, it has been estimated that approximately 17.9 million
people globally died due to CVDs alone. The mortality rate due to CVDs accounts for 32% of all
global deaths, making it the leading cause of global mortality. From 1990 to 2019, the prevalent
cases of total CVD have roughly doubled, along with the steady increase of CVD deaths [1].
Pathologically, atherosclerosis is the root cause of most CVD occurrence, stroke, and peripheral
arterial diseases, hence several researchers study the pathophysiology of it [1]. Atherosclerosis
plays a key role in vascular diseases and is characterized by a thickening of the intima by an
accumulation of inflammatory cells, fibrous elements, and lipids that form plaque deposition at
endothelial cell (EC) injury and constriction of the arteries [2]. During atherogenesis, studies on
pathology have shown cellular and molecular interactions in the arteries with a defined series of
changes in the vessel, as shown in Figure 1.1, where the macrophage plays the most crucial role
[2, 3]. The injured endothelium mediates inflammation by recruiting monocytes where
monocytes differentiate into macrophages and accumulate oxidatively modified low-density
lipoprotein (LDL), following the conversion of macrophage into foam cells [4]. Thus, extensive
research has been focused in understanding the complex molecular and cellular processes with

the involvement of foam cells in understanding atherosclerosis processes.
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Figure 1.1: The pathogenesis of atherosclerosis

Triglyceride-rich lipoproteins (Lp) are hydrolyzed by lipoprotein lipase that is bound to the EC.
LDL enters the intima through sites of damaged EC. In the intima, initial lesion formation begins,
and it undergoes alterations, such as oxidation by reactive oxygen species (ROS), which recruits
monocytes. The monocytes convert to macrophages, and these macrophages uptake oxidatively
modified LDL to form foam cells. Smooth muscle cells (SMC) then start to proliferate and migrate
toward the intima where they contribute to forming foam cells. The lipid laden foam cells form
fibrous plaques through calcification, and trigger a complex inflammatory response causing

rupture of plaque and leading to thrombosis. Figure 1.1 was drawn using Microsoft PowerPoint.



1.1.1. Stages of atherosclerosis

Lesion initiation occurs during the first stage of atherosclerosis. The endothelium of blood
vessels acts as a barrier between blood and tissue. Lesion formation preferentially takes place
where the blood flow is disturbed, in regions of arterial branching or curvature, and it results in
increased permeability to macromolecules such as LDL [5]. The increase in permeability is
followed by a build-up of LDL in the sub-endothelial matrix (which is greater when levels of
circulating LDL in plasma are higher), causing LDL to be passively transported through EC
junctions and retained in the vessel wall for lesion formation. This retention involves interactions
between the LDL constituent apolipoprotein B (apoB) and matrix proteoglycans inthe intima [6].
Hence, the initiation of lesion generation comprises of LDL entering and retention in the intima
to promote atherosclerosis.

The LDL can be subjected to oxidation, proteolysis, lipolysis and aggregation in the
intima, and these modified LDL are taken up by macrophages to convert into foam cells [7]. This
modification leads to inflammation and foam cell formation. The vascular cells producing
oxidative waste cause the oxidation of lipids, resulting in the early lesion formation. Due to lipid
oxidation, pro-inflammatory “minimally oxidized” LDL, an initial product of progressive LDL
oxidation, is formed at the beginning of lesion formation, which possesses pro-inflammatory
activity but does not bind to the scavenger receptors of macrophages for its uptake [4].

In the next stage when inflammatory reactions start, the accumulation of minimally
oxidized LDL species causes enhanced expression of pro-inflammatory molecules, including
vascular celladhesion molecules-1, P, and E- selectins, cell adhesion molecules and growth factors
like macrophage colony-stimulating factor (M-CSF) in the intima. These adhesion molecules and
chemotactic factors have complementary carbohydrate ligands which are present in monocytes,

like PSGL-1, to EC selectins, [4, 8, and 9]. Thus, recruited monocytes are involved in forming

3



lesions.

Once the monocytes are inside the intimal layer, M-CSFstimulates the proliferation and
differentiation of monocytes into macrophages, and M-CSF contributes to changes in the
macrophage functions, including increased scavenger receptor expression. For the differentiated
macrophages to uptake LDL particles rapidly, LDL must be highly oxidized [10]. This alteration
of minimally oxidized to highly oxidized LDL (ox-LDL) particles seemingly involves reactive
oxygen species (ROS) which are thought to be produced by ECs, macrophages, and enzymes in
human atherosclerotic lesions [4]. Therefore, M-CSF is crucial for growth and differentiation of
monocytes to macrophages, and for macrophages to take up modified LDL.

The internalization of ox-LDL in the macrophages takes place due to a number of receptors
that identify a wide range of ligands. The important ‘scavenger’ receptors include scavenger
receptor-A and cluster of differentiation 36 (CD36) [11, 12]; their expression is controlled by the
cytokines tumor necrosis factor-a (TNFa) and interferon-y, and the transcription factor peroxisome
proliferator activated receptor-y [13]. These receptors assist in accelerating the uptake of modified
LDL particles by macrophages, leading to foam cell formation. The presence of a fatty streak in
the intima of artery demonstrates a hallmark of early atherosclerosis lesion.

Cytokines and growth factors secreted by macrophages and T-cells stimulate the
proliferationand migration of smooth muscle cells (SMC) and the production of extracellular
matrix proteins [4, 14]. Over time, death of foam cells takes place, and their lipid-filled content
contributes to thenecrotic core of the lesion. In the intima, the accumulation of migrating SMCs
occurs in some fatty streaks. Additionally, the SMCs secrete fibrous elements which produce
occlusive fibrous plaquesthat tend to increase in size with time. Fibrous plaques are identified by
a developing mass of extracellular lipid, chiefly cholesterol, cholesteryl esters, and by the buildup

of SMCs andextracellular matrix derived from them [4]. Henceforth, SMC, foam cells and the
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extracellular matrix are involved in the plaque formation.

The content and vulnerability of the fibrous plaques are important in thrombus development.
Thin fibrous caps and an increased number of inflammatory cells are characteristic of vulnerable
plaques. Fibrous cap retention depends on maintaining a balance between the production of matrix
and matrix degradation, and inflammatory cell products presumably mediate both processes. The
lesion edges are more prone to ruptures, and they are composed of foam cells. Moreover,
neovascularization and calcification, which are known advanced lesion features, play roles in
stabilizing atherosclerotic lesions [4]. In neovascularization, there is an influx of inflammatory
cells from the growing small vessels, which further reinforces the atherosclerotic lesions. The ox-
LDLhave been reported to produce tissue factor, the presence of which affects the thrombogenicity
of the lesion core [15]. Because of narrow fibrous cap and entrance of inflammatory molecules,

the vulnerable plaque ruptures and generates a thrombus.

1.2. Lipoprotein metabolism and lipases
1.2.1. Lipids

There are several classes of lipids that associate with proteins in the cell membrane that
provide important structural functions, can act as signaling molecules, and deliver energy to cells
viaoxidation. The energy source is obtained from the lipid intake via diet or lipids formed
endogenously in the body. Lipids can act as energy storages in the body, can be easily utilized by
the cells whenever required, and allow for survival without taking in any food for up to several
weeks. In diet, cholesterol intake is not essential as adequate amounts are synthesized in the body.
Even though cholesterol is important as a structural component of cells, the pathological

accumulation of cholesterol in the artery walls leads to atherosclerosis and CVD.



1.2.2. Lipoproteins

As lipids (including TGs and cholesterols) are partially soluble in water, they require
associated proteins for being transported in the circulation. Lps assist in absorption as wellas
transportation of dietary and endogenous lipids from the small intestine and liver to the peripheral
tissues, and assist in reverse cholesterol transport (RCT) [16,17]. Therefore, Lps aid as a delivery

system of lipids to help in performing their functions in the body.

1.2.3. Structure of lipoproteins

The structure of Lps is complex; they consist of a central hydrophobic core enriched with
non- polar lipids, cholesteryl esters and TGs. The central core is enclosed by a hydrophilic
membranecomprised of free cholesterol, apolipoproteins and phospholipids (PLs) (Figure 1.2)
[18]. PlasmaLps are classified based on their size, apolipoprotein content, and lipid content (Table
1). They can be divided into six classes: high-density lipoproteins (HDL), chylomicrons (CM),
CM remnants, very low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), and
LDL. Among these Lp classes, LDL, IDL, VLDL, and CM remnants are pro-atherogenic, whereas
HDL is believed to have an anti-atherogenic role. An apolipoprotein is the protein that
incorporates with lipid to form a Lp. The composition of the lipid and apolipoprotein plays a key
role in the structural formation of Lps. The structure of apolipoproteins is unique and modular,
which accounts for their multiple functions. ApoA-I, apoB100, and apoB48 function in
assembling and secretion of Lps; apoB, apoE, apoA-I, and apoA-II help in maintaining the
structural integrity of Lps. Also, apoA-I, apoA-V, apoC-I, apoC-II, and apoC-III act as
coactivators or inhibitors of enzymes [19]. Furthermore, they regulate the cellular uptake of the
entire particle or selective uptake of a lipid component of Lps by acting as ligands that bind to the
membrane Lp receptors. For instance, apoB100 and apoE bind to the LDL receptor (LDLR) [20],

whereas apoE binds to the LDL receptor-related protein (LRP) [21], and apoA binds to scavenger
6



receptor BI [22]. Hence, the different size, structure, apolipoprotein, and content accounts for

various Lps to perform their function.
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Figure 1.2: Lipoprotein structure

The structural formation of a Lp is complex, consisting of a central hydrophobic core enriched
with non-polar lipids, cholesteryl esters and TGs, and enclosed by a hydrophilic membrane

comprising of free cholesterol, apolipoproteins and PLs. Figure 1.2 was drawn using BioRender.



Table 1: Lp classification [18]

The lipoproteins are classified into six groups based on their density, the lipid it transports and

main apolipoproteins.

1.063- Cholesterol, ApoA-I, ApoA-II,
HDL 5-12
1.210 Phospholipids ApoC, ApoE
1.019-
LDL 18- 25 Cholesterol ApoB-100
1.063
1.006- Triglycerides, ApoB-100, ApoE,
IDL 25-35
1.019 Cholesterol ApoC
0.930- ApoB-100, ApoE,
VLDL 30-80 Triglycerides
1.006 ApoC
CM 0.930- Triglycerides,
30-80 ApoB-48, ApoE
Remnants 1.006 Cholesterol
ApoB-48, ApoC, ApoE,
CM (CM) 75-1200 <0.930 (Triglycerides
ApoA-LA-ILA-IV




1.2.4. Lipoprotein metabolism

In the intestine, dietary lipids are incorporated into CMs. CMs are large Lps composed of
high amounts of TG, are synthesized by the small intestine, and carry the dietary TG to peripheral
tissues and cholesterol to the liver. The main structural protein of CMs is apoB48.
There is variation in the size of CMs with the amount of dietary fat intake. For instance, larger
CM particles will be formed with a high fat diet. The dietary TG is transported via CMs and is
then subjected to hydrolysis by LPL in muscle and adipose tissue to liberate free fatty acids (FFA).
The released FFA are then utilized by the cells for energy. Thus, the removal of TG fromCMs
results in forming CM remnants. In comparison to CMs, CM remnants are enriched in cholesterol
and are pro-atherogenic [18]. The rapid hepatic clearance of CM remnants occurs when they reach
a smaller size that allows them to pass from the endothelial space to
the perisinusoidal space. Here, they can be directly removed by apoE binding to the LDLR, or/and
additional free apoE in the perisinusoidal space can remove remnant particles via LRP. Moreover,
the CM remnant may be sequestered in the perisinusoidal space by binding to heparan sulfate
proteoglycans (HSPG) via apoE and/or by binding to hepatic lipase (HL) using apoB [23]. Hence,
CM are formed in the intestine and to carry dietary lipids, and they are metabolized into CM

remnants upon hydrolysis of TG to liberate FFA for cells to utilize energy.

VLDL is synthesized by the liver and it contains one apoB100 molecule. The size of the
VLDL depends on the content of TG produced by the liver. Nonetheless, VLDL particles are
smaller in size than CMs. In muscle and adipose tissue, VLDL enriched with endogenous TGare
metabolized with the aid of LPL anchored to the capillary endothelium, which liberates FFAsand

forms IDL.
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IDL becomes smaller in size and denser in the circulation through the metabolism of lipids
by HL, further enriching the cholesterol content and converting the Lp into LDL. LDL’s prime
apolipoprotein is B100 and each LDL carries one apoB100 molecule [24, 25]. The uptake of LDL
in several peripheral cell types occurs through LDLR. Following uptake of LDL, the cells use the
cholesterol content for various functions, including cellular membrane synthesis, lipid raft
formation, as precursor of steroid hormones and, in neurodevelopment. The excess LDL in the
bloodstream is removed via hepatic clearance, where LDL binds to LDLRs associated with coated
pits at the cell surface of the hepatocytes. The complexes formed are internalized through clathrin-
coated vesicles to endosomes, where they detach. Following internalization, the LDL particles
move into lysosomes and are subjected to degradation, while the LDLRs are recycled to the cell
surface [26]. LDL particles have a varied range of sizes and densities in circulation. Smaller and
denser LDL particles have been linked to hypertriglyceridemia and type-2 diabetes. The smaller
and denser LDL particles are more pro- atherogenic than larger LDL particles for three main
reasons. Firstly, small, and dense LDL has decreased affinity toward LDLR, causing them to be
retained in the circulation for a longer time. Secondly, the small size allows easier entry to the
arterial wall where they bind to intra-arterial proteoglycans and remain trapped in the arterial wall.
Finally, it has been reported that small, dense LDL particles are more prone to oxidation, which
could lead to enhanced uptake by macrophages [18]. Hence, excess LDL particles contribute to

atherosclerosis progression.

Nascent (or pre-f) HDL, the precursor to mature HDL, can be synthesized from apoA-I
in various cells but is mainly synthesized by the liver and intestines, which initiates RCT. In this
transport, excess cholesterol is carried from peripheral tissues to the liver, and thus HDL is

considered anti-atherogenic. HDLs are enriched with cholesterol and PL; their core structural
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protein is apoA-I and multiple apoA-1 molecules can be present. Nascent HDL synthesis takes

place when apoA-I takes up cholesterol and PL via the adenosine triphosphate-binding cassette

transporter, sub-family A, member 1 (ABCAL1) [27- 29]. Additionally, more cholesterol can be
taken up by the nascent HDL to convert to mature HDL through passive diffusion via adenosine
triphosphate-binding cassette subfamily G member 1 and scavenger receptor type-BI (SR-BI).
There are two fates of this cholesterol-rich HDL: either the cholesterol is given away to LDL or
VLDL in exchange for TG by the cholesteryl ester transfer protein, or the cholesterol is removed
from the HDL by hepatic SR-B1. The process of cholesterol efflux from macrophages to HDL
has an important protection role against atherosclerosis development [20]. Therefore, HDL plays

an athero-protective role in the body.

1.2.5. Lipoprotein lipase

Lp acylglycerides and PLs can be metabolized by the enzymes within the sn-/ lipase
family, by hydrolyzing the ester bonds at the sn-1 or sn-3 of TG, or the sn-1 position of PL, to
liberate fatty acids [30]. These lipases include LPL, HL and endothelial lipase. Even though
these lipases possess catalytic activity, they have non-catalytic activity, where they function as
a molecular bridge, bringing plasma Lp very near to cell surface receptors to facilitate Lp uptake

into cells [31]. Therefore, LPL possesses both catalytic and non- catalytic role in Lp hydrolysis.

LPL is an extracellular lipase, incorporated specifically to hydrolyze TG at the sn-1 and
sn-3positions as shown in Figure 1.3 [32, 33]. LPL hydrolyzes the TGs transported in CMs and
VLDL to release fatty acids for the cells to utilize, as shown in Figure 1.4. The catabolized TGs
lead to conversion of CMs and VLDL into CM remnants and IDL, respectively. For LPL activity,
apoC-II acts as a cofactor and activator, whereas apoA-V is an activator of proteoglycan-bound

LPL [34]. Contrarily, Apo C-III and Apo A-II inhibit the LPL activity [35].
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Triglyceride

Figure 1.3: The sn-1 and sn-3 cleavage point of a general triglyceride.

LPL acts at the sn-1 and sn-3 positions, as shown (scissors), to remove fatty acyl chains, as shown
( R',R?,R? with pink, blue and beige color, respectively) from TG. Figure 1.3 was drawn using

Microsoft PowerPoint.
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Monoacylglycerols

O

Diglycerols LysoPLs

Figure 1.4: LPL hydrolyzes TG-rich Lps.

LPL can generate FFA, di- and monoacylglycerols, and lysoPLs for use by the surrounding cells.

Figure 1.4 was drawn using Microsoft PowerPoint.
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Thus, Lp apolipoproteins plays important role in regulating the LPL activity.

LPL has been reported to be expressed in muscle, heart, and adipose tissue and is then
secreted by exocytosis. Following secretion, LPL associates with the cell surface protein,
glycosyl phosphatidyl inositol-anchored high-density lipoprotein binding protein (GPIHBP1)
[36], and with the cell surface through HSPG [37,38]. LPL is abundant in several tissues,
including, lungs, heart, spleen, skeletal muscle adipose, mammary glands, monocytes, and
macrophages [39-41]. Thus, LPL is expressed in various tissues where it gets secreted to the

capillary lumen surface by associating with the GPIHBP1 proteins.

1.2.6. LPL synthesis and processing

LPL is synthesized by the parenchymal cells, where LPL gets transported to the ECs
surface. Additionally, LPL is synthesized within fat cells and then is transported to the
endothelial stroma of adipose tissue for lipid metabolism. The LPL gene is located at
chromosome 8p22, which produces the LPL protein with 475 amino acids. The mature LPL
with 448 amino acids is formed by cleaving a 27 amino acid signal peptide [42]. In the rough
endoplasmic reticulum (ER), LPL mRNA (messenger ribonucleic acid) is translated toLPL
and then transported through the cis- and trans- Golgi network, where LPL is highly
glycosylated. The glycosylation accounts for 8-12 % of LPL mass, converting it from 51 kDa
of subunit mass to 55 kDa. The final conformation of functional LPL has been probed using
ultracentrifugation and was found to be homodimer [43]. Although, it has recently been
suggested that LPL bound to an accessory protein may function as a monomer [44]. Hence,
LPL is produced in the parenchymal cells, where it is subjected to glycosylation and the

functional LPL gets delivered to EC surface.
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LPL homodimers are organized in a head-to-tail configuration, where an N-terminal
B-hydrolase domain contains six alpha-helices and ten B-strands, concealing the catalytic
triad: S159, D183, and H268. The C-terminal region comprises of a C-terminal flattened [3-
barrel domain with twelve B-stands connected with a hinge to the N-terminal region [44].
For LPL to gain its final tertiary structure and for the dimerization to form the homodimers,
they need to interact with lipase maturation factor 1 (LMF1), a transmembrane chaperone
positioned in the ER [45]. The partially assembled LPL monomers bind to LMF1 to convert
to the correct tertiary structure of functional LPL homodimers and are secreted to the
interstitial space. If there is a misfolding of LPL, it is subjected to degradation in the ER.
Misfolded LPL buildup in the ER is usually a consequence of LMF1 expression-related
disorders [46]. Upon secretion of functional LPL from the parenchymal cells to the interstitial
space, it binds to HSPG and gets translocated to GPIHBP1 attached to ECs, as LPL has higher
binding affinity towards GPIHBP1 [47, 48]. Knockout studies of GPIHBP1 demonstrated
that LPL remains associated to HSPG in the interstitial space, and this leads to lowering of
LPL activity in blood. The loss of GPIHBP1 expression results in LPL to become trapped in
the interstitial space, causing a significant reduction of LPL activity. The crystal structure of
the LPL-GPIHBP1 complex showed that the LPL C-terminal domain and GPIHBP1
associate with each other at 1:1 ratio. Moreover, LPL affinity was proven to be higher for
GPIHBPI1 than HSPG, using in vivo and in vitro studies [49]. Hence, the LPL-GPIHBPI
complex in the endothelium surface, facing the lumen of the capillaries, hydrolyzes Lps to

ensure they reach the tissues that require them (Figure 1.5).
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Figure 1.5: LPL secretion from parenchymal cells to the wvascular endothelial surface.

LPL mRNA produced in tissue parenchymal cells are translated into LPL monomers in the ER.
LMF1 in the ER binds to the LPL monomers to aid in assembling and dimerization mature LPL.
The mature LPL is glycosylated in the ER and after moving through the Golgi apparatus, it is
secreted into the interstitial space where it binds to HSPG nearby. From HSPG, the mature LPL
is shuttled to endothelial-bound GPTHBPI1 to hydrolyze circulating Lps. Figure 1.5 was drawn

using Biorender and Microsoft PowerPoint.
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1.2.7. Macrophage LPL in atherosclerosis

Macrophages expressing LPL have been linked to atherogenesis [51]. For instance,
Takahashi et al. [52] showed that macrophages collected from macrophage-specific LPL knockout
and apoE double knockout mice fed a Western diet had less build-up of cholesteryl esters and
TGs, compared to apoE double knockout mice (control). This study suggested that LPL located
in the arterial wall might be derived from macrophages, having a pro-atherogenic effect.
Moreover, Wilson et al. [52] reported that the increased expression of human LPL in macrophages
of the male apoE-null mice which were fed a Western diet for eight weeks demonstrated increased
atherosclerotic development in comparison to the control. The hydrolysis products (HPs)
liberated by LPL from Lps may contribute to atherosclerosis development. The FFA that were
liberated from VLDL by LPL have been reported to enhance increased lipid droplet accumulation
in human THP-1 macrophages [53]. Furthermore, when LDL and ox-LDL are captured by the
macrophages expressing LPL in the site of atherosclerosis, it suggests LPL helps in converting
macrophages to foam cells. These foam cells play a central role in the build-up of plaque and

contribute to atherosclerosis [54].

1.3. Oxidative stress in atherosclerosis
One of the most identified characteristics of the pathogenesis of atherosclerosis is oxidative
stress, which is observed along with the initiation of pro-inflammatory signaling pathways and
cytokine expression. Several studies indicated that the overproduction of ROS is integral to the

development of CVD [53, 54]. ROS are formed when atmospheric or cellular oxygen gets

partially reduced or excited; this includes superoxide (O2°"), hydrogen peroxide (H202),

hydroxyl radicals (HO") and singlet oxygen ('02) [55]. It is essential to maintain a basal

level of ROS, as they are physiologically important to cells because they play roles in cellular
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processes, signaling and viability.

The reduction of molecular oxygen gives rise to the generation of superoxide. This,
superoxide has two fates: it can be converted to diatomic oxygen or, with the help of the
mitochondrial enzyme superoxide dismutase (SOD), can form hydrogen peroxide [56]. By the
Fenton reaction, hydroxyl radicals are generated from hydrogen peroxide, which itself is
moderately unreactive. The hydroxyl radicals possess damaging activity towards cellular
structures and molecules. The following net reaction depicts how a molecule of superoxide
associates with a molecule of hydrogen peroxide to generate reactive and harmful hydroxyl
radicals: *O2— + H202 — *OH + OH— + O2 [57]. Moreover, the formation of the damaging
hydroxyl radicals can result from hypochlorous acid reactions, which are produced by the
enzyme, myeloperoxidase [58]. In the cell, ROS are generated via many enzymatic pathways,
where most enzymatic pathways initiate with superoxide production and results in production of
more reactive species. Even though enzymes like nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases (NOX) deliberately produce superoxide, ROS can be produced as by-product

of metabolism.

These chemically reactive oxygen radicals vary in range of reactivity and show their effect at
molecular levels. Despite having beneficial roles in cells, increased ROS causes oxidative stress
and plays a significant role in the development of CVDs. Oxidative stress is critical in the
formation of atherosclerotic lesions. In atherosclerosis, migration of monocytes, T-lymphocytes
and mast cells in the vascular walls account for activation of inflammatory processes and cytokine
release, resulting in overproduction of ROS. For example, a study showed mitochondrial ROS
was increased proportionally to the level of the cytokine, TNFa [59]. Furthermore, other

cytokines, including interferon-y and interleukin-1, displayed enhanced NOX-mediated ROS
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formation [60]. Moreover, increased ROS has been shown to elevate SR expression on vascular
SMC, which improves the ability of macrophages to uptake and accumulate lipids to transform
into foam cells. Also, ROS stimulates the release of matrix metalloproteinases (MMPs), which
aid in plaque disruption and cause thrombosis. It was observed that vascular SMC displaying
cyclic strain-induced MMP-2 expression was NOX activation dependent [61]. Hence, ROS at a
basal level plays an advantageous role in the body, but enhanced ROS stimulates oxidative stress

promoting atherosclerosis.

1.4. The NADPH oxidase and its isoforms

The NADPH oxidases of the NOX family were originally identified in the membranes of
phagocytic macrophage cells. As frontliners in innate immunity, macrophages utilize NOX-
mediated superoxide, which acts as a powerful primary microbicidal agent, to kill invading
pathogens. These enzymes are responsible in catalyzing the conversion of molecular oxygen to
superoxide, a ROS, where the NADPH component acts as the electron donor. Moreover, the
homologs of NADPH oxidase were later identified in non-phagocytic cells like SMC, fibroblasts,

and EC.

To date, seven members of NOX have been identified which includes, NOX1-5 and two large
NOXS5-like dual oxidases (DUOX), DUOXI1 and 2. Among these, NOX2 was the first recognized
and most widely investigated member of the NOX family. Notable levels of NOX1,NOX2,
NOX4, and NOXS have been shown to be expressed in the vascular SMCs, endothelium,
perivascular adipocytes, and fibroblasts [62]. Hence, NOX expression is abundant in the cells

involved in atherosclerosis.
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1.4.1. NADPH oxidase structure

All seven members of the NOX family are transmembrane protein complexes consisting
of six hetero subunits. In the resting state, four of the enzyme subunits are maintained in the cytosol
and have two integral membrane proteins in the enzyme complex. The presence of any stimulus
regulates assembly and translocation of the subunits to the membrane, which interact and gain the
ability to generate superoxide anions by reducing oxygen. The enzymes have a highly conserved
cytosolic C-termini containing a NADPH-binding region following a FAD-binding site. The two
transmembrane subunits are p22phox and gp91phox; this heterodimer forms the catalytic core of
the enzyme flavocytochrome b558. The catalytic core is controlled by interactions with the
cytosolic multidomain subunits: p67phox, p40phox and p47phox, alongsidethe small guanosine-
5'-triphosphatase (GTPase) Rac belongs to the Rho family of small GTPases as show in Figure
1.6 [63]. Thus, the NOX enzyme complex consists of cytosolic and transmembrane components,

that catalyzes the generation of superoxide from molecular oxygen.
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Figure 1.6: The structure of NOX in the plasma membrane

NOX comprises of many cytosolic subunits and two membrane-bound subunits: a gp91phox and
p22phox make up the catalytic core of the complex. The NOX is responsible for catalyzing
superoxide from molecular oxygen, where NADPH component acts as the electron donor. Figure

1.6 was drawn using by BioRender.
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1.4.2. The NADPH oxidases in atherosclerosis development

The amount of NOX expression is low in normal physiological states. However, there is
evidence of a significant increase of NOX expression when the cells are subjected to
hyperlipidemia, high glucose levels, and mitogenic or transforming growth factors. These stimuli
lead to an overproduction of ROS and promote oxidative stress development [64, 65]. The level
of NADPH oxidase expression determines the level of ROS production. The activation of NOX
includes phosphorylation-dependent pathways. Studies have confirmed that the epigenetic
regulation of NOX expression includes the presence of non-coding RNAs, deoxyribonucleic acid
(DNA) methylation, variations of transcriptional factors activity, regulation of mRNA stability,
and post-translational modification of histones [66]. Hence, the regulation of NOX expression

depends on various factors that regulate the formation of ROS level in the body.

Many studies have shown that NOX homologues participate in numerous crucial roles in
atherogenesis, as upregulation of its expression was demonstrated in CVD [67]. NOXs contribute
to atherosclerosis pathogenesis, as their function includes endothelial dysfunction, vascular
inflammation, vascular remodeling, and oxidative stress, where oxidative stress is a crucial
component of the atherosclerosis progression. Studies confirm that oxidative stress by ROS results
in oxidative modification of LDL and studies observed ROS produced by NADPH oxidases played
a main role in the stimulation of early autophagy [68]. Therefore, NOX-mediated ROS has been

linked to many stages of atherosclerosis pathogenesis.

Evidence demonstrated that NOX1 and NOX2 enzymes have pro-atherogenic activities, as
the overexpression of NOX1 was evident in patients with CVD in comparison to atherosclerotic
lesions of healthy humans [69, 70]. Furthermore, animal models lacking NOX2 exhibited reduced

atherosclerosis in the descending aorta but did not reduce the atherogenesis in the aortic sinus [71].
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NOX4 generates hydrogen peroxide because of the dismutation of superoxide. Unlike superoxide,
hydrogen peroxide does not produce peroxynitrite, a strong oxidant showing a varied range of
tissue damaging effects, as well as lipid peroxidation and inhibition of mitochondrial respiration
[67]. The NOX4-mediated hydrogen peroxide showed an athero-protective role, as it reduced the
rate of proliferation of vascular smooth muscle cells (VSMCs), inhibiting vascular inflammation
and retaining heme oxygenase-1 (HMOX1) expression and eNOS in cases of any vascular stress
[72, 73]. The NOX4-mediated ROS due to ox-LDL when exposed to monocytes and macrophages
was shown to trigger cell death. Furthermore, damaging effects from NOX4 were observed in
various rodent models that displayed ischemic stroke and cardiac hypertrophy [74]. However, there
are studies where NOX4 enzymes showed anti-atherosclerotic activity [71, 74]. Hence, NOX4
enzymes can be atherogenic or athero-protective depending on their expression on differentcell
types, the quantities of compound secreted, and their subcellular site. In the rodent genome, NOXS5
is not present, making it difficult to study. However, in the intima of advanced coronary lesions,
as well as early stages of endothelial lesions in humans, NOXS5 expression was observed. NOX5
has been linked to human hypertension [75, 76]. Furthermore, incidence of oxidative damage is
confirmed by the calcium dependent NOXS, as it is a crucial source of ROS in atherosclerosis. In
addition, evidence of NOX5 RNA and proteins in coronary arteries were expressed at significantly
higher quantities in those patients with coronary heart diseases compared to healthy arteries, which
was directly proportional to the calcium-dependent NOX activities in arteries [75]. Therefore, the
overexpression of NOX1, NOX2, and NOXS is atherogenic, whereas NOX4 shows both athero-

protective and atherogenic properties depending on cell types.

24



1.5. The small nucleolar RNA

Small nucleolar RNAs (SnoRNAs) are medium-sized, 60-300 nucleotides in length, non-
coding RNAs that are usually encoded in the introns of the host genes [76,77]. These host genes
transcribe most of the snoRNAs in the nucleus. The primary transcripts consisting of the pre-
mRNA of introns are then subjected to splicing, debranching, and trimming, and finally the mature
snoRNAs are delivered to the nucleolus. Most function by guiding post-transcriptional
modifications and processing of ribosomal RNA (rRNA) and some spliceosomal RNAs [77-80].
Few snoRNAs have been reported being involved in subjecting the original rRNA transcript to
nucleolytic processing [8§1-85]. These post-transcriptional modifications are of prime importance
for generating correct and functional ribosomes [86]. Thus, snoRNAs are required for guiding
rRNA post-transcriptional modification and processing.

Based on their distinctive structural features, snoRNAs consist of two major categories:
box C/D snoRNAs and box H/ACA snoRNAs [87].The name box C/D snoRNA was named for its
two conserved motifs, box C accounts for the nucleotide sequence RUGAUGA and box D contains
nucleotide sequence CUGA at the 5’-terminiand 3’-termini, respectively [88]. Furthermore, it has a
“K-turn” structure, which assists associated core proteins to form small nucleolar
ribonucleoproteins (snoRNPs) [78,89]. The complex of coreproteins on snoRNAs is expected to
shield mature snoRNAs from exonucleolytic trimming [90]. On the other hand, box H/ACA
snoRNAs have a “hairpin-hinge-hairpin-tail” structure [87, 88], where box H has a nucleotide
sequence of ANANNA and boxes ACA accounts for nucleotide sequence ACA [91, 92]. The

structure of the snoRNA is crucial to how they perform their functions.

The C/D box snoRNAs elucidate the target sites for 2'-O-ribose methylation, whereas

H/ACADbox snoRNAs elucidate the target sites for pseudouridylation in the target RNA. C/D box
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snoRNA and H/ACA box snoRNAs vary in their final structures, where their distinctive features
make themable to bind to specific proteins to form snoRNP complexes that help in altering the
relevant targets. The guide sequence of snoRNA hybridizes accurately to the target sequence in the
rRNA,and the protein complexes connected to it then accomplish the relevant modification
recognized by the snoRNAs on the nucleotide of rRNA. For processing rRNA, modification
by thesesnoRNAs and their sites play a vital role. A defect in their modification or location may
result in problems with rRNA processing and having an overall negative impact on cell growth

[93]. Henceforth, abnormalities with snoRNA may be playing role in diseases, including CVD.

1.6. Objectives
Our laboratory previously reported that lipid HPs from total Lp by LPL caused the
upregulation of 63 snoRNA transcripts. Additionally, our laboratory found the amount of 18S and
28S RNA was decreased due to upregulation of snoRNA, displaying a hallmark of macrophage to
foam cell conversion [94]. Previously, Holley et al. [95] reported that cytosolic snoRNA levels
within H9¢2 rat cardiomyocytes were significantly increased under doxorubicin-induced ROS.
Moreover, Wang et al. [96] reported that VLDL HPs generated by LPL induced ROS production

in human aortic endothelial cells (HAEC), which was attenuated by NOX inhibitors (NOXi).

Thus, taken together with our laboratory’s previous data and the above studies as my
study rationale, my aim was to assess the oxidative stress induced in THP-1 macrophages
when subjected to Lp HPs by LPL and to determine if NOXi could improve the oxidative

stress condition in THP-1 macrophages. To address this aim, my thesis objectives were:

1) To measure the change in ROS production in THP-1 macrophage cells in response to HPs

by LPL, with and without NOXi;

26



2) To measure the change in malondialdehyde (MDA) in THP-1 macrophage cells in

response to HPs by LPL, with and without NOXi; and

3) To carry out in silico analyses to find common differentially expressed genes (DEG) that

change within different cell lines in response to Lp HPs by LPL.

I expect that both ROS and MDA will be increased when macrophages are treated with Lp
HPs by LPL, causing oxidative stress and that NOXi will reduce the oxidative stress. I further
anticipate that changes in stress-related gene expression will be observed in different cell lines

due to the Lp HPs by LPL in the bioinformatics study.

1.7. Hypothesis
I'hypothesized that Lp hydrolysis products produced by LPL lead to NOX-mediated oxidative
stress within macrophages that can be inhibited using NOXi. I further hypothesized that stress-

related gene expression will increase due to Lp HPs by LPL in different cell lines.

1.8. Significance

LPL expression in macrophages promotes atherosclerosis. Previous studies from our
laboratory have shown that Lp HPs that are generated by LPL alter gene transcription and cell
signaling pathways that could impact the cellular functions of macrophages. This study will
determine if NOX is an effector of Lp HPs-mediated ROS and MDA production. Understanding
the role of NOX and the impact of the LPL HPs on atherosclerosis will potentially highlight
macrophage LPL as a therapeutic target in the future. Moreover, the in silico study will provide
information on shared gene expression among cell lines related which have been treated with Lp
HPs generated by LPL. These genes can be targeted and manipulated in the wet lab in the future

to find more insights in the role of macrophage LPL on foam cell formation.
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Chapter 2: Materials and methods

2.1. Mammalian cell culture
2.1.1. HEK-293 cell culture and maintenance

Human embryonic kidney (HEK-293) cells were purchased from the American Type
Culture Collection (ATCC). The cells were grown with Dulbecco's Modified Eagle Medium
(DMEM) growth media comprising of 4.5 g/L glucose, 3.7 g/L sodium bicarbonate, 584 mg/L L-
glutamine, and 110 mg/L sodium pyruvate (#SH30243FS, Fisher Scientific) in T75 culture flasks
(#C353136, Corning Life Sciences). The medium was further supplemented with 1% v/v
antibiotic/antimycotic (A/A) (#15240062, Invitrogen) and 10% v/v fetal bovine serum (FBS)
(#A7906-100G, Sigma-Aldrich-Aldrich) with a pH ranging 7.2-7.4. The HEK-293 cells were
incubated at a temperature of 37°C with 5% CO2(). When the cells reached about 80-90%
confluency, the old medium was discarded, and the cells in the flask were washed carefully with
4 mL of non-supplemented DMEM medium. After washing, the cells were treated with 2.5 mL of
0.25% (w/v) trypsin-ethylenediaminetetraacetic acid (EDTA) (#25200056, Fisher Scientific) and
were incubated for 2 minutes at 37°C for the cell detachment from the flask surface. Following
incubation, the spent trypsin was discarded and 14 mL of supplemented DMEM growth medium
was added to the flask for forming a cell suspension by mixing with pipetting.Finally, 1 mL of the
cell suspension was transferred to a new T75 flask containing 14 mL of fresh DMEM growth

medium and incubated at a temperature of 37°C with 5% CO2(g).

2.1.2. THP-1 monocyte cell culture and differentiation
THP-1 monocytic cells (ATCC) were grown with Roswell Park Memorial Institute
(RPMI)-1640 media comprising of 25 mM HEPES and 0.3 mg/LL L-glutamine

(#SH30255.01,HyClone) in T75 culture flasks (#C353136, Corning Life Sciences). The
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medium was further supplemented with 1% v/v A/A (#15240062, Invitrogen) and 10% v/v
fetal bovine serum (FBS) (#A7906-100G, Sigma-Aldrich-Aldrich), and the cells were
incubated at a temperature of 37°C with 5% CO2(g). After 4 days of incubation, 3 mL (8 x
10 cells/mL) of the cell suspension was transferred to a new T75 flask containing 12 mL of
supplemented RPMI-1640 growth medium, and cells were incubated at a temperature of 37°C

with 5% CO2(g).

For differentiating THP-1 cells, when the cell concentration reached 8 x 10° cells/mL, the
cell suspension was transferred to a 15 mL centrifuge tube and spun down at 200 g for 5 minutes.
Following centrifugation, the supernatant was discarded carefully and 5 mL of conditioned
medium RPMI-1640 was added to the cell pellets and mixed thoroughly. The cells were counted
with a hemocytometer and 100 pL of 1 x 104 cells/mL were added to dark, clear-bottom 96-well
microplate for ROS assay (see section 2.6.1) with 100 nM of phorbol 12-myristate-13-acetate
(PMA) (#79346, Sigma). Whereas 2.5 mL of 1 x 10° cells/mL was added with 100 nM of PMA
in clear 6 well plates for thiobarbituric acid reactive substance TBARS assay (see section 2.6.2).
After 48 hours of incubation of cells with PMA, the cells were washed three times with RPMI-
1640 without FBS and A/A, and then incubated with RPMI-1640 media containing 0.2% w/v fatty
acid free-bovine serum albumin (#A7906-100G ,FAF-BSA) (Sigma), 1% v/v A/A, and 100 nM
PMA. After 24 hours of incubation, the cells were washed once with RPMI-1640 media and
incubated for 1 hour by supplementing RPMI-1640 media with 0.2 % w/v FAF-BSA, 1% v/v A/A,
100 nM PMA and 25 pg/mL tetrahydrolypstatin (THL) (#04139, Sigma-Aldrich) dissolved in
dimethyl sulfoxide (DMSO) (#276855, Sigma- Aldrich). The THL was added to the cells to inhibit

any endogenous lipase activity.
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2.1.3. Cell counting and cell seeding using trypan blue exclusion assay

The number of viable cells, before treatment with LPL HPs or non-HPs, was assessed
using Trypan Blue. Briefly, the monocyte cells after 4 days of sub-culturing were placed into a
15 mL centrifuge tube. The cells were centrifuged at 200 g for 5 minutes and the supernatant
was removed. Following supernatant removal, the cell pellets were mixed thoroughly with 5
mL of RPMI media supplemented with 10% FBS and 1% A/A (see section 2.1.2). In a separate
microfuge tube, 30 puL of cell suspension was mixed with 30 pL of 0.4% (w/v) trypan blue (#25-
900-CI, Corning). The cells were then loaded into a hemocytometer and live cells were counted
in a specified area under the microscope. The following formula was used to calculate cell

seeding density in cells per mL:

Seeding Density = Cells in four quadrants x 2 x 104

4
2.2. HEK-293 transfection with recombinant LPL plasmid

2.2.1. HEK-293 cell transfection
HEK-293 cells at 70-80% confluency in T75 flasks were washed with 4 mL non-
supplemented DMEM and treated with trypsin (per section 2.1.1). After separation of cells from
the flask surface, 21 mL supplemented DMEM growth medium was added and mixed to the cell
suspension, from which 10 mL of cells were seeded in two 10 cm cell culture dishes. For 24
hours, the cells were incubated at 37°C with 5% CO2 (g). Following incubation, cells were
transfected with Lipofectamine™ transfection reagent (#11668027, Fisher Scientific) and Opti-
MEM reduced serum media (#31985070, ThermoFisher Scientific) containing 5.85 pg of

pcDNA3.LPL plasmid or without plasmid (control)
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[128]. The pcDNA3.LPL plasmid was generated using pcDNA3 containing the human LPL cDNA
[GenBank:NM 000237] (pcDNA3.LPL, a gift from Dr. Daniel Rader, University of
Pennsylvania, Philadelphia, PA, USA) using Escherichia coli DH5a. competent cells (#60602-1,
Lucigen). Previous data from our laboratory report no changes in the activity of lipase between
transfected control cells with an empty pcDNA3 vector and transfected cells withno vector [94].
After a 5 hour incubation period, 5.8 mL supplemented DMEM growth medium with 20% v/v
FBS and 2% v/v A/A was added to the cells and incubated for 19 hours at 37°C with 5% CO2.
Following the incubation period, the cells were washed using 5 mL of DMEM andwere treated
with 5 mL of heparinized DMEM containing 1% v/v A/A and 10 U/mL heparin (# C504710,
Organon) for 23.5 hours at 37°C with 5% CO2 . Addition of heparin allows the medium to contain
the LPL, as heparin displaces LPL from the cells to the medium. After incubation, cells were then
treated with 1 mL of heparinized DMEM containing 100 U/mL heparin and 1% v/v A/A and were
incubated for 30 minutes at 37°C with 5% CO2(g). In 15 mL centrifuge tubes, media from both
plates containing control and LPL were centrifuged to remove the cell debris. Finally, LPL-

containing media and control media were aliquoted in 1.5 mL tubes and stored at -80°C until use.
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2.3. Qualitative and quantitative analysis of LPL

2.3.1. LPL activity assay

LPL activity was assessed using 1, 2-O-dilauryl-rac-glycero-3-glutaric-resorufin ester
(#D7816-10MG, Sigma) as substrate, as previously described by Lehner ef al. [84]. In brief, 2
mg of resorufin ester was added in 1 mL of dioxane (Sigma) to prepare a resorufin ester stock;
the stock was stored at 4°C until needed. In triplicate, 15 pL of heparinized media having LPL
orcontrol media acquired from transfected HEK-293 cells (see section 2.2.2) was mixed with
165 pL of a lipase assay buffer (20 mM Tris, 1 mM EDTA, pH 8.0) in a clear, lidless and non-
sterile 96 well plate (#12565226, ThermoFisher Scientific). Next, the lipase assay buffer was
added as a diluent to 20 pL resorufin ester to yield a 0.3 mg/mL concentration, which was added
to each sample well containing LPL or control media (15 pL of heparinized media having LPL/
control media and 165 pL of a lipase assay buffer). The absorbance of the plate was read at 572
nm over 60 minutes at 25°C using a Synergy Mx fluorescent plate reader (Bio-Tek). The standard
curve was obtained by dilution of 400 uM resorufin ester stock in 200 pL lipase assay buffer to
0,1, 2, 3, 4, 6, 10, 15, 20, 40 uM concentrations. Using that standard curve, the rate of
concentration of resorufin released was determined, where the linear portion of the kinetic graph

was used to plot the bar chart activity of LPL and control samples.

2.3.2. SDS-PAGE and immunoblot analysis

Heparinized media from LPL-expressing (or control) cells were analyzed by sodium
dodecyl sulfide polyacrylamide gel electrophoresis (SDS-PAGE) to investigate if LPL
transfections were successful. A 10% w/v resolving gel and a 4% w/v stacking gel was prepared
from a stock solution of 30% acrylamide:bis-acrylamide (#A3574, Sigma-Aldrich). A total of

37.5 pL of heparinized media was mixed with 12.5 uL of 4x a sample lysis buffer (50% v/v
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glycerol, 6% v/v B-mercaptoethanol, 10% w/v SDS, and 0.01% w/v bromophenol blue). The
mixture was boiled at 100°C for 6 minutes. Following boiling, 20 puL of each sample was loaded
into the SDS-PAGE gel. The gel ran for 45 minutes at 200 V, using a running buffer that consists
of 1X Tris-glycine-SDS (TGS) solution with a pH of 7.4 diluted from 10x TGS containing 25 mM
Tris, 192 mM glycine, and 0.1% SDS (#1610772, Bio-Rad). The proteins were transferred using
an ice-cold transfer buffer of TGS with 20 % v/v methanol (#A456-4, ThermoFisher Scientific)
onto a nitrocellulose membrane (#1620115, Bio-Rad) at 300 mA for 3 hours at 4°C. Following the
transfer, a blocking solution of 5% w/v bovine serum albumin (BSA) (#A7906, Sigma-Aldrich),
0.05% v/v Tween-20 (#P9416, Sigma-Aldrich), and 0.05% w/v sodium azide (ThermoFisher
Scientific) in 1X Tris-buffered saline (TBS) (which is prepared from 10x premixed electrophoresis
buffer containing 25 mM Tris, 192 mM glycine) at pH 7.4 was incubated with the membrane at
4°C overnight on a rocking platform. Next, the blocking solution was replaced with a 1:2,000
dilution of a polyclonal anti-human LPL antibody (#sc- 32885, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in 5% BSA, then incubated overnight with rocking at 4°C. Th next day, the
membrane was washed four times for 10 minutes

with 15 mL of TBS containing 0.05% v/v Tween-20 in a rocking platform. The membrane was
then incubated with secondary antibody with 1:2,000 dilution of a horseradish peroxidase-
conjugated anti-rabbit IgG (#SA1-200, Pierce Biotechnology, Rockford, IL, USA) in 5% BSA,
incubated for 2 hours with rocking. Following incubation, the membrane was washed 4 times with
TBS containing 0.05% v/v Tween-20 for 10 minutes each while rocking. Lastly, for the protein
visualization, the membrane was treated with the ECL™ Western Blotting Detection Kitsolution

(#RPN2232, GE Healthcare), according to manufacturer's instructions. The ImageQuant
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4000 gel imager (GE Healthcare) was used to detect the chemiluminescence, and ImageJ

software for semi-quantifying the protein bands formed in the image.

2.4. Lipoproteins
Human VLDL (cat. #365-10, Lee Biosolutions), with a triglyceride content of 11,740
mg/dL and total cholesterol of 3,360 mg/dL; and human CM (cat. #194-14, Lee Biosolutions),
with a TG content of 8,580 mg/dL and total cholesterol of 670 mg/dL; were purchased and

stored at -80°C until needed.

2.5. Lipoprotein HPs generation, quantification, and incubation with THP-1 macrophages
2.5.1. Lipoprotein hydrolysis by LPL
The VLDL and CM Lps (see section 2.4) were diluted with PBS to 1:16 of its original
concentration. The dilution of Lp should have been carried out with supplemented RPMI instead
of PBS to avoid cell nutrient deprivation. The diluted Lp was further mixed with heparinized
media containing LPL or control in 1:1 ratio to generate Lp HPs. The mixtures were then
incubated at 37°C for 4 hours and, right after incubation, they were put on ice. The quantification
of FFA liberated from the Lps were determined (see section 2.5.2). Finally, the Lp HPs by LPL

or control were used promptly to incubate THP-1 macrophages (see section 2.5.3).

2.5.2. FFA quantification from lipoprotein HPs

The measurement of total FFA produced from Lp lipid hydrolysis by LPL was carried
out using the non-esterified free fatty acid (NEFA)-HR (2) commercial kit (Wako) per
manufacturer’s instructions. In brief, 4 uL. of LPL HPs or non-HPs were added to a well in a
clear, lidless, and non-sterile 96 well plate (#12565226, ThermoFisher Scientific). From the kit,

225 pL of Solvent A was added to the sample well and the plate was then incubated for 10
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minutes at 37°C. After incubation, 75 pL of Solvent B was added to the samples, which were
incubated at 37°C for another 10 minutes. The Synergy Mx fluorescent plate reader was used to
measure the samples with absorbance of 550 nm at 37°C. A standard curve was obtained from a
NEFA stock solution within the kit, containing 1 mM oleic acid, which was diluted to 0, 0.5, 0.75,
1, 1.5, 2, or 4 uL with distilled H20O to reach a final volume of 4 puL in each well. Solutions A and
B were then used, as above. The standard curve was used to find the concentration of FFAin each

sample having HPs and non-HPs.

2.5.3. THP-1 macrophage treatment with lipoprotein HPs

Using Lp HPs were added to differentiated THP-1 cells (see section 2.1.2). At 48 hours
of differentiation, cells were washed three times with plain RPMI-1640 and then incubated with
RPMI-1640 supplemented with 0.2% w/v FAF-BSA, 1% v/v A/A, and 100 nM PMA for 24 hours
at 37°C with 5% CO2 (g). Following 24-hour incubation, the cells were subjected to 1 hour pre-
treatment with the fatty acid-free medium solution comprising of 0.2% FAF-BSA, 1% A/A, 100
nM PMA, and 25 pg/mL THL. During this time, Lp HPs generated by LPL were diluted to 0.25,
0.5,and 0.75 mM concentration with the fatty acid medium solution described above. Heparinized
media from control-transfected cells, diluted to mimic the diluted volumes from LPL-containing
media, were also prepared. Following the pre-treatment, the spent media from the cells was
removed and LPL HPs or non-HPs with or without 100 pm of NOXi, apocynin (#178385-1GM,
Sigma-aldrich) diluted in DMSO were added to the THP-1 macrophage cells in triplicate for 24

hours treatment period at 37°C.
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2.6. Analysis of THP-1 macrophage cell oxidative stress
2.6.1. Measurement of ROS with ROS assay
ROS formation by THP-1 macrophages in the absence or presence of HPs over 24 hours
(see section 2.5.4) in a 96 well plate was quantified using the DCFDA / H2DCFDA - Cellular
ROS Assay Kit (ab113851, Abcam). Four hours prior to completion of the 24-hour treatment,
100 pL of 500 uM fert-butyl hydroperoxide (TBHP) was diluted with 9 parts 1X Buffer to 1
part FBS, were added to three wells, as positive controls provided with the kit, and incubated
the plate at 37°C for 4 hours. At 45 minutes prior to the completion of the 24-hour treatment,
100 puL of 25 uM DCFDA diluted with RPMI-1640, with L-glutamine, no phenol (#11835030,
ThermoFisher Scientific ), supplemented with 0.2% FAF-BSA, 1% A/A, 100 nM PMA, and 25
png/mL THL, was added to all the cells and incubated at 37°C for 45 minutes and wrapped with
aluminum foil to avoid light. Following that, the supernatant was transferred from each well to
new wells of the dark, clear bottom 96 well plate. The plate containing both media and cells was
measured immediately using Synergy Mx fluorescent plate reader at Ex/Em = 485/535 nm in
end point mode with auto gain. Blank well intensity was subtracted from each sample’s
fluorescence to give the corrected fluorescence intensity for each sample. The corrected
fluorescence intensity is proportional to ROS production. Following reading, the plate
containing the cells were treated with 0.1 M NaOH for 30 minutes at room temperature for cell
lysis. Following 30 minutes, the protein concentration of the cell lysates was determined using
bicinchonic acid (BCA) (see section 2.6.3). The ROS production was normalized by the protein

concentration of each well.
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2.6.2. Measurement of MDA with TBAR assay

The quantification of MDA formation from the THP-1 macrophage cells and media after
a 24- hour treatment with hydrolysis or non-HPs in a 6 well plate was carried out using a TBARS
Parameter Assay Kit (#KGEO013, R&D Systems Inc.). After 24 hours of treatment, the media were
collected and stored at -80°C until further use. After collection of the media, the cells were washed
with cold PBS and then were resuspended at 1 x 10° cells/mL in the cell lysis buffer 3 (#895366,
R&D Systems Inc.), diluted 5-fold with distilled water. Following addition of buffer, cells were
incubated with gentle agitation for 30 minutes at 4 °C. After 30 minutes, the cells were stored at
<-20 °C until further use.

For carrying out the TBARS assay in the cell and media samples, firstly, MDA stock was
generated. To prepare it, 100 uL of TBARS Standard was added to 200 uL of TBARS acid reagent
provided with the kit) and kept at room temperature with gentle agitation for 30 minutes to
producel67 uM MDA stock solution. After 30 minutes, the MDA stock solution was diluted to
8.35, 4.18,2.09, 1.04, 0.52, 0.26 and 0 puM concentration with deionized water. Using that

standard curve, concentration of MDA formed in the cells and media samples were determined.

Secondly, for sample preparation, 300 pL of each sample was treated with 300 pL
TBARS acidreagent in microfuge tubes and incubated for 15 minutes at room temperature. After
15 minutes, the microfuge tubes were centrifuged at > 12,000 x g for 4 minutes and the

supernatant was collected for the TBARS assay.

Finally, in triplicate, 150 pL standards and samples were loaded to each well of the
microplatestrips provided with the kit and 75 pL of thiobarbituric acid (TBA) reagent were added
to the standard and sample wells. The pre-optical density was taken of each well using

Synergy Mx. fluorescent plate reader set to 532 nm absorbance and 37°C. The microplate was
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then covered withthe adhesive strip provided and was incubated for 3 hours at 47 °C. Following
3 hours, the final optical density of each well was determined at 532 nm absorbance and at a
temperature of 47 °C.The pre-reading was then subtracted from the final reading to determine
sample MDA formation. The protein concentration was determined using BCA (see section

2.6.3), for normalization of sample MDA formation.

2.6.3. BCA assay
The protein concentration of cell lysate was carried out using a BCA Protein Assay kit
(#P123235, Fisher Scientific), following the manufacturer's instructions. The standard of albumin
at 0, 25, 125, 250, 500, 750, 1,000, 1,500, and 2,000 mg/mL was diluted with 1X PBS for

generating a standard curve.

In triplicate, 25 pL standards and samples were loaded to each well of a clear, without lid
and non-sterile 96 well plate and 200 uL. of BCA assay buffer were added to the standard and
samplewells and was incubated at 37°C for 30 minutes. The plate was then read at absorbance 562
nm using a PowerWave XS microplate reader. The absorbance reading was corrected from the

diluentabsorbance reading to calculate the protein concentration of the samples.

2.7. In silico analysis

Gene expression data from human macrophage (GSE84791) and astrocyte lines
(GSE76696) were obtained from the Gene Expression Omnibus (GEO) database (GPL570-
Affymetrix Human Genome U133 Plus 2.0 Array platform). The RAW file downloaded from the
GEO database was converted to CEL file using PeaZip software and was uploaded at

Transcriptome analysis console (TAC) 4.0. The TAC 4.0 was used to obtain and analyze the

38



differential gene expressions (DEGs) in two cell lines. The visualization features such as the Venn

diagram allowed to view and analyze the common gene expression data when the cell lines were

treated with LPL HPs.

2.8. Statistical analysis

In this study, only two sets of experiments (n=2) were carried out to measure resultant
ROS and MDA level in THP-1 cells in response to VLDL and CM HPs by LPL with and
without NOXi. The two sets of experiments thus do not provide statistical information. Thus,
the resultant ROS or MDA changes were interpreted as potential increases or decreases, when
the SD among samples did not overlap. For the triplicate studies (n=3), the unpaired Student’s
t-test or one-way ANOVA were performed. All data are shown as mean + SD. The statistical
significance was represented as follows: Not significant P > 0.05; * P <0.05; ** P <0.01; and

*#k P <0.001.
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Chapter 3: Results

3.1. Analyzing recombinant human LPL obtained using HEK-293 transfection

3.1.1. Immunoblot and activity assay of recombinant human LPL

The western blot analysis was carried out to confirm the presence of full-length human
LPL protein after the LPL transfection in HEK-293 heparinized media. As expected, the
existence of LPL was validated as a band was observed at 55 kDa in the LPL-transfected HEK-
293 heparinized media lane and there was no band formation at the control-transfected HEK-293
heparinized media lane and blank lane (only distilled water) in the gel image obtained from the
western blot analysis (Figure 3.1A). The immunoblot result confirmed successful transfection of

LPL protein in the heparinized media.

To assess the catalytic activity of the recombinant LPL obtained, a resorufin ester substrate
was used. The heparinized media containing the transfected LPL showed significantly higher
hydrolytic activity in comparison to the control-transfected heparinized media, as anticipated.
The lipase activity which is proportional to the rate of resorufin product formation, demonstrated
LPL-transfected heparinized media having significantly higher (p<0.001) lipase activity of 2.432
+ 0.120 umol/mL/min, whereas control-transfected media showed an activity of 0.069 + 0.008
umol/mL/min, p<0.001 (Figure 3.1B). These results confirmed that LPL was present due to the
band formation at its molecular mass, 55 kDa, and the transfected LPL was active as the lipase
activity was higher in comparison to the control. Thus, the LPL was functional in the heparinized

media, which could be used to generate Lp HPs for later experiments.
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Figure 3.1: Assessment of protein expression and catalytic activity of recombinant LPL

expressed in HEK-293 cells

HEK-293 cells were transfected with or without pcDNA3 including LPL ¢cDNA. Both cell
lysate and heparinized media were collected. (A) Immunoblot analysis of heparinized media
from transfected cells were validated for LPL protein expression, where control was without
LPL plasmid and blank was only distilled water. (B) The enzymatic activity of heparinized
media taken from control and LPL-transfected cells was evaluated using a resorufin ester
substrate. Data are presented as mean = SD from triplicate experiments (n=3). Statistical

analysis was performed using an unpaired z-test, p<0.001 (**%*).
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3.1.2. Hydrolysis of VLDL and CM lipoproteins by LPL
After the verification of active LPL, the Lps VLDL and CMs were diluted with PBS to

1:16 ratio of its original concentration and incubated with either heparinized media with no LPL
or LPL transfected heparinized media for 4 hours at 37°C. As expected, the FFA amount
generated from VLDL HPs by LPL (0.252 £+ 0.002 nmol/uL) was significantly higher (»<0.001)
than VLDL treated with control (0.115 £ 0.009 nmol/uL) as shown in Figure 3.2A. Likewise,
the FFA amount generated from CM by LPL (0.215 + 0.005 nmol/uL) was significantly higher
(»p<0.001) than its control HPs (0.132 + 0.003 nmol/uL) as illustrated in Figure 3.2B. The HPs
were then further diluted to concentration 0.25, 0.5 and 0.75 nmol/puL. with RPMI-1640 media
supplemented with 0.2 % FAF-BSA, 1 % A/A, 100 nM PMA, and 25pg/ mL THL dissolved in
DMSO prior to being used to treat THP-1 macrophage cells. Moreover, the control cells were

treated with the same concentration of the control HPs (0.25, 0.5 and 0.75nmol/uL).
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Figure 3.2: The amount of FFA formed in lipoprotein HPs after incubation with LPL or control-

transfected heparinized media

LPL or control- transfected HEK-293 heparinized media were incubated with Lps for 4 hours
at 37°C to generate HPs. The FFA content of the HPs was measured using the NEFA-HR (2)
commercial kit according to manufacturer's instructions (see section 2.5.2). (A) The FFA
generated from VLDL incubated with LPL or control- transfected HEK-293 heparinized media.
(B) The FFA generated from CM incubated with LPL or control- transfected HEK-293

heparinized media. Data are presented as mean £ SD from triplicate experiments (n=3).
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Statistical analysis was performed with an unpaired #-test, p<0.001 (***) compared to control.
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3.2. The effect of lipoprotein HPs by LPL with or without NOXi on the ROS production of

THP-1 cells and media

In this study, we analyzed the amount of intracellular and extracellular ROS formed in
THP-1cells when treated with VLDL and CM HPs generated by LPL or control-transfected

HEK-293 heparinized media, with or without NOXi for 24 hours at 37 °C.

3.2.1. The effect of VLDL lipoprotein HPs by LPL with or without NOXi on the ROS

production of THP-1 cells and media

One of the objectives of this study was to determine the effect of VLDL Lp HPs on ROS
production by THP-1 cells, in the absence or presence of NOXi. The cells were cultured and
treated for 24 hours with VLDL HPs generated by LPL or control heparinized media, as per
section 2.5.4. The ROS production within the cells and media after 24-hour treatment was
measured using ROS assay (see section 2.5.5). The ROS generation due to Lp HPs was
compared as percent of control, where control was set to 100 %. Therefore, ROS formed in the
cells or media below 100% indicated lower ROS generation in the sample compared to control
and vice versa. The lysates of cells treated with 0.25, 0.5 and 0.75 nmol/uL FFA from VLDL
HPs generated by LPL accounted for intracellular ROS values of 22.2 +26.02%, 35.5 £ 17.96%
and, 883.6 + 182.8%, respectively — all relative to the control. Hence, the intracellular ROS in
THP-1 cells showed a potential decrease in ROS generation proportion to 0.25 and 0.5 nmol/puL.
concentration of FFA but a potential increase for 0.75 nmol/uL concentration of FFA when
treated with VLDL HPs by LPL in relative to control (Figure 3.3). Moreover, the THP-1 cells
incubated with 0.5 nmol/pL FFA of VLDL HPs without and with 100 uM NOXi. The ROS
produced without and with 100 pm NOXi, showed a potential decreased in the intracellular ROS
of 35.5 +£13.23% and 24.4 + 9.92%, respectively, relative to the control (Figure 3.4).
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Figure 3.3: Intracellular ROS potentially decreased for the 0.25 and 0.5 nmol/uL FFA
concentration but potentially increased with 0.75 nmol/pL FFA concentration liberated by

VLDL HPs by LPL vs control

The THP-1 cells were treated with VLDL Lp HPs generated by LPL or control heparinized media
for 24 hours at 37 °C. All the data are normalized with its protein concentration and presented as

a percent of control with mean + SD from duplicate experiments (n=2).
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Figure 3.4: Intracellular ROS potentially decreased with VLDL HPs by LPL with and

without NOXi treatment vs control

THP-1 cells were incubated with 0.5 nmol/uL. FFA of VLDL HPs with or without 100 uM
apocynin (NOXi) for 24 hours at 37 °C. All the data are normalized with its protein
concentration and presented as a percent of control with mean + SD from duplicate experiments

(n=2).
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Figure 3.5: Extracellular ROS potentially decreased for 0.25 nmol/uLFFA concentration but potentially

increases with 0.5 and 0.75 nmol/ uLL FFA concentration liberated by VLDL HPs by LPL vs control

THP-1 cells were incubated with 0.25, 0.5 and 0.75 nmol/puL FFA mixture generated from VLDL
HPs by LPL for 24 hours at 37 °C. All data are normalized with its protein concentration and

presented as a percent of control with mean + SD from duplicate experiments (n=2).
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Thus, intracellular ROS reduces with VLDL HPs by LPL with and without NOXi treatment in

comparison to control.

The media of cells treated with 0.25, 0.5 and 0.75 nmol/uL FFA from VLDL HPs
generated by LPL accounted for extracellular ROS values of 78.4 + 0.2%, 144.4 + 10.06% and,
407.4 £ 560.5%, respectively, all relative to the control. Thus, the extracellular ROS proportion
to the 0.25 nmol/uL concentration of FFA potentially decreased but for 0.5 nmol/uL and 0.75
nmol/pL concentration FFA fromVLDL HPs by LP, showed potential increasing in relative to
control (Figure 3.5). Additionally, the THP-1 cells incubated with 0.5 nmol/uLL FFA of VLDL
HPs without and with 100 pm NOXi, showed a potential no change in the extracellular ROS of

144.4 + 10.06% and 129.9 £ 13.5%, respectively, relative to the control (Figure 3.6).
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Figure 3.6: Extracellular ROS exhibiting potentially no change with VLDL HPs by LPL

with and without NOXi treatment vs control

THP-1 cells were incubated with 0.5 nmol/uL. FFA of VLDL HPs with or without 100 uM NOXi
for 24 hours at 37 °C. All the data are normalized with its protein concentration and presented as

a percent of control with mean + SD from duplicate experiments (n=2).
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3.2.2. The effect of CM HPs by LPL with or without NOXi on the ROS production of

THP-1 cells and media

The next part of the study was to examine ROS levels in the THP-1 cells and media when
treated for 24 hours with CM HPs liberated by LPL or control heparinized media, with or
without NOXi. A trend similar to VLDL HPs by LPL was observed for intracellular ROS in
THP-1 cells when treated with the HPs of CM by LPL or control. The lysates of cells treated
with 0.25, 0.5 and 0.75 nmol/uL FFA from CM HPs generated by LPL accounted for
intracellular ROS values of 32.8 + 0.45, 26.02%, 84.2 +3.68% and, 401.8 £+ 317.5%,
respectively — all relative to the control. Therefore, there was a potential decrease in
intracellular ROS proportion to 0.25 and 0.5 nmol/uL concentration of FFA, whereas it
increased for 0.75 nmol/uL concentration of FFA (Figure 3.7). Moreover, the THP-1 cells
incubated with 0.5 nmol/uL FFA of CM HPs without NOXi potentially increased the
intracellular ROS to 127.7% + 26.71%, whereas with 100 uM NOXij, the intracellular ROS

potentially decreased to 84.3% + 7.49% — all relative to the control (Figure 3.8).

Furthermore, there was a potential decrease in extracellular ROS generation proportion to the
0.25 nmol/uL concentration of FFA but a potential increase for 0.5 and 0.75 nmol/uL
concentration of FFA formed due to CM HPs by LPL in relative to control (Figure 3.9). The
media of cells treated with 0.25, 0.5 and 0.75 nmol/uL FFA from CM HPs generated by LPL
accounted for extracellular ROS values 0of 69.4 +£22.1%, 127.7 £ 89.01% and, 346.1+ 19.73%,
respectively, all relative to the control. Moreover, the THP-1 cells incubated with 0.5 nmol/uL
FFA of CM HPs without and with 100 uM NOXi showed a potential decrease in the
intracellular ROS of 77.5 &+ 26.7% and 53.6 £ 2.76% respectively, all relative to the control

(Figure 3.10).
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Figure 3.7: Intracellular ROS potentially decreased for the 0.25 and 0.5 nmol/pL FFA
concentration but potentially increased with 0.75 nmol/uL FFA concentration liberated by

CM HPs by LPL vs control

The THP-1 cells were treated with CM Lp HPs generated by LPL or control heparinized media
for 24 hours at 37 °C. All data are normalized with its protein concentration and presented as a

percent of control with mean + SD from duplicate experiments (n=2).
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Figure 3.8: Intracellular ROS potentially decreased with CM HPs by LPL and NOXi treatment

vs control

The THP-1 cells were incubated with 0.5 nmol/uL FFA from HPs of CM by LPL with or without
100 uM NOXi for 24 hours at 37 °C. All data are normalized with its protein concentration and

presented as a percent of control with mean + SD from duplicate experiments (n=2).
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Figure 3.9: Extracellular ROS potentially decreased for 0.25 nmol/uL FFA concentration but

increased with 0.5 and 0.75 nmol/uL FFA concentration liberated by CM HPs by LPL vs control

THP-1 cells were incubated with 0.25, 0.5 and 0.75 nmol/uL FFA mixture generated from
CM HPs by LPL for 24 hours at 37 °C. All data are normalized with its protein
concentration and presented as a percent of control with mean = SD from duplicate

experiments.
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Figure 3.10: Extracellular ROS potentially decreased with CM HPs by LPL with and

without NOXi treatment vs control

The THP-1 cells were incubated with 0.5 nmol/uL FFA from HPs of CM and LPL with or
without 100 uM NOXi for 24 hours at 37 °C. All data are normalized with its protein
concentration and presented as a percent of control with mean + SD from duplicate experiments

(n=2).
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3.3. The effect of lipoprotein HPs by LPL with or without NOXi on the MDA production of

THP-1 cells and media

ROS are known to cause oxidative degradation of lipids, forming highly reactive and
unstable lipid peroxides and, thus, develop atherosclerotic lesions [54]. The decomposition
of lipid peroxides results in the formation of TBARS including MDA, hence in this study, we
measured TBARS levels for determining the relative lipid peroxide content in THP-1 cells
treated with VLDL and CM HPs by LPL, with or without 100 uM NOXi. The lipid
peroxidation assay was carried out to measure the resultant intracellular and extracellular
MDA from the THP-1 cells after a 24-hour treatment with Lp HPs generated by LPL (as per
section 2.6.2). The MDA formation due to Lp HPs was compared as a percent of the control.
Therefore, MDA formed in the cells or media below 100% indicated lower MDA production
in the sample compared to control and vice versa. When the THP-1 macrophages were
incubated with 0.5 nmol/uL FFA of VLDL HPs with and without 100 uM NOXi, a potential
no change in intracellular MDA of 85.7 £ 13.3 % and 78 £ 15.4 % respectively, was found
in relative to control (Figure 3.11). Correspondingly, when the THP-1 cells were incubated
with 0.5 nmol/pL FFA of CM with and without 100 uM NOXij, exhibited potential no change
in intracellular MDA of 72.9 = 0.07 % and 91.02 £+ 0.41 %, respectively — relative to the
control (Figure 3.12). Thus, there was potentially no change in intracellular MDA for both

Lps hydrolysis by LPL with and without NOXi treatment in comparison to control.

However, when THP-1 cells were incubated with 0.5 nmol/uL FFA of VLDL HPs, the
extracellular MDA was 101.6 = 1.87 %, and with 100 uM NOXi, the extracellular MDA

potentially decreased to 84.8%, + 4.14 % — all relative to the control (Figure 3.13). Moreover,
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Figure 3.11: Intracellular MDA exhibiting potentially no change with VLDL hydrolysis by

LPL with and without NOXi treatment vs control

THP-1 cells were incubated with 0.5 nmol/uL FFA HPs from CM hydrolysis by LPL, with or
without 100 uM NOXi, for 24 hours at 37 °C. All data are normalized with its protein
concentration and presented as a percent of control with mean + SD from duplicate experiments

(n=2).
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Figure 3.12: Intracellular MDA exhibiting potentially no change with CM hydrolysis by LPL

with and without NOXi treatment vs control

THP-1 cells were incubated with 0.5 nmol/uL FFA HPs from CM hydrolysis by LPL, with or
without 100 pM NOXi for 24 hours, at 37 °C. All data are normalized with its protein
concentration and presented as a percent of control with mean + SD from duplicate experiments

(n=2).
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Figure 3.13: Extracellular MDA increased with VLDL hydrolysis by LPL and decreasedwith

NOXi treatment vs control

THP-1 cells were incubated with 0.5 nmol/uL FFA HPs generated from VLDL hydrolysis byLPL,
without or without 100 uM NOXi for 24 hours at 37 °C. All data are normalized with its protein
concentration and presented as a percent of control with mean + SD from duplicate experiments

(n=2).
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the THP-1cells were incubated with 0.5 nmol/uL FFA of CM HPs, the extracellular MDA was
113.8 + 19.9 %, whereas with 100 um NOXi, the extracellular MDA was 94.5 % + 9.61 %,

relative to the control (Figure 3.14).
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Figure 3.14: Extracellular MDA potentially increased with CM hydrolysis by LPL but

decreases with NOXi treatment vs control

THP-1 cells were incubated with 0.5 nmol/uL FFA from HPs of CM and LPL with or
without 100 uM NOXi for 24 hours at 37 °C. All data are normalized with its protein
concentration and presented as a percent of control with mean + SD from duplicate

experiments (n=2).
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3.4. In silico analysis of available transcriptomic datasets for Lp lipolysis by LPL in

macrophages and astrocytes

In this study, I conducted DEGs analysis using bioinformatics to determine the
common genes between macrophage and astrocyte when they are treated with Lp HPs
generated by LPL or non-HPs control. The cell lines were selected based on macrophages
being linked with CVDs and astrocytes being associated with ischemic stroke [97], as
atherosclerosis is the root cause in both the diseases [4]. Moreover, astrocytes play essential
roles in neuroinflammation and lipid deposition and the cumulative evidence suggests that
astrocyte activation is linked to intracellular brain lipid accumulation [98] and ischemic
stroke [97]. Therefore, I investigated if any correlation between genes expression and Lp
HPs by LPL in both the cell lines. The available transcriptomic datasets - gene expression
analysis of human macrophages exposed to LPL HPs (GSE84791) and expression data from
TG lipolysis products treated human astrocytes (GSE76696) - were obtained from the GEO
database. The analysis and visualization were carried out using Transcriptome Analysis
Console (TAC) 4.0 Software and is illustrated at Figure 3.15. There was a total of 635 DEGs
in both cell lines, where 138 DEGs (subsection A in Venn diagram) reported for only
astrocytes treated with TG lipolysis vs only TG treatment, and 487 DEGs (subsection B in
Venn diagram) for only macrophages treated with LPL HPs vs non-HPs. In addition, we
identified 10 DEGs, ATF3, CHACI, HMOXI, FAM494, PSPH, DUSP2, CH25H, IL6,
IFI44L, and CCNE?2 in both the cell lines (subsection C in Venn diagram). The function and

foldchanges of the 10 DEGs in both cell lines are shown in Table 2.
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B
Macrophage

Figure 3.15: Analysis of DEG expression in Macrophage and Astrocyte

Gene expression data from macrophage (GSE84791) and astrocyte (GSE76696) lines were
obtained from the GEO database. Among ten common genes, ATF3 and HMOXI were co-
upregulated and CCNE2 was co-downregulated in both the cell lines. The gene expression data
were analyzed, and the Venn diagram was generated using TAC 4.0 Software. A= DEG in

astrocyte, B= DEG in macrophage, C= common DEG in both cell lines.
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Table 2: The common genes between macrophages and astrocytes that were affected dueto Lp HP by LPL, where LPL- LPL

Hp ; NH- Non- HP

Macrophage Astrocyte
(LPL Vs,
(LPL Vs,
Gene Description Function NH) NH) P-Value
Symbol
Fold Fold
Change Change
ChaC an ER stress-
glutathione- 1. 4 e gene that
CHACI specific has a function in 1.54E-
sathma- he degradation of -5:53 6.71 05
glutamylcyclo t gl
transferase-1 glutathione [99]
a stress-induced
transcription
factor that plays
Activating vital roles in
ATF3 transcription modulating 4.53E-
factor 3 metabolism, 2.93 5.21 ' 06
immunity, and
oncogenesis
[100]
induced in
HMOX1 Heme response to 2.16 4.21 4.69E-
oxygenase 1 oxidative 05
stressors [101]
) . Involved in
Fasllelzllllerzleth regulation of T
Similarity 49, . cell. .
member A differentiation
FAMAIA | 1 sphoserin ;‘nd lthymus 22.06 2.82 0.001
e phosphatase evelopment
) [102]
It catalyzes
magnesium-
Phosphoserine depenflent
Phosphatase hydrolysis of L- 4.63E-
PSPH phosphoserine and -2.11 2.53 ' 05
is involved in an
exchange reaction
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between L- serine
and L-
phosphoserine.
[103]

DUSP2

Dual specificity
phosphatase 2

They negatively
regulate members
of the mitogen-
activated protein
(MAP) kinase
superfamily
(MAPK/ERK,
SAPK/JNK,
p38), which are
associated with
cellular
proliferation and
differentiation
[104]

-2.29

23

8.72E-05

CH25H

Cholesterol 25-
hydroxylase

Catalyzes the
formation of
25-
hydroxycholest
erol from
cholesterol,
leading to
repressed
cholesterol
biosynthetic
enzymes [105]

2.27

9.70E-07

IL6

Interleukin 6

a soluble mediator
with apleiotropic
effect on
inflammation,
immune response,
and
hematopoiesis
[106]

-3.01

2.26

9.68E-06

IFI44L

Interferon-
inducedprotein
44

a type I interferon
stimulated gen that
encodes a protein
that has modest
activity against
hepatitis C virus
[107]

-11.24

2.16

3.39E-06
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CCNE2 Cyclin E2 Vital for the -2.54 2.2 1.54E-05
regulation ofthe
cell cycle[108]

Note: Analysis type: Expression (Gene); Summarization method: Gene level- Robust Microarray Analysis;
Gene-level fold change <-2 or >2; Gene-level —value <0.05; Anova method: Ebayes.
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Among these DEGs, ATF3 and HMOXI genes were upregulated, and CCNE2 was
downregulated in both the cell lines (Figure 3.15). Both ATF3 and HMOX] encode stress-induced
transcription factors, where ATF3 has been reported to be upregulated due to the ER
stress/unfolded protein response [109]. Moreover, a recent study showed ATF3 may regulate
macrophage foam cell formation, as deletion of ATF3 in Apoe™’” mice led to in vivo increases in
foam cell formation and atherosclerosis progression [110]. HMOXI encodes for a stress-induced
enzyme that catalyzes the degradation of heme into iron, biliverdin and carbon monoxide.
Expression of HMOXI and the gene product has been observed during CVD, including ischemic
injury. Finally, CCNE2, cyclin E2, is a protein coding gene which is vital for the regulation of the
cell cycle and downregulation of CCNE? is involved with cell cycle arrest and apoptosis. Hence,
the results of our in silico analysis suggests that Lp HPs generated by LPLinduce both stress and
apoptosis in both the cell lines. This now paves a pathway for investigation of endoplasmic ER
stress and apoptosis in THP-1 macrophages treated with Lp HPs by LPL vs non-HPs by control,

as ER stress is a likely factor that promotes advanced lesional macrophage death.
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Chapter 4: Discussion
4.1. Lp hydrolysis by LPL modulates NOX expression that may affect the ROS

generation in human macrophages

The transition of macrophages to lipid-laden foam cells plays a key role in the development
of atherosclerosis [111]. Extensive research shows that macrophage LPL promotes foam cell
formation and accelerates atherosclerosis, [112]. Aforementioned, macrophage LPL has been
reported to have a pro-atherogenic effect due to its contribution to increased intracellular
accumulation of TG and cholesteryl ester, and decreased cholesterol efflux resulting in foam cell
formation [113]. Moreover, macrophage NOX is an important source of ROS, where evidence of
elevated ROS amplifying the foam cell formation is an integral component in the pathogenesis of
atherosclerosis [114]. In this study, I analyzed changes in ROS in THP-1 macrophages cell lysate
and media when treated with HPs of VLDL and CM generated by LPL for 24 hours. For the Lp
hydrolysis by LPL, the FFA generated was diluted to 0.25, 0.5, and 0.75 nmol/ul, which falls
under the human normal physiological concentration range [115]. Furthermore, I assessed if HPs
of Lp by LPL may have induced NOX-mediated ROS and whether NOXi may reduce intracellular

and extracellular ROS in THP-1 macrophages.

Previously, study with FFA from VLDL lipolysis by LPL were shown to enhance ROS
production in HAEC [96]. The mechanism of FFA inducing ROS has been reported, such that the
polyunsaturated fatty acid (PUFA) can stimulate ROS production by NOX located in the
membrane of macrophages [116]. In neutrophils, the NOX enzyme complexes are composed of
the heterodimer catalytic core formed by the two membrane subunits (p47-phox and p22-phox).
There are four regulatory cytosolic components (p67-phox, p40-phox, gp91-phox, and Rac)
required for NOX enzyme activation via phosphorylation of the Ser or Thr residue of p47-phox

subunit [117]. This suggests that PUFA stimulate a conformational change of p47-phox to a state
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capable of interacting with p22-phox, an event proportional to superoxide production [119].
Additionally, amphipathic property of PUFA facilitates the production of elevated ROS via NOX
[116]. As the amphipathic property of PUFA causes affinity towards NOX components including,
Rac GTPs, cytochrome b558 and cytochrome C [119,120], their interaction causes changes to the
conformation of NOX components. These changes enhance the complex’s affinity towards
oxygen, and thereby generating ROS [116]. Hence, ROS is produced due to confirmational

changes of NOX because of interactions with PUFA.

I expected enhanced intracellular and extracellular ROS levels with an increasing
concentration of FFA from the lipolysis of Lp by LPL in THP-1 macrophages. Interestingly, the
0.25 and 0.5 nmol/uL FFA concentrations of HPs from both VLDL and CM Lps by LPL
accounted for lower intracellular ROS in comparison to control, and the 0.25 nmol/pL FFA
concentration resulted in lower extracellular ROS in comparison to control. The decrease in ROS
in the treated cells, relative to the controls, may be due to activation of the phosphoinositide 3-
kinase (PI3K)/ protein kinase B (Akt) pathway. The activated Akt signaling pathway could induce
nuclear translocation of nuclear factor-erythroid factor 2-related factor 2 (Nrf2), a basic leucine
zipper region transcription factor of the Cap n’Collar family, which is bound to the E3 ubiquitin
ligase Keapl in the cytosol [121]. The transcription factor Nrf2 is predominantly activated in
response to oxidative stress. Following activation, Nrf2 translocates to the nucleus and binds to
the antioxidant response element (ARE) or the electrophile-response element in the promoter
region of Nrf2 target genes. This binding results in the coordinated expression and activation of
antioxidant, antiapoptotic, metabolic, and detoxification proteins. Proteins with antioxidant
activity regulated by Nrf2 include SOD, catalase, HMOX-1, glutathione peroxidase 1 and
NADPH: quinone oxidoreductase 1 [122]. As oxidative stress occurs due to an imbalance of the

pro-oxidant and antioxidant system, the level of ROS was lowered as the antioxidant system was
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increased to counteract the oxidative stress. Hence, the ROS was maybe potentially lowered due
to the activation of the antioxidant system of the cells which successfully lowered the potential
overall ROS. The above suggests that the 0.25 and 0.5 nmol/uL FFA concentrations may have
stimulated macrophage intracellular antioxidant defense systems that reduces the harmful effects

of ROS.

On the other hand, 0.75 nmol/uL FFA produced potentially very high ROS levels, which
may be due to high ROS, that could have overwhelmed the antioxidant system of the
macrophage. Overall, these data suggest that LPL has a protective function within THP-1
macrophages with lower FFA concentration (0.25 and 0.5 nmol/ul) whereas, with higher FFA
concentration (0.75 nmol/ul) of Lp lipolysis product by LPL, tends to cause overproduction of

ROS.

The resultant ROS level in the media was higher when compared to the cell lysate for the
0.25 and 0.5 nmol/uL FFA concentrations. NOX has been known to be the main source of ROS
delivery to the extracellular space during respiratory bursts and phagocytosis [123]. The major
intracellular ROS production sites exist within mitochondria, including the NOX present in
mitochondria, Complex 1, Complex 2, and Complex 3 of electron transport chain [124],
mitochondrial  alpha-glycerophosphate  dehydrogenase [125] and alpha-ketoglutarate
dehydrogenase [126]. Additionally, the ER accounts for ROS formation during the metabolic
transformation of PUFA [127]. Hence, higher ROS in media could be due to higher NOX activity
in the macrophage membrane versus other sources of intracellular ROS. Moreover, intracellular
ROS may be formed rapidly, and a 24-hour treatment maybe too long to detect theformation. To
confirm this, intracellular and extracellular ROS readings could be taken every hour during a 24-
hour treatment. In future studies, assessment of ROS production in mitochondria and ER of THP-

1 macrophage when incubated with Lp HPs by LPL may provide more detailed insights about
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intracellular ROS in foam cells. Although, for 0.75 nmol/uL FFA concentration, the ROS level in

cell lysate was higher than in media, which could be due to the higher and longer activity of NOX.

Akt is a well-established master kinase involved in various biological processes, including
cell growth and proliferation, apoptosis, and angiogenesis [ 128]. Akt activation occurs when PI3K
is activated due to the binding of growth factors to a G protein-coupled receptor or receptor
tyrosine kinase, including platelet-derived growth factor receptor or epidermal growth factor
receptor [129]. Previously, a study reported that the FFA component of the total Lp HPs by LPL,
predominantly palmitoleate, phosphorylates Ser-473 in the regulatory region and Thr-308 in the
active site and activate Akt in a dose-dependent manner in THP-1 macrophages [130]. The
relevance of PI3K/Akt signaling in activating the NOX enzyme has been confirmed, as
suppression of NOX activity was observed due to PI3K inhibitor wortmannin or 4k#/ knockout
[131]. Therefore, activation of Akt may play a role in the NOX-induced ROS generation in THP-

1 macrophages when incubated with Lp HPs by LPL.

The cells associated with atherosclerosis progression, including VSMCs, ECs, and
macrophages, have been reported to have dysregulation of the PI3K/Akt signaling pathway [132].
The expression and activation of Akt isoforms: Aktl, Akt2, and Akt3 are different in
macrophages than in VSMCs and ECs. Aktl is predominantly expressed in both VSMCs andEC,
whereas Aktl and Akt2 are both highly expressed to same levels in macrophages [133- 135].
Regulation of survival, cytokine secretion, NO synthesis, and programming in macrophages are
carried out by the Akt pathway [136]. In atherosclerosis, Akt isoforms in macrophages may have
entirely distinct or even contradictory effects [137]. Studies report that macrophage Aktl and

Akt2 exhibit opposing outcomes for M1/M2 polarization,
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cholesterol accumulation, and inflammation. Akt2 is atherogenic because it stimulates
inflammation, foam cell formation, M1 phenotype, and chemokine receptor type2-mediated
migration. On the other hand, studies reported Akt3 to impede macrophage foam cell formation
and thus function as athero-protective [ 138]. Thus, in macrophages, Aktl and Akt3 are protective

against atherosclerosis although, Akt3 promotes atherosclerosis.

Interestingly, studies have shown that low concentrations of NOX-mediated H202 can
activate the PI3K/Akt pathway, which results in increased cell proliferation [139]. It has been
proposed that a small increase of H202 via NOXI1 causes enhanced cell cycle progression,
although prolonged high levels of H202 lead to cell arrest and subsequent apoptosis following
sustained arrest [140]. This suggests that the HPs generated by LPL in THP-1 macrophages may
induce NOX-mediated ROS due to activation of PI3K/Akt signaling, where NOX-generated ROS
may sustain PI3K/Akt signaling to result in overproduction of ROS. The overproduction ofROS
upregulates the snoRNA as previously shown by Holley et al. [95], where the siRNA-mediated
knockdown of NOX decreased both snoRNA and ROS. Hence, elevated snoRNA in macrophages
increases oxidative stress and may lead to foam cell formation (Figure 4.1). The model shows that
the HPs generated by LPL may stimulate NOX-mediated ROS production in THP-1 macrophages
because of PI3K/Akt signaling activation, where the activation is sustained due to the NOX-
generated ROS generating enhanced ROS. The enhanced ROS further may upregulate the

snoRNA expression in the macrophages for them to convert to foam cells.
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Figure 4.1: Proposed mechanism in THP-1 cells to convert to foam cells

The LPL HPs have been shown to significantly increase PI3K/Akt activation in
macrophages. The PI3K/Akt signaling stimulates NOX-mediated-ROS generation, which
further sustains activation of PI3K/Akt signaling, leading to ROS overproduction. The
enhanced ROS may upregulate the snoRNA expression in the THP-1 macrophage to

promote foam cell formation.
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For the inhibitory study of ROS production, the NOXi apocynin was used. Apocynin was
chosen because it is one of the most extensively studied NOXi [141]. Moreover, Rutledge et al.

[96] showed that FFA-mediated increases of ROS in HAEC was inhibited by using 100 uM

apocynin. For our inhibitory study, a 0.5 nmol/uL FFA concentration of Lp hydrolysis by LPL
was chosen for treating the THP-1 macrophages, as 0.5 nmol/uL. FFA falls in the mid-range of
the select concentration of this study. As 0.5 nmol/uL FFA concentration of VLDL HPs by LPL
played a protective role in lowering intracellular ROS, NOXi lowered it further relative to control.
Intracellular ROS generated by CM hydrolysis by LPL was higher, and the addition of NOXi
lowered the ROS, as anticipated. The ability of NOXi to lower ROS was mirrored in extracellular
ROS production in THP-1 cell media in response to CM HPs by LPL in comparison to control.
On the other hand, the extracellular ROS was pronounced when VLDL HPs by LPL were treated
with or without NOXi compared to control, although with NOXi there was slight decrease in ROS
compared to without NOXi. Even though apocynin is known as a direct ROS scavenger, other
studies had suggested apocynin to have paradoxical effect, being a pro-oxidant stimulating ROS

production depending on its concentration.

In summary, for treatment of VLDL HPs by LPL in THP-1 macrophages, there was no
effect of NOXi observed, as the intracellular ROS was lower than control and extracellular ROS
was higher than control, with or without NOXi. Conversely, for CM HPs by LPL, there was a
NOXi inhibitory effect, as the enhanced intracellular ROS without NOXi was decreased with
NOXi in comparison to control. However, there was no effect of NOXi observed as the

extracellular ROS was lower than control with or without NOXi.
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4.2. Modulation of NOX expression due to Lp hydrolysis by LPL product does not affect

the extracellular MDA production in human macrophages

A plethora of evidence has documented the ability of ROS to attack membrane lipids
containing carbon-carbon double bonds (such as PUFA chains within PL) and damage them via
lipid peroxidation. The lipid peroxidation of FFA can arise from both enzymatic and non-
enzymatic mechanisms. In enzymatic peroxidation, lipoxygenase plays a role in the generation
of lipid peroxides. On the other hand, in a non-enzymatic mechanism, NOX-induced ROS can
remove hydrogen from a CH2 group of PUFAs, following the production of lipid-hydroperoxide
molecules (LOOH) and new dienyl radicals, which allows the lipid peroxidation chain reaction
to move forward. The generated LOOHSs are then subjected to degradation with the formation of
TBARS including MDA, a reactive aldehyde. The MDA can furthermore propagate oxidative
damage and thus act as downstream mediators of oxidative stress. Increased lipid peroxidation
disrupts the integrity of different cellular structures including DNA and proteins [142].
Moreover, the lipid peroxidation-mediated products can interact with membrane receptors and
transcription factors to stimulate signaling for apoptosis. Activation of both the intrinsic and
extrinsic apoptotic signaling pathways leading to cellular death occurs due to an increase in
MDA [143,144]. Thus, enhanced ROS may increase lipid peroxidation,altering structures of

cellular macromolecules, and resulting in cell death.

In atherogenesis, enhanced lipid peroxidation is reported to be involved during the
conversion of macrophages into foam cells, as it promotes LDL oxidation and accelerates
arterial macrophages to take up ox-LDL [145]. Therefore, in this study, we quantified the
TBARS levels for determining the relative lipid peroxide with or without NOXi in THP-1

cells and media when treated with VLDL and CM HPs by LPL for 24 hours. I used 0.5
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nmol/uL. FFA from VLDL and CM HPs by LPL, and HPs from both the Lps resulted in
lower intracellular MDA levels, relative to the control — with or without NOXi. As the
cellular ROS level with and without NOXi was lower compared to control, the cellular
MDA level showed the same effect. Here, the effect of NOXi cannot be deduced as the

level of MDA without NOXi was already low.

However, the treatment with 0.5 nmol/puL FFA from VLDL HPs by LPL induced
similar extracellular MDA level relative to control without NOXi, which decreased with
NOXi. On the other hand, the treatment with 0.5 nmol/uL. FFA from CM HPs by LPL
induced similar extracellular MDA level relative to control with or without NOXi. This
suggests that FFA from both Lps generated by LPL did not impact on the extracellular

MDA.
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4.3. Lipoprotein HPs induces stress-induced genes and causes cell cycle arrest in

macrophages and astrocytes

To attempt to explain how Lp HPs by LPL may alter the common gene expression in
macrophages and astrocytes, as both the cells play a central role in atherosclerosis, I
investigated the common DEGs in response to Lp HPs by LPL. The results showed that
there were a total 10 common genes, of which CHAC1, FAM494, PSPH, DUSP2, CH25H,
IL6, and IFI44L showed a different trend in regulation, and ATF3 and HMOXI were
upregulated and Cyclin E2 was downregulated in both cell lines (the fold changes of the 10

DEGs in two cell lines are shown in Table 2).

Lp lipolysis products by LPL in both cell lines resulted in the upregulation of ATF3,
which is known to be involved in the intricate process of the cellular stress response and is
thought to play an important role in the cardiovascular system [137]. Studies have shown
that myocardial ischemia to activate unfolded protein response (UPR) and ATF3 via ER
stress [146]. Furthermore, ATF3 has been observed to negatively regulate pro-
inflammatory cytokine expression in macrophages that are known to accelerate
atherosclerosis [147]. On the other hand, in astrocytes, it has been observed that the ATF3
expression was upregulated at the transcriptional level by Nrf2 [148]. As previously
mentioned, Nrf2 binds to the ARE in promoters in response to ROS and enhances the
antioxidant enzymes of the cells [149]. Kim et al., showed that ATF3 expression in
astrocytes was diminished in Nrf2-depleted cells [148], indicating Nrf2 involved in
upregulation of ATF3. Thus, in my study, upregulation of ATF3 in both cell lines due to
Lp hydrolysis products by LPL suggests ROS to play role in Nrf2 and UPR/ER stress

activation. More studies need to be done to confirm this.
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Additionally, HMOX]I, a key player in the maintenance of an antioxidant/oxidant
homeostasis in the body, showed increased expression in both cell lines due to Lp HPs by
LPL. A large body of evidence shows that HMOX] is highly upregulated due to ox-LDLs
in atherosclerotic lesions, including macrophages, foam cells and ECs [150]. Moreover,
there was evidence of an increase in HMOXI, reflecting an adaptive response to
compensate for oxidative stress. In macrophages, HMOXI was reported to provide
antioxidant and anti-inflammatory effects as diminished HMOX1 expression in peritoneal
macrophages caused enhanced ROS formation and increased inflammatory cytokines
[151-154]. Furthermore, upregulation of HMOXI expression accounts for the decrease in
lipid loading and foam cell formation [153], and it has been shown to play a role in
macrophage differentiation and polarization. ROS is a known activator of Nrf2 pathway
[154], and Swindell ef al. suggested that up-regulation of HMOXI in astrocytes may be
due to an Nrf2-mediated mechanism [155]. My results suggest that both ATF3 and
HMOXI might be activating Nrf-2due to ROS generation and thus, the role of LPL needs

to be confirmed.

Finally, the downregulation of CCNE?2 due to Lp HPs in both macrophage and astrocyte
cell lines suggests there is halting of the cell cycle, as the expression of cyclin E is a crucial
factor accelerating cell entry into the S-phase and cell proliferation [156]. This indicates
that LPL plays a role in slowing down the cell cycle, and the progression of atherosclerosis
in both macrophages and astrocytes. Thus, macrophages treated with Lp HPs should be

assessed for ER stress and apoptosis, based on my bioinformatic analysis.
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4.4. Study limitations

In this study, only two sets of experiments were performed to assess resultant ROS and
MDA levels in THP-1 cells when treated with Lp HPs by LPL, with and without NOXi. I was
not able to complete the third set of experiment due to many interruptions in the research work,
which includes two COVID-19 lockdowns and a relocation of the research laboratory.

Furthermore, in the ROS and MDA study, selecting 0.5 nmol/uL. FFA concentration of
HPs was a limitation. The 0.5 nmol/uL FFA concentration of HPs by LPL induced lower ROS
and MDA than the control, hence the inhibitory effect of NOXi could not be validated. I chose
this concentration because 0.5 nmol/uL FFA is the middle concentration from the select
concentration of Lp HPs by LPL in the study. As I had a time limitation with the lockdowns, I
had to carry out the non-inhibitory and inhibitory of NOXi analysis side by side, and I later came
to conclusion that 0.75 nmol/uL FFA concentration of HPs would have been the better choice.

Moreover, another limitation to the study is the use of PBS to dilute the Lps instead of

using RPMI medium, as this may have caused nutrient deprivation in the cells.

4.5. Future directions

The present study suggests NOX could be a potential target to investigate in future studies.
My data indicate that 0.75 nmol/pL or higher FFA concentration generated from both Lps by LPL
could be assessed in the THP-1 cell system for ROS and MDA levels. Furthermore, selective
inhibitors for NOX, such as the NOX1/4 inhibitor GKT136901, could be used. Additionally, the
ROS and MDA measurements can be taken every hour to elucidate the effect of Lp hydrolysis
product by LPL, as 24 hours was a long treatment time. Finally, my bioinformatics study indicates
an upregulation of stress-inducing genes and downregulation of a gene involved in the cell cycle
in macrophage and astrocyte cell lines when subjected to Lp hydrolysis by LPL. Thus, the Nrf2

pathway, ER stress, and apoptosis could be investigated in macrophages to determine the effect
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of LPL.

4.6.0Overall conclusion

This study has shown that LPL HPs may promote the conversion of macrophages into
foam cells through the overproduction of NOX-mediated ROS. The increase of ROS may be
through activation of PI3K/Akt signaling and may have resulted in upregulation of snoRNA
expression previously identified by our laboratory in a THP-1 model of atherosclerosis
Another finding of this study is that the lipolysis of Lp by LPL does not change in intracellular
lipid peroxide level via NOX pathway in THP-1 macrophages, although extracellular MDA
was decreased with NOXi. Furthermore, the in silico study using macrophage and astrocyte
cell lines determined there was an upregulation of stress-inducing genes and downregulation
of agene involved in the cell cycle, that may have led to the cell death pathway in both cell
lines [156]. Overall, the results of this study highlight the potential central role of LPL HPs

in the conversion of foam cells and atherosclerosis progression.
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