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Abstract

Angiotensin II (Ang II) is an important modulator for development of atherosclerosis
from early stage foam cell formation to advanced stage plaque rupture. Recently, the
importance of locally generated Ang II, especially in macrophages, has become more
evident. Generation of Ang II by several enzymes other than ACE and renin has been
shown mainly in vitro. Cathepsin G is one these enzymes which is expressed in
neutrophils and macrophages. Macrophages are one of the primary and crucial cells in
atherosclerotic lesions which become lipid-laden foam cells through lipoprotein uptake.
We hypothesized that activation of nuclear factors in foam cells increases Ang II by
modulation of the renin angiotensin system (RAS) genes and cathepsin G. We also
hypothesized that cathepsin G, through its Ang II generating activity and its other

catalytic functions, promotes atherosclerosis.

The present study assessed the Ang I and II levels and expression of the RAS genes in
THP-1 cells, a human acute monocytic leukemia cell line, and in peritoneal and bone
marrow-derived macrophages after exposure to acetylated LDL (ac-LDL). I also
evaluated how RAS blockade would affect foam cell formation in THP-1 cells. In
parallel, I assessed the role of cathepsin G in Ang II generation and in the progression of
atherosclerosis in cathepsin G heterozygous knockout mice on an Apoe”” background

(Ctsg” ‘Apoe'/ " mice).

Ac-LDL treatment increased Ang I and Ang II levels in cell lysates and media from THP-
1 cells but not in peritoneal or bone marrow-derived macrophages from wild type

C57BL/6 mice. In ac-LDL-treated THP-1 cells, ACE and cathepsin G mRNA levels and
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activities were elevated. Angiotensinogen mRNA also is increased but not the
angiotensinogen protein concentration. Renin mRNA level and activity were not altered
by ac-LDL treatment. Blocking RAS by an AT, receptor blocker, ACE inhibitors or a
renin inhibitor decreased cholesteryl ester content of THP-1 cells after exposure to ac-
LDL. To confirm that the Ang II effect on foam cell formation was not unique to ac-
LDL, we treated the THP-1 macrophages with a renin inhibitor or an AT; receptor
inhibitor after exposure to oxidized LDL (ox-LDL). RAS blockade in ox-LDL-treated
cells also abolished cholesteryl ester formation. To see how Ang II plays a role in foam
cell formation we assessed the effect of RAS inhibitors on SR-A, the principal receptor
for mediating ac-LDL entry into the cells and on acyl-CoA:cholesterol acyl transferase
(ACAT-1), the enzyme responsible for intracellular cholesterol esterification. RAS
blockade in both ac-LDL- and ox-LDL-treated cells decreased SR-A and ACAT-1

protein levels.

Cathepsin G partial deficiency on an Apoe” background did not change Ang IT levels in
peritoneal or bone marrow-derived macrophage cell lysates or media. This deficiency
also did not affect immunoreactive angiotensin peptide levels in atherosclerotic lesions.
After 8 weeks on a high fat diet Ctng'Apoe'/' mice were similar to Ctsg+/+Apoe'/' mice in
terms of lesion size and serum cholesterol levels but the Crsg™*Apoe”” mice had more
advanced lesions with more collagen and smooth muscle cells and fewer macrophages.
Moreover, Ctsg"” Apoe” mice had more apoptotic cells than their Ctsg™ Apoe”

littermates.

Overall, our findings indicate that Ang II is increased in foam cells and this endogenous

Ang 1II is involved in cholesteryl ester formation, possibly by regulating the levels of
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ACAT-1 and SR-A. We did not find any role for cathepsin G in generation of Ang II in
mice but cathepsin G does, nevertheless, promote the progression of atherosclerotic

lesions to a more advanced stage.
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1GENERAL INTRODUCTION

1.0 Overview

Cardiovascular diseases are the prominent cause of morbidity and mortality in western
society. Atherosclerosis is characterized by an accumulation of cholesterol deposits in
macrophages in large- and medium- sized arteries. These deposits lead to proliferation of
certain cell types within the arterial wall and this expansion can gradually impinge on the
lumen of the vessel and impede blood flow. Atherosclerosis is the major cause of stroke

and myocardial infarction (Stocker and Keaney, 2004, Roger et al., 2012).

The renin angiotensin system (RAS) is a key modulator of atherosclerosis. Angll the
main player of this system is involved in all steps of atherosclerosis from initiation to
progression and complications (Sata and Fukuda, 2010). Ang II is present in human and
mouse atherosclerotic lesions. Ang II peptide is co-localized with CD68" cells which are
considered to be active macrophages (Schieffer et al., 2000, Daugherty et al., 2004). All
components of the RAS are present in macrophages in vitro and they are co-localized
with macrophages in vivo (Okamura et al., 1999a, Daugherty et al., 2004). The presence
of renin in bone marrow- derived cells enhances the progression of atherosclerotic
lesions, which emphasizes the importance of locally produced Ang II in macrophages in
the development of atherosclerosis(Lu et al., 2008a). Other than renin and angiotensin
converting enzyme (ACE), cathepsin G is one of the enzymes that is able to generate Ang
IT directly from angiotensinogen or from angiotensin I (Ramaha and Patston, 2002b).

This enzyme is expressed in neutrophils and monocytes (Wintroub et al., 1984, Panush,



1989). In human atherosclerotic lesions cathepsin G mRNA level is higher than in normal

carotid artery (Legedz et al., 2004a).

The pattern of gene expression in macrophages present in atherosclerotic lesions due to
uptake of lipids is changed. This is the result of activation of several transcription factors
like peroxisome proliferator-activated receptors (PPARs) and hypoxia inducing factor
(HIF) (Hung et al., 2006b, Whatling et al., 2004). The activated nuclear factors can
potentially enhance the Ang II level in macrophages. The angiotensinogen gene has a
PPARa site in its promoter and HIF also regulates cathepsin G expression during

hematopoiesis (Shimamoto et al., 2004a, van den Beucken et al., 2007) .

Macrophages within lesions take up lipids in different forms and via different pathways
and, as a result they form lipid droplets composed primarily of cholesterol esters.
Formation of lipid droplets depends on activity of the endoplasmic reticulum enzyme,
acyl-CoA cholesterol acyl transferase (ACAT) and efflux of cholesterol via ATP-
binding cassette sub type A1 (ABCA-1)(Moore and Tabas, 2011). ACAT expression is
enhanced by exogenous Ang II (Kanome et al., 2008a). Ang II also decreases ABCA1
protein level. Together Ang II can elevate cholesterol ester which is the main component

of the lipid droplets of macrophages.

We hypothesized that lipoprotein uptake increases endogenous Ang II production in
macrophages by affecting the enzymes and substrates responsible for Ang II generation
which, in turn, enhances lipid droplet formation. This suggests a positive feed- back loop
in foam cell formation with Ang II being a major player. We also have evaluated the role

of cathepsin G in Ang II production and its role in atherosclerosis development in vivo.



1.1Atherosclerosis

Atherosclerosis is defined by cholesterol deposition in large and medium size arteries,
which initiates an inflammatory reaction leading to the presence of macrophages and
other inflammatory cells in the sub-endothelial space which over years blocks the vessel
lumen and impedes blood flow. Several theories exist in terms of initiation of
atherosclerosis: the very first theory from the 19t century did not assume any active role
for cells and related atherosclerosis to intimal thickening and deposition of lipid —
mucopolysaccharides complexes in the sub-endothelial space(Virchow, 1989). A second
subsequent theory purposed that endothelial denudation leads to recruitment of
inflammatory cells and passage of lipoproteins. Inflammatory cells secrete cytokines and
vasoactive molecules that initiate inflammatory cascades. This theory is called “response
to injury” (Ross and Glomset, 1976b, Ross and Glomset, 1976a). The problem with this
theory is that endothelial cell (EC) denudation is not essential for lipoproteins and
inflammatory cell passage into the intima and both lipoproteins and inflammatory cells
can pass through intact endothelium. This led to a third theory called “response to
retention”. Based on this theory, apolipoprotein B (apo B)-containing lipoproteins are
retained in the sub- endothelial space and react with proteoglycans. Retained lipoproteins
form aggregates and start a chemotactic inflammatory reaction and eventually aggregates
are taken up by macrophages and smooth muscle cells (SMC)s (Tabas et al., 2007).
Another theory proposes an essential role for lipoprotein modification. In this model low
density lipoproteins (LDL) enter the sub-endothelial space and become chemically
modified which initiates a chemotactic reaction. Based on this theory modified, but not

native LDLs, are taken up by cells (Stocker and Keaney, 2004). The presence of



lipoproteins in ECM changes the integrin signaling to EC and activates P38 mitogen
activated protein kinase (p38MAPK) which in turn activates nuclear factor-x B(NF-kB).
Activated NF-kB up-regulates expression of endothelial adhesion molecules, such as
vascular endothelial cells adhesion molecule-1 (VCAM-1) and selectins. Elevated
adhesion molecules recruit inflammatory cells and initiate atherosclerosis (Orr et al.,
2005) . Regardless of which mechanisms initiate the process, it is now apparent that
different types of inflammatory cells play pivotal roles in the development and
progression of atherosclerosis. Besides different inflammatory cells, the respective roles
of vascular SMCs and endothelial cells (ECs) in development of atherosclerotic lesions

will be discussed here:
1.1.1 Inflammatory cells

While different types of myeloid and lymphoid cell types are involved in progression of
atherosclerosis, macrophages are the predominant cell type in atherosclerotic lesions.
1.1.1.1Monocyte/ macrophage

The presence of monocytes is important for the initiation of atherosclerosis whereas, in
the established lesions, macrophages have a more limited role in determining lesion size
and the cellular and intercellular matrix composition of the lesions. Depletion of CD11b
monocytes by administration of diphtheria toxin to apolipoprotein E-deficient (Apoe’/ D)
mice which are recipient of CD11b—diphtheria toxin receptor transgenic bone marrow
cells reduces the size of early atherosclerotic lesions and this is accompanied by a
decrease in collagen content and a diminished necrotic core. However depletion of
monocytes in Apoe”” mice after 22 weeks of a high fat diet reconstituted with CD11b-

diphtheria toxin receptor transgenic bone marrow for a period of 10 weeks does not affect
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lesion progression, cellularity, collagen or necrotic core size (Stoneman et al., 2007). The
first step in the entry of monocytes and other leukocytes into the sub-endothelial space
consists of their rolling over the endothelium, a process mediated primarily in
atherosclerosis by P-selectin and E-selectin. Combined deficiency of P/E selectins in low
density lipoprotein receptor- deficient (Ldlr”") mice decreased atherosclerotic lesion size
by 80 % at early stages and by 40% at later stages. P-selectin expression on the luminal
side of ECs is increased by an atherogenic diet(Johnson-Tidey et al., 1994, Dong et al.,
1998) . The next step in the influx of leukocytes into the lesion area is their firm adhesion
to ECs facilitated by the interaction of the leukocyte, intracellular adhesion molecule 1
(ICAM-1) with VCAM-1 on the ECs. Lipoproteins, especially lipoproteins containing
apolipoprotein CIII (ApoC III) increase ICAM-1 and VCAM-1 expression (Kawakami et
al., 2006, Verna et al., 2006) . Deficiency in ICAM-1 and VCAM-1 in Ldlr"” mice leads
to attenuated leukocyte adhesion to vascular ECs and homing, but only VCAM-1
deficiency decreases lesion size by gene dosage (Nageh et al., 1997, Dansky et al., 2001,
Cybulsky et al., 2001). Entrance of monocytes into the sub-endothelial space is also
under control of several chemokines. The most important chemokines in the influx of
leukocytes are macrophage chemoattractant protein 1(MCP-1), CX3CL1 and CCLS.
Combined deficiency of these chemokines or their respective receptors reduces bone
marrow monocytosis and atherosclerotic lesion development by 90%. Each of these
chemokines is shown to have partially independent roles in the entry of monocytes into

atherosclerotic lesions (Combadiere et al., 2008) .



1.1.1.2 Dendritic cells

Dendritic cells are present in the vascular wall and their number is increased in
atherosclerosis-prone areas. Dendritic cells are localized within the areas which have high
numbers of T cells. Unstable lesions have more dendritic cells in their shoulder regions

(Bobryshev, 2005).
1.1.1.3 Neutrophils

The presence of neutrophils in atherosclerotic lesions was first shown in monkeys. There
is a positive correlation between blood neutrophil count and the incidence of heart
disease (Kawaguchi et al., 1996, Sweetnam et al., 1997); however, an increase in the
relative number of neutrophils in murine blood due to disrupted CXCL12 and CXCR4
signaling enhances atherosclerotic lesion development in both Apoe ” and Ldlr’ mice.
Depletion of neutrophils in the same model reversed the enhanced hematopoiesis-induced
exacerbation of atherosclerosis (Zernecke et al., 2008). Despite the existence of many
molecules in neutrophils that could potentially promote atherogenesis, the actual
mechanisms which enhance atherosclerosis progression have yet to be defined.
Neutrophils may pave the way for monocyte entry at early stages of atherosclerosis.
Neutrophils may be detected in the shoulder region of rupture-prone lesions and may
decrease SMCs and collagen and increase the volume of the necrotic core due to their
short life-span and increase the chance of secondary necrosis in advanced atherosclerotic

plaques(Bjorkbacka, 2011) .

1.1.1.4 T lymphocytes



Recruitment of T cells to atherosclerosis-prone sites of vessels is accelerated. CD4"™ T
lymphocytes which are predominant in lesions are proatherogenic, whereas lesions-
associated regulatory T-cells seem to be athero-protective. Natural killer (NK) T cells are
also present in atherosclerotic lesions (Mallat et al., 2003, Robertson and Hansson, 2006).
Chimeric Ldlr” mice which have been reconstituted with bone marrow having
functionally deficient NK T-cells develop 70 % and 40% less atherosclerotic lesions in
the aortic root and aortic arch , respectively (Whitman et al., 2004, Galkina and Ley,

2009) .
1.1.1.5 B- lymphocytes

B cells are present in atherosclerotic lesions. Bl cells due to their secretion of IgM
against oxidized low density lipoprotein (ox-LDL) have a protective role in lesion
development, whereas transfer of B2 cells into immunodeficient Apoe” mice has

proatherogenic activity (Lewis et al., 2009, Kyaw et al., 2010).
1.1.1.6 Mast cells

Mast cells are present in vulnerable plaques. Mast cells secrete chymase, a neutral serine
protease, which activates matrix metalloproteinase, degrades collagen and may contribute
to Ang II formation. Therefore, chymase enhances plaque vulnerability(Lindstedt et al.,
2007) . Mast cells decrease collagen contents and the fibrotic cap of atherosclerotic
lesions. They also increase inflammation by I1-6 and IFNy secretion in an atherosclerosis

milieu (Leskinen et al., 2006, Sun et al., 2007).



1.1.1.7 Platelets

They are found at different stages of atherosclerosis and by forming a bridge through
their P-selectins can attract inflammatory cells to the atherosclerotic lesions (Galkina and

Ley, 2009) .

1.1.2 Smooth muscle cells:

In contrast to humans, some animal models of atherosclerosis such as mice and rats do
not have SMCs in their intimal layer in the non-diseased state (Stary et al., 1992) . The
SMCs in intima and media have different phenotypes. Whereas the SMCs in media have
a contractile phenotype with a high contraction capacity those in the intima have a
synthetic phenotype with greater motility, proliferation and secretion (Worth et al., 2001).
In vitro studies show that, in response to stimuli such as growth factors (eg; TGFp) ,
extracellular matrix proteins, shear stress and reactive oxygen species, SMC with a
contractile phenotype can become synthetic (Hedin et al., 1989, Corjay et al., 1989,
Reusch et al., 1996, Su et al., 2001) . SMCs, by taking up lipids, can become foam cells.
Diet-induced atherosclerosis and cytokines such as tumor necrosis factor alpha (TNFa)
and interleukin 1 beta (IL1-f) enhance the expression of LDL receptors, very low density
lipoprotein (vVLDL) receptors and scavenger receptors on SMC which favors the uptake
of native, acetylated, aggregated and enzymatically modified LDLs and chylomicron
remnants. CXCL16/SR-PSOX which is only expressed by SMCs in atherosclerotic
vessels might be responsible for uptake of ox-LDL (Li et al., 1995, Yu and Mamo, 1997,
Klouche et al., 2000, Wagsater et al., 2004, Ruan et al., 2006). SMCs in lesion- prone
areas of vessels in both humans and mice express adhesion molecules ICAM-1, VCAM-1

and CX3CL,.In atherosclerotic lesions these adhesion molecules are co-localized with
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macrophages and monocytes and are involved in the retention of leukocytes in the sub-
endothelial space. In vitro data suggests that the SMC-monocyte interaction leads to the
activation of the Akt ,PI3 kinase pathway and down-regulates pro-apoptotic proteins and
thus promotes macrophage survival. Besides maintaining monocyte viability this
interaction also enhances secretion of chemokines and cytokines by SMCs and
macrophages including I1-6 and MCP-1(O'Brien et al., 1993, Endres et al., 1997, Braun
et al.,, 1999, Wong et al., 2002, Cai et al., 2004, Chen et al., 2009). Other cytokines ,
chemokines and growth factors are secreted by SMCs in atherosclerosis including
interleukin 1 (IL-1), interleukin 18 (IL-18), interferon gamma (IFNy), MCP-1, migratory
inhibitor factor (MIF), TGFp and platelet-derived growth factor (PDGF) but, due to the
redundancy in origin of these factors the relative contribution of SMC to lesion
progression is not clearly defined. Overall, SMC- derived bioreactive factors are thought
to increase in adhesion molecule expression, leukocyte recruitment, extracellular matrix
(ECM)-remodeling and SMC proliferation and migration (Raines and Ferri, 2005).

SMCs are the main producer of ECM in both the healthy and atherosclerotic vessel wall.
Whereas, in the healthy vessel walls, the ECM consists mainly of collagen type I and III,
in the atherosclerotic vessel walls, the ECM contains proteoglycans and scattered type I
collagen and fibronectin. This composition leads to increased lipoprotein retention in the
ECM and LDL uptake by macrophages. Ox-LDL in turn regulates ECM synthesis by
SMCs; enhances biglycan synthesis with elevated lipoprotein retention in the ECM.
Modified ECM stimulates VSMC proliferation by down-regulation of the cyclin-
dependent kinase 2 (Cdk2) inhibitor p27Kipl (Hurt et al., 1990, Koyama et al., 1996,

Chang et al., 2000, Roy et al., 2002) .



There is some evidence that SMCs in human lesions can come from progenitor cells in
blood. Approximately, 20% of SMCs in patient who have undergone bone marrow
transplantation show markers of the donor genotype. In mouse atherosclerosis-models
there is conflicting evidence concerning the contribution of blood-borne cells to the
population of lesion-associated SMCs (Sata et al., 2002, Bentzon et al., 2006, Metharom
et al., 2008).

The presence of SMCs in lesions seems to be plaque stabilizing. Targeted diphtheria
toxin- induced killing of SMCs in Apoe”” mice with established lesions reduces the ECM
content and the fibrotic cap and increases the necrotic core and inflammation. In another
study, conditional SM22a knockout mice showed that the presence of SMCs with o -actin
expression limits lesion development and inflammation (Feil et al., 2004, Clarke et al.,

20006) .
1.1.3 Endothelial cells

ECs are responsible for vascular homeostasis by regulating vascular tone, controlling
vascular permeability, leukocyte and platelet adhesion, aggregation and thrombosis. Most
of these functions depend on NO production by endothelial nitric oxide synthase (eNOS).
Superoxide anions scavenge NO and make peroxynitrite which reduces NO
bioavailability. By increasing NO reactive oxygen species formation
hypercholesterolemia and inflammation decrease NO and lead to endothelial dysfunction
(Marletta, 1989, Matoba et al., 2000, Boger et al., 2004) . Usually atherosclerosis-prone
regions are sites with low shear stress which initiates endoplasmic reticulum (ER)-stress
leading to endothelial apoptosis. Regeneration of endothelium by proliferation of

adjacent ECs and by recruitment of blood-borne endothelial progenitor cells is not always
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complete. Damaged endothelium facilitates the entrance of lipid. and inflammatory cells

and enhances atherosclerotic lesion formation (Xu, 2009).

1.1.4 Foam cell formation

ApoB containing lipoproteins and especially LDL have a primary role in atherogenesis
LDL, VLDL, lipoprotein (a) and remnant lipoproteins enter the sub-endothelial space by
non-receptor mediated endocytosis and transcytosis (Vasile et al., 1983, Twickler et al.,
2005, Tabas et al., 2007, Nordestgaard et al., 2010) . The most important factor which
influences the entry of atherogenic lipoproteins into the sub-endothelium is their
concentration in the circulation, but other factors such as particle size, charge and
cholesterol contents also affect their entry and retention (Berneis and Krauss, 2002). In
the sub-endothelium, lipoproteins interact with the ECM (Camejo et al., 1975). This is an
ionic interaction between the negatively charged ECM proteoglycans and positively
charged region of apoB including the LDL receptor- binding site. Mutation of specific
lysine and arginine residues of apoB impairs LDL retention in the vessel wall and
strongly reduces atherosclerosis. These in vivo experiments provide strong support for the
” response to retention” model of atherogenesis (Skalen, Gustafsson et al. 2002) Other
sites on apoB that can interact with proteoglycans may be unmasked following LDL
modification. Interaction with proteoglycans in the ECM enhances lipoprotein oxidation
and aggregation (Skalen et al., 2002, Fogelstrand and Boren, 2012, Cyrus et al., 2001). In
vivo, LDL can be oxidized by enzymatic or non-enzymatic pathways. 12/15 lipoxygenase
deficiency leads to reduced plasma anti-ox-LDL antibody titer which would be consistent
with the lower numbers of ox- LDLs in vivo. 12/15 lipoxygenase-deficient mice have

reduced atherosclerosis likely due to a lower incidence of lipoprotein oxidation (Cyrus et
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al., 2001). Free or heme-associated iron in erythrocytes also increases LDL oxidation.
Besides oxidation, LDL can be modified by enzymes such as s-sphingomeylinase or
lipoprotein lipase. Enzymatic modification increases LDL aggregates (Miller et al.,

2010).

The LDL receptor is not responsible for foam cell formation since LDL receptor
deficiency does not prevent foam cell formation and the LDL receptor is generally down-
regulated in patients with atherosclerosis (Yla-Herttuala et al., 1991). Modified
lipoproteins are usually taken up by other sets of receptors called scavenger receptors
such as SRA, CD36 and LOX-1(Greaves and Gordon, 2009). Scavenger receptors have
redundancy in function in terms of modified lipoprotein uptake. Deficiency in SR-A or
CD36 decreases modified lipoproteins uptake by peritoneal macrophages. SR-A 1is the
only receptor on macrophages that is involved in acetylated lipoprotein uptake .While the
pro-atherogenic role of SR-A in vivo is controversial, CD36 deficiency decreases lesion
development in aortas of Apoe'/' mice. Combined deficiency of CD36 and SR-A in Apoe’
" mice did not have additive effects in reduction of lesion size but decreased the size of

necrotic core (Moore et al., 2005, Manning-Tobin et al., 2009).

There is considerable evidence that scavenger receptor-mediated lipoprotein uptake
might not be the main pathway for foam cell formation. Ox-LDL extracted from
atherosclerotic plaques is not sufficiently oxidized to be a ligand for scavenger receptors
and multiple scavenger receptor deficiency did not decrease atherosclerotic lesion
development in some animal models (Steinbrecher and Lougheed, 1992). Moreover, the
concentration of LDL in vessel walls is much higher than in vitro experiments; therefore

lipoprotein pinocytosis might be an important pathway for lipid uptake by cells. In fluid
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phase pinocytosis minimally ox-LDL binds to CD14, a co-receptor for the toll- like
receptor 4 (TLR-4) (a member of the pattern recognition receptor family), and activates
TLR-4. TLR-4 activation induces membrane ruffling and cytoskeletal rearrangement.
Aggregated LDL also needs cytoskeleton rearrangement to be taken up by phagocytosis.
Aggregated LDL together with VLDL and remnant lipoproteins can also be taken up by

LDL receptor-related proteins (Miller et al., 2010, Kruth, 2011) .

Cholesterol is stored in macrophages in the form of cholesterol ester droplets.
Cholesterol, primarily in the form of cholesterol esters are taken up by cells via
lipoprotein endocytosis. The cholesterol esters are hydrolyzed by acidic cholesterol
esterase in the late endosome and lysosome compartments. Foam cell formation is the
result of an imbalance between lipoprotein uptake and cholesterol efflux. In the absence
of adequate cholesterol efflux, cholesterol should be re-esterified to decrease cytotoxicity
of free cholesterol. This process is catalyzed in the ER by ACAT-1. To efflux cholesterol
from lipid droplets, cholesterol ester needs to be hydrolyzed to free cholesterol by a
cholesterol ester hydrolase associated with lipid droplets (Ghosh et al., 2010). Another
mechanism for formation of free cholesterol is fusion of lipid droplets and
autophagosomes. In this pathway acid lipase involved in autophagy are responsible for
formation of free cholesterol (Ouimet et al., 2011). Several transporters in macrophages
are involved in cholesterol efflux from macrophages. ABC transporters are a family of
integral membrane proteins that mediate transport against a concentration gradient.
ABCAL1 seems to be the most important transporter in efflux which transfers cellular
cholesterol to lipid-poor apoA-I(Voloshyna and Reiss, 2011). The actual mechanism of

ABCA1- mediated efflux is still controversial. According to a recent model, a small
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portion of apo A-I binds directly to ABCAI1; whereas, the majority of the apoA-I
interacts with membrane lipids. Binding of apoA-I to ABCAI1 acts as a regulatory
element that enhances phospholipid translocation to the plasma membrane exofacial
leaflet which makes a bend in the plasma membrane. Formation of exovesicles relieves
the membrane bending. Attachment of apoA-I to the vesicles help them to be released
from membrane in the form of nascent high density lipoprotein (HDL). Binding of apoA-
I to ABCA-1 activates Janus kinase 2 (JAK2) which in turn regulates lipoprotein binding
and lipid export by ABCA-1. (Vedhachalam et al., 2007, Vaughan et al., 2009).Others
working models have been proposed for ABCA-1 function in cholesterol efflux. One of
them suggests that apoA-I and ABCA-1 form a complex on the cell surface which can
then internalize. The apoA-I in this complex undergoes lipidation and is secreted from the
cell (Takahashi and Smith, 1999, Hassan et al., 2008). However, some studies showed
that internalized apoA-I becomes degraded in the cells (Lu et al., 2008b). ABCA-1-null
mice have extremely low plasma HDL levels and highly lipid-loaded macrophages
(Aiello et al., 2003). ABCG-1 and ABCG-4 work together to transport more cholesterol
to pre-f HDL which results in the formation of mature HDL. ABCG-1 deficiency impairs
mature HDL formation (Kennedy et al., 2005). However, more recent studies shows that
ABCG-1 deficiency does not affect HDL level in plasma instead this deficiency impairs
redistribution of cholesterol intracellularly from endocytic vesicles to ER (Tarling and
Edwards, 2011). Scavenger receptor BI (SR-BI) is involved in bidirectional lipid
transport. SR-BI deficiency enhances atherosclerosis which demonstrates that it has an
important role in reverse cholesterol transfer in mice (Trigatti et al., 1999). In addition to

the above mentioned ABC transporters, ABCA-5 seems to regulate ABCA-1 activity in
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efflux of cholesterol. ABCA-5 knockout mice have reduced efflux to HDL but enhanced
efflux to apoA-I due to an increase in expression of ABCA-1 (Ye et al., 2010). ApoE is
also involved in efflux, as it can absorb lipid at the plasma membrane and is subsequently
released after lipidation. In addition, proteoglycan bound-apoE stimulates release of lipid
from the plasma membrane. It can also act as an acceptor for cholesterol released from

transporters like ABCA-1 (Greenow et al., 2005).

Foam cell formation increases the fatty acid and cholesteryl ester content of the cells. The
presence of fatty acid peroxides like 9-hydroxy-10,12-octadecadienoic acid (9-HODE) and 13-
hydroxy-9,11-octadecadienoic acid (13-HODE) is able to activate PPARy (Nagy et al., 1998)
Similarly PPAR a is activated by fatty acids. These two PPARs are able to induce expression of
liver x receptor (LXR) (Brun et al., 1996, Chinetti et al., 2001). An increase in three acyl glycerol
inside macrophages impairs mitochondrial electron transfer which lead to enhanced reactive
oxygen species (ROS) formation (Aronis et al., 2009). Excess free cholesterol can also exaggerate
generation of ROS by induction of ER stress. ER stress elevates intracellular Ca*" which results
in impaired electron transfer in mitochondria (Jacobson and Duchen, 2002). Failure in proper
electron transfer generates ROS. ROS activates HIF-1a through induction of NF-xB (Kabe et al.,
2005, Bonello et al., 2007). Activation of these transcription factors is responsible for a major
change in the profile of gene expression after foam cell formation. Whatling et al (2004) report a
large difference between the protease repertoires of foam cells and macrophages. Moreover,
Hung et al (2006) showed that 447 common genes are differentially expressed in THP-1 cells
following treatment with either ac-LDL or ox-LDL. This is likely the result of the activation of

different nuclear factors in foam cells compared to macrophages.
LXR enhances expression of ABCA-1, ABCG-1 and ABCG-4. PPARa elevates
expression of ABCA-1 and PPARy through an LXR-dependent pathway and increases
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the expression of ABCA-1 and ABCG-1. By increasing other genes participating in
efflux like SR-BI or cholesterol ester hydrolase (CEH), these nuclear factors further

enhance cholesterol efflux (reviewed by (Chinetti-Gbaguidi and Staels, 2009) ).

1.1.5 Lesion stability

Most of atherosclerosis complications are related to thrombosis. Thrombosis occurs due
to rupture, erosion or calcified nodules in lesions. Lesions which are less vulnerable to
thrombosis are usually called stable lesions whereas those with higher susceptibility to
thrombosis are unstable or vulnerable. It is generally accepted that an increase in the
necrotic core size to more than one third of the atherosclerotic lesion area, results in a
decrease in fibrotic cap thickness, degradation of ECM components and an enhanced
chronic inflammatory state all of which contribute to lesion vulnerability. Besides
intrinsic lesion characteristics which determine vulnerability of lesions, extrinsic factors
are also involved in thrombosis (Virmani et al., 2005, Yazdani et al., 2010). As it is
difficult to differentiate between inter- and intra-plaque factors, they are discussed

together in the following sections
1.1.5.1 Biomarkers and stimulant of lesion instability

Lesion instability is the result of inter-plaque and intra-plaque conditions. Many of the
makers for the vulnerable plaque are both the stimulant and the biomarker. Low shear
stress or high tensile stress not only increases lesion formation in vessel walls but also
decreases lesion stability (Cheng et al., 2006, Jankowski, 2006). Low shear stress
induces apoptosis in ECs. Apoptotic cells release microparticles which contain

phosphatidylserine. These microparticles increase lesion instability since they are
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prothrombotic, procoagulant, angiogenic, proinflammatory and proapoptotic (Morel et
al., 2006). Patients with familial hypercholesterolemia have high levels of plasma
microparticles and tissue factor. Owens et al recently showed that in
hypercholesterolemic  Ldlr”~ mice and in African green monkeys expression of tissue
factors is induced through TLR4/ TLR6. Simvastain treatment in hypercholesterolemic

animals reduced tissue factor expression and coagulation (Owens et al., 2012).

There is an established correlation between visceral fat tissue and atherosclerosis
progression. Fat tissue secretes adipokines and cytokines that are pro- and anti-
atherosclerotic. Adiponectin is one of the anti-atherogenic adipokines. There is an inverse
relation between plasma adiponectin and mixed and non-calcified vulnerable plaques in
humans(Broedl et al., 2009). In lipid or lipoprotein-activated macrophages and T- cells
fatty acid binding protein (FABP) is expressed. Expression of FABP4/ aP2, which is
coordinating inflammatory reactions, cholesterol trafficking and ER stress, is a marker of
plaque instability (Agardh et al., 2011). Symptomatic plaques from human have higher
free cholesterol contents relative to asymptomatic ones. Therefore, high concentration of
extracellular free cholesterol in atherosclerotic lesions is a maker of plaque vulnerability
(Chen, Ichetovkin et al. 2010). However, an older study suggests that due to stiffness of
free cholesterol crystals the difference between the fibrotic cap and underneath lipid layer
is decreased by the presence of cholesterol crystals therefore the incidence of rupture
become attenuated (Loree et al., 1994), however the clinical significance of cholesterol
crystal is unknown. In the intima minimally modified LDL primes monocytes by
inducing NF-kB through TLR4/TLR6 and CD36 pathways. Internalization of minimally

ox-LDL forms small cholesterol crystals inside the cells. These crystals are able to
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damage lysosome and release its content including cathepsin L or cathepsin B into
cytosol. These proteases activate inflammasome and increase IL-1 in atherosclerosis

which in turn chemotactically recruits monocytes and neutrophils (Duewell et al., 2010).

The inflammatory state of lesions and plasma not only enhances lesion instability but
also, in some cases, may predict the presence of vulnerable plaques in the asymptomatic
patients. MCP-1 promotes an inflammatory state of the lesions since it is upstream of
most inflammatory pathways .Blocking the MCP-1 — CCR-2 interaction decreases
inflammation and reverses plaque progression and inhibits plaque rupture in established
rabbit atherosclerotic lesions (Zhong, Chen et al. 2008). Since inflammation is one of the
primary features of atherosclerosis, autoantibodies against different molecules like
HSP60, ox-LDL and apoA-I can be found in atherosclerotic patients. Anti- apoA-I
autoantibodies are another marker of plaque instability. This antibody enhances MMP-9
function and neutrophil chemotaxis. apoA-I antibody titers are inversely related to the
collagen content of lesions (Montecucco et al., 2011). Moreover high expression of some
cytokines such as interleukin-17 (IL-17) in plaques is another marker of lesion
vulnerability (Erbel et al., 2011). Plaque rupture induces expression of CD40 ligand
(CD40L) on the cell surface of platelets. The cleaved CD40L forms soluble CD40 L
(sCD40L), which is a marker of unstable plaque with high lipid content. Binding of
sCD40L to CDA40 initiates a proinflammatory cascade by enhancing the expression of
chemokines, adhesion molecules, matrix metallo proteases (MMPs) and growth factors

(Koenig and Khuseyinova, 2007).

Intraplaque hemorrhage is another sign of rupture-prone lesions and plaque vulnerability.

Hemorrhage increases red blood cells (RBCs) in the lesion area. Phagocytosis of RBCs
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by macrophages enhances foam cells formation. Increased numbers of foam cells under
the fibrotic cap due to difference between fluidity of fibrotic cap and foam cells make the
atherosclerotic lesion unstable. Moreover, foam cells due to ER and oxidant stress and
hypoxia become apoptotic or necrotic. The increase in necrotic core area is also another
sign of lesion vulnerability. Expansion of the necrotic core is combined with an increase
in the free cholesterol: cholesteryl ester ratio. Part of this free cholesterol is coming from
membrane of dead foam cells and the other portion of free cholesterol belongs to the
erythrocyte membrane. Progression of the necrotic core induces hypoxia within the
atherosclerotic lesions; hypoxia in turn activates angiogenesis. Newly formed
microvessels are inherently leaky which leads to a further discharge of erythrocytes into
the plaque. RBCs increase macrophages infiltration, free cholesterol and iron deposition
in atherosclerotic lesions. Intraplaque hemorrhage creates a vicious cycle which enhances
plaque instability. RBCs also release heme. Heme modifies lipids and makes them more
susceptible to oxidation. Heme-associated iron can also increase formation of reactive

oxygen species (Virmani et al., 2005, Lin et al., 2008).

Hemoglobin, through induction of the CD163 receptor on monocytes and activation of
ERK, p38 MAPK pathways, act as chemotactic factor. Hemoglobin stimulate adhesion
and trans-endothelial migration of monocytes and monocyte-derived dendritic cells
(Buttari et al., 2011). Hemoxigenase 1 is a cyto-protective enzyme against oxidative
injury .It is produced by CD163 positive monocytes which are responsible for clearance
of hemoglobin, and while, HO-1 is anti-inflammatory its presence in atherosclerotic

lesions is, nevertheless, a marker of vulnerable lesions (Cheng, Noordeloos et al. 2009).
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Overall, it seems that inflammatory state of lesions, the amount cholesterol ester crystals

and the RBC content of lesions indicates the stability state of atherosclerotic lesions.

1.1.5.2 Extracellular matrix:

In the normal vessel wall there is a highly ordered ECM and cell structure. A basement
membrane which consists of type IV collagen, fibronectin and laminin separates the
media and intima layers. SMCs in the media are surrounded by types I, III, V and XVIII
collagen. Besides different types of collagen, fibronectin and proteoglycan are also
present. SMCs interact with the ECM through their integrins and discoidin domain receptors
(DDRs). DDRs only bind to fibrillar collagens. The type of collagen interacting with SMC
defines their proliferative state. Whereas, fibrillar type I collagen restricts SMC proliferation and
migration, interaction of SMC through DDRs with type VIII collagen which is found in
atherosclerotic and injured vessels stimulates their proliferation by masking the intact type |
collagen. This interaction can influence the ECM synthesis and accumulation of SMC in
atherosclerotic plaques (Adiguzel et al., 2009). Degraded collagens signal through different type
of integrins, for example degraded type I collagen signals through a,f; but not through alflor
af; and stimulates production of tenascin-C. This glycoprotein stimulates proliferation and
migration of SMCs (Chapados et al., 2006).Synthesis of newly made collagen is necessary for
SMC migration. Cells, which are unable to make collagen, cannot migrate on pre-existing
collagen (Rocnik et al., 1998). The inflammatory state of atherosclerotic lesions can regulate
collagen synthesis by SMCs. Whereas anti-inflammatory cytokines like TGF-f enhance the
expression of Type I, III, IV and V collagen by SMCs, inflammatory cytokines like TNF a, II-1
decrease collagen synthesis(Amento et al., 1991).

In addition to the different types of collagen whose expression is altered during atherogenesis

several glycoprotein and proteoglycans are newly expressed. In the atherosclerotic vessel wall
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thrombospondin , vitronectin , tenascin and osteopontin are expressed in the basement membrane.
The presence of proteoglycans like hyaluronan and versican are markers of plaque vulnerability.
Hyaluronan detaches EC and elicits platelet migration and induces aggregation and
polymerization of fibirin (Kolodgie et al., 2002).

Macrophages and SMCs inside lesions can produce versican, perlecan, syndecan, glypican-1,
thrombomodulin and biglycan (Makatsori et al., 2003). ECM molecules can also affect the
differentiation and polarization of the monocyte — macrophage. Type I collagen increases
phagocytic capacity of macrophages and foam cell formation (Wesley et al., 1998). The ECM —
macrophage interaction enhances superoxide production through induction of arachidonic acid
metabolites (Gudewicz et al., 1994).

Collagen and elastin compose the fibrous cap. Fibrous cap thickness determines plaque stability.
Thickness of the cap is influenced by collagen synthesis and degradation. ECM and mainly
collagen can be degraded by MMPs. The ECM- macrophage interaction also enhance MMP land
9 secretion. Collagen is degraded by MMP-1 ,8 and 13 to shorter form (4 and % length of
normal collagen size) (Miller et al., 1976). The short forms of collagen become denatured to
gelatin which is a substrate for MMP-2 andMMP-9. The increase in expression of several MMPs
including MMP- 1, 2, 3, 7, 8,9, 12, 13, 14, 16 and 17 in human and experimental models has
been reported (Newby, 2005). MMPs contribute to infiltration of macrophages and SMCs
migration in to atherosclerotic lesions. They also regulate ECM deposition which controls
atherosclerotic lesion size (Adiguzel et al., 2009) . Despite the increase in expression of MMPs in
hypercholesterolemia and atherosclerotic lesions, they may have pro-atherogenic, anti-
atherogenic or neutral effects on lesion development, MMP-9 and MMP-2 are atherogenic as
MMP-9 or MMP-2 deficiency on an Apoe” background reduced lesion size in mice. MMP-2
enhances infiltration of SMCs and macrophages, whereas there is a discrepancy in terms of
MMP-9 effect on macrophages and SMCs migration (Silence et al., 2002, Lessner et al., 2004,
Kuzuya et al., 2006). MMP-1 and MMP-3 appear to be athero-protective as their overexpression
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and deletion respectively, decreased and increased atherosclerotic lesion size (Silence et al., 2001,
Lemaitre et al., 2001). MMP-13 deficiency in Apoe” mice did not change the lesion size,
however the collagen content of lesions was increased in MMP-13- deficient mice (Deguchi et
al., 2005). Despite the studies which showed the pro or anti-atherogenic role of several different
MMPs, the contribution of MMPs to plaque rupture is not clear. For example studies with
overexpression and deletion of MMP-9 showed contradictory results. Overall it seems that MMPs
2, 8, 12 and 14 are involved in plaque rupture and its vulnerability (Ketelhuth and Back, 2011).
MMP activities are regulated at the level of transcription, activation through cleavage of their
propeptides by other MMPs and serine proteases and inactivation by tissue inhibitors of matrix
metalloprotease (TIMPs)(Ra and Parks, 2007). There are no definitive conclusions concerning
the role of TIMPs in atherosclerosis development. Over expression of TIMP-1 in Apoe” mice
decreased atherosclerotic lesion size in the brachiocephalic artery but did not have any effect in
the aorta. Deletion of TIMP-1 in Apoe” mice decreased lesion development in one study but did
not have any effects on lesion development in another (Silence et al., 2002, Cuaz-Perolin et al.,
2006) . TIMP- 2 overexpression stabilized lesions in Apoe” mice by decreasing macrophage
infiltration and increase in SMC and collagen deposition (Elezkurtaj et al., 2004, Johnson et al.,
20006)

Besides MMPs, other proteases in atherosclerotic lesions can also destabilize atherosclerotic
lesions. Cathepsins and especially cysteine proteases like cathepsin K, L and S through ECM
remodeling enhance atherosclerotic lesion progression (Cheng et al., 2011) It seems that the
cellular origin of cathepsin K influences its role in atherosclerosis development. Cathepsin K
from SMCs, by degrading collagen within the lesion, increases the vulnerability of plaques.
However, cathepsin K from bone marrow-derived cells leads to an increase in number of SMCs
within the lesions (Samokhin et al., 2008, Guo et al., 2009b). Serine proteases like plasmin and
elastase also activate MMPs and indirectly or directly modulate ECM and make plaques

vulnerable. Intra- plaque microvessels release neutrophils into the lesion area. Proteases
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released by neutrophils like elastase activates MMP-9. As discussed above, MMPs by
degrading ECM may destabilize plaque (Leclercq et al., 2007).

Mast cells are present in unstable plaque and their chymase can activate procollagenase
(Bot et al., 2011).

Whereas primary modulation of ECM leads to SMCs migration to intima has stabilizing
effects on lesions. Extensive degradation of ECM by various proteases makes lesions
vulnerable to rupture.

1.1.5.3 Apoptosis

Apoptosis is involved in lesion vulnerability in several aspects. All cellular components
of lesions undergo apoptosis and depending on cell type and the stage of the
atherosclerotic lesions, the consequence of apoptosis on lesion stability is different.
Decreased macrophage apoptosis following transplantation of p53 knockout bone
marrow cells into APOE*3-Leiden transgenic mice results in enhanced atherosclerosis
and increased lesion size after 12 weeks on a high fat diet (van Vlijmen et al., 2001). In a
similar manner, decreased macrophage apoptosis following transplantation of Bax-
deficient bone marrow cells into irradiated Ldlr" recipients leads to accelerated lesion
progression (Liu et al., 2005). Enhanced macrophage apoptosis in apoptosis inhibitory
molecule (AIM)-deficient mice on an Ldlr”~ background reduces atherosclerotic lesion
size both after 5 weeks and 12 weeks of a high fat diet (Arai et al., 2005). These studies
suggest that apoptosis in macrophages in early atherosclerotic lesions is a limiting factor
for lesion development. In contrast to early atherosclerotic plaques, the incidence of

apoptosis in advanced lesions increases the vulnerability of plaques.
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The necrotic core is a large lipid core which results from dying macrophage foam cells.
Whereas some markers of macrophages including immunoreactive CD68 and ceroid are
found in the necrotic core, there is an absence of markers of SMCs (Ball et al., 1995).
Macrophages undergo apoptosis in advanced lesions mainly due to ER stress, as the
markers of ER stress and Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive macrophages are co-localized (Myoishi et al., 2007). Several ER
stress inducers including oxidized phospholipids , hypoxia, oxidant stress, free
cholesterol, homocysteine and aggregated and modified lipoproteins are present in
atherosclerotic lesions (Seimon and Tabas, 2009) A deficiency in ER stress mediators
such as CHOP in both LDLr”" and Apoe” mice reduces the incidence of macrophage
apoptosis and the size of the necrotic core size (Thorp et al., 2009). Similarly, bone
marrow deficiency in STAT1 a nuclear factor which is active during ER stress reduces
apoptosis and necrotic core size in Ldlr" mice (Lim et al., 2008). Another theory to
describe ER-induced apoptosis is that a combination of physiological levels of ER stress
with a second hit triggers apoptosis. The second hit could be pathogens, foreign antigens,
endogenous proteins, and modified lipids which bind to pattern recognition receptors
(PRR). Examples of PRR are toll- like receptors (TLRs) and scavenger receptors (SR)
(Seimon et al., 2006). In line with this mechanism, Seimon et al found that macrophages
undergo apoptosis in high saturated fat-fed mice through collaboration of CD36 and
TLR-2 pathways. In the same study, they showed that macrophages in advanced lesions
of Ldlr”" mice with bone marrow deficiency in TLR 2/4 are protected from apoptosis.
These mice show smaller necrotic core size compared with their littermates having

TLR2/4 wild type bone marrow (Seimon et al., 2010) . An increase in macrophage
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apoptosis enhances necrotic core formation possibly due to reduced engulfment of
apoptotic bodies, a process called “efferocytosis”. Efferocytosis depends on the ligands
on apoptotic bodies, receptors on phagocytes, and bridging molecules that link the two
latter molecules; defects in any of the components impairs efferocytosis. Inefficient
efferocytosis leads to secondary necrosis. A number of studies assessed the effects of
each of the efferocytosis mediators in formation of necrotic core in atherosclerotic
lesions. Deficiency in functional Mertk , a receptor of apoptotic bodies on phagocytes,
lactadherin and the complement 1q bridging molecules all increase necrotic core size in
atherosclerosis-prone mouse models. An increase in soluble lysophosphatidyl choline
which is a “find me” ligand on apoptotic bodies also enhances necrotic core formation
(Thorp and Tabas, 2009). The exact mechanism of defective efferocytosis in
atherosclerotic lesions is not clear but some defects in efferocytosis mediators under
inflammatory conditions, such as cleavage of MertK by sheddase or down-regulation of
lactahedrin  expression, might explain ineffective efferocytosis in advanced
atherosclerosis lesions. Binding of ox-LDL to CDI14 and TLR4 also changes actin
polymerization and impairs efficient efferocytosis (Miller et al., 2003, Sather et al., 2007,
Komura et al., 2009). Human SMCs are efficient phagocytes able to clear apoptotic
SMCs. The process of secondary necrosis as mentioned previously is common in
advanced plaques; secondary necrosis induces IL-1 a and B formation. IL-linduced
MCP-1 and IL-6 release from surrounding SMC which impairs SMC phagocytosis and

enhance inflammation (Clarke et al., 2010)

Besides impaired efferocytosis which induces secondary necrosis, various factors

including highly ox-LDL, high level oxidative stress, increased intracellular calcium and
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ATP depletion inside atherosclerotic lesions triggers programmed necrosis. High
numbers of necrotic cells have been detected in advanced atherosclerotic lesions by
transmission electron microscopy (TEM). Programmed necrosis is a regulated cell death
that shares some pathways with apoptosis but does not induce caspases and is regulated
by receptor interacting kinases (Martinet et al., 2011). Necrotic cells release various
molecules that act as damage-associated molecular patterns (DAMP). One of the DAMPs
that can be found in atherosclerotic lesions is high mobility group box 1 (HMGB1) which
reacts with pattern recognition receptors like TLR 2and 4 and the receptor for advance
glycation end (RAGE) products and initiates inflammatory reactions by releasing IL-1a
and B, TNFa and IL-6. It is also chemotactic for SMC migration. Necrotic cells also
release cyclophilin A prior to HMGBI1, which induces secretion of IL-6 and MMP-9 by
macrophages, migration of SMCs and activation of ECs (Martinet et al., 2011, Zheng et

al., 2011).

Besides macrophages in atherosclerotic lesions, SMCs and ECs also become apoptotic.
Induction of SMC apoptosis in Apoe”™ mice did not change the lesion size but decreased
the fibrotic cap, collagen content , the number of SMCs and increased inflammation,
macrophage number and necrotic core (Clarke et al., 2006). SMC apoptosis in the
atherosclerotic lesion is usually due to increased sensitivity to de