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Introduction

Contemporary model of the pathogenesis of atheroscle-
rosis is based on the hypothesis that local damage of the en-
dothelium together with systemic factors such as hypercho-
lesterolemia, hyperglycemia, hypertension, chronically in-
fections, genetic factors, diabetes mellitus, initiate a cascade
of processes which eventually cause atherosclerctic lesion
development - %

Although various hypotheses are already known about
the pathogenesis of atherosclerosis and different factors of
predisposition have been studied, from the point of molecu-
lar and vascular biology to clinical presentations and therapy
methods, in modern literature there are still opposing views
about the initiadl moment in the pathogenesis of this condi-
tion, regarding its functional and morphological changes.

The stage of theinitial lesion - early lesion (typel)
Activation of endothelium

The initial stage, which precedes the development of ath-
erosclerosis, is endothelia dysfunction, namely, activation of
endothelid cells as a specific response to the action of harmful
agents. Acute response of endothelium results in inflamma:
tion, coagulation disorders and vasomotor changes. The re-

lease of inflammation mediators deposited in the Weibel
Palade bodies represents a very quick response of endothelial
cells®. One of the most important consequences of endothelial
activation is a decreased NO production, which causes the ab-
sence of its antiatherogenic, antiproliferative and vasodilata-
tory effects and, aso, causes an increased production of en-
dothelin-1 (ET-1) which in turn, through its mitogenic effect,
stimulates proliferation of smooth muscle cells (SMCs) in the
intima, and consequently initiate atherosclerosis™®.

During activation of endothelial cells, changes in the
process of coagulation have also been observed. Endothelial
cells modulate their phenotype from anticoagulative to pro-
coagulative, through an increased expression of tissue fac-
tors, or increased release of tissue plasminogen®”.

Besides dterations in tonus and coagulation, endothelial
activation includes increased expression of adhesive proteins
(P-selectin, integrins) which promote the adhesion of leuko-
cytes on endothelium and their infiltration in the subendo-
thelial connective tissue®. This results in the release of free
radicals, proteases and elastases which lead to further dam-
age of endothelial cells’.

Accumulation of lipidsin the intima

The first step in the development of atherosclerosis is
the accumulation of lipid droplets in the intima of the vessel
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wall, as a consequence of hypercholesterolemia, coupled
with systemic hypertension. Lipid droplets bind to proteo-
glycans in the intimal connective tissue and have a tendency
to form aggregates®. Lipoproteins in the lipid droplets may
oxidize or become chemically modified in other ways'® ™.

Hypothesis of oxidative modification

Oxidative modification is the best researched study
about the modification of lipoproteins (LDL) in atherosclero-
sis. Studies showed that oxidized LDL (ox-LDL) has been
intensely absorbed in the culture of macrophages, partially
through SR-A receptor, but in a larger part through other
scavenger receptors, especially CD36. Circulating mono-
cytes express SR-A and CD36, but at a lower degree. How-
ever, when monocyte enters into vascular wall and trans-
forms to macrophage, during this transformation the expres-
sion of scavenger receptors is increased, and this allows ab-
sorption of modified LDL forms *2.

The rate of production of ox-LDL in the arterial intima
is related to the concentration of native LDL. Concentration
of native LDL in the intima depends on its concentration in
plasma. These results have shown that possible predilected
places for pathogenesis of atherosclerotic lesions could be
thickenings of the intima on the proximal parts of the artery,
after their branching or bifurcation ™.

Furthermore, it has been experimentally approved that
the concentration of LDL in the vascular intima is higher in
places where atherosclerosis will develop, compared to the
places which are resistant ™. It is interesting that permeability
of the overlying endothelium is not increased, which means
that LDL somehow selectively accumulates in those places.
It is proven that LDL in these predilection places binds to
proteoglycans of extracellular matrix °. Lipid droplets binded
to proteoglycans in this way oxidize much more easily ™',
Also according to the literature, genetically engineered LDL
does not bind to proteoglycans, which means it is less patho-
genic than native LDL *®. The presence of SMCs of synthetic
phenotype contributes to the accumulation of LDL in intima.
The number of these cellsisincreased in initia lesions; they
act as fibroblasts and synthesize large amounts of proteogly-
cans. Previoudly presented facts suggest that the accumula-
tion of LDL in intima could be the initial step in the patho-
genesis of atherosclerotic lesion™® Y.

At the initia lesions beside the increased expression of
the vascular cell adhesion molecule-1 (VCAM-1), which se-
lectively promotes the adhesion of lymphocytes and mono-
cytes, ox-LDL itself contributes to the adhesion of these cells
on the endothelial layer '®. Oxidized LDL has cytotoxic ef-
fect on endothelia cells, acts as a mitogen of macrophages
and SMCs and stimulates the release of monocyte chemoat-
tractant protein-1 (MCP-1) and monocyte colony-stimulated
factor (M-CSF) from endothelial cells, which directly starts
chemotaxis and migration of monocytes into the subendo-
thelial layer *°.

Degradation of polyunsaturated fatty acids in sn-2 place
of phospholipids in LDL generates ox-LDL. After genera
tion, ox-LDL binds to proteoglycans and becomes uptaken
by macrophages through scavenger receptors®.

Expression of adhesion moleculesin atherosclerosis

After initiation by hypercholesterolemia, leukocytes (at
first, monocytes and T lymphocytes) adhere to the endothe-
lium and actively migrate both, between and through endo-
thelial cells into the intima®. In the subendothelium of the
intima monocytes begin to accumulate lipids and begin trans-
forming into foam cells. In that manner, increased expression
of adhesion molecules, as a consegquence of endothelial dys-
function and the accumulation of lipid dropletsin the intima,
promote adhesion of leukocytes to the endothelial layer and
their migration into the subendothelium, in the initial and ad-
vanced stages of atherosclerosis® >,

A variety of adhesion molecules have been identified as
important for this process. These include immunoglobulin
superfamily members intercellular adhesion molecules 1 and
2 (ICAM-1 and ICAM-2), vascular cell adhesion molecule 1
(VCAM-1), platelet-endothelial cell adhesion molecule-1
(PECAM-1), aswell asE-, P- and L-selectin® >,

Increased expression of VCAM-1 is a characteristic of
an initial stage of atherosclerosis. This molecule interacts
with specific integrin, very late antigen-4 (VLA-4), which is
expressed only on monocytes and lymphocytes®™ %, As are-
sult of this fact, at the initial stage of atherosclerosis, mono-
cytes and T cells adhere in a significantly higher percentage
than other types of leukocytes®®®. On the other hand,
ICAM-1 alows adhesion of a number of different leuko-
cytes, because it interacts with CD11a (LFA-1) and CD11b
(Mac-1) integrins on their membranes, and its expression is a
characteristic of advanced atherosclerotic lesions®™ .

E-selectin (previousy ELAM-1) is a typical represen-
tative of this group of adhesion molecules. Its name derives
from a specific expression only on endothelial cells. Its in-
creased expression is a characteristic of the advanced athero-
sclerotic lesions. This molecule interacts with Sialyl-Lewis X
ligand on the membrane of granulocytes and memory T cells
and due to this fact, at the advanced atherosclerotic lesions,
these cells adhere to endothelia layer in a significantly
higher percentage® *’.

P-selectin (previously GMP-140) is expressed primarily
in thrombocytes, but also in overlying endothelium above
atherosclerotic lesions. This molecule interacts with P—se-
lectin glycoprotein ligand-1 (PSGL-1) on monocytes, lym-
phocytes and granulocytes. It has a significant role in ,roll-
ing* of leukocytes on endothelial layer above the lesion®,

L-selectin is expressed on leukocytes and interacts with
PSGL-1 ligand on monocytes, lymphocytes and granulo-
cytes, but also with mucosal vascular addressin cell adhesion
molecular link-1 (MAdCAM-1)%>2" 3,

In the endothelium above an atherosclerotic plaque, in
the sites of infiltration of macrophages, there is a noticeable
increase of expression of ICAM-1 and P-selectin® >,
These results indicate that the accumulation of monocytes
which will later transform into macrophages partially depen-
des on synergic action of P-selectin and ICAM-1 on the en-
dothelial layer **.

Many factors combined can induce an expression of
endothelial adhesion molecules in atherosclerosis®. These
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factors are ox-LDL, inflammatory cytokines and biome-
chanical strength of blood shear stress. In the tissue culture,
it is noticeable that the treatment of endothelial cells with ox-
LDL increases the expression of P-selectin, ICAM-1 and
VCAM-1% %, Cytokines, including interleukin-1 (IL-1) and
tumor necrosis factor-a (TNF-a), increase the infiltration of
leukocytes through adhesion molecules®. Regarding biome-
chanical stimuli, it is shown that the regulation of ICAM-1
expression is under influence of blood flow .

Migration of leukocytes through endothelial layer

When leukocytes adhere to endothelium, they must re-
celve a signa in order to go through endothelium into the
deeper layers of vascular wall. Two characteristic processes,
selectin-mediated rolling and integrin-mediated adhesion,
cooperate to promote active migration of leukocytes, both
across endothelial cells (transendothelial migration) and by
diapedesis. Rolling of leukocytes and migration into the vas-
cular wall are the crucia first steps in the development of in-
flammation and atherosclerosis™.

Contemporary concepts regarding direct migration of
leukocytes include activation of specia cytokines-chemokines.
At the early stage of atherosclerosis, one of those cytokines,
MCP-1 is being produced in the endothelid cells, as a re-
sponse to ox-LDL and other stimuli *®. This cytokine di-
rectly starts chemotaxis and the migration of monocytes into
the subendothelia layer. At this stage, subpopulations of inti-
ma SMCs and endothélia cells aso express M-CSF which
also promotes chemotaxis of monocytes, their adhesion and
differentiation to macrophages, regulate proliferation of
macrophages and other types of cdls, which is implicated in
inflammatory-fibroproliferative response a the advanced
stages of atherosclerosis. Oxidized LDL aso stimulates endo-
thelia cells to express granulocyte colony-stimulating factor
(G-CSF) and granulocyte-macrophage colony-stimulating
factor (GM-CSF). These growth factors affect differentiation,
survival, proliferation, migration and metabolism of macro-
phages/granulocytes, and G-CSF and GM-CSF aso affect
migration and proliferation of endothelial cells*.

Other types of chemokines may also increase lympho-
cyte accumulation in plaque. In atherosclerotic lesion, over-
lying endothelium expresses three types of lymphocyte-
selective chemokines. interferon-inducible protein-10 (I1P-
10), interferon-inducible T-cell apha chemoattractant (I-
TAC) and monokine induced by interferon-y (MIG). Inter-
feron-y which is present in the atherosclerotic lesion induces
genes which code T cell hemoattractant protein family of
chemokine, and subsequently, accumulation of T cells in
plaque36’ 37

Foam cells of monocyte-macrophage lineage

When monocytes enter the intima of a vessel wall, they
undergo phenotype modification to macrophages. Macro-
phages then accumulate lipid droplets and become foam
cells. The mechanism of cholesterol uptaking in macro-
phagesis especialy interesting.

Most of the cells use a plasma membrane receptor to
uptake and release cholesterol. When a cell uptakes choles-
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terol for its own metabolic needs, a mechanism of the tran-
scription control of this receptor become activated, which in
turn shuts down the receptor expression and completely shuts
down further absorption of cholesterol. On the contrary,
macrophages in the atherosclerotic lesion (future foam cells)
do not posses this kind of negative feedback, so it is obvious
that they uptake cholesterol through some other kind of re-
ceptors™®.

Some investigations have shown that in the culture of
macrophages in in vitro conditions, cells rapidly uptake
modified, acetylated LDL, not through the known LDL re-
ceptor, but through the special “acetyl-LDL" receptor. Later,
this receptor is cloned and called the scavenger receptor A
(SR-A). Contrary to LDL receptor, expression of SR-A is not
down-regulated as a response to the increased intracellular
concentration of cholesterol. Theoretically, this kind of re-
ceptor might have arole in forming foam cells, because there
is no data that acetyl-LDL has been generated in in vivo con-
ditions®*. According to literature, the various modified
forms of LDL aso could have arole in the creation of foam
cells, which brings out the question of the existence of vari-
ous receptors*" #,

Other studies*™ have shown that some foam cells
originate from SMCs, probably due to the fact that SMCs
can also express scavenger receptors if they are properly ac-
tivated, which will be discussed later.

Cytohistological characteristics of an initial lesion —
early lesion (type )

The results of alarge number of recent studies on cyto-
histological characteristics of atherosclerotic lesions have
shown that at the stage of initial lesion (early lesion —type )
there are no visible morphological changes in the structure of
vascular wall, which is in accordance with the previously
stated pathogenic mechanisms. According to these results, at
the initial stage endothelia continuity is preserved, with the
presence of individual foam cells and T cells in the intima.
At initial phases of lesions circulating monocytes are the
main precursors to foam cells. Smooth muscle cells in the
intima and media show contractile phenotype (Figure 1).
Their phenotype modulation from the contractile to synthetic
phenotype can be noticed during the fatty streak stage *® *>“°.

Thefatty streak stage - early lesion (typell)

Cytohistological characteristics of the fatty streak stage
—early lesion (typeIl)

With further development of atherosclerotic lesion, at
the fatty streak stage (early lesion — type Il) increase in the
number of foam cells (Figure 2) and intense infiltration of T
cells occurs. At this stage, lipid accumulation in foam cells
forms fatty streaks. Endothelial layer is still morphologically
preserved, athough it is functionally damaged***'.

Foam cells at this stage originate from macrophages
(Figure 3) “®*". The fatty streak stage is also characterized by
the presence of SMCs of synthetic phenotype, but they are
not foam cells yet 2%,
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Fig. 1 - Coronary atherosclerosis at theinitial stage.
Endothelial layer iswell-preserved without visible
mor phological changes. Smooth muscle cellsin intima and
media show contr actyle phenotype (immunohistochemical
staining of MHC, original magnification x64)

Fig. 2—Coronary atherosclerosis at the fatty streak stage.
Foam cellsin subendothelial layer (immunohistochemical
staining of CD68, original magnification x256)

Fig. 3— Coronary atherosclerosis at the fatty streak stage.
M acrophage with a large number of lipid inclusionsin cyto-

plasm, ie foam cell that originate from the monocyte-
macrophage lineage (TEM, original magnification x16875)

Smooth muscle cells (SMCs)

The results of testing phenotypical status of SMCs of
atherosclerotic lesions showed that from a fatty streak stage,
the modified SMCs of synthetic phenotype form the domi-
nant cell population®. The development of synthetic phe-
notype is followed by a reduction in myofilaments .
Smooth muscle cells of synthetic phenotype expressed o-
smooth muscle actin (a-SMA) and vimentin, with a lack of
expression of desmin®*“*, The loss of desmin expression
with concurrent vimentin expression is the first sign in the
process of switching from contractile to synthetic pheno-
type** . According to the existing literature, vimentin is an
intermediary filament that can be found in differentiated
SMCs as well, but it is coexpressed there with desmin. With
the loss of contractile phenotype and characteristic desmin
expression (i.e. with switching of cells to synthetic pheno-
type), the expression of vimentin filaments can be no-
ticed”® %,

Switching of SMCs to synthetic phenotype is a main
characteristic of vascular remodeling during the pathogenesis
of atherosclerosis“®®!, Vascular remodeling is an adaptive
process involving the adjustment of structure and function of
blood vessels to long-term changes in hemodynamic condi-
tions, especially to hypertension *2. Scientific reports prove
that reactive — adaptive intima proliferation (“early re-
sponse” of the wall) during the process of vascular remodel-
ing, does not have a mechanism of negative feedback and
that it can be continued in the form of intimal hyperplasia. In
the primary response to the conditions of increased pressure,
there is a proliferation of endothelial cells in vascular wall.
After endothelial proliferation, during a rather long period of
time it is characterized by SMCs proliferation accompanied
by vascular wall thickening. The increased synthesis of col-
lagen and elastin, which is an alteration of gene expression
for the synthesis of these proteins, is the explanation for
rapid enlargement and irreversible thickening in atheroscle-
rotic vascular remodeling, in spite of apoptosis which is acti-
vated after proliferation of SMCs® %,

Under the influence of chemotactic factors, SMCs mi-
grate through fenestrae of the interna elastic lamina. As they
express specific integrins (a2B1 which binds collagen and
a3B1 and a5B1 which bind fibronectin) and eastin binding
proteins on plasma membrane, they come in contact with con-
nective tissue components and start to proliferate as a response
to the stimuli of platelet-derived growth factor (PDGF) and fi-
broblast growth factors (FGFs) *. At the same time, under the
influence of TGF-B, SMCs begin to secrete extracellular ma
trix components, thereby increasing the amount of collagen IV
and collagen V. These changes were associated with up regu-
lation of transforming growth factor B (TGF- B) >

Also, at this stage, adventitial myofibroblasts start to
show the characteristics of contractile SMCs® *" %, Ac-
cording to the same data, the increased expression of TGF-3
in adventitia is the signa for differentiation of fibroblasts
(which start to express a-SMA and the other markers of
SMCs differentiation as well) and their migration, which
makes it hard to differentiate from medial SMCs (Figure 4).

Vukovi¢ I, et al. Vojnosanit Pregl 2010; 67(12): 1007-1014.
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Fig. 4 — Coronary atherosclerosis at the fatty streak stage.

Myofibroblastsin adventitia start to show the characteristics

of contractile smooth muscle cells (immunohistochemical
staining of MHC, original magnification x64)

A number of important stimulators and inhibitors of both
SMCs and endothelial cells in atherosclerotic lesions have
now been purified and biochemically characterized. Included
in the group of stimulators are FGFs, vascular endothelia
growth factor (VEGF), PDGF, epidermal growth factor (EGF)
like factors, angiogenin, also vasoconstrictor peptides (which
induce proliferation of SMCs and the expression of TGF-$§ and
PDGF), angiotensin converting enzyme (ACE) (which induces
proliferation of SMCs in in vivo conditions), insulin-like
growth factors (IGFs) (potential mitogen of SMCs), interleu-
kin-1 (IL1) (induces expression of FGF in SMCs), lipoprotein
A (stimulates proliferation of SMCs) and ET-1% >,

Bifunctional growth factors, TGF-p and TNF-a, aso
have an influence on the proliferation and migration of
SMCs. A multifunctional cytokine is TGF-B, which initsin-
active form is being synthesized by endothelial cells and
SMCs. This cytokine becomes activated under the influence
of plasmin and induces differentiation of endothelial cells
and SMCs, but paradoxicaly inhibits their migration and
proliferation. TNF-a is cytokine which inhibits proliferation
of endothelial cells and SMCs but it stimulates the transcrip-
tion of heparin-binding EGF-like growth factor (HB-EGF) in
SMCs*"*. Each of these factors may influence the growth
of SMCs or endothelial cell, both as a stimulant or inhibitor.

The preatheroma stage—intermediary lesion (typelll)

Cytohistological characteristics of the preatheroma
stage — intermediary lesion (typel I1)

At the preatheroma stage — intermediary lesion (type 1),
lipid accumulation surpasses the accumulation by foam cells
and subendothélial layer contain scattered collections of extra
celular lipid droplets and particles in the form of small iso-
lated pools of extracdlular lipid. The preatheroma stage is
characterized by the presence of intimal and medial prolifer-
ating SMCs of synthetic phenotype (Figure 5). The phenotype
modulation of intimal and medial SMCs (based on the loss of
desmin expression and the appearance of vimentin expression)
begins at the fatty streak stage, and at the preatheroma stage
these cells form the dominant cell population® .

Vukovi¢ I, et al. Vojnosanit Pregl 2010; 67(12): 1007-1014.

Fig. 5— Coronary ather oscler osis at the preatheroma stage.
Smooth muscle cells of the synthetic phenotype
(immunohistochemical staining of vimentin, original
magnification x128)

The intermediary lesion is also characterized by alarge
number of foam cells of various origin. Some of foam cells
develop from monocyte-macrophage lineage (the same as at
the fatty stresk stage) and others originate from
SMCs? 4 Foam cells that originate from SMCs are spin-
dle-shaped or star-shaped and they have short, thick exten-
sionswith lipid inclusions in cytoplasm (Figure 6) %,

We can notice the presence of foam cellsthat originate from
smooth muscle cells. These lipid-laden smooth muscle cellsare
spindle-shaped or star-shaped, with lipid inclusonsin the cy-
toplasm and they have short, thick extensions. The number of
lipid inclusonsin the cellsvaries, and ther efore, they look asif
they are at the different stages of phenotype transfor mations

to foam cells (TEM, original magnification x8250)

Foam cells of smooth muscle cells origin

The results of many studies have shown that SMCs of
synthetic phenotype, proliferate and start to accumulate lip-
ids from the fatty streak stage, but their largest number can
be observed at the preatheroma stage® % “*. According to
the same data, some foam cells in atherosclerosis originate
from SMCs of synthetic phenotype (express vimentin-
immunoreactivity), probably due to the fact that some SMCs
can also express scavenger receptors. Vimentin-immuno-
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reactivity points out to their syntetic/proliferative activity
and also to their mesenchymal origin® “.

The fact that SMCs express scavenger receptors and
modulate to foam cells is possibly related to the embryonic
origin of vascular SMCs™*. All vascular SMCs have a mes-
enchymal origin, except for the fact that large arteries in the
upper parts of the body can have the neuroectodermal ori-
gin® %" Due to their mesenchymal origin, SMCs coex-
press vimentin and desmin. During remodeling of vascular
wall in atherosclerosis, there is a loss of contractile charac-
teristics of SMCs and characteristic desmin expression so
that SMCs of the synthetic phenotype express only
vimentin®?*_ After loss of contractile characteristics,
SMCs proliferate and as a result of this proliferation start to
intensively express S-100 protein. For both, SMCs of mesen-
chymal origin, as well as for SMCs of neuroectodermal ori-
gin, expression of this protein is a normal characteristic, but
it is increased in processes which are Ca"™ — mediated. This
protein in increased expression shows a high affinity to bind
unsaturated lipid acids®. It has been assumed that SMCs due
to their synthetic and proliferative activity can accumulate
lipids.

Pathogenesis of atheroscler osis as an inflammatory
response of vascular wall

Earlier theories about the pathogenesis of atherosclero-
sis have assumed hypercholesterolemia as a necessary con-
dition for the development of this disease. Only in the later
decades, numerous researches have pointed out to inflamma-
tion as abasis for pathogenesis of atherosclerosis?’.

As mentioned above, beginning with the initial le-
sion stage, in the response to the presence of modified
lipids in the subendothelial layer, endothelial cells in-
crease the expression of adhesion molecules, at first
VCAM-1, which selectively promotes the adhesion of
monocytes and T cells on endothelial layer. In response to
the same stimulus endothelial cells express monocyte-
selective chemokine MCP-1 and three types of lympho-
cyte-selective chemokines (IP-10, I-TAC and MIG) which
directly start chemotaxis and migration of monocytes and
T cells into the subendothelial layer. The presence of
macrophages and T cells in subendothelial layer show that
the early stages of atherosclerotic lesion are an inflam-
matory response to exogenous pathogens 2”5,

However, in addition to modified lipids, other exoge-
nous pathogens, especially microorganisms, also promote in-
flammation. These antigens become presented by antigen-
presenting cells (APCs), to Th CD4+ cells trough the MHC
class Il-dependent pathway. In response to immunological
activation, mature forms of Th CD4+ cells begin to produce
proinflammatory cytokines IL-2, IFN-y and TNF-B. These
cells aso interreact with Tc CD8+ cells, NKT cells and
macrophages, helping them to finish a started immune re-
sponse against intracellural pathogens #'.

The role of APCs during atherosclerosis is played by
macrophages, vascular dendritic cells (VDCs) and B cells, as
a“professional APCs’, but recent studies have show that low

differentiated forms of SMCs also can process and present
antigens™ %. All APCs in vascular wall internalize antigens
either by phagocytosis or by receptor-mediated endocytosis,
and display a fragment of antigen bound to the class || MHC
molecule on their plasma membrane. Expression of the anti-
gen-class Il MHC molecule complex which is a ligand for a
T-cell receptor (TCR), on the membranes of APCs with ad-
ditional co-stimulatory signals from APCs leads to immu-
nological activation of T cells and manifestation of inflam-
matory reactions?’>% .

A great number of recent studies aimed to improve
therapeutic procedures have been focused on the role of 1FN-
v during atherosclerosis. Immediately after entrance into a
subendothelial layer, T cells produce IFN-y which induces
genes that code T cell hemoattractant protein family of che-
mokine, and subsequently, further accumulation of T cellsin
the plague. Besides, this cytokine activates macrophages
immunoregulatory functions and simultaneously affects
SMCs of alesion. These literature data support the hypothe-
sisthat IFN-y is a potent atherogenic cytokine, which signifi-
cantly increases both, lesion size as well as the number of T
lymphocytes within lesions, and also up regulates PDGF
which causes an increased migration of smooth muscle
cells® &,

If pathogenesis of atherosclerosis is viewed, in the light
of these previously stated facts, as an inflammation, it can be
concluded that during the early stages, atherosclerosis, as a
specialized form of inflammation, responds to an injury of
vascular wall and the presence of different pathogens™. With
further progression of inflammatory reaction, during the
stages of advanced atherosclerotic lesions, development of a
chronic inflammatory fibroproliferative response occurs,
which is histologically manifested as atheroma (type 1V), le-
sion with a lipid core; fibroatheroma (type V), lesion with a
lipid core and prominent fibrous connective tissue above it,
or complicated atherosclerotic lesion that is defined as type
IV or V lesions with disruptions of lesion surface, hematoma
or hemorrhage, and developed thrombotic deposits (Figures
7 and 8) 28,45,46,48

Fig. 7 — Advanced atherosclerotic lesion in the coronary
artery —complicated, ulcerated ather oscler otic plaque with
intraplague hemorrhage (histochemical staining of Azzan-
Heidenhain, original magnification x32)

Vukovi¢ I, et al. Vojnosanit Pregl 2010; 67(12): 1007-1014.
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Fig. 8 — Advanced atherosclerotic lesion in the coronary
artery —complicated atheroscler otic plaque with atheroma,
fibroatheroma, fissure, intraplaque hemorrhage and
thrombus (histochemical staining of Azzan-Heidenhain,
original magnification x8)

Conclusion

From all the previously presented facts we can conclude
that the basic predisposing factor for development of athero-
sclerosis is hypercholesterolemia or infection, coupled with
systemic hypertension.

The increased levels of plasma cholesterol promote the
entrance of lipid droplets in subendothelial layer, their bind-
ing to proteoglycans and modification of LDL. Modified

LDL stimulates increased expression of adhesion molecules
and promotes the adhesion of leukocytes. Modified LDL aso
stimulates the production of cytokines-chemokines in endo-
thelia cells which promotes the migration of leukocytes into
the subendothelial layer, and also initiates synthesis of
growth factors which affect differentiation, modulation, mi-
gration and proliferation of different cell types in the lesion.
From the above presented facts we can conclude, too, that
hypercholesterolemia starts circulus vitiosus in which many
combined factors induce the development of inflammation in
atherosclerosis. In addition to modified forms of LDL, the
presence of other exogenous pathogens (especially microor-
ganisms) initiates atherosclerosis through inflammatory re-
sponse of vascular wall.

On the other hand, systemic hypertension promotes
vascular remodeling. This process is characterized by smooth
muscle cells phenotype modulation from contractile to syn-
thetic phenotype, their migration from media into the suben-
dothelial layer, their proliferation and collagen synthesis, as
well as their transformation to foam cells in the presence of
modified LDL, inflammatory cytokines and biomechanical
strength of blood shear stress.

The previously analyzed facts suggest that atherosclero-
sis could be defined as inflammation which is a response to
hypercholesterolemia or other exogenous pathogens, coupled
with vascular remodeling, caused by systemic hypertension.

REFERENCES

1. Liao JK. Endothelium and acute coronary syndromes. Clin
Chem 1998; 44: 1799-808.

2. Ross R. Arteriosclerosis: an overview. In: Haber E, editor. Mo-
lecular cardiovascular medicine. New York: Scientific Ameri-
can; 1995. p. 11-31.

3. Verrier ED, Morgan En. Endothelial response to cardiopul-
monary bypass surgery. Ann Thorac Surg 1998; 66: 17-9.

4. Kuruse I, Kubes P, Wolf R, Anderson DC, Paulson ], Miyasaka M, et
al. Inhibition of nitric oxide production. Mechanisms of vascular
albumin leakage. Circ Res 1993; 73: 164-71.

5. Lerman A, Holmes DR, Bell MR, Garratt KIN, Nishinmra RA, Burnett
JC. Endothelin in coronary endothelial dysfunction and eatly ath-
erosclerosis in humans. Circulation 1995; 92: 2426-31.

6. Marks DS, Vita JA, Folts D, Keaney JE Jr, Welch GIN, Loscalzo J.
Inhibition of neointimal proliferation in rabbits after vascular
injury by a single treatment with a protein adduct of nitric ox-
ide. J Clin Invest 1995; 96(6): 2630-8.

7. Boyle EM Jr, Verrier ED, Spiess BD. Endothelial cell injury in
cardiovascular surgery: the procoagulant response. Ann Tho-
rac Surg 1996; 62: 1549-57.

8. Carlos TM, Harlan JM. Leukocyte-endothelial adhesion mole-
cules. Blood 1994; 84(7): 2068-101.

9. Cameo G, Hurt-Camgjo E, Wiklund O, Bondjers G. Association of
apo B lipoproteins with arterial proteoglycans: pathological signifi-
cance and molecular basis. Atherosclerosis 1998; 139(2): 205-22.

10. Kim S. Tight junctions, membrane-associated guanylate kinases
and cell signaling. Curr. Opin Cell Biol 1995; 7: 641-9.

11. Witztum  JL, Berliner |A. Oxidized phospholipids and iso-
prostanes in atherosclerosis. Curr Opin Lipidol 1998; 9: 441-8.

12. Endemann G, Stanton LW, Madden KS, Bryant CM, White RT,
Protter AA. CD36 is a receptor for oxidized low density lipo-
protein. ] Biol Chem 1993; 268: 11811-6.

Vukovi¢ I, et al. Vojnosanit Pregl 2010; 67(12): 1007-1014.

13. Schwenke DC, Carew TE. Initiation of atherosclerotic lesions in
cholesterol-fed rabbits. II. Selective retention of LDL vs. se-
lective increases in LDL permeability in susceptible sites of
arteries. Arteriosclerosis 1989; 9: 908—18.

14. Skalen K, Gustafsson M, Rydberg EK, Hulten LM, Wiklund O, In-
nerarity TL, et al. Subendothelial retention of atherogenic lipo-
proteins in early atherosclerosis. Nature 2002; 417: 750—4.

15. Libby P, Clinton SK. The role of macrophages in atherogenesis.
Curr Opin Lipidol 1993; 4: 355-63.

16. Libby P. Transplantation-associated arteriosclerosis: potential
mechanisms. In: Tilney N, Strom T, editors. Transplantation biology.
Philadelphia, Pa: Lippincott-Raven Publishers; 1996. p. 577-86.

17. Camejo G, Hurt-Cameo E, Wiklund O, Bondjers G. Association of
apo B lipoproteins with arterial proteoglycans: pathological signifi-
cance and molecular basis. Atherosclerosis 1998; 139(2): 205-22.

18. McMurray HF, Parthasarathy S, Steinberg D. Oxidatively modified
low density lipoprotein is a chemoattractant for human T lym-
phocytes. ] Clin Invest 1993; 92(2): 1004-8.

19. Hessler |R, Morel DW, Lewis L], Chisolm GM. Lipoprotein oxi-
dation and lipoprotein-induced cytotoxicity. Arteriosclerosis
1983; 3(3): 215-22.

20. Horkko S, Bird DA, Miller E, Itabe H, Leitinger N, Subbanagounder
G, et al. Monoclonal autoantibodies specific for oxidised
phospholipids or oxidised phospholipid-protein adducts in-
hibit macrophage uptake of oxidised low density lipoproteins.
J Clin Invest 1999; 103: 117-28.

21. Carman CV/, Springer TA. A transmigratory cup in leukocyte
diapedesis both through individual vascular endothelial cells
and between them. ] Cell Biol 2004; 167: 377-88.

22. Lackovi¢ V', Kostié 1/, Sternié N, Kanjuh V', Vukovié I. Angiogene-
sis in the central nervous system: a role of vascular endothelial
growth factor. Vojnosanit Pregl 2005; 62(1): 59—67. (Serbian)



Strana 1014

VOINOSANITETSKI PREGLED

Volumen 67, Broj 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Lackovic 1/, Labudovie-Borovie M, Puskas N, 1 ukovic I. Cytohis-
tological characteristics of vascular endothelium. Part 1. Kar-
diologija 2000, 21(3-4): 1-12. (Serbian)

Cybulsky, MI, Gimbrone MA. Endothelial expression of a
mononuclear leukocyte adhesion molecule during atherogene-
sis. Science 1991; 251: 788-91.

Li H, Cybulsky ML, Gimbrone MA, Libby P. An atherogenic diet
rapidly induces VCAM-1, a cytokine-regulatable mononuclear
leukocyte adhesion molecule in rabbit aortic endothelium. Arte-
rioscler Thromb 1993; 13: 197-204.

Cheng Y, Huang HJ, Nagane M, Ji XD, Wang D, Shil CC, et al.
Suppression of glioblastoma angiogenicity and tumorigenicity
by inhibition of endogenous expression of vascular endothelial
growth factor. Proc Natl Acad Sci U S A 1996; 93(16): 8502—7.
Libby P, Ridker PM, Maseri A. Inflammation and atherosclero-
sis. Circulation 2002; 105: 1135-43.

Vukovic I, Arsengjevic N, Lackovic 1/, Todorovic 17. The origin and
differentiation potential of smooth muscle cells in coronary
atherosclerosis. Exp Clin Cardiol 2006; 11(2): 35-41.

Vukovie I, Stankovic V', Arsengjevic N. Ultrastructural analysis of
morphological lesions of coronary atherosclerosis during the stage
of fatty streak. Atherosclerosis Supplements 2008; 9(1): 259.
Jobnson-Tidey RR, McGregor [L, Taylor PR, Poston RN. Increase in
the adhesion molecule P-selectin in endothelium overlying
atherosclerotic plaques. Coexpression with intercellular adhe-
sion molecule-1. Am J Pathol 1994; 144(5): 952—61.

Lackovic V', Labudovic-Borovie M, Puskas N, Vukovic 1, Mircic A,
Nesic D. Cytohistological characteristics of vascular endothe-
lium. Part 2. Kardiologija 2001; 22(3-5): 1-11. (Serbian)

Mehta A, Yang B, Khan S, Hendricks |B, Stephen C, Mebta JL.
Oxidized low-density lipoproteins facilitate leukocyte adhesion
to aortic intima without affecting endothelium-dependent re-
laxation. Role of P-selectin. Arterioscler Thromb Vasc Biol
1995; 15(11): 2076-83.

Viodaver Z, Edwards JE. Pathology of coronary atherosclerosis.
Prog Cardiovasc Dis 1971; 14(3): 256-74.

Gimbrone MA. Vascular endothelium: An integrator of patho-
physiologic stimuli in atherosclerosis. Am ] Cardiol 1995;
75(6): 67B-70B.

Rollins B], Yoshimura T, Leonard EJ, Pober ]§. Cytokine-activated
human endothelial cells synthesize and secrete a monocyte
chemoattractant, MCP-1/JE. Am J Pathol 1990; 136: 1229-33.
Nelken NA, Coughlin SR, Gordon D, Wilox [N. Monocyte che-
moattractant protein-1 in human atheromatous plaques. ] Clin
Invest 1991; 88(4): 1121-7.

Mach F, Santy A, larossi AS, Sukhova GK, Neote K, Libby P, et al.
Differential expression of three T lymphocyte-activating CXC
chemokines by human atheroma-associated cells. ] Clin Invest
1999; 104: 1041-50.

Sakagnehi H, Takeya M, Suzunki H, Hakamata H, Kodama T, Hori-
uchi S, et al. Role of macrophage scavenger receptors in diet-
induced atherosclerosis in mice. Lab Invest 1998; 78(4): 423-34.
Goldstein JL, Ho YK, Basu SK, Brown MS. Binding site on
macrophages that mediates uptake and degradation of acety-
lated low density lipoprotein, producing massive cholesterol
deposition. Proc Natl Acad Sci USA 1979; 76: 333-7.

Kodama T, Reddy P, Kishimoto C, Krieger M. Putification and
characterization of a bovine acetyl low density lipoprotein re-
ceptor. Proc Natl Acad Sci U S A 1988; 85(23): 9238—42.
Brown MS, Goldstein JL. Lipoprotein metabolism in the macro-
phage: implications for cholesterol deposition in atherosclero-
sis. Annu Rev Biochem 1983; 52: 223—-61.

Pitas RE. Expression of the acetyl low density lipoprotein re-
ceptor by rabbit fibroblasts and smooth muscle cells. Up-
regulation by phorbol esters. ] Biol Chem 1990; 265(21):
12722-17.

Vukovie I, Lackovic 1/, Todorovie 1/, Kanjuh 1/, Ilic S. Cytohis-
tologic and immunohistochemical characteristics of the aortic
intima and media in coarctation of the aorta of the adult type.
Srp Arh Celok Lek 2004; 132(1): 66—71. (Serbian)

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Murry CE, Gipaya CI, Bartosek T, Bendit EO, Schwartz SM.
Monoclonality of smooth muscle cells in human atherosclero-
sis. Am ] Pathol 1997; 151(3): 697-705.

Lackovic 1/, Vukovie I. Cytohistological and immunohistochemi-
cal characteristics of vascular remodelling in diseases of the
blood vessels. Srp Arh Celok Lek 2006; 134(Suppl 1): 9-16.
Vukovic I, Arsenijevic N, Lackovic 17. Cytomorphological con-
ceptions of plaque structure in atherosclerotic lesion. The 76t
annual European Atherosclerosis Society Congress; 2007 June
10-13; Helsinki, Fineland. Abstract book pp. 257.

Vukovic I, Stankovic 1V, Arsenjjevic N. Immunocytochemical
characteristics of morphological lesions of coronary athero-
sclerosis during the stage of fatty streak. The 77t annual
European Atherosclerosis Society Congress; 2008 Apr 26-29;
Istanbul, Turkey. Abstract book pp. 598.

Vukovic 1, Arsensjevic N, Lackovic 17. Immunocytochemical and
ultrastructural analysis of aortic wall remodeling The 76t an-
nual European Atherosclerosis Society Congress; 2007 June
10-13; Helsinki, Fineland. Abstract book pp. 360.

Vukovic I, 1lic S, Stankovic 1/, Lackovic V', Todorovic 1. Cytohis-
tology and immunocytochemistry characteristics of neointimal
thickening in aortic coarctation of adult type. Medicus 2005;
6(1): 11-7.

Liic 8, Vukovic 1, Hercog D, Vucicevie M, Parezanovic V', 1V nkoma-
novic G, et al. Surgery for coarctation of the aorta in infants
younger than three months. Strp Arh Celok Lek 2004; 132(1):
27-33. (Setbian)

Thyberg J, Blomgren K, Hedin U, Dryjski M. Phenotypic modulation
of smooth muscle cells during the formation of neointimal thick-
enings in the rat carotid artery after balloon injury: an electron-
microscopic and stereological study. Cell Tiss Res 1995; 281:
421-33.

Xun C, Lee S, Singh T, Sho E, Li X, Sho M, et al. Molecular
mechanisms of aortic wall remodeling in response to hyper-
tension. ] Vasc Surg 2001; 33(3): 570-8.

Abndreeva ER, Pugach IM, Orekhov AN. Collagen-synthesizing cells
in initial and advanced atherosclerotic lesions of human aorta.
Atherosclerosis 1997; 130: 133—42.

Moses MA, Klagsbrun M, Shing Y. The role of growth factors in
vascular cell development and differentiation. Int Rev Cytol
1995; 161: 1-48.

Valins M, Kazlauskas A. Phospholipase C-y1 and phosphatidy-
linositol 3 kinase are the downstream mediators of the PDGF
receptor’s mitogenic signal. Cell 1993; 73: 321-34.

Ross R. Cellular and molecular studies of atherogenesis. Athero-
sclerosis 1997; 131(Suppl 1): S3-584.

Landerholm TE, Dong XR, Lu ], Belaguli NS, Schwartz R], Majesky
MW. A role for serum response factor in coronaty smooth
muscle differentiation from proepicardial cells. Development
1999; 126: 2053-62.

Siegenthaler G, Roulin K, Chatellard-Gruaz D, Hotz R, Sanrat JH,
Hellman U, et al. A heterocomplex formed by the calcium-
binding proteins MRP8 (S100A8) and MRP14 (S100A9) binds
unsaturated fatty acids with high affinity. | Biol Chem 1997;
272(14): 9371-7.

Cao B, Bruder |, Kovesdi 1, Huard ]. Muscle stem cells can act as
antigen-presenting cells:implication for gene therapy. Gene
Ther 2004; 11: 1321-30.

Morelli P, Martinsson S, Om@rm—LWﬂ’én G, Fridén V, Moses ],
Bondjers G, et al. IFNy regulates PDGF-receptor alpha expres-
sion in macrophages, THP-1 cells and arterial smooth muscle
cells. Atherosclerosis 2006; 184(1): 39—47.

Whitman SC, Ravisankar P, Elam H, Dangherty A. Exogenous
interferon-gamma enhances atherosclerosis in apolipoprotein
E-/- mice. Am ] Pathol 2000; 157(6): 1819-24.

Received on February 20, 2009.
Revised on November 26, 2009.
Accepted on November 30, 2009.

Vukovi¢ I, et al. Vojnosanit Pregl 2010; 67(12): 1007-1014.





