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Abstract
Atherosclerosis is a disease that arterial intima gradually are 
thickened and transformed into a sclerotic plaque, 
interfering with normal blood flow and resulting fatalities. It 
includes three stages, the pre stage characterized with 
Diffuse Intimal Thickenings (DITs) and fatty streaks, the 
early atherosclerotic stage with Pathological Intimal 
Thickening (PIT), and the late stage with fibroatheromas 
transformed from PIT. Every atherosclerotic stage consists 
distinctive morphological alterations, and biologic changes 
and expression of immune markers at different levels. This 
review summarized discoveries and achievements of micro-
anatomy, ultrastructure, immunohistochemically staining 
and molecular biology in literatures about atherosclerosis. 
Specifically, common histological changes and 
pathomechanism of atherosclerosis are emphasized based 
on our studies in this review.
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Introduction
Atherosclerotic cardiovascular disease is prone to ischemic

myocardial infarction, stroke, which is a disease with a high
mortality rate [1]. Arterial endothelial cells become vulnerable
to hemodynamic factors, and dysfunction of the endothelium
occurs as a sign of the initiation of atherosclerosis [2].
Conventionally, it is thought that monocytes in the blood are
recruited to the dysfunctioning endothelium and differentiated
into macrophages, which engulf low-Density Lipoprotein (LDL)
and transform into foam cells. It is consistent with the formation
of fatty streaks in intima during atherosclerosis. Chemokines
secreted by the endothelial cells and macrophages stimulate
sub-endothelial Vascular Smooth Muscle Cells (VSMCs), resulting
its proliferation and degeneration. Along with proliferation of
fibroblasts, the proliferated VSMCs synthesize ExtraCellular
Matrix (ECM) and form a fibrous cap. A necrotic core is located
under the fibrous cap, which is rich in lipids and cellular debris;
some plaques are accompanied by calcification [3].

Physiologically, VSMCs are located in tunica media and
express a series of markers with contractile function. During
atherosclerosis, the contractile VSMCs are transformed into
synthetic phenotype following losing of the contractile markers

[4]. These transformed VSMCs are capable of secreting ECM and 
abundant proteoglycan. The negatively charged proteoglycan 
binds to the positively corresponding apolipoprotein through 
electrostatic interaction, resulting in lipid retention [5]. The 
lipoproteins retained in vessel are prone to oxidative 
modifications to form ox-LDL. Some VSMCs phagocytose ox-LDL 
and form foam cells in intima additionally. Eventually, the foam 
cells from macrophages and VSMCs experience apoptosis and 
release free cholesterol with progression of disease [6]. The 
synthetic VSMCs express macrophage-specific markers, with 
decreasing of phagocytose lipids and producing of necrotic 
cellular debris. It promotes the progression of atherosclerosis 
through an increased inflammatory response [7].

Above transformed VSMCs play various roles and drive 
progression of atherosclerosis by different forms. A hallmark of 
atherosclerosis is calcification, which is thought as calcific cells 
derived from VSMCs also [8].

Development of Atherosclerosis
Atherosclerosis includes three stages, pre-atherosclerosis, 

early and late stage (Figure 1). The pre-atherosclerosis is 
characterized with Diffuse Intimal Thickening (DIT), extensive 
accumulation of intra and extracellular lipids. The lipid-laden 
cells and foam cells of the neo-intima are rich vacuoles in 
cytoplasm [9]. DIT is resulted from VSMC proliferation and 
phenotype shift from initial contractile phenotype to a synthetic 
phenotype in intima. The synthetic VSMSs are characterized by 
production of proteoglycans and elastin, and expansion of 
rougher Endoplasmic Reticulum (rER) and mitochondria, which 
could participate origination of foam cells in atherosclerosis 
[3-10].

The early stage of atherosclerosis, also known as Pathological 
Intimal Thickening (PIT), is characterized with extracellular 
lipid pools, abundant VSMCs and ECM in the deep intima. The 
lipid pool includes plentiful free cholesterol and small 
portion of ECM, both promote lipoprotein retention in 
atherosclerotic cores. The components of ECM are mainly 
hyaluronic and proteoglycan. The lipoprotein undergoes 
oxidative modifications and plays a role in recruitment of 
macrophage furthermore [11-12].

The late stage of atherosclerosis gets further progression of 
atherosclerosis, with formation of fibroatheromas. The typical 
fibroatheromas contains a fibrous cap and a necrotic core. The
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necrotic core is formed due to aggregation of macrophages in
the lipid pool, which phagocytose lipid droplets and transformed
into foam cells, together with VSMC-derived foam cells due to
sustained inflammatory and apoptosis [13]. Fibrosis,
characterized by proliferation of fibroblastic cells and
accumulation of collagen, plays an important role in arterial
intimal remodeling and fibrous cap formation at late stage of
atherosclerosis. The thickened fibrous cap is mainly composed
of type I, type III collagen and proteoglycans. It is responsible for
storing the hemorrhagic contents in the necrotic core [14].

Atherosclerosis is often complicated with intraplaque
hemorrhages in atherosclerotic plaques [15]. Interbedded
hemorrhages between the pseudo-media and the affected
tunica media hint a reasonable mechanism of sporadic aortic
aneurysms and dissections in cardiovascular diseases. The
necrotic cores with a large volume always indicate a tendency of
hemorrhage. These intraplaque hemorrhages and thin fibrous
cap accelerate obstruction of arteries and thrombosis [16].

At late stage, the atherosclerotic plaques are also liable to
neovascularization [17]. The neo-vascular and small capillaries
are usually characterized with a small fissure and lumen in
necrotic cores. Additionally, calcification characterized
deposition of hydroxycalcium salts is a common feature during
formation of atherosclerotic plaques [18].

Figure 1: Diagram of three stages of atherosclerosis and
changes of hemodynamics flow (a) normal blood stream in a
normal artery; (b) the pre-atherosclerosis with diffuse thickened
intima; (c) the early stage of atherosclerosis characterized with
proliferation of fibroblasts and VSMCs in intima;(d) the late
stage with a fibroatheromas including a fibrous cap and a
necrotic core.

Atherosclerotic plaques are usually cylinder-shaped and
composed of three compartments: a fibrous cap on surface of
atherosclerotic core and exposed to blood streams in arteries, a
basal band between atherosclerotic cores and tunica media, and
an atherosclerotic core located hump middle part of ASPs [19].

Fibrous caps are composed of bundles of collagen fibers and
some longitudinal cells on the surface. Spindle-like foam cells
are scattered among the collagen fibers. At some places, the
fibrotic caps penetrate into atherosclerotic cores and become a

focal fibrotic region in it [19]. Basal bands were including two
parts: upper part of hyperplastic myofibroblastic cells, lower
part of degenerated Vascular Smooth Muscle Cells (d-VSMCs) of
affected tunica media. The both of them are separated by a
thick integrate elastin layer [20].

The fibrous caps and the basal bands are merged together
and become a circular fringe at periphery of the atherosclerotic
plaques. The fringe contains three parts: an upper region with
layers of fibroblastic and vacuolated cells among collagen fibers,
an intermediate region with scattered small cells in amorphous
matrix, and the basal band as those areas of bottom bands [19].

Atherosclerotic cores are characterized with focal fibrosis,
accumulation of foam cells, neovascularization, hemorrhage,
cholesterol deposition and calcification. collagen fibers in
fibrotic areas are secreted by the synthetic VSMCs transformed
from contractile VSMCs, which accelerate atherosclerosis [21].
The phenotype transformation of VSMCs was demonstrated
experimentally in animal models [22-23]. Additionally, it is also
thought that the synthetic-VSMCs are originated from
multipotent stem cells in arterial walls and circulating
mesenchymal progenitor cells [24-25]. Foam cells initially occur
in sub-endothelial areas where includes lots of lipoproteins and
cholesterol at early stage of atherosclerosis. Following
progression of atherosclerosis, the foam cells spread and
become mass aggregations in atherosclerotic cores [26].

Calcification with various sizes is usually dispersed in sub-
region of fibrous caps, atherosclerotic cores, and upper basal
bands occasionally. It mainly includes components of calcium
phosphate salts. Lesions of osseous and cartilaginous metaplasia
are often located around calcified cells and materials [27].The
calcified cells are associated with degeneration of SMCs,
adventitial stem/progenitor cells, pericytes and myofibroblasts
[28].

Transmission Electron Microscopy (TEM) have been applied in
atherosclerotic study since 1980’ years, especially focused on
alterations of endothelium, fibroblasts, myofibroblasts and
VSMCs in atherosclerotic plaques [29-31]. The ultrastructural
characteristics of the above cells during atherosclerosis listed
are listed in Table 1. Additionally, ECM and materials such as
collagen fiber, fibronectin and elastin are also demonstrated in
atherosclerotic cores.

Fibroblasts and myofibroblasts are mostly located in fibrous
caps, and surrounded by bundles of collagen fibers, account for
stability of atherosclerotic cores on the surface. The fibroblasts
are slender-shaped and contain a plenty of expended rER in
cytoplasm and irregular lamina on surfaces, whereas
myofibroblasts includes myofilaments with densities in
cytoplasmic periphery and fibronectin fibrils on the surfaces
additionally. Some of myofibroblasts are also characterized with
fibronexus and foci fibronectin on the surfaces, which are
defined as typical myofibroblasts as those in scar tissues and
neoplastic lesions [32]. Fibroblasts and myofibroblasts are often
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demonstrated degenerated features of vesicles, lipid droplets 
and focus necrosis of cytoplasm in deep region of fibrous caps 
and atherosclerotic cores [33].

VSMCs are alighted mostly in basal bands and scattered 
atherosclerotic cores, although they are characterized with 
different feature. Layers of VSMC-like cells in upper regions of 
basal band shows a hypertrophic pattern, where the VSMCs-
like cells are disorganized and share intermediate 
phenotype of myofibroblasts and typical VSMCs. On the other 
hand, layers of VSMCs in deep region of basal bands are 
organized in elastin networks as normal tunica media patterns, 
which suggesting of affected tunica media of arteries. All of 
above cells are demonstrated degenerated and damaged 
features, with lipid droplets, ceroid granules, lipofuscin and 
dissolving appearance. 

appearance

 

of myofilaments in cytoplasm. So, they are often named as 
degenerated and transformed VSMCs (d-VSMCs, t-VSMCs), the 
basal bands are named as a neo-intima and in some literatures 
[34].

Foam cells usually are aggregated atherosclerotic cores, a few 
of them are scattered in deep fibrous caps and upper region of 
basal bands adjacent to atherosclerotic cores. According to our 
study, typical foams include a condensed nucleus are full of lipid 
drops in cytoplasm. Whereas, some large cells rich in lipid 
droplets contain lots of vacuoles, lipofuscin and ceroid granules 
in cytoplasm, and caveolaes on cellular surface. These cells are 
roughly named as necrotic cells because it is difficult to identify 
their origination and entities in atherosclerosis [19].

Type of cells Ultrastructural characteristics,

Endothelial cells Abundant rER and Weibel-Palade bodies, plentiful mitochondria

Fibroblasts Expanded rER, vacuoles, surrounded by collagen fibers

Myofibroblasts Slender shaped, rER，periphery myofilaments，irregular lamina
and fibronectin on surface, fibronexus

Foam cells Full of lipid drops, lipofuscin granules

d/t-VSMCs Abundant myofilaments, cytoplasmic lipid drops, lamina on the
surface, few rER

D/t-VSMCs, degenerated and transformed VSMCs; rER, rough Endoplasmic Reticulum

Antigens and Molecule of Cells Associated
with Atherosclerosis

In recent decades, a plenty of antigens and molecules are
studied in atherosclerosis with development of biologic technics
and more antibody applying in atherosclerosis study (Table 2).
The roles of macrophages, VSMCs and endothelial cells are
significantly investigated in these experiments.

Markers of macrophage
Inflammation is thought plays an important role during

atherosclerosis, which is initiated by the phagocytosis of Low-
Density Lipoprotein (LDL) by monocytes. After injury of vascular
endothelium, lipoproteins penetrate into subendothelial layers
of arteries from plasma. The oxidized lipoproteins are
phagocytosed by monocyte derived macrophages that express
CD36, Scavenger Receptor A(SR-A), lectin-like receptor-1, surface
markers such as MHCⅡ, CD64, CD80, and CD86 [35]. The LDL are
digested by Lysosomal Acid Lipase (LAL) of endosomes/
lysosomes system of macrophages and become free cholesterol,
and the macrophages transform into foam cells.

The macrophages of atherosclerotic plaques in activated state
were considered as the origin of the foam cells through
engulfing lipid drops. These macrophages express CD68, CD11c,
CD163 and CD206 [36].

Markers of VSMCS
Another way in which foam cells are formed is due to

excessive lipid loading of VSMCs from tunica media to intima.
Contractile VSMCs (c-VSMCs) are strongly positive for contractile
proteins of smooth muscle α-actin (α-SMA), α-tropomyosin,
MYOCD and Smooth Muscle Myosin Heavy Chain (SMMHC) in
tunica media [37]. On the hand, dedifferentiated VSMCs (d-
VSMCs) express CD68, galectin 3 and ABCA1 under stimulation
of inflammation in atherosclerotic progress. During
atherosclerosis, c-VSMCs migrate into tunica intima and transfer
into other phenotype-cells, such as chondrocyte-like cells, MSC-
like cells, myofibroblasts and beige adipocyte-like cells besides
d-VSMCs [38]. These cells loss phenotype of c-VSMCs and secret
various components of ECM in atherosclerotic plaques [39]. The
chondrocyte -like cells are often detected by SOX9, Runt-related
transcription factor2 (Runx2) and osteocalcin [40]; MSC-like by
Sca1; myofibroblasts by Platelet-Derived Growth Factor
Receptor-β (PDGFR-β) and alpha-actin-2; beige adipocyte-like
cells by thermogenic (UCP1) [41-43].

Markers of ECD
Atherosclerosis is initiated by damaging and dysfunction of

vascular endothelium. The term of “Endothelial Cell
Dysfunction” (ECD) is depicted as the undesirable alteration of
vascular endothelial phenotype owing to atherosclerosis [2].
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Kruppel-Like Factor-2 (KLF2) is previously demonstrated in 
endothelium of human atherosclerotic specimens by method of 
in situ hybridization [44]. CCN1 regulates the endothelial cell 
phenotype by binding to receptor integrin α6β1 to activate 
downstream nuclear factor-К B [45]. The activated endothelial 

cells are also capable of expressing “endothelial activation  
antigens” of Class-2 MHC antigens, ELAM-1, VCAM-1, MCP-1,  
IL-1, IL-8, IL-8 and GM-CSF) [46]. All of the above inflammatory 
factors are participated in monocyte attachment and activation, 
and macrophage and VSMCs immigration and transformation in 
atherosclerosis.

Table 2: Markers of cells in atherosclerotic cells.

Detailed classification Markers

macrophages derived macrophages CD36, CD64, CD80, CD86,SR-
A,LOX-1,MHCⅡ,

activated macrophages CD68, CD11c, CD163, CD206

VSMCs contractile phenotype α-SMA, SMMHC, MYOCD, MYH11,
ACTA2, TAGLN

dedifferentiated phenotype CD68, galectin 3, ABCA1

chondrocyte-like cells SOX9, Runx2, osteocalcin

MSC-like cells Sca1

myofibroblast-like cells PDGFβR,ACTA2

beige adipocyte-like cells UCP1

ECD normal endothelium KLF2

activated endothelium Class-ⅡMHC antigens, ELAM-1, VCAM-1,
IL-8, MCP-1

Foam cells are a group of pathogenic cells that plays a
significant role of initiating and accelerating atherosclerosis.
Based on above experiments and clinical investigations, three
theories about foam-cell origination are presented so far, -
transformation from monocytes/macrophages, transformation
from VSMCs and derived from other types of cells.

Foam-cell transformation from monocytes/
macrophages

With damaging of endothelium on various circumstances,
monocytes in bloodstream are attracted to affected endothelial
cells and transformed into macrophages to exert defense
mechanism, i.e., phagocytosing modified lipoproteins to avoid
further damage of vascular endothelium. Imbalance of lipid
metabolism give rise to load lipid in macrophages excessively, so
that monocytes are transformed into foam cells [47-48]. A group
of proteins is essential for monocytes migrating into sub-
endothelial region and the transformation, which includes
selectin proteins on surface of endothelial cells and monocytes,
Cellular Adhesion Molecules (CAMs). These macrophages
derived from monocytes are characterized by a big volume and
expression of CD68 [49].

Foam-cell transformation from VSMCS
VSMCs are isolated and separated by elastin laminas in tunica

media of arteries physiologically, and characterized with
contractile phenotype. Under pathologic conditions of
hemodynamic stress and other pathogenic factors, the
contractile VSMCs (c-VSMCs) are proliferated and transferred
from tunica media into tunica intima. During this process, the c-
VSMCs are transformed into synthetic VSMCs (s-VSMCs), which
capable of synthesizing ECM and constructing a fibrous cap on
surface of tunica intima. The s-VSMCs also uptake lipoproteins
and cholesterol, and transform into foam cell in neo-intima that
becomes an atherosclerotic cores including a plenty of lipid and
cholesterol [50].

Foam-cell transformation and differentiation from
other cells

Some studies and experiments have demonstrated that foam
cells could be derived from Vascular Endothelial Cells (VECs) and
Vascular Stem/Progenitor Cells (VSPCs) of arterial walls [51-52].
Dr. Lao and his colleagues evidenced that VECs undergoing
Endothelial to Mesenchymal Transition (End MT) were a source
VSMCs and foam cells in atherosclerosis [53]. A plenty of VSPCs
between adventitia and tunica media is responsible for
repairmen and generation of arterial wall [54]. Evelyn et al. [55].
Demonstrated a significant increase of VSPCs in the
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“vasculogenic zone” of atherosclerotic arteries comparing with
normal vessels. The theory suggested the VSPCs were recruited
and transformed into SMCs and foam cells in neo-intima during
atherosclerosis [56].

Conclusion
Increasing experiments studies and clinical investigations

suggest that atherosclerosis is a series of pathological processes,
involving all kinds of resident cells of arteries and blood cells
from periphery circulation. The pathomechanism is complicated
with cell proliferation, differentiation, trans-differentiation, fatty
degeneration, apoptosis and necrosis. Some alterations are
compensatory and adaptive reactions, but some changes are
secondary damaging. For atherosclerosis plaques are a complex
tissue with hyperplasia and necrosis, the results and evidences
drew from molecular and biologic studies must be carefully
interpreted and concluded.
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