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Molecular signal transduction in vascular cell apoptosis
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ABSTRACT

Apoptosis is a form of genetically programmed cell death, which plays a key role in regulation of cellularity
in a variety of tissue and cell types including the cardiovascular tissues. Under both physiological and patho-
physiological conditions, various biophysiological and biochemical factors, including mechanical forces, reac-
tive oxygen and nitrogen species, cytokines, growth factors, oxidized lipoproteins, etc., may influence apoptosis
of vascular cells. The Fas/Fas ligand/caspase death-signaling pathway, Bcl-2 protein family/mitochondria,
the tumor suppressive gene p53, and the proto-oncogene c-myc may be activated in atherosclerotic lesions,
and mediates vascular apoptosis during the development of atherosclerosis. Abnormal expression and dys-
function of these apoptosis-regulating genes may attenuate or accelerate vascular cell apoptosis and affect
the integrity and stability of atherosclerotic plaques. Clarification of the molecular mechanism that regu-
lates apoptosis may help design a new strategy for treatment of atherosclerosis and its major complication,
the acute vascular syndromes.
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INTRODUCTION

Apoptosis represents a model of genetically pro-
grammed cell death and a major mechanism by which
tissue removes unwanted, aged or damaged cells.
Although cells of mammalian tissues consist of a
broad diversity of phenotypes and genotypes, du-
ring the development of apoptosis, all cell types un-
dergo similar morphological alterations include chro-
matin compaction and margination, nuclear conden-
sation and fragmentation, and cell body shrinkage
and blebbing[1]. Characteristic apoptotic morphol-

cur prior to the initiation of apoptosis. Once
activated, the apoptotic process can progress in the
absence of extracellular insults. This suicidal feature
of apoptosis has been well documented during em-
bryonic development and morphogenesis as well as
adult tissue turnover. Another important feature of
apoptosis is that apoptotic cells or bodies usually re-
tain an intact cellular membrane and are removed
promptly by tissue macrophages or adjacent cells,
thus exerting no harm to the tissue and triggering
no inflammatory reaction. Scientists have been de-

ogy reflects a drastic self-destruction of cytoskeleton
and a catabolism of intracellular macromolecules.
Complex interactions between extracellular microen-
vironmental factors and internal gene expression oc-
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bating on the terminology and definition of apoptosis
since this Greek word was first introduced by Kerr,
et al[1] in 1972 for describing spontaneous cell death
in malignant hepatic tissue. Indeed, many forms of
cell death previously called necrosis are now regarded
as apoptosis[2]. In order to define apoptosis and
avoid confusion, Majno and Joris, et al have recently
proposed a new term (oncosis) as an alterative of
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necrosis[2]. Thus far, there have been no universal
standard methods for the diagnosis of apoptosis. The
criteria of apoptosis vary from one cell type to others.
Nevertheless, investigators have reached a consen-
sus that apoptosis is a distinct form of cell death which
exhibits many different features from necrotic cell
death or oncosis (Tab 1).

Using a microscope just invented, a German
pathologist, R. Virchow, recognized cell death in ath-
erosclerotic lesions almost 150 years ago[3]. He de-
scribed the atherosclerotic plaques as a transitional
lesion turning proliferating cells into death. In 1995,
several research laboratories, including ours, re-
ported on apoptosis of vascular smooth muscle cells
(SMC), endothelial cells (EC), and inflammatory cells
in advanced human atherosclerotic lesions or
atheroma(4-6]. Investigations on isolated plaque cells
[7], [8], and experimental atherosclerosis[9],[10] also
show the involvement of apoptosis in cell turnover
during atherogenesis. Since then, a wealth of infor-
mation has emerged with regard to the molecular

mechanisms and biological impacts of vascular cell
apoptosis in atherosclerosis. The goals of this review
are to sum up recent advances in the studies of
apoptosis in atherosclerosis and to delineate the
molecular mechanisms for vascular cell apoptosis in
different atherosclerotic lesions.

Extracellular inducers of apoptosis in ath-
erosclerosis

Vascular cells, in particular SMC and EC, are
exposed to a broad variety of biologically active envi-
ronmental factors such as mechanical force, oxida-
tive stress, radiation, heat, free radicals, lipids
(cholesterol and its oxides), virus and bacterial
products, and inflammatory cytokines produced by
activated immune cells. Induction of apoptosis has
been reported in vascular cells treated by some of
the extracellular environmental and immunological
factors (Tab 2).

Atherosclerotic lesions contain chemically modi-
fied lipoproteins, in particular oxidized low-density

Tab 1. Comparison in cell biology and biochemistry between apoptosis and oncosis (necrosis)

Apoptosis Oncosis
Triggers External/Internal External
Dying cells Individual Group
Death process Programmed Accidental
Cell body Shrinking Swelling
Membrane Intact Broken
Lysosome Intact Leaking
Cytoskeleton Collapse before death Collapse after death
Mitochondria Intact with Cyt-c release and ATP synthesis Broken without ATP synthesis
Nucleus Shrinking and fragmented Enlarged and broken
Chromatin Condensation Clumping
DNA Internucleosomal fragmentation Randomized fragmentation
Caspases Early activation Uncertain
Inflammation Rare Common

Tab 2. Inducers and inhibitors of apoptosis in atherosclerosis

Inducers Inhibitors
OxLDL Shear stress
Oxysterols NO at low levels

Reactive oxygen species

Reactive nitrogen species (NO at high levels)

X-, v, and UV radiation
Heat

Cytokines

Fas ligand

VEGF

bFGF

Cowpox virus CremA
Baculovirus protein p35
The IAP protein family
Microorganism
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lipoprotein (oxLLDL), which has been considered as
a major cytotoxic component in atherosclerosis. Cho-
lesterol and its esters per se have little pro-apoptotic
effects but become cytotoxic after oxidation. Some
of oxysterols[11] in the oxLDL particles may be par-
tially responsible for apoptotic effects of oxLDL.
Oxysterol-mediated apoptosis is important in the
formation of a necrotic lipid core where concentra-
tions of oxysterols are higher than in other regions
[11]. Mechanisms by which oxLLDL may trigger
apoptosis have not been completely understood.
Recent studies suggest that activation[12] of caspases
and sphingomyelinase[13] as well as suppression of
the nuclear transcription factor NF-kkB[14] may
contribute to oxLDL-induced apoptosis. Although
native free cholesterol is not cytotoxic, high levels of

Cytokines (IFN, TNF, IL-1)

cholesterol oxides in the cell membrane can trigger
foam cell death by apoptosis[15].
Atherosclerosis is an inflammatory,
fibroproliferative arterial disease, characterized by
intimal infiltration of many immune cells and lipid-
rich foam cells as well as the deposition of lipids and
connective tissue[16]. Immune cells, in particular
macrophages and T lymphocytes (two major cellular
components in cellular immunity), are activated in
the local inflammatory or, more precisely, immune
responses to antigenic substances[17]. The antigenic
substances may include oxidized lipoproteins and
some stress proteins such as heat shock protein-60.
Cells of atherosclerotic plaques can produce the pro-
inflammatory cytokines, tumor necrosis factor (TNF)
and interleukin-1 (IL-1) (two major products of ac-
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Fig 1. Schematic presentation of NO production and inhibition of mitochondrial respiration in vascular SMC exposed

to proinflammatory cytokines
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tivated macrophages and, to certain extent, by vas-
cular smooth muscle cells) and interferon-y (IFN-g (a
cytokine of activated T lymphocytes)[18]. These
cytokines can synergistically induce activation of the
sphingomyelin-ceramide signal pathway[19] as well
as the L-arginine-nitric oxide (NO) pathway[20-22].
Both the signal transduction pathways have been
shown to participate in initiation and enhancement
of apoptosis in vascular SMC[23],[24].

Each of the pro-inflammatory cytokines has its
own biological effect on vascular cell proliferation
and death. For instance, TNF and IL-1 stimulate
SMC growth whereas exposure to IFN-y inhibits
SMC proliferation. There is, however, a synergy in
promoting new gene transcription between these
cytokines. One of the most striking synergistic ac-
tions is induction of nitric oxide synthase, an en-
zyme responsible for production of NO, a gaseous
free radical with potent biological effects on contrac-
tility and metabolism of vascular SMC (Fig 1). The
cytokine-induced production of NO may have a del-
eterious effect on SMC. At high concentrations, NO
can attack several important iron-containing en-
zymes involved in DNA synthesis and mitochondrial
respiration, leading to apoptosis of the target cells
[24]. The pro-apoptotic effect of NO is markedly
enhanced when NO reacts with other reactive oxy-
gen species such as hydrogen peroxide (I) and forms
the cytotoxic nitrogen reactive intermediate, perox-
ide nitrite. The iron-containing enzymes in mito-
chondria that are sensitive to NO include the com-
plex I and complex IT in the respiratory chain. Since
mitochondrial dysfunction plays a critical role in the
development of apoptosis (see below), the
nitrosylation of iron-enzymes may not only inhibit
ATP synthesis but also trigger an apoptotic cascade.

In addition to TNF, other members of the TNF
superfamily also play important roles in regulation
of apoptosis. The fascinating death-signaling protein,
Fas/apo-1/CD95, is a surface antigen (CD95) that
belongs to the TNF receptor superfamily. Surface
Fas antigen ligation with anti-Fas antibodies or Fas
ligand can induce apoptosis in activated T lympho-
cytes[25]. Many immune cells such as macrophages
(the professional cell type that can present antigens)
and T cells (the antigen-responding cells critical for
a specific immune reaction) have been found to in-
filtrate human atherosclerotic lesions[17]. These
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immune cells can be activated by local and systematic
factors and, thereafter, produce bioactive substances
such as Fas ligand, granzymes and perforin, which
can kill target cells by apoptosis.

Several lines of evidence show that the Fas/Fas
ligand-caspase death pathway plays an important
role in induction of apoptosis in atherosclerotic
plaques[26-28]. Expression of Fas has been found
in both inflammatory cells and vascular cells such as
SMC and EC[26-28]. Interestingly, the vascular cells
can also express the ligand for Fas which is believed
to eliminate T cell infiltrate[29]. Over expression of
FasL has been shown to promote atherosclerosis in
a rabbit experimental atherosclerosis model[30].
Compared to its receptor, the Fas ligand expression
appears to be limited in certain regions where in-
flammatory cells are abundant. There are increased
numbers of vascular cells bearing markers for
apoptosis in the areas of atherosclerotic plaques with
abundant macrophages and T lymphocytes[6],[28].
Although vascular SMC express Fas, under normal
conditions the cells do not undergo apoptosis even
in the presence of FasL or agonistic anti-bodies[28].
The Fas expression and Fas/FasL. engagement per
se seem not to trigger apoptotic death in cultured
human SMC. Incubation of SMC with agonistic anti-
Fas immunoglobulin M (IgM) does not induce sig-
nificant apoptosis in human aortic SMC[28]. Anti-
Fas IgM can, however, significantly reduce viability
and increase internucleosomal DNA fragmentation
in SMC pretreated with the cytokines TNF, IL-1 and
IFN-y. Moreover, priming with these cytokines may
enhance expression of Fas and provide additional
death-promoting signals for initiation or accelera-
tion of the apoptotic cascade in the plaque cells.
Analysis of markers for apoptosis indicates that many
T lymphocytes may have undergone apoptosis when
they infiltrate into atherosclerotic lesions[31]. Ex-
pression of FasL in vascular cells and macrophages
may partially explain why some of the plaque cells
may escape apoptotic attack by activated T lympho-
cytes and have prolonged lifespan in the lesions.

Environmental inhibitors of apoptosis in
atherosclerosis

Many inhibitors of apoptosis have been identi-
fied for the past several years including shear stress,
growth factors, antioxidants and vitamins (Tab 2).



Geng YJ

These inhibitors counteract apoptotic effects of cyto-
toxic factors, maintain integrity of endothelium, and
increase cellularity of the vessel wall.

Mechanical force generated by blood flow can
induce remodeling of the endothelial layer as well
as the vessel wall[32]. Lack of shear stress may in-
duce apoptosis of EC[33] and, by contrast, applica-
tion of shear stress can inhibit apoptosis of human
EC[34]. The inhibitory effect of shear stress on
apoptosis of EC may be associated with production
of low levels of NO through activation of endothelial
NO synthase. In contrast to cytokine- induced NO
synthase, constitutive endothelial NOS generates
small amounts of NO that may inhibit caspase ac-
tivities and become protective to endothelial cell
apoptosis[35]. Analysis of apoptosis in human ath-
erosclerotic lesions shows a systematic preferential
occurrence of apoptosis in the downstream parts of
plaques where low-flow and low-shear stress pre-
vail[36].

Some growth factors may also protect cells from
apoptosis. For instance, vascular endothelial cell
growth factor (VEGF) can inhibit apoptosis of bone
marrow cells induced by radiation[37]. Basic fibro-
blast growth factor (bFGF) and its antisense are re-
ported to inhibit apoptosis of EC induced by TNFa.
The antisense therapy also triggers apoptosis of vas-
cular SMC[38]. This growth factor also prevents
apoptosis induced by serum starvation[39-41]. Pro-
tein kinase-C has been reported to mediate the pro-
tective effect of fibroblast growth factor[39],[40].

Because oxidative stress can injure vascular cells
and promote apoptosis as stated above, Anti-oxidant
therapy has been proposed[42]. Evidence has
emerged that antioxidants may have inhibitory ef-
fects on cell apoptosis. For instance, during 7-
ketocholesterol-induced apoptosis of U937 cells, a
rapid decrease occurs in the cellular glutathione
content, the oxidation of polyunsaturated fatty acids,
and the production of reactive oxygen species. Ad-
ministration of glutathione can prevent the 7-
ketocholesterol-induced apoptotic cell death[42].

Intracellular apoptosis machinery in ath-
erosclerosis

In the 1990s, many gene products have been
identified to serve as a signal transducer, a regulator,

an enhancer, or an executor of apoptosis. A great
diversity of the genetic background, cell structure,
metabolism, and function exists between mamma-
lian cells. However, there has been no universal death
pathway that accounts for every cell death. Just like
any other types of tissue cells, vascular cells appear
to have their own apoptosis machinery ready for
regulation and execution of apoptosis upon receiv-
ing death signals. Nevertheless, recent investigations
have pointed to the possibility that certain enzymatic
systems play central roles in vascular cell apoptosis,
under both physiological and pathological conditions,
as described in a series of reviews recently published
[43-48]. This review focuses on three major apoptosis-
regulatory or executing systems located in cytoplasm,
mitochondria and nuclei, respectively.

Caspases

In the cytoplasm, there is a group of aspartate-
specific cysteinyl proteases or caspases[49]. Thus far,
more than 14 members of the caspase family have
been identified in non-cardiac tissues, particularly
in the immune and nervous systems. All members
of the caspase family show a similar substrate cleav-
age at an aspartate residue, and they are expressed
as proenzymes. The caspase family participates in
downstream events of death signa-ling by the mem-
bers of TNF receptor superfamily (e.g., Fas and TNF
receptor-1) which share a related intracellular "death
domain" of about 70 amino acid residues[25]. Fas-
associated protein with death domain (FADD)/
MORT1 and receptor-interacting protein (RIP) and
TNFR-1-associated death domain protein (TRADD)
serve as downstream factors to induce apoptosis.
Based upon their functions, caspases can be divided
into three groups: the first group (caspases 1, 4, 5,
11-14) with a limited role in apoptosis mainly par-
ticipates in inflammation; the second group (caspase
2, 8-10) serves as initiators of apoptosis; and the third
group (caspases 3, 6 and 7) act as effectors of
apoptosis.

The exact picture of how activation of caspases
leads to cell death remains unclear. Available evi-
dence largely from the Fas/TNF-R death-signaling
model indicates two distinct but related pathways
(Fig 2). In pathway one[25], Fas-FasL ligation
trimerizes the receptor, recruits cofactors such as
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FADD and RIP, and then activates caspases 8 and 2
by autoproteolysis and oligomerization.
Subsequently, the effector caspases 3, 6 and 7, are
also proteolytically activated, resulting in clea-vage
of a variety of cellular substrates. In pathway two,
many cytotoxic substances may attack mitochondria,
translocate pro-apoptotic members of the Bel-2 family
to mitochondria, alter voltage-dependent channels
in the mitochondrial membrane, and release cyto-
chrome-c (cyt-c). Via the adaptor molecule, Apaf-1,
cyt-c and caspase-9 form a complex, which, in turn,
activates the effector caspases and triggers the
caspase cascade. Interestingly, in some cells, caspase-
8 activation can also activate the mitochondrial death
pathway by cleavage of Bid, a pro-apoptotic member
of the Bcl-2 family. Although the two pathways of
apoptosis can operate in the same cells, studies sug-
gest that certain types of cells may predominantly
utilize one of the mechanisms for apoptosis. In
general, pathway one is more active than pathway
two in the receptor-mediated cell death[25].
Conversely, pathway two is more prominent in death
induced by cytotoxic agents[49],[50].

Expression of caspases has been reported in hu-
man and animal atherosclerotic plaques[6] and in
cultured vascular cells[51]. However, the biological
functions of caspases in atherosclerotic lesions are
largely unknown. Many intracellular proteins have
been shown as substrates for caspases. Among them,
the proteins associated with nucleases play an im-
portant role in the final phase of the caspase cascade.
Normally, cells are protected from nucleo-lysis by
producing inhibitors of the nucleases. Caspase 3 can
cleave I“4?/DFF45, an inhibitor of the nuclease re-
sponsible for DNA fragmentation, CAD (caspase-
activated deoxyribonuclease)[49]. In addition, acti-
vated caspase 3 also cleave gelsolin, an actin-associ-
ated protein that may have influence on the activi-
ties of DNase I. In cultured SMC, cytokine-induced
activation of caspase 3 triggers an apoptosis cascade
in which fragmented gelsolin depolymerizes actin,
promotes collapse of cytoskeleton, and induces acti-
vation of nucleases that degrade DNA[51].

Bcl-2 and mitochondria

The Bcl-2 protein family represents another
group of cellular proteins that are important Regu-
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lators of apoptosis in mammalian cells. Bcl-2 has
been found abundantly in the mitochondrial mem-
brane[52]. The Bcl-2 family has more than 15 mem-
bers[50]. Based upon differences in regulation of
apoptosis, members of this family can be divided into
two subgroups. Each of them contains five or more
function- and structure-related proteins. The first
group is composed of the anti-apoptotic proteins such
as Bcl-2, Bid, Bcl-X, Mcl-1, Bel-w and Al; members
of the second group are pro-apoptotic including Bax,
Bak, Bad, Bik, Hrk, Bid and Bcl-xs. The mechanism
for inhibition of apoptosis by Bcl-2 has not been com-
pletely clarified. Bcl-2 may exert an antioxidant ef-
fect on stressed cells, prevent release of mitochon-
drial cytochrome C, and form complexes with other
pro-apoptotic molecules such as Bax and Bak.
Rapidly accumulating literature indicates the piv-
otal role of mitochondria in apoptosis[52], [563]. The
regulatory effects of mitochondria on apoptosis are
threefold: 1) inhibition of mitochondrial respiration.
As discussed above, the res-piratory chain inhibition
may occur when large amounts of NO are synthe-
sized in cytokine-stimulated vascular cells; 2) pro-
duction of cytotoxic reactive oxygen species or change
of cellular reduction-oxidation (redox) potential; and
3) release of pro-apoptotic molecules including cyt-c
and apoptosis inducing factor (AIF). Many Bcl-2 fam-
ily proteins reside in the mitochondrial outer mem-
brane where they form a pore structure that sur-
prisingly resembles some bacterial toxins enhanc-
ing proton extrusion. The release of cyt-c is closely
associated with the mitochondrial inner transmem-
brane potential A Wm). When apoptotic stimuli at-
tenuate Bcl-2 function, a rapid drop or collapse of
A Wm may occur, causing rapid release of cyt-c and
other pro-apoptotic proteins. Cytosolic cyt-c then
forms, together with Apaf-1 and caspase 9, an
"apoptosome" to orchestrate activation of other
caspases and the biochemical execution of apoptosis.

pb53 and oncogenes7

Nuclear proteins, in particular those related to
oncogenes or anti-oncogenes[54], such as p53 and
c-myc, also play important roles in regulation of
apoptosis of vascular cells during atherogenesis. The
tumor suppressive gene p53 functions as an anti-
oncogene associated with up-regulation of apoptosis
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(Fig 2). Wild-type p53 arrests cell proliferation and
may hold cells with DNA damage in G1 phase. Dur-
ing DNA repairing, some p53-expressing cells op-
pose the G1 block and enter the suicide pathway.
Mutation or interaction with viral products such as
SV 40T antigen and the products of human cytome-
galovirus can cause dysfunction of p53 and, in turn,
inhibit apoptosis. A high frequency of p53 mutation

Fig 2. Schematic presentation of the Fas/caspase, Bcl-2/mitochondrial, and nuclear
p53 death-regulating pathways
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has been reported to exist prominently in certain
cancer cells. Cells in normal blood vessels express
little p53, but immunoreactive p53 was reported to
exist in vascular cells undergoing apoptosis[4].In
vitro studies also show evidence that p53 regulates
apoptosis in cultured SMC[7],[8]. Cells in the plaques
but not in normal arterial tissue can express wild
types of p53. Using an in vitro system, Bennett et al
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[7]1,[8] reported that p53 mediates induction of
apoptosis by deprivation of growth factors and trans-
fection with c-myc in vascular SMC.

Different oncogenes may interact in terms of
controlling apoptosis. Compared with normal cells,
SMC from atherosclerotic plaques show a higher ra-
tio of the active (hypophosphorylated) to the inac-
tive (phosphorylated) form of the tumor suppressor
gene Rb (retinoblastoma gene product) and a lower
level of E2F transcriptional activity[55]. Suppres-
sion of RB alone increases rates of cell proliferation
and apoptosis and inhibited cell senescence in nor-
mal VSMCs. Suppression of p53 and RB together
exerts similar effects. In contrast, inhibition of RB
binding to E2F or ectopic expression of E2F-1 in
plaque cells induces massive apoptosis, which re-
quires suppression of p53 to rescue cells. Suppres-
sion of RB and p53 together increases cell prolifera-
tion and delays senescence but fails to immortalize
plaque cells. Inhibition of p53 alone has minimal
effects on plaque cells but increases the lifespan of
normal SMC. After balloon catheterization or
angioplasty, cells respond to the mechanical injury
by proliferation as a wound healing process. The cells
become apoptotic later on as scar tissue forms. Speir
et al[30] reported that some of these cells in
restenosis lesions can express wild-type p53, an in-
ducer of apoptosis. They further observed that hu-
man cytomegaloviris interacts with the apoptosis-
promoter p53 , leading to inactivation of this gene
product and thereby a prolonged life span of the cells
or hypertrophy. These observations raise the possi-
bility that the normal process of apoptosis may be
attenuated, resulting in an increased accumulation
of cells in the intima, (i.e., restenosis).

The proto-oncogene c-myc mediates both cell
death and proliferation in a manner that is depen-
dent on the levels of expression. It functions as a
nuclear phosphoprotein with certain properties of
transcription factors[54]. Activation of c-myc usu-
ally stimulates growth of fibroblasts in regular cell
cultures containing serum or growth factors. In the
cultures containing little or no serum, however, cells
over expressing c-my readily undergo apoptosis.
Deregulation of c-myc causes apoptosis of the vascu-
lar SMC deprived of growth factors or treated with
cytokines such as IFN- y[56]. The gene p53 has
been shown to mediate the apoptotic effect of c-myc
in various cell lines.
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Apoptosis in progression and regression of ath-
erosclerosis

A typical atherosclerotic lesion usually develops
in the tunica intima of the arteries where cellular
components, lipids, and connective tissue
accumulate, yielding a fibrofatty plaque or atheroma
that focally thickens the intima and subsequently
narrows the arterial lumen. Counteracting
proliferation, apoptosis may help remove excess num-
bers of cells that infiltrate and accumulate in the
intimal compartment. Removal of inflammatory and
lipid-laden foam cells may lead to regression of
atherosclerosis.

In contrast, attenuation of apoptosis may in-
crease the tissue cellularity and promote intimal
hyperplasia. Recent studies suggest the possibility
that an anti-apoptotic mechanism may result in foam
cell accumulation in atherosclerotic lesions. In spite
of the presence of cytotoxic substances in athero-
sclerotic lesions, many lipid-laden foam macrophages
reside in atherosclerotic lesions, especially in the lipid
core area where the cells are exposed to a very harsh
microenvironment. Expression of anti-apoptotic
genes may practically explain the resistance of foam
cells to apoptosis. Employing an in vitro model, we
have recently found that the class A scavenger re-
ceptor responsible for uptake of chemically modified
lipoproteins may protect macrophages from apoptosis
induced by oxysterols and oxLDL[57]. The mecha-
nism by which this scavenger receptor inhibits
apoptosis in macrophages remains to be determined.
Some evidence implies that the scavenger receptor-
associated resistance of foam cells to apoptosis may
involve signal transduction since expression of this
receptor inhibits apoptosis induced by sodium
fluoride, a global activator of GTP-binding proteins
[58].

Although apoptosis may prevent cell accumula-
tion in atherosclerosis, recent pathological
investigations, however, have collected data suggest-
ing the involvement of apoptosis in the development
and evolution of advanced atherosclerotic lesions or
atheroma[43]. The center of atherosclerotic plaques
contains, in addition to lipids and connective tissue,
many dead cells or cell debris, thus referred to as a
necrotic lipid core. Massive apoptosis may occur as
atherosclerosis progresses, often yielding a lesion
containing a dense extracellular matrix with a rela-



Geng YJ

tively low-density of cells. The apoptosis-mediated
conversion of a hypercellular atherosclerotic lesion
to the more cytopenic fibrotic atheroma is evident in
advanced atherosclerosis. Analysis of cell death by
in situ end-labeling of DNA fragments (TUNEL
technique) and by morphological observation indi-
cates that many cells in the atheromatous lesions bear
the markers of apoptosis even though necrotic cell
death may also occur in the lipid core area of athero-
sclerotic lesions. Thus, apoptosis may appear abnor-
mally in atherosclerotic lesions, contributing to the
formation of two major pathological changes seen
often in advanced atherosclerotic plaques (i.e., the

“necrotic lipid core” and hypocellular fibrotic
lesion). Advanced atheroma contains many apoptotic
cells as detected by in situ terminal labeling of DNA
strand breaks[59]. Cells isolated from atherosclerotic
arteries have been proven difficult to grow in vitro
[8]. On the other hand, fewer cells show proliferat-
ing markers when stained with antibodies against
the proliferating cell nuclear antigen or cyclins.
These observations challenge the traditional view
that thickening of the intima of atherosclerotic ar-
teries is due to cell growth.

Many laboratories reported a high percentage of
apoptotic cells in advanced, progressive atheroscle-
rotic plaques. It appears to be a paradox because the
tissue volume should decrease when the levels of
apoptosis are substantially higher than that of
proliferation. However, apoptosis is not always linked
to reduction of tissue volume. The fact that many
apoptotic cells accumulate in the plaques suggests
that the system for scavenging the dead cells poorly
operates in atherosclerosis. Some apoptotic cells, or
bodies in the plaques, stay at a “mummified” stage
rather than being removed by phagocytosis. The fol-
lowing mechanisms may lead to detention of
apoptotic cells or bodies in atherosclerotic lesions:
(1) intracellular accumulation of lipids attenuates the
ability of macrophages and SMC to engulf and di-
gest apoptotic cells; (2) phagocytosis decreases due
to increased apoptosis of macrophages in the lesions;
and (3) cross-linking of macromolecules such as
proteins, nucleic acid, and other carbohydrates sta-
bilizes apoptotic cells in the tissues.

Apoptosis in development of acute vascu-
lar syndromes

Plaque rupture is a key event in acute vascular
syndrome that can cause severe thrombotic compli-
cations and provoke unstable angina pectoris[60-62].
Vascular SMC can synthesize a variety of extracellu-
lar matrix macromolecules that stabilize the plaques.
Pathological investigations show that inflammatory
cell infiltration increases the risk of plaque disrup-
tion[60]. Production of apoptosis-promoting cytotoxic
substances by activated inflammatory cells or im-
mune cells may induce massive death of vascular
SMC, which may in turn weaken and destabilize the
plaques. Also, these cells can produce a variety of
matrix metalloproteinases which, when activated,
degrade the extracellular matrix leading to plaque
rupture. Although apoptosis usually occurs more fre-
quently in the intimal cells, under certain pathologi-
cal conditions this type of cell death may attack me-
dial SMC. High levels of apoptosis have been found
in the medial SMC of arteries with aneurysms. In
atherosclerotic aortic aneurysms, macrophages and
T lymphocytes infiltrate the arterial wall and pro-
duce death-promoting proteins (perforin, Fas, and
FasL)[63].

Thrombosis promptly developing on ruptured
plaques represents a major event that threatens life
in acute vascular syndromes. Both apoptotic EC and
SMC have been reported to be highly pro-coagula-
tive[64-66]. While no antigenic or functional tissue
factor exists, rapid exposure of membrane
phosphatidylserine and loss of the anticoagulant
membrane components in apoptotic EC can occur,
which may contribute to the pro-coagulative effect.
Apoptotic vascular SMC possess a significant throm-
bin-generating capacity secondary to
phosphatidylserine exposure. Apoptotic cells within
atherosclerotic plaques may allow local thrombin
activation, thereby contributing to disease progres-
sion[65]. These data also point to an important sce-
nario that, if they are not promptly removed,
apoptotic cells or bodies may become thrombogenic
or pro-inflammatory.

Conclusions

Apoptosis represents a major mechanism re-
sponsible for regulation of the cellularity of the arte-
rial wall during atherogenesis. Many environmen-
tal and endogenous factors can influence apoptosis
through various signal transduction pathways or
enzymatic systems. Among these factors triggering
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apoptosis are modified lipids, pro-inflammatory
cytokines, and Fas ligands produced by activated
immune cells. The cytokine-induced NO synthesis,
Fas-mediated caspase activation, Bcl-2/mitochondrial
dysfunction, and p53 antioncogene expression, play
roles in initiation and progression of vascular cell
apoptosis. Abnormality of apoptosis may occur in
atherosclerosis, leading to a gross accumulation of
intimal cells in the development of atherosclerosis.
In advanced atheroma, during acute vascular syn-
dromes in particular, massive apoptosis of vascular
cells may weaken the fibrous cap, promote
thrombosis, and increase the risk of plaque
disruption. Further clarification of the molecular
mechanisms for vascular apoptosis may help design
new therapeutic strategies for treatment of athero-
sclerosis and acute vascular syndromes.
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