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This issue of the Journal contains two papers, one by
Han and collaborators*? and one by Geng and
Libby,*® describing apoptosis in the atherosclerotic
plaque. The authors of these articles have detected
cell death by using assays for DNA fragmentation,
staining of nuclear and extranuclear DNA, and mor-
phology of cells. They describe the appearance of the
dead cells as apoptosis, a term we have also re-
cently used to describe cell death in cultured hu-
man plague smooth muscle cells.® Why is this in-
formation important?

At the simplest level, the implication is that ap-
optosis is a distinct form of cell death, distinguish-
able from classical necrosis. However, the termi-
nology has become confusing, and apoptosis may
mean different things to different users of the term.

As used by pathologists,?3 necrosis is a general
term referring to morphological stigmata seen after
acell has passed the point of no return, that is, after
a cell has committed to die. The point at which cells
are irreversibly injured is difficult to define; instead,
we define cell death by later events, morphological
changes called necrosis. The presence of necrosis
tells us that the cell has died and the type of ne-
crosis sometimes tells us about how the cell has
died. Used in this way, apoptosis is one form of
necrosis.

The characteristic morphological changes of
apoptotic death have been well described recently
in an editorial in this journal by Majno and Joris.?
Apoptotic death occurs by shrinkage of the cell, a
process that Majno and Joris distinguish from cell
swelling, or “oncosis,” seen in some other forms of
necrosis. Moreover, death by apoptosis is charac-
terized by the maintenance of membrane integrity
over most of the process, and apoptotic bodies are

generally rapidly phagocytosed by adjacent cells.
Thus, this form of cell death usually does not result
in release of intracellular contents and the ensuing
inflammatory response that such release pro-
vokes.4

As recently reviewed in Science,>7 apoptosis is
also used as a synonym for programmed cell
death. Programmed cell death is a physiological
form of cell death required for normal metazoan
development or function, as seen, for example,
during embryogenesis or in amplification of immu-
nogenic T cell clones. This form of death charac-
teristically involves utilization of a series of proteins
whose genes have been mapped by classical mu-
tation analyses or more modern methods of genetic
manipulation. Other apoptotic or anti-apoptotic
genes have been identified in viral genomes.5~"
Although many of the details of the genetic path-
ways leading to programmed cell death have been
elucidated (Figure 1), it is essential to realize that
the morphological pattern of apoptosis does not
itself tell us that any specific mechanism has
caused cell death. Indeed, the morphological pat-
tern of apoptosis can occur in response to a wide
range of stimuli, including the genetically defined
pathways described below, as well as such clas-
sical examples of cell death as myocardial
ischemia®7-'° or central nervous system ische-
mia.” Of more importance to us, then, is whether
the use of the word apoptosis provides new infor-
mation about the ontogeny of atherosclerosis. For
example, does the presence of apoptotic cells im-
ply a specific process of cell death somehow in-
dicative of a process likely to be important in
plague progression?
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DEFINED PATHWAYS OF APOPTOSIS: 1994
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Figure 1. Pathways of cell death. Genetic studies in C. elegans as well as spontaneous mutations in bigher organisms bave led to identification of

specific pathways controlling programmed cell death.

Observations of cell death, and even the sug-
gestion of programmed cell death in atheroscle-
rosis, are not themselves new. In his lectures of
1858, Virchow described the process of athero-
sclerosis as depending upon first the replication of
cells in the plaque and then the death of these
same cells. The critical sentence is eerily reminis-

cent of modern concepts of apoptosis: “Thus, we
have here an active process which really produces
new tissues, but then hurries on to destruction in
consequence of its own development.”'" Virchow
thus identifies cells that appear destined, or are
programmed, to die. Reports of cell death in
plaques since that time have been many. Perhaps
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Figure 2. Human plaque smooth muscle cells. Time-lapse video studies show that cultured buman plaque smooth muscle cells bave a bigh spon-
taneous rate of cell death. These cells progress rapidly through characteristic changes with breakup of the cell into apoptotic bodies and uptake of

these apoptotic bodies by adjacent cells.

the most relevant are quantitative studies by
Thomas et al'213 in fat-fed animals. These workers
used elegant cell kinetic modeling studies to as-
sociate cell death in atherosclerotic plaques with
the presence of oxidized products in the choles-
terol diet, a very contemporary idea today. % More-
over, Thomas and his collaborators suggested that
cell death was linked to cell replication, an idea that
is central to a current concept of one mechanism
of apoptosis (below). Thus, neither the observation
of cell death in atherosclerotic plaques, nor the
concept of programmed cell death, is new.

It is possible that these articles offer us new in-
formation about the rate of cell death in advanced
plagues. Both studies demonstrate surprisingly
high percentages of cells positive for the terminal
transferase (TUNEL) reaction of up to 40%. Unfor-
tunately, estimates of rates of cell death are difficult
to derive from the frequency of TUNEL-positive
cells, as we have no convincing way to estimate the
duration of time a cell undergoing apoptosis will
display a positive reaction using terminal trans-
ferase to detect fragmented DNA. There is evi-
dence, moreover, that cell death occurring by non-
apoptotic mechanisms is also TUNEL-positive
after 48 hours, when extensive DNA breaks have
occurred.® Evidence from in vitro studies of human
smooth muscle cells undergoing apoptosis’ and
from animal studies'® suggests that apoptosis is a

rapid process, lasting 2 to 4 hours. However, if, as
Geng and Libby*3 suggest in this issue, the ap-
optotic bodies are not removed, or remain TUNEL-
positive after engulfment, then high labeling indi-
ces may be independent of the time course of cell
death itself.

The important point emerging from both of these
studies, therefore, is not the rate of apoptosis, but
the fact that it is occurring. Moreover, there is evi-
dence that plaque smooth muscle cells may well
have a form of programmed cell death. We have
recently demonstrated higher rates of apoptosis in
cultured smooth muscle cells from human plaques
than cells from normal vessels' (Figure 2).

The increased susceptibility to apoptosis in
plague-derived cells, and the fact that this property
persists in culture, suggests that apoptosis in
plaque-derived smooth muscle cells is due to an
intrinsic property of the cells, ie, to programmed
cell death. There are now several examples of spe-
cific genetically determined apoptotic pathways.
The most compelling example of such a cell death
pathway comes from studies of the nematode Cae-
norhabditis elegans. Fate maps in C. elegansiden-
tify cells destined to die during development.
Genes regulating this cell death have been iden-
tified and, by genetic complementation, the begin-
nings of a pathway can be discerned. The critical
elements of this pathway so far are two pro-
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apoptotic genes, ced-3 and ced-4, and one anti-
apoptotic gene, ced-9. These genes in C. elegans
have structural and functional homology with
genes expressed in our own species. The C. el-
egans gene ced-9 protects against apoptosis and
appears to be homologous to the proto-oncogene
bcl-2.1%:17 Failure of both ced-9 and bcl-2 to be
turned off at the required point results in excess
cells surviving, which, in the case of bcl-2, results
in follicular lymphoma.'® As already noted, the hu-
man plaque smooth muscle cell has a high rate of
apoptosis in vitro. We have also recently shown
that bel-2 is able to protect plaque-derived smooth
muscle cells against apoptosis in vitro." Although
bcl-2 itself was not found in smooth muscle cells in
our study, bcl-2 is one member of a family of often-
interacting proteins whose expression or loss of
expression could be responsible for accelerated
apoptosis in cells of the atherosclerotic plague.’®
ced-3 also appears homologous to a mammalian
gene, the interleukin-18 converting enzyme (ICE).™®
We know that ced-3 promotes apoptosis; we aiso
know from transfection studies that high levels of ICE
expression can induce apoptosis in mammalian
cells.’® However, we lack genetic evidence proving
that ICE, and not some homologous gene, induces
apoptosis under physiological or pathological con-
ditions in mammalian cells. (Indeed, evidence from
ICE “knockout” animals suggests that ICE expression
is not crucial to apoptosis occurring during embryo-
genesis or in early postnatal development (Science
1995, 267:2000).)

It is important to realize that the ICE/bcl-2 pathway
outlined above appears to be independent of cell pro-
liferation. Thus, bcl-2 will prevent apoptosis without
affecting replication of the cell, even when prolifera-
tion is promoted by the same gene product as that
inducing apoptosis.?®-2' In contrast, we have identi-
fied c-myc and p53, genes important for controlling
cell proliferation, as also regulating apoptosis in
smooth muscle.?2 Our studies, as well as work in other
cell types, indicates that the pathways mediating cell
death and proliferation may be closely linked. For ex-
ample, p53 is up-regulated after DNA damage in-
duced by irradiation.2324 Frequently, up-regulation of
p53 mediates a cell cycle arrestin G1. If DNA damage
is extensive, however, p53 mediates apoptosis of that
cell, preventing propagation of the damaged DNA. It
is intriguing to note reports, so far unconfirmed, of
overexpression of both c-myc or p53 in atheroscle-
rotic lesions or sites of restenosis after angio-
plasty.2526 Although these studies suggested that
overexpression of the gene in question was related to
cell proliferation, advanced plaques or sites of rest-

enosis show very little replication.?”-2® We have also
demonstrated that, upon deprivation of growth fac-
tors, up to 20% of plague-derived smooth muscle
cells undergo apoptosis over 24 hours.” Thus, the
major importance of findings of high levels of expres-
sion of specific genes, or the presence of growth fac-
tors in plaques,2°-32 may be the role these molecules
play in determining whether cells in plaques survive
rather than whether the cells proliferate.

A third source of information about the genetics of
apoptosis comes from studies of viral proteins. Suc-
cessful virus infection appears to depend in part upon
suppression of apoptosis in the host cell. Apoptosis-
inhibiting genes include adenovirus E1B%%¢ and the
cowpox gene crmA, which suppress the activity of
p53 and ICE-like proteases, respectively.3334 Other
viral genes, such as E1B'® or the baculovirus gene
p35, also suppress host cell apoptosis.343% As with
the C. elegans data, the presence of anti-apoptotic
genes in viruses suggests that these are natural path-
ways that function in both physiology and pathology,
rather than an artifact of cell culture. The existence of
crmA, for example, suggests that cells may have
natural ICE-like enzymes that promote cell death after
certain kinds of injury or infection.

A fourth class of genes associated with apoptotic
cell death includes specific cell death receptors. By
analogy to growth factor receptors, the existence of
cell death receptors illustrates a central concept of
apoptosis; that is, the receptor itself is not toxic to
cells. The best studied of these receptors is Fas. In-
teraction of Fas with the Fas ligand, or cross-linking
the Fas receptor with stimulatory antibodies, initiates
a sequence of events that is probably finally mediated
by intracellular ICE-like proteases.®-36 Fas, a member
of the tumor necrosis factor-a receptor family, signals
cell death at appropriate times of expansion of T cell
populations.>~7 When this gene fails to be expressed,
the resulting expansion of lymphocyte clones can
produce a lupus-like immune state in transgenic
mice, and perhaps even in humans. Thus, the Fas
pathway is clear evidence that programmed cell
death plays a functional role even in the adult or-
ganism. As we will discuss below, there are ex-
amples of physiological and pathological pro-
cesses that likely involve programmed cell death
pathways in the vessel wall.

Two specific components of plaque progression
would seem to be good candidates for an apop-
totic mechanism. The first of these is the dilatation
of the vessel wall that occurs as atherosclerotic
lesions progress. It is now well known that the ath-
erosclerotic lesion can develop substantially with-
out encroaching on the lumen.3” This occurs be-



cause of a dilatation of the remaining vessel wall,
a dilatation that is now frequently called remodel-
ing. Remodeling, however, means that somehow
the mass of the vessel wall and cell number have
been redistributed. An obvious possibility is that
remodeling depends upon the coordinated action
of proliferation and cell death at various sites within
the vessel wall. Direct evidence for such a mecha-
nism comes from a recent report in newborn sheep
vessels.’™ In vessels that undergo substantial
changes in caliber after birth, the changes in DNA
content of the vessel wall appear to be regulated
by changes in the rate of apoptotic cell death,
rather than cell proliferation. A second component
of the lesion that would seem like a prime can-
didate for studies of apoptosis is the fibrous cap.
Both studies of atherosclerotic plaque apoptosis ap-
pearing in this issue demonstrate apoptosis in macro-
phage-rich areas of the plaque. Macrophage-rich
areas typically include shoulder regions where it
has been suggested that rupture of the plaque
occurs.38-40 Apoptosis in this area may weaken the
plaque and predispose it to rupture.

Finally, although much attention is focused on
the smooth muscle cell, itis important to note once
again that the atherosclerotic plaque is much more
complex that just smooth muscle cells. Prominent
cells in the plague include macrophages, lympho-
cytes, and endothelial cells. All of these cell types
undergo apoptosis in vitro. Indeed, whereas
smooth muscle cells in advanced plagque show
relatively little replication,?” both endothelial cells
and macrophages, especially focally, show signifi-
cant replication. What we do not know is whether
this replication represents an active form of growth
of the plaque or cell turnover.

In summary, until now the focus of most interest
in atherogenesis has been on how plague cells
grow.4! With the articles in this issue and our own
study demonstrating a higher apoptotic rate in cul-
tured plaque-derived smooth muscle cells, we now
need to include programmed cell death as an ad-
ditional mechanism in our thinking about the patho-
genesis of atherosclerosis and arterial remodeling.
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