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The geﬁeral rule for a cell is divide or die...
M.J. Davies (1)

This general rule cited by Davies also applies to the cells
mvolved in atherogenesis. The most widely accepted eti-
ology of atherogenesié is currently the “response-to-
injury” hypothesis which postulates that the initiation of
lesions involves proliferation of intimal smooth, muscle
cells (SMCs) (2). Only later does the death of the lipid-
filled foam cells become of great importance during the
formation of atherosclerotic plaques which contain a core
of acellular lipid. The mechanism ultimately responsible
for necrosis is far from clear, but popular explanations
include a combination. of hypoxia and cytotoxic lipid
peroxides which form within the cell cytoplasm (1). Recent
studies have shown that cellular death by apoptosis also
takes place within atherosclerotic lesions (3-5).

APOPTOSIS
IN ATHEROSCLEROTIC LESIONS

Increased apoptosis has been found in atherosclerotic
lesions from both humans and animals and appears to

mediate tissue turnover and lesion development (5‘, 6).
The majority of apoptotic cells in atherosclerotic lesions
were found to be modulated SMCs and macrophages (3,
4). Apoptotic cells were present in the intima in all sta-
ges of atherosclerosis. In the initial lesions, only a few
cells appeared to be undergeing apoptosis. In contrast, in
advanced lesions, many cells were found to be under-
going apoptosis (7). All investigators are in agreement
that in the atherosclerotic lesions, apoptosis mainly af-
fects macrophages and SMCs. However, various authors
have presented significantly differing data concerning
the rate of apoptosis in cells. The reported values for the
number of apoptotic cells range from 2% (8, 9) up to
30% to 40% (3, 4). Such differences might be due to
methodological problems in the detection of apoptosis;
these differences will be further discussed below.

‘The significance of apoptosis of SMCs is different
than for macrophages. Apoptotic SMCs were found to
be localized mainly in the fibrotic portion of the athero-
ma, whereas apoptotic macrophages clustered near or
within the lipid-rich core of the lesion (4). Loss of SMCs
in the fibrous cap could have serious consequences since
they are the only cells in cap that can synthesize colla-
gen thereby maintaining its tensile strength. Thus,'any
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increased apoptosis of SMCs within this yulnerable
region of the plaque could result in weakening and rup-
ture of the fibrous cap (10 11). Necrosis and apoptosis
of macrophages probably promotes the formanon and
enlargement of the lipid core (12), whose s1ze correlates
with plaque instability ( 13). On the other hand, Kockx
and Herman (11) suggest that increased macrophage
apoptosis can lead to plaqne stabilization through decreas-
ed breakdown of collagen. :

Recent studies have shown that calclﬁcatlon Is an
important consequence of : apoptos1s (14). If this is correct,
then calcification of atherosclerotic plaques might also be

initiated by apoptotic cell death via the formation of

matrix vesicles. These Inatrix vesicles are cytoplasmic
remnants of apoptotic smopth muscle cells and are known
to initiate plaque calcification (11, 15).

Some studies (8, 16) suggest that apoptosis may
modulate the cellularity of lesions that produce human
vascular obstruction. This is particularly true for those
lesions with greater evidence of extensive proliferative
activity as in the formation of a neointima or in a resteno-
sis. Bauriedel et al. (16) showed that restenotic lesions
contained fewer apoptoticicells than primary atheroscle-
rotic lesions‘, ‘while there \Tivere no differences in cellular

necrosis. As such, a thresneld level of apoptosis may be

an important mechanism leading to the development of

restenotic intimal lesmns after surgical procedures
Apoptosis may also regulate cell mass in the normal arte-
rial wall. The higher rates of apoptosis seen in SMCs may
ultimately contribute to plaque rupture and breakdown
and, as a result, to the clinical manifestation of athero-
sclerosis (10). On the other hand, it was concluded ‘that
apoptotic vascular SMCs bossess a significant:ability to
generate thrombin secondéry to their exposure to phos-
phatidylserine. Apoptotic cells within atherosclerotic pla-
ques may thus facilitate locél activation of thrombin, there-
by contributing to disease f)rogression (17). As ‘apoptlosis
may weaken the atherosclerotic plaque, predispose it to
rupture, and lead to the formation of a thrombusi, it would
seem that an investigation of the mechanisms rlegulating
apoptosis would be of great clinical significance.

REGULATION OF APOPTOSIS
IN ATHEROSCLEROSIS

In general, the regulation of apoptosis occurs 1n two dis-
tinct phases. Firstly, there 1s integration of the many pro-
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and antiapoptotic signals arising from the cell surface,
which are transmitted by specific second messenger patn-
ways. Anthropomorphically speaking, this constitutes the
“decision” phase and includes the expression of specifijc
pro- and antiapoptotic gene products, such as proto-onco-
genes, tumor suppressor genes, etc. If the summation of
these signals leads to an induction of apoptosis, there is an
“execution” phase. During this phase an irreversible acti-
vation of a cascade of cysteine proteases occurs. This cul-
minates in actual cell disintegration. In addition, the
“decision” phase can be b):’pass‘ed by direct activation of
cysteine proteases (18).

Bennet er al. (10) showed that the proto-oncogene.
Bcl-2 is able to protect plaque-derived SMCs against
apoptosis in vitro. The same researchers identified c-myc
and p53, genes important for controlling cell prolifera-
tion, as also regulating apoptosis in smooth muscle.
They showed that vascular SMCs from human plaques
have increased sensitivity to.tumor suppressor gene
p53-mediated apoptosis compared with normal vascular
SMCs (19). Kockx et al. (20) demonstrated that SMCs
in the deep layer of human fatty streaks express Bax, a
proapoptodtic protein of the Bcl-2 family, which increas-
es the susceptibil'ity of these cells to apoptosis. These
findings might be important to our understanding of the
transition of fatty streaks into. atherosclerotic plaques,
which are characterized by regions of cell death.

It 'was revealed that H,O, .and its derivative, ‘OH,
might have a causal relationship to apoptosis of vascular
SMCs'in atherosclerosis and restenosis (21). This study
showed that the death of foam cells at the margin of the
lipid core results from both necrosis and apoptosis, and
that remnants of the apoptotic nuclei are present within
the lipid core. The cause of foam cell death in atherogen-
esis is unknown, but oxidized low density lipoprotein
(ox-LDL) can cause macrophage apoptosis in vitro. This
might play a role in the formation and enlargement of
the lipid core (12). It was concluded that ox-LDL induc-
es apoptosis in SMCs as well (22). It seems that ultra-
violet light-induced apoptosis, of arterial SMCs and
macrophages (23) is also due to strongly oxidized LDL
(24). Nitric oxide (NO) can also induce apoptosis in.
SMCs. Therefore, it is suggested that NO acts as a media-
tor in the development of atherosclerotic lesions via alter-
ations in the number of SMCsi(25). This suggests that
apoptosis caused by free radicals or by NO is induced by
p53 up-regulation (18, 26). ‘
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Another mechanism of regulating apoptotic cell death
is by specific cell death receptors. The best studied of
these receptors is Fas. It was shown that Fas/apolipopro-
tein-1 (APO-I) is present in foam cells. These data suggest
that Fas/APO-I-regulated apoptosis is involved in the
development of advanced human atherosclerotic lesions,
and that this probably determines the amount of tissue
mass in the diseased vessel (10). Data suggest that acti-
vation of the Fas cell death-signaling pathway by cyto-
kines derived from activated macrophages and T-cells
contributes to the induction of smooth muscle apoptosis
during atherogenesis (18). It was shown (27) that in cul-
ture, stimulation with interferon-y, tumor necrosis fac-
tor-o. (TNF-c), and interleukin-1f increased expression
of Fas in SMCs. Later incubation with anti-Fas antibody
triggered apoptosis of the cytokine- primed SMCs. This
route provides a mechanism as to how immune cells and
their cytokines promote this cell death process in a man-
ner related to vascular remodelling and plaque rupture.

, Calcium channel blockers (verapamil) not only inhi-
bit vascular smooth muscle proliferation, but can also
induce their apoptosis (28). The ability of cyclosporin A
treatments to reduce transplant atherosclerosis is attribut-
ed to its ability to inhibit ox-LDL-, TNF-o.- or angioten-
sin II-induced apoptosis of endothelial cells (29). In the
future, a fuller understanding of the regulation of apop-
tosis may help to guide our efforts in atherogenesis
management.

METHODOLOGICAL PROBLEMS
IN RECOGNIZING APOPTOTIC CELLS
IN ATHEROSCLEROTIC LESIONS

The essential process in apoptosis is the production of
endonucleases which begin to cut the DNA between
nucleosomes into short 180 base pair fragments. The
detection of this DNA fragmentation is thus a marker of
apoptotic cell death (30). Various methods are used to
detect apoptosis. The morphological features of apopto-
sis are easily recognized ultrastructurally. The cells
undergoing apoptosis shrink and become denser, their
chromatin becomes pyknotic and applied to the nuclear
membrane, their nuclei may also disintegrate, and the
cell ultimately emits processes that often contain pyknotic
nuclear fragments (3 1‘)A A complicating factor of mor-
phological detection methods is that apoptotic cells are
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usually observed with low frequency due to the short
duration of the changes (32).

A more sensitive method for detecting apoptosis is
by the electrophoretic separation of the fragmented
DNA in a gel. The DNA fragments can be recognized by
a characteristic ladder-like pattern with multiple bands
at short regular intervals. A limitation to this method is
that it gives no indication as to which cell type is under-
going apoptosis. Thus, the method is useful when the
cells undergoing apoptosis are uniform, but not for an
investigation involving a more multivariate system as in
atherosclerotic plaques.

Two enzymatic reactions are also used for in situ de-
tection of apoptotic cell death. One is based on in sifu end-
labeling (ISEL) of fragments in the DNA strand through
the incorporation of biotinylated nucleotides using DNA
polymerase I and their subsequent visualization with, dia-
minobenzidine via peroxidase-conjugated avidin (32).
DNA polymerase I adds nucleotides to the 3’-hydroxyl
ends of DNA strands in the presence of a template, exten-
ding the strand in the 5’ to 3° direction (33). Thus, incor-
poration of nucleotides can occur when one strand of a
double-stranded DNA molecule is nicked. A second me-
thod of assessing apoptosis involves terminal deoxynu-
cleotidyl transferase (TdT)-mediated deoxyuridine 5-tri-
phosphate (dUTP)-biotin nick end-labeling (TUNEL) (34).
In this method, dUTP-biotin is transferred by TdT to the
free 3’ end of cleaved DNA. This technique is of particu-
lar interest as it labels the blunt ends of only double-strand-
ed DNA fragments. Such double-strand fragments typi-
cally occur only during apoptotic DNA fragmentation.
Gold er al. (35) showed that TUNEL labeling was more
sensitive as compared to ISEL. This can be explained by
the presumption that double stranded DNA fragments
occur at a much higher frequency than single strand
DNA fragment in apoptotic cells. Thus, DNA polymer-
ase I works mainly by its exonucleolytic activity to suf-
ficiently amplify the signal at the site of a rare single
strand DNA fragment in apoptotic cells (35).

For the detection of apoptosis in atherosclerotic
lesions, the enzymatic ISEL or TUNEL reactions are the
most commonly used. While the number of papers deal-
ing with apoptosis in atherosclerosis increases, there has
been a concomitant general increase in the number of
papers evaluating methodological problems related to
apoptosis. These methodological problems can lead to
false-positive or false-negative reactions for apoptosis.
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Thus, the interpretation of§ data obtained by in situ DNA
end-labeling techniques for atherosclerotic plaques or
for other pathological prodesses must be carried out with
caution. Kockx et al. (15), for example, reported that the
ISEL technique can also fabel non-nuclear strictures in
atherosclerotic plaques bﬁr nonspecific binding of the
nucleotides to small calciﬁm-containing vesicles within
the plaques.- This technica?l problem can be avoided by
pretreating the tissue sections with such calcium chelat-
ing agents as EDTA or citrate (15). ‘

Other factors that might result in TUNEL labeling
must also be considered. The problem is that in situ DNA
end-labeling is not specific for apoptosis. These techniques
only show DNA strand fragments, which also occur dur-
Ing necrosis or autolytic cell death. According to Grasl-
Kraup et al. (36) DNA fraérnentation is common in dif-
ferent kinds of cell death. Therefore, its detection by in
situ methods should not be;; considered a specific marker
of apoptosis: Gold e al. (35) studied to what extent the
use of ISEL:and TUNEL labeling allowed one to dif-
ferentiate between internucleosomal DNA degradation
(typical for apoptosis), or more random DNA destruc-
tion (common in necrosis)! They showed that the early
stages of necrosis in vitro and in vivo were preferentially
detected by staining with iISEL. TUNEL labeling, by
contrast, was slightly more§ sensitive for the detection of
apoptosis: (35). Mundle and Raza (37) failed to confirm
the findings of Gold et al.'In their experience, the two
methods detected apoptosie or necrosis with equal effi-
ciency, but were more sensitive for apoptosis than for
! \

NECrosis. ‘

In addition to necrosis,; other phenomena eall also
interfere with the TUNEL technique. Kockx ef. al. (38)
demonstrated that besides apoptotic nuclei, nonapopto-
tic nuclei showing signs of active gene transcription are
labeled by the TUNEL tecﬁnique within an atheroscle-
rotic plaque. They suggested that this is a consequence
of the important conformatlonal changes that occur. in
DNA structure during transcrlpnon

The TUNEL technique is very sensitive and therefore
needs a:careful titration of TdT concentration. Hegyl et
al. (39) found a high percjentage (>40%) of TUNEL-
stained nuclei in atherosclerotic plaques when the incu-
bation with TdT working solution was carried out for 1
hour (37 °C) and TdT was applled at a concentration ‘of
0.3 U/l or higher. Decreasing the TdT incubation period
to 30 min and reducing its concentration resulted in a de-
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crease in the proportion of apoptotic cells by 2%. Thus, a
failure to recognize the importance of critical adjustments
specific to these techniques can produce exaggerated esti-
mates of the number of apoptotic cells in tissue (39).

False-negative results for apoptosis can be obtained
due to, long formalin fixation ('140). Increasing the fixa-
tion time reduces the sensiti\'ity; of ISEL and TUNEL for
the detection of DNA fragmentation in paraffin sections.
The sensitivity of both methods can be increased if:the
sections are pretreated with proteinase K before perfor-
ming ISEL or TUNEL techniques (35).

The causes of over- or underestimating apoptotic
cells in the interpretation of ISEL or TUNEL data ob-
tained for atherosclerotic plaques and other pathological
processes are of considerable i‘;nteresL These data will
not be truly meaningful and (iuantitatiV'e unless these
methods are carefully standardized from laboratory to
laboratory. Therefore. as Kokex et al. (38) advise, one
should always combine in situ labeling with additional
techniques, ‘'such as the inclusion of markers of trans-
cription or the use of morphological criteria.
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