
. . . To die to sleep;
No more; and, by a sleep to say we end

The heartache and the thousand natural shocks
That flesh is heir to, ’tis a consummation

Devoutly to be wish’d....

Hamlet Act II, scene 3

The prospect of death held
considerable attraction to
Shakespeare’s melancholy

Dane; however, for the clinician or
scientist, death has traditionally been
regarded as the ultimate expression of
biologic failure. The significance of
the ultimate demise of the entire or-
ganism is more appropriate fodder for
philosophers and theologians. But the
controlled death of cells has recently
become a subject of intense interest to
investigators in a variety of disciplines,
with the recognition that in the living
host death is a continuous process of
fundamental importance to normal
growth and development.1

In the embryo, for example, dis-
crete anatomic structures, such as the
interdigital web spaces or pharyngeal
clefts, develop as a consequence of the
programmed death of intervening tis-
sues; failure of this process results in
congenital abnormalities such as web-
bing of the fingers or craniofacial ab-
normalities. During immunologic
maturation, lymphocytes that react to
host antigens are selectively eliminated

through a process of programmed cell
death; failure of this process leads to
autoimmune disease. Transformed
cells are recognized by immune cells
and induced to die through a similar
process, thus preventing the develop-
ment of cancer. Epithelial cells of the
skin or gastrointestinal tract that nor-
mally undergo rapid turnover, are
shed after they have first been induced
to die. And inflammatory cells such as
neutrophils, whose numbers increase
dramatically in response to an infec-
tious challenge, disappear from the
circulation because of the activation of
a cell death program that leads to their
rapid removal by phagocytic cells of
the liver and spleen. The biologic
process responsible for each of these
cellular deaths is known as apoptosis or
programmed cell death.

APOPTOSIS: AN OVERVIEW

Morphologic features

Apoptosis (pronounced a puh toe
sis) is a tightly controlled process that
proceeds so rapidly in vivo that it is
not readily apparent on histologic ex-
amination. The cell undergoing apop-
tosis shows a characteristic pattern of
changes (Fig. 1). The cytoplasm de-
velops blebs, and specialized struc-

tures such as microvilli are lost. The
cell ceases to adhere to surrounding
cells of the extracellular matrix. Chro-
matin in the nucleus condenses and
clumps. Fragmentation of strands of
DNA can be seen on DNA gel elec-
trophoresis: DNA is broken down
into smaller strands, producing a char-
acteristic ladder pattern on the gel
(Fig. 1). The cell itself shrinks, and
breaks down into membrane-bound
fragments called apoptotic bodies that
are recognized and phagocytosed 
by surrounding macrophages. The
process takes less than an hour and,
because the apoptotic cellular frag-
ments do not evoke a host response,
proceeds without any local inflamma-
tory disruption. Apoptosis is strikingly
different from necrosis, the more fa-
miliar form of cell death (Fig. 2) in
which disruption of the cell mem-
brane is an early feature. In necrosis,
membrane damage results in spillage
of intracellular contents into the sur-
rounding cellular milieu, evoking an
inflammatory response and resulting
in injury to adjacent normal cells.2

Biochemical mechanisms 
and genetic regulation

Apoptosis is both highly controlled
and highly conserved in evolutionary
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development, occurring not only in
vertebrates and invertebrates but also
in plants. The development of the
phloem, the ductal system that trans-
ports water from the roots to the
leaves, occurs through the apoptotic
breakdown of plant cells. The fact that
apoptosis is conserved across a wide
variety of species of living organisms
has been a boon to investigators try-
ing to dissect its genetic and biochem-
ical regulation.

Caenorhabditis elegans, despite its
grandiose name, is an unprepossessing
little nematode worm. The mature C.
elegans grows from a single cell to be-

come a creature comprising 1090 cells
and during this maturation loses pre-
cisely 131 cells through apoptosis.
The simplicity and reproducibility of
this process has permitted the identifi-
cation of C. elegans genes that regu-
late apoptosis.3 Two genes — termed
ced-3 and ced-4 — induce apoptosis,
whereas ced-9 inhibits it.
Identification of these genes trig-

gered a search for similar or homolo-
gous genes in human cells. A homo-
logue of the ced-9 gene was identified
in a B-cell lymphoma and termed bcl-
2 (from B-cell lymphoma).4 As did its
counterpart in C. elegans, bcl-2 inhib-

ited the normal expression of apopto-
sis, resulting in dysregulated cellular
proliferation and lymphoma. Other
ced-9 structural homologues have
been subsequently identified; some,
like bcl-2, inhibit apoptosis, whereas
others accelerate the process.5 Bcl-2
protein appears to be found primarily
in mitochondria, where it is involved
in the regulation of cytochrome C and
calcium transport.6

The C. elegans ced-3 gene demon-
strated structural homology to an
unexpected human gene: that for the
interleukin-1β converting enzyme or
ICE.7 ICE is the enzyme responsible
for cleaving pro-interleukin-1β (pro-
IL-1β) into its active form, thus acti-
vating one of the principal mediators
of systemic inflammation. Paradoxi-
cally, it is also the principal mediator
of programmed cell death. ICE is
one member of what is now recog-
nized to be a family of death genes,
collectively termed caspases. At least
10 members of this gene family have
been identified.8 They share a com-
mon enzymatic activity, namely the
ability to cleave their target proteins
at sites adjacent to the amino acid,
aspartic acid. Their targets are many,
including not only pro-IL-1β but
also enzymes involved in DNA repair
such as poly ADP ribose-polymerase,
proteins such as actin that mediate
cell structure and locomotion, and
other enzymes of the caspase family.
Human genes corresponding to ced-
4 have yet to be identified.
The expression of apoptosis in a

given cell is thus a reflection of the
dynamic interaction of proteins that
trigger cell death and those that in-
hibit it. Numerous other proteins
beyond those of the Bcl-2 and cas-
pase families participate in apopto-
sis. The tumour suppressor gene,
p53, for example, exerts its effects
through its role in inducing apop-
tosis.9
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FIG. 1. The upper panel shows normal and apoptotic neutrophils as seen under the light microscope.
Apoptotic cells (arrows) show nuclear condensation and cell shrinkage and are readily differentiated
from viable cells. On DNA gel electrophoresis (bottom panel) apoptotic cells show a characteristic
ladder pattern (right), the consequence of the fragmentation of DNA into fragments that are multiples
of 180 base pairs.

Normal

Morphology

DNA electrophoresis

Apoptotic



Initiation and regulation

Cells can be induced to die an
apoptotic death as a result of signals
received from the environment. In
fact, all cells have surface receptors
whose engagement by the appropriate
ligand will activate the cell death pro-
gram. The first of these death recep-
tors to be recognized is a protein
known as Fas.10 Fas can be activated
through its interaction with a protein
known as Fas ligand; the result of the
binding of Fas ligand to cell-surface

Fas is the induction of apoptosis. Fas,
too, is but one of a family of cell-
surface death receptors. One of the
better known of this family is the
smaller type 1 receptor for the cy-
tokine tumour necrosis factor (TNF).
Indeed TNF–TNF receptor interac-
tions are responsible for the tumour
killing effects of TNF; thus, TNF is
probably more appropriately termed
tumour apoptosis factor.
Surface receptors of the Fas and

TNF receptor family form a complex
with other cell membrane proteins in-

volved in the activation of apoptosis
(Fig. 3). Their engagement can lead
to both cellular activation and cellular
death by apoptosis. How the cell de-
termines which of these contrasting
effects will predominate is unknown
but is an active area of ongoing study.
The decision appears to hinge, at least
in part, on whether or not a cytoplas-
mic protein involved in cellular activa-
tion, NF-κB, is activated.11

APOPTOSIS AND INFLAMMATORY
DISEASE

The ability to mount a rapid and ef-
fective response to an acute threat
such as invasive infection or tissue in-
jury is essential to survival. Yet the in-
flammatory response is nonselective in
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FIG. 2. Schematic diagram illustrating the basic differences between necrotic (left) and apoptotic
(right) cell death.

FIG. 3. Membrane receptors of the Fas family —
particularly Fas and the receptor for tumour
necrosis factor (TNF) — transmit signals from
the environment to the interior of the cell that
induce the cell to die an apoptotic death.
Through mechanisms that are incompletely un-
derstood but of critical importance to the un-
derstanding of the regulation of inflammation,
engagement of the TNF receptor (TNFR1) can
both activate the cell and induce it to die an
apoptotic death. 



its targets, causing injury to invading
organisms and host tissues alike.12 It is
therefore equally important that the
host should possess efficient mecha-
nisms to terminate an inflammatory
response.13 Inflammatory cell apopto-
sis is an important mechanism leading
to the termination of inflammation;
conversely, disorders of apoptosis re-
sult in diseases characterized by inap-
propriately expressed inflammation.
A number of inflammatory diseases

arise as a consequence of accelerated
apoptosis. Infusion of a soluble form
of Fas into mice causes lethal hepati-
tis,14 suggesting that certain cases of
fulminant hepatic failure may result
from inappropriate activation of hepa-
tocyte apoptosis. Accelerated apopto-
sis is responsible for neuronal death in
such diseases as Alzheimer disease and
Huntington chorea, and for the eli -
mination of CD4 cells following HIV
infection. And a toxin produced by
Clostridium difficile has been shown
to induce apoptosis of colonic epithe-

lial cells, providing an attractive expla-
nation for the development of this ful-
minant colitis.15

Failure of apoptosis can also lead to
abnormalities in the regulation of in-
flammation. A mouse strain lacking
functional Fas death receptor develops
an autoimmune disorder, resulting in
arthritis and nephritis and reminiscent
of systemic lupus erythematosus.10 In
humans, alterations in Fas lead to a sys-
temic disorder characterized by lym-
phoproliferative disease and autoim-
munity.16 There is mounting evidence
that failure of normal mechanisms reg-
ulating apoptosis of neutrophils con-
tributes to the pathogenesis of the sys-
temic abnormalities of trauma and
sepsis.

Apoptosis and the termination of
inflammation

Apoptosis is the predominant
mechanism responsible for ending a
neutrophil-mediated inflammatory

process. The life span of the neutrophil
is among the shortest of all cells. After
their release from the bone marrow,
neutrophils circulate for less than a day
before they undergo a spontaneous
apoptotic death and are phagocytosed
by macrophages of the liver and
spleen.17 However, the expression of
apoptosis in the neutrophil is exquis-
itely sensitive to signals received from
the environment (Table I). The net ef-
fect of these influences in the setting
of acute inflammation would appear to
be prolongation of neutrophil survival
as a result of the inhibition of apopto-
sis. For example, the β2 integrins, ad-
hesion molecules on the neutrophil
surface that play a key role in the ad-
herence of the neutrophil to the vas-
cular endothelium and its passage out
of the circulation into a focus of in-
flammation, also transmit a signal to
the nucleus that results in the inhibi-
tion of apoptosis.18 Similarly, bacterial
products such as endotoxin impede
apoptosis as do host-derived proin-
flammatory mediators such as IL-1β or
granulocyte colony stimulating fac-
tor.19 Moreover, there is evidence that
not only is the process of spontaneous
neutrophil apoptosis delayed in inflam-
mation, but neutrophils are also ren-
dered refractory to death signals de -
livered through Fas or the TNF
receptor.20 Changes in the levels of in-
tracellular antioxidant molecules may
be responsible for these acute changes,
since apoptosis can be induced by de-
pletion of intracellular thiols.21

Inflammatory neutrophils, similar
to transformed cells, survive for longer
periods and lose their susceptibility to
the mechanisms that normally induce
cell death. Thus, the identification of
signals that can cause the activated
neutrophil to die an apoptotic death
is important in understanding the
mechanisms responsible for terminat-
ing an inflammatory response. 
To date, only one host cytokine, 
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Table I

Endotoxin
(lipopolysaccharide)

Glucocorticoids

Cellular processes β2 integrin adhesion

Factors Modulating the Expression of Neutrophil Apoptosis

Phagocytosis of Escherichia coli

Elevated intracellular calcium L-selectin adhesion

Mediators/processes

Reduced intracellular glutathione

Soluble mediators

*Contradictory data exist for these mediators.

Granulocyte macrophage
colony stimulating factor

Granulocyte colony
stimulating factor

Interleukin-6*

Interleukin-2

Interleukin-1β

Retard apoptosis

Fas ligand

Tumour necrosis factor*

Interleukin-10

Interleukin-6*

Accelerate apoptosis

Interferon gamma

Tumour necrosis factor*

C5a



interleukin-10, has been shown to re-
verse the block to programmed cell
death that occurs in inflammation.22

Apoptosis in trauma and critical
illness

Altered apoptosis appears to be re-
sponsible for some of the alterations
in inflammatory and immune cell
function seen after trauma and critical
illness. Lymphopenia is a common
finding in the victim of trauma or crit-
ical surgical illness. Studies in patients
with major burn injury have shown in-
creased rates of apoptosis in peripheral
blood lymphocytes.23 In contrast,
however, neutrophils harvested from
burn patients survive for prolonged
periods in vitro, as a result of a delay
in the expression of spontaneous
apoptosis.24

We have studied the expression of
neutrophil apoptosis in a cohort of pa-
tients who underwent major elective
surgery (repair of an abdominal aortic
aneurysm) or patients admitted to an
intensive care unit who met clinical
criteria for the systemic inflammatory
response syndrome (SIRS).25 Neu-
trophils harvested from both patient
groups showed delays in apoptosis,
and plasma from patients with SIRS
could inhibit the expression of apop-
tosis in neutrophils from healthy vol-
unteers (Dr. M.F. Jimenez, University
of Toronto: unpublished data, 1997).
Thus, a functional correlate of sys-
temic inflammation is a state of neu-
trophil refractoriness to the normal
processes of cellular suicide, and the
process of cell death is emerging as a
new target for therapeutic interven-
tion in an attempt to limit the adverse
sequelae of inflammation.

CONCLUSIONS

Progress in biology generally oc-
curs through a series of small advances

that serve to amplify, refine or clarify
an existing concept or paradigm.
Changes in the underlying paradigm
occur much less frequently, but when
they do, they open grand new vistas
on our understanding of disease. Such
a paradigm shift has occurred with the
recognition of programmed cell death
as a process intrinsic to normal growth
and development and to the host re-
sponse to its environment. The scien-
tific literature on apoptosis has grown
exponentially, and the list of disease
processes in which apoptosis plays a
role continues to expand. As the cel-
lular processes responsible for the ex-
pression and regulation of apoptosis
become better defined, entirely new
approaches to the treatment of a wide
spectrum of malignant, inflammatory
and degenerative diseases should be-
come available.
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