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ABSTRACT: In adult multicellular organisms, homeostasis is determined in each
cell lineage by a balance between cell death and cell growth. Dysregulation of cell
death mechanisms is involved in the pathogenesis of an increasing number of dis-
eases. Defective apoptosis can participate in malignant transformation, viral laten-
cy and autoimmune diseases. Excessive apoptotic cell death is involved in CD4+ T-cell
depletion observed in acquired immune deficiency syndrome, in fulminant hepati-
tis associated with infection by hepatitis B and C viruses, in some neurodegenera-
tive disorders and haematological diseases, in polycystic kidney disease and ischaemia. 

Three steps can be distinguished in the pathway that leads to cell death. The first
step involves interactions between the extracellular and intracellular signals that
decide whether a cell should live or die. When death is chosen, a common pathway
that involves at least the Bcl-2- family of proteins and the interleukin-1β (IL-1β)-
converting enzyme-related cysteine proteases confirms whether or not the cell should
die. Finally, if death is allowed to occur, the apoptotic process itself is character-
ized by deoxyribonucleic acid (DNA) fragmentation, proteolysis and morphological
changes that precede the engulfment of apoptotic cells by neighbouring cells and
phagocytes. 

Several inducers and inhibitors of apoptosis acting on one or several of these
three steps that characterize the apoptotic process have been identified in vitro.
Their potential usefulness in improving the current therapeutic strategies and design-
ing new strategies in several different diseases is discussed.
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In a famous French play by Molière, the prominent
character, Monsieur Jourdain, realizes that he has been
speaking in prose for a long time without even knowing
it. Similarly, the recent interest in cell death mechanisms
has revealed that we have been using induction or inhibi-
tion of apoptosis for a long time for the treatment of some
diseases without knowing it. For instance, chemothera-
peutic drugs and radiations induce apoptosis of tumour
cells [1] and haematopoietic growth factors act by pre-
venting apoptosis of haematopoietic progenitors [2]. A
better understanding of the mechanisms that regulate cell
death pathways might make it possible to improve the
current therapeutic strategies and to define new strate-
gies in several different diseases.

To live or to die?

In adult multicellular organisms, different cell types
vary widely in the mechanisms by which they maintain
themselves throughout life.  Red blood cells undergo con-
stant renewal from haematopoietic progenitor cells, where-
as neural cells have no or limited capacity for self-renewal.
Between these extremes, lymphocytes and cells from repro-
ductive organs undergo cyclical expansions and contrac-
tions as they participate in host defence and reproduction,
respectively. Within all of these cell lineages, the control

of cell number is determined by a balance between cell
proliferation and cell death. Recent studies suggest that
the mechanisms that control cell proliferation and cell
death could share several factors. Growth factors can
either stimulate cell growth or prevent cell death [2–4].
Antigenic stimulation of the T-cell receptor first triggers
the proliferation of mature peripheral T-cells, which are
later eliminated by Fas-mediated apoptosis [5]. Proto-
oncogenes associated with cell proliferation, such as c-
myc, are capable of inducing apoptosis when they are
aberrantly expressed [6]. Tumour suppressor genes, such
as p53, are involved into checkpoints that decide whether
a cell progresses in cell cycle or dies by apoptosis in
response to deoxyribonucleic acid (DNA) damage [7].
Therefore, a given signal will induce a cell either to live
or to die, depending on the cell type and its level of dif-
ferentiation [8]. Cell survival could depend upon the con-
stant supply of survival factors provided by neighbouring
cells and extracellular matrix [9–11].

To die or not to die?

Beyond different signalling pathways that ultimately
converge to activate a cell death signal, apoptosis appears
to involve a common final pathway that has been, at least
partially, conserved throughout animal evolution (fig. 1).
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Much of our knowledge about the specific steps that regu-
late this cell death pathway has been derived from genetic
studies of the nematode Caenorhabditis elegans [12].
Among the 14 genes whose mutation affects the various
steps of programmed cell death in this nematode, three
genes affect the death process itself, namely ced-3 and
ced-4, that are required for cells that must die to under-
go programmed cell death, and ced-9 that is required to
protect cells that should live from undergoing apoptosis.
The ced-3 gene encodes a protein that is similar to the
family of cysteine proteases, which includes interleukin-
1β-converting enzyme (ICE), Nedd2/Ich-1, CPP32/Yama,
Tx/Ich-2 and Mch2 (for review see [13]). These pro-
teases share a pentameric peptide, QACRG, surrounding
a putative activated site Cys. Accordingly, overexpres-
sion of these proteases in mammalian cells causes apop-
tosis, and the cowpox virus crmA gene product, that
inhibits some ICE-like proteases, can protect mammalian

cells against apoptosis induced by growth factor with-
drawal [14]. By contrast, the protein encoded by the ced-
4 gene has no similarity with other known proteins. The
protein encoded by ced-9 is homologous to the Bcl-2
family of cell death regulators identified in mammalian
cells, and the expression of the human Bcl-2 in nema-
todes partially substitutes for the loss of ced-9 function
[15]. Studies performed on the role of cysteine proteases
and Bcl-2-related proteins suggest that these two compo-
nents define two checkpoints in the final common path-
way that decides whether or not a cell should die.

To die!

When the final common pathway has allowed the exe-
cution of the cell suicide programme, characteristic mor-
phological changes of the dying cell [16] precede the
production of apoptotic bodies, membrane-enclosed par-
ticles containing intracellular material (fig. 1). These par-
ticles are rapidly engulfed and digested by neighbouring
cells and phagocytes to prevent any release of intracel-
lular material that would otherwise trigger an inflam-
matory response, as observed during necrosis. Apoptosis
is usually associated with the activation of one or sev-
eral nucleases that degrade nuclear DNA first into large
and subsequently into very small fragments [17, 18]. One
of the consequences of DNA fragmentation is the irre-
versible degradation of viral or mutated cellular DNA.
Proteolytic cleavage of several nuclear proteins by an act-
ivity similar to but distinct from ICE is another bioche-
mical marker of apoptotic cell death [19–21].

Apoptosis and the pathogenesis of disease

Diseases due to defective cell death

The failure of cells to undergo apoptosis might be
involved in the pathogenesis of several human prolifer-
ative disorders characterized by the accumulation of cells,
including cancer, autoimmune diseases and certain viral
infections (fig. 2).

Apoptosis and cancer.  Cancer is usually envisaged as a
disease of excessive cellular proliferation.  Recently, gene-
tic alterations that dysregulate the physiological cell death
process appeared to contribute to the clonal expansion
of malignant cells. Accordingly, a number of oncogenes
and anti-oncogenes have been found to regulate apop-
totic cell death. Oncogenes that promote cell prolifera-
tion and those that inhibit cell death could co-operate to
induce a neoplastic lesion. Genetic alterations that induce
cell proliferation, such as dysregulation of either myc or
ras proto-oncogenes, would lead to the induction of apop-
tosis [6, 22], unless simultaneous expression of an onco-
gene, such as bcl-2, that inhibits this apoptotic response
allows the cell transformation to occur [23]. The best
example of these oncogenes is bcl-2, identified at the site
of a chromosomal translocation between chromosomes
14 and 18, present in most human follicular lymphomas,
(for review, see [24]). Upregulation of bcl-2 oncogene
expression specifically inhibits apoptosis induced by a
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Fig. 1. –  The three steps of the apoptotic process.  During the first
step, intracellular and extracellular signals activate specific pathways
that will determine whether a cell should live or die.  The tumour sup-
pressor gene p53 is involved in a checkpoint that decides whether a
cell progresses in the cell cycle or dies by apoptosis in response to
deoxyribonucleic acid (DNA) damage. Interaction of Fas ligand or
tumour necrosis factor (TNF) with their membrane receptor increases
intracellular ceramide level.  Growth factors or interactions with extra-
cellular matrix increase intracellular calcium and activate the protein
kinase C (PKC).  The second step involves two checkpoints that could
regulate the final cell death pathway.  One checkpoint is controlled by
proteins from the Bcl-2 family.  Bcl-2 expression can be increased by
interaction with viral proteins (BHRF-1 from Epstein-Barr virus, LMW5-
HL from the swine fever virus, and E1B from adenovirus) or mimic-
ked by LMP-1 from Epstein-Barr virus.  The other checkpoint could
be determined by the cysteine proteases related to interleukin-1β (IL-
1β) converting enzyme (ICE) that is inhibited by the CrmA protein
from cowpox virus.  The cell death pathway then reaches a point of
no return, and apoptosis is associated with internucleosomal DNA frag-
mentation, proteolysis of several nuclear and cytosolic proteins, and
characteristic morphological changes.
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wide range of insults and stimuli such as growth factor
deprivation, loss of contact with extracellular matrix, cy-
totoxic T-cells, cytotoxic lymphokines, chemotherapeu-
tic drugs and radiations [24–27]. As indicated previously,
human bcl-2 can promote cell survival in lower organ-
isms, such as nematodes, and substitute for the loss of
function of ced-9 [15]. An elevated level and aberrant
pattern of Bcl-2 protein expression have been found in
a wide variety of human cancers, including lymphomas,
leukaemias, adenocarcinomas, neuroblastomas, renal and
lung cancers and melanomas [24]. In most of these
tumours, dysregulation of bcl-2 gene expression is not
the consequence of the t(14;18) chromosomal transloca-
tion.  Structural alterations of the bcl-2 gene are not de-
tected in most leukaemias and solid tumours, suggesting
that transregulatory rather than cis-regulatory mechanisms
account for overexpression of Bcl-2. This overexpres-
sion can represent either an early or a late event in the
tumour progression.  For example, disturbances in the pat-
tern of bcl-2 expression represent an early event in colo-
rectal cancers, whereas it occurs later in prostate cancer,
in which elevation of Bcl-2 protein level is associated
with acquisition of a metastatic and androgen-indepen-
dent phenotype [24].

One of the potential transregulators of bcl-2 that can
become altered in cancer is the tumour suppressor p53,
which represses bcl-2 gene expression [28]. Germ-line
p53 mutations predispose individuals with Li-Fraumeni
cancer syndrome to the development of tumours, and the
p53 gene becomes inactivated in over half of all human
tumours [29]. The wild-type p53 protein binds DNA and
functions, at least in part, as a transcriptional regulator,
activating or repressing the expression of various target
genes involved in DNA replication and repair. Wild-type
p53 functions primarily to suppress neoplastic growth by
inducing apoptosis [30], and contributes to tumour sup-
pression by inducing cell cycle arrest at the G1/S check-
point in response to DNA damage, in order to facilitate
DNA repair [31]. The p53 is also an inducer of apopto-
sis in certain normal tissues, such as myeloid progeni-
tors and epithelial stem cells [32].  Its presence or absence

is an important determinant of the relative sensitivity of
normal and tumour cells to apoptosis induced by DNA
damaging therapeutic agents [7, 30].

In addition to repressing bcl-2 gene expression, p53
transactivates the expression of a homologue of bcl-2
termed bax [28, 33]. In contrast to Bcl-2, the protein en-
coded by bax functions as a promoter of cell death. Bax
and Bcl-2 are members of a larger family of proteins
that can either promote or repress apoptosis [34], inclu-
ding Bcl-x, mcl-1, A1, BAK, Bad, and BAG-1 [35–40].
These proteins can interact through heterodimerization
[41]. The functional significance of these interactions re-
mains unknown. Bcl-x can be expressed under two dif-
ferent isoforms, resulting from alternative splicing of
bcl-x messenger ribonucleic acid (mRNA) [35]. Bcl-xl,
that functions as a death inhibitor, is markedly elevated
in several tumours, whereas Bcl-xs could promote cell
death by sequestering Bcl-2 so that it cannot interact with
Bax and other proteins. Other oncogenes, such as c-abl,
are potent inhibitors of apoptosis by a mechanism that
seems to be independent of Bcl-2 and Bcl-2-related pro-
teins but remains unexplained [42, 43]. Interestingly, nei-
ther mutations of ICE and ICE-related proteases nor their
inhibition by viral products, such as CrmA, have so far
been implicated in oncogenesis.

Apoptosis and viral latency.  Cells infected with a virus
can undergo apoptosis as a defence mechanism to pre-
vent viral infection. Infected cells can also express viral
peptides in association with cell surface major histo-
compatibility class I molecules, in order to be recognized
and killed by cytotoxic T-cells.  T-cells will induce apop-
tosis, either by using perforin to introduce proteases into
the target cell [44], or by activation of the Fas receptor
on its surface (see below). A number of viruses disrupt
the normal regulation of apoptosis within infected cells
to circumvent the host defences.  To reach this goal, viral
genes encode inhibitory proteins, most of which target
one of the two main checkpoints of the final common
pathway that leads to apoptosis. The cowpox virus gene,
crmA [14, 45], encodes a protease inhibitor that prevents
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suspected to be involved in the pathogenesis of various diseases.  AIDS: acquired immune deficiency syndrome.



apoptotic cell death by specifically inhibiting ICE, a key
protease in the final pathway of Fas- and tumour necro-
sis factor-α- mediated cell death [46, 47]. Other viral
genes encode a protein with structural and functional
similarities with Bcl-2: they include the BHRF-1 gene
of Epstein-Barr virus, the LMW5-HL gene of African
swine fever virus, and the E1B gene of adenovirus [24,
48, 49]. The product of some viral genes, such as LMP-
1 from Epstein-Barr virus, can upregulate Bcl-2 to allow
the establishment of viral latency [50]. The mechanism
by which the p35 gene, identified in baculovirus as a po-
tent inhibitor of apoptosis, inhibits cell death in infected
cells is still not understood. Interestingly, another bacu-
lovirus gene that inhibits apoptosis, namely inhibitor of
apoptosis protein (IAP), is analogous to a gene recently
involved in the pathogenesis of a recessive neurodege-
nerative disorder observed in children [51]. Although bio-
chemical mechanisms by which viral proteins inhibit cell
death remain poorly explained, nitric oxide produced by
human B-lymphocytes was recently reported to contribute
to the maintenance of viral latency in downregulating the
expression of an Epstein Barr virus early antigen [52].

Apoptosis and autoimmune diseases.  Several recent stud-
ies have implicated apoptosis in the pathogenesis of
autoimmune diseases. The human organism protects itself
from autoimmune reactions by clonal deletion of auto-
reactive T-cells, a process called negative selection. One
mechanism by which negative selection takes place is
apoptosis. Alterations in the susceptibility of lympho-
cytes to die by apoptosis in vitro have been reported in
several autoimmune diseases, such as systemic lupus ery-
thematosus, rheumatoid arthritis, autoimmune diabetes
mellitus or inflammatory bowel disease [53].  Serum pro-
teins could also be involved: serum from patients with
type 1 diabetes mellitus, an autoimmune disease asso-
ciated with the destruction of pancreatic beta cells, was
shown to contain a factor that promotes Ca2+-mediated
apoptosis in beta cells [54].

Animal model systems have provided new informa-
tion about the potential role of dysregulated apoptosis in
autoimmune diseases. Linkage analysis has established
an association between the bcl-2 locus and autoimmune
diabetes in nonobese diabetic mice [55]. A lupus-like
autoimmune disease has been reported in transgenic mice
constitutively expressing Bcl-2 in their B-lymphocytes
[56]. The most informative observations to date were
performed in the MRL mouse strain. Spontaneous auto-
somal recessive mutation on either chromosome 19 (locus
lpr for lymphoproliferative disease) or chromosome 1
(locus gld for generalized lymphoproliferative disease)
were observed to accelerate the occurrence of a sponta-
neous autoimmune disease observed in these mice [57,
58]. Both MRL lpr/lpr and MRL gld/gld mouse strains
show a similar phenotype. Mice develop lymphadenopathy
and splenomegaly, produce large amounts of anti-DNA
and rheumatoid factor autoantibodies, and die of nephri-
tis or arthritis at approximately 5 months of age. Both
lpr and gld were shown to be loss-of-function mutations
that affect genes encoding a pair of interacting proteins:
lpr mutation affects a cell surface protein named Fas (or
APO-1 or CD95); whereas, gld affects a soluble or mem-
brane-bound cytokine, which is called Fas ligand (for
review see [59]). Molecular and cellular characterization

of Fas and Fas ligand in animals and humans revealed
their homology with members of the tumour necrosis fac-
tor (TNF) receptor family and TNF family, respectively [60,
61]. Fas ligand binds to its receptor Fas, thus inducing
apoptosis of the Fas-bearing target cell. Triggering of this
apoptotic pathway requires the cross-linking of Fas with
either purified Fas ligand, or cells expressing Fas ligand
or antibodies to Fas [59]. It has recently been demonstra-
ted that activated Fas interacts with several cellular pro-
teins [62–65], and activates a sphingomyelinase-dependent
pathway [66]. Fas-mediated apoptosis is triggered by ICE
or ICE-like proteases [46, 47].

Fas is abundantly expressed in activated lymphocytes
and in the primary cells from various other tissues, such
as liver, heart, lung and ovary. Fas ligand is expressed
predominantly in activated CD4+ and CD8+ T-cells and
natural killer (NK) cells. The Fas/Fas ligand system is
involved in the clonal deletion of autoreactive T-cells in
the periphery, not in the thymus. The system is also in-
volved in the deletion of T-cell receptor (TCR)-activat-
ed mature T-cells that is necessary to limit every immune
response [67, 68], and in the mechanisms that cytotoxic
T-cells use to kill infected target cells, a pathway distinct
from the perforin-mediated pathway (for review see [69]).
Genes other than Fas or Fas ligand are probably involved
in Fas-related pathology, because lpr mutations induce
nephritis or arthritis in MRL mice but not in C3H mice
[70].

In humans, two recent studies identified Fas gene mu-
tations in children who developed a rare autoimmune
lymphoproliferative disorder, characterized by massive non-
malignant lymphadenopathy, autoimmune phenomena
and expanded populations of immature lymphocytes [71–
73]. An elevated level of the soluble form of Fas was
detected in the serum of some patients with systemic
lupus erythematosus. It was suggested that the soluble
form of Fas could inhibit Fas-mediated elimination of
autoreactive lymphocytes [74]. A soluble form of Fas
ligand was also identified as an homotrimer in the cul-
ture medium of activated human T lymphocytes. If such
a molecule is produced in vivo, it may work as an agent
that causes systemic tissue damage [75]. The primary
cells from several tissues are sensitive to Fas-mediated
apoptosis, suggesting that the Fas system may be involved
in cytotoxic T-lymphocyte (CTL)-mediated diseases in
these tissues [59]. Bone marrow transplantation perform-
ed between lpr mutant and wild-type MRL mice have
suggested that Fas system may be involved in the graft-
versus-host disease induced by allogenic bone marrow
transplantation in humans [59].

Diseases related to excessive cell death

Fas-mediated diseases.  A variety of diseases characteri-
zed by excessive cell loss may result from accelerated rates
of cell death. Besides defective Fas-signalling involved
in lymphoproliferative disorders, Fas-related diseases may
be caused by excessive activity of the Fas system. Abnor-
mal activation of Fas ligand expressed on cytotoxic T-cells
could be involved in human fulminant hepatitis.  Intraperi-
toneal injection of a cytotoxic monoclonal antibody gen-
erated against mouse Fas has been shown to kill wild-type
mice by inducing fulminant hepatitis. Two hours after
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injection, the serum level of glutamate oxaloacetate transa-
minase (GOT) and glutamate pyruvate transaminase (GPT)
increased rapidly and reached about 200 and 1,000 fold
above basal level, respectively. Histochemical analysis
showed massive haemorrhagic necrosis in the entire liver,
and electron microscopy of the affected hepatocytes re-
vealed condensed and fragmented nuclei, an aspect char-
acteristic of apoptosis. It was concluded that the anti-Fas
antibody had caused the hepatocytes to die. It was sug-
gested that rapid and widespread cell death had not
allowed the macrophages to remove the apoptotic cells,
resulting in secondary necrosis and release of lethal toxic
components. Anti-Fas antibody injection did not kill MRL
lpr/lpr mice [76]. Primary hepatocytes are sensitive to
Fas-mediated apoptosis in vitro. Fas is overexpressed in
hepatocytes transformed by human hepatitis C virus.
Injection of CTLs specific for the human hepatitis B virus
in transgenic mice carrying the virus induced fulminant
hepatitis [77–79]. These observations are consistent with
the hypothesis of involvement of Fas system in the occur-
rence of fulminant hepatitis when hepatocytes are infected
with hepatitis B or C viruses. The process may normally
occur to remove virus-infected cells but, when exaggera-
ted, could lead to fulminant hepatitis.  Similarly, Fas sys-
tem may be involved in other CTL-mediated autoimmune
diseases, such as chronic thyroiditis [6, 59].

Acquired immune deficiency syndrome.  AIDS is char-
acterized by a progressive and selective depletion of the
CD4+ population of T-lymphocytes. The exact mecha-
nisms by which the human immunodeficiency virus-1
(HIV-1) kills immune cells is not understood. Most T-
cells that die during HIV infection do not appear to be
infected with the virus, and the number of apoptotic T-
cells does not correlate with progression of disease [80].
Nevertheless, a growing body of experimental evidence
suggests a role for apoptosis in CD4+ T-cell depletion.
Enhanced apoptosis has been observed in primate mod-
els of lentiviral infections, as well as in lymphocytes and
lymph nodes from AIDS patients. Picomolar concentra-
tions of the soluble viral product, gp120, were reported
to prime human CD4+ T-cells for activation-induced cell
death [81]. More recently, HIV-1 Tat protein was shown
to induce cell death by apoptosis in a T-cell line and in
mononuclear peripheral blood cells from uninfected
donors [82]. Tat protein was shown to induce in T-cells a
premature activation of cyclin-dependent kinases, an event
that has been associated with apoptosis induction in sev-
eral other cell systems. Tat-activated T-cells would then
be depleted when either the T-cell receptor is activated
by an antigen or when gp120 binds to CD4 receptor.
Fas could be involved in the death of CD4+ T-cells dur-
ing the course of an HIV infection [83]. Human T-cell
lines, transformed with HIV, are more sensitive to Fas-
mediated apoptosis than the parental cells. Fas is high-
ly expressed on T-cells of mice with retrovirus-induced
immunodeficiency syndrome and on T-lymphocytes of
HIV-infected children. The current hypothesis is that
HIV-1 Tat and gp120 accelerate Fas-mediated, activa-
tion-induced T-cell apoptosis, therefore contributing to
CD4+ T-cell depletion during the course of AIDS [82]
(fig. 3). Viral replication itself may not be limited by
CD4+ T-cells death because CD4 receptor is downreg-
ulated on infected cells, which could prevent both viral

reinfection and CD4-mediated apoptosis. Lymphocyte
apoptosis has also recently been involved in the pathoge-
nesis of the leukaemia-like disease induced by the human
T-lymphocyte virus-1 (HTLV-1) infected T-cells [84],
and virally-induced abortive activation of T-cells may be
a response to several other viral infections in mammals
[85].

Haematological diseases. Haematopoietic growth factors,
including stem cell factor, colony-stimulating factors,
erythropoietin and thrombopoietin, play a key role in the
regulation of haematopoiesis. These factors were de-
monstrated to act, in part, by promoting the survival of
progenitor cells, by suppressing apoptosis during the dif-
ferentiation of intrinsically committed progenitors [2, 4].
Overexpression of Bcl-2 prevents apoptosis of haema-
topoietic cells induced by growth factor withdrawal [86].
Bone marrow-derived stromal cells also prevent apop-
totic death of normal and malignant haematopoietic cells
[11]. Haematological diseases, such as myelodysplastic
syndromes, aplastic anaemia, chronic neutropenia or sev-
ere β-thalassaemia are associated with increased apop-
totic cell death within the bone marrow [87–89]. The
mechanisms by which increased apoptotic cell death is
involved in the aetiology of these diseases remains unex-
plained and could involve stroma cell deficiencies, gene
deregulation and direct effects of toxins or mediators of
the immune response.

Neurodegenerative disorders. The same mechanisms could
apply for the increased apoptosis of specific sets of neur-
al cells described in several neurological diseases such
as Alzheimer's and Parkinson's diseases, or cerebellar de-
generation [90–91]. Like haematopoietic growth factors
and bone marrow stromal cells, several specific and less
specific growth factors and extracellular matrix prevent
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deficiency syndrome.  The current hypothesis is that two viral proteins
produced by human immune deficiency virus-1 (HIV-1)-infected cells,
namely Tat and gp120, prime activated CD4+ T-cells for apoptosis
mediated by the Fas system (interaction of a soluble ligand and a mem-
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gp120, binds to CD4 receptor.  The viral protein tat induces a prema-
ture activation of cyclin-dependent kinases (Cdks), an event that has
been associated with induction of apoptosis in several other cell sys-
tems.  The membrane receptor Fas is highly expressed on retrovirally-
infected T-cells.



neural cell apoptosis, an effect that can be mimicked by
overexpressing Bcl-2 in the neural cells [92–94]. Several
gene mutations that lead to increased apoptotic cell death
were identified in neurodegenerative disorders. Mutations
in a superoxide dismutase gene were identified in patients
with autosomal dominant amyotrophic lateral sclerosis
[95]. These mutations decrease the ability of motor neu-
rons to detoxify oxygen-free radicals. Mutations in any
of the three photoreceptor-specific genes lead to photo-
receptor apoptosis and retinal degeneration observed in
patients with retinal pigmentosa [96]. Either dysfunction
of the mutated protein or its accumulation could be res-
ponsible for increased apoptosis. Mutations in the neu-
ronal apoptosis inhibitory protein (NAIP) gene, a gene
homologous to IAP from baculovirus, have been identi-
fied in spinal muscular atrophy and may decrease the
apoptotic threshold of spinal cord neurons [51].

Other diseases.  Although apoptotic cells are phagocytosed
within a few hours by neighbouring cells, apoptosis has
been demonstrated histologically and histochemically to
occur in several disease. Apoptosis is a pathological fea-
ture of polycystic kidney disease [97], and toxic-induced
liver diseases [98], and may be central to the pathogen-
esis of these diseases. Ischaemic injury, such  as myocar-
dial infarction or stroke, induces the rapid death of cells
within the central area of ischaemia by necrosis. Outside
the central ischaemic zone, cells die over a more pro-
tracted time period by apoptosis. Rapid reperfusion of
acutely occluded blood vessels induces an increase in
free radical production and in intracellular calcium level,
which both trigger apoptosis of cardiac myocytes [99].
Apoptosis has recently been described in atheroma, in
which its pathogenic role remains to be explained [100,
101]. Degenerative disorders of the musculoskeletal sys-
tem, including arthritis and osteoporosis, could also be
the consequence of increased apoptosis of chondrocytes
and osteocytes, respectively. Lastly, tissue homeostatic
control is altered during the course of ageing, and the
equilibrium is shifted toward cell death. The true nature
of this age-related cell deletion phenomenon could be
apoptosis [102], as a consequence of diminished synthe-
sis of various growth factors, transmembrane signalling
defects, inability to cope with oxidative stress, or abnor-
mal cell cycle regulation [103]. Conversely, senescence
can be associated with defective apoptosis: Fas expres-
sion and Fas ligand-induced apoptosis are decreased in
T-cells from old mice compared to young mice [104]. T-
cells from old mice also demonstrate a markedly decreas-
ed response to anti-CD3 stimulation [104, 105].

Other relationships between apoptosis and diseases

Another relationship between autoimmune diseases and
apoptosis was suggested by the recent observation of
ultra violet (UV)-irradiated cultured human keratinocytes.
Systemic lupus erythematosus (SLE) is often regarded
as the prototypic systemic autoimmune disease. This dis-
ease is characterized by an autoantibody response direc-
ted against selected intracellular antigens. The skin plays
an important role in the disease, that can appear after
extended exposure to sunlight. UV-induced apoptosis of
the keratinocytes is associated with the clustering of

potentially immunogenic cellular components in apop-
totic blebs, a process that might participate to the induc-
tion of autoantibodies directed at multiple antigens [106].
A similar phenomenon could be involved in the devel-
opment of an immune response to cancer cells, as sug-
gested by recent observations in a regressive/progressive
model of rat colon carcinoma cells (F. Martin, personal
communication).

Identification of apoptosis is suggested to be a useful
criterion in the assessment of response to various treat-
ments, such as hormonal treatment of prostate cancer
[107], and radiotherapy of cervical carcinoma [108]. Ex-
cessive toxicity of some treatments could also involve
induction of apoptosis; toxicity of L-DOPA for the treat-
ment of Parkinson's disease was recently related to the
induction of apoptosis in target cells, suggesting that
modulation of this phenomenon could prevent the acce-
leration of neuronal damage in this disease [109].

Apoptosis and the treatment of diseases

Based on the observation of the role of deficient or
excessive cell death in the pathogenesis of several dis-
eases, new therapeutic strategies could be designed to en-
hance or decrease the susceptibility of individual cell types
to undergo apoptosis. Treatments that restore the ability
of target cells to properly undergo apoptosis in response
to a given signal could be of benefit in diseases with
deficient cell death, such as malignancies. Conversely,
treatments that increase the apoptotic threshold may be
of benefit in disorders associated with cell loss, such as
degenerative disorders. During the past 5 yrs, studies per-
formed in vitro and sometimes in vivo have identified a
large number of agents that either inhibit or induce apop-
tosis.

Therapeutic strategies targeting the nucleus

Nuclear changes and internucleolytic cleavage of nuclear
DNA are observed at an early stage of apoptosis in many
cell systems [18]. Therefore, endogenous activation of
an endonuclease activity was suspected to be an essen-
tial step in the apoptotic process. Chromatin structure
plays a determinant role in DNA fragmentation, that will
take place only when linker regions separating nucleo-
somes are made accessible by a decondensation or local
reduction in histone-DNA interaction.  Spermine, a polya-
mine that modifies the degree of chromatin accessibility,
can prevent DNA fragmentation in several cell systems
[110]. Zinc and aurintricarboxylic acid inhibit oligonucleo-
somal DNA fragmentation associated with apoptosis in
several cell systems [110]. Accordingly, zinc depletion
can induce cell death by itself. The effect of zinc has
been attributed to a direct inhibition of the putative
endonuclease [18]. Zinc could have other cellular effects,
since it is a cofactor of several enzymes, such as poly-
(ADP)polymerase or the nuclear DNA topoisomerase I
that could be involved in apoptosis. Zinc may also stabi-
lize the association of protein-DNA complexes, which in
turn may act on chromatin structure.  However, both pur-
pose and mechanisms of DNA fragmentation in apopto-
tic cells remain unclear.  Recent studies have demonstrated
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that internucleosomal DNA fragmentation is preceded
by, and sometimes limited to, the formation of high mole-
cular weight DNA fragments, referred to as "domain"
cleavages [111]. This fragmentation is not inhibited by
zinc, and may be due to topoisomerase II. Whether
inhibitors of topoisomerase II that do not stabilize cleav-
able complexes could be good therapeutic tools to pre-
vent this fragmentation remains to be determined. Cells
without a nucleus can be induced to undergo the charac-
teristic cytoplasmic changes of apoptosis [112, 113] while
oligonucleosomal DNA fragmentation can be induced in
isolated nuclei [8, 18, 19, 114], suggesting that structural
and biochemical changes of each cellular compartment
occur independently. For all these reasons, therapeutic
strategies designed to prevent nuclear changes will not
inhibit the whole process [115], and internucleosomal
DNA fragmentation is an event that probably occurs too
late to be a good therapeutic target.

Therapeutic strategies targeting the final common path-
way

A more convincing target for the treatment of diseases
is the final common pathway that involves the products
of the Bcl-2 family and ICE-related cysteine proteases.
Several lines of evidence indicate that these central com-
ponents of the cell death machinery are most likely to
be localized to the cytosol. This pathway is regulated by
a balance between the opposing activities of proteins that
promote and those that inhibit cell death. Several pairs
of inducers and repressors such as Bcl-xl/Bcl-xs [35] and
Ichll/Ichls [116], are issued from the same gene by alter-
native splicing. At least five isoforms of ICE have recent-
ly been identified as resulting from alternative splicing,
some inducing and others repressing cell death [117].
The functional role of these numerous members of Bcl-
2 and ICE family remains unknown at present. How
could the recent and still incomplete knowledge of the
checkpoints that regulate the final common pathway of
apoptosis be used to improve the treatment of diseases?

The involvement of Bcl-2 overexpression in the resis-
tance to essentially all cytotoxic anticancer drugs sug-
gests that inhibition of the protein expression or activity
could make it possible to increase the sensitivity of tumour
cells to chemotherapeutic agents. Schematically, three
main levels of cellular resistance to cytotoxic drugs have
been identified: the first level includes the mechanisms
that prevent the drug from reaching its target, most often
localized in the nucleus. The most studied of these mech-
anisms is P-glycoprotein mediated drug efflux. The sec-
ond level concerns the interactions between the drug and
its intracellular target, whose quantitative or qualitative
changes can prevent the drug from inducing specific dam-
age. More recently, a third level was identified that is
independent of the drug and concerns the ability of the
cell to trigger its apoptotic machinery in response to spe-
cific damage induced by the drug [118–120]. Therefore,
the intrinsic killing power of a drug could be less impor-
tant than the ability to induce the tumour cells into killing
themselves. In cells overproducing Bcl-2 due to gene
transfer manipulations, the drug enters the cell at a normal
rate and induces specific molecular damage [24]. Bcl-2
increases the threshold of specific molecular damage that

is necessary to generate the biochemical events that will
lead to apoptotic cell death, for example activation of
cysteine proteases and endonucleases [27]. Upon removal
of the drug, Bcl-2-protected cells can repair drug-induced
damage and resume their proliferation. These unique
functional properties of Bcl-2 presumably account for the
poor clinical outcome associated with bcl-2 overexpres-
sion in some series of patients with low grade follicular
non-Hodgkin's lymphoma, acute myeloblastic leukaemia
and solid tumour [121].

The inhibitory properties of Bcl-2 could be used to
protect normal cells from chemotherapy-induced cell
death. Enforced expression of bcl-2 gene in bone mar-
row cells, using retroviral gene transfer techniques, was
demonstrated to rescue these cells from apoptosis induced
by topoisomerase inhibitors [122]. Conversely, specific
strategies that will decrease Bcl-2 expression in tumour
cells that overexpress the protein could increase their
sensitivity to chemotherapeutic drugs and radiation. Anti-
sense oligonucleotides have been successfully tested to
specifically decrease bcl-2 expression in vitro, and this
inhibition increases leukaemic cell sensitivity to cytotox-
ic agents [123]. These short stretches of synthetic single-
strand DNA enter the cell, bind to specific messenger
ribonucleic acid (mRNA) sequences and prevent the
expression of the corresponding protein. A similar stra-
tegy was also tested in a cell line derived from a patient
with chronic myeloid leukaemia, a disease in which a
t(9;22) chromosomal translocation generates a chimeric
bcr-abl protein with constitutive c-abl kinase activity [44].
Increased abl kinase activity induces a high level of cel-
lular resistance to induction of apoptosis by a variety of
stimuli, including chemotherapeutic drugs [42]. Again,
antisense oligonucleotides, corresponding to bcr-abl, have
proved efficient at increasing the sensitivity of the bcr-
abl positive cell line to cytotoxic agents [43]. In some
cell lines with either bcl-2 overexpression or bcr-abl re-
arrangement, specific antisense oligonucleotides can inhi-
bit cell growth and induce apoptosis without additional
treatment [124].

Although such antisense intervention might have poten-
tial clinical application, the therapeutic use of oligonu-
cleotides has been shown to be problematical for a variety
of reasons. A better strategy would be to identify agents
that specifically interfere with the biochemical mecha-
nisms by which either Bcl-2 or bcr-abl inhibit the apopto-
tic process. Unfortunately, these biochemical mechanisms
have not yet been clearly identified.

Inhibition of the expression or function of Bcl-2, a pro-
tein involved in the final pathway that seems to be com-
mon to numerous forms of apoptosis, could not be specific
enough to be a good therapeutic strategy. Recent data
analysing a Bcl-2 loss of function murine model suggest
that the function of Bcl-2 is absolutely necessary only
in a limited number of normal cell types or, alternatively,
there is a redundancy within the Bcl-2 family such that
specific loss of Bcl-2 is relatively well-tolerated [125].
Therefore, short-term treatment with the antisense oligo-
nucleotide anti-bcl-2 may not be as toxic as might ini-
tially have been expected. Targeting Bcl-x, a Bcl-2 related
protein whose isoform Bcl-xL also inhibits drug-induced
apoptosis, could be more toxic, since Bcl-x deficient mice
demonstrated extensive apoptotic cell death of neurons
and haematopoietic progenitors [126].
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Bcl-2 overexpression has not been associated with poor
clinical outcome in all types of malignant tumours. Recent
reports suggest a better prognosis in some tumours with
increased Bcl-2 expression. This clinical observation could
have several explanations. Firstly, growth factors were
demonstrated to modulate the expression [127, 128], and
to induce post-transcriptional modifications of the pro-
tein [24] that could modulate its activity. Better under-
standing of this regulation could suggest therapeutic use
of this modulating activity. Secondly, Bcl-2 activity is
modulated by heterodimerization with several other pro-
teins from the Bcl-2 family, for example Bax [41]. Bax
functions as a promoter rather than a repressor of cell
death [33]. Relationships between the two proteins is
enforced by the observation that p53, both represses bcl-
2 expression and promotes Bax expression [28]. A cell
with low Bax expression would require only low levels
of Bcl-2 to reach the critical stoichiometry at which Bcl-
2/Bax dimer form, and reprieve from death is assured.
Conversely, high Bax levels could render the cell more
sensitive to death and more difficult to rescue. According-
ly, several tumours demonstrated marked reduction in
Bax expression, sometimes associated with p53 mutati-
ons and/or drug resistance. Finally, interactions of Bcl-
2 with other proteins from the Bcl-2 family could induce
the specific inhibition of some apoptotic pathways. For
example, Bcl-2 needs to interact with BAG-1 to effi-
ciently prevent  apoptosis induced by the Fas signalling
pathway [40]. Therefore, modulation of Bcl-2 activity
may require pharmacological agents that mimic or pre-
vent specific interactions between proteins of the Bcl-2
family in order to be more specific with regard to the
cell type and the stimuli.

Proteases involved in the final common pathway that
leads to apoptosis, mainly ICE and ICE-related protein
family, constitute another potential therapeutic target.
Again, alternative spliced forms of members of ICE fam-
ily, such as Ich1l and Ich1s, can have opposite effects
[116]. This suggests that cysteine protease inhibitors that
are specific for each member of the family, and pharma-
cological agents that modulate interactions between these
members, may be developed [129–131]. These agents
exist in nature: granzyme A and B, synthesized by cyto-
toxic T-cells, are ICE-related proteases that directly acti-
vate the apoptotic machinery in the target cell [132].
Conver-sely, several viruses synthesize proteins that either
mim-ic Bcl-2 (BHRF1 from EBV, E1B from adenovirus,
and LMW5-HL of African swine fever virus) or stimu-
late Bcl-2 expression (LMP-1 from EBV) or inhibit ICE
(CrmA from cowpox virus) [49, 50]. Generation of atten-
uated viruses that do not express the genes which allow
them to establish latent infection could be used for vac-
cination.

Therapeutic strategies targeting more specific pathways

Other targets for the therapeutic modulation of apop-
tosis are the different signalling pathways that activate
the central cell death machinery. Most inducers of apop-
tosis use a specific signalling pathway. DNA damaging
agents use a p53-dependent pathway.  In leukaemic cells,
activation of Fas and TNF receptors induces sphingomye-
lin hydrolysis and ceramide production. In thymocytes,

interaction of cytokines and growth factors with their
membrane receptors activates a calcium-dependent path-
way. Only cytotoxic T-cells induce apoptosis by deliver-
ing in the target cells several proteases (or granzymes),
some of them mimicking the activity of ICE. It is very
important to understand how early steps of apoptosis are
activated through the cell, because this may make it pos-
sible to define successful strategies. Nitric oxide (NO)
synthase expression and NO production are increased in
MRL lpr/lpr mice, and spontaneous glomerulonephritis
and arthritis can be reduced by oral administration of N-
mono-methyl-arginine, which inhibits NO production
[59]. Early HIV infection is associated with reduced glu-
tathione levels in blood cells. The pro-oxidant state asso-
ciated with HIV infection may result in perturbations of
activation-induced signal transduction in T-lymphocytes,
which may be related to the enhanced tendency of these
cells to undergo apoptosis [133].  Beneficial effects could
be obtained by treatment of HIV-infected individuals
with antioxidants, such as N-acetylcysteine [134].

Again, malignant cells provide a good example for
testing this strategy.  Mutations of p53 were suggested to
reduce the efficacy of DNA damaging agents in human
tumours [7]. The protein p53 is not an element of the
final common pathway, since cells lacking p53 can still
undergo apoptosis, although some apoptotic stimuli do
not function. The protein is an important trigger for apop-
tosis induced by DNA damage. Two mechanisms were
proposed to explain the involvement of p53 in induction
of apoptosis in response to DNA damage. A "clash"
mechanism suggest's that p53-mediated cell cycle arrest
conflicts with oncoprotein driven cell cycle progression
stimulus, leading to apoptosis. The "dual pathway" mech-
anism suggests that the outcome of p53-mediated G1
arrest depends on the cell genotype, i.e. the expression
of adenovirus E1A protein [135]. Whatever the true mech-
anism, p53 mutations have been related to radioresis-
tance, and reintroduction of wild-type p53 was shown to
restore cisplatin-induced apoptosis into p53-deficient lung
carcinoma cells. Several clinical studies also suggest that
the presence of p53 mutations is associated with poor
prognosis [136], and sometimes with drug resistance
[137], in various cancers. Based on this observation, the
identification of p53 mutations in certain tumour types
may become an important factor in treatment decision.
The use of drugs or gene vectors that restore p53 activity
may increase the therapeutic efficacy of DNA damaging
agents. Alternatively, identification of p53 mutations
should lead to the use of molecules that induce tumour
cell apoptosis independently of p53, such as Taxol [138].

A paradox of the immune response leading to T- or
B-cell apoptosis could be use for the treatment of auto-
immune diseases. Despite the role of acquired immunity
in the defence against infectious agents, very high doses
of antigen, or prolonged exposure to antigen can sup-
press T- and B-cell mediated immune response in adult
animals. For example, large numbers of viruses produce
antigenic loads that induce the deletion of cytotoxic T-
cells and eliminate a recall response. T-cell death was
demonstrated to be a physiological response to inter-
leukin-2-mediated cell cycle stimulation and T-cell recep-
tor re-engagement at high antigen doses [139]. On the
other hand, hypermutation of immunoglobulin genes in
B-cells proliferating within germinal centres during an
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immune response generates variant antibodies that react
with higher affinity against either foreign or self anti-
gens. Recent studies have shown that administration of
soluble antigen induces the rapid apoptosis of antigen-
specific germinal centre B-cells, a mechanism that could
cope with affinity maturation of autoantibodies to sys-
temic autoantigens and induce tolerance [140, 141]. This
mechanism could have failed in patients with rheuma-
toid arthritis, who develop antibodies that react with their
own immunoglobulin [142]. Specific deletion of lympho-
cytes by repetitive treatment with a disease-associated
autoantigen has been shown to be effective in the treat-
ment of experimental autoimmune encephalitis in mice
[139]. Similar treatment strategies may prove effective
in human autoimmune disease, if the specific antigens
involved in the autoimmune reaction can be identified.
A better understanding of the tolerance induced by high
doses of antigen could also help immunologists to improve
their protocols for inducing specific tolerance to trans-
plantation antigens. Another apoptosis-related strategy
for the immunotherapy of autoimmune diseases in vivo
would be to deliver an antigen-specific signal to the T-
cells in the absence of the second co-stimulatory signal;
a strategy that was recently shown to induce specific
apoptosis of autoreactive T-cells [143].

If the role of the Fas/Fas ligand system is confirmed
in diseases, such as chronic thyroiditis or fulminant hepati-
tis, induced by hepatitis B or hepatitis C viruses, the sol-
uble form of Fas as well as neutralizing antibodies to Fas
or Fas ligand could prove clinically useful.  Fas-based re-
agents (such as activating anti-Fas or FasL) were also con-
sidered for the treatment of AIDS, in combination with
3'azido-3'-deoxythymidine, since anti-Fas monoclonal
antibodies are cytotoxic to the HIV-infected cells, with-
out increasing HIV infection [144]. These antibodies were
also demonstrated to induce apoptosis of leukaemia cells,
suggesting they could be used for the treatment of adult
T-cell leukaemia [145]. Moreover, anti-Fas antibodies
were shown to synergize with toxins and chemothera-
peutic drugs to overcome TNF and drug resistance in
various human tumour cell lines [146].

Increased expression of Fas in cisplatin- and gamma
interferon-treated colon carcinoma cells could make it
possible to obtain a synergistic effect of cytotoxic drugs
and anti-Fas antibodies (M.T. Dimanche-Boitrel and O.
Michaux, personal communication). However, it would
be necessary to find a method to accurately target the
reagents to the target cells in vivo, in order to avoid the
potential risk of these reagents for normal tissues [76].
Targeted gene transfer techniques could resolve this obsta-
cle: CD2-Fas transgene was recently reported to allow
the maintenance of Fas apoptosis function and T-cell
function in aged mice at a level comparable to that of
young mice [104].

The use of cell surface receptors and second messen-
ger systems to regulate cell death responses in vivo may
have pleiotropic effects.  For example, interleukin-12 (IL-
12) treatment in vivo has recently been shown to protect
bone marrow from gamma irradiation-induced apoptosis;
whereas, it potentiates cell death within the gastrointe
stinal tract in response to the same stimulus [147]. Haema-
topoietic growth factors prevent apoptosis of haematopoi-
etic cells that express membrane receptors for these factors
and are already in therapeutic use to prevent excessive

cell death in patients treated with chemotherapeutic agents
[148]. Protection of malignant cells from the cytotoxic
effect of the therapeutic compounds suggests that the
clinical use of these cytokines in combination with cyto-
toxic drugs should be carefully timed [149]. Accordingly,
a clinical trial that combined granulocyte/macrophage
colony-stimulating factor (GM-CSF) and standard induc-
tion cytotoxic therapy for the treatment of acute myeloblas-
tic leukaemias suggested a negative effects of the growth
factor on the response rate [150]. However, several other
trials combining either granulocyte colony stimulating
factor (G-CSF) or GM-CSF with chemotherapy did not
confirm the negative impact of growth factors; and addi-
tional randomized studies will be necessary to determine
whether growth factors improve or decrease the response
rate of acute myeloblastic leukaemias to chemotherapy
[148].

Hormones can prevent apoptosis induced by their depri-
vation [151]. Conversely, the β-chain of human chori-
onic gonadotrophin (β-HCG), a pregnancy hormone, was
shown to induce in vitro and in vivo cell death, supposed
to be apoptosis, in a neoplastic Kaposi's sarcoma cell
line [152]. It was proposed that the low rate of Kaposi's
sarcoma in women could be due to the interplay of hor-
mones in the regulation of vascular proliferation. HIV-
1-associated Kaposi's sarcoma has a high incidence among
homosexual men. The antitumour properties of β-HCG
could offer a new strategy for the treatment of this dis-
ease.

In conclusion, there is no doubt that apoptosis is an
important factor in the pathogenesis and treatment of
numerous diseases. It must be emphasized that apopto-
sis can certainly not explain all death phenomena observed
in human diseases. Nevertheless, the notion that many
diseases are related to deregulated cell death, and that
new therapeutic strategies can derive from these obser-
vations, probably explains the enormous enthusiasm for
this area of research.
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