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For the last 150 years, cell death is considered as the 
basis of embryogenesis and metamorphosis just as cell 
proliferation is associated with growth14,26. The main-
tenance of every human tissue results from a balance 
between cell production and cell death which keeps the 
overall numbers of cells within physiologically appropri-
ate ranges. Cell death can occur in two ways: necrosis 
and apoptosis. 

Necrosis is cell death following either mechanical 
damage or exposure to toxic chemicals, during which 
cells undergo a characteristic series of changes: (a) the 
cells and their organelles swell as the cell membrane 
looses its ability to control and balance the ionic cur-
rents and water flow in-and-out of the cell, and (b) the 
cell contents leak out, leading to inflammation of the 
surrounding tissues21. In contrast to necrosis, apoptosis 
follows a sequence of events which is triggered by specif-
ic signals that instruct the cell to undergo cell death. As 
such, apoptosis is a fundamental eukaryotic biological 
process whereby individual cells die by activating their 
own genetically programmed cell death mechanisms.

Apoptosis is of widespread biological significance. 
It is important for tissue homeostasis in multicellular 
organisms, because of its role in many physiological 
processes, including those that characterise the immune 
system, the nervous system, tissue development and 
cancer. In the CNS for example, apoptosis is involved 
in Alzheimer’s disease, in amyotrophic lateral sclerosis, 
in Parkinson’s disease, in Huntington’s disease and in 
other debilitating diseases.

Apart from its importance in the development of 

multicellular organisms and in securing constancy of cell 
numbers for the different tissues, apoptosis is also in-
volved in the deletion, of damaged and / or dangerous 
cells. In this way, many categories of cells are eliminated 
as inappropriate mitogenic signals that conflict with the 
environmental or cellular status of the cell result in cell 
cycle arrest and elimination. Moreover cells with severe-
ly damaged, non-repairable, DNA are removed while, 
in the immune system, auto-reactive cells are deleted. 
Finally, infected cells are eliminated. Therefore, it is not 
surprising that a dysfunction of the apoptotic mecha-
nisms is implicated in many pathological conditions or 
that defects in apoptosis are suspected to be responsible 
for the development of cancer and autoimmune disease 
or to play a role in the spread of viral infections. On the 
other hand, current evidence suggests that neurodegen-
erative disorders, AIDS and ischemic diseases are either 
caused or enhanced by excessive apoptosis11.

Morphological and biochemical changes 
during apoptosis

The process of apoptosis is characterized by many 
morphological and biochemical changes (Table 1) The 
morphological changes that occur during apoptosis are 
the result of the activation of proteolytic enzymes which 
(a) cleave DNA into oligonucleosomal fragments and 
(b) act upon the multitude of specific protein substrates 
which determine the integrity and shape of the cyto-
plasm and the cell organelles35.

During these changes the phospholipid phosphati-
dyl-serine, which is normally hidden within the plasma 
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membrane, is exposed on the surface of the apoptotic 
bodies. In this way phagocytic cells recognise and engulf 
the apoptotic bodies. At the same time, the phagocytic 
cells secrete cytokines (e.g., IL-10 and TGF-β) which in-
hibit inflammation of neighbouring tissues. In this way, 
apoptotic bodies are removed from the tissue without 
causing an inflammatory response.

The apoptosis proteins
There are many factors (mostly proteins) that have 

been identified to play a vital role in apoptosis. The most 
important are: the caspases, the amyloid-B peptide, the 
Bcl-2 family of proteins, the p53 gene and the heat shock 
proteins. 

 
Caspases

The caspases are a family of aspartyl specific cysteine 
proteases. The term is an acronym for “cysteine-depen-
dent aspartate-specific proteases”. They exist within the 
cell as inactive pro-forms (pro-caspases) or zymogens. 
They contain one N-terminal “prodomain”, a large sub-
unit and a small subunit and give rise to active enzymes 
following the induction of apoptosis. The prodomain is 
usually removed during the process of activation. 

Each active caspase is a tetramer composed of two 
identical big subunits and two identical small subunits. 
They can contain “death effector domains” (DED) or 
caspase recruitment domains (CARD). With the help of 
these domains, the active caspases can bind to other mol-
ecules whether inside or outside the cell. For example the 
death receptors [Fas/ CD95 (Cluster of differentiation), 
TNFR1 (Tumor necrosis factor receptor), DR3 (Death 
receptor) / TRAMP (TNFR-related apoptosis-mediated 
protein) DR4/ TRAIL (Tumor necrosis factor-related 
apoptosis-inducing ligand) -R1, DR5/TRAIL-R2) are 
a sub-group of the TNF superfamily that hold a death 
domain motif into the cytoplasm. Adapter molecules 
like e.g. FADD and TRADD bind to this death domain 
motif leading to the recruitment of caspases to the com-
plex.

 Caspases can be divided into 2 big subcategories8: 
(a) those that are involved and, consequently, are acti-
vated during apoptosis (caspase-2, -3,-6, -7, -8, -9 and 
-10) and (b) those which appear to be involved in the 

processing of pro-inflammatory cytokines during the im-
mune response (caspase-1, -4, -5 and -11). In the case 
of death-receptor-activation induced apoptosis, the pro-
cess starts with the activation of caspase 8 or caspase 9. 
Caspase-9, in turn, activates caspase-3 and caspase -7 al-
most simultaneously, which then activate other caspases, 
resulting in a cascade. Caspase-3, in particular, activates 
both caspase-2 and caspase-6, while caspase-6 activates 
caspases 8 and 1038 completing, in this way the recruit-
ment of all relevant caspases in the death-receptor-acti-
vation induced apoptosis cascade. 

Finally, regarding the caspases -1, -4, -5 and -11 and 
their possible role in the processing of pro-inflamma-
tory cytokines during the immune response, it should be 
pointed out that mice that express a dominant negative 
mutant of caspase-1 and caspase-1 deficient mice are 
protected against ischemia induced brain damage. It is, 
therefore, postulated that, at least in some cases, sup-
pression of caspase-1 may help prevent apoptosis. 

Amyloid-B peptide (Abeta)
Since the early days of apoptosis studies, the fact that 

during brain development a significant amount of cell-
culling takes place in the CNS, has led to the hypoth-
esis that apoptosis plays a significant role in the mor-
phogenesis and development of the CNS. For example 
it is suggested5 that during neurogenesis and matura-
tion one-half or more of the number of neurons born 
are eliminated by programmed cell death. Furthermore, 
studies with mutant mice deficient in the pro-apoptotic 
genes Casp3, Casp9 and Apaf1, all showed severe mal-
formations of the CNS because of a reduction of devel-
opmental cell death21.

It is in the apoptotic mechanisms of the CNS in dis-
eases such as Alzheimer’s disease and Parkinson’s dis-
ease that apoptotic proteins have been identified and 
they appear to play an important role. Chief among 
them is amyloid-B peptide (Abeta), a protein derived 
from the amyloid-B precursor protein (APP). Abeta and 
Tau protein are major neuropathological hallmarks of 
Alzheimer’s disease. Abeta plays a central role in the 
pathogenesis of Alzheimer’s disease and induces neuro-
nal apoptosis and its accumulation in the brain is consid-
ered the main cause of AD pathogenesis. In fact, results 
on primary mouse cortical cells29 indicate that Abeta in-
duces apoptosis of neurons through a caspase-indepen-
dent apoptosis pathway in neurosphere cultures. 

Bcl-2 family
In addition to caspases the family of the Bcl-2 pro-

teins plays a significant role in apoptosis. The Bcl-2 fam-
ily (bcl-2 stands for B-cell lymphoma/leukemia-2 gene) 
consists of approximately 15 members some of which 
are anti-apoptotic while others are pro-apoptotic. The 
gene that codes for them was first identified because of 
its involvement in B-cell malignancies and it is located 
on chromosome segment 18q21.3. 

Normally, the Bcl-2 family of proteins can be identi-

Table 1. Changes taking place in the process of apoptosis in 
orderly sequence

1. The shrinking of the cell, its deformation and its 
loss of contact with neighbouring cells;

2. The development of “buds” on the cell surface;
3. The degradation of the cell chromatin and the 

margination of the chromatin “products” at the 
nuclear membrane; 

4. The break-down of mitochondria and the release 
of cytochrome c to the cytosol and 

5. The cellular break-up into small, compact, mem-
brane contained, fragments (apoptotic bodies). 
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fied by the presence of some sequence motifs (Table 2) 
that are called Bcl-2 homology domains (BH1 to BH4). 
All Bcl-2 family members contain at least one of the 
Bcl-2 homology domains while those most similar toBcl-
2 itself have all four BH domains. Most anti-apoptotic 
members contain, at least, the BH1 and BH2 domains, 
while, in contrast to the pro-apoptotic Bcl-2 family mem-
bers, they have four BH domains.

All pro-apoptotic family members, on the other 
hand, possess the BH3 domain, which is their central to 
their pro-apoptotic function, while they lack the BH4 
domain. The pro-apoptotic members of the Bcl-2 family 
of proteins are divided into two subgroups: (a) the Bax-
subfamily members which consist of Bax, Bak, and Bok 
and which contain combinations of the domains BH1, 
BH2, and BH3 and (b) the BH3-only proteins (Bid, 
Bim, Bik, Bad, Bmf, Hrk, Noxa, Puma, Blk, BNIP3, and 
Spike) which share homology only within the BH3 motif 
and are therefore called “BH3-only proteins”31.

There are many theories as to how the Bcl-2 family 
proteins are involved in apoptosis; all of them have to 
account not only for the presence or absence of Bcl-2 
family members in the different events of the apoptotic 
process but, also, for the different roles each Bcl-2 fam-
ily member may assume either in different organisms, 
different organs or, even, different stages of the apop-
totic process. Targeted disruption of Bcl-2, for example, 
affects programmed cell death in specific neuronal sub-
populations only during embryogenesis. Furthermore, 
after the period of naturally occurring cell death is over, 
neurons that lack both Bcl-XL and Bcl-2 are more sus-
ceptible to apoptosis (in vitro) than those neurons that 
lack either Bcl-XL or Bcl-2 only37. 

One current view is that anti-apoptotic members of 
the Bcl-2 family inhibit the release of mitochondrial cy-
tochrome c, whereas pro-apoptotic members induce its 
release2. The Bcl-2 family determines whether the mul-
tiprotein complex called apoptosome can assemble; spe-
cifically whether Bcl-2, or its nematode homologue, can 
prevent apoptosome formation1.

Another theory insists that Bcl-2 interacts with cell 
organelles such as mitochondria. Since the Bcl-2 fam-
ily members apparently inhibit apoptosis by preventing 
the release of cytochrome c, which is essential for the 
formation of the apoptosome, according to this theory, 
Bcl-2 and Bcl-xL bind to the outer mitochondrial mem-
brane and block cytochrome c release both in vitro and 
in vivo18,44 while pro-apoptotic proteins such as Bax and 
Bak facilitate the release of cytochrome c from the mi-
tochondrial membrane. It appears that these proteins, 
through their BH3 parts, interact with the mitochon-
drial membrane and form channels through which cyto-
chrome c is released3. 

A third theory7 proposes that high concentrations of 
Bcl-2 or Bcl-xL, effectively prevent the caspase activa-
tion which is induced by the addition of cytochrome c in 
the cytosol. 

Finally, as Bcl-xL is considered the key anti apoptot-
ic protein, Bax has emerged as the crucial pro-apoptotic 
Bcl-2 family member during nervous system develop-
ment. Bax along with the other main pro-apoptotic pro-
tein Bak induce cell death via mitochondrial membrane 
permeabilization (MMP) which results to the release 
of small pro-apoptotic molecules such as cytochrome c, 
Smac/DIABLO, Omi/HtrA2, AIF, and Endonuclease G 
[17]. Disruption and inhibition of bax decreases apopto-
sis in the nervous system resulting in the increase of the 
number of neurons in some neuronal populations19,9.

P53 gene
The tumor suppressor gene p53 is a gene with a key 

role in apoptosis. The protein it codes for belongs to a 
family of proteins that has three members: P53, P63 and 
P73. All of them have about 60-70% amino-acid iden-
tity of the DNA-binding region and all three can induce 
apoptosis [38]. A variety of stimuli such as DNA dam-
age, ionizing radiation, UV irradiation, hypoxia, heat 
shock, oncogene activation and cytotoxic drugs activates 
p5341. P53 initiates responses that include cell cycle ar-
rest, apoptosis, DNA repair and differentiation, through 
transcriptional activation of specific target genes that 
carry P53 DNA binding sites. P53 stimulates the expres-
sion of some Bcl-2 family genes including those for Bax 
and multiple BH3-only proteins, e.g. Bid, Noxa, and 
PUMA36. Also P53 can bind to one or more anti-apop-
totic mitochondrial proteins, e.g. Bcl-X

L
, therefore in-

hibiting the Bax/ Bak mitochondrial pore formation and 
as a result cytochrome c release [6, 27]. Finally, P53 can 
also promote apoptosis activity through transcriptional 
repression of certain genes that lack consensus binding 
site motifs20,23.

Heat shock proteins
Heat-shock proteins, such as Hsp70, Hsp27 and 

Hsp90 are believed to be involved in the inhibition of 
apoptosis. In particular, Hsp70 protein prevents caspase 
activation directly by associating with Apaf-14. The heat 
shock proteins can inhibit the release of cytochrome c, 

PAPALIAGKAS V

Table 2. The Bcl-2 Family of Proteins



111HIPPOKRATIA 2007, 11, 3

which is essential for the formation of the apoptosome, 
from the mitochondria32.

As far as Hsp27 is concerned, it appears that32 there 
are two possible ways of interaction: Either Hsp27 in-
terferes with the release of cytochrome c (directly or 
by interfering with an upstream signal) or it interacts 
with the cytochrome c itself, when it is released by the 
mitochondria. There are many newer research projects 
performed on the anti-apoptotic role of the heat-shock 
proteins. The heat shock protein Hsp70 blocks apoptosis 
mainly by the inhibition of Bax activation and as a result 
preventing the release of pro-apoptotic factors from mi-
tochondria40.

Neuronal thread protein (AD7c-NTP)
According to10 AD7c-NTP protein was overexpressed 

in patients suffering with Alzheimer’s disease early in 
the course of disease. Increased levels of AD7c-NTP are 
observed in both CSF and urine of patients with early 
or moderately severe AD, therefore it might be used 
as a biochemical marker of the disease. AD7c-NTP is 
a 41kD membrane protein, which induces cell death 
through apoptosis and impaired mitochondrial function. 
Moreover levels of proteins involved in apoptosis, such 
as p53 and Fas/CD95 are increased with AD7c-NTP ex-
pression.

The activation of apoptosis
The current view of the apoptotic mechanism is that 

it consists of three parts: initiation, execution, and ter-
mination. It can be initiated by a number of factors such 
as oxidative stress, alkylating agents, ionizing radiation 
and chemotherapeutic agents or by external factors such 
as the tumor necrosis factor (TNF) superfamily of cyto-
kines, the Fas ligand (FasL) and the TNF-related apop-
tosis inducing ligand (TRAIL). 

Apoptosis can be triggered in two ways: (a) through 
an intrinsic pathway which is regulated by the protein 
Bcl-2 and is activated by internal signals. This pathway 
sub-serves cells that are subjected to stress such as DNA 
damage or growth factor deprivation. (b) by external 
signals such as death activators (e.g. FasL) that bind to 
receptors at the cell surface (e.g. Fas/CD95).

As far as the activation of apoptosis by internal sig-
nals is concerned, the nematode C. Elegans has provid-
ed us with a large number of data concerning the mech-
anism of apoptosis. The main cause of apoptosis in C. 
Elegans is the activation of the cysteine protease ced-3, 
which is mediated by its oligomerization at the activator 
protein ced-4. Programmed cell death in C. Elegans is 
quite similar to apoptotic cell death in mammals. During 
the development of an adult C. Elegans hermaphrodite, 
131 out of the total 1090 cells undergo programmed cell 
death in a lineage-specific and, to a large extent, cell-
autonomous manner. The activity complex ced-3/ced-4 
is, in turn, regulated by the apoptosis inhibitor ced-9 
and the apoptosis inducer egl-1. The C. Elegans Bcl-2 
protein family member ced -9 binds to the protein ced-

4, and prevents it from activating the caspase ced-316. 
Several genes have been studied which have initiating or 
inhibiting effects in the process of apoptosis. For exam-
ple, ced-3 and ced-4, promote apoptosis whereas ced-9, 
inhibits cell death45,15. In their case, it is postulated that 
the ced-3 and ced-9 genes are similar in structure and 
function to mammalian cell death genes. The mamma-
lian homologs of ced-3 comprise a family of cysteinecon-
taining, aspartate-specific proteases called caspases18. 
The ced-4 homolog is identified as one of the apoptosis 
protease-activating factors [APAFs -44]. The mamma-
lian homologs of ced-9 belong to the Bcl2 family of pro-
teins, which share the Bcl2-homology (BH) domain and 
are either pro- or anti-apoptotic37. The cloning of egl-1 
indicates that it is similar to the BH3-domain containing, 
pro-apoptotic subfamily of Bcl2 proteins.

Apart of C. Elegans, Drosophila has been used in 
the study of apoptosis34. In view of the fact that the num-
ber of the factors which are involved in the regulation 
of apoptosis depends on the complexity of the organism 
(e.g. there are 14 caspases in humans, 7 caspases in flies 
and 1 caspase in worms), Drosophila, by virtue of their 
evolutionary position between worms and mammals, 
have many advantages as an animal model of apoptosis, 
mainly because it shares many programmed cell death 
(PCD) components with the mammals. On the other 
hand, like in C. Elegans, Drosophila has a multi-protein 
complex, which initiates caspase activation in vitro and 
binds to the initiator caspases46. Based on the overlaps of 
the apoptosis mechanisms in different species, a global 
picture (Table 3) of the apoptotic process is emerging, 
which can be summarized as follows: 

1. In the healthy cell, the outer membranes of its mito-
chondria express the protein Bcl-2 on their surface. 

2. Bcl-2 is bound to a molecule of the protein Apaf-1 
(Apoptotic Protease Activating factor-1). 

3. Internal damage to the cell causes Bcl-2 to release 
Apaf-1 which, together with the apoptosis related 
protein Bax, causes the activation of cytochrome c. 

Table 3. Intrinsic pathway of caspase activation and forma-
tion of the apoptosome32

1. This intrinsic pathway of caspase activation is regu-
lated by the pro- and anti-apoptotic Bcl-2 family 
proteins.

2. These proteins induce or prevent the release of 
apoptogenic factors, such as cytochrome c or Sec-
ond mitochondria-derived activator of caspases 
(Smac), from the mitochondrial intermembrane 
space into the cytosol.

3. The intrinsic pathway is triggered by stress stimuli 
within the cell, such as DNA damage or reactive 
oxygen species. 

4. Then mitochondrial cytochrome c along with pro-
caspase-9 and Apaf-1 form the apoptosome, which 
activates caspase-3.
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4. Cytochrome c is produced by the mitochondria and 
binds to the cytosolic protein Apaf-125. 

5. The released cytochrome c and Apaf-1 bind to mol-
ecules of caspase 9. 

6. This leads to the formation of a complex of high mo-
lecular weight that consists of cytochrome c, Apaf-1, 
caspase 9 and ATP, the apoptosome. 

7. Apoptosomes aggregate in the cytosol. 
8. Apaf-1 promotes caspase-9 activation in a way that 

is similar to the process by which death receptors 
achieve caspase aggregation while caspase 9 activates 
other caspases through cleavage. 

9. In this way, through the sequential activation of one 
caspase by another, an expanding cascade of proteo-
lytic activity is generated which leads to the digestion 
of structural proteins in the cytoplasm and the degra-
dation of chromosomal DNA, leading to phagocyto-
sis of the cell.
Still, not everybody agrees with this sequence of 

events. For example, the cell-death pathway controlled 
by Bcl-2 does not require caspase-9 or its activator Apaf-
1 in order to be functional27. Neither, in their view, is the 
apoptosome essential for the activation of apoptosis; its 
role, instead, is to amplify the whole procedure, rather 
than carry it out.

The activation of apoptosis by external signals and 
the way in which death receptors initiate the apoptosis 
pathway have been extensively studied and the death 
receptor pathway of Fas (APO-1 or CD95) is, current-
ly, the most extensively studies and best characterized 
death receptor mediated apoptosis pathway. Fas/CD95 
is a type 1 transmembrane protein and a member of the 
TNF receptor (TNFR) superfamily. This protein binds 
to a membrane protein ligand on the surface of an acti-
vated lympocyte called CD95 Ligand or CD95L or the 
Fas ligand.  An adapter protein in the cell, FADD (Fas-
associated death domain), binds to the aggregated cyto-
plasmic domain of CD95 and initiates the activation of 
caspase-8. The increased concentration of activated cas-
pase-8, in turn, leads to activation of the other caspases 
bringing about the phagocytosis of the cell (Table 4). 

Conclusion
The available evidence indicates that apoptosis or 

programmed cell death plays a crucial role in human de-
velopment and also in some diseases. Over the past few 
years, our understanding of the biochemistry and the 
mechanism of apoptosis has grown rapidly. We present-
ed above a selective review of the foundations of current 
research, which focuses on the mechanisms involved in 
apoptosis. These foundations include findings on the 
molecular mechanisms of apoptosis, the pro-apoptotic 
and anti-apoptotic factors and the way that apoptosis 
is triggered or inhibited. It is evident that many and, in 
many ways, important questions about apoptosis still re-
main unanswered. It is strongly believed that further im-
provement in our understanding of apoptosis will be of 
extraordinary importance and may lead to new therapies 
for major diseases including cancer, AIDS, neurodegen-
erative and ischemic diseases.
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