
There are two distinct types of cell death, death by injury and death by suicide.
Cells that are damaged by injury, such as mechanical damage or exposure to toxic chem-
icals, undergo a series of changes characterised by swelling of cells and their organelles,
leakage of cell content and inflammation of the surrounding tissues. In other words,
cells die by necrosis. In contrast, apoptosis is an organised, genetically directed process,
which leads to cell death. Thereby, the term »programmed cell death« has been estab-
lished as a synonym for apoptosis. Cells dying by apoptosis share unique morphological
features, distinct from autolytic, degenerative cell changes observed during necrosis.
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Apoptosis is a physiological cell suicide program that is
critical for the development and maintenance of healthy
tissues. Regulation of programmed cell death allows the
organism to control the cell number and the tissue size,
and to protect itself from rogue cells that threaten ho-
meostasis. The changed activity of numerous genes in-
fluences switching of cells to a self-destruction program.
Apoptosis requires co-ordinated action and fine tuning
of a set of proteins that are either regulators or executors
of the process. Cancer, autoimmune diseases, immuno-
deficiency disease, reperfusion injury and neurodegene-
rative disorders are characterised by disregulation of
apoptosis. Modulation of the expression and activation
of the key molecular components of the apoptotic pro-
cess has emerged as an attractive therapeutic strategy for
many diseases.
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MORPHOLOGY OF APOPTOSIS

Morphological changes of an apoptotic cell might be easily detected under the mi-
croscope. Some of these changes can be seen even by light microscopy using specific
dyes, while other can be detected only by electron microscopy.

The dying cell, as observed by light microscopy, starts to sever its attachments to
other cells and to extracellular matrix, and to round up. It starts to show protrusion from
the plasma membrane, referred to as blebs (1). Staining DNA with certain dyes allows
observation of the condensation of the cell nucleus, which usually starts as a condensed
ring along the nuclear envelope. The condensed nucleus can disassemble into several
fragments. The entire cell condenses and is reorganised into apoptotic bodies, which are
membrane-bound vesicles varying in size and composition, containing the entire cell
content in various combinations, such as cytosolic elements, organelles or parts of con-
densed nuclei (2). Additional changes have been described by electron microscopy. Con-
densation or swelling of mitochondria (3), dilatation of endoplasmic reticulum (ER) (4),
vacuolisation of cytoplasm (5) and loss of plasma membrane microvilli (6) have been ob-
served. At a certain point, apoptosis affects all compartments and organelles in a dying
cell.

Phagocytosis of apoptotic cells or apoptotic bodies is an integral feature of apopto-
sis. Uptake and degradation of apoptotic cells is rapid and can be conducted both by
professional phagocytes such as macrophages and non-specialised cells, like epithelial
cells (2). It seems that apoptotic cells could be digested by a lysosomal pathway, organ-
ised inside the phagocytosing cell, although a link to autophagy, a cell-autonomous au-
todigestion of cellular components through the lysosomal pathway, has also been sug-
gested (7).

BIOCHEMISTRY OF APOPTOSIS

There are three different mechanisms by which a cell commits suicide: one is gener-
ated by signals arising within the cell, another is triggered by death activators binding to
receptors at the cell surface, and the third might be induced by dangerous reactive oxy-
gen species (ROS).

Apoptotic process, either induced by signals arising within the cell or triggered by
the activation of death receptors at the cell surface, is characterised by the activation of a
family of intracellular cysteine proteases, called caspases (8, 9). However, the third me-
chanism of apoptosis initiation and execution is caspase-independent. Members of the
calpain family of Ca2+/calmodulin-activated proteases seem to be able to cleave the
same substrates as caspase (10). In addition, particular endonucleases and chromatin-
-modifying factors (endonuclease G and apoptosis-inducing factor, AIF) can recapitulate
some of the nuclear changes that are typical of the caspase-dependent apoptotic process
(11, 12).
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Caspases

Most of the morphological changes observed during apoptotic cell death are caused
by caspases. Therefore, these proteases are considered to be the central executioners of
the apoptotic pathway. Caspases have been subdivided into subfamilies based on their
substrate preference, extent of sequence identity and structural similarities.

Caspases cleave substrates at Asp-Xxx bonds, and their distinct substrate specificity
is determined by the four residues amino-terminal to the cleavage site (8, 13). Caspases
cleave their protein substrates usually at one or, occasionally, at a few positions in the
primary sequence. In most cases, this cleavage can result in inactivation of the target
protein, but the target protein could also be activated due to the cleavage of the negative
regulatory domain or due to the inactivation of the regulatory subunit. Although nu-
merous caspase substrates have been identified, the characteristic features of apoptosis
can be currently explained only by caspase-mediated cleavage of a few of them.

DNA ladder nuclease, the enzyme that cuts genomic DNA between nucleosomes
generating DNA fragments of approximately 180 bp, is responsible for the characteristic
DNA ladder pattern observed after DNA electrophoresis. This DNA ladder nuclease,
also called caspase-activated DNase or DNA fragmentation factor (CAD/DFF40), pre-
-exists in living cells as an inactive complex with an inhibitory regulatory subunit
ICAD/DFF45. Caspase-3 cleaves off the inhibitory subunit leading to the activation of
the catalytic subunit, and thus, to the internucleosomal DNA fragmentation (14–16).
Caspases were also found responsible for the cleavage of nuclear lamins, leading to nu-
clear shrinking and budding (17, 18).

On the other hand, cleavage of proteins participating in the organisation of focal ad-
hesion, such as focal adhesion kinase (FAK), may contribute to the detachment of apo-
ptotic cells from the surrounding matrix (19).

Loss of the overall cell shape is caused by cleavage of cytoskeletal proteins. It has
been shown that actin reorganisation is required for the formation of apoptotic blebs
and ring-like structures along the cell periphery (20). p21-Activated kinase 2 (PAK2) is
activated by cleavage occurring between regulatory and catalytic subunits, and activa-
ted PAK2 participates in the remodelling of actin cytoskeleton leading to apoptotic bleb-
bing (21). In addition, other cytoskeleton-associated proteins, such as gelsolin, myosin
light chain kinase (MLCK), Rho proteins, and heat shock protein 27 (hsp27) might also
have an important role in apoptotic blebbing.

Caspases implicated in apoptosis are divided into two groups, initiator (upstream)
and effector (downstream) caspases (22). All of the known caspases are synthesised as
zymogens, enzymatically inert proteins. These inactive procaspases contain three do-
mains, N-terminal prodomain, p20 and p10 domains. An activated caspase is a hetero-
tetramer containing two p20/p10 heterodimers and two active sites (22). Most caspases
are activated by proteolytic cleavage of the zymogen between p20 and p10 domains or
between the prodomain and p20 domain. This cleavage occurs at the Asp-Xxx site,
which is a caspase substrate site, suggesting the possibility of autoactivation. Indeed, the
simplest way of activating procaspase is to expose it to another, previously activated
caspase molecule. This cascade model of caspase activation could be applied for the acti-
vation of downstream effector caspases, such as caspase-3, -6, and -7. However, this mo-
del, responsible for the majority of substrate cleavage observed during apoptosis, cannot
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explain the activation of upstream caspases (23). Initiator caspases are activated in re-
sponse to pro-apoptotic stimuli and are responsible for the activation of effector caspa-
ses.

The cell death pathway initiated through engagement of certain members of the tu-
mour necrosis factor receptor family (or plasma membrane-associated death receptors)
leads to activation of caspase-8. Upon ligand binding, death receptors, such as CD95
(Apo-1/Fas), aggregate and form membrane-bound signalling complexes. These com-
plexes recruit procaspase-8 molecules via adapter molecules, such as the Fas-associated
protein with death domain (FADD) and/or the tumour necrosis factor receptor associ-
ated protein with death domain (TRADD). High local concentration of procaspase-8 re-
sults in its autoactivation. Under such crowded conditions, the low intrinsic protease ac-
tivity of procaspase-8 is sufficient to allow the proenzyme molecules to cleave and
activate each other and other downstream caspases, leading to the induction of the apop-
totic process (9).

The mitochondrial pathway of apoptosis is used extensively in response to diverse
forms of cellular stress (DNA damage, growth factor withdrawal, cell-cycle perturba-
tion, exposure to cytotoxic drugs). These stressors promote release of cytochrome c from
mitochondria and it seems that pro-apoptotic members of the Bcl-2 family, including
Bax, Bad, Bim, and Bid, might have a role in the perturbation of mitochondrial mem-
brane integrity. Once released into the cytosol, cytochrome c associates with the apopto-
tic protease-activating factor 1 (Apaf 1) and procaspase-9 to form apoptosome. Both,
Apaf 1 and cytochrome c are required for caspase-9 activation. It seems that Apaf 1 is
not only a transient activator of caspase-9; it is rather an essential regulatory subunit of
caspase-9 holoenzyme (24, 25). Therefore, Apaf 1/caspase-9 complex is nowadays
thought to represent the true active form of caspase 9 (26).

The death-receptor and mitochondrial pathways converge at the level of caspase-3
activation. The evidence for the cross-talk and integration of these two pathways is pro-
vided by Bid, a pro-apoptotic member of the Bcl-2 family. In some cell types, death re-
ceptor-associated caspase-8 activation is insufficient to activate downstream caspases. In
these cells caspase-8 can propagate the death signal by engaging the mitochondrial
pathway through proteolytic processing of the Bid. Truncated Bid translocates to mito-
chondria where it causes cytochrome c release.

In addition, cytotoxic T lymphocytes (CTL) promote apoptosis by delivering a se-
rine protease granzyme B, which has similar substrate specificity as caspases, into the
cell. Granzyme B can promote caspase activation directly or by engaging the mitochon-
drial pathway by Bid truncation. Activation of caspase-3, either by death-receptor or by
mitochondrial pathways, promotes a cascade of events resulting in cellular destruction,
as shown in Figure 1.

Caspases differ in their pro-domain structure and this difference is related to the
mode of their activation. Caspases with a long pro-domain contain in their pro-domain a
protein-protein interaction module, which allows them to bind to and associate with
their upstream regulators. Caspases-8 and -10 contain a death effector domain (DED)
and they are activated by their interaction with the intracellular domains of death recep-
tors. Caspases with caspase activation and recruitment domains (CARDs), which inclu-
de caspases-1, -2, -4, -5, -9, -11 and -12, are most probably activated by the Apaf 1/cas-
pase-9 complex. These two domains share little sequence identity, but they fold into a

154

K. Bari{i} et al.: Biochemistry of apoptotic cell death, Acta Pharm. 53 (2003) 151–164.



very similar three-dimensional structure consisting of six anti-parallel alpha-helices (27).
The same folding pattern is also present in the death domain (DD) of the upstream regu-
lators of apoptosis, such as death receptors and the adapter molecule FADD (28). Caspa-
ses with a short prodomain, such as caspase-3, might be activated by most of the known
caspase pathways (29).

Neurons, and some other cells, have another way of self-destruction that, unlike the
two pathways described above, does not involve caspases. AIF is a flavoprotein normal-
ly located in the inner membrane space of mitochondria. Once it is released from mito-
chondria, it migrates into the nucleus and binds to DNA, leading to DNA destruction
and apoptosis (30).
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Fig. 1. Apoptotic signalling pathways.



Bcl-2 family

Bcl-2 family members are important regulators of the mitochondrial apoptotic path-
way. These members include both anti-apoptotic proteins (Bcl-2, Bcl-xL, Mcl-1, Bcl-w,
A-1) and pro-apoptotic proteins (Bax, Bak, Bid, Bad, Bik).

The family was named after its founding member isolated as a gene involved in B-
-cell lymphoma (Bcl). Bcl-2 family consists of three functional groups. Members of the
first group (Bcl-2, Bcl-xL, Bcl-w, etc.) are characterised by four conserved Bcl-2 homology
(BH) domains (BH1–BH4). They have a C-terminal hydrophobic tail, which localises the
proteins to the outer surface of the mitochondrial, ER and nuclear membrane, with the
bulk of the protein facing cytosol. They possess anti-apoptotic activity. The second group
consists of pro-apoptotic Bcl-2 family members having hydrophobic tails and BH1-BH3
domains (Bax, Bak, Bok, Bcl-xS). The third group is represented by the Bcl-2 family
members (Bik, Blk, BimL, Bid, Bad, etc.) having pro-apoptotic activity and sharing se-
quence homology only in the BH3 domain (31–36). Several models have been proposed
for the involvement of the Bcl-2 family members in apoptosis regulation. Bcl-2 family
members exert their apoptosis-modulating effects at least by controlling the release of
cytochrome c from the mitochondrial intermembrane space into cytosol (37, 38). It seems
that Bax-like death factors oligomerise and/or interact with voltage-dependent anion
channel/adenine nucleotide transporter (VDAC/ANT) to form a protein conducting
pore/channel that releases cytochrome c (39–41). Bcl-2 proteins can also interfere with
the apoptotic process by heterodimerisation between anti-apoptotic and pro-apoptotic
family members (42).

Inhibitors of apoptosis family of proteins (IAP)

IAPs have a protective role during the apoptotic process (43). The prototype of IAPs
was first discovered in baculovirus (44). Two motifs were identified in baculovirus IAPs:
the baculovirus IAP repeat (BIR) and the so-called RING domain. The BIR is a �70 resi-
due zinc-binding domain, which seems to be essential for the anti-apoptotic properties
of IAPs. In several cases, this domain has been directly involved in the binding and inhi-
bition of caspases (45). The RING domain is also a Zn-binding motif present in bacu-
loviral IAPs and several mammalian IAPs. RING-containing proteins can catalyse both
their own degradation and select target proteins through ubiquitylation (46). It has been
shown that IAPs participate in the ubiquitylation of some apoptotic substrates (47–49).
All human IAPs, except NAIP, function as direct inhibitors of activated effector caspa-
ses, caspases-3 and –7. cIAP1 and cIAP2 may inhibit death receptor and mitochondrial
apoptotic pathways (50). The level of IAPs expression is regulated transcriptionally,
post-transcriptionally or by regulatory proteins. For example, survivin, a member of the
IAP family, is regulated in a cell cycle-dependent manner (51), while cIAP2 and XIAP
are regulated by the nuclear factor NF-�B (52). Post-transcriptional control includes ubi-
quitylation of IAPs, directing them either to degradation by proteasomes or modifying
their biological activity and/or subcellular localisation (47, 53). IAP regulatory protein
known as Smac/DIABLO (second mitochondria-derived activator of caspases/ direct
IAP-binding protein with low pI) has been identified (54, 55). Smac/DIABLO is local-
ised in the mitochondrial inter-membrane space and can be released into cytosol in re-
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sponse to apoptotic stimuli. This protein binds to XIAP and probably several other IAPs,
thus neutralising their anti-apoptotic activity (56).

Heat shock proteins (Hsps)

Hsp70 and hsp27 protect cells from death-inducing stimuli. Hsp70 renders cells
highly resistant to death induced by tumor necrosis factor (TNF), monocyte, oxidative
stress, ceramide, UV-radiation, caspase-3 overexpression and several hemotherapeutic
drugs (57–60).

It has been reported that hsp70 can rescue cells from apoptosis induced by TNF af-
ter activation of effector caspases, and that it can delay the death process induced by
cytochrome c (61). Hsp70 binds to Bcl-2-associated athanogene 1 (BAG-1), the anti-apop-
totic protein that inhibits its chaperon activity (62). Hsp70 could also antagonise apop-
tosis by inhibition of AIF (63).

Hsp27 possesses survival-enhancing activity and blocks apoptotic pathways indu-
ced by death receptors, monocytes, hydrogen peroxide and anticancer drugs (58, 64, 65).
Hsp27 protects cells from death caused by ROS indirectly by increasing the cellular glu-
tathione levels (64), and directly by neutralising the toxic effects of oxidised proteins by
its chaperone-like activity (66).

In some scenarios, anti-apoptotic activity is related to the prevention of activation of
stress kinases. These kinases, namely c-Jun N-terminal kinase/stress-activated protein
kinase (JNK/SAPK) and p38 MAPK, belong to the superfamily of mitogen-activated
protein kinases (MAPKs). Stress kinases are activated in many stressful conditions
through a signalling pathway that involves the small GTP-binding proteins, MAP3Ks
and MAP2Ks, which in turn phosphorylate and activate JNK/SAPK and p38 MAPK
(67). It has been shown that elevated levels of hsp70 expression inhibit activation of JNK
and p38 (68).

Pro-engulfment signal

Cells undergoing apoptosis can display a number of »eat me« signs. Some of them
are relatively well characterised, such as exposure of phosphatidylserine, which is nor-
mally restricted to the inner membrane leaflet, to the outer face (69), or changed surface
sugars, which can be detected by phagocyte lectins (70). Studies of the ingestion of apop-
totic cells in vitro by phagocytes have revealed a variety of candidate molecules involved
in phagocyte recognition of apoptotic cells and their clearance. They include integrins,
scavenger receptors, CD14, C1q receptor, �2-GPI receptors on phagocyte cells and TSP-
-binding sites, oxidised LDL-like sites, ICAM-3 and C1q-binding sites on apoptotic cells.
Molecules localised on the phagocyte cell surface can interact with their partner mole-
cules on the apoptotic cell surface directly or via serum-derived bridging molecules, such
as TSP, iC3b, and �2-GPI (71–74).

Engulfment of apoptotic cells was previously considered only as a protective waste
disposal. However, recent data indicate that the removal of apoptotic cells by phagocy-
tes modulates inflammation, controls tissue remodelling by phagocyte-directed cell kill-
ing, and regulates the immune response (75).
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APOPTOSIS AND DISEASES

Nervous system

Neurotrophins regulate neural survival through the action of protein kinase path-
ways, such as the phosphatidylinositol-3 kinase (PI-3K)/Akt and MAPK pathways (76,
77). Trophic factor withdrawal in developing brain induces apoptosis through JNK acti-
vation and subsequent phosphorylation of transcriptional factor c-Jun, which in turn in-
duces expression of DP5/Hrk, a known activator of pro-apoptotic protein Bax (78).

Pathological apoptosis in adult brain and physiological apoptosis in developing
brain share a similar mechanism in the effector phase of the process, but the key differ-
ence lies in the mechanism of apoptosis induction. Toxic insults resulting from bioche-
mical or genetical accidents might trigger neurodegenerative diseases by co-opting apop-
totic signalling pathways, either through free-radical generation or caspase activation.
Amyloid-� protein, which is implicated in the pathogenesis of Alzheimer’s disease,
might induce apoptosis by interacting with neuronal receptors, p75 neurotrophin recep-
tor or amyloid precursor protein (79). Different mutations of presenilin, the other pro-
tein playing an important role in Alzheimer’s disease, increase neuronal vulnerability to
apoptosis (80).

Immune system

In the immune system, apoptosis regulates lymphocyte maturation, receptor reper-
toire selection and homeostasis. At the initiation of the immune response, it is important
for the cells of the immune system to be resistant to apoptosis, which enables them to
exert their function. On the other hand, in order to prevent autoimmunity, it is impor-
tant to switch off the activated cells to down regulate the immune response. Two mem-
bers of the TNF receptor superfamily, CD40 and CD95, have adverse roles in this con-
text: CD40-CD40L stimulate survival, and the CD95-CD95L system induces cell death
(81).

Cancer

Tumour cells express several proteins that render them resistant to apoptosis: anti-
-apoptotic members of the Bcl-2 family, AIPs, hsp70 and hsp27. Increased activity of
such protective proteins might result in aggressively growing and therapy-resistant tu-
mours (65, 82–84).

Apoptosis modulating therapy

Targets of apoptosis-modulating therapy are molecular components of the cell
death machinery, such as Bcl-2, TNF-related apoptosis-inducing ligand (TRAIL), survi-
vin, caspases, hsp70 and hsp27. Bcl-2, survivin, hsp70 and hsp27 are targets for disrup-
tion of gene function with anti-sense oligonucleotides, caspases are targets for regula-
tion of their activity using specific inhibitors, and TNF-related apoptosis can be regu-
lated by recombinant TRAIL. Apoptosis-directed therapeutic agents are expected to se-
lectively influence the apoptotic process in disorders where insufficient apoptosis occurs
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(for example cancer) or in those diseases where excessive apoptosis occurs and needs to
be attenuated (e.g., in neurodegenerative diseases) (85).

CONCLUSION

In this review, we have focused on some areas of research investigating the mecha-
nism, molecular components, regulators and disregulators of the apoptotic process.

REFERENCES

1. S. W. Russell, W. Rosenau and J. C. Lee, Cytolysis induced by human lymphotoxin, Am. J. Pa-
thol. 69 (1972) 103–118.

2. J. F. Kerr, A. H. Wyllie and A. R. Currie, Apoptosis: a basic biological phenomenon with wide-
-ranging implications in tissue kinetics, Br. J. Cancer 26 (1972) 239–257.

3. J. W. Sheridan, C. J. Bishop and R. J. Simmons, Biophysical and morphological correlates of ki-
netic change and death in a starved human melanoma cell line, J. Cell Sci. 49 (1981) 119–137.

4. B. Ludewig, D. Graf, H. R. Gelderblom, Y. Becker, R. A. Kroczek and G. Pauli, Spontaneous
apoptosis of dendritic cells is efficiently inhibited by TRAP (CD40-ligand) and TNF-�, but
strongly enhanced by interleukin-10, Eur. J. Immunol. 25 (1995) 1943–1950.

5. T. Henics and D. N. Wheatley, Cytoplasmic vacuolation, adaptation and cell death: a view on
new perspectives and features, Biol. Cell 91 (1999) 485–498.

6. T. Kondo, K. Takeuchi, Y. Doi, S. Yonemura, S. Nagata and S. Tsukita, ERM (ezrin/radixin/
moesin)-based molecular mechanism of microvillar breakdown at an early stage of apoptosis, J.
Cell Biol. 139 (1997) 749–758.

7. Y. Ohsawa, K. Isahara, S. Kanamori, M. Shibata, S. Kametaka, T. Gotow, T. Watanabe, E. Komi-
nami and Y. Uchiyama, An ultrastructural and immunohistochemical study of PC12 cells dur-
ing apoptosis induced by serum deprivation with special reference to autophagy and lysosomal
cathepsins, Arch. Histol. Cytol. 61 (1998) 395–403.

8. E. S. Alnemri, D. J. Livingston, D. W. Nicholson, G. Salvesen, N. A. Thornberry, W. W. Wong
and J. Yuan, Human ICE/CED-3 protease nomenclature, Cell 87 (1996) 171.

9. N. A. Thornberry and Y. Lazebnik, Caspases: enemies within, Science 281 (1998) 1312–1316.
10. K. K. Wang, Calpain and caspase: can you tell the difference?, Trends Neurosci. 23 (2000) 20–26.
11. S. A. Susin, H. K. Lorenzo, N. Zamzami, I. Marzo, B. E. Snow, G. M. Brothers, J. Mangion, E.

Jacotot, P. Costantini, M. Loeffler, N. Larochette, D. R. Goodlett, R. Aebersold, D. P. Siderovski,
J. M. Penninger and G. Kroemer, Molecular characterization of mitochondrial apoptosis-induc-
ing factor, Nature 397 (1999) 441–446.

12. J. Parrish, L. Li, K. Klotz, D. Ledwich, X. Wang and D. Xue, Mitochondrial endonuclease G is
important for apoptosis in C. elegans, Nature 412 (2001) 90–94.

13. N. A. Thornberry, T. A. Rano, E. P. Peterson, D. M. Rasper, T. Timkey, M. Garcia-Calvo, V. M.
Houtzager, P. A. Nordstrom, S. Roy, J. P. Vaillancourt, K. T. Chapman and D. W. Nicholson, A
combinatorial approach defines specificities of members of the caspase family and granzyme B.
Functional relationships established for key mediators of apoptosis, J. Biol. Chem. 272 (1997)
17907–17911.

14. X. Liu, H. Zou, C. Slaughter and X. Wang, DFF, a heterodimeric protein that functions down-
stream of caspase-3 to trigger DNA fragmentation during apoptosis, Cell 89 (1997) 175–184.

15. M. Enari, H. Sakahira, H. Yokoyama, K. Okawa, A. Iwamatsu and S. Nagata, A caspase-acti-
vated DNase that degrades DNA during apoptosis, and its inhibitor ICAD, Nature 391 (1998)
43–50.

159

K. Bari{i} et al.: Biochemistry of apoptotic cell death, Acta Pharm. 53 (2003) 151–164.



16. H. Sakahira, M. Enari and S. Nagata, Cleavage of CAD inhibitor in CAD activation and DNA
degradation during apoptosis, Nature 391 (1998) 96–99.

17. L. Rao, D. Perez and E. White, Lamin proteolysis facilitates nuclear events during apoptosis, J.
Cell Biol. 135 (1996) 1441–1455.

18. B. Buendia, A. Santa-Maria and J. C. Courvalin, Caspase-dependent proteolysis of integral and
peripheral proteins of nuclear membranes and nuclear pore complex proteins during apoptosis,
J. Cell Sci. 112 (1999) 1743–1753.

19. B. Levkau, B. Herren, H. Koyama, R. Ross and E. W. Raines, Caspase-mediated cleavage of focal
adhesion kinase pp125FAK and disassembly of focal adhesions in human endothelial cell apop-
tosis, J. Exp. Med. 187 (1998) 579–586.

20. J. Huot, F. Houle, S. Rousseau, R. G. Deschesnes, G. M. Shah and J. Landry, SAPK2/p38-de-
pendent F-actin reorganization regulates early membrane blebbing during stress-induced apo-
ptosis, J. Cell Biol. 143 (1998) 1361–1373.

21. N. Lee, H. MacDonald, C. Reinhard, R. Halenbeck, A. Roulston, T. Shi and L. T. Williams, Acti-
vation of hPAK65 by caspase cleavage induces some of the morphological and biochemical
changes of apoptosis, Proc. Natl. Acad. Sci. USA 94 (1997) 13642–13647.

22. W. C. Earnshaw, L. M. Martins and S. H. Kaufmann, Mammalian caspases: structure, activation,
substrates, and functions during apoptosis, Annu. Rev. Biochem. 68 (1999) 383–424.

23. S. J. Martin and D. R. Green, Protease activation during apoptosis: death by a thousand cuts?
Cell 82 (1995) 349–352.

24. H. R. Stennicke, Q. L. Deveraux, E. W. Humke, J. C. Reed, V. M. Dixit and G. S. Salvesen, Cas-
pase-9 can be activated without proteolytic processing, J. Biol. Chem. 274 (1999) 8359–8362.

25. S. M. Srinivasula, R. Hegde, A. Saleh, P. Datta, E. Shiozaki, J. Chai, R. A. Lee, P. D. Robbins, T.
Fernandes-Alnemri, Y. Shi and E. S. Alnemri, A conserved XIAP-interaction motif in caspase-9
and Smac/DIABLO regulates caspase activity and apoptosis, Nature 410 (2001) 112–116.

26. J. Rodriguez and Y. Lazebnik, Caspase-9 and APAF-1 form an active holoenzyme, Genes Dev. 13
(1999) 3179–3184.

27. K. Hofmann, The modular nature of apoptotic signaling proteins, Cell Mol. Life Sci. 55 (1999)
1113–1128.

28. B. Huang, M. Eberstadt, E. T. Olejniczak, R. P. Meadows and S. W. Fesik, NMR structure and
mutagenesis of the Fas (APO-1/CD95) death domain, Nature 384 (1996) 638–641.

29. S. J. Kang, S. Wang, H. Hara, E. P. Peterson, S. Namura, S. Amin-Hanjani, Z. Huang, A. Sri-
nivasan, K. J. Tomaselli, N. A. Thornberry, M. A. Moskowitz, J. Yuan, Dual role of caspase-11 in
mediating activation of caspase-1 and caspase-3 under pathological conditions, J. Cell Biol. 149
(2000) 613–622.

30. M. J. Mate, M. Ortiz-Lombardia, B. Boitel, A. Haouz, D. Tello, S. A. Susin, J. Penninger, G. Kroe-
mer and P. M. Alzari, The crystal structure of the mouse apoptosis-inducing factor AIF, Nature
Struct. Biol. 9 (2002) 442–446.

31. M. Petros, A. Medek, D. G. Nettesheim, D. H. Kim, H. S. Yoon, K. Swift, E. D. Matayoshi, T.
Oltersdorf and S. W. Fesik, Solution structure of the antiapoptotic protein bcl-2, Proc. Natl. Acad.
Sci. USA 98 (2001) 3012–3017.

32. S. W. Muchmore, M. Sattler, H. Liang, R. P. Meadows, J. E. Harlan, H. S. Yoon, D. Nettesheim, B.
S. Chang, C. B. Thompson, S. L. Wong, S. L. Ng and S. W. Fesik, X-ray and NMR structure of
human Bcl-xL, an inhibitor of programmed cell death, Nature 381 (1996) 335–341.

33. M. Aritomi, N. Kunishima, N. Inohara, Y. Ishibashi, S. Ohta and K. Morikawa, Crystal structure
of rat Bcl-xL. Implications for the function of the Bcl-2 protein family, J. Biol. Chem. 272 (1997)
27886–27892.

34. M. Suzuki, R. J. Youle and N. Tjandra, Structure of Bax: coregulation of dimer formation and
intracellular localization, Cell 103 (2000) 645–654.

35. J. M. McDonnell, D. Fushman, C. L. Milliman, S. J. Korsmeyer and D. Cowburn, Solution struc-
ture of the proapoptotic molecule BID: a structural basis for apoptotic agonists and antagonists,
Cell 96 (1999) 625–634.

160

K. Bari{i} et al.: Biochemistry of apoptotic cell death, Acta Pharm. 53 (2003) 151–164.



36. J. J. Chou, H. Li, G. S. Salvesen, J. Yuan and G. Wagner, Solution structure of BID, an intra-
cellular amplifier of apoptotic signalling, Cell 96 (1999) 615–624.

37. R. M. Kluck, E. Bossy-Wetzel, D. R. Green and D. D. Newmeyer, The release of cytochrome c
from mitochondria: a primary site for Bcl-2 regulation of apoptosis, Science 275 (1997) 1132–
1136.

38. J. Yang, X. Liu, K. Bhalla, C. N. Kim, A. M. Ibrado, J. Cai, T. I. Peng, D. P. Jones and X. Wang,
Prevention of apoptosis by Bcl-2: release of cytochrome c from mitochondria blocked, Science
275 (1997) 1129–1132.

39. J. Minn, P. Velez, S. L. Schendel, H. Liang, S. W. Muchmore, S. W. Fesik, M. Fill and C. B. Thomp-
son, Bcl-x(L) forms an ion channel in synthetic lipid membranes, Nature 385 (1997) 353–357.

40. S. L. Schendel, Z. Xie, M. O. Montal, S. Matsuyama, M. Montal and J. C. Reed, Channel forma-
tion by antiapoptotic protein Bcl-2, Proc. Natl. Acad. Sci. USA 94 (1997) 5113–5118.

41. M. Narita, S. Shimizu, T. Ito, T. Chittenden, R. J. Lutz, H. Matsuda and Y. Tsujimoto, Bax inter-
acts with the permeability transition pore to induce permeability transition and cytochrome c
release in isolated mitochondria, Proc. Natl. Acad. Sci. USA 95 (1998) 14681–14686.

42. J. C. Reed, T. Miyashita, S. Takayama, H. G. Wang, T. Sato, S. Krajewski, C. Aime-Sempe, S. Bo-
drug, S. Kitada and M. Hanada, BCL-2 family proteins: regulators of cell death involved in the
pathogenesis of cancer and resistance to therapy, J. Cell. Biochem. 60 (1996) 23–32.

43. Q. L. Deveraux and J. C. Reed, IAP family proteins--suppressors of apoptosis, Genes Dev. 13
(1999) 239–252.

44. N. E. Crook, R. J. Clem and L. K. Miller, An apoptosis-inhibiting baculovirus gene with a zinc
finger-like motif, J. Virol. 67 (1993) 2168–2174.

45. S. Duckett, F. Li, Y. Wang, K. J. Tomaselli, C. B. Thompson and R. C. Armstrong, Human IAP-
-like protein regulates programmed cell death downstream of Bcl-xL and cytochrome c, Mol.
Cell. Biol. 18 (1998) 608–615.

46. C. A. Joazeiro and A. M. Weissman, RING finger proteins: mediators of ubiquitin ligase activity,
Cell 102 (2000) 549–552.

47. Y. Yang, S. Fang, J. P. Jensen, A. M. Weissman and J. D. Ashwell, Ubiquitin protein ligase activ-
ity of IAPs and their degradation in proteasomes in response to apoptotic stimuli, Science 288
(2000) 874–877.

48. H. Huang, C. A. Joazeiro, E. Bonfoco, S. Kamada, J. D. Leverson and T. J. Hunter, The inhibitor
of apoptosis, cIAP2, functions as a ubiquitin-protein ligase and promotes in vitro monoubiqui-
tination of caspases 3 and 7, J. Biol. Chem. 275 (2000) 26661–26664.

49. Y. Suzuki, Y. Nakabayashi and R. Takahashi, Ubiquitin-protein ligase activity of X-linked inhib-
itor of apoptosis protein promotes proteasomal degradation of caspase-3 and enhances its anti-
-apoptotic effect in Fas-induced cell death, Proc. Natl. Acad. Sci. USA 98 (2001) 8662–8667.

50. Q. L. Deveraux, N. Roy, H. R. Stennicke, T. Van Arsdale, Q. Zhou, S. M. Srinivasula, E. S. Alne-
mri, G. S. Salvesen and J. C. Reed, IAPs block apoptotic events induced by caspase-8 and cyto-
chrome c by direct inhibition of distinct caspases, EMBO J. 17 (1998) 2215–2223.

51. F. Li, G. Ambrosini, E. Y. Chu, J. Plescia, S. Tognin, P. C. Marchisio and D. C. Altieri, Control of
apoptosis and mitotic spindle checkpoint by survivin, Nature 396 (1998) 580–584.

52. Z. L. Chu, T. A. McKinsey, L. Liu, J. J. Gentry, M. H. Malim and D. W. Ballard, Suppression of
tumor necrosis factor-induced cell death by inhibitor of apoptosis c-IAP2 is under NF-�B con-
trol, Proc. Natl. Acad. Sci. USA 94 (1997) 10057–10062.

53. L. Hicke, Protein regulation by monoubiquitin, Nature Rev. Mol. Cell Biol. 2 (2001) 195–201.
54. C. Du, M. Fang, Y. Li, L. Li and X. Wang, Smac, a mitochondrial protein that promotes cyto-

chrome c-dependent caspase activation by eliminating IAP inhibition, Cell 102 (2000) 33–42.
55. M. Verhagen, P. G. Ekert, M. Pakusch, J. Silke, L. M. Connolly, G. E. Reid, R. L. Moritz, R. J.

Simpson and D. L. Vaux, Identification of DIABLO, a mammalian protein that promotes apop-
tosis by binding to and antagonizing IAP proteins, Cell 102 (2000) 43–53.

161

K. Bari{i} et al.: Biochemistry of apoptotic cell death, Acta Pharm. 53 (2003) 151–164.



56. S. M. Srinivasula, P. Datta, X. J. Fan, T. Fernandes-Alnemri, Z. Huang and E. S. Alnemri, Molec-
ular determinants of the caspase-promoting activity of Smac/DIABLO and its role in the death
receptor pathway, J. Biol. Chem. 275 (2000) 36152–36157.

57. D. Mosser, A. W. Caron, L. Bourget, C. Denis-Larose and B. Massie, Role of the human heat
shock protein hsp70 in protection against stress-induced apoptosis, Mol. Cell. Biol. 19 (1997)
5317–5327.

58. Samali and T. G. Cotter, Heat shock proteins increase resistance to apoptosis, Exp. Cell Res. 223
(1996) 163–170.

59. K. Bari{i}, J. Petrik, L. Rumora, I. ^epelak and T. @ani} Grubi{i}, Expression of Hsp70 in kidney
cells exposed to ochratoxin A, Arch. Toxicol. 76 (2002) 218–226.

60. K. Bari{i} and J. Kopi}, Heat shock proteins and their clinical relevance, Acta Pharm. 52 (2002)
71–82.

61. M. Jaattela, D. Wissing, K. Kokholm, T. Kallunki and M. Egeblad, Hsp70 exerts its anti-apopto-
tic function downstream of caspase-3-like proteases, EMBO J. 17 (1998) 6124–6134.

62. J. Hohfeld, Regulation of the heat shock conjugate Hsc70 in the mammalian cell: the character-
ization of the anti-apoptotic protein BAG-1 provides novel insights, Biol. Chem. 379 (1998) 269–
274.

63. L. Ravagnan, S. Gurbuxani, S. A. Susin, C. Maisse, E. Daugas, N. Zamzami, T. Mak, M. Jaattela,
J. M. Penninger, C. Garrido and G. Kroemer, Heat-shock protein 70 antagonizes apoptosis-in-
ducing factor, Nature Cell Biol. 3 (2001) 839–843.

64. P. Mehlen, C. Kretz-Remy, X. Preville and A. P. Arrigo, Human hsp27, Drosophila hsp27 and hu-
man �B-crystallin expression-mediated increase in glutathione is essential for the protective ac-
tivity of these proteins against TNF �-induced cell death, EMBO J. 15 (1996) 2695–2706.

65. C. Garrido, P. Ottavi, A. Fromentin, A. Hammann, A. P. Arrigo, B. Chauffert and P. Mehlen,
HSP27 as a mediator of confluence-dependent resistance to cell death induced by anticancer
drugs, Cancer Res. 57 (1997) 2661–2667.

66. X. Preville, F. Salvemini, S. Giraud, S. Chaufour, C. Paul, G. Stepien, M. V. Ursini and A. P. Arri-
go, Mammalian small stress proteins protect against oxidative stress through their ability to in-
crease glucose-6-phosphate dehydrogenase activity and by maintaining optimal cellular detoxi-
fying machinery, Exp. Cell. Res. 247 (1999) 61–78.

67. L. Rumora, K. Bari{i}, D. Maysinger, T. @ani} Grubi{i}, BpV (phen) induces apoptosis of
RINm5F cells by modulation of MAPKs and MKP-1, Biochem. Biophys. Res. Commun. 300 (2003)
877–883.

68. V. L. Gabai, A. B. Meriin, D. D. Mosser, A. W. Caron, S. Rits, V. I. Shifrin and M. Y. Sherman,
Hsp70 prevents activation of stress kinases. A novel pathway of cellular thermotolerance, J.
Biol. Chem. 272 (1997) 18033–18037.

69. V. A. Fadok, D. L. Bratton, S. C. Frasch, M. L. Warner and P. M. Henson, The role of phospha-
tidylserine in recognition of apoptotic cells by phagocytes, Cell Death Differ. 5 (1998) 551–562.

70. M. Ruzittu, E. C. Carla, M. R. Montinari, G. Maietta and L. Dini, Modulation of cell surface ex-
pression of liver carbohydrate receptors during in vivo induction of apoptosis with lead nitrate,
Cell Tissue Res. 298 (1999) 105–112.

71. J. Savill, Apoptosis. Phagocytic docking without shocking, Nature 392 (1998) 442–443.
72. P. R. Taylor, A. Carugati, V. A. Fadok, H. T. Cook, M. Andrews, M. C. Carroll, J. S. Savill, P. M.

Henson, M. Botto and M J. Walport, A hierarchical role for classical pathway complement pro-
teins in the clearance of apoptotic cells in vivo, J. Exp. Med. 192 (2000) 359–366.

73. D. Mevorach, J. O. Mascarenhas, D. Gershov and K. B. Elkon, Complement-dependent clea-
rance of apoptotic cells by human macrophages, J. Exp. Med. 188 (1998) 2313–2320.

74. K. Balasubramanian, J. Chandra and A. J. Schroit, Immune clearance of phosphatidylserine-ex-
pressing cells by phagocytes. The role of �2-glycoprotein I in macrophage recognition, J. Biol.
Chem. 272 (1997) 31113–31117.

75. J. Savill and V. Fadok, Corpse clearance defines the meaning of cell death, Nature 407 (2000)
784–788.

162

K. Bari{i} et al.: Biochemistry of apoptotic cell death, Acta Pharm. 53 (2003) 151–164.



76. S. R. Datta, A. Brunet and M. E. Greenberg, Cellular survival: a play in three acts, Genes Dev. 13
(1999) 2905–2927.

77. A. Bonni, A. Brunet, A. E. West, S. R. Datta, M. A. Takasu and M. E. Greenberg, Cell survival
promoted by the Ras-MAPK signaling pathway by transcription-dependent and -independent
mechanisms, Science 286 (1999) 1358–1362.

78. V. Putcha, M. Deshmukh and E. M. Johnson Jr., BAX translocation is a critical event in neuronal
apoptosis: regulation by neuroprotectants, BCL-2, and caspases, J. Neurosci. 19 (1999) 7476–
7485.

79. T. Loo, A. Copani, C. J. Pike, E. R. Whittemore, A. J. Walencewicz and C. W. Cotman, Apoptosis
is induced by �-amyloid in cultured central nervous system neurons, Proc. Natl. Acad. Sci. USA 90
(1993) 7951–7955.

80. M. P. Mattson, Q. Guo, K. Furukawa and W. A. Pedersen, Presenilins, the endoplasmic reticu-
lum, and neuronal apoptosis in Alzheimer's disease, J. Neurochem. 70 (1998) 1–14.

81. P. Bjorck, J. Banchereau and L. Flores-Romo, CD40 ligation counteracts Fas-induced apoptosis
of human dendritic cells, Int. Immunol. 9 (1997) 365–372.

82. J. M. Adams and S. Cory, The Bcl-2 protein family: arbiters of cell survival, Science 281 (1998)
1322–1326.

83. E. C. LaCasse, S. Baird, R. G. Korneluk and A. E. MacKenzie, The inhibitors of apoptosis (IAPs)
and their emerging role in cancer, Oncogene 17 (1998) 3247–3259.

84. M. Jaattela, D. Wissing, P. A. Bauer and G. C. Li, Major heat shock protein hsp70 protects tumor
cells from tumor necrosis factor cytotoxicity, EMBO J. 11 (1992) 3507–3512.

85. W. Nicholson, From bench to clinic with apoptosis-based therapeutic agents, Nature 407 (2000)
810–816.

S A @ E T A K

Biokemija apoptoti~ne stani~ne smrti

KARMELA BARI[I], JOZSEF PETRIK i LADA RUMORA

Apoptoza je fiziolo{ki proces programiranog stani~nog samoubojstva. Taj je proces
va`an za razvoj i odr`avanje tkiva. Reguliranje programirane stani~ne smrti omogu}ava
organizmu da kontrolira broj stanica i veli~inu tkiva, te da se za{titi od stanica koje ugro-
`avaju homeostazu. Promijenjena aktivnost mnogih gena utje~e na aktiviranje programa
samouni{tenja u stanicama. Apoptoza zahtjeva koordinirano djelovanje i fino uskla|i-
vanje mnogih proteina, koji su ili regulatori ili izvr{itelji procesa. Rak, autoimune i imu-
nodeficitne bolesti, reperfuzija te neurodegenerativne bolesti povezane su s poreme}e-
nom regulacijom apoptoze. Moduliranje ekspresije i aktivacije klju~nih molekularnih
~imbenika apoptoti~kog procesa predstavlja atraktivan terapeutski pristup u lije~enju
mnogih bolesti.

Klju~ne rije~i: apoptoza, kaspaze, Bcl-2 proteinska obitelj, obitelj ~imbenika koji induciraju apoptozu
(AIF), obitelj inhibitora apoptoze (IAP), proteinske kinaze aktivirane mitogenima (MAPKs), protei-
ni toplinskog {oka (Hsps)
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ABBREVIATIONS

AIF – apoptosis-inducing factor
Apaf 1 – apoptotic protease-activating factor 1
BAG-1 – Bcl-2-associated athanogene 1
BH – Bcl-2 homology
BIR – baculovirus inhibitor of apoptosis repeat
CAD/DFF 40 – caspase-activated DNase/DNA fragmentation factor 40
CARD – caspase activation and recruitment domain
CTL – cytotoxic T lymphocyte
DD – death domain
DED – death effector domain
ER – endoplasmic reticulum
FADD – Fas-associated protein with death domain
FAK – focal adhesion kinase
Hsp – heat shock protein
IAP – inhibitor of apoptosis
ICAD/DFF 45 – inhibitor of CAD/DNA fragmentation factor 45
JNK/SAPK – c-Jun N-terminal kinase/stress-activated protein kinase
MAPK – mitogen-activated protein kinase
MAP2K – MAPK kinase
MAP3K – MAPK kinase kinase
MLCK – myosin light chain kinase
NF-�B – nuclear factor kappa B
PAK2 – p21-activated kinase 2
PI-3K – phosphatidylinositol-3 kinase
ROS – reactive oxygen species
Smac/DIABLO – second mitochondria-derived activator of caspases/direct IAP-binding protein

with low pI
TNF – tumour necrosis factor
TRADD – TNF receptor associated protein with death domain
TRAIL – TNF-related apoptosis-inducing ligand
VDAC/ANT – voltage-dependent anion channel/adenine nucleotide transporter
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