
C H A P T E R  I I

THEORY AND LITERATURE REVIEW

Apoptosis

Apoptosis is one of many cellular controlling processes, viz. cell 
proliferation and differentiation. It is particularly important in the 
development process, the effective functioning of the immune system,20 
and in some pathological conditions such as cancer, SLE, degenerative 
diseases, and AIDS.

Necrosis and apoptosis are the modes of cell death processes in 
living organisms.21,22 Necrosis is a pathological cell death and occurs 
during the extreme cases of cell injury and repair.22 Apoptosis is a 
normal physiological cell death process which occurs in all living 
organisms in their embryonic or adult development, thus eliminating 
unwanted functionally abnormal or harmful cells.23 Apoptosis does not 
result from injury ; it is not reversible or harmful to organism but may 
be necessary for its normalcy. Defective regulation of apoptosis may 
result in the etiology of various diseases.24

In 1972 5 Kerr and his coworkers described the ultrastructure of 
cell death called as shrinkage necrosis.25 It was first coined by them as 
“Apoptosis”26 derived from ancient Greek, “Hippocratic corpus” for 
falling off of tree leaves. Normal cell, programmed cell death (PCD), 
physiological cell death and cell suicide are the other terms used 
synonymously with apoptosis.
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A cell will undergo apoptosis as a result of information integration 
after receiving signals from its environment and interpreting with 
internal information, e.g., its cell type, state of maturity, and
developmental history. The external triggers include disappearance of
trophic cytokines or hormones. The intracellular signals involved in 
induction of apoptosis are often associated with promotion of 
proliferation or differentiation in other cellular contexts, although 
certain intracellular mediators, e.g., Fas mediated pathway, are of 
particular importance in controlling apoptosis in certain cell types.27

The most important differences between necrosis and apoptosis are 
shown in Table 1.

Table 1. General differences between apoptosis and necrosis28

Characteristics Apoptosis Necrosis
Stimuli Physiological Pathological (injury)
Occurrence Single cell Groups of cells
Reversibility No (after

morphological change)
Yes (up to the point of 
no return)

Cytoplasmic
organelles

Late stage swelling Very early stage swelling

Lysosomal enzyme 
release

Absent Present

Nucleus Convolution of nuclear 
outline and breakdown

Disappearance
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Characteristics Apoptosis Necrosis
DNA breakdown Intemucleosomal Randomized
Cell Formation of

apoptotic
bodies

Swelling and later 
disintegration

Phagocytosis by other 
cells

Present Absent

Exudative
inflammation

Absent Present

Adhesions between 
cells and to basement 
membrane

Lost (early) Lost (late)

Scar formation Absent Present

1. Occurrence

The proper development of multicellular organism depends on the 
elimination of selected cells through apoptosis. The roundworm 
(<C a e n o r h a b d i t is  e le g a n s ) , which is just a millimeter long, eliminates 
precisely 131 cells of its initial 1090 cells, as its hermaphrodite form 
matures to an adult. As tadpole becomes a frog, it deletes its tail cells. 
Human embryo are thought to use apoptosis to remove webbing between 
digits.30
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Apoptosis provides an efficient mechanism of eliminating unwanted 
cells during normal embryonic and adult development.31 These are usually 
normal cells that become unwanted for any one of a number of reasons.32 
Apoptosis has also been shown to occur in adult somatic cells during the 
course of normal tissue turnover,23 the formation of kératinocytes, 
shedding of the intestinal lining, atrophy of the prostate after castration.26 
These include the epithelium of adrenal cortex,33 endometrium,34 the target 
cells of cytotoxic T cells, lactating mammary gland regression,20 and 
ovarian follicle atresia.35

Apoptosis has extensively been studied in the immune system where 
it appears to play an important role in the deletion of self-reacting 
lymphocytes.36 Cytotoxic T-lymphocyte,37 K cells and NK cells38,39 have 
been described to induce apoptosis to their targets.

2. Characteristics of apoptosis
2.1 Morphological aspects

The morphological features of necrosis22,26 include dilatation of 
endoplasmic reticulum, increase in mitochondrial volume, flocculation of 
nuclear chromatin and cell swelling resulting in osmotic rupture of the 
cell. Thus, necrosis is a passive process that does not require any active 
participation of the cell in its own death.40

In contrast to necrosis, there is no inflammatory reaction and 
organelle swelling in apoptosis.41 The cell passes through a series of 
morphologically distinct stages in their pathway to death. In the initial 
phase, an individual cell chromatin gets condensed resulting in the
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fragmentation of cellular DNA. The cell shrinks due to loss of cytoplasmic 
volume and condensation of cytoplasmic proteins. Most of the intracellular 
organelles remain intact42,43

The second phase is characterized by membrane blebbing leading 
to cellular fragmentation and formation of apoptotic bodies frequently 
containing nuclear remnants 41,43,44 In the final phase, the neighboring 
cells and macrophages phagocytose the fragments for complete 
degradation. The apoptotic leakage of intracellular macromolecules does 
not elicit any inflammatory response and, hence, there is no secondary 
damage to the adjacent cells and no residual scar formation.45

2.2 Cytoplasmic changes

One of the most noticeable morphological features of apoptosis is the 
fragmentation of cell into apoptotic bodies. A rearrangement of the 
microfilament network of the cell must occur during this process as 
evidenced by the role of microtubule-disrupting agents such as colchicine, 
vinblastine, and nocodazole. All induce apoptosis suggesting that 
disruption of the microtubule network initiates events which lead to 
apoptosis.46
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2.3 Chromatin changes

In 1980, a land mark paper by Wyllie was published revealing 
that glucocorticoids induce extensive DNA degradation in rat thymocytes 
in  v i t r o  during the onset of cell death.47 The DNA degradation occurred 
in a very specific pattern producing fragments of DNA that were multiples 
of 180-200 base pairs. This is the length of DNA wrapped around the 
histone octamer in a nucleosome, which indicates that the chromatin is 
being cleaved at the linker DNA between nueleosomes, producing 
oligonucleosomal fragments. It occurs in almost all instances of apoptosis 
that has been studied. These include uterine epithelium,34 prostate,48 
erythroid progenitor cells,49 kératinocytes, peripheral blood lymphocytes.50

Ligation of some members of Fas/TNFR family promotes apoptosis 
but other promote cell survival.51 It is a mechanism relevant to the 
regulation of immune system,51 especialy T cell receptor.52

2.4 Cell membrane alteration in apoptosis

During apoptosis, there are extensive cell membrane alterations. 
The cell detaches from neighboring cells, from the culture substrate, 
in  v i t r o , or from the extracellular matrix, in  v iv o , and the membrane 
loses specialized structure villi. Phagocytic cells may also recognize 
apoptotic cells by a change in the lipid composition of their outer 
plasma membrane. Normally anionic phosphatidylserine (PS) is located 
in the inner plasma membrane, while the neutral phospholipids
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sphingomyelin and phophatidylcholine are found on the outer membrane 
bilayer. During apoptosis, PS is exposed and found on the outer membrane 
bilayer in order to elicit a phagocytic response.53,54

2.5 Biochemical aspects

The key molecules in the induction of both apoptosis and 
proliferation are protein kinase c, ceremide, c-myc, and p53, which reflect 
in a part of the adaptation of many signaling pathways in controlling 
different responses in different cell types and under different conditions. 
The cell-surface receptor mediated mechanisms which control apoptosis 
often act through a signal transduction system, i.e, through the stimulation 
of receptor, activation of protein kinase/phosphatase cascade and release 
of second messengers to upregulate or suppress the transcription of 
specific genes. The signaling pathways can intersect or crosstalk 
and, therefore, greatly alter a cell’s response to a given stimulus.45

The nearly universal presence of intemucleosomal cleavage in 
apoptotic cells suggests that there may be a common mechanism by 
which apoptotic occurs in different cell types and also the DNA 
fragmentation is an important part of the cell death mechanism. To 
support the fact that chromatin cleavage is a key step in the apoptotic 
process, a treatment of thymocytes with the nuclease inhibitor 
aurintricarboxylic acid and Zn2+ blocks DNA degradation and cell death 
induced by glucocorticoids and other agents. By the time, the DNA 
cleavage occurs, the cell is irreversibly committed to apoptosis and when
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DNA is blocked the cell does not die. The relationship strongly suggests 
that DNA fragmentation is the cause of death in these cells.40,45

3. Molecular aspects of apoptosis
3.1 Death genes

As mentioned, the genetic analysis has identified two c .  e le g a n s  

g e n e s , CED-3 and CED-4 that must function in the dying cells. Both genes 
act autonomously to cause PCD. Cell death was also blocked by using 
the antisense approach.55 CED-3 encodes a many potential 
phosphorylation sites, wheareas CED-4 encodes a novel protein with two 
potential calcium binding domains, but it remains unknown how either 
protein participates in cell death.40,56

Similarily, a number of genes have been shown to be essential 
for apoptotic cell death in mammalians. The protooncogene, c - m y c , that 
normally stimulates cell division is also involved in induction of 
apoptosis.57 The increased expression of c - m y c  RNA and protein occurs 
early in apoptosis of fibroblasts.58

The tumor suppresser gene, p 5 3 , is another important gene 
belonging to this class, and the increassed levels of p53 protein is 
associated with apoptotic cell death.59 The germline disruption of p53 gene 
results in the total disruption of apoptosis in the mammalian cells.60,61
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3,2 Survival genes

There is another class of genes that normally act as a brake on the 
death program. If these genes are inactivated by mutation, many cells that 
would normally live undergo apoptosis, c .  e le g a n s  CED-9 is such a 
gene of interest as it seems to act as an antagonist on the suicide program.32 
When its function is abnormally activated by mutation, the cell death 
does not occur. On the other hand, upon inactivation of CED -  9 gene by 
mutation, many cells that normally survive start undergoing CED -  3 
and CED -  4 dependent apoptosis and the animal dies early during 
development.60

The existence of such antiapoptotic genes (survival genes) in 
mammalian cells has also been demonstrated.61 The bcl-2, an inner 
mitochondrial membrane protein61 not only inhibits apoptosis when 
overexpressed in a variety of mammalian cell, but the human gene can 
also suppress PCD in c .  e le g a n s  when it is introduced into the worm.62 
However, unlike other oncogenes, bcl-2 does not stimulate cell 
proliferation but promotes survival of cells in a non-cycling state. Bel - 2 
inhibits induction of apoptotic cell death by c - m y c  and also renders cells 
less sensitive of radiation and cytotoxic drugs.63

Hence, the activity of a number of genes appears to be essential for 
the apoptotic cell death and it has been conserved in evolution from worms 
to humans, confirming that PCD is a fundamental feature of animal cells. 
However, this does not designate them as killer genes because of a gene to 
be considered as a killer gene, its product should alone be sufficient to 
induce the death of an other wise viable cell and should normally be
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expressed during PCD. The killer genes may be expressed ectopically in 
naive cells and normally utilized during other physiological processes. 
Lethality may then result either from theirs overexpression or 
co-expression with other genes.40

Genetic studies in the nematode c .  e le g a n s  showed that there are 
three important genes (CED-3, CED-4, CED-9) involved in controlling 
apoptosis during the development of worm. CED-3 and CED-4 promote 
apoptosis whereas CED-9 inhibit apoptosis. CED-4 binds to CED-3 and 
promotes the activation of CED -3, whereas CED-9 binds to CED-4 and 
prevents it from activating CED-3. Normally, CED-9 is complexed with 
CED-4 and CED-3, keeping CED-3 inactive.64"66

Human homologues of CED-3 gene encode members of the caspase 
family of proteases. Caspase, a familly of cysteine proteases with 
aspartate substrate specificity, is produced in cell as catalytically inactive 
zymogens which becomes activated by another caspase or by an 
autocatalytic mechanism, and the active caspase can in turn activate other 
caspases resulting in a cascade process.67,68 CED-9 is homologue of the 
mammalian Bcl-2 family of antiapoptosis. Bcl-2 family includes two 
subgroups of proteins that either inhibit (Bcl-2, Bcl-XL, Bcl-w) or promote 
(Bax, Bak, Bid, Bad) apoptosis.69,70 The human homologue of CED -  4 is 
Apaf-1 (Apoptosis activating factor 1) which is required for the 
activation of caspase-3. Two Apafs have been identified : Apaf-2 is 
cytochrom c, and Apaf-3 is caspase-9.71

Apoptotic death can be triggered by a variety of stimuli, and not all 
cells necessarily will die in response to the same stimulus. Any agent or set
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of condition that stress the metabolism or normal response mechanisms of a 
cell is likely to trigger the process of apoptosis. However, the level of 
stress is crucial. At the high stress levels, cells will die by necrosis, 
because they have no time to respond to the stimulus and die instantly. 
Examples include high levels of toxins, a sharp change in pH and high 
agitation rates. At the intermediate levels of cell stress, the cell is injured 
but not killed. The cell has time to activate its own death program. Thus, 
the cell dies in a controlled way, by apoptosis. At the low levels of 
environmental stress, cell can switch on the production of heat shock 
proteins which enable them to survive until the stress is removed. 
However, once a certain stress threshold is passed and survival is deemed 
impossible. Cell w ill die by apoptosis.72

Triggers of apoptosis include deprivation of growth factors, presence 
of receptor-ligand complexes on the cell surface, toxins, hyperthermia, 
viruses, free radicals, irradiation, and chemotherapeutic drugs. These 
signals can be divided as being external and internal signal.71

4. The external signal

The external signal is the presence of a family of receptors 
belonging to the tumor necrosis factor (TNF) receptor superfamily such as the 
Fas antigen, also known as APO-l/CD.73 Fas is a cell surface protein that has 
been shown to initiate a signal for apoptosis when cross linked with 
Ligand (FasL) or specific antibody.74 FasL is a homotrimeric molecule 
and each FasL trimer binds three Fas molecules.75 Because some death 
domains have a propensity to associate with one another, Fas ligation leads 
to clustering of the receptors’ death domain76 (Figure 1). This is supported
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by nuclear magnetic resonance structure analysis. An adapter protein 
called FADD (Fas-associated death domain ; also called Mortl), then 
binds through its own death domain (DD) to the clustered receptor death 
domain. FADD also contains a death effector domain (DED) that binds 
to an analogous domain repeated in tandem within the zymogen form of 
procaspase - 8 (also call FLICE, or MACH)77 The death effector domain 
is a specific example CARD (caspase recruitment domain), which is found 
in several caspase with large prodomain, including caspse-2,-8,-9,-10 
upon recruitment FADD. Caspase-8 oligomerization drives its activation 
through self-cleavage. Caspase-8 activates downstream effector caspases 
such as procaspase-9 committing the cell to apoptosis.67

In TNF-induced apoptosis, TNF is produced mainly by activated 
macrophages and T cells in response to infection. In some cell types, 
TNF also induces apoptosis through tumor necrosis factor receptor 1 
(TNFR1) by TNF trimerizes TNFR1 upon binding, including 
association of the receptor’ร death domain. An adaptor termed TRADD 
(TNFR-associated death domain) binds through its domain to the 
clustered receptor death domains.77 TNFR1-TRADD complex can bind to 
FADD to activate procaspase-8, thereby initiating apoptosis.67 Besides 
FADD, TNFR1 can engage an adapter called RAIDD (RIP-associated 
ICH-1/ CED-3 homologous protein with a death domain). RAIDD binds 
through a death domain of RIP (receptor-interacting protein) and through 
a CARD motif to a similar sequence in the death effector caspase-2, 
thereby inducing apoptosis.79
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The decoy receptor 3 (DR3) shows a closed sequence similarity to 
TNTR1. It can bind to Apo3L which is related most closely to TNF, and 
then trigger apoptosis through TRADD and FADD to activate caspase 
cascade. Apo3L-DR3 and TNF-TNER1 interactions probably have distinct 
biological roles.67

5. The internal signal

The internal signal of apoptosis (due to oxidative stress, irradiation 
or presence of virus, toxin, chemotherapy drug) surprisingly occurs 
through the release of cytochome c from the mitiochondria. The 
permeability of mitochondrial membranes is a critical event that results in 
the release of cytochome c (a caspase activator), adenosine triphosphate (ATP ), 
Smac/Diablo (a caspase coactivator) 3 and an apoptosis-inducing factor 
which activate the nucleases that damage DNA into small fragments.80'82

An important question is how mitochondria is able to respond to 
intracellular signals and release cytochome c. A strong candidate for the 
signal decoder is a mitochondrial ion channel called mitochondrial 
permeability transition pore (MPT). MPT appears to be a multisubunit 
structure that contains the mitochondrial ATP transport and a voltage- 
dependent anion channel as well as other proteins. It is located at the 
point where the inner and outer mitochondrial membranes are closely 
apposed. Presence of oxidants and pathological level of Ca2+ cause MTP to 
open into an irreversible high-conductance state that results in collapse of 
the mitochondrial membrane potential and release of cytochome c 
between the two membranes (Figure 2).71
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A  p o te n tia l  p ro a p o p to tic  t ra n s c r ip tio n  fa c to r, T R 3  (a lso  c a lled  
N U R 7 7  o r  N G F IB ) , is a  k n o w n  o u te r  m ito c h o n d r ia l m e m b ra n e  p ro te in , 
n o rm a lly  p re s e n t  in  th e  n u c le u s , b u t  it c a n  m o v e  to  m ito c h o n d r ia l  su rface . 
T R 3 m a y  a lso  in d u c e  m ito c h o n d r ia l  p e rm e a b il i ty  to  in d u c e  c y to c h o m e  c 
re le a se  a n d  a p o p to s is .80,81,83 T h e  B c l-2 B a x /B id  fa m ily  p ro te in s  h a s  b ee n  
re p o r te d  th a t  it c a n  b e  t ra n s lo c a te d  to  m ito c h o n d r ia  (F ig u re  3). T h ese  
p ro te in s  p e rm e a b il iz e  th e  o u te r  m ito c h o n d r ia l  m e m b ra n e  u p o n  in te ra c tio n  
w ith  th e  p e rm e a b il i ty  t ra n s it io n  p o re  c o m p le x  (fo r  e x a m p le , B a x ) o r 
a l te n a tiv e ly , in d e p e n d e n tly  o f  su c h  an  in te ra c tio n  ( fo r  e x a m p le , B id ). 
In tr ig u in g ly , it  w a s  re c e n tly  fo u n d  th a t  p 5 3  m o v e s  fro m  th e  n u c le u s  to  th e  
m ito c h o n d r ia  w h e re  it in te ra c t w ith  h sp 7 0  (a  h e a t  s h o c k  p ro te in ) , a  
m ito c h o n d r ia -s p e c if ic  p ro te in . T h e  im p a c t o f  th e  in te ra c tio n  b e tw e e n  p53  
an d  h sp 7 0  o n  m ito c h o n d r ia l  m e m b ra n e  in te g r ity  h a s  n o t y e t  b e e n  
e lu c id a te d .80
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Figure 1 Apoptotic signaling: (a) Normal, trimerization of FasL -  bound Fas recruits the cytoplasmic adaptor molecule FADD which, in turn, recruits procaspase-8, the precusor of an intiator caspase (cystein protease with aspartic -  acid specific) involved in apoptosis. Two caspase-8 molecules process one another, and assemble to form the mature, active caspase. This cleaves and activates other caspase, which then orchestrate apoptotic cell death, (b-f) Anti-tumorigenesis measure that may be blocked by the binding of DcR3 to FasL. (b) Cytotoxic lymphocytes (CTLs) express FasL. (c) Surrounding cells express FasL in response to tumor infiltration, (d) DNA damage by therapeutic agents induces expression of FasL on tumour cells, which may kill neighboring cells, (e) Fas/FasL signaling normally contributes to the pro-apoptotic effects 
of oncogenes (such as-c-myc). (f) Ligation of FasL delivers an anti- apoptotic signal to the cell.73
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Figure 2 M o d e l fo r  c a s p a s e  a c tiv a tio n  b y  m ito c h o n d r ia . R e le a se  o f  
c y to c h o m e  c in to  th e  c y to so l re su lts  in  A p a f-1  a c tiv a tio n  
a n d  s u b s e q u e n t  a c tiv a tio n  o f  p ro -c a s p a s e -9  fo llo w e d  
b y  d o w n s tre a m  e f fe c tin g  c a sp a se s  w h ic h  in d u c e  a p o p to s is .81
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Figure 3 P ro te in s  th a t  m o v e  to  a n d  a f fe c t m ito c h o n d r ia l  m e m b ra n e s 80

In  th e  c y to so l, c y to c h ro m e  c a s so c ia te s  w ith  A p a f-1  in  th e  p re s e n c e  
o f  d A T P  o r  A T P  a n d  in d u c e s  its  o l ig o m e riz a tio n . T h e  o lig o m e r ic  A paf-1  
c o m p le x  re c o g n iz e s  th e  in a c tiv e  p ro c a sp a s e -9  a n d  -3 , fo rm in g  th e  
“ a p o p to s o m e ” 5 w h ic h  in d u c e s  a u to c a ta ly tic  p ro c e s s in g  o f  p ro c a sp a s e -9 . 
T h e  m a tu re  c a s p a s e -9  in  tu rn  a c tiv a te s  its  p r im a ry  d o w n s tre a m  ta rg e t 
p ro c a s p a s e -3 .66,80

W h a te v e r  th e  p a th w a y  o f  s ig n a lin g , th e  m a jo r i ty  o f  re s p o n s e s  o c c u rs  
th ro u g h  a c t iv a t io n  o f  c a sp a se -3 . P ro c a s p a se -3  c a n  b e  a c tiv a te d  b y  
c a sp a se -8  (e x te rn a l  s ig n a l  p a th w a y )  o r  b y  c a sp a se -9  ( in te rn a l  s ig n a l 
p a th w a y ) . In  tu rn  c a sp a se -3  c a n  a c tiv a te  o th e r  c a s p a s e  (c a s p a se -6 ,-9 ) , 
th ro u g h  p ro te o ly t ic  c le a v a g e  a t sp e c if ic  in te rn a l  A sp  re s id u e s
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(A sp-X-X -A sp , w h e re  X is a n y  a m in o  a c id ) .80,84,85 O n c e  a c tiv a te d , th e  
e f fe c to r  c a s p a s e s  a re  re sp o n s ib le  fo r  p ro te o ly tic  c le a v a g e  o f  a  ra n g e  o f  
c e llu la r  ta rg e ts , u l t im a te ly  le a d in g  to  c e ll  d ea th . T h e  su m m a ry  o f  tr ig g e r  
a p o p to s is  is  sh o w n  in  F ig u re  4.

A p o p to s is  is  u s u a l ly  a s s o c ia te d  w ith  th e  a c tiv a tio n  o f  
e n d o n u c le a s e s  th a t  d eg ra d e  th e  c h ro m o so m a l D N A  f irs t  in to  la rg e  (50  to  
300  k ilo b a s e s )  an d  su b s e q u e n tly  in to  v e ry  sm a ll o lig o n u c le o so m a l 
f ra g m e n ts .72,86 P ro te o ly s is  o f  fo d r in  a n d  a c tin  c a n  a c c o u n t fo r  c h a n g e  o n  
the  ce ll o u te r  su rfa c e  (b le b b in g )  a n d  th a t  o f  n u c le a r  la m in a  fo r th e  
n u c le a r  f ra g m e n ta t io n .70 D u r in g  a p o p to s is , c a sp a se s  c o n tr ib u te  to  ap o p to s is  
th ro u g h  d ire c t  d is a s s e m b ly  o f  c e ll  s tru c tu re , a s  i l lu s tra te d  b y  th e  
d e s tru c tio n  o f  n u c le a r  lam in a , w h ic h  is  m a in ly  in  th e  n u c le a r  m em b ra n e  
an d  is in v o lv e d  in  c h ro m a tin  o rg a n iz a tio n . L a m in a  is fo rm e d  b y  h e a d -to -  
ta il p o ly m e rs  o f  in te rm e d ia te  f i la m e n t p ro te in s  c a lle d  la m in s . D u rin g  
a p o p to tic  p ro c e s s , lam in s  a re  c le a v e d  a t a  s ite  b y  c a sp a se , c a u s in g  la m in a  
to  c o lla p se  a n d  c o n tr ib u tin g  to  c h ro m a tin  c o n d e n sa tio n . C a sp a se  a lso  
re c o g n iz e s  ce ll s tru c tu re  in d ire c tly  b y  c le a v in g  se v e ra l p ro te in s  in v o lv e d  
in  c y to s k e le to n  re g u la tio n  in c lu d in g  g e lso lin , fo c a l a d h e s io n  k in a se  
(F A K ), a n d  p -21  -  a c tiv a te d  k in a s e  2 (P A K 2 ) .68

A t th e  f in a l s tep  o f  a p o p to tic  p ro c e ss , th e  a s y m m e try  o f  p la s m a  
m e m b ra n e  p h o s p h o lip id s  is lo s t  c a u s in g  th e  e x p o su re  o f  P S  n o rm a lly  
lo c a liz e d  a t th e  in n e r  le a f le t  o f  th e  p la s m a  m e m b ra n c e . A p p e a ra n c e  o f  P S  
on  th e  o u te r  le a f le t  o f  th e  p la s m a  m e m b ra n e  is s p e c if ic a lly  r e c o g n iz e d  to  
u p ta k e  a n d  d e g ra d a tio n  b y  m a c ro p h a g e s  a n d  s e m i-p ro fe s s io n a l p h a g o c y te s , 
w h ic h  is a n  im p o r ta n t  fu n c tio n  in  th e  d o w n re g u la tio n  o f  in f la m m a to ry  
re sp o n se  a f te r  u p ta k e  o f  a p o p to tic  c e lls  b y  m a c ro p h a g e s  ( F ig u re  5 ) .87,88
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6. Clinical aspects of apoptosis

In  a d u lt  m u lt ic e llu la r  o rg a n ism , h o m e o s ta s is  is  c h a ra c te r iz e d  in  
ea ch  ce ll l in e a g e  b y  a  b a la n ce  b e tw e e n  ce ll d e a th  a n d  ce ll g ro w th . 
D y s ré g u la tio n  o f  c e ll  d e a th  m e c h a n ism  is  in v o lv e d  in  th e  p a th o g e n e s is  o f  
an  in c re a s in g  n u m b e r  o f  d ise a s e s .89 D e fe c tiv e  a p o p to s is  c a n  p a r tic ip a te  
in  m a lig n a n t tra n s fo rm a tio n , v ira l la te n c y  a n d  a u to im m u n e  d ise a se s . 
E x c e ss iv e  a p o p to t ic  ce ll d e a th  is in v o lv e d  in  C D 4 +  T -c e ll d e p le tio n  
o b se rv e d  in  a c q u ire d  im m u n e  d e f ic ie n c y  s y n d ro m e , in  fu lm in a n t h e p a tit is  
a s so c ia te d  w ith  in fe c tio n  b y  h e p a tit is  B  a n d  c  v iru se s , in  so m e  
n e u ro d e g e n e ra tiv e  d iso rd e rs  an d  h e m a to lo g ic a l  d ise a se s , in  p o ly c y s tic  
k id n e y  d ise a s e  a n d  is c h e m ia .89

T h re e  s te p s  c a n  b e  d is tin g u ish e d  in  th e  p a th w a y  th a t le a d s  to  ce ll 
death . T h e  f irs t  s te p  in v o lv e s  in te ra c tio n  b e tw e e n  th e  e x tra c e llu la r  an d  
in tra c e llu la r  s ig n a ls  th a t  d ec id e  w h e th e r  a  c e ll sh o u ld  d ie  o r  liv e . W h e n  
d ea th  is c h o s e n , a  c o m m o n  p a th w a y  th a t  in v o lv e s  a t le a s t th e  B c l-2  fa m ily  
o f  p ro te in s  a n d  th e  in te r le u k in -1-[3 -con verting  e n z y m e -re la te d  c y s te in e  
p ro te a se s  c o n tin u e s . F in a lly , i f  d e a th  is  a llo w e d  to  o cc u r, th e  a p o p to tic  
p ro c e ss  i t s e l f  is  c h a ra c te r iz e d  b y  d e o x y r ib o n u c le ic  a c id  (D N A ) 
fra g m e n ta tio n , p ro te o ly s is  an d  m o rp h o lo g ic a l  c h a n g e s  th a t p re c e d e  th e  
e n g u lfm e n t o f  a p o p to tic  c e lls  b y  n e ig h b o r in g  c e lls  a n d  p h a g o c y te s .89

In  c l in ic a l  a s p e c ts , w e  can  d iv id e  p ro g ra m m e d  ce ll d ea th  in to  3 
m a in  s te p s , v iz . to  liv e  o r  to  d ie , to  d ie o r n o t  to  d ie , a n d  to  d ie.
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In  a d u lt  m u lt ic e l lu la r  o rg a n ism , d if fe re n t ce ll ty p e s  v a ry  w id e ly  in  
th e  m e c h a n ism  b y  w h ic h  th e y  m a in ta in  th e m s e lv e s  th ro u g h o u t life . R e d  
b lo o d  ce lls  u n d e rg o  c o n s ta n t  re n e w a l f ro m  h e m a to lo g ic a l  p ro g e n ito rs  
w h e re a s  n e u ro n s  h a v e  n o  o r  lim ite d  c a p a c ity  fo r  s e lf - re n e w a l. B e tw e e n  
th e se  e x tre m e s , ly m p h o c y te s  an d  ce lls  fro m  re p ro d u c tiv e  sy s te m s  
u n d e rg o  c y c lic a l  e x p a n s io n  a n d  c o n tra c tio n  a s  th e y  p a r tic ip a te  in  h o s t  
d e fe n se  a n d  re p ro d u c tio n , re sp e c tiv e ly . W ith in  th e s e  ce ll lin e a g e , th e  
c o n tro l o f  ce ll n u m b e r  is d e te rm in e d  b y  a  b a la n c e  b e tw e e n  ce ll p ro life ra tio n  
an d  ce ll d e a th .89

T h e  m e c h a n is m  th a t  co n tro ls  c e ll p ro l ife ra t io n  a n d  d ea th  c o u ld  
sh a re  se v e ra l fa c to rs . G ro w th  fa c to rs  c a n  e ith e r  s t im u la te  ce ll g ro w th  o r 
p re v e n t ce ll d ea th . A n tig e n ic  s tim u la tio n  o f  T  c e ll  re c e p to r  f irs t tr ig g e rs  
th e  p ro life ra tio n  o f  m a tu re  p e r ip h e ra l T -c e lls  w h ic h  a re  la te r  e lim in a te d  
b y  F a s -m e d ia te d  a p o p to s is .90 It d ep e n d s  o n  ce ll ty p e  a n d  its  le v e l o f  
d if fe re n tia tio n  fo r  th e  c e ll  to  su rv iv e  o r d ie .91 C e ll su rv iv a l c o u ld  d e p e n d  
u p o n  th e  c o n s ta n t  su p p ly  o f  su rv iv a l fa c to r  p ro v id e d  b y  n e ig h b o r in g  ce lls  
an d  e x tra c e llu la r  m a tr ix .92"94

6.1 To live o r to die
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Figure 5 Diagram illustrating sequence of ultrastructural changes in apoptotsis (2-
6) and necrosis (7 and 8). (1) Normal cell. Early apoptosis (2) is characterized by compaction and margination of nuclear and chromatin, condensation of cytoplasm, and convolution of nuclear and cell outlines. (3) At the last stage the nuclei fragments and protuberances that form on 
the cell surface separate into apoptotic bodies, which (4) are phagocytosed by nearby cells and (5 and 6) degraded within lysosome. (7) The development of necrosis is associated with irregular clumping of chromatin, marked swelling of organelles and focal disruption of membranes. (8) Membranes subsequently disintegrate, but the cell usually retains overall shape until removal by mononuclear phagocytes.86
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B e y o n d  d if fe re n t  s ig n a lin g  p a th w a y s  th a t  u l t im a te ly  c o n v e rg e  to  
ac tiv a te  a  ce ll d e a th  s ig n a l, ap o p to s is  a p p e a rs  to  in v o lv e  a  c o m m o n  fin a l 
p a th w a y  th a t h a s  b e e n , a t le a s t p a rtia lly , c o n s e rv e d  th ro u g h o u t an im a l 
ev o lu tio n . S p e c if ic  s te p s  th a t re g u la te  th e  c e ll  d e a th  p a th w a y  h a v e  b e e n  
d e riv e d  f ro m  g e n e tic  s tu d ie s  o f  th e  n e m a to d e  Caenorhabditis elegans 95 
A m o n g  th e  14 g e n e s  w h o se  m u ta tio n  a f fe c ts  th e  v a r io u s  s te p s  o f  
p ro g ra m m e d  c e ll  d e a th , th re e  g en es  a f fe c t th e  d e a th  p ro c e ss  itse lf , 
n a m e ly  C E D -3 , C E D -4 , th a t are  re q u ire d  fo r  c e lls  th a t m u s t d ie  to  
u n d e rg o  a p o p to s is , a n d  C E D -9  th a t is re q u ire d  to  p ro te c t  ce lls  th a t sh o u ld  
liv e  f ro m  u n d e rg o in g  a p o p to s is .

F u r th e rm o re , th e  C E D -3  g en e  e n c o d e s  a  p ro te in  th a t is  s im ila r  to  
fa m ily  o f  c y s te in e  p ro te a s e , w h ic h  in c lu d e s  in te rleu k in -1 -(3  -c o n v e r tin g  
e n z y m e  (IC E ), N e d d 2 /Ic h -1 , C P P 3 2 /Y a m a , T x /Ic h -2  a n d  M c h 2 .96 T h ese  
p ro te a se s  sh a re  a  p e n ta m e r ic  p ep tid e , Q A C R G , s u rro u n d in g  a  p u ta tiv e  
a c tiv a te d  s ite  C y s . A c c o rd in g ly , a n  o v e re x p re s s io n  o f  th e s e  p ro te a se s  in  
m a m m a lia n  c e lls  c a u s e s  a p o p to s is , an d  th e  c o w p o x  v iru s , c rm A  g en e  
p ro d u c t, in h ib i ts  so m e  IC E -lik e  p ro te a se s , a n d  c a n  p ro te c t  m a m m a lia n  ce lls  
a g a in s t a p o p to s is  in d u c e d  b y  g ro w th  fa c to r  w ith d ra w a l .97 B y  c o n tra s t, th e  
p ro te in  e n c o d e d  b y  C E D -4  g en e  h a s  n o  s im ila r i ty  w ith  o th e r  k n o w n  
p ro te in s . T h e  p ro te in  e n c o d e d  b y  C E D -9  is  h o m o lo g o u s  to  th e  B e l -2 
fa m ily  o f  c e ll  d e a th  re g u la to rs  id e n tif ie d  in  m a m m a lia n  ce lls . S tu d ie s  
p e rfo rm e d  o n  th e  ro le  o f  cy s te in e  p ro te a se s  a n d  B e  1-2 re la te d  p ro te in s  
su g g e s t th a t  th e s e  tw o  c o m p o n e n ts  d e fin e  tw o  c h e c k p o in ts  in  th e  f in a l 
c o m m o n  p a th w a y  th a t  d e c id e s  w h e th e r  o r n o t  a  c e ll  sh o u ld  d ie .89

6.2 To die o r not to die
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W h e n  th e  f in a l c o m m o n  p a th w a y  h as  a l lo w e d  th e  e x e c u tio n  o f  th e  
ce ll su ic id e  p ro g ra m , c h a ra c te r is t ic  m o rp h o lo g ic a l c h a n g e s  o f  th e  d y in g  
c e lls42 p re c e d e  th e  p ro d u c tio n  o f  a p o p to tic  b o d ie s , m e m b ra n e -e n c lo se d  
p a r t ic le s  c o n ta in in g  in tra c e l lu la r  m a te r ia l  a s  m e n tio n e d . T h e s e  p a rtic le s  are  
ra p id ly  e n g u lfe d  a n d  d ig e s te d  b y  th e  n e ig h b o r in g  c e lls  a n d  p h a g o c y te s  to  
p re v e n t  a n y  re le a se  o f  in tra c e llu la r  m a te ria l th a t w o u ld  o th e rw ise  tr ig g e r  an  
in f la m m a to ry  re sp o n se , a s  o b se rv e d  d u rin g  n e c ro s is .

A p o p to s is  is u s u a lly  a s so c ia te d  w ith  th e  a c tiv a tio n  o f  o n e  o r sev e ra l 
n u c le a s e s  th a t d e g ra d e  n u c le a r  D N A  firs t in to  la rg e  an d  su b se q u e n tly  
in to  v e ry  sm a ll f ra g m e n ts . P ro te o ly tic  c le a v a g e  o f  s e v e ra l n u c le a r  p ro te in s  
b y  a n  a c tiv ity  s im ila r  to  b u t d is tin c t fo rm  IC E  is  a n o th e r  b io c h e m ic a l 
m a rk e r  o f  a p o p to tic  c e ll d e a th .98’99

7. Apoptosis and Disease

In  m u ltic e llu la r  o rg a n is m s , h o m e o s ta s is  is  m a in ta in e d  th ro u g h  a  
b a la n c e  b e tw e e n  ce ll p ro life ra tio n  a n d  ce ll d ea th . R e c e n t  ev id e n c e s  
su g g e s t th a t th e  fa ilu re  o f  c e lls  to  u n d e rg o  a p o p to s is  m ig h t b e  in v o lv e d  in  
th e  p a th o g e n e s is  o f  a  v a r ie ty  o f  h u m a n  d ise a se s  (T a b le  2 ), in c lu d in g  c a n ce r, 
a u to im m u n e  d ise a se , v ira l  in fec tio n s . M o re o v e r , a  w id e  n u m b e r  o f  
d is e a s e s  c h a ra c te r iz e d  b y  c e ll  lo ss , su ch  as n e u ro d e g e n e ra t iv e  d iso rd e rs , 
A ID S , an d  o s te o p o ro s is , m a y  re s u l t  f ro m  a c c e le ra te d  ra te s  o f  p h y s io lo g ic a l 
ce ll d e a th .100’101

6.3 To die
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Table. 2 Diseases associated with imbalanced apoptosis101

•  D is e a s e s  a s so c ia te d  w ith  th e  
In h ib it io n  o f  a p o p to s is

•  D is e a s e s  a s so c ia te d  w ith  th e  
in c re a s e d  a p o p to s is  

1. A ID S1. C a n c e r
F o ll ic u la r  ly m p h o m a s  
C a rc in o m a s  w ith  p 5 3  m u ta tio n s  
H o rm o n e -d e p e n d e n t  tu m o rs  

B re a s t  c a n c e r  
P ro s ta te  c a n c e r  
O v a r ia n  c a n c e r

2. A u to im m u n e  d iso rd e rs
S y s te m ic  lu p u s  e ry th e m a to su s  
Im m u n e -  m e d ia te d

g lo m e ru lo n e p h ritis

3. V ira l in fe c tio n s
H e rp e s rv iru s e s
P o x v iru se s
A d e n o v iru s e s

2. N e u ro d e g e n e ra tiv e  d iso rd e rs
A lz h e im e r ’s d ise a se  
P a rk in s o n ’s d ise a se  
A m y lo tro p h ic  la te ra l 

sc le ro s is
R e tin itis  p ig m e n to s a  
C e re b e lla r  d e g e n e ra tio n

3. M y e lo d y s p la s t ic  sy n d ro m e s
A p la s tic  a n e m ia

4. Is c h e m ic  in ju ry
M y o c a rd ia l  in fa rc tio n  
S tro k e
R e p e rfu s io n  in ju ry

5. T o x in - in d u c e d  l iv e r  d ise a se
A lco h o l

T h e  d is e a s e  is  c h a ra c te r iz e d  b y  th e  a c c u m u la tio n  o f  c e lls  in c lu d in g  
ca n ce r, a u to im m u n e  d ise a se , a n d  c e r ta in  v ira l  i l ln e sse s . C e ll a c c u m u la tio n  
can  re s u l t  f ro m  e ith e r  in c re a se d  p ro life ra tio n  o r th e  fa ilu re  o f  c e lls  to  
u n d e rg o  a p o p to s is  in  re sp o n se  to  a p p ro p r ia te  s tim u li. A lth o u g h  m u c h
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a tte n tio n  h a s  f o c u s e d  o n  th e  p o te n tia l  ro le  o f  c e ll p ro life ra tio n  in  th e s e  
d ise a se s , an  in c re a s in g  e v id e n c e  su g g e s ts  th a t  a lte ra tio n s  in  th e  c o n tro l o f  
ce ll su rv iv a l a re  im p o r ta n t  in  th e  p a th o g e n e s is  o f  th e se  so -c a lle d  
p ro life ra tiv e  d is o rd e r s .100' 102

7.1 Apoptosis in cancer

C a n c e r  is  e n v is a g e d  as  a  d ise a se  o f  e x c e s s iv e  c e llu la r  p ro life ra tio n . 
G en e tic  a l te ra t io n s  th a t  d y sre g u la te  th e  p h y s io lo g ic a l  ce ll d e a th  p ro c e s s  
c o n tr ib u te  to  th e  c lo n a l e x p a n s io n  o f  m a lig n a n t ce lls . A c c o rd in g ly , a  
n u m b e r  o f  o n c o g e n e s  a n d  a n ti-o n c o g e n e s  h a v e  b e e n  fo u n d  to  re g u la te  
a p o p to tic  c e ll d e a th . O n c o g e n e s  th a t p ro m o te  ce ll p ro life ra tio n  a n d  th o se  
th a t in h ib it  c e ll  d e a th  c o u ld  co -o p e ra te  to  in d u c e  a  n e o p la s tic  les io n .

I t w a s  c o n f irm e d  th a t g en e tic  a l te ra tio n  th a t  in d u c e  ce ll p ro life ra tio n , 
e .g ., d y s ré g u la tio n  o f  e ith e r  myc o r  ras p ro to -o n c o g e n e s , h av e  b e e n  fo u n d  
to  b e  in d u c e rs  fo r  a p o p to s is .58,103 T h e  s im u lta n e o u s  e x p re ss io n  o f  
o n co g en e , e .g ., b c l-2 , in h ib its  a p o p to tic  ce ll d e a th  a n d  th e  tra n s fo rm a tio n  is 
a llo w e d  to  o c c u r .61 T h e  b e s t e x a m p le  o f  th e s e  o n c o g e n e s  is b c l-2 , 
id e n tif ie d  a t th e  s ite  o f  a  c h ro m o so m e  tra n s lo c a tio n  b e tw e e n  c h ro m o so m e  
14 an d  18, p re s e n t  in  m o s t h u m a n  fo llic u la r  ly m p h o m a s .102 u p re g u la t io n  o f  
b c l-2  o n c o g e n e  e x p re s s io n  sp e c if ic a lly  in h ib its  a p o p to s is  in d u c e d  b y  a  w id e  
ra n g e  o f  in su lts  a n d  s tim u li, e .g ., g ro w th  fa c to r  d e p r iv a tio n , lo ss  o f  c o n ta c t 
w ith  e x tra c e l lu la r  m a tr ix , cy to to x ic  T  ce ll, c y to to x ic  ly m p h o k in e s , 
c h e m o th e ra p e u tic  d ru g s , an d  ra d ia tio n .104' 107 A s  in d ic a te d  p re v io u s ly , 
h u m a n  b c l-2  c a n  p ro m o te  ce ll su rv iv a l in  lo w e r  o rg a n ism s , su c h  as 
n e m a to d e s , a n d  su b s ti tu te  fo r  th e  lo ss  o f  fu n c tio n  o f  ced -9 .
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A n  e le v a te d  le v e l a n d  a b e rra n t p a tte rn  o f  B c l-2  p ro te in  e x p re ss io n  
h a v e  b e e n  fo u n d  in  a  w id e  v a r ie ty  o f  h u m a n  c a n c e rs , in c lu d in g  ly m p h o m a s , 
le u k e m ia s , a d e n o c a rc in o m a s , n e u ro b la s to m a s , re n a l a n d  lu n g  c a n ce rs , and  
m e la n o m a s .104 In  m o s t o f  th e s e  tu m o rs , d y s ré g u la tio n  o f  b c l-2  g en e  
e x p re s s io n  is n o t  th e  c o n s e q u e n c e  o f  (1 4 ;1 8 ) c h ro m o s o m a l tra n s lo c a tio n . 
S tru c tu ra l a l te ra t io n s  o f  th e  b c l-2  g en e  are  n o t d e te c te d  in  m o s t le u k e m ia s  
a n d  so lid  tu m o rs , s u g g e s tin g  th a t  tra n s re g u la to ry  ra th e r  th a n  c is -re g u la to ry  
m e c h a n ism s  a c c o u n t fo r  o v e re x p re s s io n  o f  B c l-2 . T h is  o v e re x p re ss io n  can  
re p re se n t e ith e r  a n  e a r ly  o r  a  la te  ev e n t in  th e  tu m o r  p ro g re s s io n .104

O n e  o f  th e  p o te n t ia l  tra n s re g u la to rs  o f  b c l-2  th a t  c a n  b e c o m e  a lte re d  
in  c a n c e r  is th e  tu m o r  su p p re s se r  p 5 3 , w h ic h  re p re s s e s  b c l-2  g en e  
e x p re s s io n .108,109 G e rm -lin e  p 5 3  m u ta tio n s  p re d is p o s e  in d iv id u a ls  w ith  
L i-F ra u m e n i c a n c e r  s y n d ro m e  to  th e  d e v e lo p m e n t o f  tu m o rs  an d  p 53  g en e  
b e c o m e s  in a c tiv a te d  in  o v e r  h a l f  o f  a ll h u m a n  tu m o r s .110

T h e  w ild - ty p e  p 5 3  p ro te in  b in d s  D N A  a n d  fu n c tio n s , a t lea s t, as a 
tra n s c r ip tio n a l  r e g u la to r , a c tiv a tin g  o f  re p re s s in g  th e  e x p re s s io n  o f  v a rio u s  
ta rg e t  g e n e s  in v o lv e d  in  D N A  re p lic a tio n  a n d  re p a ir . W ild -ty p e  p53  
fu n c tio n s  p r im a r ily  to  su p p re s s  n e o p la s tic  g ro w th  b y  in d u c in g  ap o p to s is  111 
an d  c o n tr ib u te s  to  tu m o r  su p p re s s io n  b y  in d u c in g  ce ll c y c le  a rre s t a t G l /S  
c h e c k p o in t in  re s p o n s e  to  D N A  d am a g e , in  o rd e r  to  fa c ilita te  D N A  
re p a ir .112 T h e  p 5 3  is a lso  a n  in d u c e r  o f  a p o p to s is  in  c e r ta in  n o rm a l tis su e s , 
e .g ., m y e lo id  p ro g e n ito rs  a n d  e p ith e lia l s tem  c e l l s .113 I ts  p re se n c e  o r 
a b se n c e  is a n  im p o r ta n t  fa c to r  fo r  th e  d e te rm in a tio n  o f  s e n s itiv ity  o f  n o rm a l 
an d  tu m o r  ce lls  to  a p o p to s is  in d u c in g  b y  D N A  d a m a g in g  th e ra p e u tic  
ag en ts .
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In  a d d itio n  to  r e p re s s in g  bcl-2 g en e  e x p re s s io n , p 5 3  tra n sa c tiv a te s  
th e  e x p re s s io n  o f  a  h o m o lo g o u s  o f  bcl-2 te rm e d  bax.108,114 In  c o n tra s t to  
B c l-2  5 th e  p ro te in  e n c o d e d  b y  bax fu n c tio n s  as  a  p ro m o te r  o f  ce ll dea th . 
Im p o r ta n tly , B a x  a n d  B c l-2  a re  m e m b e rs  o f  a  la rg e  fa m ily  o f  p ro te in s  th a t 
c a n  e i th e r  p ro m o te  o r re p re s s  a p o p to s is ,115 in c lu d in g  B cl-X , m c l-1 , A l ,  
B A K , B a d , an d  B A G -1 .116' 121 T h e se  p ro te in s  c a n  in te ra c t  th ro u g h  
h e te ro d im e r iz a tio n  o r h o m o d im e r iz a t io n .122 T h e  fu n c tio n a l  s ig n if ic a n c e  o f  
th e s e  in te ra c tio n  is a s su m e d  to  re g u la te  th e  m e d ia to rs  in  th e  p a th w a y  o f  
a p o p to s is  a s  su m m a riz e d  b e fo re .

B cl-X  c a n  b e  e x p re s s e d  u n d e r  tw o  d if fe re n t is o fo rm s , re s u lt in g  fro m  
a lte rn a tiv e  o f  B cl-X  m R N A .116 B c l-sL , th a t fu n c tio n s  as  a  d e a th  in h ib ito r , 
is m a rk e d ly  d e v a te d  in  s e v e ra l tu m o rs , w h e re a s  B c l-x S  c o u ld  p ro m o te  ce ll 
d e a th  b y  s e q u e s te r in g  so  th a t  it c a n n o t in te ra c t w ith  B a x  o r  o th e r  p ro te in s .

7.2 Apoptosis in autoimmune disease

U n d e r  n o rm a l c o n d itio n s  o f  th e  im m u n e  sy s te m , a p o p to s is  h as  
im p o r ta n t  ro le s . F o r e x a m p le , a p o p to s is  re d u c e s  th e  a u to re a c tio n  o f  T -ce lls  
in  th e  th y m u s  th a t  is re s p o n s ib le  fo r  s e lf - to le ra n c e  a n d  se le c ts  B -c e lls  in  
ly m p h o id  g e rm in a l c e n te rs  d u r in g  h u m o ra l  im m u n e  re s p o n s e . S o  a  d e fec t 
in  th e  d e le t io n  o f  a u to re a c tiv e  ly m p h o c y te s  b y  a p o p to s is  c a n  p re d is p o s e  to  
a u to im m u n ity .100,102 S o m e e v id e n c e s  in  an im a ls  a n d  h u m a n s  in d ic a te  th a t 
e x te n d e d  su rv iv a l o f  a u to re a c tiv e  ce lls  is  im p lic a te d  in  a t le a s t  tw o  ch ro n ic  
a u to im m u n e  sy n d ro m es : sy s te m ic  lu p u s  e ry th e m a to su s  a n d  rh e u m a to id  
a r th r i t is .100 P a tie n ts  w ith  sy s te m ic  lu p u s  e ry th e m a to su s  h a v e  e le v a te d  lev e ls  
o f  so lu b le  F a s , w h ic h  m a y  c o m p e ti t iv e ly  in h ib it  F a s L -F a s  in te ra c tio n . T he
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re s u lt in g  d e c re a s e  in  F a s -m e d ia te d  a p o p to s is  m a y  c o n tr ib u te  to  th e  
a c c u m u la tio n  o f  a u to im m u n e  c e lls  in  th is  d is e a s e .101

7.3 Apoptosis in viral infection

C e lls  in fe c te d  w ith  a  v iru s  c a n  u n d e rg o  a p o p to s is  a s  a  d e fe n se  
m e c h a n is m  to  p re v e n t  v ira l in fe c tio n . In fe c te d  ce lls  c a n  a lso  e x p re s s  v ira l 
p e p tid e s  in  a s s o c ia tio n  w ith  ce ll su rfa c e  m a jo r  h is to c o m p a tib o li ty  c la ss  1 
m o le c u le s , in  o rd e r  to  b e  re c o g n iz e d  an d  k i l le d  b y  c y to to x ic  T  ce lls . T  ce lls  
w ill in d u c e  a p o p to s is , e ith e r  b y  u s in g  p e r fo r in  to  in tro d u c e  p ro te a s e s  in to  
the  ta rg e t  c e l l ,123 o r b y  a c tiv a tio n  o f  th e  F a s  re c e p to r  o n  its  su rfa c e . A  
n u m b e r  o f  v iru s e s  d is ru p t th e  n o rm a l re g u la tio n  o f  a p o p to s is  w ith in  
in fe c te d  c e lls  to  c irc u m v e n t th e  h o s t  d e fe n se . T o  re a c h  th is  g o a l, v ira l  g en es  
en c o d e  in h ib i to ry  p ro te in s , m o s t  o f  w h ic h  ta rg e t  o n e  o f  th e  tw o  m a in  
c h e c k p o in ts  o f  th e  f in a l c o m m o n  p a th w a y  th a t  le a d s  to  a p o p to s is . T h e  
c o w p o x  v iru s  g e n e , crm A, e n c o d e s  a  p ro te a s e  in h ib ito r  th a t  p re v e n ts  
a p o p to s is  b y  sp e c if ic a lly  in h ib i t in g  IC E , a  k e y  p ro te a se  in  th e  f in a l p a th w a y  
o f  F a s  a n d  tu m o r  n ec ro sis-O M n ed ia ted  ce ll d ea th .

O th e r  v ira l  g en e s  en c o d e  a  p ro te in  w ith  s tru c tu ra l a n d  fu n c tio n a l 
s im ila r it ie s  w ith  Bcl-2 in c lu d in g  BHRF-1 g en e  o f  E p s te in  B a r r  v im s , th e  
LMW5-HL g e n e  o f  A fr ic a n  sw in e  fe v e r  v im s , a n d  th e  E lB  g e n e  o f  
a d e n o v im s .104,124,125 T h e  p ro d u c t o f  so m e  v ira l g en e , e .g ., L M P -1  fro m  
E b s te in -B a r r  v im s , c a n  u p re g u la te  Bcl-2 to  a l lo w  th e  e s ta b lis h m e n t o f  v ira l 
la te n c y .126
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T h e  m e c h a n is m  b y  w h ic h  th e  p53 g e n e , id e n tif ie d  in  b a c u lo v iru s  as  a  
p o ten t in h ib i to r  o f  a p o p to s is , in h ib its  c e ll d e a th  in  in fe c te d  ce lls  is  s till n o t 
u n d e rs to o d . In tr ig u in g ly , a n o th e r  b a c u lo v iru s  g e n e  th a t  in h ib its  a p o p to s is , 
n am e ly  in h ib i to r  o f  a p o p to s is  p ro te in  (LA P), is  an a lo g o u s  to  a  g en e  
in v o lv e d  in  th e  p a th o g e n e s is  o f  a  re c e s s iv e  n e u ro d e g e n e ra tiv e  d iso rd e r  
o b se rv ed  in  c h i ld r e n .126 A lth o u g h  b io c h e m ic a l  m e c h a n ism s  b y  w h ic h  v ira l 
p ro te in s  in h ib i t  c e ll  d e a th  re m a in  p o o r ly  e x p la in e d , n itr ic  o x id e  p ro d u c e d  
b y  h u m a n  B - ly m p h o c y te s  w a s  re c e n tly  re p o r te d  to  c o n tr ib u te  to  th e  
m a in te n a n c e  o f  v ira l  la te n c y  in  d o w n  re g u la t in g  th e  e x p re ss io n  o f  th e  
E p s te in  B a r r  v im s  e a r ly  a n t ig e n .128

7.4 Apoptosis in AIDS

A ID S  is c h a ra c te r iz e d  b y  a  p ro g re s s iv e  a n d  se le c tiv e  d e p le tio n  o f  th e  
C D 4 + p o p u la t io n  o f  T - ly m p h o c y te s . T h e  e x a c t  m e c h a n ism s  b y  w h ic h  th e  
h u m a n  im m u n e  d e f ic ie n c y  v iru s -1 (H IV -1 )  k il ls  im m u n e  ce lls  is  n o t 
u n d e rs to o d . M o s t  T - c e lls  th a t d ie  d u r in g  H IV  in fe c tio n  d o  n o t a p p e a r  to  b e  
in fe c te d  w ith  v im s  a n d  th e  n u m b e r  o f  a p o p to tic  T -c e lls  d o es  n o t c o rre la te  
w ith  p ro g re s s io n  o f  d is e a s e .129 N e v e r th e le s s , a  g ro w in g  b o d y  o f  
e x p e rim e n ta l e v id e n c e  su g g e s ts  a  ro le  fo r  a p o p to s is  in  C D 4 + T -c e ll 
d ep le tio n . E n h a n c e d  a p o p to s is  h as b e e n  o b s e rv e d  in  p r im a te  m o d e ls  o f  
len tiv ira l in fe c tio n s , a s  w e ll as in  ly m p h o c y te s  an d  ly m p h  n o d e s  fro m  
A ID S  p a tie n ts . P ic o m o la r  c o n c e n tra tio n  o f  so lu b le  v ira l  p ro d u c t, g p l2 0 ,  
w e re  re p o r te d  to  p r im e  h u m a n  C D 4 + T -c e lls  fo r  a c tiv a tio n - in d u c e d  ce ll 
d e a th .130 M o re  re c e n tly , H IV -1  T a t p ro te in  w a s  sh o w n  to  in d u c e  c e ll  d e a th  
by  a p o p to s is  in  T -c e l l  l in e s  an d  in  m o n o n u c le a r  p e r ip h e ra l  b lo o d  ce lls  fro m  
u n in fe c te d  d o n o r s .131 T a t p ro te in  w a s  sh o w n  to  in d u c e  in  T -c e lls  a
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p re m a tu re  a c tiv a tio n  o f  c y c lin -d e p e n d e n t k in a s e s , a n  e v e n t th a t h a s  b e e n  
a s so c ia te d  w ith  a p o p to s is  in d u c tio n  in  sev e ra l o th e r  c e ll  sy s te m s .89

F a s  c o u ld  b e  in v o lv e d  in  th e  d e a th  o f  C D 4 + T -c e l ls  d u r in g  th e  c o u rse  
o f  an  H IV  in fe c t io n .132 H u m a n  T -ce ll lin e s , t r a n s fo rm e d  w ith  H IV , are  
m o re  se n s itiv e  to  F a s  m e d ia te d  a p o p to s is  th a n  p a re n ta l  ce lls . F a s  is h ig h ly  
e x p re s s e d  o n  T -c e lls  o f  m ic e  w ith  re tro v iru s - in d u c e d  im m u n o d e f ic ie n c y  
sy n d ro m e  a n d  o n  T - ly m p h o c y te s  o f  H IV -in fe c te d  c h ild re n . T h e  c u rre n t 
h y p o th e s is  is th a t  H IV -1  T a t an d  g p l2 0  a c c e le ra te  F a s  m e d ia te d , 
a c tiv a tio n - in d u c e d  T -c e lls  a p o p to s is , th e re fo re  c o n tr ib u t in g  to  C D 4 + T -ce ll 
d e p le tio n  d u r in g  th e  c o u rs e  o f  A ID S .131 L y m p h o c y te  a p o p to s is  h a s  a lso  
re c e n tly  b e e n  in v o lv e d  in  th e  p a th o g e n e s is  o f  le u k e m ia - lik e  d ise a se  
in d u c e d  b y  th e  h u m a n  T - ly m p h o c y te s  v iru s -1 (H T L V -1 )  in fe c te d  T -c e lls  
an d  v ira l ly - in d u c e d  a b o r tiv e  a c tiv a tio n  o f  T -c e lls  m a y  b e  a  re sp o n se  to  
se v e ra l o th e r  v ira l in fe c tio n  in  m a m m a ls .133

7.5 Hematological diseases

H e m a to p o ie tic  g ro w th  fa c o rs , in c lu d in g  s te m  c e ll  g ro w th  fa c to r , 
c o lo n y -s t im u la t in g  fa c to rs , e ry th ro p o ie tin  a n d  th ro m b o p o ie t in , p la y  a  k e y  
ro le  in  th e  re g u la tio n  o f  h e m a to p o ie s is . T h ese  fa c to rs  w e re  d e m o n s tra te d  to  
ac t, in  p a r t , b y  p ro m o tin g  th e  su rv iv a l o f  p ro g e n ito r  c e lls , b y  su p p re ss in g  
a p o p to s is  d u r in g  th e  d if fe re n tia tio n  o f  in tr in s ic a lly  c o m m itte d  
p ro g e n ito r s .134,135 O v e re x p re s s io n  o f  Bcl-2 p re v e n ts  a p o p to s is  o f  
h e m a to p o ie tic  c e lls  in d u c e d  b y  g ro w th  fa c to r  w i th d r a w a l .136 H e m a to lo g ic a l 
d ise a se s , su c h  as  m y e lo d y sp la s t ic  sy n d ro m e s , a p la s t ic  a n e m ia , c h ro n ic  
n e u tro p e n ia  o r s e v e re  (3 -thalassem ia  are  a s so c ia te d  w ith  in c re a s e d  a p o p to tic  
ce ll d e a th  w ith in  th e  b o n e  m arro w . T h e  m e c h a n is m s  b y  w h ic h  in c re a se d
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a p o p to tic  c e ll  d e a th  is in v o lv e d  in  th e  e tio lo g y  o f  th e s e  d ise a s e s  re m a in s  
u n e x p la in e d  a n d  c o u ld  in v o lv e  s tro m a  ce ll d e f ic ie n c ie s , g en e  d e re g u la tio n  
an d  d ire c t  e ffe c ts  o f  to x in s  o r m e d ia to rs  o f  th e  im m u n e  re s p o n s e .89

7.6 Apoptosis in neurodegenerative disorders

T h e  sa m e  m e c h a n ism s  c o u ld  a p p ly  fo r  th e  in c re a s e d  a p o p to s is  o f  
sp e c if ic  se ts  o f  n e u ra l ce lls  d e s c r ib e d  in  se v e ra l n e u ro lo g ic a l  d is e a s e s  su ch  
as  A lz h e im e r ’ร an d  P a rk in s o n ’s d ise a se s , o r  c e re b e lla r  d e g e n e ra tio n . T h e 
h e m a to p o ie tic  g ro w th  fa c to rs , se v e ra l a p e c ific  a n d  le s s  s p e c if ic  g ro w th  
fa c to rs , a n d  e x tra c e llu la r  m a tr ix  p re v e n t n e u ra l ce ll a p o p to s is , an  e f fe c t th a t 
c a n  b e  m im ic k e d  b y  o v e re x p re s s io n  o f  Bcl-2 in  th e  n e u ra l  c e lls . S ev e ra l 
g en e  m u ta tio n s  th a t le a d  to  in c re a s e d  ap o p to tic  c e ll d e a th  w e re  id e n tif ie d  in  
n e u ro d e g e n e ra t iv e  d iso rd e rs . M u ta t io n  in  a  su p e ro x id e  d ism u ta s e  g ene 
w e re  id e n tif ie d  in  p a tie n ts  w ith  a u to s o m a l d o m in a n t a m y o tro p h ic  la te ra l 
s c le ro s is .137 T h e se  m u ta tio n s  d e c re a se  th e  a b ili ty  o f  m o to r  n e u ro n s  to  
d e to x ify  o x y g e n -f re e  ra d ic a ls . M u ta tio n s  in  a n y  o f  th e  th re e  p h o to re c e p to r -  
sp e c if ic  g e n e s  le a d  to  p h o to re c e p to r  a p o p to s is  a n d  re t in a l  d e g e n e ra tio n  
o b s e rv e d  in  p a tie n ts  w ith  re t in a l  p ig m e n to s a .138 E ith e r  d y s fu n c tio n  o f  th e  
m u ta te d  p ro te in  o r  its  a c c u m u la tio n  c o u ld  b e  re sp o n s ib le  fo r  in c re a se d  
a p o p to s is . M u ta tio n s  in  th e  n e u ro n a l a p o p to s is  in h ib i to ry  p ro te in  (N A IP ) 
g en e , a  g e n e  h o m o lo g o u s  to  IA P  fro m  b a c u lo v iru s , h a v e  b e e n  id e n tif ie d  in  
sp in a l m u s c u la r  a tro p h y  a n d  m a y  d e c re a se  th e  a p o p to tic  th re s h o ld  o f  sp in a l 
c o rd  n e u ro n s .127
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8. Methods for the detection of apoptosis

N u m e ro u s  m e th o d s  o f  in d u c e d  a p o p to s is  a re  u se d  fo r  th e  in d u c tio n  
o f  a p o p to s is  in vitro fo r  sc ie n tif ic  s tu d ie s . T h e re  a re  a  n u m b e r  o f  
la b o ra to ry  p ro c e d u re s  a v a ila b le  fo r  d e te c tin g  a n d  q u a n tify in g  le v e ls  o f  
a p o p to s is  in  c e ll  c u ltu re s . T h e  s im p le s t  o f  th e s e  is an  e x a m in a tio n  o f  th e  
m o rp h o lo g y  o f  c e lls  th a t a re  s ta in e d  w ith  d y e s  su c h  as h e a m a to x y lin  an d
„ • 139,140eosin .

A n  a l te rn a tiv e  m e th o d  th a t  is  w id e ly  u se d  is e x tra c tio n  an d  an a ly s is  
o f  D N A  o n  a g a ro s e  e le c tro p h o re s is  g e ls  to  d e te c t  in te m u c le o s o m a l D N A  
fra g m e n ta tio n . T h e  D N A  sa m p le s  w e re  e le c tro p h o re tic a lly  s e p a ra te d  in  
1%  a g a ro se  g e l c o n ta in in g  e th id iu m  b ro m id e . D N A  w a s  v isu a liz e d  w ith  a 
บ V  tra n s il lu m in a to r , a n d  th e  g e ls  w e re  p h o to g ra p h e d . T h e  te ll- ta le  la d d e r  
p a tte rn  is a n  in d ic a to r  o f  ce ll d e a th  v ia  a p o p to s is .141' 143 T h e  d e g re e  o f  D N A  
fra g m e n ta tio n  th a t  o c c u rs  d u r in g  th e  a p o p to tic  p ro c e s s  is  se n s itiv e  fo r 
d e te c t  a p o p to t ic  c e l ls  v ia  m e th o d , su c h  as , th e  in situ te rm in a l 
d e o x y n u c lé o tid y l t ra n s fe ra s e  (T d T ) a s sa y , u s in g  d ig o x ig e n in  la b e le d  
n u c le o tid e s  b y  T d T  re a c tio n  a t  th e  3 ;-0 1 1  e n d  o f  th e  D N A  fra g m e n ta tio n . 
T h e  in c o rp o ra te d  d ig o x ig e n in -n u c le o tid e s  w ith in  th e  ce lls  w e re  d e te c te d  
w ith  f lu o re s c e in  la b e le d  a n tid ig o x ig e n in  a n tib o d ie s . T h e  a n tid ig o x ig e n in  
a n tib o d ie s  f ra g m e n t  c a rr ie s  a  f lu o ro p h o re  ( f lu o re sc e in )  to  th e  re a c tio n  site . 
W h e n  e x c ite d  b y  l ig h t  o f  4 9 4  m n  w a v e le n g th , th e  f lu o re s c e in  g e n e ra te s  an  
in te n se  s ig n a l a t  5 23  run. F in a lly , th e  c e lls  w e re  c o u n te r  s ta in e d  w ith  4 ,6 - 
d ia m in o -2 -p h e n y lin d o le  (D A P I). D A P I  w ill  s ta in  th e  n u c le i a n d  th e se  
f lu o re s c e in  la b e le d  a p o p to tic  n u c le i  w e re  d e te c te d  b y  f lu o re sc e n c e  
m ic ro s c o p e  (F ig u re  6 ) .141-145
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T h e  f lu o re s c e n c e  a n a ly s is  o f  D N A  u n w in d in g  (F A D U ) a s sa y  h a s  
b e e n  u se d  to  m e a s u re  D N A  s in g le  s tra n d  b re a k s , D N A  d o u b le  s tra n d  b re a k , 
a lk a li- la b e lle d  le s io n  a n d  d e te c te d  D N A  fra g m e n ta t io n  w h ic h  a s so c ia te d  
w ith  a p o p to tic  n u c le i. W h e n  d o u b le -s tra n d  D N A  is e x p o se d  to  m o d e ra te ly  
a lk a lin e  so lu tio n s , h y d ro g e n  b o n d s  a re  b ro k e n  a n d  th e  2 s tra n d s  are  
u n w o n d . I t h a s  b e e n  o b se rv e d  th a t th e  ra te  o f  u n w in d in g  o f  D N A  
fra g m e n ts  in  a lk a l i  is  in c re a se d  b y  p r io r  e x p o s u re  o f  ce lls  o f  D N A  
u n w in d in g  w h ic h  c a n  b e  u se d  as  a  se n s itiv e  m e a s u re  o f  s tra n d  b re a k .145,146

C o m e t a s s a y  o r  th e  s in g le -c e ll g e l e le c tro p h o re s is  is a  s im p le , ra p id  
an d  in e x p e n s iv e  m e th o d  fo r  D N A  s tra n d  b re a k  d e te c tio n  in  in d iv id u a l ce ll. 
B e c a u se  a p o p to s is  is  c h a ra c te r iz e d  b y  e x te n s iv e  D N A  c le a v a g e , th is  a s sa y  
h as p ro v e d  to  b e  u s e fu l  in  d e te c tin g  a p o p to tic  c e lls  as  th o se  in  w h ic h  o n ly  
a  sm a ll a m o u n t o f  D N A  s ta y s  in  th e  o rig in a l p o s i t io n  o f  th e  n u c le u s .147
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The lymphocyte system

L y m p h o c y te s , th e  ce lls  th a t a re  v ita l to  th e  im m u n e  sy s te m , are  
d e riv e d  f ro m  s te m  ce lls  th ro u g h  ly m p h o id  lin e a g e . T h e y  a c c o u n t fo r  2 0  to  
40  %  o f  th e  e n tire  c irc u la tin g  w h ite  b lo o d  ce lls . L y m p h o c y te s  c o m p rise s  o f  
T  ce lls  (65  to  75 % ), B  ce lls  (1 0  to  15 % ) a n d  N K  ce lls  (5 to  15 % ). In  
a d d itio n  to  a p p e a r in g  in  c ir c u la tin g  ly m p h o c y te s , th e y  are  a lso  fo u n d  in  th e  
ly m p h o id  o rg a n s  su c h  as  th y m u s , sp le e n , ly m p h  n o d e  a n d  th e  l ik e .148

T lymphocytes

S tem  c e lls  in  th e  y o lk  sa c , th e  liv e r , th e  sp le e n  o r th e  b o n e  m a rro w  
w ill t ra n s fo rm  in to  p re c u rs o r  o f  T  ly m p h o c y te s  c a lle d  p re -T  ce lls  an d  tra v e l 
to  th e  th y m u s , o n e  o f  th e  p r im a ry  ly m p h o id  o rg an s . In  th e  th y m u s , p re -T  
ce lls  w ill  t ra n s fo rm  in to  th y m o c y te s . T h e se  ce lls  w ill p ro life ra te  a n d  th e n  
tra v e l f ro m  th e  th y m u s  to  th e  p e r ip h e ra l  ly m p h o id  o rg a n s , su c h  as  th e  
ly m p h  n o d e , th e  sp le en , e tc ., w h e re  m a tu re  ly m p h o c y te s  tra n s it  to  th e  
b lo o d . T h e  ly m p h o c y te s  d e r iv e d  fro m  s te m  c e lls  v ia  th e  th y m u s  a re  te rm e d  
T - ly m p h o c y te s  o r  T -c e ll (T  s ta n d s  fo r  th y m u s  d e r iv e d  o r  th y m u s  
d ep e n d e n t) . T h e y  fu n c tio n  in  th e  C e ll M e d ia te d  Im m u n ity  (C M I)- ty p e  
A cq u ire d . T - ly m p h o c y te s  in  th e  b o d y  c a n  b e  c la ss if ie d  in to  v a r io u s  ty p e s  
a c c o rd in g  to  fu n c tio n :

1. R e g u la to ry  ce ll is  th e  T  ly m p h o c y te  th a t  fu n c tio n s  in  c o n tro llin g  
th e  h u m o ra l  im m u n e  sy s tem . I t c o n tro ls  th e  fu n c tio n s  o f  th e  T  
a n d  B  ly m p h o c y te s . T h e re  a re  tw o  ty p e s  o f  re g u la to ry  ce ll:

1.1 H e lp e r  T  ce ll is  th e  T  ly m p h o c y te  th a t  p ro m o te s  th e  
fu n c tio n s  o f  o th e r  B  an d  T  ly m p h o c y te s .
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1.2 S u p p re s so r  T  ce ll is th e  T  ly m p h o c y te  th a t d e c re a se s  th e  
fu n c t io n  o f  o th e r  ly m p h o c y te s .

2. L y m p h o k in e -p ro d u c in g  T  ly m p h o c y te  is re s p o n s ib le  fo r C M I,
i.e . th e  p ro d u c tio n  an d  th e  re le a se  o f  ly m p h o k in e s .

3. C y to to x ic  o r  K il le r  T  ce ll is th e  T  ly m p h o c y te  th a t  is c a p a b le  o f  
d e s tro y in g  o th e r  ce lls , fo r e x a m p le , th e  d e s tru c tio n  o f  fo re ig n  
ce lls .

4. T  ly m p h o c y te  th a t  is  re sp o n s ib le  fo r  t ra n s p la n ta tio n  im m u n ity  
lik e  g ra f t  r e j e c t io n .148-150

B lymphocytes

T h e  B  ly m p h o c y te  is a n o th e r  c la s s  o f  ly m p h o c y te s  d e r iv e d  fro m  
s tem  ce lls . In  th e  s tu d y  o f  p o u ltry , it w a s  fo u n d  th a t  s te m  ce lls  in  th e  y o lk  
sac  tra v e l to  b u rs a  o f  fa b r ic iu s , a  tin y  o rg a n  n e x t  to  th e  la rg e  in te s tin e  n e a r  
c lo aca . T h e  b u rs a  o f  fa b r ic iu s  in f lu e n c e s  th e  s te m  c e lls  to  tra n s fo rm  a n d  
p ro life ra te  in to  a  la rg e  n u m b e r  o f  m a tu re  ly m p h o c y te s  a n d  th e n  tra n s it  to  
the  ly m p h  n o d e s , th e  sp le e n  o r th e  b lo o d . T h e  ly m p h o c y te  d e riv e d  fro m  
b u rsa  o f  fa b r ic iu s  is  te rm e d  B  ly m p h o c y te  o r  B  c e ll  (B  s ta n d s  fo r  b u rsa l 
d e riv e d  o r b u rs a l  d e p e n d e n t) .148' 150

In  th e  m a m m a l, an  o rg a n  fu n c tio n s  fo r  th e  d e v e lo p m e n t o f  B 
ly m p h o c y te s  is  th o u g h t  to  b e  th e  liv e r in  th e  fe tu s  o r  th e  b o n e  m a rro w  in  
the  ad u lt. T h e s e  B  ly m p h o c y te s  are  r e s p o n s ib le  fo r  H u m o ra l M e d ia te d  
Im m u n ity  (H M I)- ty p e  A c q u ire d  im m u n e  m e c h a n is m .148' 150
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Lymphocyte recirculation

T h e  m a jo r i ty  o f  ly m p h o c y te s  p re se n te d  in  th e  b lo o d , th e  tis su e , th e  
ly m p h  n o d e s  a n d  th e  o rg a n s  a re  g en e ra lly  c irc u la te d  a ll th e  tim e . T h e  
ly m p h o c y te s  in  th e  p e r ip h e ra l  b lo o d  w ill e n te r  th e  ly m p h o id  tissu e , p ass  
th ro u g h  e n d o th e lia l  c e lls  o f  c a p illa ry  v e n u e s  v ia  d ia p e d e s is  p ro ce ss . S om e 
o f  th o se  ly m p h o c y te s  w ill  e x is t  in  th e  tissu e . T h e  re m a in in g  ly m p h o c y te s  
w ill m o v e  to  ly m p h a tic  c irc u la tio n , e n te r  th e  ly m p h  n o d e  v ia  a ffe re n t 
ly m p h a tic  v e sse l, p a s s  th ro u g h  c o rte x  an d  m e d u lla , a n d  e x it v ia  e ffe re n t 
ly m p h a tic  v e sse ls . T h e s e  ly m p h o c y te s  th e n  tra v e l v ia  th o ra c ic  d u c t to  
c irc u la te  in  th e  h e a r t  a n d  re c irc u la te  to  th e  b lo o d  v ia  th e  a r te ry  f lo w in g  to  
se v e ra l o rg a n s , fo r in s ta n c e , th e  lu n g , th e  sp le e n , th e  liv e r  an d  th e  
c u ta n e o u s  t i s s u e s .148-150

T h e  ly m p h o c y te  re c irc u la tio n  re q u ire s  th e  tra n s m is s io n  o f  d a ta  
a m o n g  th e  b lo o d  sy s te m , th e  ly m p h  an d  th e  a re a  w h e re  a n tig e n  f lo w in g  
w ith  ly m p h o id  t is s u e s  fo r  th e  c o n d itio n  o f  im m u n e  r e s p o n s e .148-150

T h e re  a re  tw o  c la s s e s  o f  c irc u la tin g  ly m p h o c y te s : n a tiv e  T  ce lls  
(C D 4 5 R A +) th a t  d ire c tly  e n te r  th e  ly m p h  n o d e s , a n d  m e m o ry  T  ce lls  
(C D 4 5 R O +) th a t  u s u a lly  t ra v e l  to  th e  a rea s  w h e re  a n tig e n  a p p e a rs  an d  th e  
in f la m e d  a re a s  a ro u n d  th e  t is s u e s  lik e  m u c o sa l ly m p h o id  t is s u e  an d  P e y e r ’s 
p a tc h e s , e tc . T h e se  e f fe c to r  ce lls  w h ic h  a re  re s p o n s ib le  fo r  th e  im m u n e  
re sp o n se  a re  s h o r t- l iv e d  w ith  a  life  sp an  o f  a b o u t 2 -4  d a y s  to  1-2 w e e k s .150
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Unilateral ureteral obstruction (UUO) and immune cell

T h e  s tu d y  o f  im m u n e  ce ll fe a tu re s  su b je c te d  to  U U O 12 fo u n d  th a t 
th e re  is a n  in c re a s e d  in flu x  o f  le u k o c y te s  w ith in  th e  o b s tru c te d  k id n e y . A  
le u k o c y te  in f lu x , p re d o m in a n tly  m a c ro p h a g e s  an d  T  ly m p h o c y te s ; e ith e r 
c y to to x ic  T  c e lls  o r su p p re s so r  T  ly m p h o c y te s , o cc u r in  b o th  th e  c o r te x  an d  
m e d u lla . A n  in c re a s e  in  le u k o c y te  in f il tra tio n  is a p p a re n t as  e a rly  as 4 
h o u rs  a n d  is a t th e  m a x im u m  le v e l a f te r  2 4  h o u rs  o f  o b s tru c tio n , in c re a s in g  
1 0 -fo ld  h ig h e r  th a n  n o rm a l. In  a d d itio n , it is a lso  fo u n d  th a t  th e re  is an  
in c re a s e  in  h e lp e r  ce ll su b p o p u la tio n  o f  c irc u la tin g  T  ly m p h o c y te s .12

A  m e c h a n is m  o f  th e  in f i l tra t io n  o f  m a c ro p h a g e s  a n d  ly m p h o c y te s  
w ith in  th e  k id n e y  t is s u e  re su lts  f ro m  in c re a s in g  lev e ls  o f  A n g  II in  U U O .13 
A n g  II  s tim u la te s  th e  e x p re s s io n  o f  m o n o c y te  c h e m o a ttra c ta n t  p e p tid e -1 
(M C P -1 )  a n d  o s te o p o n tin  g ro w th s .151 B o th  M C P -1  a n d  o s te o p o n tin  in d u ce  
in f la m m a to ry  c e lls , p a r t ic u la r ly  m a c ro p h a g e s  an d  ly m p h o c y te s  in  th e  
k id n e y  a n d  th e s e  ce lls  b in d  to  tu b u la r  a n d  e n d o th e lia l  ce lls  w ith  a d h e s io n  
m o le c u le s  su c h  as  in te rc e llu la r  a d h e s io n  m o le c u le -1 ( IC A M -1 )  o r v a sc u la r  
ce ll a d h e s io n  m o le c u le -1 (V C A M -1 ) . M a c ro p h a g e s  a n d  ly m p h o c y te s  
d e riv e  c y to k in e s , su c h  as  tra n s fo rm in g  g ro w th  fa c to r-  (3 (TG F-J3), u p - 
re g u la te d  d ire c tly  b y  A n g  n ,  th a t p la y s  a  p iv o ta l ro le  in  th e  p ro g re s s io n  o f  
re n a l d is e a s e s .152' 156 T G F - (3 in h ib its  ce ll g ro w th  a n d  s tim u la te s  m a trix  
r e g e n e ra tio n  b y  in c re a s in g  th e  s y n th e s is  o f  m a tr ix  re c e p to rs  lik e  in te g ra ls  
an d  o s te o p o n tin . In  a d d itio n , T G F -  (3 in h ib its  m a tr ix  d e g ra d a tio n  b y  
in c re a s in g  th e  a c tiv ity  o f  t is s u e  in h ib i to rs  o f  m e ta llo p ro te in a s e s  (T IM P ) and  
b y  d e c re a s in g  th e  a c tiv ity  o f  m e ta llo p ro te in a s e s  re s u lt in g  in  th e  e x p a n s io n  
o f  m a tr ix  a n d  in te rs ti t ia l  f ib ro s is . F u r th e rm o re , T G F - p is a  c h e m o a ttra c ta n t 
fo r f ib ro b la s ts  a n d  s tim u la te s  f ib ro b la s ts  p ro life ra tio n .157,158 A c c o rd in g  to
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th e  s tu d ie s , a c t iv a t io n  o f  T G F - p is  a t te n u a te d  w h e n  a n g io te n s in  1 re c e p to r  
a n ta g o n is t  (A R A ) o r  w h e n  a n g io te n s in  c o n v e r t in g  e n z y m e  in h ib i to r  (A C E I)  
are  u s e d .154 157-161

u u o  and apoptosis

u u o  is  a  c o n d itio n  th a t c a u se s  re m a rk a b le  c h a n g e s , i.e . tu b u la r  ce ll 
ap o p to s is . T h is  p ro b a b ly  a c c o u n ts  fo r  a  re n a l  t is su e  lo s s 158,162' 164 w h ic h  
u ltim a te ly  re f le c ts  th e  im b a la n c e  o f  c e ll p ro l ife ra t io n  a n d  ce ll d ea th , u u o  
so m e h o w  e le v a te s  th e  lev e ls  o f  A n g  II th a t  p ro m o te s  a c tiv a tio n  o f  R O S  an d  
d e c re a se s  p ro c e s s  o f  a n tio x id a n t158,165 in  th e  b o d y . R O S  e le v a te  a c tiv a tio n  
o f  e n d o n u c le a s e s  w h ic h  in  tu rn  re s u lt  in  tu b u la r  c e ll a p o p to s is .166

T h e  p re l im in a ry  s tu d ie s  o f  a  ro le  fo r  A n g  II  s h o w e d  th a t  w h e n  A C E I 
w e re  u s e d , e n a la p r i l  d e c re a se d  tu b u la r  c e ll  a p o p to s is  a n d  p a r t ia l ly  
p re v e n te d  th e  re n a l  t is su e  lo ss  in  th e  e a r ly  p h ra s e s  o f  U U O .167 In  a d d itio n , 
M o rr is se y  e t  al. r e p o r te d  th a t A T 2 a n ta g o n is t  d id  n o t im p ro v e  in te rs ti t ia l  
f ib ro s is  in  k id n e y  w ith  u u o ,  b u t  m ig h t b lu n t  o r d e la y  tu b u la r  ce ll 
a p o p to s is  b y  d e c re a s in g  p 5 3  e x p re s s io n .168 p 5 3  is a  tu m o r  su p p re s so r  g ene . 
T h e  m a in  fu n c t io n  o f  w h ic h  in  th e  a r re s t  o f  c e ll  cy c le  b e tw e e n  G 1 a n d  ร 
p h ra se s  is to  a c tiv a te  p 2 1 , an  in h ib i to r  o f  G l-c y c l in /C D K  a n d  P C N A  
(p ro life ra tin g  c e ll  n u c le a r  an tig en ). B e s id e s , p 5 3  a lso  a c tiv a te s  G A D D 4 5  
(g ro w th  a r re s t  a n d  D N A  d a m a g e  4 5 )  w h ic h  p la y s  a  ro le  in  th e  G1 a r re s t  o f  
ce ll cy c le  to  r e p a i r  d a m a g e d  D N A  b e fo re  th e  o n g o in g  p ro g re s s io n . I f  D N A  
re p a ir  fa ils , i t  m a y  th e n  le a d  to  ce ll a p o p to s is .169 M o rr is s e y  e t al. e m p lo y e d  
re v e rse  t r a n s c r ip ta s e  p o ly m e ra s e  c h a in  re a c t io n  a n d  re p o r te d  a  1 3 -fo ld  
in c re a se  in  th e  le v e l  o f  p 53  M m a  in  5 d a y s  a f te r  u u o . 170 In  a n o th e r  s tu d y  
by  C u m m in g s , m e a s u r in g  m R N A  d ire c tly  o n  N o r th e rn  b lo ts , a  c o n s ta n t
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2 .5 -fo ld  in c re a s e  in  p 5 3  m R N A  le v e l in  th e  o b s tru c te d  k id n e y  w a s  
o b se rv e d  f ro m  d a y  2 th ro u g h o u t d ay  14. T h is  in c re a s e  w a s  a s so c ia te d  w ith  
a  p ro g re s s iv e  in c re a s e  o f  tu b u la r  ce ll a p o p to s i s .171

In  1 9 9 7 , M a  e t  al. s tu d ie d  k id n e y s  o f  A T 2 re c e p to r  n u ll m u ta n t m ic e  
w ith  u u o  a n d  n o te d  th e  sam e  d eg re e  o f  in te rs t i t ia l  f ib ro s is  im p ro v e m e n t, 
b u t m u c h  le s s  tu b u la r  c e ll a p o p to s is .172 A  re p o r t  b y  C h e v a lie r  e t al. 
su g g e s te d  th a t  A n g  I I  s tim u la te d  re n a l c e ll  p ro life ra tio n  th ro u g h  A T i 
re c e p to r  in  k id n e y s  o f  b o th  n e o n a ta l a n d  a d u lt  ra ts  w ith  u u o ,  b u t in d u c e d  
tu b u la r  c e ll  a p o p to s is  o n ly  in  a d u lts .173 H o w e v e r , th e  m e c h a n ism  o f  A n g  II 
re m a in s  u n c le a r .

T  ly m p h o c y te s  m e d ia te  n o t o n ly  T G F -  p b u t a lso  so m e  c y to k in e s . 
T h e  m a jo r  c y to k in e  is T N F  c o m p ris in g  T N F - p an d  TNF-(X. T N F - p 
fe a tu re s  d e s tro y  a s  w e ll  a s  s tim u la te  a p o p to s is  p ro c e s s . O n  th e  o th e r  h a n d , 
T N F - p a lso  c o u ld  p ro m o te  th e  g ro w th  o f  c e lls  su c h  as f ib ro b la s t an d  
ac tiv a te d  B  ly m p h o c y te s .174 W h ile  TNF-(X h a s  a  w id e  sp e c tru m  o f  
c o n se q u e n c e s  o n  c e lls  a n d  sy s tem s b y  s tim u la tin g  e n d o th e lia l  ce lls  o f  b lo o d  
v e sse l to  d isp la y  a d h e s io n  m o le c u le s  a t th e  su rfa c e . T h is  is  su ita b le  fo r  th e  
le u k o c y te s , p a r t ic u la r ly  n e u tro p h ils  an d  m o n o c y te s , to  b in d  an d  tra n s m is s  
fro m  th e  v e s se l to  c o n ta m in a te d  tis su e s . M o re o v e r , TNF-(X a lso  s tim u la te s  
m o n o n u c le a r  p h a g o c y te s  lik e  m o n o c y te s  a n d  m a c ro p h a g e s  th a t  can  
sy n th es ize  o th e r  c y to k in e s  su ch  as  IL -1 , IL -6 , TNF-(X, c h e m o k in e s , etc . 
TNF-(X le a d s  to  c e ll  a p o p to s is  b y  in itia lly  b in d in g  to  re c e p to rs , s ig n a lin g  
in te rn a l ly  th ro u g h  F a d d  to  c a sp a se  e n z y m e s  a n d  th e n  s tim u la tin g  
tra n s c r ip tio n a l fa c to rs  th a t  in d u c e  a p o p to tic  g e n e s  su c h  a s  B ax , p 5 3  an d  so 
o n 167, w h ic h  e v e n tu a l ly  c o n tr ib u te  to  th e  p ro g re s s io n  o f  a p o p to s is .
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T h e  รณd ie s  h a v e  d e m o n s tra te d  th a t ly m p h o c y te s  h a v e  a  re le v a n t 
fo n c tio n  to  im m u n e  sy s te m . T h a t  is , B  ly m p h o c y te  c e lls  in d u c e  an tib o d y  o r 
im m u n o g lo b u lin  in  h u m o ra l  im m u n e  re sp o n se  s t im u la t in g  b y  a n tig e n  an d  
o th e r  c e lls , su c h  as  T  ly m p h o c y te s  an d  m a c ro p h a g e . A s id e  fro m  
s tim u la tin g  B  ly m p h o c y te s  to  in d u c e  a n tib o d y , T  ly m p h o c y te s  a lso  o p e ra te  
as  ce ll m e d ia te d  im m u n e  re s p o n s e  lik e  c y to to x ic  T  c e ll  w h o s e  fo n c tio n  is to  
e ra d ic a te  ta rg e t c e lls , n u ll  c e lls  (n o n -B  n o n -T  c e lls )  o r  n a tu ra l k il le r  ce lls  
w h o s e  fo n c tio n  is to  d e s tro y  fo re ig n  s tu f f  o r c a n c e r  c e lls  b y  f lo w in g  n a tu ra l 
k i l le r  c y to to x ic  fa c to r  (N K C F ) , e tc .174

In  a  s tu d y  o f  c h ro n ic  re n a l  fa i lu re 17 in  ra ts  w ith  in c re a s in g  lev e ls  o f  
A n g  I I  a n d  R O S , it w a s  fo u n d  th a t D N A  d a m a g e  o f  c irc u la tin g  
ly m p h o c y te s  in c re a s e d  th e  p ro g re s s io n  o f  ly m p h o c y te  a p o p to s is  an d  A R A  
c o u ld  in h ib it  su c h  D N A  d a m a g e .17 F u r th e rm o re , w h e n  su p p lie d  A C E I to  
ra ts  w ith  c h ro n ic  re n a l fa ilu re , th e  le v e l o f  a n tio x id a n t e n z y m e s  in c re a s e d .18 
T o  d a te , th e re  is n o  s tu d y  o f  บ บ o  re la te d  to  c ir c u la tin g  ly m p h o c y te  
a p o p to s is  as  w e ll  a s  th e  ro le  o f  a n g io te n s in  sy s te m  o n  th is  re g a rd .
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