
Death is characterized as the state described by 
the end of indications of life and is caused by func-
tional irregularity. Cell death is genetically controlled 
and can be categorized into programmed, such as 
apoptosis and autophagy, and unprogrammed, such 
as necrosis. Apoptosis is an active self-destruction 
process, which is influenced by a diversity of stimuli 
that induce highly similar structural changes. These 
morphological changes are chromatin build-up, cy-
toplasmic shrinkage, zeiosis and the arrangement of 
apoptotic bodies inside the nucleus. The concluding 
phase of apoptosis is characterized by cytoplasmic 
membrane fragmentation and phagocytosis of debris 
by macrophages or adjacent cells. Figure 1 illustrates 
typical changes in the cells undergoing apoptosis or 
necrosis and the possible differences are tabulated in 
Table 1. Death by apoptosis is differentiated from 

death by necrosis by the absence of inflammatory re-
sponses. Early in 1972, these observations were re-
ported by Kerr et al. but were less significant in those 
days.1 However, from embryogenesis to aging and 
from the normal tissue homeostasis to many diseases, 
apoptosis has been found to occur in various life 
stages and has become a field of importance in de-
velopmental biology, biogerontology, and cancer re-
search. Malfunctioned apoptotic cascade may lead to 
several diseases like cancer due to its decreased rate 
and causes strokes and neurodegenerative disorders 
such as Alzheimer’s, Huntington and Parkinson’s dis-
eases in an exaggerated state. Table 2 presents the 
timeline of cell death research. 

 HISTORY Of CEll DEaTH RESEaRCH  
(TaBlE 2) 
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 WHY DO CEllS UNDERgO aPOPTOSIS? 

There are various reasons for a multicellular organ-
ism to carry out apoptosis. 

For Sculptıng the Body 

At specific stages of embryonic development, certain 
cells are programmed to die, to purge unwanted struc-
tures and sculpt the body to a precise form. In ani-
mals, apoptosis is required for various developmental 
processes, such as cartilage formation in vertebral an-
imals, and metamorphosis in frog and insects. Fur-

ther, unfertilized eggs after external fertilization also 
show signs of death through apoptosis. Plants also 
experience programmed cell death (PCD) for better 
determination of leaf and reproductive structures. 
Cell suicide during early developmental stages for the 
vertebrate limbs is depicted in Figure 2. 

ın reSponSe to ABnormAlıty 

Every cell has an exclusive mechanism to ascertain 
that the newly formed component is both morpho-
logically and functionally ideal. If an imperfection is 
detected, the repair mechanism is initiated and if such 
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FIGURE 1: Structural changes of cells undergoing NECROSIS or aPOPTOSIS.
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Features Necrosis Apoptosis 

A. Morphological features 

Cell size Increased Decreased 

Plasma Membrane Integrity Disrupted Intact 

Nucleus Caspase independent DNa fragmentation Caspase dependent DNa fragmentation 

Clumping and random degradation of nuclear DNa DNa laddering 

aggregation of chromatin at the nuclear membrane 

Cellular content Begins with swelling of cytoplasm and mitochondria Membrane blebbing and shrinking of cytoplasm 

Ends with total cell lysis fragmentation of cells 

No vesicle formation, complete lysis formation of apoptotic bodies 

Disintegration of organelles leaky organelles 

B. Biochemical features 

Energy requirement Passive process active process 

aTP independent aTP Dependent 

Occurs at 4°C Does not occur at 4°C 

Other Physiological Significant affects Neighboring cells Does not affect neighboring cells 

Significant inflammatory responses lacks inflammatory responses 

Induced by non-physiological stimuli Induced by physiological stimuli 

Macrophages involved in phagocytosis Phagocytosis by both macrophages and adjacent cells 

TABLE 1:  features of necrosis and apoptosis.

Year Event 

4th century BC Hippocrates: first used the term apoptosis 

1842 Vogt: Reabsorption of notochord during metamorphosis in amphibians 

1872 Stieda: Death of chondrocytes in lacunae, cells found in cartilage connective tissue during ossification 

1883 Metchnikoff: activity of phagocytes 

1890 arnheim: Margination of chromatin 

1955-1959 De Duve and co-workers spotted lysosomes and named them as “suicidal bags” 

1965 The term Necrosis was coined 

1973 Schweichel and Merker: categorized types of death 

1976 Skalka et al.: DNa fragmentation is characteristic of apoptosis 

1979 farber and fisher: free radicals-root of cell suicide 

1984 Wyllie et al.: Relate chromatin condensation to DNa fragmentation 

1989-1992 Recognition of a cell surface receptor (fas/aPO-1/CD95) 

1991-1994 p53-Identified as apoptotic inducer 

1992 Phosphatidylserine is a marker of apoptosis 

1993 apoptosis toward cancer cell was shown to be induced by gSa and Wga 

1996 Caspases defined 

1996-1997 Significance of the liberation of cytochrome c for inducing apoptosis 

1997 Phase I Clinical trial to Bcl-2 using antisense RNa 

1999 Development of M30 antibody for the detection of early apoptosis 

1997 Phase I Clinical trial to Bcl 2 using antisense RNa 

1999 Development of M30 antibody for the detection of early apoptosis 

2002 genes that control apoptosis was identified by studying C. elegans 

2003 Horvitz: genetic details of apoptosis 

2004 formigli et al.: Balance between cell division and cell death-essential for tissue maintenance and organ homeostasis 

2005 Degterev et al.: Concept of Necroptosis 

TABLE 2:  Important events in the history of cell death.



repair machinery fails, the process of self-destruction 
is executed. Induction of cell suicide in the case of 
DNA damage is illustrated in Figure 3. 

When do the cellS undergo SeneScence? 

Cells undergo apoptosis at the end of their life. This 
is achieved by a special structure called the telomere, 
which caps the end of each strand of DNA to protect 
chromosomes. As cells separate after some time, 
telomeres shorten and in the long run, cell division 
stops. A decrease in the length of telomeres is corre-
lated with untimely cell aging.2 As we age, telomeres 
are shortened, although they can likewise be short-
ened by stress, smoking, corpulence, absence of ac-
tivity, and poor nutrition.2,3 The immune system 
involves an arrangement of cells and molecules that 
safeguard the body from invaders, such as the 
pathogens and pathogenic determinants.4 Cell suicide 
through apoptosis is the central procedure for dis-
pensing with the trooper cells that act against the 
body itself. 

 BIOlOgICal MECHaNISMS Of aPOPTOSIS 

Apoptosis is an exceptionally unpredictable and ad-
vanced process including an energy-dependent cas-
cade of molecular events.5 There are two prime 
apoptotic pathways-the extrinsic/death receptor path-
way and the intrinsic/mitochondrial pathway. These 
two pathways are connected and molecules in a sin-

gle pathway can be manipulated by the other.6 The 
extrinsic and intrinsic components converge at the 
same terminal, which is the execution pathway. This 
pathway is influenced by the cleavage of caspase-3 
and mutations, degradation of cytoskeletal and nu-
clear proteins, formation of apoptotic bodies, cross-
association of proteins, recognition of ligands by 
phagocytic cell receptors and finally engulfment by 
phagocytic cells. The granzyme A pathway triggers a 
parallel, caspase-free cell-signaling pathway.7  

BıochemıcAl FeAtureS  

Apoptotic cells show a few biochemical adaptations, 
for example, protein cleavage, protein cross-con-
necting, DNA breakdown, and phagocytic recogni-
tion that together result in the distinct structural 
pathology described earlier.8 Caspases are frequently 
expressed as inactive proenzymes in many cells and 
once active they trigger the protease pathway. Some 
procaspases can also be autoactivated. This prote-
olytic course, in which one caspase can enact differ-
ent caspases, and sets a course of the response, opens 
up the apoptotic flagging pathway and along these 
lines prompts rapid cell death. Caspases have a pro-
teolytic role and can cleave proteins at aspartic acid 
residues, though distinctive caspases have varying 
specificities that include identifying adjoining amino 
acids. When caspases are at first activated, there is an 
irreversible command toward cell death. At present, 
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FIGURE 2: Cell suicide during early developmental stages.

FIGURE 3: Cell suicide in case of DNa damage.



ten caspases have been distinguished and compre-
hensively classified into initiators (caspase-2, -8, -9, 
and -10), effectors or killers (caspase-3, -6, and -7), 
and provocative caspases (caspase-1, -4, -5).9 Alter-
nate caspases that have also been recognized identi-
fied include caspase-11, which manages apoptosis 
and cytokine development amid septic shock, cas-
pase-12, which mediates apoptosis specific to the en-
doplasmic reticulum (ER) and cytotoxicity by 
amyloid-β, caspase-13, which is proposed to be a 
bovine gene, and caspase-14, which is exceedingly 
communicated in embryonic tissues and not in adult 
tissues.10-14 

extrınSıc pAthWAy 

The extrinsic pathway is initiated by extracellular sig-
nals. TNF-α (tumor necrosis factor), which is secreted 
by T-killer cell, induces apoptosis in targeted and sus-
pected cells. TNF-α binds with its associated recep-
tor and activates the death domain. TNF 
receptor-related death domain protein (TRADD) at-
taches to fas-associated death domain (FADD) and 
likewise, procaspase-8 gets associated with FADD. 
This complex sets the autocatalytic activity to begin 
the hydrolysis of the inhibiting segment initiating the 
caspase cascade and ultimately leading to the hy-
drolysis of proteins. 

The extrinsic signaling pathway that begins 
apoptosis incorporates transmembrane receptor-in-
tervened interactions. These incorporate death recep-
tors that are members of the TNF receptor 
superfamily.15 Individuals from the TNF receptor 
family share similar cysteine-rich extracellular re-
gions and possess a cytoplasmic domain of nearly 80 
amino acids called the “death domain”.16 This death 
domain plays a critical role in the intracellular sig-
naling pathways. The best-characterized ligands and 
corresponding death receptors include FasL/FasR, 
TNF-α/TNFR1, Apo3L/DR3, Apo2L/DR4, and 
Apo2L/DR5.16-20 The sequences of events that char-
acterize the extrinsic phase of apoptosis are best de-
scribed by the FasL/FasR and TNF-α/TNFR1 
models. In these models, a cluster of receptors ap-
pears and its aggregation with homologous trimeric 
ligand occurs. Upon the binding of the ligand, cyto-
plasmic connector proteins are recruited, which dis-

play associated death domains that bind to the recep-
tors. 

The binding of Fas-ligand to Fas-receptor brings 
about the interlinking of the connector protein 
(adapter), Fas-associated protein with death domain 
(FADD). Likewise, the binding of TNF ligand to TNF 
receptor brings about the binding of the connector 
protein TRADD with the enrollment of FADD and 
receptor-interacting protein (RIP).21-23 FADD associ-
ates with procaspase-8 to form a death-inducing sig-
naling complex (DISC), which then results in the 
auto-catalytic activation of procaspase-8, which then 
actuates the execution period of apoptosis.24 The 
binding of the c-FLIP protein to FADD and caspase-
8 renders them ineffective and finally inhibits the 
death receptor-mediated apoptosis.25,26 Another pur-
pose of potential apoptosis regulation includes a pro-
tein called Toso, which has been shown to inhibit 
Fas-activated apoptosis in T cells by controlling cas-
pase-8 processing.27  

ıntrınSıc pAthWAy 

The intrinsic signaling pathway otherwise called the 
mitochondrial pathway is initiated by a wide array of 
non-receptor-mediated stimuli, which produce intra-
cellular signals. These intracellular signals may act 
either positively or negatively. The positive trend in-
cludes activation of pathway via radiations, toxins, 
hypoxia, hyperthermia, viral infection, and free rad-
icals. The negative interaction involves the absence or 
presence of a negligible amount of growth factors, 
hormones, and cytokines focused on the failure or the 
suppression of the cell-death programs, which trig-
ger apoptosis. All these stimuli bring about changes 
in the internal mitochondrial membrane leading to the 
opening of mitochondrial transition core and loss of 
permeabilization, which activates the release of two 
principle clusters of pro-apoptotic proteins from the 
internal layer into the cytosol.28 The first group com-
prises of cytochrome c and SMAC/DIABLO.29-32 Cy-
tochrome c binds to APAF-1 and procaspase-9 
complex, forming apoptosome, which when acti-
vated, leads to the formation of caspase-9.33,34 
SMAC/DIABLO has been reported to promote apop-
tosis by inhibiting the activity of the inhibitors of 
apoptotic proteins (IAP).35,36 Some mitochondrial 
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proteins have also been shown to interact with the 
IAP and suppress its action.37 The second cluster of 
proapoptotic proteins, AIF, endonuclease G, and 
CAD are discharged from the mitochondria at the last 
stage after the cell has committed to die. Both AIF 
and endonuclease-G function in a caspase-indepen-
dent manner. AIF translocates to the nucleus, where 
it causes fragmentation of the DNA into 50 to 300 Kb 
fragments and condenses the nuclear chromatin.38 
This initial form of nuclear condensation is termed as 
“stage-I” condensation.39  

Endonuclease G translocates to the nuclease, 
carries out chromatin cleavage to deliver oligonucle-
osomal DNA fragments.40 Likewise, caspase-acti-
vated DNase (CAD) translocates to the core, 
prompting oligonucleosomal DNA segments and ad-
vanced condensation of chromosomes, which is al-
luded to as “Stage-II”. The different apoptotic 
mitochondrial events are entirely controlled and di-
rected by the Bcl-2 group of proteins.41 Though the 
precise machinery of the Bcl-2 family of proteins is 
not known, it is assumed that the tumor suppressor 
protein p53 has a unique role in the regulation of the 
Bcl-2 family of proteins.42 Till date, a total of 25 
genes have been identified in the Bcl-2 family. Some 
of the anti-apoptotic proteins include Bcl-2, Bcl-X, 
Bcl-XL, Bcl-XS, Bcl-W, BAG, and some of the pro-
apoptotic proteins include Bcl-10, Bax, Bak, Bid, 
Bad, Bim, Bik, and Blk. It is believed that the Bcl-2 
family of proteins plays a crucial role in the release of 
cytochrome C from the mitochondria. The other two 
members of the Bcl-2 family, which support pro-
apoptotic events, are PUMA and NOXA. PUMA 
plays a critical role in p53 mediated apoptosis, like-
wise, the raised articulation of PUMA is associated 
with the expanded articulation of Bax protein, 
prompting the basic changes and translocation into 
mitochondria. It lessens the mitochondrial membrane 
potential and culminates in the arrival of cytochrome 
C.43 Like PUMA, NOXA is also an intermediate in 
p53-induced apoptosis. Studies have demonstrated 
that NOXA can translocate into the mitochondria and 
collaborate with the Bcl-2 group of anti-apoptotic 
proteins, appearing at the initiation of caspase-9.44 In 
addition to the differential contribution of PUMA and 
NOXA, the dual pathway of p53 mediated apoptosis 

was also studied.45 In ordinary cells, PUMA and 
NOXA intercede the calcium discharge pathway from 
the endoplasmic reticulum (ER). PUMA has been re-
ported to interact with various anti-apoptotic Bcl-2 
family members, but NOXA interacts particularly 
with Mcl-1 and A1 of this family.46 Another onco-
protein, Myc has the potential to elicit apoptosis 
through p53-dependent and independent processes.47 
Figure 4 schematically represents the intrinsic and ex-
trinsic pathways. 

executıon pAthWAy 

The execution phase is considered to be the final stage 
of apoptosis, which causes the cells to shrink, form 
cytoplasmic blebs, and apoptotic bodies, and at the 
end, the neighboring parenchyma cells or 
macrophages phagocytose the apoptotic bodies. All 
the extrinsic, intrinsic, and perforin pathways end at a 
point initiating the executioner caspases. Caspases-3, 
-6, and -7 work as effectors or executioner caspases, 
and separate different substrates including PARP, cy-
tokeratin, nuclear mitotic apparatus protein (NuMa), 
fodrin and α- tubulin proteins and bring about various 
other morphological and biochemical changes in cells 
undergoing apoptosis.48 These changes lead to the re-
lease of cytochrome C and SMAC from the mito-
chondria followed by the formation of apoptosome 
and subsequent activation of caspases. 

Cytochrome C coupled with APAF activates ini-
tiator caspases-8, -9, and -10. This, in turn, activates 
executioner caspases-3, -6, and -7. Of these, caspase-
3 is believed to be the most fundamental of the exe-
cutioner caspases, which especially acts as an 
endonuclease. CAD, which is complexed with its in-
hibitor, ICAD in cells, experiences apoptosis. The ac-
tivated caspase-3 cleaves ICAD to release CAD. 
CAD at that point corrupts chromosomal DNA, con-
denses the chromatin, remodels the cytoskeleton, and 
makes the cells break down into apoptotic bodies. 
Phagocytosis of the apoptotic bodies is the last stage 
of apoptosis. Cells die because apoptosis attracts 
phagocytes by producing “eat-me” signals by releas-
ing ligands for receptors present on phagocytic cells.  

Apoptotic cells experience a variety of changes. 
A hallmark of the apoptotic stage is the externaliza-
tion of the phosphatidylserine residue normally found 
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on the inner leaflet of the cell membrane, which is 
dependent on the process mediated by caspases.49,50 
The process of phagocytosis-like recognition, uptake, 
and degradation of apoptotic cells occurs very rap-
idly, preventing the occurrence of the inflammatory 
process. This is because the dying cells are removed 
before they lose their cell integrity, and no longer re-
lease their cellular content and are also the cause why 
the engulfment of apoptotic cells does not stimulate 
an inflammatory response. A few of the several re-
ceptors that are involved in the recognition and up-
take of apoptotic cells are class A & B, CD68, the 
avß3 integrin, and phagocyte lectins. Some of these 
phagocytic receptors require a bridging molecule for 
the interaction to occur. ß2-Glycoprotein I and gas-6 
are two important bridging candidates between apop-
totic cells and phagocytic cells.51 Table 3 lists the 
major proteins in the execution stage with common 
abbreviations and some of the alternate nomenclature 
used for each protein. 

 DETECTION Of aPOPTOSIS 

Apoptosis occurs through highly ordered sequences 
and to measure the activity, numerous conventional 
and novel techniques have emerged. Some of these 
methodologies are listed in the coming sections.  

Every assay has its advantages and shortcom-
ings. There are overlapping features between differ-
ent forms of cell death. Hence, it is very important to 
carry out two or more assays to corroborate apoptotic 
cell death. Another important aspect is that certain as-
says are appropriate for cultured cells but cannot be 
used to investigate tissue sections. Therefore, care 
should be taken in choosing the appropriate method. 

memBrAne ıntegrıty ASSAy 

dye exclusion test 

This test determines the fraction of viable cells in sus-
pension of dilute solutions of certain dyes such as try-
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FIGURE 4: Schematic representation of apoptotoic events.



pan blue (TB), eosin Y, nigrosin, alcian blue, safranin, 
erythrosine B (EB), propidium iodide, and 7-amino 
actinomycin D.52-55 Cells that do not stain are deter-
mined to be alive, whereas cells that stain well 
thought to be dead. It is not normally an exact test 
since it shows just the structural integrity of the cell 
membrane.54 In Figure 5, the staining of hepatocytes 
is shown. Although trypan blue, a diazo dye, exhibits 
the quality of a vital dye, a potential teratogenic effect 
has been reported.56-60 

Fluorescent dye 

A “fluorescent dye” emits light on excitation at a par-
ticular wavelength when it transitions from a higher 
electronic state to a lower electronic state within a 
short duration. This is a quick, simultaneous, twofold 
staining procedure utilizing fluorescein diacetate 
(FDA) and propidium iodide (PI), and is best consid-
ered as a beneficial, advantageous and dependable 
technique to choose reasonability and can be ob-
served by flow cytometry or fluorescence mi-
croscopy. Certain fluorescent dyes are more 
dependable indicators of cell viability than the other 
conventional colored dyes. Viability assays utilizing 
PI with FDA are scored with the assumption that suit-
able live cells have strong esterase activity inside the 
cytoplasm and dead or dying cells demonstrate al-
most no esterase activity. 

lactate dehydrogenase leakage (ldh) Assay 

LDH is a cytoplasmic protein that is available in all 
cells and is discharged into extracellular space when 
the plasma membrane is damaged.61 The leakage of 

LDH into the cell culture medium can be recognized 
using tetrazolium. In the initial step, LDH produces 
reduced nicotinamide adenine dinucleotide (NADH) 
when it catalyzes the oxidation of lactate to pyru-
vate. In the second step, a tetrazolium salt is 
changed over to a chromogenic formazan product 
utilizing newly synthesized NADH in the presence 
of an electron acceptor.62 The total formazan created 
can be colorimetrically evaluated by standard spec-
troscopy. However, there are some drawbacks; 
serum can contaminate the system with endogenous 
enzymes and mask the low levels of leached en-
zymes, and the presence of phenol red in the 
medium also masks the appearance of colored prod-
ucts of the enzyme reactions. Moreover, the MEM 
(minimum essential medium) lacks added pyruvate 
and therefore favors the lactate to pyruvate specific 
reaction.  
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Abbreviation Protein name Selected alternate nomenclature 

Caspase-3 Cysteinyl aspartic acid-protease-3 CPP32, Yama, apopain, SCa-1, lICE 

Caspase-6 Cysteinyl aspartic acid-protease-6 Mch-2 

Caspase-7 Cysteinyl aspartic acid-protease-7 Mch-3, ICE-laP-3, CMH-1 

Caspase-10 Cysteinyl aspartic acid-protease-10 Mch4, flICE-2 

PaRP Poly (aDP-ribose) polymerase aDP ribosyltransferase, aDPRT1, PPOl 

alpha fodrin Spectrin alpha chain alpha-II spectrin, fodrin alpha chain 

NuMa Nuclear mitotic apparatus protein SP-H antigen 

CaD Caspase-activated DNase DNa fragmentation factor subunit beta, Dff-40, caspase-activated nuclease, CPaN 

ICaD Inhibitor of CaD DNa fragmentation factor subunit alpha, Dff-45 

TABLE 3:  Major proteins in the execution pathway.

FIGURE 5: Trypan blue dye exclusion test in hepatocytes (Source: https://www.go-

ogle.com/).



LDH leakage has been compared to DNA leak-
age, as an endpoint in cytotoxicity testing, where it 
was found that the LDH leakage gave lower LC50 
values (concentration causing 50% lethality) than 
DNA leakage.63 This was suggested because to ex-
hibit DNA leakage, the cells have to be more dam-
aged compared with that for LDH to be lost. Thus, 
DNA leakage would not be a sensitive endpoint for 
cell damage/death. 

Annexin V-Fıtc Assay 

Annexin V is a 35-36 kDa, calcium-dependent, phos-
pholipid-binding protein with a high affinity for phos-
pholipid phosphatidylserine [PS]. In 1990, a protein 
vascular anticoagulant was found by Andree and his 
coworkers and was later renamed as Annexin V, which 
was limited to phospholipid bilayers in a calcium-de-
pendent manner. In 1992, Fadok et al. established that 
macrophages sense PS that is exposed on the surface of 
the cells. A flow-cytometric test utilizes annexin V 
conjugated to FITC to gauge Annexin V binding to 
apoptotic cells.64 Changes in the plasma membrane are 
one of the fundamental characteristics of the apoptotic 
cells. Phospholipids of the cell membrane are asym-
metrically sandwiched between the inner and outer 
membrane phosphatidylcholine and sphingomyelin. 
While sphingomyelin is exposed to the external lipid 
bilayer, phosphatidylserine is positioned on the inner 
layer. During apoptosis, the symmetry is disturbed and 
the phosphatidylserine progresses toward appearing on 
the outer layer on the plasma membrane. Since the an-
ticoagulant protein Annexin V binds with high affinity 
to phosphatidylserine, fluorochrome-conjugated An-
nexin V can be utilized to recognize apoptotic cells by 
flow cytometry. Figure 6 represents the schematics of 
Annexin V-FITC Assay. 

FunctıonAl ASSAy 

tetrazolium reduction Assays 

A variety of tetrazolium compounds served as a mile-
stone and offered a non-radioactive alternative to triti-
ated thymidine incorporation into DNA as a means of 
measuring cell proliferation. This group of compounds 
includes MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide, a tetrazole), MTS (3-
( 4 , 5 - d i m e t h y l t h i a z o l - 2 - y l ) - 5 - ( 3 - c a r -
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazoliu
m), XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide), and WST (water-sol-
uble tetrazolium salts).41,65-67 

The MTT tetrazolium compound was first ho-
mogenous assay appropriate for high throughput 
screening (HTS) as described by Mosmann in 1983. 
In the viable cells, reduction of yellow MTT to in-
soluble formazan crystals occurs that accumulates in-
side the cells and is stored close to the cell surface, as 
well as in the culture medium.68 The formazan must 
be solubilized to read the absorbance that is associ-
ated with a viable cell number. The structure of MTT 
and the colored formazan is presented in Figure 7. 

There are a few limitations of the MTT Assay: 

■ The absorption methodology in use is gener-
ally less sensitive than fluorescent and luminescent 
methods for detecting cell viability. 

■ Exposure of the MTT assay reagent to light 
and increased hydrogen ion concentration of the cul-
ture medium are also reported during the production 
of formazan and result in enhanced absorbance. 
Proper controls are required to investigate interfer-
ence in assay chemistry. 
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FIGURE 6: annexin V - an overview (Sources:http://www.bdbiosciences.com/br/instruments/accuri/articles/archive/2015_02/index.jsp).



■ Riss and his colleagues (2013) reported MTT 
to be toxic for eukaryotic cells. Though extensively 
employed, it causes a certain degree of cytotoxicity 
during the treatment. Shortly after the addition of 
MTT, changes in the morphology of certain types of 
cells are observed. The changes in NIH 3T3 cell mor-
phology after exposure to MTT are shown in Figure 
8.Diverting the coenzyme NADH from the cellular 
functions toward the reduction of MTT into a colored 
formazan may potentially have an unfavorable out-
come on cell health. 

■ When MTT was developed, it was believed that 
mitochondrial succinate dehydrogenase is linearly re-
lated to the MTT reduction.68 However, the latest re-
search discredited the dogma that MTT is constantly 
diminished in the mitochondria.69,70 Accordingly, stud-
ies also reflect that the cofactor NADH, which is 
needed for the MTT reduction is present not only in 
the mitochondria, but also in the cytoplasm,  lysosomal 
membrane, and plasma membrane. 

■ The original research of MTT assay involved 
the use of acidified isopropanol to solubilize the 

formazan crystals which benefits the conversion of 
phenol red to yellow with little interference in the 
absorbance. Various studies employed several sol-
ubilizing solutions like DMSO, dimethylfor-
mamide, SDS, a combination of detergents, and 
organic solvents.71-73 Though detergent and solvent 
combinations stabilize, the absorbance value may 
lead to bubble formation and result in data varia-
tions. 

Atp Bioluminescence Assay 

The most reliable and widely used alternative to the 
MTT Assay is the ATP bioluminescence assay, which 
quantifies ATP levels and detects live, metabolically 
active dynamic cells. ATP has an adenine base, a ri-
bose sugar, and three phosphate groups, which are 
bound by high energy bonds. These bonds discharge 
energy when cleaved and this energy is exploited to 
measure ATP bioluminescence. 

This assay is based on an ATP luminescence re-
sponse found in the firefly. In firefly, there are two 
compounds, Luciferin and Luciferase, which react 
in the presence of ATP to produce bioluminescence. 
The measure of bioluminescence is assessed by the 
Luminometer and is expressed in RLU (Relative 
Light Units). Since the RLU numbers correspond to 
the amount of ATP; this serves as an efficient marker 
of cell viability and metabolism. This process is il-
lustrated in Figure 9. This assay is not suitable for 
spore detection because the level of ATP is low in 
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FIGURE 7: Structures of MTT and colored formazan product.

FIGURE 8: Changes in NIH 3T3 cell morphology after exposure to MTT (Source: https://www.google.com/).



spores. Fujinami et al. (2004) demonstrated that a 
short incubation of the sample in the supplemented 
broth medium containing L-alanine increased RLU 
from spores and streamlined the ATP bioluminescent 
assay.74 

crystal Violet/cell Adhesion Assay 

Adherent cells detach from culture plates after their 
death. This attribute can be used for the indirect 
measurement of cell death and to assess contrasts in 
multiplication stimulation with death-inducing 
agents. One simple technique to distinguish adher-
ence is the staining of the attached cells with crystal 
violet dye, hexamethyl pararosaniline chloride or py-
ocyanin, which bind to protein and DNA. The cells 
that experience death lose their adherence and are de-
tached from live cells, decreasing the amount of crys-
tal violet in a culture. The dye uptake by a viable cell 
is measured colorimetrically soon after acetic acid 
dye elution.  

the neutral red uptake Assay 

The neutral red uptake test stands out among the most 
generally utilized cytotoxicity tests, developed at the 
Rockefeller University as a cell viability chemo-sen-
sitivity assay. This assay depends on the aggregation 
of neutral red (NR) (3-amino-7-dimethyl-2-
methylphenazine hydrochloride) in the lysosomes of 
viable cells. The NR dye does not accumulate in the 
lysosomes of dead or cells. Consequently, the dye is 
then removed from the viable cells utilizing an acid-
ified ethanol solution and the absorbance of the sol-
ubilized dye is measured using a spectrophotometer. 
The uptake of neutral red relies upon the cell's abil-
ity to keep up pH gradients, through the generation 
of ATP. At physiological pH, the net charge of the dye 

is near zero, facilitating it to enter the membrane of 
the cell. Inside the lysosomes, there is a proton gra-
dient to keep the pH lower than that of the cytoplasm. 
Subsequently, the dye gets charged and is held inside 
the lysosomes. At the point when the cell dies or the 
pH gradient is reduced, the dye cannot be held. Fi-
nally, the measure of retained dye is proportional to 
the number of viable cells. As indicated by the speci-
ficity of the lysosomal limit concerning the uptake of 
the dye, it is possible to recognize viable, damaged, 
or dead cells. 

dnA lABelıng ASSAy 

Fluorescent conjugates-tunel Assay 

Terminal deoxynucleotidyltransferase dUTP nick 
end labeling (TUNEL) assay is intended for distin-
guishing DNA fragmentation that results from apop-
totic signaling cascades, by marking the 3' OH ends 
in the double-strand DNA breaks. Apoptosis is com-
pleted by cytosolic chemicals called caspases, which 
can degrade proteins to break down the cell, and ac-
tivates another enzyme called caspase-activated 
DNase or CAD. This activated DNase cleaves the 
chromosomal DNA with nicked ends. The two fun-
damental TUNEL reagents, namely, terminal de-
oxynucleotidyltransferase or TdT and deoxyuridine 
triphosphate or dUTP, fluorescently label these 
nicked ends for recognition utilizing fluorescence 
microscopy, confocal microscopy or flow cytome-
try.75,76 

comet Assay 

The comet Assay (single-cell gel electrophoresis) 
is a flexible and sensitive strategy for estimating 
single and double-strand breaks in DNA at the level 
of individual cells. This assay gets its name from a 
characteristic comet-like appearance: a splendid 
bright head with intact DNA and a tail with dam-
aged and fragmented DNA.77,78 This technique was 
originally developed by Ostling and Johansson in 
1984 and later modified by Singh et al. in 1988 as 
the “Alkaline Comet Assay”.79,80 After exposure to 
the test reagents, the cells are embedded in thin 
agarose gels on microscopic slides. Proteins are 
washed away by cell-lysis. A typical hydrogen ion 
concentration maintained during DNA unwinding 
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FIGURE 9: aTP-based bioluminescence found in firefly.



and electrophoresis plays a crucial role in deter-
mining the type of damage. A neutral pH condition 
predominantly facilitates the detection of double-
strand DNA breaks, while basic pH conditions per-
mit the identification of single-strand breaks and 
express alkali-labile sites and other repair sites. 
When an electric field is applied, the DNA, owing 
to its negative charge, is drawn toward the posi-
tively charged anode. The total amount of DNA that 
leaves the cavity gives an estimate of the damaged 
DNA. 

ASSAyS BASed on morphologıeS 

microscopic observation 

light microscopy 

In the early stages of apoptosis, a range of morpho-
logical changes like cell shrinkage and pyknosis or 
nuclear condensation takes place. A proper staining 
method is a prerequisite to assess apoptotic changes. 
Hematoxylin is a positively charged dark blue stain, 
binds to basophilic substances such as DNA/RNA, 
and stains them violet. Eosin is a negatively charged 
red/pink stain, which binds to acidophilic substances, 
for example, amino acids and proteins and stains 
them pink. Hence, the following structures can be ob-
served in optical microscopy: nuclei in blue/purple, 
cytoplasm in red, muscles in dark red, collagen and 
mitochondria in pale pink, erythrocytes in cherry red 
and basophils in purple-red. An experienced techni-
cian is needed to properly differentiate these because 
the mitotic cells at the early stage are confused with 
apoptotic cells. 

electron microscopy 

Electron Microscopy (EM) is viewed as the “gold 
standard” for the detection of apoptotic changes in 
cells. However, the procedure is time-consuming 
(transmission electron microscopy, TEM, analysis 
consumes 5-6 days; scanning electron microscopy, 
SEM, requires 24 h) and expensive. Nevertheless, the 
plethora of information provided is wide, while TEM 
investigation is essentially qualitative, whereas SEM 
studies can give information on the cell surface, cell-
cell and cell-substrates interactions, but it is difficult 
to evaluate the apoptotic features through SEM. 

Certain disadvantages in EM observation limits 
its usage, 

1. Many samples cannot be analyzed at one time. 

2. The sample preparation process is labor-in-
tensive. 

3. Only a small area can be visualized at a time; 
therefore, the extent of apoptosis is difficult to esti-
mate. 

Video optical microscopy 

The cells which undergo apoptosis are optionally ob-
served in phase contrast mode and recording is made 
through a camera which then connected to a video 
recorder.81,82 This type of assessment is better known 
for the documentation of apoptosis-associated cellu-
lar changes in the time course of the event. The dif-
ferences in the changes seen in apoptosis and necrosis 
are well documented.82 This type of analysis is highly 
useful in recording the sequence of morphological 
changes observed after introducing apoptosis-induc-
ing agents to cell culture media. 

Atomic Force microscopy (AFm) 

The principal task of the AFM is fundamentally the 
same as that of a stylus profilometer, a sharp can-
tilever tip interfaces with the sample surface identi-
fying the local forces between the atoms of the tip 
and the test surface. The trademark property of the 
AFM is that the pictures are obtained by 'feeling' the 
sample surface without using light. In this way, not 
just the sample topography can be recorded with great 
resolution, the material attributes and the strength of 
communication between the sample surface and the 
cantilever tip can also be estimated. AFM offers 
much detail as possibly offered by optical mi-
croscopy. It is very peculiar in imaging cellular sur-
face; therefore, this technique is frequently employed 
in studying cells undergo apoptosis.83 

Hessler presented a theory in which human epi-
dermoid carcinoma cell line KB, when treated with 
staurosporine, showed that the cell height was di-
minished by 32%, the cell volume was decreased by 
50%, and cellular diameter was changed by nearly 
15%. Thus, AFM is deemed to be an ideal technique 
when coupled with other imaging techniques to in-
vestigate the apoptotic pathways. 
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reproductıVe ASSAy  

colony Forming efficiency 

A clonogenic assay or a colony-forming efficiency 
assay is the most reliable cell biological technique to 
detect colony-forming ability and is employed both in 
research as well as for determining cytotoxicity of a 
chemical compound. This basic tool was described in 
1955 for studying the effect of radiation of cells. This 
method measures the number of colonies derived 
from single cells. Normally, a few hundred cells are 
inoculated. After an appropriate incubation time of 5 
to 8 days, each viable cell forms colonies, which are 
stained and checked physically using a colony 
counter.  

A cluster of blue-stained cells, which comprise 
at least 25-50 cells are considered as a colony. An av-
erage of three colony counts and the mean divided by 
the number of cells plated gives the plating efficiency 
(PE). 

              Number of colonies counted 
PE = ____________________________ × 100 
                  Number of cells plated 

Following the determination of PE, surviving 
fraction (SF) of cells is also estimated as: 

             PE of treated sample 
SF = _____________________ × 100 
                   PE of control 

 CONClUSION 

The cells of a multicellular organism are members of 
a highly organized community. The quantity of cells 
in this community is firmly regulated - not just by 
controlling the rate of cell division but also by con-
trolling the rate of cell death. This procedure is called 
apoptosis (programmed cell death). Apoptosis is a 
type of cell death managed through a precise path-
way by a progression of signal cascades under spe-
cific circumstances. It assumes a basic role in 
directing development, advancement and immune re-
sponse, and clearing redundant or abnormal cells in 
organisms. It is also an important means by which or-
ganisms can maintain a constant number of cells to 

live successfully. If the cells are not required again, 
they commit suicide by initiating an intracellular 
death program. Apoptosis plays an important role in 
sculpting the shape and organization of organs during 
development by eliminating specific populations of 
cells at different stages of embryogenesis. Apoptosis 
is a well-regulated process in which energy is re-
quired; it is characterized by morphological and bio-
chemical changes, where caspase activation plays a 
significant role. Although a significant number of the 
key apoptotic proteins are activated or inactivated in 
the apoptotic pathways, the exact mechanisms of ac-
tion of these proteins have not yet been fully under-
stood. Understanding the machinery of apoptosis is 
essential because programmed cell death is initiated 
by physiological and pathological factors, and would 
concurrently provide deeper insight into various dis-
ease processes and may influence therapeutic strat-
egy. 

The measure of apoptosis that happens in tissues 
of growing and adult organisms can be shocking. In 
a healthy grown-up human, billions of cells die in the 
bone marrow and digestive tract consistently. It ap-
pears to be strikingly inefficient for such huge num-
bers of cells to die, particularly as by far most are 
healthy at the time they commit suicide. In multicel-
lular life forms, cells that are never required again or 
the ones which may be a threat to the organism are 
destroyed by a firmly managed cell suicide process 
as apoptosis. Apoptosis is carried out by proteolytic 
enzymes called caspases, which trigger cell death by 
cleaving specific proteins in the cytoplasm and nu-
cleus. Caspases exist in all cells as dormant precur-
sors or procaspases, which are generally activated 
through cleavage by other caspases, creating a cas-
cade of proteolytic caspases. This activation proce-
dure is initiated by either extracellular or intracellular 
death signals, which prompt intracellular adaptor 
molecules to accumulate and initiate procaspases. 
The induction and execution of apoptosis require the 
cooperation of a progression of molecules including 
signal particles, receptors, chemicals, and gene di-
recting proteins. The underlying apoptotic pathways 
and how they are dysregulated in cancer, in addition 
to our ability to design effective therapies targeting 
such mechanisms, should be deeply investigated. De-
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ficient apoptosis is related to tumors, issues of the im-
mune system like autoimmune disorders and viral 
contaminations, while excessive apoptosis is related 
to ischemic damage, for example, myocardial infarc-
tion, stroke, AIDS, neurodegenerative diseases, sep-
sis, and multiple organ dysfunction syndromes. 
Apoptosis is responsible for cell death, tissue home-
ostasis and atrophy initiated by endocrine and other 
stimuli, negatively affects the immune system frame-
work and the generous extent of T-cell killing. Al-
though dysregulated apoptosis in aggressive 
malignant cells remains an attractive focus in tumor 
treatment, much work is required to understand the 
maximum capacity of such methodologies. 

Despite many methodologies of apoptotic de-
tection, such as membrane integrity assay, functional 
and reproductive assay, probe binding techniques and 
advance microscopy, several challenges still remain. 
Optimization, better resolution, and sensitivity re-
main an important issue to focus on. Novel analytical 
techniques involving gene editing (CRISPR-Cas9) 
must be continually introduced so that the apoptotic 
process can be better understood. Moreover, accurate 
detection of apoptosis enables the calculation of 
apoptotic index which could thereby predict the out-
come of the treatment. 
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