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SUMMARY: The number of reports on the effects of various types of radiation is gradually increasing
because of weakening of the immune system. Radiation can penetrate into living cells and result in the transfer
of radiation energy to the biological material. The absorbed energy can increase the reactive oxygen species and
break chemical bonds and cause ionization of different biologically essential macromolecules, such as DNA,
membrane lipids and proteins. Damage to the cellular membrane release the hydrolytic enzymes responsible for
various catabolic processes the tissues and leads to cell death. An understanding of the pattern in critical cellu-
lar structures such as DNA is an important prerequisite for a mechanistic assessment of primary radiation
injury. The DNA damage induced by radiation such as base alterations, cross-linking, strands break or chromo-
somal aberration which may in turn lead to mutations. In order to further explore the harmful effects of radia-
tion, I have produced a variety of effects of radiation on the apoptosis and necrosis. Indeed, the present review
has shown that, the increase in the oxidative stress (increased endogenous production of the free radicals) due
to radiation may be a reason for such a damage of the cell membrane, and may lead to harming the cellular ele-
ments (such as DNA). Here, one can hypothesize that, the cells with increased sensitivity to oxidative stress may
be more susceptible to damage by radiation compared to normal cells. The ultimate biological consequences of
this effect are subsequently processed by these cells. Much work remains to be done to firmly establish this con-
cept.
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Radiology

INTRODUCTION 

The damage to a living cell by radiation takes place

on molecular level (1). It may occur either directly by

release of energy from the tissue, within the structure of

the molecule itself or indirectly by formation of highly reac-

tive free radicals which interact with subcellular con-

stituents. Membrane can be easily damaged by the

peroxidative decomposition of their phospholipids. In addi-

tion, a mechanism exists whereby such damage of one

membrane system can lead to the subsequent injury of

other membranes physically separated from the intial

locus (2).

Irradiation produces physical and chemical damage

to tissues leading to cell death. Ionizing radiation interacts

with cells transferring energy to molecular systems in dis-

crete quanta and causes tissue damage through different

simultaneous pathways, including reactive oxygen species

(ROS) inducing oxidative damage (3, 4). Also, develop-

ment of common endpoints such as apoptosis due to radi-

ation which may cause diverse injurious events, e.g. by
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direct destruction of DNA (5-9). Radiation also may induce

genetical instability (10). On the other hand, opposite to

ionizing radiation, the energy of microwave and radiofre-

quency do not transfer to biological macromolecules by the

formation of chemically reactive ion pairs and free radicals

(11).

The following is a brief concerted attempt to describe

the backgrounds and recent findings that provide specific

suggestions for exploring the deleterious effects of various

types of radiation exposure.

DNA damage caused by radiation
The biological effects from genotoxic agents such as

ionizing radiation, UV radiation or alkylating agents are

often postulated to be linearly linked to dose, i.e. not show-

ing a threshold even at the lowest exposure levels (12).

Table 1: The pathways of radiation on damaging DNA.

Such hypotheses are based on the notion that critical

lesions in the genome might already be caused by a single

radiation which induce ionization in or near DNA, or by

covalent addition of reactive molecules to DNA. This

notion has some merits, not least its simplicity, and a linear

term in dose-effect relationships might indeed be important

for most endpoints involving single step mechanisms. In

addition, the localized complex damage is much more effi-

cient in creating fixed DNA damage leading to cellular mal-

function than simple lesions (13, 14). Moreover, Tsoulou et

al (15) deduced that the radiation damage to DNA is not a

spontaneous effect but rather is an ensemble of damaging

events that occur asynchronously.

The biological target of radiation within the cell is

DNA. Damage of radiation to DNA is caused through two

pathways, direct and indirect effects are seen in Table 1.

Direct Effects

of

Radiation

1. The direct DNA damage caused by the ionization or excitation of DNA component (16).

2. Ultraviolet-C (UV-C) radiation is able to impair cellular functions by directly damaging
DNA (17).

3. Ionizing radiation produces many types of DNA lesions, in-cluding DNA base alterations,
DNA-DNA cross-links, and single-and double - strand breaks (18, 19). The main result of the
radiation in biological system is the creation of double breaks of DNA. 

4. Irradiation interferes with synthesis of enzymes required for DNA synthesis, thus it pre-
vents mitotic division (21) and the absorbed energy of the ionizing radiation can break chem-
ical bonds and cause ionization of different atoms and molecules, including water and
different biologically essential macromolecules as DNA, (18-19) membrane lipids and pro-
teins (22-24). Also, an impairment of the vitality of DNA strand and formation of cross linkage
between adjacent strands or closely opposed regions of the same strand may occur (25).

Indirect Effects

of 

Radiation 

1. The indirect DNA damage caused by the free radicals is derived from the ionization or
excitation of the water component of the cells (16).       

2. Ultraviolet-C (UV-C) radiation induces an increased formation of reactive oxygen species
leading to oxidative stress (17).

3. Ionizing radiation, in aqueous media or under normal cellular milieu, induces DNA
damage by generating reactive oxygen species such as hydroxyl (.OH) and other second-
ary radicals, in addition to the direct energy transfer mechanism (20).

4. A free radical-induced DNA strand break may occur only if the sugar moiety is ulti-
mately damaged (20). Although a majority of these radicals may react with DNA by adding
to the double bonds of the bases forming base radicals, a small percentage will react
directly with deoxyribose moiety by abstracting hydrogen atoms leading to the formation
of deoxyribose radicals. Both these interactions can eventually lead to strand breaks. In
the former case, base radicals can react with the sugar moiety by abstracting hydrogen
atom, thus, inducing breakage of sugar-phosphate back-bone. In the presence of oxygen,
there is an increase in the yield of strand breaks through the formation of lipid radical
(ROO.). In the second case, strand breaks appear to originate mainly from the radical(s)
at C(4') of the deoxyribose (20-26).
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Effect of UV on DNA
UV radiation induces a much wider range of DNA

damage, such as protein-DNA crosslinks, single strand

breaks, and thymine glycol. A number of studies using

UVC radiation (254nm) have been conducted to demon-

strate the effect of  UV on DNA (27), since UVC is close to

the maximum absorption spectrum of DNA to initiate pho-

tochemical reactions and is also available as nearly

monochromatic light source. Moreover, DNA is not a chro-

mophore for UV-A radiation (28), but could be damaged

by photosensitization reaction initiated through absorption

of UV-A by unidentified chromophore. Purine pho-

toadducts have recently attracted the attention of photo-

biologists because oxidation of guanine occurs upon

exposure of isolated DNA to UVC and UVB lights, in the

absence of a photosensitizer (29). This may be accounted

for by the formation of singlet oxygen from the triplet state

of purine and pyrimidine bases, only a contribution of an

electron transfer at the nucleoside level (30). Electron

transfer or singlet molecular oxygen produced by UVB

and UVA radiation targets DNA base guanine, giving rise

to 8-hydroxydeoxyguanosine (8-OHdG) in the strand DNA

(31). 8-OHdG (Fig.1) is shown to be a ubiquitous maker of

oxidative stress (32) since it can be generated under var-

ious agents including peroxynitrite. OH radical, one-elec-

tron oxidation oxidants and singlet oxygen. 8-OHdG is a

miscoding lesion causing G to T transversion although it

represents only a minor fraction of UV-induced mutation,

even in the UVA region (33). UV radiation also induces a

much wider range of DNA damage, such as protein-DNA

crosslinks, single strand breaks, and thymine glycol.

On the other hand, The effects of UVB radiation on

DNA are mostly caused by formation of dimeric photoprod-

ucts between adjacent pyrimidine bases on the same

strand (Figure 2, 29). The major class of lesions produced

is cis-syn CPDs (cyclobutane pyrimidine dimers). Pyrimi-

dine-pyrimidone (6-4) photoproducts [(6-4) pp] are the

second most prevalent adducts formed in DNA by UVB

radiation (34-35). The yield of (6-4) pp is 5-10-fold less

than that of CPDs (36). (6-4) pp is  converted to Dewar iso-

137

Figure 1: The major DNA lesions produced by oxidative damage,
8-oxoguanine, thymine glycol, pyrimidine hydrates and
urea.
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2b) alter absorbing UVB light energy.
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mers by UVB radiation. (6-4) Adducts exhibiting a cytosine

at their 5'-end may undergo deamination. The number of

CPDs formed in a basal cell of human epidermis after

exposure to three minimal doses of solar light in about 60

minutes exposure at noon in the summer in Kobe, Japan

(34 N) is calculated to be approximately 100000 per cell

(37). Among CPDs, thymine-cytosine (TC) and cytosine-

cytosine (CC) dimers are shown to be the most mutagenic,

since TC -"TT and CC -"TT mutations are frequently found

in the p53 gene of UV-induced cancer cells (38). In the

case of TT dimers, the major UV-induced photoproducts in

humans are poorly mutagenic, since DNA polymerase

preferentially incorporates 'A' residue opposite to non-

instructional lesions, restoring the original sequence (A-T).

(6-4) pp may be less mutagenic, since it is repaired effi-

ciently compared to CPDs. Actually, 90%  (6-4) pp are

shown to be repaired at 3 hours after irradiation (39). In

addition to pyrimidine photoproducts, and adenine residue,

which can either dimerize with an adjacent adenine or add

to an adjacent thymine upon exposure to UVB radiation.

The quantum yields of these photoproducts are very low,

but these may contribute to the biological effects of UV

light, since adenine-thymine adduct is shown to be muta-

genic (40). Moreover, the ionization effect of ultraviolet

radiation, especially, the ultraviolet B (UV-B), can be

absorbed by nucleic acids, and by some aromatic amino

acids and may cause breaks and/or perturbation of molec-

ular structures (7, 41).

Furthermore, Tsoulou et al. (15) recorded that the

neutrons (high-linear energy transfer, H-LET) were more

effective than gamma rays (low-linear energy transfer, L-

LET) in inducing DNA, as well as single electrons, were

able to create clustered damage with a biologically rele-

vant yield (14). However, high-LET charged particle radia-

tion has several potential advantages over X-rays  (42)

such as (1) an excellent dose distribution, (2) a higher rel-

ative biologic effectiveness (RBE), (3) a reduction in the

oxygen enhancement ratio, (4) less variation in cell cycle-

related radiosensitivity, and (5) less capability for repair of

radiation injury. 

UVA Damage To DNA In Cell-Culture Models (43)
UVA radiation has been shown to cause mutations in

mammalian cells. Studies in murine cell lines have demon-

strated that broadband UVA can induce mutations(44). In

addition, monochromatic UVA at 365 and 334 nm are

mutagenic to a human epithelial P3 cell line (45) and to a

Chinese hamster ovary cell line (46) respectively. Enninga

et al. (47)  have demonstrated that radiation at 365 nm was

potentially mutagenic to cultured human fibroblasts.

Wenczel et al. (48) measured DNA single-strand breaks in

cultured human melanocytes after UVA exposure. They

showed that pheomelanin or melanin intermediates (or

both) were the most likely chromophores that react with

the UVA radiation, leading to the DNA single-strand

breaks.

Using monochromatic radiation, Kvam and Tyrrell

(49) demonstrated that the wavelengths causing almost all

of the oxidative DNA base damage (e.g. 7,8-dihydro-8-

oxoguanine) in a human skin fibroblast cell line were in the

UVA and visible light range. In addition, they estimated that

the total amount of such guanine base damage induced by

sunlight in fibroblasts of the skin equals or exceeds the

amount of the major type of direct DNA damage, cyclobu-

tane pyrimidine dimers induced mainly by UVB. Drobetsky

et al. (50) have characterized a specific mutation at the

adenine phosphoribosyltransferase locus in Chinese ham-

ster ovary cells irradiated with UVA. They demonstrated a

high frequency (≤ 50%) of T  to G transversion, a rare class

of mutations ("fingerprint" mutation), in UVA-irradiated

cells, compared with 9 in UVB-irradiated cells. A moder-

ately high frequency (25%) of T to G transversion was

seen with cells irradiated with simulated sunlight, leading

to their conclusion that most of the T to G transversion

mutations in cells irradiated with simulated sunlight can be

attributed to the UVA portion of sunlight, with little, if any,

contribution from UVB.

In addition to the aforementioned studies with differ-

ent mammalian cell lines, the potential carcinogenic effect

of UVA has also been demonstrated in cultured human

melanocytes. Marrot et al. (51) induced DNA breaks in the

nucleus of Caucasian human melanocytes with broad-

spectrum UVA (320-400nm) irradiation. DNA breakage in

cells was assessed via the comet assay, a technique used

extensively for analyzing genotoxic effects by environmen-

tal chemicals (52) or by UV components of the solar spec-

trum (53, 54). The investigators suggested that the

endogenous pigments and/or melanin-related molecules

seem to enhance DNA breakage after UVA irradiation.

This is evidenced by higher DNA breakage in melanocytes

than in fibroblasts, in cells with higher melanin content, and

in cells stimulated for melanogenesis by culturing in tyro-
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sine-rich medium. In addition, Marrot et al. (51) demon-

strated that there was an increased level of p53 expression

in the irradiated melanocytes, indicating DNA damage.

That different UVA wavelengths induce mutations in differ-

ent cell lines can be explained by the different types and

amounts of photosensitizers or chromophores in these

cells. Unlike UVB, UVA must first react with endogenous

photosensitizers (e.g. flavins, porphirins, melanins) that in

turn generate reactive oxygen species that cause single-

strand breaks or photoadducts. The different sensitivities

and mechanisms for DNA damage induced by UVA and by

UVB are important to elucidate to improve the formulation

of sunscreens with broad-spectrum coverage.

Because the most effective wavelength in causing

photoproduct formation in human skin is around 300 nm in

the UVB spectrum (55), efforts could be focused on devel-

oping UVB-protective sunscreens with maximal protection

at or around this wavelength. However, the various photo-

sensitizers in skin have different absorption spectra. These

photosensitizers absorb different spectral bands of UVA

and then generate oxygen radicals. Thus for UVA-protec-

tive sunscreens to be maximally effective, they should

have broad coverage across the entire UVA spectrum.

Chromosomal aberrations due to radiation

Gaps and breaks within the chromatid strands and

chromosomes are the most frequently observed radiation-

induced chromosomal lesions (56-58). Combined light and

electron microscopic studies by several authors (58-60)

revealed that radiation-induced gap-formation were results

of the physical loss of DNA-protein complexes rather than

decondensation of the chromatin. Chromosome abnormal-

ities, such as translocations, fragile tips and deletions were

detected by high resolution scanning electron microscopy

in canine chromosomes after whole-body irradiation (61).

Several studies on homologous chromosomes in the

prophase of the first meiotic division showed the presence

of breaks and rearrangements of synaptonemal complexes

in irradiated cells (62-64). The ultraviolet radiation, espe-

cially UV-B absorbed by nucleic acids may also cause

breaks or perturbation of the molecular structures of nucleic

acids, manifested as chromosome aberrations (7, 41).

A marked increase in the frequency of chromosome

aberrations and formation of micronuclei was also

observed in human blood lymphocytes upon 2450MHz

microwave exposure (65). This cytogenetical effect seems

to be dependent on the frequency used, because it was

absent in cells exposed to 935.2 MHz microwave irradia-

tion (66).

These lesions can be caused directly by radiation

energy and they can develop as a consequence of radia-

tion induced genomic instability (10, 67) in the surviving

cells. Measurement of chromosome aberrations is an

informative and widely used technique for studying the

genetic risk of ionizing radiation and is a useful biological

indicator of radiation exposure.

On the other hand, low doses of irradiation are fre-

quently followed by the formation of the so-called nuclear

bodies, which appear ring-like chromatin aggregates sur-

rounded by a less dense halo (68-72). Their development

may be accompanied by an increase in the processing or

transport of pre-mRNA and/or pre-rRNA (73). The number

of nucleoli and the average volume of nucleolar organizer

regions may increase significantly upon irradiation, as

reported by Morales et al. (74). These phenomena may be

related to the radiation-induced elevation of transcriptional

activity of the nucleus. Irradiation may cause formation of

patches of dense substances in the nucleoli (70, 75).

Nucleolar segregation was also observed in irradiated

cells (68, 71, 72).

Radiation Induced Reactive Oxygen Species
An "oxidative stress" should be considered as the

consequence of an imbalance between pro-oxidant

processes and effective antioxidant defense systems and

finally the result of a detrimental disturbance of the "cellu-

lar redox homeostasis" (76). Active oxygen species are

generated during pathophysiologic conditions such as

inflammation and ionizing radiation exposure (77). Radia-

tion-induced free radicals in turn impair the antioxidative

defence mechanism, leading to an increased membrane

lipid peroxidation (LPO) which results in damage of the

membrane-bound enzymes (78). Ultraviolet radiation gen-

erates reactive oxygen intermediates (ROIs) (79). Moreo-

vere, in the human skin, the  ultraviolet radiation causes

increase of production of the reactive oxygen species

which are responsible for oxidative stress and damage of

many important cellular components in the target tissue

(80). Radiation-induced peroxidative damage determined

in terms of the formation of thiobarbituric acid-reactive sub-

139
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stances (TBARS) and the change in the specific activity of

lactate dehydrogenase support this possibility (81). Lipid

peroxidation increased as a function of radiation dose,

from 45 to 600 Gy and the radiation-induced depletion of

protein thiols (82). Since lipid peroxidation and ionizing

radiation are well known sources of free radicals and a

damage of tissues.

Free radicals are highly reactive molecules generated

by biochemical redox reactions that occur as part of normal

cell metabolism and by exposure to environmental factors

such as UV light and γ-radiation. In addition, acute ultraviolet-

B (UV-B) irradiation is known to act as an initiator in the for-

mation of reactive oxygen species. These oxygen products

are highly reactive and they are able to cause irreversible

damage to cellular components.  The iron, singlet oxygen,

and hydrogen peroxide are important redox active species

involved in the deleterious effects of UVA radiation on lipids

and proteins of human skin cells (83). Thus, cells with

increased sensitivity to oxidative stress are more susceptible

to damage by ionizing radiation than normal cells (84). In

addition, the reactive oxygen species are believed to be

involved in radiation lethality (85). The involvement of oxida-

tive stress in the UV irradiation-induced caspase activation

and the subsequent apoptotic biochemical changes (86).

On the other hand, the radiofrequency fields of cellu-

lar phones may affect biological systems by increasing

free radicals, which appear mainly to enhance lipid peroxi-

dation, thus leading to oxidative stress (87). These results

support the hypothesis that increased oxy-radical activity

is a persistent effect in X-irradiated mammalian cells (88). 

Several mechanisms of ROS production have been

described, including the mitochondrial respiratory chain,

the multienzymatic cytochrome P450 complex in detoxica-

tion pathways, the xanthine oxidase, the nitric oxide (.NO)

synthesis from arginine by. NO synthase and many cellu-

lar oxidases, such as cyclo-oxygenase or prolyl-hydroxy-

lase for example (89). ROS are also generated from H2O2

or ozone in the presence of metal ions (iron or copper)

through the Fenton's reaction or by various toxic com-

pounds (90). During inflammation, which may be induced

by irradiation, superoxide anions are produced by various

cell types, including white blood cells [polymorpho-nuclear

neutrophils (PMN), macrophages or monocytes], endothe-

lial cells or some parenchymal cells, through the activation

of NADPH-oxidase, a cell membrane-associated enzy-

matic complex (91).

Characterization of radiation-induced cell death
Cell death includes apoptosis and necrosis. Cell

death can be the ultimate consequence of cellular radia-

tion injury (6, 92-94). Cell death caused by ionizing irradia-

tion has previously been categorized into two main

classes, based upon the time of disintegration of cells after

exposure, namely into as interphase death and reproduc-

tive or mitotic death (92).  Interphase death is denned as

an irreversible impairment of cellular metabolism and

breakdown of cellular structures before entering into the

first mitosis after irradiation. Reproductive or mitotic death

occurs during mitosis and one or even several divisions

after the irradiation (95). Both interphase and reproductive

death can be manifested as apoptosis and/or necrosis (93,

96-98).

The category of cell death depends on the type of

cells and tissues and on the conditions and types of ioniz-

ing irradiation (6, 93, 94, 99). Furthermore, the dose of irra-

diation may also play a role in determining the type of cell

death. Moreover, recent researches have shown that the

exposure to radiation results in induction of apoptosis in

various mammalian cells (98-110) and many observations

suggest that apoptosis was the main form of ionizing radi-

ation-induced cell death in lymphocytes, thymocytes, lym-

phoid and myeloid cell lines. However, some cell types

show a slow and delayed apoptotic response (94, 99). The

process starts within minutes following irradiation and lasts

for several hours. UV-B irradiation may also induce apop-

tosis in several cell systems (7, 111). Apoptosis appears to

be a critical cellular event in neuro-degenerative diseases

(112, 113), and in response to a variety of insults including

cerebral ischemia and exposure to ionizing radiation (114,

115). 

Apoptosis and classical necrosis are two genetically,

biochemically and morphologically different types of cell

death, and the differences have been recognized as

depending not only on the cell type but also on the radia-

tion dose. Table 2 shows the difference between apoptosis

and necrosis under effect of radiation according the mor-

phological criteria.

Indeed, programmed cell death plays an important

role in embryogenesis and can also be induced in different

situations such as growth factor deprivation, chemical

insults, hyperthermia and exposition to ultraviolet (UV) and

ionizing radiation (123). More studies are necessary to fur-
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ther characterize the pathways involved in the gamma

radiation induced apoptosis in embryos.

Radiation induced lysosomes and their processes
Pertaining to Table 3 (11), the ionizing radiation

caused the number and volume fraction of lysosomes to

increase in the cells and elevated lysosomal enzyme activ-

ity could detected by several authors (11, 124-132).  At the

same time, lysosomal enzymes may appear in the cytosol

and in the extracellular fluid (124, 133-136). 

Moreover, some of the observations suggesting

increased lysosomal enzyme activity in the irradiated cells

are based on the fact that the volume fraction of lyso-

somes/autophagic vacuoles is increased in these cells. As

well as, the expansion of the lysosomal/autophagic com-

partment may be interpreted with several cautions.

1) may be due to a decreased rate of digestion of the

segregated material, which may cause the overload and

expansion of the lysosomal compartment (11).

2) may be due to the accumulation of undergraded

material as a consequence of the decreased rate of lyso-

somal protein degradation in the irradiated cells (137),

3) Cells such as macrophages and glial cells may

respond to irradiation by elevated pinocytotic and phago-

cytic activity (69, 72, 138),

4) Lysosomes are extremely sensitive to radiation,

peroxides and free radicals and that the damage resulting

to the membrane can readily release the hydrolytic

enzymes responsible for various catabolic processes in

the tissues (139), and

5) Radiation induces physical or functional changes

in the lysosomal membranes permitting release of the

hydrolytic enzymes and indirectly causing death by this

mechanism (140).

141

Table 2: Variation consequence between apoptosis and necrosis due to radiation exposure.

Apoptosis

1. Apoptosis is expressed as an active, intrinsic mechanism based on the concerted
action of specific proteases (caspases) and endonucleases (8).

2.  Shrinkage and fragmentation of nuclei are the main morphologic features of cells dying
of apoptosis (8). 

3.  Condensation and clumping of chromatin, redistribution of nuclear pores, dissolution of
nuclear laminae accompanies this process (apoptosis). The chromatin fragments may
appear scattered in the cytoplasm in the form of so called micronuclei (8).

4.  The cell as a whole shrinks and finally breaks up into fragments which become engulfed
by neighbouring cells (117,118).

5.  Alterations in mitochondrial structure (swelling and disappearance of cristae) and func-
tion (drop in mitochondrial transmembrane potential) occur in early stages of apoptosis
and may precede and/or accompany nuclear changes (119).

6.  Disintegration of Golgi complex and dilatation of endoplasmic reticulum as well as dis-
appearance of microvilli (120) and cell contacts (121) and formation of blebs (122) are
commonly observed in apoptotic cells.

7. These changes are in close relationship with reorganization of the cytoskeleton and an
altered phosphorylation state of the cytoplasmic myosin light chains and regulatory pro-
teins of the microfilament system (120-122).       

Necrosis

1. Necrosis is the consequence of irreversible destruction of cell membranes, followed by
collapse of cellular metabolism resulting from extrinsic damage to the cell (8).

2.  Mitochondrial swelling, dilatation and degranulation of endoplasmic reticule, vacuoliza-
tion of Golgi complex, lysosomal rupture, disorganization of cytoskelatal system, dilatation
and dissolution of nuclear-laminae, and appearance of breaks in the plasma membrane
are the morphologic hallmarks of necrotic process, which ends in irreversible swelling and
lysis of cells (117,118). 
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There is ample evidence that the lysosomal enzymes

play an important role in the cellular physiologic and patho-

logic regressive changes including necrobiosis and cell

death (141). Ionizing radiation appears to provoke release

and activation of lysosomal enzymes (142). Following X-

irradiation injury elevated levels of lysosomal enzymes,

have been reported for a variety of tissues (143, 144).

Also, the higher acid phosphatase activity noticed in the

ground cytoplasm in many cases of cell injury is (145, 146)

due to the rupture of lysosomal membranes followed by

the release of their contents of powerful enzymes into the

cytoplasm where they induce their lytic effects. A high acid

phosphatase activity is often associated with cell degener-

ation (145, 147) and the lysosomal rupture preceeds rather

than results from cell death (148). According to the above

results, it is worth mentioning that, the framework of the

"enzyme release" hypothesis of post-radiational cell death

(149), which suggests that cell death is a consequence of

the unregulated release of digestive enzymes from lyso-

somes after irradiation. This may be true in case of radia-

Cell type Irradiation  Compartments  (increased  in  volume)

Rat lung X-ray Lysosomesa

Granular pneumocytes,Mem-
branous pneumocytes and
Endothelial cells

X-ray, 15, 20Gy, 3-6h
Small autophagic vacuolesa Autophag vacuoles,
multivesicular bodiesa

Large autophagic vacuolesa

Rat alveolar macrophages      Thermalized neutron Lysosomesb

Epithelium of duodenal crypt X-ray Lysosomesb

Mouse hepatocytes X-ray, mixed γ-neutron Lysosomes, myelin figuresa

Thyroid 131I Autophagic vacuolesa

Cultured neuroblastoma cells X-ray Autophagic and heterophag vacuolesa, 
multivesicular bodiesa

Mouse gland carcinomas X-ray Lysosomesaa

Oral epithelium (rat) X-ray, 50Gy, 26-50h Autophagic vacuolesa

Jejunum (Rhesus monkey) 32 MeV proton Giant lysosomesa

Rat dorsal ganglia neurons X-ray Autophagic vacuolesa

Pituitary adenomas Radiotherapy Autophagic vacuolesa

Hippocampus 60Co, 1 Gy prenatal irradiation Autophagic vacuolesa

Cultured BHK cells X-ray Autophagic vacuolesa

Chang liver cells X-ray or  γ-irradiation Autophagic vacuoles, lysosomesa

Cultured KB cells X-ray Lysosomesa

HeLa cells X-ray Lysosomesa

Glial cells gamma-rays Autophagic vacuolesa

Splenic macrophage from rat gamma-rays Htero- and Autophagic vacuolesa

HT-29 cell X-ray Whole lysosome compartment

Macrophages Incorporated 241Pu particles Autophagic vacuolesa

Cochlea of guinea pig Fast neutron Autophagic vacuolesa

Table 3: Ionizing radiation-induced alteration of autophagic vacuole/lysosomal compartments in various cells (11).

aQuantitative evaluation,  bQualitative evaluation
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tion-induced necrosis. Thus, generally, these results con-

firm the relation between increased lysosomal enzyme and

cell death.

In conclusion, review of recent studies revealed that

radiation induces release of ROS and hydrolytic enzymes

which may cause tissue damage involving injury of DNA.

These changes may cause apoptosis and cell death. 
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