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Abstract

The role of radioprotectors to reduce the cellular damage induced by ionizing radiation has been studied in human, animal and in vitro

culture models. Radiation therapy cannot eradicate tumors successfully because of soft tissue damage. Proper use of radioprotective

agents (before or shortly after radiation) can reduce normal tissue radiation toxicity and improve treatment output. There are three

groups of radioprotectors: Synthetic protectors, antioxidant nutrients, and Immunomodulators. We discussed the radioprotective

efficacy and its interaction against toxic agents. In addition, we discussed articles that have used radioprotective agents in the treatment

of cancer with radiotherapy to protect normal tissue.
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Introduction

In normal cellular metabolism, free radicals or reactive
oxygen species (ROS) are usually produced, but they are
not dangerous because their effects are balanced by an
endogenuous repair system. Levels of ROS can be
elevated by deficiencies in the cellular metabolism or by
exposure to oxidative stress such as ionizing radiation
(X-ray, gamma ray, -, a or proton) (1). Exposure to
ionizing radiation (IR) is associated with the production
of free radicals and toxic substances that can damage
crucial macromolecules, structures (such as DNA, cell
membranes, and enzymes), and cause cell death. IR can
remove electrons from outer orbital of atoms to form

ions. Damages caused by IR can be direct and indirect.
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Although the direct damage observed during exposure
to low linear energy transfer (LET) radiation (such as X-
ray or gamma ray) is low, but the effect is increased for
high LET radiation (such as o particles) (2).

Since the body is primarily composed of water, low
LET radiation interact with water and produce reactive
free radicals (OH?, H’, ...) that cause side effects of IR
(2,3). The effect of radioprotectors to reduce the normal
cellular toxicity induced by ionizing radiation has been
studied in animal and in vitro culture models for many
years (3-6). The application of radioprotectors to various
human exposure situations has not been extensive. The
complete treatment of cancer requires specific strategies

that can eradicate tumors without damage to normal soft
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tissues. Conventional therapies generally were
unsuccessful to eradicate cancer absolutely because of
normal soft tissue injuries. To reduce normal tissue
damage, specific strategies are utilized such as
Intensive-modulated radiotherapy (IMRT), conformal
radiotherapy, proton radiotherapy, and protection of
normal tissues with radioprotective agents.

Indirect damages caused by free radicals and peroxides
can lead to significant cellular injuries or cell death,
particularly in sensitive cells (such as hematopoietic,
lymphoid tissues, and gastrointestinal system).
Therefore, the administration of radioprotectors to body
before or shortly after radiation can scavenge free
radicals in normal tissues and protect them against
radiation damages (7). But radioprotectors absorbed by
tumor cells can protect them against radiation. In
addition, further studies are required to determine
potential of radioprotectors during radiotherapy for the

treatment of cancer (8).

2. Radiation interaction

Ionizing radiation consists of both electromagnetic
(gamma rays or X-rays) and particulate radiations
(electrons, protons, neutron, or alpha particles). If the
radiation has sufficient energy to eject the electron from
the atom or molecules, the radiation is referred to as
ionizing radiation and can ionize the atom (9).
Following ionization, reactive oxygen species (ROS),
free radicals (OH®, H’), and other toxic substances (such
as H.0») are produced. Reactive oxygen species interact
with the macromolecules (DNA, proteins, and lipids)
and can induce DNA damage. DNA damage is the most
important factor in cell death and dysfunction of the
cells (10).

In normal tissue, there is a balance between producing
free radicals and scavenging of them. Endogenous
enzymes in cells (such as superoxide dismutase (SOD)
and glutathione peroxidase (GSH-PX)) are able to
detoxify and remove free radicals from cells before they
can attack crucial molecules. But when these free
radicals increase in cells following exposure to
radiation, endogenous enzymes are not able to protect

the cell against free radicals. Therefore, for the
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protection of normal tissues and to decrease the side
effect of radiation, the use of other radiation modulators

is needed.

3. Classification of radioprotectors

The function of radioprotective agents in reducing the
side effects of normal tissues is different. Some of them
induce hypoxia in cells and by consumption of oxygen,
decrease the level of free radicals (1). The mode of
action of another class of radioprotective agents is the
stimulation and proliferation of hematopoietic stem
cells. These agents stimulate cells and release cytokines
that stimulate pluripotent cells in bone marrow. This
class of radioprotective agents is referred to as
Immunomodulators. So far, many compounds have been
evaluated as radioprotective agents in animal, cell
culture, and human experiments (11, 12).

Generally, radioprotectors are divided into three groups:
1) Synthetic Radio protectors

2) Immunomodulators

3) Antioxidants

3.1. Synthetic Radio protectors

Since 1949 some Synthetic chemical compounds were
introduced that could protect biological systems against
the radiation. This group of compounds have thiol group
(SH) the

Amifostine is one of these compounds that has the best

and make maximum radioprotection.
efficiency and it is related to the target organ and creates
a high dose reduction factor (DRF) against the low LET
radiation (10). The function of these radioprotectors is
through radical
inducing hypoxia, and DNA Stabilization (6, 13-15).
Some of the synthetic chemical compounds are
di-,

Amifostine, thiazolidines, imidazoles, mizonidazole,

scavenging, hydrogen donation,

phosphorothioates,  mercaptans trisulfides,

benzofurans acid hydrozides, alcohols, and so on.

3.2. Inmunomodulators

The hematopoietic system is very sensitive against the
radiation. Delivering a high dose of radiation inhibits the
function of this system. Blood ingredients will be less

and its complications (infection and anemia) become
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apparent. Immunomodulators are compounds that
stimulate hematopoietic stem cells and progenitor
systems that induce their growth, proliferation, and
differentiation of them. Immunomodulators increase the
level of different cytokines that are required for
hematopoietic recovery and proliferation of them (16).
Applying cytokines and growth factors also induce
stimulation of hematopoietic system. Cytokines are
more effective when applied with other cytokines or
radioprotectors ~and  have  synergistic  radio
protectiveness. Cytokines also have radiosensitizing
effect. This opposite effect relates to induction or
inhibition of progenitor cell cycling that can be induced
by different treatment schedules (4).

Glacan (a kind of solvable polysaccharides) (17),
Endotoxin (18), ginseng root extract (16), oxymetholone
(as an anabolic-androgenic steroid), and 5-androstendiol
(AED) are natural immunomodulator compounds (19,
20). However, Azimoxin (5), diethyldithiocarbamate
(DDC),

immunomodulators (21).

and levamisole are synthetic

3.3. Antioxidants

The development of high radioprotective agents with
low toxic side effects is desirable. Natural compounds
like antioxidants can be more effective than other
radioprotectors. Antioxidant mechanisms act through
catching and trapping free radicals by thiol and aromatic
groups. Some antioxidants including Vitamins A, E, C
(22, 23), tocopherol monoglucoside (soluble form of
vitamin E) (24), Glutathione (GSH) are modified forms
of cycteine, sulthydryl compound, Melatonin that is
produced in pineal gland (25), Flavonoids that are in
fruits (26, 27), and Minerals like selenium and copper.
Recently herbal extracts are studied for radioprotection.
This agent causes low DRF but in radioprotective doses
have a low toxic effect. They have antioxidant and

immunomodolator effects.

4. The criteria of ideal protective agent
Over the past several years, many compounds were
examined to find effective radioprotector with low

toxicity and side effects (8). Early attempts to use thiol
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began with the introduction of cysteine. More than 4,000
compounds have been studied so far. The ideal
radioprotective agent should have several criteria (14):
1. Scavenge free radicals and be an antioxidant.

2. Increase the activity of antioxidant enzymes in the
body.

3. Have a selective protective effect on normal tissue,
without a protective effect on tumor cells.

4. Have an active effect on the proliferation of
hematopoietic stem cells.

5. It must be a stable compound in the body with a long
half time.

6. Have an acceptable route for administration (such as
oral, subcutaneous, or intramuscular).

But so far, no radioprotective agents meet all of these
criteria and most of them are not used because of their
side effects. Many researchers have studied ideal radio
protective compounds that have more efficacy, low
toxicity, and an acceptable route for administration. In
recent years, so many radioprotective agents have been
examined for their ability to decrease radiation-induced

damage in normal cells.

5. Examples of common radioprotectors

5.1. Melatonin

Melatonin  (N-acetyl-5-methoxytryptamine) is the
secretary product of the pineal gland, it is lipophilic and
somewhat aqueous soluble (28, 29). In the darkness at
night, its concentration is in the maximum level (30, 31).
Many investigations (in vitro, in vitro/in vivo, in vivo,
and clinical studies) were carried out about the
protective effect of melatonin, they have documented
that melatonin is a radical scavenger, an antioxidant, and
immunomodulator agent (25). Melatonin administration
is easy because it is absorbed through any route
especially oral route.

Vijayalaxmi et al. investigated the radioprotective
effect of melatonin in vitro, in vitro/in vivo, and in vivo
conditions. They cultured human blood lymphocytes,
and treated them with various concentrations of
melatonin for 20 minutes, after that the samples were
exposed to 150 ¢cGy gamma radiation. They observed a

significant reduction (about 60%) in the frequency of
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micronuclei as compared to samples that were not
treated with melatonin (25). In another study (32), blood
samples were collected at 1 and 2 hours after melatonin
administration (300mg) after that samples were exposed
to 150 cGy gamma radiation. Finally, they exhibited a
significant reduction (60-65%) in the incident of
chromosomal aberrations and micronuclei as compared

to samples before melatonin administration. The best

protective effect was observed 2 hours after
administration.
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Moreover, Shirazi et al. (33) administered 30 mg/kg of
melatonin for 30 min before whole-body radiation to
mice. Moreover, mice received 30 mg/kg melatonin for
three days after radiation. They showed that radiation
alone caused liver injuries (malondialdehyde (MDA)
level increased and glutathione (GSH) level decreased).
However, administration of melatonin before and after
radiation reduced liver damages caused by radiation
( ). Therefore, in their study, the radioprotective

effect of melatonin was also confirmed.
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Fig 1. Radioprotection effect of melatonin on the radiation-induced damage. (A) The level of malondialdehyde (MAD).

(B) The level of glutathione (GSH) in rats. a: p<0.05 (compared to the control group) and b: p<0.05 (compared to the

radiation groups) (33).

Blickenstaft et al. (34) found that exposure to 950 cGy
of whole-body radiation caused the death of all animals
within 12 days, while 43% of mice that were treated
with melatonin (1.076 mM/kg) before the exposure
survived at least 30 days after exposure of lethal dose

of radiation.

5.2. Nitroxide radicals

Nitroxide radicals are unstable chemical compounds
that look like conventional radicals, but cyclic nitroxide
compounds are stable. For example, 2, 2, 6, 6-tetra

methypiperidine-1-oxyl (Tempol) is a stable radical
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(35). Since they have been known as compounds which
can interact with free radicals, they are used as
biophysical tools. Lots of In Vitro investigations have
proved that these compounds can scavenge ROS. It has
been proven that nitroxide in special conditions interacts
with metal ions of DNA structure and subsequently
restrains them from incorporating to convert H202 to
OH. Furthermore, consumption of O by nitroxide
inhibits the reduction of oxidized metal ions in DNA.
Other mechanisms are induction of hypoxia inside the
cells and scavenging the toxic compounds produced by

radiation (36, 37). These compounds protect cells in
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hypoxic conditions, not in oxygenated conditions. But
nitroxide faces some obstacles In Vivo condition
including nonspecific dispersion in normal tissue, high
renal clearance, and rapid reduction of nitroxide to
hydroxylamine (its non-protective analogue).

Mitchel et al. (38) conducted an investigation to
evaluate the radiation protection effect of Tempol-H on
hamster V29 cells after radiation. Cells were treated
with Tempol-H in final concentration of 5, 10, 50 and
100 mM for 10 min prior to radiation. Immediately after
radiation, the medium was diluted and the cells were
grown for clonogenicassay. The results showed that
Tempol-H as a nonthiol radioprotector can protect
mammalian cells from radiation-induced injury.

In another study, which was run by Hahn et al. (35), the
radioprotective effect of Tempol-H was assessed on
RIF1 tumor cells implanted into mice. First, they
implanted the tumoral cell into mice and 10 days later
PBS was

intraperitoneally. The survival curve of cells was drawn

275mg/kg of Tempol-H or injected
after 10 and 33 Gy radiation. No significant difference
was found between the mice treated with Tempol-H or
PBS.

The difference in radioprotection effect of nitroxide can
be due to the bio-reduction rate of nitroxide to
hydroxylamine (its non-protective analogue) in different

cells.

5.3. Rosemary

Rosemary is a famous species of Lamiaceae family
originated from the Mediterranean region. It grows up to
1 meter high and has got blue flower with dark green
leaves. Rosemary has been shown to have extensive
biological activity due to its antioxidant properties.
Rosemary extract after administration can increase GSH
level in the blood. Furthermore, it restrains lipid
peroxidation after radiation (39). An interesting point is
that the treatment with rosemary before radiation can
lead to a higher degree of protection rather than after
radiation. Soyal et al. (40) investigated the effect of
rosemary extract on radiation-induced hepatic injury in
mice. Mice were divided into 2 groups (control and

experimental). In both groups, the number of abnormal
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cells increased after 6 Gy radiation but in experimental
group treated with 1000mg/kg rosemary extract, the
number of abnormal cells decreased after 10 days (40).
Another study was done on blood cells of mice by Jindal
et al. They administered 1000 mg/kg of rosemary extract
orally and exposed the mice to 3 Gy radiation. It was
found that the number of erythrocyte and leucocyte
counts, hemoglobin content and hematocrit percentage
decreased while a significant increase was observed in
the experimental group by the day of 30 post-treatment
(41).

5.4. Vitamins (C&E)

These vitamins are known as antioxidant nutrients.
Vitamin C (ascorbic acid) is an essential material in
different species of humans and plants. It is produced by
most of the organisms especially mammalian and acts as
water-soluble antioxidant in oxidative stress (42).

Vitamin E refers to a group of fat-soluble compounds.
There are many different forms of vitamin E that o-
tocopherol is the most biologically active form. This
vitamin also has antioxidant properties. Vitamin E
protects chain reaction of lipid peroxidation in cell
membranes by two mechanisms: either it reacts with
unsaturated fatty acid or protects polypeptide chains.
Vitamin E scavenges oxygen molecules, peroxide, and
hydroxyl radicals while vitamins C scavenges oxygen
molecule, hydroxyl radicals, and atomic oxygen
radicals. Effecting points of these vitamins are different.
Vitamin E is effective on membrane of all cells, nucleus,
endoplasmic reticulum and mitochondria whereas
vitamin C as a water-soluble vitamin is effective on
cytoplasm and lysosome (43, 44).

Felemovicus et al. (45) evaluated the effect of vitamin
E on the small bowel of rat. They filled the small bowel
with vitamin E solution through a surgery then exposed
them to 11Gy X ray. Five days later the mice were
sacrificed and the surviving crypts, mucosal height and
goblet cell preservation were compared with the control
group. All the parameters were significantly protected
from radiation. Soheir et al. (44) conducted another
study and evaluated the effect of vitamin C and E on

chromosomal aberrations in albino rats. Rats were fed
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by aqueous vitamin C and E solution for 6 months. Then
they were exposed to whole-body radiation. After
killing the rats the chromosomal aberrations were
recorded. They concluded that vitamin C was more

effective than vitamin E.

5.5. Lycopene

Lycopene is a carotenoid, which is produced by plants
and microorganisms. It is found especially in red fruits,
tomatoes, and vegetables (46). Lycopene has a structure
similar to antioxidant beta-carotene, but its antioxidant
activity is much stronger. It reduces the effects of
radiation by antioxidant and free radical scavenging
ability (47, 48). Lycopene increases the levels of the
antioxidant enzymes, and these enzymes scavenge ROS.
It also inhibits peroxidation of membrane lipids.
Srinivasan et al. evaluated the radioprotective effect of
lycopene on rat hepatocytes using cytogenetic and
biochemical methods (47, 49). They found that the
frequency of chromosomal aberration and peroxidation
of lipids in samples pretreated with lycopene were
lower. Lycopene caused a reduction in the frequency of
micronuclei, dicentromic chromosome, the level of
thiobarbituric acid reactive substances (TBARS), and
hydroperoxides (HP); it also increased the level of
antioxidant enzymes (GSH, SOD, CAT, and GPX) (47,
49). In this paper, the best dose of lycopene for
protection was Spgr/ml (49).

Cavusoglu et al. (50) have exhibited radioprotective
effect of lycopene in human lymphocytes by metaphase
analysis. They collected samples and cultured them,
then pretreated with various doses of lycopene (0.001,
0.005, 0.01, 0.015, 0.018 and 0.02 pM), after that
samples were exposed to 10 Gy gamma rays for 30
minutes. They found that the level of chromosomal
aberration in the presence of lycopene (especially at
0.01, 0.015, 0.018 uM concentrations) was lower than

the samples treated with lycopene.

5.6. Cimetidine/Ranitidine/Famotidine

Cimetidine, Ranitidine, and Famotidine are histamine
H> receptor antagonists and are used for peptic ulcer
treatment. These drugs are economical, not expensive
and available in the market, and also they can be
administrated orally.

Investigators have demonstrated that cimetidine is an
immunomodulator and radical scavenger agent, but
ranitidine and famotidine are only radical scavenger
agents (51, 52). Cimetidine increases the frequency
ofCD} lymphocytes (effector T cells) and inhibits T
suppressor cells. This process causes the production of
glutathione reductase and catalase enzymes, which
prevents DNA damage. Therefore, Cimetidine reduces
the effects of radiation through radical scavenging
method via catalysis enzymes (52, 53). Famotidine and
ranitidine, especially famotidine, scavenge hydroxyl
radical (OH®), HOCI, and NH.Cl. Famotidine scavenges
OH? about 10-fold higher than that of Manitol (3, 51,
54).

Mozdarani et al. have conducted several studies about
They

investigated radioprotective ability of cimetidine,

the radioprotective effect of these drugs.

ranitidine, and famotidine in vitro and in vivo conditions
by micronuclei assay and metaphase analysis (3). In
micronuclei assay, mice were intraperitoneally injected
at various concentrations of cimetidine, ranitidine, and
famotidine (Table 1), for 2 hours before 2 Gy radiation.
24 hours after treatment, then they sacrificed the mice
and femoral bone marrow was flushed. Moreover, in
metaphase analysis blood samples were collected and
treated with these drugs (100pmol/Lit) for 1h before
3Gy gamma radiation. The results in both methods were
the same. They exhibited that all drugs reduce the
frequency of chromosomal aberrations and micronuclei
with DRF of 1.35 - 1.95. Famotidine was more effective
than cimetidine and ranitidine with DRF of 1.95.
Famotidine and Ranitidine were more effective than

cimetidine at lower concentrations (3) (Tablel).

Table 1: DRF values for cimetidine, ranitidine, and famotidine in two methods (3)

Drug Dose DRF
In vivo treatment
Cimetidine 7.5 mg/kg 1.35
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15 mg/kg 1.61
Ranitidine 2.5 mg/kg 1.81

5 mg/kg 1.89
Famotidine 0.75 mg/kg 1.56

1.5 mg/kg 1.95
In vitro treatment
Cimetidine 100pumol/lit 1.45
Ranitidine 100umol/lit 1.52
Famotidine 100pmol/lit 1.95

In another study, Mozdarani et al. have also exhibited
the effect of cimetidine and famotidine on the survival
of mice. Mice were exposed to different doses of
radiation and then LD50/30 was calculated (723.7cGy).
In another group, mice took different doses of
cimetidine and famotidine in combination with 801cGy
gamma irradiation and then the best protecting
concentration of drugs was found [10 mg/kg for
famotidine and 15 mg/kg for Cimetidine] (55). Finally,
mice were treated with these doses of drugs in
combination with various doses of gamma rays (528-
801cGy) and DRF was calculated using the LD50/30 in
each group. DRF for optimum dose of cimetidine and
famotidine were 1.11 and 1.05, respectively (55). In this

article, DRF of cimetidine was more than famotidine

unlike other studies. Immunomodulatory ability of
cimetidine might be the cause of this effect.

Razzaghdoust et al. (56) in a phase I/II randomized
clinical trial study evaluated 36 patients with prostate
cancer. Patients received 40 mg famotidine or placebo
twice daily 3 and 4 h prior to radiotherapy. Then, bowel
and bladder acute toxicity were evaluated according to
RTOG toxicity grading criteria. The results showed that
there was no significant difference between two groups
in the toxicity of urinary. However, rectal toxicity in the
group treated with famotidine was significantly lower
than that of placebo group (Figure 2). Therefore, their
study proved that the administration of famotidine
before radiotherapy for the prostate cancer patients
could reduce the radiation-induced toxicity on rectal

mucosa.
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Fig 2. Radiation-induced rectal toxicity (according to RTOG toxicity grading criteria) in prostate cancer patients treated

with famotidine or placebo before radiotherapy (56).
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5.7. Amifostine

S-2-(3-aminopropylamino) ethylphosphorothioic acid
or Amifostine, is one of the amino thiols compounds that
contain cysteine and thiol. Amifostine is the most
effective Radio protector and it has a protection factor
of 2.8. First, it is phosphorylated spontaneously or by
alkaline phosphatase enzyme and conform to WR-1065
(its active form). Amifostine provides protection against
ionizing radiation by free radical scavenging, hydrogen
donation, inducing hypoxia, and DNA Stabilization
(57). It is illustrated that thiol agent is probably activated
by oxygen, so it causes hypoxia and radiation protection
in the tissue. Amifostine protects bone marrow, immune
system, skin, small intestine, colon, lung, esophagus,
kidney, salivary glands, oral mucosa, and testes with
various dose reduction factors. The major protection of
Amifostine is related to bone marrow and salivary
glands, but brain is not protected by Amifostine.
Amifostine has side effects in therapeutic doses
including renal

hypotension, hypocalcemia,

complication, disorder in temperature, nausea,
drowsiness, losing weight, and vomiting. In the clinical
trial study, it has been shown that Amifostine was able
to reduce acute and chronic xerostomy incidence

induced by head and neck radiotherapy (58).

In one randomized phase III clinical trial, the radio-
protective effect of Amifostine on cancer was evaluated.
In this study, 300 patients with head and neck cancer
received 200mg/m2 of Amifostine for 15-30 min before
radiotherapy. The results indicated that daily use of
Amifostine significantly reduced the incidence of acute
and chronic xerostomia without disordering the efficacy
of radiotherapy, but it did not diminish acute mucositis.
It had side effects like allergic reactions, nausea, and

vomiting (59).

6. Conclusion
Radiation therapy cannot eradicate tumor successfully
because of soft tissue damage. Radioprotectors can

reduce normal tissue damage. Proper use of

radioprotective agents (before or shortly after

radiotherapy) can reduce normal tissue radiation toxicity

and improve the treatment output and therapeutic ratio.
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The important point that should be considered is the
possibility of resistance induction by radioprotectors in
clinical trials. Among the mentioned radioprotectors,
Amifostin is the only radioprotective agent that is
currently used in clinical settings. Research still
continues on the use of other radioprotectors (especially

melatonin and famotidine) in the clinical trials.
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