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. Radiation-induced genotoxicity
can be expressed as short- or long-
term effects depending on the amount
of radiation dose.

. To prevent induction of radiation-
induced genetic effects, numerous
chemicals including antioxidants have
been investigated for their radioprotective
capacity. However, a suitable compound
or compounds has not been achieved yet.

. Radioprotective effects of
curcumin combined with selenium on
radiation-induced genetic damages,
expressed as micronucleus in rat bone
marrow erythrocytes, have not been
reported previously.

. Curcumin with antioxidant property
and selenium are necessary for radical
scavenging effects of glutathione. When
the combination is used, they exhibit a
profound radioprotective potential.
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Background: The search for potent radioprotective agents for
the amelioration of radiation side effect is an important aim in
radiobiology. The present study aimed to evaluate the effects
of curcumin and seleno-L-methionine against radiation-induced
micronucleus formation in rat bone marrow.

Methods: In total, 40 male rats were divided into 8 groups
(n=5 each), including control, curcumin or seleno-L-methionine
treated alone or in combination, 2 Gy irradiation, irradiation of
treated groups with curcumin or seleno-L-methionine or their
combination. Curcumin was administrated orally and seleno-
L-methionine was injected intraperitoneally 24 hours before
irradiation. The frequency of micronucleated normochromatic
erythrocytes (MnNCEs) and micronucleated polychromatic
erythrocytes (MnPCEs) was scored in 5,000 polychromatic
erythrocytes (PCEs) and the cell proliferation ratio [(PCE/
(PCE+NCE); NCE=normochromatic  erythrocytes] was
calculated for each treatment group. Data were analyzed by
the SPSS software version 16.0 and P<0.05 was considered as
statistically significant differences.

Results: Pretreatment with curcumin and seleno-L-methionine
before irradiation reduced the frequency of MnPCEs and
MnNCEs (P=0.01) and increased the cell proliferation ratio.
Moreover, the results showed that this pretreatment reduced the
frequency of MnPCEs with a protection factor (PF) of 1.2 and
1.6, respectively. The combination of curcumin and seleno-L-
methionine in reducing MnPCEs and MnNCEs was not more
effective than each agent alone, while improved cell proliferation
ratio.

Conclusion: Both curcumin and seleno-L-methionine showed
potent protection against radiation induced MN in bone marrow
cells. The combination of the two agents further ameliorates this
activity, thus leading to improve bone marrow protection.
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Introduction

lonizing radiation has an important role in the human life, such
as medicine, industry, agriculture, and power generation.'
Although the use of radiation technology is useful for human
life, exposure to ionizing radiation during medical applications or
radiation accidents may lead to adverse effects such as cancer,

645



Bagheri H, Rezapour S, Najafi M, Motevaseli E, Shekarchi B, Cheki M, Mozdarani H

heart diseases, and some other side effects.?
One of the main purposes of radiobiology is
to investigate an appropriate radioprotector to
protect people against radiation side effects.
Radioprotector agents may be useful for people
under the risk of radiation exposure, including
patients undergoing radiotherapy, soldiers
exposed to nuclear radiation, radiation workers,
and people involved in nuclear accidents.®* After
the discovery of cysteine as a radioprotector
agent in 1949,° researchers investigated the
radioprotective properties of many compounds,
such as aminothiols. Amifostine is the only
radioprotector that was clinically approved
to palliate side effects in patients undergoing
radiotherapy. Amifostine has a good protective
effect, but is relatively toxic and has some
inappropriate effects such as nausea, vomiting,
and hypotension. Hence, it is required to search
for less toxic and more potent radioprotectors
which can be easily administered.®

Bone marrow is the most sensitive organ
in response to cytotoxic effects of ionizing
radiation. lonizing radiation induces different
types of DNA damage in bone marrow cells
that may remain unrepaired. In this situation,
unrepaired DNA damage may lead to cell death
or genomic instability.” Therefore, the risk of
death or hematopoietic malignancies threatens
the exposed people. Curcumin is a major
bioactive agent which has a wide spectrum of
anti-inflammatory, antioxidant, anti-mutagenic,
and anti-carcinogenic properties.® In response
to ionizing radiation, curcumin has shown to
be able to sensitize cancer cells to ionizing
radiation while protecting normal tissues.® The
toxicity of curcumin is low compared to several
radioprotectors. In a clinical trial study, curcumin
has shown no toxicity up to doses of 8-12 gram
per day.” It was shown that pretreatment with
curcumin can accelerate healing of skin damage
following irradiation and be a substantial
therapeutic strategy in the management of
irradiation-related wounds."

Seleno-L-methionine as an important
micronutrient has broad effects on biological
systems as antioxidant effects, cancer
prevention, and anti-inflammatory effect. Seleno-
L-methionine in animal tissues incorporates
particularly to the structure of glutathione
peroxidase, as the main functional form of
seleno-L-methionine. Glutathione peroxidase
has an important role in the removal of free
radicals, thereby protects DNA, proteins, and
unsaturated phospholipids from the deleterious
effects of free radicals.'?' Also, it is proposed
that seleno-L-methionine can stimulate DNA
repair responses. '
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According to the appropriate radioprotective
effect of both agents, the present study aimed
to investigate the radioprotective effects of
combined curcumin and seleno-L-methionine
against radiation-induced micronucleus in rat
bone marrow erythrocytes.

Materials and Methods

Animal Pretreatment

The present experimental study was carried
out in accordance with the guidelines for the
care and use of laboratory animals as adopted
by the Ethics Committee of the School of Allied
Medicine, Tehran University of Medical Sciences
(Tehran, Iran). All rats were kept in the animal
facility maintained at 20-22 °C temperature,
relative humidity of 50-70%, and 15 air
exchanges per hour. Also, a time-controlled
system provided 08:00-20:00 hour light and
20:00-08:00 hour dark cycles. All rats were given
standard rodent chow diets and water from a
sanitized bottle fitted with a stopper and sipper
tubes.

Experimental Design and Irradiation
In the present experimental-interventional
study, 40 male Wistar rats weighing 180-200 g
were divided into 8 groups (n=5 each) using the
simple random sampling method. The groups
were categorized as follows:
1. Group 1: Control
2. Group 2: Curcumin treatment (200 mg/kg
body weight)
3. Group 3: Seleno-L-methionine (4 mg/kg
body weight)
Group 4: Curcumin+seleno-L-methionine
Group 5: 2 Gy radiation
Group 6: 2 Gy radiation+curcumin
Group 7: 2 Gy radiation+seleno-L -methionine
Group 8:2 Gy radiation+curcumin+seleno
-L-methionine
Following 24 hours of treatment, all rats
were anesthetized by an IP injection of
ketamine (60 mg/kg) and xylazine (20 mg/kg).
Then, the rats in groups 5-8 were exposed to
2 Gy cobalt-60 gamma rays as whole-body
irradiation (Theratron-lIl 780C, Kanata, ON,
Canada) at a dose rate of 109 cGy/min with
a source to surface distance (SSD) of 60 cm
and fixed field size of 25x25cm at 22+2
°C temperature. The selection of 24 hours
intervals between curcumin and seleno-L-
methionine injection and exposure to y-ray
radiation was entirely based on previous
studies.’ Additionally, the selected dose of
curcumin and seleno-L-methionine and y-ray
radiation was based on other studies.*'%6
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The Micronucleus Assay

The rat bone marrow micronucleus test was
carried out according to the method described by
Mozdarani and Gharbali.'” All rats were sacrificed
by cervical dislocation 24 hours after irradiation.
Also, rats in the control group sacrificed 48
hours after injection. Their femoral bone marrow
was disembogued by fetal calf serum and a cell
suspension was prepared. The suspension was
centrifuged for 6 minutes at 1,500 rpm. After
centrifugation, the supernatant was removed and
cells were re-suspended in the remaining serum.
The resultant smear was fixed in methanol and
stained with May-Grunewald-Giemsa (Merck,
Darmstadt, Germany). In this staining method,
polychromatic erythrocytes (PCEs) are stained
blue-violet while norm chromatic erythrocytes
(NCEs) are stained yellow-orange.

Microscopic Analysis

Following slide preparation and staining, the
slides were randomized and coded for blind
analysis by the same scorer. An Olympus BX43
microscope (Tokyo, Japan) with 100 objective
lenses was used to score the cells. Atotal of
1,000 PCEs were scored for the presence
of micronuclei in each sample. Based on a
similar study, the ratio of PCE/(PCE+NCE)
was calculated to determine the cytotoxic
effects of y-radiation on the proliferation of the
bone marrow cells. This ratio is an index of the
proliferation rate. A decline in the post-irradiation
ratio is an expression of the known early effects
of radiation on cell cycle, which indicates a
mutagen-induced bone marrow cytotoxicity or
suppression of erythropoiesis. The ratio of PCEs
to total erythrocytes (PCEs+NCEs) has already
been evaluated to determine the cytotoxic effects
of gamma-radiation in the femoral bone marrow.

Statistical Analysis

Statistical analysis was performed using
the SPSS software, version 16.0. Data were
analyzed by one-way analysis of variance
(ANOVA) method and Tukey’s post hoc test.
P<0.05 was considered as statistically significant
differences.

MNPCE/1000PCE After 24 Hours

The results of MNPCE/1000PCE are
illustrated in figure 1. Exposure to 2 Gy resulted
in a significant increase in MN frequency
compared to the control group (P=0.001). Pre-
administration of seleno-L-methionine resulted
in a significant decrease in the number of MN
compared to the irradiated group (P=0.001).
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Pre-administration with curcumin (P=0.011) and
curcumin plus seleno-L-methionine (P=0.001)
resulted in a significant reduction in MN
frequency compared to irradiation without drug
treatment. Moreover, treatment with combined
curcumin and seleno-L-methionine  before
irradiation decreased MN frequency compared
to pretreatment with curcumin alone (P=0.001),
but not seleno-L-methionine.

MNNCE/1000NCE After 24 Hours

As shown in figure 2, pretreatment with
seleno-L-methionine, curcumin, or seleno-L-
methionine plus curcumin did not cause any
significant increase in MN frequency. Irradiation
with 2Gy caused a significant increase in MN
frequency compared to the control or drug-
treated groups (P=0.001). Administration of
seleno-L-methionine before irradiation resulted in
a significant decrease in MN numbers compared
to the irradiated group (P=0.001). Also, a
significant difference for pre-administration with
curcumin (P=0.017) and the combined form of
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Figure 1: Frequency of MnPCEs in gamma-irradiated (2 Gy)

rat bone marrow in the absence or presence of curcumin,
seleno-L-methionine, or combined. A total number of 5,000

®

PCEs were scored for each treatment group. Error bars
indicate standard errors of mean values obtained from 5
animals. *Significant compared to the control or RAD group.
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Figure 2: Frequency of MNNCEs in gamma-irradiated (2 Gy)
rat bone marrow in the absence or presence of curcumin,
seleno-L-methionine, or combined. A total number of 5,000

PCEs were scored for each treatment group. Error bars
indicate standard errors of mean values obtained from 5
animals. *Significant compared to control or RAD group.
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curcumin and seleno-L-methionine (P=0.001)
were investigated compared to the irradiated
group. Administration of curcumin plus seleno-
L-methionine did not affect the MN frequency
compared to pre-treatment with curcumin or
seleno-L-methionine alone.

Cell Proliferation Ratio

PCE/PCE+NCE is an index for the evaluation
of cell proliferation following exposure to ionizing
radiation or radiation modifiers. The statistical
analysis showed a significant difference in
cell proliferation ratio between the groups.
Pretreatment with seleno-L-methionine,
curcumin or the combined form did not cause
any significant effect on cell proliferation ratio.
Exposure to ionizing radiation resulted in a
significant decrease in PCE/PCE+NCE index.
Treatment with seleno-L-methionine (P=0.001),
curcumin (P=0.002) and the combined form
(P=0.001) increased this index significantly.
Moreover, pre-administration with the combined
form increased PCE/PCE+NCE index compared
to pretreatment with curcumin alone (P=0.005),
but not seleno-L-methionine (figure 3).

Protection Factor (PF)

The PF was calculated as the ratio of the
MnPCEs frequency induced by radiation alone
to the MnPCEs frequency induced by radiation
in the presence of curcumin and seleno-L-
methionine or their combined form. A PF of 1.8
was achieved for the combined form of curcumin
and seleno-L-methionine, 1.2 for curcumin, and
1.6 for seleno-L-methionine.

In the present study, the radioprotective effect of
curcumin, seleno-L-methionine alone, and the
combined form was evaluated against radiation
induced micronuclei formation in rat bone marrow
erythrocytes. The cell proliferation ratio was
calculated using the formula PCE/(PCE+NCE).
Similar to previous studies, we showed an
increased micronuclei formationin PCE and NCE
in the bone marrow cells following irradiation.*
Also, the PCE/PCE+NCE significantly reduced
which indicates the cytotoxic effect of ionizing
radiation on the cell proliferation rate.

Itis proposed that potent antioxidative effect of
seleno-L-methionine in combination with the anti-
inflammatory effect of curcumin can ameliorate
DNA damage in bone marrow cells. The results
showed that pre-administration of seleno-L-
methionine or curcumin do not produce any
toxic effect on bone marrow cells. Development
of non-toxic and potent radioprotectors is one
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Figure 3: Cell proliferation ratio in gamma-irradiated (2Gy)
rat bone marrow in the absence or presence of curcumin,
seleno-L-methionine, or combined. A total number of 5,000
PCEs and the number of NCEs observed in the field of the

5,000 PCEs and were scored for each sample. Error bars
are standard errors of mean values obtained from 5 animals.
*Significant compared to control or RAD group; &Significan
compared to the RAD+Cur and RAD+Sel groups.

of the main aims in radiation biology. These
properties can help to manage the detrimental
effects of ionizing radiation during radiation
disaster or cancer radiotherapy with acceptable
side effects.

Pretreatment  with  seleno-L-methionine
before irradiation  significantly = reduced
micronuclei formation in both PCE and NCE
and increased the PCE/PCE+NCE ratio. Similar
to seleno-L-methionine, pretreatment with
curcumin 24 hours before exposure resulted in
an obvious reduction in micronuclei formation in
both PCE and NCE. Moreover, results indicated
that combining seleno-L-methionine  with
curcumin is more efficient compared to curcumin
administration in PCE cells.

So far, several herbal products have been
proposed as radioprotector compounds.'®®
It is very important to limit the toxicity caused
by ionizing radiation on normal tissues as well
as increase the response of malignant cells to
radiotherapy. Natural and herbal agents have
suitable properties compared to chemical
radioprotectors, such as less toxicity, lower
costs, and oral administration.® It has been
shown that curcumin compared to different
types of herbal agents has many radioprotective
effects. Curcumin has shown its ability to reduce
the toxic effects of ionizing radiation on normal
tissues, such as highly sensitive bone marrow
cells. On the other hand, curcumin has shown
that it can sensitize tumor cells to radiation.?°
These effects reduce the total radiation dose for
tumor control which increases therapeutic ratio
and alleviates both early and late normal tissue
toxicity.
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Studies have revealed that inflammatory
responses and continuous ROS production
following exposure to ionizing radiation play
key roles in bone marrow toxicity and genomic
instability. It seems that TGF-3, NADPH oxidase
activity, and mitochondrial ROS have central
roles in this pathway.?’ Both curcumin and
seleno-L-methionine have shown good anti-
inflammatory and antioxidative effects.?? Brown
et al. showed that selenium and seleno-L-
methionine are able to scavenge free radical
production after irradiation and ameliorate DNA
damage and apoptosis in bone marrow cells.
The results indicated that activation of some
immune responses after exposure to radiation
was involved in bone marrow cell death.?

Abraham et al. showed that pretreatment with
different doses of curcumin (5, 10, and 20 mg/
kg) reduced the incidence of MNnPCEs in mice
bone marrow cells after exposure to ionizing
radiation.?* This result is confirmed by the
evaluation of the protective effect of curcumin
against toxic effects of chemotherapy agents
such as cisplatin.?® Curcumin has shown the
ability to ameliorate inflammation induced ROS
production through suppression of INOS, COX-
2, and NADPH oxidase gene expression.?

Similar to curcumin, selenium compounds
have shown anti-tumor and synergistic effect
with radiation therapy. These results increase
possible application of selenium compounds
for the amelioration of toxic effect of ionizing
radiation in clinical oncology. Studies have
proposed some mechanisms for the protective
effect of seleno-L-methionine against toxic
agents. Fischer et al. showed that seleno-L-
methionine can enhance DNA damage response
in a p53 dependent mechanism.?” Another study
by these researchers showed that seleno-L-
methionine stimulates BRCA1, which interacts
with the RAD51, resulting in accelerated double-
strand breaks repair in DNA.?

In the present study, seleno-L-methionine
(as a potent antioxidant and enhancer of DNA
damage response) was used in combination
with curcumin (as a potent anti-inflammatory
and antioxidant agent). The use of the combined
form of radioprotectors for a better management
of radiation side effects has been studied.
Mozdarani et al. examined the radioprotective
effect of single and combined form of famotidine,
vitamin C, and cimetidine on radiation-induced
bone marrow micronuclei formation. They
showed that the combined form of these agents
provides no additional protective effect.?® In
another study, it is shown that the combined form
of famotidine and vitamin C is more effective in
reducing MnPCEs compared to the individual
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agent. Also, they showed that the combined
form of famotidine and vitamin C increases cell
proliferation ratio. The authors recommended
that the combination of these compounds may
further improve bone marrow protection.*

Kopjar et al. evaluated the radioprotective
effect of a combined regime, including melatonin
and amifostine on sister chromatid exchange
(SCE) and cytokinesis-block micronucleus
(CBMN) in human peripheral blood lymphocytes.
They showed that the best result is obtained
when the combination of both melatonin and
amifostine is used before exposure to radiation.*°
Although the combination of these agents
has no synergistic effect on radiation-induced
epiphyseal injury.®" These results may indicate
that the synergic effect of radioprotector agents
is highly dependent on radioprotector agents as
well as being tissue specific.

In the present study, it is hypothesized that
using the combined form of seleno-L-methionine
and curcumin before exposure to radiation may
ameliorate the detrimental effects of ionizing
radiation and subsequent micronuclei formation
in bone marrow cells. Dai et al. showed that
curcumin has a synergistic antioxidant effect with
other antioxidants like alpha-tocopherol against
free-radical-induced peroxidation.*? On the other
hand, it is confirmed that seleno-L-methionine
is absorbed early and neutralizes free radicals
in cells.®® This compound acts directly and
through stimulation of glutathione peroxidase
expression. Moreover, methionine elevates
cell antioxidant capacity, such as glutathione
peroxidase and glutathione reductase activity.
Previous studies have demonstrated that both
selenium and methionine have radioprotective
and mitigatory effects and they can stimulate
DNA repair responses.®® Although in the present
study we did not show a synergistic effect of
the seleno-L-methionine and curcumin for the
reduction of micronuclei formation, the results
showed a more potent effect on cell proliferation
ratio. The use of other drug doses may lead to
further improvement in the synergistic effect of
these compounds. The results of the present
study indicated that the combination of seleno-
L-methionine and curcumin probably further
enhances radioprotection, thus results in a
higher bone marrow protection.

Conclusion

It is shown that pretreatment with seleno-L-
methionine, curcumin alone, and in combination
ameliorates genotoxicity of ionizing radiation in
rat bone marrow cells. Based on the results of
the present study, the radioprotective effect of
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the combined form of these compounds has a
significant effect compared to the single form
usage. Since ionizing radiation applications
are increasing in human life (e.g. radiotherapy,
nuclear energy, and industry), it is required to
develop effective and non-toxic compounds that
can reduce genotoxicity induced by ionizing
radiation. We showed that the combination of
seleno-L-methionine and curcumin might be a
promising agent for such goals. We evaluated
single-dose administration to detect the
radioprotective effect of the combined form of
seleno-L-methionine and curcumin. However,
better results could be obtained if the effect of
different doses at different times before and after
exposure is studied.
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