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Abstract
Background: One of the treatment modalities for thyroid cancer and hyperthyroidism is 
radioiodine‑131 (I‑131) therapy. The use of this therapeutic modality is not completely safe and can 
lead to oxidative stress, eventually DNA damages. However, these radiation‑induced damages can 
be reduced by antioxidants. This study aimed to investigate the potential radioprotective effects of 
melatonin and selenium nanoparticles  (SeNPs) on DNA double‑stranded breaks  (DSBs) caused by 
I‑131. Materials and Methods: After obtaining informed consent, 6 ml blood was taken from each 
volunteer. The samples were divided into two general groups of control  (without I‑131) and with 
I‑131. Each group was also divided into three subgroups, including without antioxidant, melatonin, 
and SeNPs. The samples of control group were incubated for 2 h after adding the antioxidants. 
The samples of I‑131 group were first incubated for 1 h with the antioxidants and then the samples 
re‑incubated for another 1 h after adding the I‑131. Then, the samples were prepared for γH2AX 
assay. Results: The findings showed that after 1 h of incubation with 20 µCi I‑131/2 mL, the 
DSB levels increased by 102.9% in comparison with the control group. In the I‑131 group, there 
were significant reductions of the DSB levels after incubation with melatonin  (P  <  0.001) and 
SeNPs  (P  <  0.001) in comparison with the without antioxidant subgroup. Furthermore, the DSB 
levels at the melatonin  +  I‑131 and the SeNPs  +  I‑131 subgroups decreased to 38% and 30%, 
respectively, compared to the I‑131 subgroup. Conclusion: According to the obtained findings, it 
can be concluded that the use of melatonin and SeNPs (as radioprotector agents) can reduce the DSB 
levels induced by I‑131 in peripheral lymphocytes.
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Introduction
The potentials of radionuclides, such 
as I‑131, in the treatment of malignant 
tumors and pain control have been known 
for many years.[1] I‑131 is used to treat 
hyperthyroidism and thyroid cancer, as it 
has been applied as an effective treatment 
for over half a century.[2] Although 
thyroid cancer is one of the less common 
malignancies  (only 1%–2% of all cancer 
types), the prevalence of this cancer has 
grown dramatically throughout the world 
in recent decades and it is considered to be 
the most common endocrine cancer.[3‑5]

Ionization radiation emitted from I‑131 
causes irrecoverable damage to important 
intracellular targets such as DNA, RNA, 
proteins, and lipids, eventually leading 
to cell death.[6] Furthermore, it can lead 
to complications such as neck pain, 
swelling, and organ dysfunction  (including 

problems with the pulmonary system and 
gastrointestinal, hematopoietic, and salivary 
glands).[7‑9] At high‑dose values, there 
are more serious adverse effects such as 
leukemia, pneumonia, pulmonary fibrosis, 
infection, and severe bleeding.[10,11] During 
I‑131 therapy, serious radiation damage to 
the DNA of healthy cells can also lead to 
an increase in radiation‑induced secondary 
cancers.[2,12,13] Double‑strand breaks  (DSBs) 
are the most notable type of cell radiation 
damage which are caused by the inability 
to properly repair, as this defect in 
repair process can lead to mutations and 
cancer.[14] It is noteworthy that the number 
of these DSBs remains high even after 
144 h following I‑131 therapy;[15,16] in 
this regard, γH2AX assay can be used 
as a sensitive and accurate method for 
identifying the DSBs caused by radiation.[17]

Radioprotector agents can be used 
to prevent or reduce DNA DSBs in 
peripheral lymphocytes induced by 
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radiation.[18‑22] For instance, it has reported that melatonin 
can enhance DNA repair induced by ionizing radiation, 
chemotherapeutic drugs, and some other mutagens 
which this property of melatonin is directly related to its 
interaction with enzymes involved in DNA repair.[23‑26] In 
this regard, for example, this radioprotector through direct 
phosphorylation of Ser15 in p53 inhibits cell proliferation, 
providing more time for repairing the damaged DNA; 
hence, the accumulated DNA damage is avoided as well 
as cell death or probability of genomic instability is 
reduced.[27] Melatonin  (N‑acetyl‑5‑methoxytryptamine) is 
a small lipophilic molecule that is secreted by the pineal 
gland, and it is responsible for the regulation of some 
specific physiological functions in the body.[28,29] The 
radioprotective effects of melatonin have been studied 
by some researchers.[30‑33] It has various antioxidative, 
antiapoptotic, and anti‑inflammatory properties and 
can alleviate radiation‑induced damages.[34] Melatonin 
exerts antioxidative properties through two various 
mechanisms (direct and indirect pathways).[35]

Selenium is a trace element in the human body that its low 
level is essential. The potent antioxidant and radioprotective 
effects have been proven for many years.[36,37] Selenium 
nanoparticles  (SeNPs) are less toxic than selenium 
compounds, and they can neutralize reactive oxygen species 
such as DPPH and superoxide anion.[38] It is notable that the 
ability of the nanoparticles depends on their sizes, as small 
SeNPs have higher free radical scavenging potential.[39]

The radioprotector effects of melatonin have been 
examined in several studies, but there is no information on 
its effects on DNA DSBs caused by I‑131. There is also 
little information about the protective effects of SeNPs on 
DNA damages.[40,41] Therefore, the present study aimed to 
evaluate the possible radioprotective effects of melatonin 
and SeNPs on DNA DSBs in peripheral lymphocytes 
irradiated by I‑131.

Materials and Methods
Study design and sampling

This experimental protocol was approved by the Ethics 
Committee of Kashan University of Medical Sciences, 
Kashan, Iran  (IR. KAUMS. REC.1395.81). Written 
informed consent forms were signed by blood donors. 
The inclusion criteria of the study were being healthy, 
nonsmoker, being aged between 18 and 60  years, and 
without history of chemotherapy or medical irradiation at 
least 2  weeks before the sampling period. The individuals 
were five healthy volunteers  (four males and one female) 
aged 21–48 years (mean: 37 years), with a mean body mass 
index of 24 kg/m2  (range: 19–39 kg/m2). Blood samples 
were taken from median cubital veins of the participants 
(6 mL/participant) and collected in tubes containing 
heparin anticoagulant. Then, each sample was divided into 
six equal parts and poured into heparin tubes.

Following the incomplete factorial method, the tubes were 
divided into two major groups: control (without I‑131) and 
irradiated with I‑131. Each group was classified into three 
subgroups: without antioxidant, melatonin, and SeNPs. 
In other words, the six subgroups were as follows:  (1) 
control,  (2) melatonin,  (3) SeNPs,  (4) I‑131,  (5) 
melatonin + I‑131, and (6) SeNPs + I‑131.

Antioxidants

Melatonin and SeNPs were purchased from Sigma‑Aldrich 
and American Elements Companies. Assuming there is 6 L 
of blood in the human body  (with the mean weight of 75 
kg), 0.0167 mg melatonin per mL of blood[22] and 0.025 mg 
SeNPs per mL of blood[40] were calculated in accordance 
with existing studies. These values were accurately 
calculated and added to the subgroups.

Treatment and irradiation

The samples of control group, after adding the melatonin 
and the SeNPs, were incubated for 2 h at 37°C. The samples 
of with I‑131 group were also incubated for 1 h with the 
antioxidants at 37°C. Then, 20 μCi I‑131  (provided by 
the Nuclear Medicine Center of Kashan Shahid Beheshti 
Hospital, Iran) and normal saline (NaCl), in a total volume 
of 1 mL, were added to the samples and the final volume 
of each vial was 2 ml. After incubation, the samples 
containing the I‑131 were centrifuged at 2000 g for 15 min. 
Lymphocyte sample preparation, γH2AX immunostaining, 
and quantification were essentially done as described 
previously.[15,16] Peripheral blood lymphocytes were 
isolated by ficoll‑hypaque using the protocol suggested 
by the manufacturer. The blood samples were diluted 1:1 
with phosphate‑buffered saline  (PBS) and layered onto 
ficoll‑hypaque solution with the ratio of blood and PBS: 
ficoll‑hypaque maintained at 2:1. The blood samples were 
centrifuged at 2000 rpm for 15  min at 4°C  (a temperature 
with minimal reduction of foci). The lymphocyte layer 
was removed, washed twice with PBS, and centrifuged at 
2000 rpm for 10  min at 4°C. Afterward, they were fixed 
in 4% paraformaldehyde for 15  min at room temperature 
and were then washed twice with PBS for 5  min each. 
After washing, approximately 20 μl of the solution was 
duplicated on the slide followed by permeabilization in 
cold acetone for 10  min. The cells were washed 3  times 
with PBS as well as for 15 min in blocking solution  (PBS 
with 5% bovine serum albumin  [BSA] and 0.2% triton 
x‑100) at room temperature. The cells were stained 
overnight by a specific γh2ax antibody  (Millipore, 
Germany, clone jbw301) (dilution 1:500 in PBS containing 
1% BSA and 0.05% x‑triton) at room temperature 
and were washed afterward with PBS for 10  min. The 
slides were incubated with the secondary antibody 
(Alexa Fluor 488)  (dilution 1:500) for 60  min in a dark 
chamber at the room temperature. Subsequently, they were 
washed three times with PBS for 15 min and mounted with 
propidium iodide (dilution 1:50) (Invitrogen Co.).
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Enumeration of γH2AX foci was accomplished using 
a fluorescent microscope  (Ceti, UK) equipped with 
a  ×100 magnification objective by two blind observers. 
The samples were counted continuously for at least 100 
cells. Granulocytes and monocytes were omitted by 
morphological criteria, and the average number of DSB/cell 
was calculated.

Statistical analysis

After analyzing the normality of the data by the 
Kolmogorov–Smirnov test, the mean and standard 
deviation (SD) of DSBs for each subgroup were calculated. 
Moreover, an increased level of DSBs was obtained using 
Eq. (1):
(with I -131) - (without I -131)

without I -131
×100

The decreased level of DSBs was also obtained using 
Eq. (2):

(with I -131) - (with I -131 + melatonin or SeNP)

with I -131
×100

Statistical differences between the subgroups were 
assessed using independent t‑tests and one‑way analysis 
of variance  (ANOVA). Furthermore, to assess multivariate 
effects, a factorial design in accordance with a generalized 
linear model  (GLM) was applied. Finally, P  <  0.05 was 
considered statistically significant.

Results
The findings showed that the mean  ±  SD of DSBs/cell at 
the control subgroups of without antioxidant, melatonin, 
and SeNPs was 0.169  ±  0.031, 0.163  ±  0.029, and 
0.160  ±  0.020, respectively  [Figure  1]. There was 
no significant difference between the samples of the 
nonirradiated subgroups (P = 0.66) [Table 1].

The levels of γH2AX foci induced by I‑131 were 
enumerated 60  min after the incubation. The range of DSBs/
cell at the irradiated subgroups of without antioxidant, 

melatonin, and SeNPs was 0.310–0.378  (mean  ±  SD: 
0.343  ±  0.023), 0.182–0.245  (mean  ±  SD: 0.211  ±  0.024), 
and 0.227–0.275  (mean  ±  SD: 0.242  ±  0.027), respectively 
[Figure  1]. The results of one‑way ANOVA revealed 
significantly higher focus levels induced by I‑131 compared 
with the control group  (P  <  0.001). Compared to the 
I‑131  +  without antioxidant subgroup, the focus levels after 
incubation with melatonin and SeNPs reduced to 38% 
(P < 0.001) and 30% (P < 0.001), respectively. However, there 
was no significant difference between the melatonin  +  I‑131 
and the SeNPs + I‑131 subgroups (P = 0.95).

Furthermore, a GLM was employed for the multivariate 
analysis of effects of melatonin and SeNPs in the absence or 
presence of I‑131. The findings of GLM revealed the effect 
of various groups on the levels of DSBs in the presence 
or absence of I‑131. Moreover, the interactive effect of 
antioxidants on the DSB levels was assessed in accordance 
with the presence or absence of I‑131 (P < 0.001).

Fluorescence microscopy images of γH2AX foci in 
lymphocytes irradiated with I‑131 are shown in Figure 2.

Discussion
I‑131 emits two types of radiation: beta‑radiation for 
treatment and gamma‑radiation for diagnoses, as its beta 
component  (with energy 606 Kev) is applied to treat 
hyperthyroidism and thyroid cancer.[42] In the present 
study, the potential effects of melatonin and SeNPs  (as 
radioprotector agents) on genetic damages induced by 
I‑131 were investigated.

In the past few decades, the use of radiological and 
nuclear medicine procedures has increased dramatically.[43] 
Ionizing radiation not only destroys malignant cells but 
also damages healthy tissues. The most important damage 
caused by radiation is DNA DSBs which can lead to 
genetic abnormalities and cell death due to defects in 

Figure 1: The DNA double‑strand breaks per cell in peripheral lymphocytes 
for various subgroups of control, melatonin, selenium nanoparticles, I‑131, 
melatonin + I‑131, and selenium nanoparticles + I‑131. The data are shown 
as the mean ± standard deviation

Table 1: The mean±standard deviation of double‑strand 
breaks in the different groups

Group Without I-131 With I-131 P
Control 0.169±0.031 0.343±0.023 <0.001
Melatonin 0.163±0.029 0.211±0.024 <0.001
Selenium nanoparticles 0.160±0.020 0.242±0.027 <0.001
P 0.66 <0.001

Figure 2: Microscopic image (×1000) of γH2AX foci after in vitro irradiation 
with I‑31. Each of the tiny dots represents one DNA double‑strand 
break (arrow)
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repair process.[15] A biomarker for DSB formation is the 
phosphorylated form of Ser139 of the minor histone H2 
variant H2AX  (γH2AX).[44] There is a direct relationship 
between the number of foci and the absorbed dose value in 
computed tomography scan, radiation therapy, or systemic 
radionuclide therapy, even for absorbed dose values to the 
blood below 20 mGy.[15,16,45,46]

According to a previous study, the radiation dose received 
by a patient following I‑131 is about 40 mGy, as this dose 
value is resulted from 20 µCi of I‑131.[47] Furthermore, 
the greatest damage occurs in the first 2 h after receiving 
I‑131.[15,48] Therefore, 20 µCi I‑131/2 ml (1 mL blood + 1 mL 
normal saline containing I‑131) was used in the current 
study. The number of DSBs/cell recorded after 2 h was 
0.343 ± 0.023; this value was slightly different from that of 
reported by Lassmann et  al.  (median: 0.227 DSB/cell).[15] 
This difference may be due to the study type  (in  vivo vs. 
in vitro).

Our findings showed that melatonin can reduce the 
I‑131‑induced DNA DSBs by 38%. The radioprotective 
effect of melatonin has been proven in previous studies. 
In a study by Esmaely et  al.,[22] the effect of melatonin on 
levels of DSBs induced by X‑ray in peripheral lymphocyte 
using H2AX immunofluorescence microscopy was 
investigated. They reported that 100 mg melatonin reduced 
the DSB levels up to 39% and 33% for 10 mGy and 100 
mGy following 1st h pretreatment. The difference between 
the findings of our study and Esmaely et al. may be due to 
(1) study type (in vivo and in vitro vs. in vivo), (2) radiation 
dose value used  (10 and 100 mGy vs. 40 mGy), and (3) 
radiation source used  (X‑rays generated from an external 
source with 50 kV vs. beta‑  and gamma‑rays emitted 
from I‑131). In another study, Rostami et  al.[44] evaluated 
the radioprotective effects of Vitamin C and melatonin 
against genotoxicity induced by 6 MV X‑rays in 
human lymphocytes. Their results revealed that total 
micronucleus values induced by radiation reduced to 55%, 
65%, and 43% of initial values following 1 h after oral 
ingestion of 300 mg melatonin, 300 mg Vitamin C, and 
300 mg melatonin  +  300 mg Vitamin C, respectively. The 
difference between their results and our findings may be 
due to  (1) study type  (in  vivo vs. in  vitro),  (2) radiation 
dose value used  (20 cGy vs. 40 mGy), and  (3) radiation 
source used (X‑rays generated from an external source with 
6 MeV vs. beta‑ and gamma‑rays emitted from I‑131).

Other results of the current study demonstrated that the use 
of SeNPs reduces the I‑131‑induced DNA DSBs by 30%. 
It is notable that the radioprotective effect of SeNPs on 
damages caused by radiation  (I‑131) was first evaluated in 
this study. There are limited studies which have examined 
the effectiveness of SeNPs against damages caused by 
oxidative stress, especially in human blood samples. In a 
study by Zhang et  al.,[40] protective effects of SeNPs on 
nickel sulfate‑induced testicular damage and apoptosis 

in rat testes were evaluated. The histopathological results 
demonstrated that the SeNPs improved damages of 
testicular tissue induced by nickel sulfate. Furthermore, 
SeNPs significantly alleviated nickel sulfate‑induced 
apoptosis in rat testes. Furthermore, these nanoparticles 
significantly upregulated Bcl‑2 and downregulated 
cytochrome c, Bak, caspase‑3, and caspase‑9 expression 
levels. In another study, Rezvanfar et  al.[41] assessed the 
protective effect of SeNPs on reproductive toxicity induced 
by cisplatin chemotherapy drug in Wistar rats. They 
represented that co‑administration of SeNPs significantly 
improved the serum testosterone, sperm quality, and 
spermatogenesis and decreased cisplatin‑induced spermatic 
DNA injury and free radical toxic stress.

The results presented in the current study was obtained 
in  vitro, therefore, in  vivo and clinical trials are needed in 
the future to confirm the effectiveness of melatonin and 
SeNPs against damages induced by I‑131. Furthermore, 
we examined the radioprotective effects of melatonin 
and SeNPs separately; hence, it is suggested to evaluate 
the potential synergic effect of melatonin and SeNPs on 
damages induced by I‑131. Furthermore, assessment of the 
radioprotective effects of these agents during the presence 
of I‑131 in the body is suggested as a future study.

Conclusion
The findings of the present study showed that the use 
of melatonin and SeNPs in irradiated blood samples 
with 40 mGy of I‑131 can reduce the levels of DSBs in 
peripheral lymphocytes. In addition, it was found that the 
radioprotective effect of melatonin against I‑131‑induced 
damages is more than SeNPs.

Acknowledgment

This study was supported by AJA University of Medical 
Sciences (Tehran, Iran) and Kashan University of Medical 
Sciences (Kashan, Iran).

Financial support and sponsorship

AJA University of Medical Sciences  (Tehran, Iran) and 
Kashan University of Medical Sciences  (Kashan, Iran) 
have financially supported the study, and this is represented 
in the acknowledgment section of the article.

Conflicts of interest

There are no conflicts of interest.

References
1.	 Yeong  CH, Cheng  MH, Ng  KH. Therapeutic radionuclides in 

nuclear medicine: Current and future prospects. J Zhejiang Univ 
Sci B 2014;15:845‑63.

2.	 Rubino  C, de Vathaire  F, Dottorini  ME, Hall  P, Schvartz  C, 
Couette JE, et al. Second primary malignancies in thyroid cancer 
patients. Br J Cancer 2003;89:1638‑44.

3.	 Kilfoy BA, Zheng T, Holford TR, Han X, Ward MH, Sjodin A, 
et  al. International patterns and trends in thyroid cancer 



Jafarpour, et al.: Effects of melatonin and nanoselenium on DNA DSBs

138� Indian Journal of Nuclear Medicine | Volume 36 | Issue 2 | April-June 2021

incidence, 1973‑2002. Cancer Causes Control 2009;20:525‑31.
4.	 Curado MP, Edwards B, Shin HR, Storm H, Ferlay J, Heanue M, 

et al. Cancer Incidence in Five Continents. Vol. IX. IARC Press: 
International Agency for Research on Cancer; 2007.

5.	 Farhood  B, Raei  B, Malekzadeh  R, Shirvani  M, Najafi  M, 
Mortezazadeh  T. A  review of incidence and mortality of 
colorectal, lung, liver, thyroid, and bladder cancers in Iran 
and compared to other countries. Contemp Oncol  (Poznan) 
2019;23:7‑15.

6.	 Klubo‑Gwiezdzinska  J, Costello  J, Jensen  K, Patel  A, 
Van Nostrand D, Burman KD, et al. Amifostine does not protect 
thyroid cancer cells in DNA damaging in  vitro models. Endocr 
Connect 2017;6:469‑78.

7.	 Van Nostrand  D. The benefits and risks of I‑131 therapy 
in patients with well‑differentiated thyroid cancer. Thyroid 
2009;19:1381‑91.

8.	 Tuttle R, Becker D, Hurley J. Radioiodine Treatment of Thyroid 
Disease. Diagnostic Nuclear Medicine. Philadelphia: Lippincott 
Williams & Wilkins; 2003. p. 653‑70.

9.	 Jarzab B, Handkiewicz‑Junak D, Wloch J. Juvenile differentiated 
thyroid carcinoma and the role of radioiodine in its treatment: 
A qualitative review. Endocr Relat Cancer 2005;12:773‑803.

10.	 Leeper RD, Shimaoka K. Treatment of metastatic thyroid cancer. 
Clin Endocrinol Metab 1980;9:383‑404.

11.	 Haynie  TP, Beierwaltes  WH. Hematologic changes observed 
following I‑131 therapy for thyroid carcinoma. J  Nucl Med 
1963;4:85‑91.

12.	 Lang  BH, Wong  IO, Wong  KP, Cowling  BJ, Wan  KY. Risk of 
second primary malignancy in differentiated thyroid carcinoma 
treated with radioactive iodine therapy. Surgery 2012;151:844‑50.

13.	 Sawka  AM, Thabane  L, Parlea  L, Ibrahim‑Zada  I, Tsang  RW, 
Brierley  JD, et  al. Second primary malignancy risk after 
radioactive iodine treatment for thyroid cancer: A  systematic 
review and meta‑analysis. Thyroid 2009;19:451‑7.

14.	 Hall  E, Giaccia  A. Radiobiology for the Radiologist. 
Philadelphia: Lippincott Williams & Wilkins; 2006.

15.	 Lassmann  M, Hänscheid H, Gassen  D, Biko  J, Meineke  V, 
Reiners C, et al. In vivo formation of gamma‑H2AX and 53BP1 
DNA repair foci in blood cells after radioiodine therapy of 
differentiated thyroid cancer. J Nucl Med 2010;51:1318‑25.

16.	 Doai  M, Watanabe  N, Takahashi  T, Taniguchi  M, Tonami  H, 
Iwabuchi  K, et  al. Sensitive immunodetection of radiotoxicity 
after iodine‑131 therapy for thyroid cancer using γ‑H2AX foci 
of DNA damage in lymphocytes. Ann Nucl Med 2013;27:233‑8.

17.	 Valdiglesias V, Giunta S, Fenech M, Neri M, Bonassi S. γH2AX 
as a marker of DNA double strand breaks and genomic instability 
in human population studies. Mutat Res 2013;753:24‑40.

18.	 Jafarpour  SM, Salimian  M, Mohseni  M, Talari  HR, 
Aliasgharzadeh A, Farhood  B, et  al. Evaluation of ameliorative 
potential of vitamins E and C on DNA double strand 
break (DSB) in patients undergoing computed tomography (CT): 
A clinical study. Int J Mol Cell Med 2018;7:226‑33.

19.	 Jafarpour  SM, Safaei  M, Mohseni  M, Salimian  M, 
Aliasgharzadeh  A, Farhood  B. The radioprotective effects of 
curcumin and trehalose against genetic damage caused by I‑131. 
Indian J Nucl Med 2018;33:99‑104.

20.	 Safaei  M, Jafarpour  SM, Mohseni  M, Salimian  M, Akbari  H, 
Karami  F, et  al. Vitamins E and C prevent DNA double‑strand 
breaks in peripheral lymphocytes exposed to radiations from 
Iodine‑131. Indian J Nucl Med 2018;33:20‑4.

21.	 Valizadeh  M, Shirazi  A, Izadi  P, Bazzaz  JT, Rezaeejam  H, 
Tabesh  GA. Effects of melatonin on repair of DNA double 
strand breaks caused by ionizing radiation in rat peripheral 

blood. Biosci Biotechnol Res Commun 2016;9:821‑7.
22.	 Esmaely F, Mahmoudzadeh A, Cheki M, Shirazi A. The 

radioprotective effect of melatonin against radiation‑induced 
DNA double‑strand breaks in radiology. Can Res Ther [In press]. 
Available from: http://www.cancerjournal.net/ preprintarticle.
asp?id=263533. [Last accessed on 2020 Sep 28].

23.	 Liu R, Fu A, Hoffman AE, Zheng T, Zhu Y. Melatonin enhances 
DNA repair capacity possibly by affecting genes involved in 
DNA damage responsive pathways. BMC Cell Biol 2013;14:1‑8.

24.	 Sliwinski T, Rozej W, Morawiec‑Bajda A, Morawiec Z, Reiter R, 
Blasiak J. Protective action of melatonin against oxidative DNA 
damage: Chemical inactivation versus base‑excision repair. 
Mutat Res 2007;634:220‑7.

25.	 Majidinia M, Sadeghpour A, Mehrzadi S, Reiter RJ, Khatami N, 
Yousefi  B. Melatonin: A  pleiotropic molecule that modulates 
DNA damage response and repair pathways. J  Pineal Res 
2017;63:e12416.

26.	 Ferreira  SG, Peliciari‑Garcia  RA, Takahashi‑Hyodo  SA, 
Rodrigues AC, Amaral FG, Berra CM, et al. Effects of melatonin 
on DNA damage induced by cyclophosphamide in rats. Braz J 
Med Biol Res 2013;46:278‑86.

27.	 Santoro R, Marani M, Blandino G, Muti P, Strano S. Melatonin 
triggers p53Ser phosphorylation and prevents DNA damage 
accumulation. Oncogene 2012;31:2931‑42.

28.	 Haghi-Aminjan H, Asghari  MH, Farhood  B, Rahimifard  M, 
Hashemi Goradel  N, Abdollahi  M, et  al. The role of melatonin 
on chemotherapy‐induced reproductive toxicity. J  Pharm 
Pharmacol 2018;70:291‑306.

29.	 Haghi‑Aminjan  H, Farhood  B, Rahimifard  M, Didari  T, 
Baeeri  M, Hassani  S, et  al. The protective role of melatonin 
in chemotherapy‐induced nephrotoxicity: A  systematic review 
of non‑clinical studies. Expert Opin Drug Metab Toxicol 
2018;14:937‑50.

30.	 Aliasgharzadeh A, Farhood B, Amini P, Saffar H, Motevaseli E, 
Rezapoor  S, et  al. Melatonin attenuates upregulation of Duox1 
and Duox2 and protects against lung injury following chest 
irradiation in rats. Cell J 2019;21:236‑42.

31.	 Farhood  B, Aliasgharzadeh  A, Amini  P, Rezaeyan  A, 
Tavassoli A, Motevaseli E, et al. Mitigation of radiation‑induced 
lung pneumonitis and fibrosis using metformin and melatonin: 
A histopathological study. Medicina (Kaunas) 2019;55:417.

32.	 Farhood B, Aliasgharzadeh A, Amini P, Saffar H, Motevaseli E, 
Rezapoor  S, et  al. Radiation‑induced dual oxidase 
upregulation in rat heart tissues: Protective effect of melatonin. 
Medicina (Kaunas) 2019;55:317.

33.	 Motallebzadeh  E, Tameh  AA, Zavareh  SA, Farhood  B, 
Aliasgharzedeh  A, Mohseni  M. Neuroprotective effect of 
melatonin on radiation‐induced oxidative stress and apoptosis in 
the brainstem of rats. J Cell Physiol 2020;235:8791‑8.

34.	 Farhood  B, Goradel  NH, Mortezaee  K, Khanlarkhani  N, 
Salehi  E, Nashtaei  MS, et  al. Melatonin as an adjuvant in 
radiotherapy for radioprotection and radiosensitization. Clin 
Transl Oncol 2019;21:268‑79.

35.	 Najafi  M, Shayesteh  MR, Mortezaee  K, Farhood  B, 
Haghi‑Aminjan H. The role of melatonin on doxorubicin‑induced 
cardiotoxicity: A systematic review. Life Sci 2020;241:117173.

36.	 Zhang  W, Chen  Z, Liu  H, Zhang  L, Gao  P, Li  D. Biosynthesis 
and structural characteristics of selenium nanoparticles by 
Pseudomonas alcaliphila. Colloids Surf B Biointerfaces 
2011;88:196‑201.

37.	 Farhood  B, Mortezaee  K, Motevaseli  E, Mirtavoos‑Mahyari  H, 
Shabeeb  D, Eleojo Musa  A, et  al. Selenium as an adjuvant 
for modification of radiation response. J  Cell Biochem 



Jafarpour, et al.: Effects of melatonin and nanoselenium on DNA DSBs

Indian Journal of Nuclear Medicine | Volume 36 | Issue 2 | April-June 2021� 139

2019;120:18559‑71.
38.	 Benko  I, Nagy  G, Tanczos  B, Ungvari  E, Sztrik A, Eszenyi  P, 

et  al. Subacute toxicity of nano‑selenium compared to 
other selenium species in mice. Environ Toxicol Chem 
2012;31:2812‑20.

39.	 Torres S, Campos V, León C, Rodríguez‑Llamazares S, Rojas S, 
Gonzalez  M, et  al. Biosynthesis of selenium nanoparticles by 
Pantoea agglomerans and their antioxidant activity. J  Nanopart 
Res 2012;14:1236.

40.	 Zhang  X, Gan  X, Qiannan  E, Zhang  Q, Ye  Y, Cai  Y, et  al. 
Ameliorative effects of nano‑selenium against NiSO(4)‑induced 
apoptosis in rat testes. Toxicol Mech Methods 2019;29:467‑77.

41.	 Rezvanfar  MA, Rezvanfar  MA, Shahverdi  AR, Ahmadi  A, 
Baeeri  M, Mohammadirad  A, et  al. Protection of 
cisplatin‑induced spermatotoxicity, DNA damage and chromatin 
abnormality by selenium nano‑particles. Toxicol Appl Pharmacol 
2013;266:356‑65.

42.	 Wyszomirska  A. Iodine‑131 for therapy of thyroid diseases. 
Physical and biological basis. Nucl Med Rev Cent East Eur 
2012;15:120‑3.

43.	 Mettler FA Jr., Bhargavan  M, Faulkner  K, Gilley  DB, Gray  JE, 
Ibbott GS, et al. Radiologic and nuclear medicine studies in the 

United States and worldwide: Frequency, radiation dose, and 
comparison with other radiation sources‑‑1950‑2007. Radiology 
2009;253:520‑31.

44.	 Rostami  A, Moosavi  SA, Dianat Moghadam  H, Bolookat  ER. 
Micronuclei assessment of the radioprotective effects of 
melatonin and vitamin C in human lymphocytes. Cell J 
2016;18:46‑51.

45.	 Rothkamm  K, Löbrich M. Evidence for a lack of DNA 
double‑strand break repair in human cells exposed to very low 
x‑ray doses. Proc Natl Acad Sci U S A 2003;100:5057‑62.

46.	 Rogakou  EP, Boon  C, Redon  C, Bonner  WM. Megabase 
chromatin domains involved in DNA double‑strand breaks 
in vivo. J Cell Biol 1999;146:905‑16.

47.	 Eberlein U, Peper M, Fernández M, Lassmann M, Scherthan H. 
Calibration of the γ‑H2AX DNA double strand break focus 
assay for internal radiation exposure of blood lymphocytes. PloS 
One 2015;10:0123174.

48.	 Eberlein U, Lassmann M, Nowak C, Bluemel C, 
Meineke V, Buck AK, et al. Investigation of early DNA damage 
after radioiodine therapy in patients with thyroid cancer using 
the gamma‑H2AX focus assay. Eur J Nucl Med Mol Imaging 
2013;40:160.


