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Abstract The objective of this work was to evaluate the effects of selenomethionine (SeMet)
on the induction, repair, and persistence of DNA damage in human leukocytes challenged
with bleomycin (BLM). Comet assay was used to determine DNA strand breaks and hOGG1
for the specific recognition of oxidative damage. Leukocytes were (A) stimulated with
phytohemagglutinin, (B) damaged with BLM, and (C) incubated to allow DNA repair.
Comet assay was performed after each phase. SeMet (50 μM) was supplemented either
during phase A, B, or C, or AB, or ABC. Treatment with SeMet decreased BLM-induced
stand breaks when added during phase AB. Results obtained after the repair period indicate
that SeMet favors repair of DNA damage especially when applied during phase AB. The
comparison between DNA damage before and after repair showed that BLM-induced
damage was repaired better in the presence of SeMet. Our results showed antigenotoxic
effect of SeMet on BLM-induced DNA and also on repair and persistence of this damage
when applied before and simultaneously with BLM.
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Introduction

Bleomycin (BLM) is a mixture of glycopeptide antibiotics with antitumor activity against
several cancers; its clinical effectiveness is based on its cytotoxicity backed up by its
interaction with DNA, chelation of metal ions, and generation of oxygen-free radicals in the
presence of molecular oxygen [1]. BLM behaves as a radiomimetic agent capable of
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inducing a wide spectrum of mutagenic lesions in mammalian cells including DNA base
damage, abasic sites, and alkali-labile sites [1–3], which result in DNA single- and double-
strand breaks. BLM is classified as a direct clastogenic agent (it does not need metabolic
activation) and acts in S-independent fashion [4]. Challenging doses of BLM have been
frequently used in DNA repair competence studies [5, 6].

The aim of this work was to evaluate the effects of the organic selenium compound
selenomethionine (SeMet) on the induction, repair, and persistence of DNA damage (strand
breaks and oxidative) in human leukocytes challenged with BLM. Comet assay was used to
determine DNA damage and the human DNA-glycosylase hOGG1 for the specific
recognition of 8-hydroxy-2′-deoxyguanosine (8-OHdG), main result of oxidative DNA
damage [7], and suitable biomarker of oxidative stress [8].

Materials and Methods

Chemicals

L-Selenomethionine (CAS No. 1464-42-2) and bleomycin (CAS No. 9041-93-4) were
purchased from Sigma–Aldrich Co. (Madrid, Spain). Both compounds were dissolved in
sterile distilled water prior to use.

Preparation of Human Leukocytes

Human peripheral blood was collected using heparinized vials from three healthy
nonsmoker male donors aged 23–30. The University of A Coruña Research Ethics
Committee approved the protocol of the experiments (process No. PI 1/2007). Written
consent was obtained from each donor prior to joining the study. Mononuclear cells
(lymphocytes and monocytes) were isolated on a Ficoll–Hypaque density gradient as
described earlier [9]. The cells were suspended in freezing medium (50% fetal calf serum,
40% RPMI 1640, 10% DMSO) to obtain 107 cells/ml, and frozen at −80°C in Nalgene®
Cryo 1°C Freezing Container (Nalgene Nunc International, Hereford, UK). At the time of
experiment performing, cells were quickly thawed at 37°C.

Treatment of Leukocytes and Comet Assay

A preliminary experiment was performed to evaluate the possible genotoxic effects of SeMet
and to establish the dose of SeMet to be subsequently used. Leukocytes (106 cells/ml) were
cultured at 37°C for 20 h in supplemented RPMI 1640 medium containing 15% heat
inactivated foetal calf serum, 1% phytohemagglutinin (PHA), 1% L-glutamine (200 mM),
and 1% penicillin (5,000 U/ml)/streptomycin (5,000 μg/ml), all from Invitrogen (Barcelona,
Spain), in presence of SeMet at 1% of final volume (1, 5, 10, 50, and 100 μM). Viability
was then assessed by trypan blue exclusion technique, being higher than 85% in all cases.
Alkaline comet assay was performed following the general protocol proposed by Singh
et al. [10] with minor changes [11]. Alternatively, modified comet assay incorporating
incubation with hOGG1 was carried out as described by Smith et al. [12]. One hundred
cells were examined for each experimental point and donor (50 from each replica). Image
capture and analysis were done using the QWIN Comet software (Leica Imaging Systems,
Cambridge, UK). Percentage of DNA in the comet tail (%TDNA), measured from the
estimated centre of the cell, was evaluated as DNA damage parameter.



The next experimental protocol was designed to evaluate the different effects of SeMet
on induction, repair, and persistence of DNA damage (stand breaks and oxidative damage)
and comprised three consecutive phases. Phase A (PHA stimulation): cells were incubated
for 20 h with or without SeMet at 37°C in supplemented RPMI 1640 medium. Phase B
(damage induction): leukocytes were centrifuged at 1,500 rpm for 10 min and resuspended
in RPMI 1640, and DNA damage was induced by treatment with BLM (20 μg/ml) for
30 min at 37°C in presence or absence of SeMet. BLM concentration was chosen on the
basis of previously published papers by other authors [6, 13]. Phase C (repair): cells were
washed, resuspended in fresh RPMI 1640 medium, and incubated with or without SeMet
for 15 min at 37°C to allow DNA repair. Comet assay (standard protocol and modified with
hOGG1 incubation) was performed after each phase as described above. SeMet (50 μM)
was supplemented either during phase A, B, or C, or during phases A and B (AB), or
during the whole process (phase ABC).

Statistical Analysis

Three independent experiments were performed for each experimental condition tested, and
statistical analysis was done using the SPSS for Windows statistical package (version 15.0).
Distribution of the response variable departed significantly from normality (Kolmogorov–
Smirnov goodness-of-fit test); therefore, nonparametric tests were considered adequate for
the statistical analysis of these data. The differences between groups were tested with
Mann–Whitney U test. Experimental data are expressed as median ± interquartile range.
Dose-response relationship for SeMet was determined by Pearson’s correlation. A p value
of less than 0.05 was considered significant.

Results

The incubation of human leukocytes with SeMet (1–100 μM), carried out to analyze the
possible genotoxicity of this selenium organic compound, resulted in significant decreases
in DNA damage in the two highest concentrations tested (50 and 100 μM; Fig. 1a), and a
significant inverse dose-response relationship was obtained (r = −0.870, P<0.05). In the
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evaluation of the SeMet-induced oxidative damage (Fig. 1b), cells exposed to 1 μM SeMet
showed a significantly increased damage regarding to control cells, while a significant
decrease in 50 μM SeMet dose was detected as compared with the control. Moreover, the
lowest SeMet doses (1–10 μM) showed significant increases in %TDNA after hOGG1
incubation with regard to buffer incubation as control did, but 50 and 100 μM SeMet did
not show any difference. On the basis of the results obtained in this preliminary experiment,
50 μM was selected as the most appropriate SeMet dose for the evaluation of its possible
antigenotoxic effects on BLM-induced DNA damage, since it not only does not increase
DNA strand breaks or oxidative damage but also seems to show a certain antioxidant effect.
The experiment was conducted in three consecutive phases: A (PHA-stimulation), B (BLM
treatment), and C (repair), and comet assay (standard protocol and modified with hOGG1
incubation) was performed after each phase.

With the objective of determining the influence of SeMet on BLM-induced DNA
damage, human leukocytes were treated with SeMet during phases A, B, and AB, and
comet assay was performed immediately after BLM incubation. SeMet treatment during
phase AB induced a significant decrease in BLM-induced DNA damage; however,
treatment during phase A resulted in a significant damage increase (Fig. 2a). After hOGG1
incubation (Fig. 2b), consecutive treatment with SeMet during both phases (AB) induced a
significant increase in %TDNA with regard to BLM treatment. In the comparison with
buffer incubation, significant increases in DNA damage were observed in treatments with
BLM alone and with SeMet during phases B and AB.

The possible modulation of SeMet on repair of BLM-induced damage was analyzed by
incubating the leukocytes with SeMet during phases A, B, C, AB, and ABC, and DNA
damage was evaluated after a 15-min repair period in BLM-free medium. SeMet treatment
during phases AB and ABC decreased %TDNA, significantly in the case of phase AB
(Fig. 3a). All treatments showed increased DNA damage after incubation with hOGG1,
except for a significant decrease in SeMet incubation during phase ABC. Furthermore,
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oxidative damage was lower in SeMet treatment during phase AB than the one detected in
BLM treatment (Fig. 3b).

Comparison between results obtained in the different treatments before and after the
repair period was made to determine the effect of SeMet on persistence of BLM-induced
DNA damage. Strand breaks decreased significantly after the repair period in all treatments,
significantly in BLM alone and with SeMet during phase A (Fig. 4a). Moreover, all tested
treatments reduced significantly their oxidative damage during the 15-min incubation for
repair (Fig. 4b).

%
T

D
N

A

2.5

2.0

1.5

1.0

0.5

0.0

hOGG1
Buffer

b

0.5

0.4

0.2

0.1

0.0

a

BL
M
+S
eM
etC

BL
M

BL
M
+S
eM
etA

BL
M
+S
eM
etB

BL
M
+S
eM
etA
B

BL
M
+S
eM
etA
BC

a

b,d

a,c

a

a

cc

BL
M
+S
eM
etC

BL
M

BL
M
+S
eM
etA

BL
M
+S
eM
etB

BL
M
+S
eM
etA
B

BL
M
+S
eM
etA
BC

b

a,c

0.3

Fig. 3 Effect of SeMet treatment during phases A, B, C, AB, and ABC in human leukocytes challenged with
BLM and incubated 15 min for DNA repair. (a) Standard comet assay, (b) modified comet assay with
hOGG1 incubation. aP<0.01, bP<0.05, significant difference with regard to the BLM treatment. cP<0.01,
dP<0.05, significant difference with regard to the buffer

3

2

1

0

after repair
before repair

4

3

2

1

0

hOGG1 after repair 
hOGG1 before repair 

Buffer after repair
Buffer before repair  

a
aaa

a
a aa

BLM

BLM+SeM
etA

BLM+SeM
etB

BLM+SeM
etA

B
BLM

BLM+SeM
etA

e

BLM+SeM
etB

BLM+SeM
etA

B

a
a

Fig. 4 Effect of SeMet treatment during phases A, B, and AB in human leukocytes challenged with BLM
before and after a 15-min incubation for DNA repair. (a) Standard comet assay, (b) modified comet assay
with hOGG1 incubation. aP<0.01, significant difference with regard to the same treatment before repair



Discussion

SeMet is the predominant selenium compound in common food and in Se-enriched yeast,
so it is the most suitable organic form to introduce a selenium supplement in the diet [14].
In this study, the modulation of SeMet on DNA damage induction by the chemotherapeutic
drug BLM, and also on its repair and persistence, was analyzed in human leukocytes. For
this purpose, a preliminary experiment was carried out to discard genotoxicity of SeMet
(1–100 μM) and to determine the most appropriate dose to be used together with BLM
treatment. The highest doses tested (50 and 100 μM) showed a significant decrease in the
DNA damage, and significant inverse dose-response relationship was obtained. We also
evaluated strand breaks plus hOGG1 sensitive sites, which additionally reveal oxidized
DNA guanines (8-OHdG, main representative of oxidative damage) more specifically than
formamidopyrimidine DNA-glycosylase that also recognizes alkylation damage [12].
Again, the two highest doses analyzed did not induce oxidative damage, and even at
50 μM SeMet, a significant decrease in oxidative damage was observed. Literature data
reviewed by Alaejos et al. [15] show that selenium levels in body fluids (serum, plasma,
and whole blood) are lower in cancer patients than in control subjects, and the difference
between populations is not usually higher than selenium concentrations corresponding to 50
and 100 μM SeMet (4 and 8 mg/l, respectively). Although low selenium levels in body
fluids can be due to the malnutrition observed in cancer patients, there are also evidences
that high selenium status are associated with lower cancer mortality [16]. On this regard,
literature supporting the cancer-protecting effects of selenium has been reviewed [17],
emphasizing that in the physiological dosage range, this trace element appears to prevent
the malignant transformation of normal cells and the activation of oncogenes.

Besides, cells treated with low concentrations of SeMet showed increases in %TDNA
after hOGG1 incubation with regard to control cells. These data confirm the importance of
selenium dose level regarding its activity, agreeing with the results of previous studies
where adverse effects of low concentrations of SeMet were reported [18, 19].

The experimental design to achieve the raised objective was conducted in three
consecutive phases: A (PHA-stimulation), B (BLM treatment), and C (repair). Addition of
SeMet was carried out either to each separate phase or consecutively to phases A and B
(AB) or to the whole process (ABC). Treatment with SeMet showed to decrease BLM-
induced DNA damage when added during phase AB. This apparent protection offered by
SeMet is in line with the protective effect of this selenium compound against DNA damage
caused by several chemical or physical agents [20, 21] and with the recently reported
antigenotoxic properties of this selenium compound on DNA damage induced by the
anticancer drug doxorubicin, both in rats [22] and in human lymphocytes [23]. As for other
chemotherapeutic drugs, Rao et al. [24] reported that SeMet protected against cisplatin-
induced nephrotoxicity without interfering with antitumor activity, and a study by Cao et al.
[25] showed that SeMet offered selective protection against toxicity induced by several
chemotherapeutic agents and simultaneously augmented the antitumor activity and the cure
rate. Nevertheless, no protective effect of SeMet was detected in our results on the
induction of oxidative damage by BLM. On the contrary, Kaur et al. [26] observed that
preincubation of glioma and neuronal cells with SeMet prevents against increased
methylmercury-induced reactive oxygen species generation.

Cells were allowed to repair BLM-damaged DNA for 15 min, as recommended by
Schmezer et al. [27], since longer repair incubations did not result in an increase in repaired
DNA (data not shown). Results obtained after the repair period indicate that SeMet favors
repair of BLM-induced DNA damage (strand breaks and oxidative) when applied during



phase AB or ABC but not when applied during phases A, B, or C. Therefore, a net
protective effect is only achieved when cells are in presence of SeMet during the whole
process or at least during PHA stimulation and BLM treatment. A role for selenium in DNA
repair was first noticed when selenium treatment was shown to enhance host cell
reactivation of a UV-damaged reporter plasmid template by enhancing DNA repair protein
complexes [28]. Moreover, a recent study showed that SeMet pretreatment causes a p53-
dependent DNA repair response, elevating the expression of proteins responsible for
recognition of DNA damage and increasing the rate of DNA repair and overall DNA repair
synthesis, which protects from subsequent challenge with DNA-damaging agents [29].
Enhancement of DNA repair could be a mechanism of chemoprevention and only very few
compounds have been yet shown to act by this mechanism [30]. Furthermore, Zhang et al.
[31] inferred that selenium only enhances DNA repair of normal tissues as a consequence of
the selective modulation of selenium on Nrf2 in tumor and normal tissues [32], supporting the
SeMet supplementation of cancer patients treated with chemotherapeutic drugs.

The comparison between DNA damage before and after the repair period showed that
BLM-induced damage, both strand breaks and oxidative, was repaired better in presence of
SeMet. Despite the BLM-induced damage was higher in presence of SeMet, except for
phase AB, the differences between before and after repair were always greater when SeMet
was used, showing an increase in DNA repair ability of the cells. This increase is especially
noteworthy in the case of treatment with SeMet during phase AB with regard to the
oxidative damage.

In conclusion, our results showed protective effect of SeMet on BLM-induced DNA
damage in human leukocytes, and also on repair and persistence of this damage, when
applied before and simultaneously with BLM. These data support the previously proposed
mechanisms of chemoprotection of SeMet as related to its ability to interfere with DNA
repair pathways [23].

Acknowledgements This work was funded by a grant from the Xunta de Galicia (INCITE08P-
XIB106155PR). V. Valdiglesias was supported by a fellowship from the University of A Coruña.

References

1. Wozniak K, Arabski M, Malecka-Panas E, Drzewoski J, Blasiak J (2004) DNA damage in human colonic
mucosa cells induced by bleomycin and the protective action of vitamin E. Cell Mol Biol Lett 9:31–45

2. Puerto S, Surrallés J, Ramírez MJ, Carbonell E, Creus A, Marcos R (1999) Analysis of bleomycin- and
cytosine arabinoside-induced chromosome aberrations involving chromosomes 1 and 4 by painting
FISH. Mutat Res 439:3–11

3. Milic M, Kopjar N (2004) Evaluation of in vitro genotoxic activity of bleomycin and mitomycin C in
human lymphocytes using the alkaline comet assay. Arh Hig Rada Toksikol 55:249–259

4. Povirk LF, Austin MJF (1991) Genotoxicity of bleomycin. Mutat Res 257:127–143
5. Gajecka M, Rydzanicz M, Jaskula-Sztul R, Wierzbicka M, Szyfter W, Szyfter K (2005) Reduced DNA

repair capacity in laryngeal cancer subjects. Curr Res Head Neck Cancer 62:25–37
6. Wei Z, Lifen J, Jiliang H, Jianlin L, Baohong W, Hongping D (2005) Detecting DNA repair capacity of

peripheral lymphocytes from cancer patients with UVC challenge test and bleomycin challenge test.
Mutagenesis 20:271–277

7. Angerer J, Ewers U, Wilhelm M (2007) Human biomonitoring: State of the art. Int J Hyg Environ Health
210:201–228

8. Kuo H-W, Chou S-Y, Hu T-W, Wu F-Y, Chen D-J (2007) Urinary 8-hydroxy-2'-deoxyguanosine
(8-OHdG) and genetic polymorphisms in breast cancer patients. Mutat Res 631:62–68

9. Laffon B, Pásaro E, Méndez J (2002) DNA damage and repair in human leukocytes exposed to styrene-
7, 8-oxide measured by the comet assay. Toxicol Lett 126:61–68



10. Singh NP, McCoy MT, Tice RR, Schneider EL (1988) A simple technique for quantitation of low levels
of DNA damage in individual cells. Exp Cell Res 175:184–191

11. Laffon B, Teixeira JP, Silva S, Loureiro J, Torres J, Pásaro E, Méndez J, Mayan O (2005) Genotoxic
effects in a population of nurses handling antineoplastic drugs, and relationship with genetic
polymorphisms in DNA repair enzymes. Am J Ind Med 48:128–136

12. Smith CC, O'Donovan MR, Martin EA (2006) hOGG1 recognizes oxidative damage using the comet
assay with greater specificity than FPG or ENDOIII. Mutagenesis 21:185–190

13. Rajaee-Behbahani N, Schmezer P, Risch A, Rittgen W, Kayser KW, Dienemann H, Schulz V, Drings P,
Thiel S, Bartsch H (2001) Altered DNA repair capacity and bleomycin sensitivity as risk markers for
non-small cell lung cancer. Int J Cancer (Pred Oncol) 95:86–91

14. Schrauzer GN (2003) The nutritional significance, metabolism and toxicology of selenomethionine. Adv
Food Nutr Res 47:73–112

15. Alaejos MS, Diaz Romero FJ, Diaz Romero C (2000) Selenium and cancer: some nutritional aspects.
Nutrition 16:376–383

16. Clark LC (1985) The epidemiology of selenium and cancer. Fed Proc 44:2584–2589
17. Schrauzer GN (2000) Anticarcinogenic effects of selenium. Cell Mol Life Sci 57:1864–1873
18. Waters DJ, Shen S, Glickman LT, Cooley DM, Bostwick DG, Qian J, Combs GF Jr, Morris JS (2005)

Prostate cancer risk and DNA damage: translational significance of selenium supplementation in a canine
model. Carcinogenesis 26:1256–1262

19. Vega L, Rodriguez-Sosa M, García-Montalvo EA, Del Razo LM, Elizondo G (2007) Non-optimal levels
of dietary selenomethionine alter splenocyte response and modify oxidative stress markers in female
mice. Food Chem Toxicol 45:1147–1153

20. Roussyn I, Briviba K, Masumoto H, Sies H (1996) Selenium-containing compounds protect DNA from
single-strand breaks caused by peroxynitrite. Arch Bioquim Biophys 330:216–218

21. Rafferty TS, Green MHL, Lowe JE, Arlett C, Hunter JAA, Beckett GJ, McKenzie RC (2003) Effects of
selenium compounds on induction of DNA damage by broadband ultraviolet radiation in human
keratinocytes. Br J Dermatol 148:1001–1009

22. Santos RA, Jordao AA Jr, Vannucch H, Takahashi CS (2007) Protection of doxorubicin-induced DNA
damage by sodium selenite and selenomethionine in Wistar rats. Nutr Res 27:343–348

23. Santos RA, Takahashi CS (2008) Anticlastogenic and antigenotoxic effects of selenomethionine on
doxorubicin-induced damage in vitro in human lymphocytes. Food Chem Toxicol 46:671–677

24. Rao M, Kamath R, Rao MNA (1998) Protective effect of selenomethionine against cisplatin-induced
nephrotoxicity in C57BL76J mice bearing B16F1 melanoma without reducing antitumour activity.
Pharm Pharmacol Commun 4:549–552

25. Cao S, Durrani FA, Rustum YM (2004) Selective modulation of the therapeutic efficacy of anticancer
drugs by selenium containing compounds against human tumor xenografts. Clin Cancer Res 10:2561–
2569

26. Kaur P, Evje L, Aschner M, Syversen T (2009) The in vitro effects of selenomethionine on
methylmercury-induced neurotoxicity. Toxicol In Vitro 23:378–385

27. Schmezer P, Rajaee-Behbahani N, Risch A, Thiel S, Rittgen W, Drings P, Dienemann H, Kayser KW,
Schulz V, Bartsch H (2001) Rapid screening assay for mutagen sensitivity and DNA repair capacity in
human peripheral blood lymphocytes. Mutagenesis 16:25–30

28. Seo YR, Christopher S, Smith ML (2002) Selenomethionine induction of DNA repair response in human
fibroblasts. Oncogene 21:3663–3669

29. Fischer JL, Mihelc EM, Pollok KE, Smith ML (2007) Chemotherapeutic selectivity conferred by
selenium: a role for p53-dependent DNA repair. Mol Cancer Ther 6:355–361

30. Collins AR, Harrington V, Drew J, Melvin R (2003) Nutritional modulation of DNA repair in a human
intervention study. Carcinogenesis 24:511–515

31. Zhang J, Peng D, Lu H, Liu Q (2008) Attenuating the toxicity of cisplatin by using selenosulfate with
reduced risk of selenium toxicity as compared with selenite. Toxicol Appl Pharmacol 226:251–259

32. Kim Y-J, Baek SH, Bogner PN, Ip C, Rustum YM, Fakih MG, Ramnath N, Park YM (2007) Targeting
the Nrf2-Prx1 pathway with selenium to enhance the efficacy and selectivity of cancer therapy. J Cancer
Mol 3:37–43




