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Abstract: The goals of this study were to determine whether cysteamine,
B-mercaptohetanol and glutathione protect CHO K1 cells against chromosomal
aberrations induced by low doses of X-radiation, as well as whether radiation
protection is related to physical properties of those thiols. Experimental design
included four different treatments: (a) control, (b) cells treated with 5 mM of
each thiol, (c) cells treated with 100 mGy of X-rays and (4) cells treated with
5 mM of each thiol and 100 mGy X-rays. In combined treatment, all thiols
were added 30 min before irradiation. Thiols remained until cell sacrifice
(18 h). Maximum protection was afforded by cysteamine, the minimum
protection was produced by glutathione while B-mercaptohetanol did not sow
radioprotection effect. These results are consistent with the electrical charges
and chemical structure of the three thiols and might be explained by the lower
or higher access to DNA.
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1 Introduction

The main effect of ionising radiation (IR) on living cells is the induction of Reactive
Oxygen Species (ROS) (through radiolysis of water which is about of 70% of
living organism). The antioxidants such as glutathione, cysteine, B-mercaptoethylamine,
cysteamine, propyl gallate, and nordihydroguiaretic acid prevent DNA damage and
lethality by IR (Gebhart, 1978; Held, 1988; Levina and Malinowski, 1993).

Non-protein thiols may act as radioprotectors through different mechanisms: radical
scavenging, restoration of damaged molecules by hydrogen donation (chemical repair),
reduction of peroxides, and maintenance of protein thiols (superoxide dismutase,
catalase, and others) in the reduced state and as a partial chemical participator in
biochemical repair processes of damaged DNA (Revesz, et al 1984; Chattopadhyay
et al., 1999).

Also, it has been proposed that glutathione (GSH) within the cell nucleus and in
particular its close proximity to DNA is critical for conferring cellular radioprotection
(Edgren and Revesz, 1987; Prise et al., 1992). Furthermore, DNA-bound proteins and
other non-protein thiols may be more effective in protecting the DNA, in comparison to
soluble compounds Ljungman et al. (1991) and Prise et al. (1992) demonstrated that there
is a residual chemical repair capacity in eukaryotic cells that is not dependent upon GSH.
This suggests that other reducing agents, such as protein thiols and non-protein thiols,
may be more effective in IR-induced free radical scavenging of genomic DNA.

Cysteamine (CSM) has been shown to increase intracellular GSH synthesis in bovine
and other animals (Takahashi et al., 1993; De Matos et al., 1995; De Matos et al., 1997,
Yamauchi and Nagai, 1999; De Matos et al., 2002a; De Matos et al., 2002b; De Matos
et al., 2003; Gasparrini et al., 2003; Rodriguez-Gonzalez et al., 2003; Oyamada and
Fukui, 2004; Luciano et al., 2006; Hossein et al., 2007; Kobayashi et al., 2007; Zhou
et al., 2008).

The access of thiols to DNA may be controlled by the net charge of these compounds
and the negative environment of the DNA. Therefore, positive thiols as CSM should have
a better access to DNA than neutral B-mercaptoethanol (BME) and negative ones GSH
(Epstein et al., 1997; Lopez-Larraza et al., 2001). Although the radioprotection nature of
thiols has been established, all studies were performed using high doses of ionising
radiations. It has also been established that low doses of ionising radiations (doses
<150 mGy; Bonner, 2003) are not correlated linearly with that of high doses, because the
existence of collateral effects can determine that the damage is higher than expected. On
the other hand, the radioprotection by non-protein thiols on irradiated cells with low
doses of X-radiation has not been studied. The goals of this study were to determine
whether CSM, BME and GSH protect CHO K1 cells against chromosomal aberrations
induced by low doses of X-radiation 100 mGy, as well as whether radiation protection is
related to the chemical structure and the electric charge of the above mentioned thiols.

2 Materials and methods

2.1 Cell cultures

CHO K1 cells were cultured in Ham’s F10 medium (Gibco BRL, Grand Island, NY,
USA) supplemented with 10% foetal bovine serum (Notocor Laboratories, Cordoba,
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Argentina) and antibiotics (50 IU penicillin and 50 pg/ml streptomycin) (Bago
Laboratories, Buenos Aires, Argentina) in a humidified atmosphere with 5% CO,. Cells
were cultured in Falcon flask T-25 (Nunc, Roskilde, Denmark); during one cycle (18 h.).

Two hours before sacrifice, cells were exposed to colchicine (0.1 pg/ml final
concentration) (Sigma Chemical Co, MO, USA, CAS No. 64-86-8). Chromosome
preparations were made by dripping the cell suspension in fresh fixative solution on clean
slides, and then stained with Giemsa 5% for 10 min.

2.2 Experimental design

Irradiation treatments were performed with non-dividing confluent cell cultures. They
were carried out on ice to prevent the repair of strand breaks during the procedure.
The irradiation equipment was provided by Dental San Justo Company (Buenos Aires,
Argentina) and operated at 65 kV and 5 mA. Doses were determined by a dosimeter
(Keithley Digital 35617 EBS microchamber PTW N 2336/414; C-Com Industries,
Robertsville, MO, USA) and administered at a dose rate of 50 mGy/min. The
experimental design included four different groups: (a) control (cells remained untreated:
no X-rays, no thiols); (b) cells treated with 5 mM of GSH (Sigma Chemical Co, MO,
USA, CAS No. 70-18-8); (c) cells treated with 100 mGy of X-rays (100 mGy) and (d)
cells treated with 5 mM glutathione and 100 mGy X-rays (30 min after treatment with
GSH). GSH remained until cell sacrifice. The same protocol was performed for CSM
(Sigma Chemical Co, MO, USA, CAS No. 156-57-0) and BME (Sigma Chemical Co,
MO, USA, CAS No. 60-24-2). The radiation dose was delivered, taking into account
previous experiences in our laboratory (Gtierci et al., 2003; Giierci et al., 2004; Seoane
et al., 2007) and the dosimetry reported in epidemiological exposures (Barquinero et al.,
1993; Antonelli et al., 1995; Paz-y-Mifio et al., 1995; Hagelstrom et al., 1995;
Balakrishnan and Roa, 1999; Maluf et al., 2001; He et al., 2000). The concentration of
non-protein thiols was chosen taking into account from previous experiments (Mira et al.,
2013). The experimental conditions were the same in all the experiments. Two hundred
cells were scoring for each experiment and it was repeated three times. As there were no
differences among the three experiments they were pooled. Then a total of 600 cells for
each group were scored. First of all the existence of significant differences among the
different experimental groups of each thiol were determined. After this comparisons were
made in pairs (control vs. thiol; control vs. 100 mGy; control vs. thiol plus 100 mGy;
thiol vs. 100 mGy, etc.). Finally, significant differences among the combined treatments
were calculated. The y test was used for statistical analysis.

3 Results

Tables 1-3 summarise the results obtained from the cytogenetic analysis. Statistical
analysis was carried out by comparing the amount of abnormal cells (cells with at least
one chromosomal aberration) induced by the different treatments. Significant differences
for the three thiols were found when the different experimental groups were compared
(p <0.001). When the results obtained for the different thiols were compared the
following results were observed. Significant differences for CSM treatments were found
when: control vs. 100 mGy (p <0.001); CSM 5 mM vs. 100 mGy (p <0.001) and 100 mGy
vs. CSM 5 mM plus 100 mGy (p<0.001). When BME treatments were compared, significant
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differences were found when: control vs. 100 mGy (p < 0.01); control vs. mercaptoetanol
plus 100 mGy (p <0.001); mercaptoetanol vs. 100 mGy and mercaptoetanol vs.
mercaptoetanol plus 100 (p <0.001). When GSH treatments were compared, significant
differences were found when: control vs. 100 Ms (p <0.001); control vs. GSH 5 mM
plus 100 mGy (p <0.05); GSH 5 mM vs. 100 Ms (p <0.001) and GSH 5 mM vs. GSH
5 mM plus 100 mGy (p <0.05) and 100 mGy vs. GSH 5 mM plus 100 mGy (p <0.01).
Finally significant differences among the combined were found (p < 0.001)

Table 1 Frequency and standard error of chromosomal aberrations found in the different
treatments with cysteamine

Experiment A/;e,izliﬁgaesjs Abcr,fl};:}lal AL’ B” B
Control 600 2.5+ 0.006 1.2+£0.004 0.5+0.002 0.8 +0.004
CSM 5 mM 600 1.7 £0.005 0.5+0.004 0.5+0.003 0.3+0.067
100 mGy 600 11.0£0.013  6.0£0.009 2.3+0.006 2.6+ 0.007
CSM 5 mM plus 100 mGy 600 2.2+ 0.006 2.0£0.004 0.5+0.002 0.5=+0.002
Notes:  'Metaphase with at least one chromosomal aberration; metaphases exhibiting

only chromatic lesions (gaps); *monochromatid breaks; *isochromatid breaks.

Table 2 Frequency and standard error of chromosomal aberrations found in the different
treatments with f-mercaptoethanol

Experiment A/;e’ic;?ﬁvaes;s Abcr‘z;)l};"r]zal AL B B
Control 600 3.6+0.007 2.0+0.005 0.5+0.003 0.7 +0.002
BME 5 mM 600 2.7+ 0.006 1.5+ 0.004 0.5+0.002 0.7+ 0.004
100 mGy 600 7.0+0.010 3.0+0.007 2.8+0.006 0.8=+0.004
BME 5 mM plus 100 mGy 600 4.5+0.011 2.5+0.008 0.8+0.007 1.0+0.004
Notes:  'Metaphase with at least one chromosomal aberration; “metaphases exhibiting

only chromatic lesions (gaps); *monochromatid breaks; *isochromatid breaks.

Table 3 Frequency and standard error of chromosomal aberrations found in the different
treatments with Gluthathione

Experiment A/;e’ic;?ﬁvaes;s Abcr‘z;)l};"r]zal AL’ B” B
Control 600 2.0 £0.005 1.6 £0.004 0.7+0.002 0.7+0.040
GSH 5 mM 600 2.3+£0.006 1.3+£0.004 0.7+0.003 0.3 +0.067
100 mGy 600 8.7+0.011 32+0.007 2.8+£0.007 2.7+0.006
GSH 5 mM plus 100 mGy 600 9,0 £0.008 43+0.006 2.7+0.005 2.0+0.002
Notes: 'Metaphase with at least one chromosomal aberration; “metaphases exhibiting

only chromatic lesions (gaps); *monochromatid breaks; *isochromatid breaks.
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4 Discussion

Thiol compounds are able to: (a) free radical scavenging, (b) reduction of cell necrosis,
(c) inhibition of apoptosis, (d) stabilisation of the process of DNA repair enzyme and (e)
chemical repair of deoxyribose. The processes (b) and (c) could be the result of the
process (a). However, none of these three events (a, b and c) explains the decrease
of chromosome aberrations. The addition of GSH increased the rate of DNA repair
(event d) (Hanigan and Ricketts, 1993; Dutta et al., 2005; Pujari et al., 2010).

This stabilisation of the repair was not demonstrated for CSM and BME. However, it
was demonstrated that CSM increases the concentration of GSH. The first event of
oxidative damage is the removal of a proton from mainly the positions 4 or 5 of the
deoxyribose. It has been shown that several non-enzymatic thiol compounds have the
potential to produce chemical repair of deoxyribose (event ¢). This process is possible
thanks to the presence of sulfthydryl radical (-SH) in the thiol compounds. An important
chemical barrier able to oppose to the cytotoxic effect of free radical species generated by
oxidative stress is the reducing ability of sulthydryl compounds mainly GSH and its
precursor cysteine (CYS). The mechanism by which CYS enters the cell is however
complex and involves several steps. In fact, CYS outside the cell is rapidly converted to
cystine (its oxidised form) and has to be reduced by GSH to produce c-glutamylcystine
and transported across the membrane by GSH reductase to be liberated inside the cell and
to also serve as a precursor of GSH (Meister and Anderson, 1983).

These compounds can donate the missing proton of deoxyribose. The results obtained
in this study are consistent with the above mentioned chemical repair model.

Previous work has shown that thiol compounds produce this type of repair or a
radical reduction of intermediaries in subsequent oxidation reactions (Epstein et al.,
1997; Lopez-Larraza et al., 2001). It has also been shown that the intensity of these
reductions is related to the electric charge of thiol compounds. Our results showed that
glutathione, negatively charged, showed a radioprotector effect. On the other hand, the
positively charged CSM proved to be the best radioprotective thiol. BME, neutral in
charge, did not show an intermediate effect between the two above mentioned thiols.
These results are consistent with the lower or higher access to DNA.

It has been demonstrated that for GSH concentrations (0.5-5 mM), the Oxygen
Enhancement Ratios (OERs) for Single Strand Breaks (SSBs) and Double Strand Breaks
(DSBs) were very similar (Ayene et al., 1995). It was reported that for the highest GSH
concentration (20 mM) in anoxic conditions, the induction efficiencies for either SSBs or
DSBs are increased or became saturate when compared to the corresponding values of
5mM GSH. This indicates that in addition to its protective effects, GSH at high
concentrations may also induce DNA strand breaks. Poor protection against CA induced
by 4 Gy in GSH pretreated lymphocytes has been observed earlier (Chatterjee and Jacob-
Raman, 1986). Conflicting results in the literature, therefore, do not provide a definitive
conclusion for the role of GSH either in radiosensitisation or radioprotection. In addition
to the —SH group, CSM also possesses an amine group, and protected the cells more than
GSH and BME. As an amine, CSM binds to DNA (Trizna, et al., 1993; Hoffmann and
Littlefield, 1995; Hoffmann et al, 1995; Hoffmann, 2001) and may alter DNA
conformation widening the minor groove of DNA, which may give —SH better access to
the site of damage by ionising radiation. That way, the thiol and amine functions of CSM



Effect of three non-protein thiols on CHO cells 143

may act in concert, such that the amine groups may bring the thiol group to the site of
oxidative damage on DNA (Hoffmann et al., 2001). CSM and BME are structural
analogues, differing only with respect to the amino group. The absence of protection by
BME demonstrates the importance of the amino group in the protection against CA
induced by ionising radiation.

Ionising radiation is a ubiquitous environmental physical agent that has proved to
exert DNA-damaging effects. Radiobiology interpretation accepts that after exposure to
DNA damaging agents, mutation frequency increases rapidly at the beginning and
declines to background levels when DNA damage repair is completed. This concept on
mutagenesis has been challenged in recent years after several findings on radiation-
induced genomic instability (Little, 2003; Morgan, 2003). Other studies report an
increase of chromosome breaks over chromosome rearrangements with decreasing
radiation levels in peripheral lymphocytes of subjects exposed to relatively low doses of
ionising radiation, especially when chronic exposure is not higher than 100 mGy
(Balakrishnan and Rao, 1999; Maffei et al., 2002; Sari-Minodier et al., 2002; Maffei
et al., 2004).

Although the protective effects of GSH and CSM were demonstrated it remains to
clarify the neutral thiol B-mercaptoethanol. However the greater accessibility the
positively charged CSM the negatively GSH, suggests a role for the charge of the thiols.
In a future study, we intend to use more thiols, many of which are neutral. The present
study may be a contribution for the prevention of DNA damage induced by chronic
exposures to low doses of ionising radiation.

Acknowledgements

This work was supported by grant PIP 5583 from CONICET (Consejo Nacional de
Investigaciones Cientificas y Técnicas), PICT 14329 from ANPCyT (Agencia Nacional
de Promocion Cientifica y Tecnologica), and 11-V138 from UNLP (Universidad
Nacional de La Plata), Argentina.

References

Antonelli, A., Silvano, G., Gambuzza, C., Bianchi, F., Tana, L. and Banchieri, L. (1995)
‘Is occupationally induced exposure to radiation a risk factor of thyroid nodule formation?’,
Archives of Environmental Health, Vol. 51, pp.177-180.

Ayene, 1.S., Koch, C.J. and Krisch, R.E. (1995) ‘Modification of radiation-induced strand breaks
by glutathione: comparison of single-and double-strand breaks in SV40 DNA’, Radiation
Research, Vol. 144, pp.1-8.

Balakrishnan, S. and Rao, S.B. (1999) ‘Cytogenetic analysis of peripheral blood lymphocytes

of occupational workers exposed to low levels of ionizing radiation’, Mutation Research,
Vol. 442, pp.37-42.

Barquinero, J.F., Barrios, L., Caballon, M., Miro, R., Ribas, M., Subias, A. and Egozcue, J. (1993)
‘Cytogenetic analysis of lymphocytes from hospital workers occupationally exposed to low
levels of ionizing radiation’, Mutation Research, Vol. 286, pp.275-279.

Bonner, W.M. (2003) ‘Low- dose radiation: thresholds, bystander effects, and adaptative
responses’, Proceeding of the National Academy of Science USA, Vol. 100, pp.4973—-4975.



144 J.C. De Luca and D.M. Lopez-Larraza

Chatterjee, A. and Jacob-Raman, M. (1986) ‘Modifying effect of reduced glutathione on
Xrays- induced chromosome aberrations and cell cycle delay’, Mutation Research, Vol. 175,
pp-73-82.

Chattopadhyay, A., Deb, S. and Chatterjee, A. (1999) ‘Modulation of the clastogenic activity of
y-irradiation in buthionine sulfoximine mediated glutathione depleted mammalian cells’,
International Journal of Radiation Biology, Vol. 75, pp.1283—1291.

De Matos, D.G., Furnus, C.C. and Moses, D.F. (1997) ‘Glutathione synthesis during in Vitro
maturation of bovine oocytes: role of cumulus cells’, Biology of Reproduction, Vol. 57,
pp.1420-1425.

De Matos, D.G., Furnus, C.C., Moses, D.F. and Baldassarre, H. (1995) ‘Effect of cysteamine on
glutathione level and developmental capacity of bovine oocyte matured in vitro’, Molecular
Reproduction and Development, Vol. 42, pp.432—436.

De Matos, D.G., Gasparrini, B., Pasqualini, S.R. and Thompson, J.G.E. (2002a) Effect of
glutathione synthesis stimulation during in vitro maturation of ovine oocytes on embryo
development and intracellular peroxide content, Theriogenology, Vol. 57, pp.1443—-1451.

De Matos, D.G., Herrera, C., Cortvrindt, R., Smitz, J., Van Soom, A., Nogueira, D. and Pasqualini,
R.S. (2002b) ‘Cysteamine supplementation during in vitro maturation and embryo culture: a
useful tool for increasing the efficiency of bovine in vitro embryo production’, Molecular
Reproduction and Development, Vol. 62, pp.203-209.

De Matos, D.G., Nogueira, D., Cortvrindt, R., Herrera, C., Adriaenssens, T., Pasqualini, R.S. and
Smitz, J. (2003) ‘Capacity of adult and prepubertal mouse oocytes to undergo embryo
development in the presence of cysteamine’, Molecular Reproduction and Development,
Vol. 64, pp.214-218.

Dutta, A., Chakraborty, A., Saha, A., Ray, S. and Chatterjee, A. (2005) ‘Interaction of radiation
and bleomycin-induced lesions and influence of glutathione level on the interaction’,
Mutagenesis, Vol. 20, pp.329-335.

Edgren, M. and Revesz, L. (1987) ‘Compartmentalized depletion of glutathione in cells treated
with BSO’, British Journal of Radiobiology, Vol. 60, pp.723-724.

Epstein, J.L., Zhang, X.D., Doss, G.A., Liesch, J.M., Krishnan, B., Stubbe, J. and Kozarich, J.W.
(1997) ‘Interplay of hydrogen abstraction and radical repair in the generation of single-and
double-strand DNA damage by the esperamicins’, Journal of the American Chemical Society,
Vol. 119, pp.6731-6738.

Gasparrini, B., Sayoud, H., Neglia, G., Matos, D.G., Donnay, 1. and Zicarelli, L. (2003)
‘Glutathione synthesis during in vitro maturation of buffalo (Bubalus bubalis) oocytes: effects
of cysteamine on embryo development, Theriogenology, Vol. 60, pp.943-952.

Gebhart, E. (1978) ‘The anticlastogenic effect of various combinations of cysteamine, AET, HCT,
and amino acids on chromosome damage by trenimon and bleomycin in human lymphocytes
in vitro’, Human Genetic, Vol. 43, pp.185-203.

Giierci, A., Dulout, F. and Seoane, A. (2003) ‘Cytogenetic analysis in Chinese hamster cells
chronically exposed to low doses of X-rays’, International Journal of Radiation Biology,
Vol. 79, p.793-799.

Gtierci, A., Dulout, F. and Seoane, A. (2004) ‘DNA damage in Chinese hamster cells repeatedly
exposed to low doses of X-rays’, Cytogenetic and Genome Research, Vol. 104, pp.173-177.

Hagelstrom, A., Gorla, N. and Larripa, I. (1995). Chromosomal damage in workers occupationally
exposed to chronic low level ionizing radiation, Toxicology Letters Vol. 76, pp.113-117.

Hanigan, M.H. and Ricketts, W.A. (1993) ‘Extracellular glutathione is a source of cysteine for cells
that express gamma-glutamyl transpeptidase’, Biochemistry, Vol. 32, pp.6302—6306.

He, J., Chen, W, Jin, L. and Jin, H.Y. (2000) ‘Comparative evaluation of the in vitro micronucleus
test and the comet assay for the detection of genotoxic effects of X-ray radiation’, Mutation
Research, Vol. 469, pp.223-231.

Held, K.D. (1988) ‘Interactions of oxygen and sulfhydryls with free radicals in irradiated
mammalian cells’, Basic Life Science, Vol. 49, pp.441-448.



Effect of three non-protein thiols on CHO cells 145

Hoffmann, G.R.J., Buzcola, M.S., Merz, M.S. and Littlefield, L.G. (2001) ‘Structure-activity
analysis of the potentiation by aminothiols of the chromosome damaging effects of bleomycin
in GO Human lymphocytes’, Environmental and Molecular Mutagenesis, Vol. 37,
pp.117-127.

Hoffmann, G.R. and Littlefield, L.G. (1995) ‘Enhancement of the activity of bleomycin by
cysteamine in a micronucleus assay in GO human lymphocytes’, Toxicology Letters, Vol. 78,
pp-147-451.

Hoffmann, G.R., Quaranta, J.L., Shorter, R.A. and Littlefield, L.G. (1995) ‘Modulation of
bleomycin induced mitotic recombination in yeast by the aminothiols cysteamine and
WR-1065°, Molecular and General Genetics, Vol. 249, pp.366-374.

Hossein, M.S., Kim, M.K., Jang, G., Oh, H.J., Koo, O., Kim, J.J., Kang, S.K., Lee, B.C. and
Hwang, W.S. (2007) ‘Effects of thiol compounds on in vitro maturation of canine oocytes
collected from different reproductive stages’, Molecular Reproduction and Development,
Vol. 74, pp.1213-1220.

Kobayashi, M., Asakuma, S. and Fukui, Y. (2007) ‘Blastocyst production by in vitro maturation
and development of porcine oocytes in defined media following intracytoplasmic sperm
injection’, Zygote, Vol. 15, pp.93-102.

Levina, V.V. and Malinowski, O.V. (1993) ‘The modification of the radiation damage to the
chromosomes in the somatic cells of radiosensitive Drosophila mutants: the radioprotective
action of cysteamine’, Radiobiologia, Vol. 33, pp.154-159.

Little, J.B. (2003) ‘Genomic instability and bystander effects: a historical perspective’, Oncogene,
Vol. 22, pp.6978-6987.

Ljungman, M., Nyberg, S., Nygren, J. Eriksson, M. and Ahnstrom, G. (1991) ‘DNA-bound
proteins contribute much more than soluble intracellular compounds to the intrinsic protection
against radiation induced DNA strand breaks in human cells’, Radiation Research, Vol. 127,
pp-171-176.

Lopez-Larraza, D.M., Moore Jr, K. and Dedon, P.C. (2001) ‘Thiols alter the partitioning of
calicheamicin-induced deoxyribose 4’-oxidation reactions in the absence of DNA radical
repair’, Chemical. Research in Toxicology, Vol. 14, pp.528-535.

Luciano, A.M., Goudet, G., Perazzoli, F., Lahuec, C. and Gérard, N. (2006). ‘Glutathione content
and glutathione peroxidase expression in vivo and in vitro matured equine oocytes’,
Molecular Reproduction and Development, Vol. 73, pp.658—666.

Maffei, F., Angelini, S., Forti, G.C., Lodi, V., Violante, F.S., Mattioli, S. and Hrelia, P. (2002)
‘Micronuclei frequencies in hospital workers occupationally exposed to low levels of ionising
radiation: influence of smoking status and other factors’, Mutagenesis, Vol. 17, pp.405-409.

Maffei, F.S., Angelini, G.C., Forti, F.S., Violante, F.S., Lodi, V., Mattioli, S. and Hrelia P. (2004)
‘Spectrum of chromosomal aberrations in peripheral lymphocytes of hospital workers
occupationally exposed to low doses of ionising radiation’, Mutation. Research, Vol. 547,
pp-91-99.

Maluf, S., Passos, D., Bacelar, A., Speit, G. and Erdtmann, B. (2001) ‘Assessment of DNA damage
in lymphocytes of workers exposed to X-radiation using the micronucleus test and the comet
assay’, Environmental and Molecular Mutagenesis, Vol. 38, pp.311-315.

Meister, A. and Anderson, M. (1983) ‘Glutathione’, Annual Review of Biochemistry, Vol. 52,
pp.711-760.

Mira, A., Esteban, M., Gimenez, E.M., Bolzan, A.D., Bianchi, M.S. and Loépez-Larraza, D.M.
(2013) “Effect of thiol compounds on bleomycin-induced DNA and chromosome damage in
human cells’, Archives of Environmental and Occupational Health, Vol. 68, pp.107-116.

Morgan, W.F. (2003) ‘Non-targeted and delayed effects of exposure to ionizing radiation: I
radiation-induced genomic instability and bystander effects in vitro’, Radiation. Research,
Vol. 159, pp.567-580.

Oyamada, T. and Fukui, Y. (2004) ‘Oxygen tension and medium supplements for in vitro
maturation of bovine oocytes cultured individually in a chemically defined medium’, Journal
of Reproduction and Development, Vol. 50, pp.107-117.



146 J.C. De Luca and D.M. Lopez-Larraza

Paz-y-Mifio, C., Davalos, M., Sanchez, M.E., Arévalo, M. and Leone, P.E. (1995) ‘Should gaps be
included in chromosomal aberration analysis? Evidence based on the comet assay’, Mutation
Research, Vol. 516, pp.57-61.

Prise, K.M., Davies, S., Stratford, M.R. and Michael, B.D. (1992) ‘The role of non-protein
sulphydryls in determining the chemical repair rates of free radical precursors of DNA
damage and cell killing in Chinese hamster V79 cells’, International Journal of Radiation
Biology, Vol. 40, pp.335-340.

Pujari, G., Sarma, A. and Chatterjee, A. (2010) ‘The influence of reduced glutathione on
chromosome damage induced by X-rays or heavy ion beams of different LETs and on
the interaction of DNA lesions induced by radiations and bleomycin’, Mutation Research,
Vol. 696, pp.154-159.

Revesz, L., Edgren, M. and Nishidai T. (1984) ‘Mechanisms of inherent radioprotection in
mammalian cells’, Sugahara, T. and Ueno, Y. (Eds): Modification of Radiosensitivity in
Cancer Treatment, Academic Press, pp.13-29.

Rodriguez-Gonzalez, E., Lopez-Bejar, M., Izquierdo D. and Paramio, M.T. (2003) ‘Developmental
competence of prepubertal goat oocytes selected with brilliant cresyl blue and matured with
cysteamine supplementation’, Reproduction Nutrition Development, Vol. 43, pp.179—-187.

Sari-Minodier, I.T., Orsiere, L., Bellon, J. Pompili, J., Sapin, C. and Botta, A. (2002) ‘Cytogenetic
monitoring of industrial radiographers using the micronucleus assay’, Mutation Research,
Vol. 521, pp.37-46.

Seoane, A., Giierci, A. and Dulout, F. (2007) ‘Genetic instability induced by low doses of X-rays in
hamster cells’, International Journal of Radiation Biology, Vol. 83, pp.81-7.

Takahashi, M., Nagai, T., Hamano, S., Kuwayama, M., Okamura, N. and Okano, A. (1993) ‘Effect
of thiol compounds on in vitro development and intracellular glutathione content of bovine
embryos’, Biology of Reproduction, Vol. 9, pp.228-232.

Trizna, Z., Schantz, S.P., Lee, J.J., Spitz, M.R., Goepfert, H., Hsu, T.C. and Hong, W.K. (1993) ‘In
vitro protective effects of chemopreventive agents against bleomycin-induced genotoxicity in
lymphoblastoid cell lines and peripheral blood lymphocytes of head and neck cancer patients’,
Cancer Detection Prevention, Vol. 17, pp.575-783.

Yamauchi, N. and Nagai, T. (1999) ‘Male pronuclear formation in denuded porcine oocytes
after in vitro maturation in the presence of cysteamine’, Biology of Reproduction, Vol. 61,
pp.828-833.

Zhou, P., Wu, Y.G. and Li, Q. (2008) ‘The interactions between cysteamine, cystine and cumulus
cells increase the intracellular glutathione level and developmental capacity of goat cumulus-
denuded oocytes’, Reproduction, Vol. 135, pp.605-611.



