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ABSTRACT: Nonprotein thiols are considered radioprotectors, preventing DNA damage by ionizing ra-
diation. Because bleomycin (BLM) is a radiomimetic agent, it was proposed that thiols may prevent DNA dam-
age produced by this antibiotic. However, results obtained with treatments combining thiols and BLM in living 
cells are contradictory. The goal of this study was to analyze the DNA damage induced by BLM and the influ-
ence of 3 nonprotein thiols of different electrical charges and chemical compositions at the level of single cells 
(comet assay). We also studied the morphological signs of apoptosis produced by BLM in these same conditions. 
We found that all thiols potentiated DNA damage induced by BLM, most probably by reactivating the BLM com-
plex once it generated free radicals. Cysteamine (positive) potentiated BLM action the most, glutathione (nega-
tive) potentiated this antibiotic the least, whereas cysteine had an intermediate effect compared with the other two.
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I. INTRODUCTION

Bleomycin (BLM) is a glycopeptide antitumor an-
tibiotic that forms a complex with dioxygen and 
divalent metal ions (mainly Fe2+), generating free 
radicals. It intercalates G-rich tracts of DNA and 
induces strand breakage by preferentially attacking 
pyrimidine nucleotides that adjoin the guanosyl-
3-phosphate at the site of BLM-DNA binding.1–4, 44 
Several lines of evidence suggest that BLM action 
on the DNA of living cells is modulated by chroma-
tin structure,5–9 DNA repair,6,8,10 degradation of BLM 
by BLM hydrolase,11 antioxidant enzymes,2,12,13 and 
thiol-containing compounds.14–19

Nonprotein thiols such as glutathione (GSH), 
are considered effective radioprotectors, prevent-
ing both DNA damage and cell death by ionizing 
radiation. BLM and other antibiotics such as ene-
dyines are considered radiomimetic agents because 
they act through the generation of free radicals and 
produce chromosome damage in an S-independent 

manner.20–23 This leads to the hypothesis that thiols 
may prevent DNA damage produced by these antibi-
otics.14,16,19 However, results obtained by combining 
treatment with thiols and radiomimetic agents in na-
ked DNA and in living cells are contradictory. Some 
studies showed a protective effect by thiols,24–29 
whereas others showed potentiation of DNA dam-
age by antibiotics in the presence of the same thi-
ols.26,30–35 These discrepancies have been explained 
in terms of the amounts of oxygen and other differ-
ent components of the cell culture media.16,24,33 On 
the other hand, the ability and magnitude of protec-
tion of thiols compounds can be determined by its 
net charge12,14,15and the amount of its amine groups.14 

The hydroxyl radical generated by the BLM com-
plex abstracts a hydrogen in the 4′ position of the 
deoxyribose. Once free radicals are produced, the 
Fe+2 in the BLM complex is oxidized to Fe+3, and 
BLM becomes inactivated.2,4 Thiols can reduce the 
deoxyribose molecule by donating a proton, inhibit-
ing all subsequent oxidative DNA damage—a pro-
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cess called “chemical repair.”14,15 In addition, thiols 
can reactivate the BLM complex by reducing the 
iron to the Fe+2 forms.14,15 A balance between these 
2 processes can determine the net effect of thiols 
on DNA damage induced by BLM.

We had previously found that at the chro-
mosomal level and during cell death, GSH, 
β-mercaptoethanol, and cysteine (CYS) showed 
a protective effect, whereas at the DNA level all 
thiols potentiated the DNA damage induced by 
BLM, most probably because of a reactivation of 
the BLM complex. Cell survival and DNA repair 
also were improved by GSH, CYS, and cysteamine 
(CSM) (Mira et al., 2013 unpublished data).

The goal of this work was to analyze (by com-
et assay) the DNA damage induced by BLM and 
the influence of 3 nonprotein thiols with a different 
electrical charge and chemical composition at the 
level of single cells. We also studied the morpho-
logical signs of apoptosis produced by BLM in the 
same conditions as above using dichlorohydrate-4′, 
6-diamine-2-phenylindol [DAPI] stain assay.

II. MATERIALS AND METHODS

Human lymphoblastoid cells (T-37 cell line, ob-
tained from the IMBICE Cell Repository) were 
grown in RPMI 1640 medium (Sigma Chemical 
Co., St. Louis, MO) supplemented with 10% fetal 
calf serum, penicillin (100 U/mL), and streptomy-
cin (100 mg/mL) at 37°C in a 5% carbon dioxide 
atmosphere.

Cells were treated with BLM (100, 125, 150, 
175, or 200 mg/mL) for 15 minutes (Lab. Gador, 
Argentina, Cultural Abstract Service [CAS] no. 
9041-93-4). GSH (CAS no. 70-18-8), CYS (CAS 
no. 7048-04-6), and CSM (2-aminoetanethiol; CAS 
no. 156-57-0) were the thiols used in this study (all 
from Sigma Chemical Co.). Thiol compounds (10 
mM) were added to the cultures 0.5 hours before 
BLM and left until the end of the BLM treatment 
(pretreatments) or immediately after the end of 
BLM treatment and left in the culture medium un-
til harvesting (posttreatments). At the end of the 
pulse treatment with BLM, the cells were washed 
twice with Hank’s balanced salt solution and kept 

in culture with fresh culture medium until harvest-
ing. Buthionine sulfoximine (BSO) reduces intra-
cellular GSH by about 95%. Therefore, we used a 
sample treated with BSO as an additional control. 
Single-strand DNA breaks and alkaline labile sites 
(converted to single-strand DNA breaks by alka-
line buffer) were estimated by comet assay (alka-
line single-cell gel electrophoresis).Comet assay 
was performed according to the method described 
by Singh et al.,36 with some minor modifications. 
About 15 μL of cells were mixed with 75 μL of 
low-melting agarose 0.5% (Gibco BRL, Grand 
Island, NY), seeded on a slide coated with 0.5% 
normal-melting agarose (Promega, Fitchburg, WI), 
and cooled until solidified (2 different slides per 
treatment). After work, the cells were lysed over-
night in a detergent solution (100 mM EDTA, 2.5 
M sodium chloride, 10 mM Tris, 1% Triton X-100, 
and 10 % dimethyl sulfoxide). 

Before electrophoresis, the slides were equili-
brated in alkaline electrophoresis solution (1 mM 
EDTA, 300 mM sodium hydroxide, pH >13) for 
20 minutes. Electrophoresis was carried out for 30 
minutes at 25 V and 300 mA (1.25 V/cm). Then, 
slides were neutralized by washing them 3 times 
with Tris buffer (pH 7.5) every 5 minutes and dis-
tilled water.

Slides were stained with 35 μL ethidium bro-
mide (0.1 mg/mL). The analysis was performed 
using fluorescence microscopy. We counted the 
first 200 nuclei in each treatment. According to the 
comet tail, 5 grades were assigned, from 0 (no tail) 
to 4 (detectable head but most DNA in the tail).37 
The damage index (DI) was calculated as follows: 
DI = (n1 + 2n2 + 3n3 + 4n4)/N, where n1 is the 
number of cells in grade 1, n2 is the number of cells 
in grade 2, n3 is the number of cells in grade 3, 
n4 is the number of cells in grade 4, , and N is the 
total number of cells analyzed per slide.38 Images 
were captured with a Sony charge-coupled device 
camera and saved using Pro Plus imaging software.

Using a BLM concentration response curve we 
chose a concentration that produced mainly grade 
2 comets (see Results). Cells were treated with the 
above-mentioned dose concentration before or af-
ter treatment, with 10 mM of each thiol employed 
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during 30 minutes.
Nuclear morphology and cell viability also 

analyzed. Cells were fixed with 4% paraformal-
dehyde stained with 10% DAPI and analyzed by 
fluorescent microscopy (using the same micro-
scope and filters as those used for the comet as-
say). Cell viability was determined using the dye 
exclusion (trypan blue) method. Because trypan 
blue does not enter apoptotic cells but only death 
cells (necrotic cells) and because apoptosis needs 
more time than that used in these exclusion ex-
periments, it can be assumed that the percentage 
of death cells are equivalent to the percentage of 
necrotic cells.

For comet assay we analyzed the data using 
analysis of variance. For morphological signs of 
apoptosis by DAPI stain we analyzed the results 
of the BLM combination with the different thi-
ols using Poisson regression analysis. In this test, 
negative coefficient values indicate a protective 
BLM effect, whereas positive values indicate 
potentiation of the BLM damage. Three experi-
ments of each type (comet assay, trypan blue ex-
clusion, and apoptosis analysis) were carried out. 
Results are expressed as means ± standard errors 
(SEs).

III. RESULTS

For analysis of comet assay (see Fig. 1) 200  nu-
clei per treatment were analyzed and the DI was 
calculated. Four independent experiments were 
performed. Data are shown as mean ± SE. BLM 
induced a dose-dependent increase in DI compared 
to control samples (P < 0.0001) (Fig. 2). Taking 
into account that BLM 150 µg/mL showed a sig-
nificant increase of DI (mean ± s.e = 1.29 ± 0.15) 
with respect to the control sample (mean ± s.e. = 
0.28 ± 0.06), we chose to use this concentration 
in the combined treatments with thiols. At higher 
doses, samples showed too much DNA damage, 
with a big increment of grades 3 and 4.

Combined treatment produced more damage 
than BLM alone (P < 0.0001). When thiol treat-
ments were made after the addition of BLM, DNA 
damage was higher than when they were added 
before BLM (P < 0.0001) (Fig. 3). Treatments 
with CYS and CSM, both before and after BLM, 
increase the DI the most. When GSH was depleted 
by BSO there was not a significant change with 
respect to BLM alone (P < 0.0736) (Fig. 4). The DI 
of BSO and BLM was lower than the DI of GSH 
and BLM (P < 0.0163).

FIG. 1: Images of comets obtained in isolated lymphoblastoid cells using the alkaline version by Singh et al.36 A: 
Nuclei showing no damage. B: Nuclei showing a small DNA migration corresponding to grades 1 and 2. C, D: Nuclei 
in which the typical shape of comet tails (grades 3 and 4) is observed.
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FIG. 2: Analysis of DNA damage (damage index [DI]) induced by bleomycin (BLM) (0–200 µg/mL) by comet assay. 
Data are means ± standard errors.

FIG. 3: Analysis of DNA damage (damage index [DI]) induced by bleomycin (BLM) (150 µg/mL) and with the follow-
ing thiols before or after treatment: glutathione (GSH), cysteine (CYS), and cysteamine (CSM). Data are means ± 
standard errors.

FIG. 4: Analysis of DNA damage (damage index [DI]) induced by bleomycin (BLM) (150 µg/mL) and before treatment 
with buthionine sulfoximine (BSO) and glutathione (GSH). Data are means ± standard errors.
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Cell viability and apoptotic nuclear morpholo-
gy were assayed 24 hours after treatment with BLM. 
Cell viability diminished when BLM concentration 
increased (0–200 μg/mL) (P < 0.0001), as shown 
by the dye exclusion (trypan blue) method. 

For the combined treatments (BLM plus thi-
ols; BLM plus BSO), we used the same dose as 
that used for the comet assay (BLM 150 μg/mL) 
(Fig. 5). All treatments (BLM, BLM plus thiols, 
thiols plus BLM, BSO plus BLM) diminished cell 
survival compared to control samples. Compared 
to BLM alone, only GSH added after BLM pro-
duced an increase of cell survival (about 20%; P < 
0.0444). The rest of the combined treatments did 
not produce any significant change in cell survival 
compared to BLM alone (Fig. 5)

DAPI stain assay for nuclear imaging in fluo-

rescence microscopy was used to analyze morpho-
logical signs of apoptosis (see Fig. 6). Morphologi-
cal analysis revealed a dose-dependent formation 
of apoptotic bodies up to 175 μg/mL. Afterward, 
the curve of apoptotic cells reaches a plateau (BLM 
200 μg/mL) (P < 0.0001).

For apoptosis analysis with combined treat-
ments, BLM 150 μg/mL also was used (as in the 
comet and cell viability assays). When CYS was 
added after BLM treatment, apoptosis was lower 
than the apoptosis produced by BLM alone (P < 
0.005). However, when CYS was added before 
BLM, apoptosis increased (P < 0.0001). GSH 
added before BLM also increased apoptosis (P < 
0.025) (Fig. 7). The rest of thiols did not produce 
any significant changes in apoptosis compared to 
BLM alone. CYS before BLM treatment increased 

FIG. 5: Analysis of cell survival 24 hours after incubation with bleomycin (BLM) (150 µg/mL) and  with the following 
compounds before or after treatment: glutathione (GSH), cysteine (CYS), cysteamine (CSM), and buthionine sulf-
oximine (BSO). Data are means ± standard errors.

FIG. 6: Images of nuclear morphology of apoptotic (A, B) and nonapoptotic (C) lymphoblastoid cells. A and B show 
one nucleus with fragmentation. On the other hand, C shows 2 different nuclei with no fragmentation.
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apoptosis much more than GSH did before BLM 
treatment (Poisson regression coefficients: CYS 
plus BLM = 0.52; GSH plus BLM = 0.34) (Fig. 7). 
BSO did not produce any change in the amount of 
apoptotic cells compared to BLM alone (Fig. 7).

IV. DISCUSSION

DI analysis showed that all thiols potentiated DNA 
damage induced by BLM. The influence of thiols 
on the effect of BLM on DNA may be due to (1) 
chemical repair of the deoxyribose molecule by the 
donation of a hydrogen from the thiol, (2) reacti-
vation of the BLM complex by reducing Fe+3 to 
Fe+2, and (3) free radical scavenging. Because all 
thiols potentiated the damage, event 1 did not oc-
cur or it was of lesser importance. Even free radi-
cal scavenging can occur (event 3), but our data 
suggest that reactivation of BLM complex (event 
2) by thiols is the most important event explain-
ing our results. Other studies have demonstrated 
that thiols’ ability to access DNA is determined by 
electrostatic interactions between the net change of 
the thiol and the negative charge of the DNA.17 The 
final result is that positive thiols (CSM) have bet-
ter access to DNA than neutral ones (CYS, which 
is actually a Zwitterion), whereas negative thiols 
(GSH) have restricted access. Once the BLM com-
plex generates free radicals the iron in that com-

plex is oxidized (from Fe+2 to Fe+3). Because thiols 
are hydrogen donors they can reduce the iron (from 
Fe+3 to Fe+2), reinitiating the damage by BLM.39

As an amine, CSM binds to DNA,16,32,33,35 and 
it may alter DNA conformation so as to facilitate 
BLM action. The widening of the minor groove 
of DNA (which is the likely site of BLM bind-
ing2,14,18,40–42) by the amine group may give BLM 
better access to its target. Rather than being alter-
natives, the thiol and amine functions may act in 
concert.16

CYS produced more damage than CSM (CSM 
as a positive thiol should produce more DNA dam-
age than CYS, which lacks the positive charge). 
However, after treatment with these 2 thiols we 
observed that CYS had a higher DI. This is not 
consistent with the above-mentioned properties of 
CSM, so we decided to take a look at the damage in 
each DNA comet grade (Fig. 8). In this way we ob-
served that the only case in which CYS produced 
more damage than CSM was in grade 4 of the post-
treatments. Grade 4 is multiplied by 4, therefore 
giving more relevance to the DI if the number of 
cells in this grade is high, as it is in this case. Al-
though in this experiment the mentioned grade was 
unusually high for CYS and CSM, we had to take 
into account that the fragmentation of DNA in this 
grade was not only due to DNA breaks induced 
by BLM but also because most of the DNA frag-

FIG. 7: Analysis of apoptosis 24 hours after incubation with bleomycin (BLM) (150 µg/mL) and with the following 
compounds before or after treatment: glutathione (GSH), cysteine (CYS), cysteamine (CSM), and buthionine sulf-
oximine (BSO). Data are means ± standard errors.
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ments in grade 4 corresponded to pieces of DNA 
produced by cellular necrosis and apoptosis. Then, 
we analyzed the number of cells in grades 2 and 
3 (whose DNA fragmentation is mainly produced 
by BLM action), and we observed that CSM had 
more cells than CYS in these grades. Therefore, 
it is reasonable to assume that in this case CSM 
produced more damage than CYS. We checked the 
differences between grades 2 and 3 for all thiols 
using a Poisson regression analysis (multivariate 
analysis). These differences between CSM and 
CYS were highly significant (P < 0.01). 

When we used BSO (which eliminates most 
GSH), the DI was similar to that of BLM alone. 
Another study  in which GSH and BLM were used 
simultaneously demonstrated that the presence of 
this thiol potentiates the clastogenic action of BLM 
in mammalian lymphocytes. This was attributed 
to GSH acting as a reducing agent in reactivating 
the oxidized BLM.30,39,43 In addition, it was shown 
that BLM treatment to BSO-treated cells reduced 
the frequency of aberrant metaphases and chroma-
tid breaks.39 This reduction in the effect of BLM 
in GSH-depleted cells might be explained by the 
failure of reactivation of the oxidized BLM by the 
reducing agent (GSH), which was present endog-
enously.41

Thiol posttreatments potentiated the DNA 
damage by BLM more than thiol pretreatments, 
probably because of an enhanced reactivation of 
the BLM complex.44

Although previous treatments with thiols did 
not show changes in cell survival at 24 hours com-
pared to BLM alone, other studies from our labora-
tory (data not shown) using BLM 100 µg/mL and 
the same thiols showed similar results at 24 hours 
but almost total killing (15%) at 96 hours. In other 
words, the results observed at 24 hours would be 
at a transient state of the cells, which would die at 
96 hours. The damage observed immediately af-
ter BLM treatment, which is not reflected in cell 
survival at 24 hours, might be due to DNA re-
pair occurring during the lapse between the mo-
ment we checked DNA damage and the moment 
we counted surviving cells. Only GSH posttreat-
ments increased cell viability, although this thiol 
potentiated the DNA damage the least. GSH, being 
negative, would have a restricted access to DNA, 
but it could reduce the oxidative stress produced 
by BLM, hence improving cell survival. GSH 
probably would work as a cofactor of dismutase 
superoxide and would stabilize repair proteins so 
that it could prevent the action of reactive oxy-
gen species. GSH can also increase DNA repair. 

FIG. 8: Analysis of comet assay grades for each treatment (control, bleomycin [BLM], glutathione [GSH] + BLM, 
cysteine [(CYS] + BLM, cysteamine [CSM] + BLM, BLM + GSH, BLM + CYS, and BLM + CSM). Each bar represents 
the percentages of grades (G) 0–4 produced by the respective treatments.
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It has been shown that GSH affects DNA double-
strand breaks, rejoining, and exchanges.39,45,46 In 
this way, GSH can act by either reactivating the 
BLM complex or scavenging free radicals, de-
pending on cell conditions. A similar phenomenon 
was attributed to CSM. Other studies showed that 
CSM has a protective effect under hypoxia in the 
culture medium. Under oxygenated conditions, on 
the other hand, CSM loses its protective effect on 
DNA.16,24,25,27,32,33,47

Although thiol posttreatments increased DNA 
damage by BLM, this was not correlated with cell 
survival and apoptosis. A great part of the DNA 
damage induced by the antibiotic are DNA single-
strand breaks that can be totally repaired during the 
24 hours from the moment cell viability and apop-
tosis were analyzed. It can explain the discrepancy 
among DIs, cell survival, and apoptosis.

Previous treatments with GSH and CYS pro-
duced an increase of apoptosis. This phenomenon 
may induce a high oxidative stress that, in turn, 
can give rise to apoptosis. It was shown that re-
active oxygen species can act as a signal for the 
induction of apoptosis.48–57 Because CYS is partly 
converted within the cell in GSH, the decrease in 
apoptosis by CYS posttreatments might be due to 
the above-mentioned free radical scavenging and 
enzymatic DNA repair (i.e., GSH can stabilize 
DNA repair proteins and be a cofactor of superox-
ide dismutase).

Free radicals generated by BLM are produced 
in a chromatin microdomain. Such radicals are 
highly unstable and react with organic macromol-
ecules that are near to the BLM intercalation site. 
Because thiols are free radical scavengers, a com-
petence between these thiols and DNA (for the free 
radicals) might occur.4,58 

Our methods led us to conclude that DNA dam-
age induced by BLM plus CSM was higher than 
that produced by BLM plus CYS, even though DI 
showed the opposite (i.e., combined treatment with 
CYS was higher than combined treatment with 
CSM). Therefore we suggest that it is convenient 
to analyze the number of cells in grades 2 and 3 
because they mostly reflect strand breaks induced 
by BLM (and other clastogenic agents).

These experiments and the ones conducted in 
this report can help us better understand the signifi-
cance of the interaction between thiols and BLM, 
information that is of clinical interest since this 
antibiotic is routinely employed to treat several ill-
nesses.

ACKNOWLEDGMENTS

This work was supported by grants from CONI-
CET (PIP 03001), ANPCyT (PICT 14329), and the 
CIC of Argentina. The authors thank César Horgan 
and Verónica Labarta for technical assistance and 
Alejandro Portela, from Gador Laboratories of Ar-
gentina, for providing the bleomycin. 

REFERENCES

1. Abraham AT, Zhou X, Hecht SM. Metallobleomycin-me-
diated cleavage of DNA not involving a threading-inter-
calation mechanism. J Am Chem Soc. 2001;123:5167–
75.

2. Burger RM, Peisach J, Horwitz SB. Mechanism of bleo-
mycin action: in vitro studies. Life Sci. 1981;28:715–27.

3. Pietrement O, Pastre D, Landousy F, David MO, Fusil S, 
Hamon L, Zozime A, Le Cam E. Studying the effect of 
a charged surface on the interaction of bleomycin with 
DNA using an atomic force microscope. Eur Biophys J. 
2005;34:200–7.

4. Takeshita M, Grollman AP, Ohtsubo E, Ohtsubo H. Inter-
action of bleomycin with DNA. Proc Natl Acad Sci U S 
A. 1978;75:5983–7.

5. Beckmann RP, Agostino MJ, McHugh MM, Sigmund 
RD, Beerman TA. Assessment of preferential cleav-
age of an actively transcribed retroviral hybrid gene 
in murine cells by deoxyribonuclease I, bleomycin, 
neocarzinostatin, or ionizing radiation. Biochemistry. 
1987;26:5409–15.

6. Bianchi NO, Bianchi MS, López Larraza D, Alitalo K, 
De la Chapelle A. Damage and repair induced by bleo-
mycin in the domain of human amplified MYC onco-
genes. Cancer Res. 1990;50:2379–84.

7. Kuo MT. Preferential damage of active chromatin by 
bleomycin. Cancer Res. 1981;41:2439–43.

8. Lopez Larraza DM, Bianchi NO. DNA response to 
bleomycin in mammalian cells with variable degrees 
of chromatin condensation. Environ Mol Mutagen. 
1993;21:258–64.

9. Tien Kuo M, Hsu TC. Biochemical and cytological stud-
ies of bleomycin actions on chromatin and chromosomes. 
Chromosoma. 1978;68:229–40.



Volume 32, Number 3, 2013

Non-protein thiols and DNA damage 197

10. Bianchi NO, Lopez Larraza DM. DNA damage and re-
pair induced by bleomycin in mammalian and insect 
cells. Environ Mol Mutagen. 1991;17:63–8.

11. Zou Y, Fahmi NE, Vialas C, Miller GM, Hecht SM. Total 
synthesis of deamido bleomycin a (2), the major catabo-
lite of the antitumor agent bleomycin. J Am Chem Soc. 
2002;124:9476–88.

12. Fridovich I. Superoxide dismutases: defence against 
endogenous superoxide radical. Ciba Found Symp. 
1978;(65):77–93.

13. Lopez Larraza D, De Luca JC, Bianchi NO. The kinet-
ics of DNA damage by bleomycin in mammalian cells. 
Mutat Res. 1990;232:57–61.

14. Dedon PC, Goldberg IH. Free-radical mechanisms in-
volved in the formation of sequence-dependent bistrand-
ed DNA lesions by the antitumor antibiotics bleomycin, 
neocarzinostatin, and calicheamicin. Chem ResToxicol. 
1992;5:311–32.

15. Epstein JL, Zhang X, Doss GA, Liesch JM, Krishnan B, 
Stubbe J, Kozarich JW. Interplay of hydrogen abstraction 
and radical repair in the generation of single- and double-
Strand DNA damage by the esperamicins. J Am Chem 
Soc. 1997;119:6731–8.

16. Hoffmann GR, Buccola J, Merz MS, Littlefield LG. 
Structure-activity analysis of the potentiation by amino-
thiols of the chromosome-damaging effect of bleomy-
cin in G0 human lymphocytes. Environ Mol Mutagen. 
2001;37:117–27.

17. Lopez Larraza DM, Moore K Jr, Dedon PC. Thiols alter 
the partitioning of calicheamicin-induced deoxyribose 
4′-oxidation reactions in the absence of DNA radical re-
pair. Chem Res Toxicol. 2001;14:528–35.

18. Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini 
AF. The changing faces of glutathione, a cellular protag-
onist. Biochem Pharmacol. 2003;66:1499–503.

19. Sy D, Hugot S, Savoye C, Ruiz S, Charlier M, Spotheim-
Maurizot M. Radioprotection of DNA by spermine: 
a molecular modelling approach. Int J Radiat Biol. 
1999;75:953–61.

20. Lown JW, Sim SK. The mechanism of the bleomycin-
induced cleavage of DNA. Biochem Biophys Res Com-
mun. 1977;77:1150–7.

21. Natarajan AT. Chromosome aberrations: past, present 
and future. Mutat Res. 2002;504:3–16.

22. Povirk LF, Hogan M, Dattagupta N. Binding of bleomy-
cin to DNA: intercalation of the bithiazole rings. Bio-
chemistry. 1979;18:96–101.

23. Povirk LF, Austin MJ. Genotoxicity of bleomycin. Mutat 
Res. 1991;257:127–43.

24. Chatterjee A, Raman MJ. Protective effect of cysteine 
against X-ray- and bleomycin-induced chromosomal ab-
errations and cell cycle delay. Mutat Res. 1993;290:231–
8.

25. Gil’iano NIa, Malinovskii OV, Stepanov SI. Mechanism 

of the radioprotective effect of cysteamine. Radiobiolo-
gia. 1985;25:238–41.

26. Russo A, Mitchell JB, McPherson S, Friedman N. Altera-
tion of bleomycin cytotoxicity by glutathione depletion or 
elevation. Int J Radiat Oncol Biol Phys. 1984;10:1675–8.

27. Takahashi M, Nagai T, Okamura N, Takahashi H, Okano 
A. Promoting effect of β-mercaptoethanol on in vitro de-
velopment under oxidative stress and cystine uptake of 
bovine embryos. Biol Reprod. 2002;66:562–7.

28. Weiss JF, Landauer MR. Radioprotection by antioxi-
dants. Ann N Y Acad Sci. 2000;899:44–60.

29. Zheng S, Newton GL, Gonick G, Fahey RC, Ward JF. 
Radioprotection of DNA by thiols: relationship between 
the net charge on a thiol and its ability to protect DNA. 
Radiat Res. 1988;114:11–27.

30. Chatterjee A, Jacob-Raman M, Mohapatra B. Poten-
tiation of bleomycin-induced chromosome aberrations 
by the radioprotector reduced glutathione. Mutat Res. 
1989;214:207–13.

31. Chattopadhyay A, Deb S, Chatterjee A. Modulation of 
the clastogenic activity of g-irradiation in buthionine 
sulfoximine-mediated glutathione depleted mammalian 
cells. Int J Radiat Biol. 1999;75:1283–91.

32. Hoffmann GR, Littlefield LG. Enhancement of the activ-
ity of bleomycin by cysteamine in a micronucleus assay 
in G0 human lymphocytes. Toxicol Lett. 1995;78:147–
51.

33. Hoffmann GR, Quaranta JL, Shorter RA, Littlefield LG. 
Modulation of bleomycin-induced mitotic recombination 
in yeast by the aminothiols cysteamine and WR-1065. 
Mol Gen Genet. 1995;249:366–74.

34. Sausville EA, Peisach J, Horwitz SB. Effect of chelat-
ing agents and metal ions on the degradation of DNA by 
bleomycin. Biochemistry. 1978;17:2740–6.

35. Trizna Z, Schantz SP, Lee JJ, Spitz MR, Goepfert H, Hsu 
TC, Hong WK. In vitro protective effects of chemopre-
ventive agents against bleomycin-induced genotoxicity 
in lymphoblastoid cell lines and peripheral blood lym-
phocytes of head and neck cancer patients. Cancer Detect 
Prev. 1993;17:575–83.

36. Singh NP, McCoy MT, Tice RR, Schneider EL. A simple 
technique for quantitation of low levels of DNA damage 
in individual cells. Exp Cell Res. 1988;175:184–91.

37. Olivero OA, Chang PK, Lopez Larraza DM, Semino-
Mora MC, Poirier MC. Preferential formation and de-
creased removal of cisplatin-DNA adducts in Chinese 
hamster ovary cell mitochondrial DNA as compared to 
nuclear DNA. Mutat Res. 1997;391:79–86.

38. Rodriguez Ferreiro G, Cancino Badias L, Lopez-Nigro 
M, Palermo A, Mudry M, Gonzalez Elio P, Carballo MA. 
DNA single strand breaks in peripheral blood lympho-
cytes induced by three nitroimidazole derivatives. Toxi-
col Lett. 2002;132:109–15.

39. Dutta A, Chakraborty A, Saha A, Ray S, Chatterjee A. 



Journal of Environmental Pathology, Toxicology and Oncology

Mira, Gili,, & Lopez-Larraza198

Interaction of radiation- and bleomycin-induced lesions 
and influence of glutathione level on the interaction. Mu-
tagenesis. 2005;20:329–35.

40. Kane SA, Natrajan A, Hecht SM. On the role of the bi-
thiazole moiety in sequence-selective DNA cleavage by 
Fe.bleomycin. J Biol Chem. 1994;269:10899–904.

41. Strekowski L, Harden DB, Wydra RL, Stewart KD, 
Wilson WD. Molecular basis for potentiation of bleo-
mycin-mediated degradation of DNA by polyamines. 
Experimental and molecular mechanical studies. J Mol 
Recognit. 1989;2:158–66.

42. Stubbe J, Kozarich JW, Wu W, Vanderwall DE. Bleo-
mycins: a structural model for specificity, binding, and 
double strand cleavage. Acc Chem Res. 1996;27:322–30.

43. Chattopadhyay A, Choudhury S, Chatterjee A. Modula-
tion of the clastogenic activity of bleomycin by reduced-
glutathione, glutathione-ester and buthionine sulphoxi-
mine. Mutagenesis. 1997;12:221–5.

44. Chen J, Stubbe J. Bleomycins: towards better therapeu-
tics. Nat Rev Cancer. 2005;5:102–12.

45. Boulton SJ, Jackson SP. Saccharomyces cerevisiae Ku70 
potentiates illegitimate DNA double-strand break repair 
and serves as a barrier to error-prone DNA repair path-
ways. EMBO J. 1996;15:5093–103.

46. Edgren M, Revesz L, Larsson A. Induction and repair 
of single strand DNA breaks after X-irradiation of hu-
man fibroblast deficient in glutathione. Int J Radiat Biol. 
1981;40:355–63.

47. Hoffmann GR, Gessner GS, Hughes JF, Ronan MV, Syl-
via KE, Willett CJ. Modulation of the genotoxicity of 
bleomycin by amines through noncovalent DNA interac-
tions and alteration of physiological conditions in yeast. 
Mutat Res. 2007;623:41–52.

48. Armstrong JS, Steinauer KK, Hornung B, Irish JM, Lec-
ane P, Birrell GW, Peehl DM, Knox SJ. Role of gluta-
thione depletion and reactive oxygen species generation 
in apoptotic signaling in a human B lymphoma cell line. 
Cell Death Differ. 2002;9:252–63.

49. Chiba T, Takahashi S, Sato N, Ishii S, Kikuchi K. Fas-
mediated apoptosis is modulated by intracellular gluta-
thione in human T cells. Eur J Immunol. 1996;26:1164–9.

50. Franco R, Cidlowski JA. SLCO/OATP-like transport of 
glutathione in FasL-induced apoptosis: glutathione efflux 
is coupled to an organic anion exchange and is necessary 
for the progression of the execution phase of apoptosis. J 
Biol Chem. 2006;281:29542–57.

51. Friesen C, Kiess Y, Debatin KM. A critical role of glu-
tathione in determining apoptosis sensitivity and resis-
tance in leukemia cells. Cell Death Differ. 2004;11(Suppl 
1):73–85.

52. Ghibelli L, Fanelli C, Rotilio G, Lafavia E, Coppola S, 
Colussi C, Civitareale P, Ciriolo MR. Rescue of cells 
from apoptosis by inhibition of active GSH extrusion. 
FASEB J. 1998;12:479–86.

53. Hammond CL, Madejczyk MS, Ballatori N. Activation 
of plasma membrane reduced glutathione transport in 
death receptor apoptosis of HepG2 cells. Toxicol Appl 
Pharmacol. 2004;195:12–22.

54. Kohno T, Yamada Y, Hata T, Mori H, Yamamura M, To-
monaga M, Urata Y, Goto S, Kondo T. Relation of oxida-
tive stress and glutathione synthesis to CD95(Fas/APO- 
1)-mediated apoptosis of adult T cell leukemia cells. J 
Immunol. 1996;156:4722–8.

55. Langer C, Jurgensmeier JM. Bauer G. Reactive oxygen 
species act at both TGF-beta-dependent and -indepen-
dent steps during induction of apoptosis of transformed 
cells by normal cells. Exp Cell Res. 1996;222:117–24.

56. Sato T, Machida T, Takahashi S, Iyama S, Sato Y, Kurib-
ayashi K, Takada K, Oku T, Kawano Y, Okamoto T, Taki-
moto R, Matsunaga T, Takayama T, Takahashi M, Kato J, 
Niitsu Y. Fas-mediated apoptosome formation is depen-
dent on reactive oxygen species derived from mitochon-
drial permeability transition in Jurkat cells. J Immunol. 
2004;173:285–96.

57. William R, Watson G, Rotstein OD, Jimenez M, Parodo 
J, Marshall JC. Augmented intracellular glutathione in-
hibits Fas-triggered apoptosis of activated human neutro-
phils. Blood. 1997;89:4175–81.

58. Miller KJ, Lauer M, Caloccia W. Interactions of mol-
ecules with nucleic acids. XII. Theoretical model for the 
interaction of a fragment of bleomycin with DNA. Bio-
polymers. 1985;24:913–34.


