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ARTICLE INFO ABSTRACT

Keywords: Cisplatin, carboplatin, and oxaliplatin are some of the most often used alkylating chemotherapeutic agents. In
Carboplatin view of the paucity of data on the genotoxicity of oxaliplatin, this study compares the mutagenic activity of
Cisplatin cisplatin (0.006, 0.012, 0.025, 0.05mM), carboplatin (0.1, 0.2, 0,5, 1.0 mM), and oxaliplatin (0.1, 0.2, 0,5,
g::ﬁﬁf;m 1.0 mM) using the somatic mutation and recombination test (SMART) in Drosophila melanogaster. Standard and

high-bioactivation crosses of the drosophilid were used, which present basal and high levels of cytochrome P450
(CYP450) metabolization enzymes, respectively. All concentrations of cisplatin and carboplatin induced lesions
in genetic material in both crosses, while oxaliplatin was mutagenic only to high bioactivation flies treated with
0.1, 0.5 and 1 mM of the compound. No significant differences were observed between genotoxicity values of
cisplatin and carboplatin. However, CYP450 enzymes may have affected the mutagenic action of oxaliplatin.
Carboplatin induced mainly mutation events, while cisplatin triggered mostly mutation and recombination
events when low and high doses were used. Most events induced by oxaliplatin were generated by somatic
recombination. Important differences were observed in genotoxic potential of platinum chemotherapeutic
compounds, possibly due to the origin and type of the lesions induced in DNA and the repair mechanisms

Somatic recombination

involved.

1. Introduction

Whether they are used individually or in combinations, platinum
chemotherapeutic agents remain some of the most effective alternatives
in cancer treatment approximately five decades after they were first
discovered (Misiak et al., 2016). With the introduction of cisplatin other
platinum complexes like oxaliplatin and carboplatin (Fig. 1) have been
developed, exhibiting promising anticancer properties and earning an
important position in international pharmaceutics markets
(Spreckelmeyer et al., 2014). More recently other platinum che-
motherapeutic compounds have been launched, like nedaplatin, loba-
platin, and heptaplatin, which are traded only in Japan, China, and
Korea, respectively (Jung and Lippard, 2007; Wheate et al., 2010; Ali
et al., 2013). Research has shown that oxaliplatin offers additional
advantages compared with cisplatin, such as lower resistance of tumor
cells to chemotherapy and fewer side effects (Ali et al., 2013).

However, despite widespread use secondary toxic effects such as
mutagenicity have been reported in healthy cells both in vivo and in

vitro due to the non-selective action of platinum chemotherapeutic
agents, increasing the risk of secondary tumors (Wu et al., 2011;
Antunes et al., 2005; Khynriam and Prasad, 2003; Kosminder et al.,
2004; Oliveira et al., 2009; Rjiba-Touati et al., 2012; Serpeloni et al.,
2013; Katz, 1987; Danesi et al., 2010a,b; Quita et al., 2012; Souza et al.,
2017; De Souza et al., 2017). The action mechanism of these platinum
complexes is based on interchain crosslinking or interchain DNA brid-
ging between two adjacent guanine molecules or between guanine and
adenine molecules. The main effect is the inhibition of DNA replication
(Francesco et al., 2002; Deepa et al., 2013). In addition, the direct and
indirect interactions with proteins, RNA, and enzymes increases the
complexity of apoptosis, which plays a central role in antitumor effect
(Almeida et al., 2006; Hostetter et al., 2009; Ndinguri et al., 2009).

In view of the paucity of information about the mutagenic action of
oxaliplatin and the absence of data on the recombinagenic action of
platinum complexes, the present study assessed the genotoxicity of the
chemotherapeutic agents cisplatin, carboplatin, and oxaliplatin using
the somatic mutation and recombination test (SMART) in Drosophila
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Fig. 1. Chemical structure of platinum complexes cisplatin, carboplatin, and
oxaliplatin. Modified from Ang et al., 2010).

melanogaster.
2. Materials and methods
2.1. Chemicals

Cisplatin, carboplatin, and oxaliplatin were used as the pharmaco-
logical drugs available in the market (Citoplax®, Tecnocarb®, and
Lipoxal®, produced by Laboratério Quimico Farmacéutico Bergamo
Ltda., Taboao da Serra, Brazil; Zodiac Produtos Farmacéuticos S.A., Sao
Paulo, Brazil; and Laboratério IMA S.A.I.C., Buenos Aires, Argentina,
respectively).

Urethane 20 mM (CAS 51-79-6, Sigma-Aldrich, St. Louis, MO, USA)
was used as positive control.

All solutions used were prepared immediately before use in distilled
water.

2.2. Drosophila tester strains and collection of larvae for treatment

The SMART is carried out using D. melanogaster strains carrying
specific marker genes located in chromosome 3, allowing the detection
of mutation and recombination of somatic cells of the fly species. These
strains are called fIr® (fir’/In(3LR)TM3, ri p* sep 1(3)89Aa bx>* e Bd®),
ORR; fir’(ORR/ORR; fir’/In(3LR)TM3, ri pP sep 1(3)89Aa bx** e Bd®)
and mwh (mwh/mwh). Standard cross (ST), in which virgin fir® females
are crossed with mwh males, generating larvae with a basal P450 me-
tabolic activity (Graf et al., 1989) and the high bioactivation cross (HB),
which is based on the crossing of virgin ORR;flr® females carrying
chromosomes 1 and 2 from the Oregon (R) strain resistant to dichloro-
diphenyl-trichloroethane (DDT), were used (Frolich and Wiirgler,
1989). A principal gene (R) present in chromosome 2, together with
other genes in chromosome 1, is responsible for a high level of cyto-
chrome P450 enzymes (Graf and van Schaik, 1992). Information about
marker genes is available in Lindsley and Zimm (1992).

All D. melanogaster stocks and crossings were kept in 250-mL vials
containing standard growth medium at 25°C + 1°C and relative hu-
midity between 60% and 70%.

Crossings were carried out by mass breeding (80 females to 40
males) for 3 days in vials containing standard growth medium. Then,
flies were transferred to 250 mL vials containing oviposition medium
(sugar, water, and baker's yeast), where they remained for 8 h. Third-
instar larvae were collected 72 h after the beginning of oviposition by
floatation in distilled water and transferred to plastic tubes containing
1.5g Drosophila instant medium (Carolina Biological Supply,
Burlington, NC, USA).

Treatments were started adding 5mL of each test solution of cis-
platin, oxaliplatin, and carboplatin. The concentrations used (cisplatin:
0.006, 0.012, 0.025, 0.05mM; carboplatin: 0.1, 0.2, 0,5, 1.0 mM;
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oxaliplatin: 0.1, 0.2, 0,5, 1.0 mM) were defined based on a toxicity test
performed with 100 larvae treated with sequential concentrations of
each platinum complex considering a minimum survival rate of 70%.

After hatching, flies from the two genotypes (trans-heterozygous for
marker genes mhw and fIr®, mhw/fir®, and heterozygous for chromo-
some TM3, mhw/TM3), wings were detached and mounted on slides
and analyzed in an optical microscope (400x). During larva develop-
ment, changes in gene material of cells of the imaginal disk induces the
formation of spots on adult flies’ wings as multiple spots or large spots,
which reflect the recessive genes mwh and/or fir®, respectively (Graf
et al., 1989).

The different types of spots are called single mwh or fIr>, when only
one marker is expressed, or twin spots, when both mutant genotypes
(multiple wing hair, mwh) and flare (fir®) are present in the same spot.
Single spots with two or one mutant cells are called small; the others are
called large (Graf et al., 1984).

The type of spot visualized on the wings of trans-heterozygous adult
flies allows characterizing distinct genotoxicity events. Single spots may
originate from mutation, chromosome aberration, or somatic re-
combination. In turn, twin spots, which express the phenotypes fIr®> and
mwh concomitantly result exclusively from recombinational events,
which involve the occurrence of one single recombination between fIr®
and the centromere, when a recombinant chromosome and a parental
chromosome are subsequently segregated (Graf et al., 1989).

In mwh/TM3 flies, recombination between the balancer chromo-
some TM3 and its structurally normal homologue is a lethal event. The
comparison between the number of spots obtained in both genotypes
enabled quantifying the recombination and mutation events (Graf et al.,
1989). Clone induction frequency per 10° cells per cell division were
also calculated based on the number of mwh clones obtained in the
different treatments. Initially, it is possible to estimate the damage in-
duction frequency per cell and cell division dividing the number of mwh
(n) spots by the result of the multiplication of the total number of cells
analyzed in both wings of a fly (C = 48,800 cells) by total number of
flies analyzed (N) using the equation n/Nx48,000. Subsequently, these
values were multiplied by 100,000 to express frequency in 10° cells
(Frei and Wiirgler, 1988). This calculation was carried out using only
mwh spots due to the poor expression of the fir® marker in small spots
and to the lethality of this marker in large spots (Frei et al., 1992).

Based on clone induction frequency values per 10°cells per cell
division, the percent values of genetic damage generated by somatic
recombination (R) and mutation (M) induced by the studied drugs were
calculated using the equations described by Frei and Wiirgler (1996): (i)
R =1 [(Frequency of clone formation per 10° cells in mwh/TM3)/
(Frequency of clone formation per 10° cells in mwh/flr> flies)] x 100 and
(ii) M = 100 - R. These calculations were conducted using the spot
frequency values corrected by the negative control.

2.3. Statistical analyses

Spot frequency after treatments with different concentrations of
cisplatin, oxaliplatin, and carboplatin were compared with the values
obtained for the negative control using the conditional binomial test
(Kastenbaum and Bowman, 1970) according to the multiple decision
procedure developed by Frei and Wiirgler (1988).Frei and Wiirgler,
1995

3. Results

The present study evaluated the genotoxic potential of cisplatin,
oxaliplatin, and carboplatin using the SMART in D. melanogaster wings.
HB and ST crossings were used. Based on the analysis of toxicity test
data shown in Figs. 2 and 3 all drugs were toxic and only the con-
centrations that effectively allow a survival higher than 70% in both
crosses were applied to perform the genotoxic evaluation of these
compounds. Although oxaliplatin had survival rates higher than 70% at
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Fig. 2. Percent number of ST cross flies emerging from third-instar larvae that survived chronic exposure to different concentrations of cisplatin, carboplatin and

oxaliplatin.

2mM concentration, it was not used for genotoxicity assessment in
order to maintain the same range of concentrations used for carboplatin
(1-0.1 mM).

The results obtained for the ST cross show that concentrations of
cisplatin and carboplatin (Table 1) increased the frequency of genetic
damage in flies of both genotypes, in an evident dose-dependent re-
lationship. The quantification of damage for origin shows that different
concentrations of cisplatin induced distinct effects. Low concentrations
(0.006 mM and 0.012 mM) caused preferably mutation events (88.65%
and 51,83%, respectively). High concentrations (0.025mM and
0.05mM) induced higher percent values of recombination events
(56.31% and 61.66%, respectively). On the other hand, all concentra-
tions of carboplatin induced preferably genetic damage caused by
mutation events (78.6%-85.16%). Oppositely to carboplatin and cis-
platin, no concentration of oxaliplatin induced any increase in mutant
spot frequency in the ST cross (Table 1).

Table 2 shows the results obtained for the HB cross. Overall, cis-
platin and carboplatin induced similar results as observed for ST flies.
Except for twin spots observed in genotype mwh/flr® after treatment
with carboplatin, overall the treatment of both genotypes with the

100 +

compounds induced a significant, dose-dependent increase in spot fre-
quency values. This absence of increase in the frequency of twin spots,
which are formed exclusively from recombination events, is similar to
the data about the quantification of mutation and recombination
events. Carboplatin induced mainly genetic damage caused by mutation
events (between 73.98% and 82.94%). On the other hand, cisplatin,
similarly to what was observed for the ST cross, induced preferably
damage caused by mutation events when the low concentrations were
used (68.67% and 58.65%) and damage caused by recombination
events when the concentrations used were high (53.16% and 53.33%).
Oxaliplatin presented genotoxic activity at the HB cross at concentra-
tions of 0.1; 0.5 and 1 mM only in the mwh/flr® genotype, showing that
this drug induced preferentially damage caused by recombination,
ranging from 74.64 to 83.82%.

4. Discussion

Considering the wide use of platinum complexes in the treatment of
several cancer types and the paucity of data on the genotoxicity of
oxaliplatin, the present study assessed the mutagenic action of this
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Fig. 3. Percent number of HB cross flies emerging from third-instar larvae that survived chronic exposure to different concentrations of cisplatin, carboplatin and
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chemotherapeutic drug and compared the results to the data obtained
for two widely investigated agents, namely cisplatin and carboplatin.
This evaluation was carried using the SMART in ST and HB crosses of D.
melanogaster, which differ quantitatively in the activity of CYP450 en-
zymes. In addition, we calculated the contribution of mutation and
somatic recombination to the induction of genetic damage by the three
drugs comparing the results obtained for the genotypes mwh/flir® and
mwh/TM3.

Similarly to results published in the literature, carboplatin and cis-
platin were shown to be potent mutagens in vivo and in vitro. In this
sense, it has been shown that cisplatin induced sister chromatid ex-
change (SCE), chromosomal aberrations, and increased micronucleus
frequencies in human lymphocyte cultures as well as bone marrow cells
and peripheral blood of mice and rats (Antunes et al., 2005; Khynriam
and Prasad, 2003; Kosminder et al., 2004; Nersesyan et al., 2006,
Oliveira et al., 2009; Rjiba-Touati et al., 2012; Serpeloni et al., 2013).
Both platinum complexes were shown to promote an increase in mi-
cronucleus frequency generated by chromosome breaks and numerical
chromosome aberrations in the cytokinesis block micronucleus assay
(CBMN) associated with the fluorescence in situ hybridization (FISH)
technique. Cisplatin and carboplatin also induced gene mutation in the
SOS chromotest in Escherichia coli (Overbeck et al., 1996; Gebel et al.,
1997) and the Hprt gene mutation assay in Chinese hamster ovary
(CHO) cells (Gebel et al., 1997).

Previous studies have characterized cisplatin as a mutagenic and
recombinagenic platinum complex using the wing SMART (Katz, 1987;
Danesi et al., 2010a,b) and w/w* eye SMART (Garcia Sar et al., 2012)
in D. melanogaster. The compound was also shown to induce mitotic
recombination in diploid cells of Aspergillus nidulans (Miyamoto et al.,
2007). In cells of the brain ganglion of D. melanogaster exhibited high
frequencies of double strand breaks caused by cisplatin (Garcia Sar
et al., 2008, 2012).

In vitro studies on the effect of carboplatin in human lymphocytes
induced significant increase in SCE values, chromosome aberrations,
and micronucleus frequency. The compound also increased the fre-
quency of chromosome aberrations in CHO cells (Cid et al., 1995; de
Souza et al., 2017). Similar results were obtained in a study that used
human lymphocytes to assess the effect of carboplatin, when the com-
pound was shown to induce significant increase in SCE values in vivo
and in vitro. Patients given a single dose of carboplatin (450 mg/m?)
presented increased values of these parameters, though these were still
lower than the ones observed after treatment with cisplatin (Shinkai
et al., 1988). In another study, carboplatin induced a dose-dependent
increase in micronucleus frequency in Ehrlich ascites carcinoma
(Quintana et al., 1994). In mice treated with three intraperitoneal in-
jections of carboplatin in a 5-day treatment, micronucleus frequencies
increased in a dose-dependent way in bone marrow erythrocytes (Quita
et al., 2012).

Few studies have investigated the mutagenic potential of ox-
aliplatin. Comparing the mutagenic activity of oxaliplatin using the
Hprt gene mutation assay in Chinese hamster ovary (CHO) cells, Silva
et al., 2005 observed similar results as reported in the present study.
Oxaliplatin was less mutagenic and cytotoxic than cisplatin, with a
distinct mutational range. In this sense, although both platinum com-
plexes induced preferentially the G:C—T:A transversions, oxaliplatin
induced an increased rate of A:T—T:A transversions and mild dele-
tions/insertions compared with cisplatin. De Souza et al. (2017) eval-
uated oxaliplatin and carboplatin through the CBMN-Cyt assay and
results demonstrated that both drugs significantly increased the fre-
quency of micronuclei (MN), nucleoplasmatic bridges (NPBs), and nu-
clear buds (NBUDs). They also showed that oxaliplatin induces sig-
nificantly more chromosomal abnormalities than carboplatin at lower
concentrations while carboplatin was more efficient than oxaliplatin in
the induction of chromosomal instability events. Also, Almeida et al.
(2006) used the alkaline version of the comet assay in H460 tumor cells
to evaluate the formation of DNA bridges caused by oxaliplatin and
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cisplatin. The authors also assessed the kinetic of damage repair, and
used the same version of the comet assay to assess DNA adducts in
chemotherapy patients treated with oxaliplatin. The results showed that
cisplatin induced higher numbers of adducts compared to in vitro ad-
ministration of oxaliplatin using the same concentrations of the pla-
tinum complex, and exhibited different damage repair rates. Similarly,
these drugs were shown to induce lesions in lymphocytes in vivo,
though differences were observed in bridge formation and damage re-
pair (Kriiger et al., 2015). Pang et al. (2007) also used the alkaline
version of the comet assay in HCT116 colorectal cancer cells and ob-
served that only oxaliplatin and carboplatin induced DNA lesions, as
opposed to cisplatin, which was not genotoxic in this system.

Chistyakov et al. (2018) showed that cisplatin and oxaliplatin were
highly genotoxic to the E. coli recombinant lineage MG1655 pColD-lux
using the SOS chromotest. The authors also observed differences in
variety and formation rate of reactive oxygen species (ROS), and con-
cluded that genetic damage induced by oxaliplatin in the model used
were preferentially associated with the production of ROS. In turn,
cisplatin induced mainly direct DNA damage measured as SOS response
in E. coli. In this sense, Alqudah et al. (2018) and Waseem et al., 2017
evaluated the potential protective effect of vitamin E and melatonin,
respectively, in vitro on oxaliplatin-induced DNA damage. Pretreatment
with vitamin E was able to reduce chromosomal aberrations and sister
chromatid exchanges induced by oxaliplatin in cultured human lym-
phocytes (Alqudah et al., 2018), while the administration of melatonin
prior to oxaliplatin to SH-SY5Y human neuroblastoma cells also re-
duced the genotoxic damage of this drug, evaluated through comet
assay (Waseem et al., 2017). Similar results were observed in vivo with
male BALB/c mice that received a single dose intraperitoneal injection
of oxaliplatin after ten days of treatment with the flavonoid naringenin
using 8-hydroxydeoxy-guanosine marker, comet, micronucleus and
chromosomal aberration assays (Ganaie et al., 2019). The protective
action observed in these studies were attributed to the anti-oxidant
activity of vitamin E, melatonin and naringenin, confirming that oxi-
dative stress is involved in oxaliplatin-induced DNA damage.

Such difference in results observed in literature data, together with
the results of the present study suggest that the platinum complexes
assessed have distinct DNA damage induction patterns (Alcindor and
Beauger, 2011; Mehmood, 2014; Chistyakov et al., 2018). These dif-
ferences are associated with the types of crosslinks formed in DNA, the
possibility of formation of RNA crosslinks, the induction of oxidative
DNA damage, and other cell structures (Silva et al., 2005; Alcindor and
Beauger, 2011). For example, concerning the interchain crosslink for-
mation, which contributes significantly to the cytotoxicity of cisplatin,
this kind of damage has been considered less important as action me-
chanism of oxaliplatin (Alcindor and Beauger, 2011). Therefore, the
low genetic damage frequency of oxaliplatin in the SMART in D. mel-
anogaster, compared with cisplatin and carboplatin, may be associated
with the fact that this platinum complex induces mainly oxidative DNA
damage. Additionaly, oxaliplatin did not demonstrate a genotoxic dose
response relationship, differently from cisplatin and carboplatin. One of
the reasons that could explain this behavior is related to the toxic effect.
The results show that the concentration of 1 mM was more toxic than
the concentration of 0.5 mM, which may also be reflected in a higher
cytotoxicity and therefore interfere with the genotoxic effect. Ad-
ditionally, the genotoxicity observed for oxalipatin is associated to
metabolization, which in turn may also interfere with genotoxic ac-
tivity, as several factors may interfere with metabolite generation.
Guérard et al. (2015) argue that in order to evaluate the existence of
non-linear dose-response relationships for genotoxicants, it is suggested
that careful attention should be given to the mode of genotoxic action,
relevant biomarkers of exposure, as well as to the existence and impact
of potential cytoprotective mechanisms like detoxifying metabolism
and DNA repair.

In this sense, hydrogen peroxide, which is used as positive control in
genotoxicity studies, did either not induce oxidative DNA damage
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(Sotibran et al., 2011) or induce a low frequency of genetic damage in
the SMART (Romero-Jiménez et al., 2005; Anter et al., 2010, 2011;
2014; Fernandez-Bedmar et al., 2011). Also, when the effect of hy-
drogen peroxide in the SMART (Romero-Jiménez et al., 2005; Anter
et al., 2010) is compared with the data obtained in the present study for
oxaliplatin, both compounds were shown to induce preferentially da-
mage caused by somatic recombination.

Considering the differences observed in the quantification of genetic
damage based on origin (mutation or recombination) caused by cis-
platin and carboplatin, cisplatin exhibited dose-dependent damage
while carboplatin induced mutation lesions, independently of con-
centration. The literature shows that recombinational repair pathways
play a key role in the repair of damage induced by cisplatin, although
the nucleotide excision repair (NER) has been suggested as the main
repair pathway (Zdraveski et al., 2000). In addition, platinum com-
plexes are highly active in tumors whose cells are homologous re-
combination deficient (Zhao et al., 2017), which underscores the need
for further studies to assess the role of homologous recombination in
the repair of genetic damage caused by these drugs.

The results obtained show that oxaliplatin induces genetic damage
only in the HB cross, which has higher expression of CYP450 enzymes.
On the other hand, cisplatin and carboplatin did not differ in mutagenic
potential when the results obtained for both crosses are compared.
Previously published data show that oxaliplatin undergoes fast, far-
reaching non-enzymatic biotransformation and is not metabolized by
CYP450 enzymes (Graham et al., 2000). Differently from cisplatin,
oxaliplatin undergoes non-enzymatic transformation in plasma,
forming reactive compounds due to the release of an oxalate group from
its molecule. Considering the byproducts formed, only the dichloro-
platinum complexes (DACH) enter the cell, where they have cytotoxic
effect (Alcindor and Beauger, 2011). Masek et al. (2009) assessed the
interaction of different platinum complexes like cisplatin, carboplatin,
and oxaliplatin with human CYP450 enzymes and concluded that cis-
platin had weak inhibition potential against CYP2C9 and CYPP2B6,
while oxaliplatin had such effect only against CYP2C9. Nevertheless,
these effects were not significant in view of the low plasma con-
centrations of these drugs. This points to the need for more investiga-
tions for the results of the present study to be more thoroughly clarified.

As observed for genotoxic activity, the results of the toxicity of the
platinum complexes studies point to differences especially between
cisplatin and the other drugs (Graham et al., 2000; Mehmood, 2014;
Martinez-Balibrea et al., 2015). These findings indicate that the causes
of the toxic effects observed are similar and include not only DNA da-
mage, but also the modulation of specific molecules involved in the
balance between apoptosis and the maintenance of the cell cycle
(Donzelli et al., 2004).

5. Conclusion

The results of SMART in D. melanogaster showed that oxaliplatin
induced mutagenic effect only in the HB cross, pointing to the possible
interference of CYP450 enzymes in the mutagenic action of the com-
pound. Also, this chemotherapeutic platinum complex induced lower
frequencies of genetic damage, and the damage induced was caused
mainly by recombination events. On the other hand, cisplatin and
carboplatin increased DNA damage in both crosses, and differed in the
origin of damage. Carboplatin generated mainly mutation lesions, while
cisplatin caused mostly mutation and recombination lesions.

The findings of the present study agree with previously published
data that indicated the differences in genetic damage generated by the
chemotherapeutic platinum complexes studied and in the DNA repair
mechanisms associated. This underscores the need for further in-
vestigations on the effects of oxaliplatin as a means to assess the likely
side effects of this drug in patients, especially concerning the evolution
of secondary tumors.
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