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Abstract: In the search for new anti-tumor agents, exploiting features such as the flexibility of coordination modes of metals have 
become an alternative strategy for synthesizing pharmaceuticals. It has been shown that the CuDP (copper(II), doxycycline, and 
1,10-phenanthroline) complex cleaves DNA strands by an oxidative mechanism and by intercalating the major groove, resulting in a 
cytotoxic action. The objective of this study was to assess the mutagenic/recombinogenic effects of the CuDP complex in vivo using 
the SMART (Somatic Mutation and Recombination Test) in Drosophila melanogaster. Treatments were carried out with third instar 
larvae at the standard cross and high bioactivation cross using three concentrations of CuDP (6.92, 13.84 or 27.67 mM). The 
mutagenic doxorubicin (0.4 mM) was used as a positive control and reverse osmosis water as a negative control. For each compound, 
marked trans-heterozygous and balanced heterozygous individuals were analyzed to determine the mutational and recombinogenic 
events occurring in the cells. We found that CuDP significantly increased the frequencies of mutant cells in both standard and high 
bioactivation crosses, mostly by induction of recombination. These data show that CuDP is a direct recombinogenic agent that is 
independent of bioactivation. 
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1. Introduction 

Copper is a metal micronutrient that is important 

for cellular physiology, participating in several 

biological processes, including structural protein 

composition and generation of reactive oxygen species 

through oxy-reduction reactions [1]. The fact that 

copper is intrinsically important for cells, together 

with its ability to interact with DNA, has aroused 

interest in the synthesis of metal complexes based on 

cupric oxide (Cu(II)), and studies have begun 

exploring and characterizing the physical, chemical, 

and biological properties of such complexes, such 
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information is of great importance for 

biotechnological applications and the development of 

novel therapeutic agents [2]. 

Due to copper’s free radical generating capacity, 

copper complexes with various ligands have been 

evaluated as pro-apoptotic drugs. The molecules 

associated with copper can be natural, synthetic or 

semi-synthetic and frequently improve its antitumor 

activity [3]. Ternary compounds with the structure of 

Cu(II)-(antib)-(phen), where “phen” is the 

1,10-phenanthroline ligand and “antib” is an antibiotic, 

have been widely studied for their antineoplastic 

activities [4]. 

The most used tetracycline-type compound is DOX 

(doxycycline). Tetracyclines inhibit protein synthesis 

by preventing the binding of t-RNA to the aminoacyl 
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site of the ribosome [5]. Because of this, DOX has 

been evaluated in chemotherapy treatment and shown 

to induce apoptosis (alone or combined with a known 

antitumor agent) [6]. 

There is much evidence supporting the noncovalent 

binding of copper complexes associated with 

1,10-phenanthroline (CuPhen) to the minor groove of 

DNA. These complexes have nuclease activity against 

double-stranded DNA, thereby inhibiting cell growth 

[1, 7]. 

Because DNA is one of the main targets of 

copper-based metal complexes, here we aimed to 

assess the mutagenic/recombinogenic potential of a 

copper metal complex associated with doxycycline 

and phenanthroline, 

[Cu(Doxycycline)(1,10-phenanthroline)(H2O)(ClO4)] 

(ClO4), which we refer to as CuDP (copper(II), 

doxycycline, and 1,10-phenanthroline). To achieve 

this, we use the test for detection of mutation and 

somatic recombination (SMART) in cells of 

Drosophila melanogaster. 

2. Material and Methods 

2.1 Chemical Compounds 

The CuDP was synthesized and kindly provided by 

Dr. Elene Cristina Pereira Maia and Dr. Priscilla 

Pereira Silva Caldeira of the Chemistry Department 

and Department of clinical and toxicological analysis, 

Federal University of Minas Gerais. To perform the 

experiment, the CuDP was prepared in three distinct 

concentrations (6.92, 13.84 or 27.67 mM). 

Doxorubicin hydrochloride (DXR, CAS: 

23214-92-8, lot number 4PL0103) was produced by 

Eurofarma laboratories and distributed by Zodiac 

Pharmaceuticals S.A., São Paulo, Brazil. DXR    

(0.4 mM) was used as positive control. 

2.2 Somatic Mutation and Recombination Test 

(SMART) in D. melanogaster 

2.2.1 Stock Strains, Crosses, and Treatment 

We used the mutant strains multiple wing hairs 

(mwh, 3-0, 3), flare-3 (flr3, 3-38.8), and ORR; flare-3 

(flr3, 3-38.8) of D. melanogaster, kindly provided by 

Dr. Ulrich Graf of Physiology and Animal Husbandry, 

Institute of Animal Science, ETH Zurich, 

Schwerzenbach, Switzerland. 

The strains were maintained in a Biochemical 

Oxygen Demand incubator (411D NEW ETHIC) at 

approximately 25 °C, 60% humidity, in vials 

containing medium prepared with water (820 mL), 

agar (11 g), banana (156 g), nipagim (1 g), and yeast 

(Saccharomyces cerevisiae, 25 g). 

Two crosses, under the same conditions, were 

conducted: the ST (standard cross) in which 

flr3/In(3LR)TM3, ri pp sep I(3)89Aa bx34e and Bds 

females virgins are crossed with mwh/mwh males; and 

HB (high bioactivation) cross, where ORR/ORR; 

flr3/In(3LR)TM3, ri pp sep I(3)89Aa bx34e and Bds 

virgin females are crossed with mwh/mwh males. 

From each of these crosses, we obtained two 

descendant types: marker trans-heterozygous (MH) 

with genotype (mwh +/+ flr3) and BH 

(balancer-heterozygous) with genotype (mwh +/+ TM3, 

Bds). The egg collection was performed after 8 h in 

vials containing a solid base of agar (4%) and a layer 

of yeast (S. cerevisiae) supplemented with sucrose. 

After 72 ± 4 h, third-instar larvae were washed in 

reverse osmosis water and collected using a fine mesh 

steel sieve. 

The collected larvae from both crosses were 

transferred to glass vials (2.5 cm in diameter and 8.0 

cm high) containing 1.5 g of culture medium [instant 

mashed potatoes (HIKARI)] plus 5.0 mL of 6.92, 

13.84 or 27.67 mM CuDP dissolved in reverse 

osmosis water and stored in the incubator, where 

metamorphosis was allowed to complete. Reverse 

osmosis water was used as a solvent and negative 

control. DXR (0.4 mM) was used for the positive 

control. The emerging adult flies of each treatment 

were collected and preserved in 70% ethanol. 

A test for cytotoxicity was performed with CuDP, 

as well as the negative and positive controls, in tubes 
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of 100 larvae each, where the toxicity was determined 

on the basis of the number of larvae that did not reach 

adulthood. The number of surviving flies was 

indicative of the toxicity of the compounds. 

2.2.2 Preparation and Microscopic Analysis of the 

Wings 

The wings of adult flies, preserved in 70% ethanol, 

were taken with the aid of entomological tweezers and 

stereoscopic microscope, soaked in solution of Faure 

(30 g of gum Arabic, 20 mL of glycerol, 1.5 g chloral 

hydrate, and 50 mL of distilled water) and relaxed on 

a dry slide and coded. The slides were then dried for 2 

h on a hot plate (40 °C), mounted with a coverslip, 

and left to dry. 

Wings were analyzed using an optical microscope, 

with a magnification of 400× (40× objective). We 

recorded the number, type (single large or small, 

simple twins), and size of the spots. Approximately 

48,000 cells were analyzed per fly. 

2.2.3 Statistical Analysis 

The frequencies of spots per fly, for each treatment, 

were compared in pairs using the conditional binomial 

test of Kastenbaum and Bowman (1970) [8], as 

proposed by Frei and Wurgler (1988) [9], which 

results in four possible diagnoses: positive, negative, 

inconclusive or weakly positive. p-Values of less than 

0.05 were considered indicative of statistically 

significant differences. 

3. Results and Discussion 

To delineate the concentrations to be used in the 

SMART test, a preliminary assay for toxicity 

assessment was conducted with CuDP, in which the 

toxicity was determined based on the number of larvae 

that did not reach adulthood. The concentrations of 

CuDP that induced a mortality rate less than or equal 

to 30% were chosen for the study (Fig. 1). This value 

was selected based on the notion that the number of 

emerging adults should be high enough for the 

implementation of the treatments. For the ST cross, 

we found survival rates of more than 80% for the 

controls and the 6.92 and 13.84 mM concentrations of 

CuDP; at the highest concentration of CuDP (27.67 

mM), ST flies presented a survival rate of 78%. For 

the HB cross, all of the compounds tested produced 

survival rates of greater than 70%. The positive 

control (0.4 mM DXR) has a survival rate of 83% for 

the ST cross and 80% for the HB cross.  
 

 
Fig. 1  Survival rates upon exposure to different concentrations (6.92, 13.84, 27.67, 55,34 and 110,68 mM) of CuDoxPhen in 
the wing SMART in D. melanogaster. 
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Table 1 shows the results of spot frequencies from 

MH and BH descendants of the ST cross following 

treatment with CuDP (6.92, 13.84, and 27.67 mM), 

positive control (0.4 mM DXR), and negative (reverse 

osmosis water). When comparing the total number of 

spots for the MH descendants with the negative 

control, we detected a significant difference at the 

6.92 mM concentration but no significant difference at 

the 13.84 mM and 27.67 mM concentrations. 

We believe that the lowest concentration of CuDP 

showed higher recombinogenic activity due to its 

lower cytotoxicity; at the higher concentrations (13.84 

mM and 27.67 mM), we believe that the 

recombinogenic effects were sufficently high to 

induce apoptosis, thereby preventing the detection of 

these mutant cells in the wing of D. melanogaster. 

The induction of DNA damage and apoptosis has been 

observed when using another copper(II) complex also 

containing phenanthroline, [Cu(Hpr-norf)(Phen)Cl2], 

which displayed this activity in a human cell line of 

acute myeloid leukemia [10]. 

When comparing the MH and BH descendants, to 

determine the rate of mutation and recombination 

induced by CuDP, at the 6.92 mM concentration, the 

rates of mutagenic and recombinogenic events were 

15.96% for and 84.04% respectively. These results 

suggest that CuDP is a direct recombinant agent 

because it triggers a significant increase in the number 

of spots for the ST cross. 

Because of its ability to generate free radicals, 

copper complexes exhibit high DNA cleavage activity, 

especially when associated with 1,10-phenanthroline 

[4]. Cu(II) complexes containing phenanthroline in 

their structure, when binding with the DNA, enhance 

its viscosity, producing an intercalating effect at the 

grooves of the DNA molecule [11]. The 

[Cu(1,10-phenanthroline)2]
2+ complex also allows the 

occurrence of an efficient nucleophilic activity, where 

the compound binds to the minor groove of the DNA 

molecule, resulting in oxidative cleavage [12]. 

The copper complex containing 1,10-phenanthroline 

as the N-heterocyclic donor has greater cytotoxic 

activity than other copper complexes [12]. The copper 

complex containing phenanthroline, [Cu(N9-ABS) 

(phen)2]·3.6H2O, has been reported to have strong 

nuclease activity, where the DNA cleavage is 

attributed to the interactions between ionic forms of 

copper(II) [copper superoxide (CuII-(O2-) and copper 

hydroperoxide (CuII-OOH)] and reactive species Cu(I), 

hydroxyl radical, singlet oxygen, superoxide, and 

hydrogen peroxide [11]. 

Similar results were found in another study [13], 

which detected single- and double-strand breaks 

induced by tetracycline when associated with copper, 

but not when used in isolation. These authors suggest 

a chelate mechanism of copper ions involving the C3 

and amide group of tetracycline, generating simgle 

strands breaks, as well as another mechanism 

involving C10 and C11 of tetracycline, creating 

double-strand breaks. 

DOX has cytotoxic activity in cell cultures of 

human peripheral blood lymphocytes by decreasing 

the mitogenic and nuclear division indexes. 

Interestingly, DOX did not exhibit genotoxic action 

on chromosome analysis and micronucleus tests [14]. 

Genotoxic effect was detected using the Comet assay 

in various organs of rats induced by DOX, with the 

most significant genotoxic effects detected when using 

the higher doses of the compound (160 mg/kg) [15]. 

In a previous study, our group assessed the 

cytotoxic and genotoxic potential of CuDP in vitro. 

Cytotoxic activity was found in S180 and TG180, 

RAW 264.7 macrophages, and B16F10 melanoma cell 

lines, being more cytotoxic to tumor cells than to 

non-tumor cells. CuDP also showed genotoxic activity, 

inducing the formation of micronuclei in vitro [16]. 

Similar results were previously described where 

single- and double-breaks were detected by 

intercalation of CuDP to the major groove of the DNA 

molecule, which promoted intense cytotoxic activity 

by an oxidative mechanism [2]. 

Table 2 shows the CuDP (6.92, 13.84, and 27.67 mM) 



 

 

 
Table 1  Frequency of mutant spots observed in the marked trans-heterozygotes descendants (MH) and balancer (BH) of Drosophila melanogaster, derived from the 
ST and treated with CuDoxPhen (6.92, 13.84 or 27.67 mM), positive control (0.4 mM DXR) and negative control (reverse osmosis water).  

Genotypes 
and 

concentrations
(mM) 

Number 
of flies 

(N) 

Spots per fly (No. of spots) statistical diagnosisa Total 
with mwhc 

clone 
(n) 

 Frequency of formation/105 cells
per cell divisiond Recombinatione 

(%) 
Small single
(1-2 céls)b 

m = 2 

Large single
(>2 céls)b 

m = 5 

Twin 
m = 5 

 
Total spots

m = 2 

Mean clone
size classc,d

(î) 
 

Observed 
Control 
corrected  

mwh/flr3                     

Contr. Neg. 60 1.02 (61)  0.15 (9)  0.00 (0)  1.17 (70) 70 1.74  2.39  2.00   

DXR 0.4 mM 60 2.07 (124) + 5.53 (332) + 2.32 (139) + 9.92 (595) + 528 3.98 {4.32} 18.03 {15.64} 71.00 {78.04} 94.87 

CuDP 6.92 mM 60 1.65 (99) + 0.55 (33) + 0.03 (2) i 2.23 (134) + 134 2.04 {2.36} 4.58 {2.19} 4.70 {2.80} 84.04 
CuDP 13.84 
mM 

60 0.97 (58) - 0.20 (12) i 0.03 (2) i 1.20 (72) - 72 1.79 {3.50} 2.46 {0.07} 2.13 {0.19}  

CuDP 27.67 
mM 

60 1.18 (71) + 0.20 (12) i 0.02 (1) i 1.40 (84) - 84 1.81 {2.14} 2.87 {0.48} 2.51 {0.53}  

mwh/TM3                     

Contr. Neg. 40 0.88 (35)  0.10 (4)  f   0.98 (39) 39 1.69  2.00  1.61   

DXR 0.4 mM 40 1.70 (68) + 0.43 (17) +    2.13 (85) + 85 1.74 {1.78} 4.35 {2.36} 3.64 {2.03}  

CuDP 6.92 mM 40 0.50 (20) - 0.05 (2) i    0.55 (22) - 22 1.41 {2.06} 1.13 -{0.87} 0.75 -{0.91}  

Marker-trans-heterozygous flies (mwh/flr3) and balancer-heterozygous flies (mwh/TM3) were evaluated. 
a Statistical diagnoses according to Frei and Würgler (1988): +, positive; -, negative; i, inconclusive. m= factor for significantly negative results. Level of significance p ≤ 
0.05. 
b Including rares flr3 single spot. 
c Considering mwh clones from mwh single and twin spots. 
d Frequency of clone formation: clones/flies/48,800 cells (without size correction) Frei et al. (1992). 
e Calculated as{[DXR alone – DXR + CuDP] /DXR} × 100, according to Abraham (1994). 
f Only mwh single spots can be observed in heterozygous individuals mwh/TM3 since the balancer chromosome does not contain the mutant gene flr3. 

 

 

 

 

 

 

 

 



 

  

 
Table 2  Frequency of mutant spots observed in the marked trans-heterozygotes descendants (MH) and balancer heterozygotes descendants (BH) of Drosophila 
melanogaster, derived from the HB cross treated with CuDoxPhen (6.92, 13.84 or 27.67 mM), positive control (0.4 mM DXR) and negative control (reverse osmosis 
water). 

Genotypes 
and 

concentrations
(mM) 

Number 
of flies 

(N) 

Spots per fly (No. of spots) statistical diagnosisa Total 
with mwhc 

clone 
(n) 

 Frequency of formation/105 cells 
per cell divisiond Recombinatione 

(%) 
Small single
(1-2 céls)b 

m = 2 

Large single
(>2 céls)b 

m = 5 

Twin 
m = 5 

Total spots
m = 2 

Mean clone 
size classc,d 

(î) Observed 
Control 
corrected 

mwh/flr3                  

Contr. Neg. 60 1.08 (65) 0.13 (8) 0.00 (0) 1.22 (73) 73 1.66  2.49  1.97   

DXR 0.4 mM 60 1.32 (79) - 9.15 (549) + 0.72 (43) + 11.18 (671) + 661 5.14 {5.57} 22.58 {20.08} 198.89 {238.73} 98.71 

CuDP 6.92 mM 60 1.20 (72) - 0.30 (18) + 0.05 (3) i 1.55 (93) - 90 1.89 {2.88} 3.07 {0.58} 2.85 {1.07}  
CuDP 13.84 
mM 

60 1.17 (70) - 0.12 (07) i 0.07 (4) i 1.35 (81) - 78 1.67 {1.80} 2.66 {0.17} 2.11 {0.15}  

CuDP 27.67 
mM 

60 1.65 (99) + 0.22 (13) i 0.03 (2) i 1.90 (114) + 108 1.79 {2.06} 3.69 {1.20} 3.18 {1.24} 81.13 

mwh/TM3                  

Contr. Neg. 40 0.55 (22) 0.05 (02) f  0.60 (24) 24 1.75  1.23  1.03   

DXR 0.4 mM 40 0.65 (26) - 0.25 (10) +   0.90 (36) + 36 2.47 {3.92} 1.84 {0.61} 2.56 {2.32}  
CuDP 27.67 
mM 

40 0.43 (17) - 0.03 (1) i   0.45 (18) - 18 1.39 {2.83} 0.92 {0.92} 0.60 {1.64}  

Marker-trans-heterozygous flies (mwh/flr3) and balancer-heterozygous flies (mwh/TM3) were evaluated. 
a Statistical diagnoses according to Frei and Würgler (1988): +, positive; -, negative; i, inconclusive. m= factor for significantly negative results. Level of significance p ≤ 
0.05. 
b Including rares flr3 single spot. 
c Considering mwh clones from mwh single and twin spots. 
d Frequency of clone formation: clones/flies/48,800 cells (without size correction) Frei et al. (1992). 
e Calculated as{[DXR alone – DXR + CuDP] /DXR} × 100, according to Abraham (1994). 
f Only mwh single spots can be observed in heterozygous individuals mwh/TM3 since the balancer chromosome does not contain the mutant gene flr3. 
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treatment results in MH and BH descendants of the 

HB and ST crosses and their respective positive and 

negative controls. The HB cross descendants produced 

high levels of Cytochrome P450 (CYP450) enzyme 

complex [17]. CYP450 is a complex of hemeproteins 

involved in the monooxygenation of a wide range of 

endobiotic and xenobiotic substrates [18]. 

For the HB cross (Table 2), only the 27.67 mM 

concentration was significantly different from the 

negative control. Following this result, we next 

analyzed the BH descendants. When comparing the 

MH and BH descendants, mutation accounted for just 

18.87% of the differences, with the remaining 81.13% 

caused by recombination of the CuDP, which is 

suggestive of a recombinogenic activity for the tested 

metal complex. 

This recombinogenic effect is probably due to breaks 

in the DNA molecule induced by CuDP. Cupric 

complexes associated with phenanthroline induce 

oxidative damage by interleaving with the minor 

groove of the DNA molecule, generating mainly 

hydroxyl free radicals, and the extent of this damage 

can be reduced by adding a specific antioxidant [19]. 

In a study with human hepatocytes cultures, it was 

observed high levels of CYP450 mRNA in the 

presence of higher concentrations of copper(II) 

complexes, but did not detect significant levels at the 

lowest concentrations [20]. A study assessing the 

interaction between the casiopeina (III)Ea (copper 

associated with phenanthroline and a diketone) with 

the cytochrome P450 enzyme complex detected 

prolonged, reduced activity for the enzyme complex, 

indicating an irreversible inhibitory effect with a 

competitive pattern [21]. 

In a study using liver microsomes of rats, the 

authors found that CYP450 enzyme activities 

decreased with increasing Cu(II) concentrations, and 

that this was more effective than with other cations. 

Moreover, copper interacts directly with the P450 

enzymes, inducing a P450 to P420 conformational 

change and reducing the α-helix content [22]. 

According to another study, copper ions can interact 

with complex P450 enzymes via some non-specific 

binding to the thiol groups or amino acids, promoting 

conformational changes that interfere with their 

catalytic activity [23].  

Because copper complexes show CYP450 

inhibitory behavior, we believe that the lower 

concentrations of CuDP (6.92 and 13.84 mM) did not 

show activity due to its irreversible binding with the 

active site of CYP450, thereby preventing it from 

interacting with DNA. However, at the concentration 

of 27.67 mM, the CYP450 expression levels were 

insufficient to interact with the entire amount of CuDP 

present in solution, allowing the remaining molecules 

to interact with the DNA, thus inducing the 

recombinogenic effect. 

A previous study has used SMART to assess the 

effects of casiopeína IIIEa in germ and somatic cells 

of D. melanogaster. These authors detected a 

genotoxic activity for casiopeína IIIEa that was dose 

non-dependent, as well as cell death by apoptosis [24]. 

Another study also reported casiopeína IIIEa 

genotoxic activity using the Comet test, showing 

fragmentation of DNA with subsequent cell death 

induced by oxidative damage [25].  

Negative results for induction of mutations in 

bacterial strains treated with casiopeínas using the 

Ames test and SOS were obtained, however, when 

analyzing the genotoxicity using the Comet assay, was 

described cleavage activity of DNA by the cupric 

complexes tested, characterized by a large number of 

double-strand breaks induced by DNA intercalation or 

direct binding to the DNA grooves [26]. 

Intercalating agents and DNA double-strand break 

inducing agents are important causes of recombination 

[17]. Recombination is an important type of DNA 

damage that can induce loss of heterozygosis, leading 

to subsequent cytotoxic effects. As such, SMART is a 

useful tool for assessing mutagenic that precisely 

detects mutagenic and recombinogenic events [27]. 

In D. melanogaster hemocytes, based on comet 
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assay and wing-spot test findings, copper 

nanoparticles induce DNA double-strand breaks 

through oxidative stress [28]. Consistent results with 

those presented in this study, obtaining significant 

levels of chromosome aberrations and sister 

chromatids exchange induced by two copper 

complexes via an oxidative stress mechanism [29].  

It is known that sister chromatid exchange is a 

major mechanism for inducing DNA recombination, 

causing further damage to DNA [30-32]. Some 

copper-phenanthroline complexes also induce 

exchanges between sister chromatids through an 

oxidative mechanism derived from intercalation [32]. 

The studies cited above, although it does not show a 

mechanism of induction of DNA breakage, are 

consistent with the data presented here, comparing the 

descendants of MH and BH, we detected much higher 

frequencies to recombinogenic mutation frequencies, 

suggesting that the induction of DNA breaks with 

mitotic recombination. 

4. Conclusions 

For the experimental conditions and concentrations 

used in this study, we found that CuDP is a direct 

recombinogenic agent that is independent of 

bioactivation. We reached this conclusion because 

CuDP significantly increases the number of mutants 

spots in both ST and HB crosses, with an increase of 

over 80% in recombinogenic rate when comparing 

MH and BH descendants. Based on the literature, we 

believe that CuDP induces DNA lesions, interacting 

directly with the molecule or inducing the formation 

of reactive oxygen species. The data reported here are 

in line with the current literature and show that CuDP 

and copper complexes are promising candidates for 

the development of new chemotherapeutic drugs. 

However, further studies are needed to better 

understand the mechanisms underlying the activities 

of CuDP and copper complexes. 
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