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Abstract A ferrocenyl ligand was prepared from con-

densation of 1,10-diacetylferrocene dihydrazone with

salicylaldehyde. This ligand forms 1:1 complexes with

Co(II), Ni(II), Cu(II), and Zn(II) in good yield. Charac-

terization of the ligand and complexes was carried out

using infrared (IR), 1H nuclear magnetic resonance (NMR),

electronic absorption, and elemental analysis. Anticancer

activity of the prepared ligand and its complexes against

human breast cancer cell line MCF-7 was determined, and

the results were compared with the activity of the com-

monly used anticancer drug cisplatin. Treatments of MCF-

7 cells with gradually increasing doses (5, 10, 20, and

40 lg/cm3) of the prepared complexes revealed that the

activity of superoxide dismutase and the level of hydrogen

peroxide were significantly increased, while the activities

of catalase and glutathione peroxidase and the levels of

reduced glutathione were significantly lowered compared

with in MCF-7 cells harvested from control. The results

suggested that the prepared compounds possess significant

anticancer activity comparable to the activity of cisplatin

and may be potent anticancer agents for inclusion in

modern clinical trials.

Keywords Bioinorganic chemistry � Ligands �
Metallocenes � Schiff bases � Transition-metal compounds

Introduction

Use of ferrocene in bioorganometallic chemistry has been

growing rapidly in recent years. This may be because

ferrocenyl derivatives are stable compounds, nontoxic, and

have good redox properties. Many ferrocenyl compounds

display interesting antitumor [1–4], antimalarial [5–7],

antifungal [8, 9], and DNA-cleaving activity [10–12].

Along this line, Jaouen et al. prepared several derivatives

of ferrocifen based on the structure of tamoxifen and

hydroxytamoxifen. The series of ferrocifens were biologi-

cally examined in vitro and in vivo, and the results [13, 14]

showed that ferrocifens are active against both hormone-

dependent and hormone-independent breast cancer cells.

Jaouen et al. [15] investigated also several derivatives of

polyphenolic compounds containing a ferrocene moiety

and evaluated them as anticancer agents using standard

breast cancer cell lines.

Another successful example is a ferrocene-chloroquine

analogue, i.e., ferrochloroquine (FQ, 7-chloro-4-[2-(N0,N0-
dimethylaminomethyl)-N-ferrocenylmethylamino]quinoline),

in which one ferrocene unit was integrated into chloroquine

(CQ). In vitro, FQ proved to be about 22 times more biologi-

cally active than CQ against chloroquine-resistant strains of

P. falciparum and showed higher activity in vivo in mice

infected with P. berghei N and P. yoelii NS [3, 16, 17].

Also, the redox properties of ferrocene have been

exploited to prepare different types of electrochemical

sensors such as DNA, protein, environmental pollutant, and

food sensors, and this area of research is growing rapidly

[18, 19].

These interesting applications of ferrocenyl compounds

have attracted the attention of many authors to study het-

erobimetallic complexes [20–22], since some ferrocenyl

complexes showed more biological activity than the parent
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ligand. The aim of this work is to prepare and characterize

a ferrocenyl ligand derived from condensation of 1,10-
diacetylferrocene dihydrazone with salicylaldehyde. The

ligand 1 has been well characterized using different spec-

troscopic techniques. The study was extended to prepare

and characterize Co(II), Ni(II), Cu(II), and Zn(II) com-

plexes with the mentioned ligand to obtain the

heterobimetallic complexes 2–5. Ligand 1 and its com-

plexes 2–5 have been characterized by IR, 1H NMR, UV–

Vis spectra as well as elemental analysis. On the other

hand, platinum compounds such as cisplatin, carboplatin,

and oxaliplatin are some of the most potent anticancer

drugs available today. These compounds are used for

treatment of different cancer types, although they have

several severe side-effects [23]. Preparing new compounds

with improved potency or wide specificity is among the

major targets for pharmaceutical companies. Therefore, our

aim was extended to study the anticancer activity of ligand

1 and complexes 2–5, hoping to compare their activity with

that of cisplatin.

Results and discussion

Synthesis and characterization of ligand 1

1,10-Diacetylferrocene dihydrazone was prepared by

reacting 1,10-diacetylferrocene, dissolved in a small

amount of dry ethanol, with an excess of hydrazine

hydrate while stirring under nitrogen. The deep-brown

color of the diacetylferrocene started to change to orange

within the first 4–6 h, but stirring was continued to

complete the reaction. Characterization of ferrocenyl

dihydrazone was carried out using IR, NMR, and UV–Vis

spectra. The IR spectra of the prepared dihydrazone

showed a medium band at 1,659 cm-1, which was

assigned to the formation of the C=N group [20, 21]. In

addition, the frequency of the two NH2 groups appeared

as a broad band at about 3,340 and 3,205 cm-1 [24]. This

result was confirmed by the broad 1H NMR band at

5.08 ppm, which was assigned to the NH2 groups of the

1,10-diacetylferrocene dihydrazone.

The ligand 1 (Fig. 1) was prepared by addition of sali-

cylaldehyde to 1,10-diacetylferrocene dihydrazone in

ethanol under reflux for 4 h. The color of the dihydrazone

was changed to orange-red. The ligand 1 was isolated in

good yield and is soluble in common organic solvents such

as ethanol, methanol, acetone, and chloroform. Structure of

1 was confirmed by IR spectra. The band at 1,615 cm-1

due to N=C was found to become stronger and broader

[21]. This may be due to the formation of another two N=C

bonds in the ligand. A broad band centered at 3,430 cm-1

indicated the presence of the OH group in the ligand. The

breadth of this band also suggested the presence of

hydrogen bonding between the azomethine nitrogen and

the OH group [25]. A broad band centered at 1,042 cm-1

was observed with medium intensity and was assigned to

the N–N group [26]. In the 1H NMR, the protons of the

cyclopentadienyl groups appeared at 4.9 and 4.6 ppm. The

phenyl protons were noticed as new bands at 6.9–7.5 ppm.

The proton in the H–C=N group appeared as a singlet at

8.6 ppm, whereas the phenolic OH appeared at 9.8 ppm in

the 1H NMR. This peak was confirmed from other 1H NMR

spectra of similar Schiff bases [20, 21].

Synthesis and characterization of the complexes 2–5

The complexes of cobalt(II), nickel(II), copper(II), and

zinc(II) ions were prepared easily and in good yield from

an equimolar ratio of 1 and the corresponding metal(II)

chloride in ethanol under reflux. All the complexes 2–5 are

deep red, which may be due to conjugation of the ligand

with the metal ions. The complexes 2–5 are also stable in

air and under light, and are soluble in dimethylformamide

(DMF) and dimethyl sulfoxide (DMSO). Elemental anal-

ysis showed that 2–5 have 1:1 (metal:ligand) molar ratio.

The IR spectra of 1–5 were recorded as KBr pellets. It

was found that the characteristic band of the C=N group in

the free ligand 1 (at 1,615 cm-1) was shifted to lower

frequency of 1,602–1,606 cm-1 in the complexes 2–5 [21].

This shift indicates coordination of the azomethine nitro-

gen to the metals in the complexes. It was also found that

the medium band due to N–N in 1 (at 1,042 cm-1) was

shifted to lower frequency (1,024–1,030 cm-1) in 2–5 [21].

This shift indicates that bonding in the complexes occurred

through the nitrogen atom.

In the low-frequency region, two bands were observed

for 2–5 at 450 and 465 cm-1, which were attributed to

m(M–N) and m(M–O), respectively. These bands were not

found in the spectra of 1, suggesting that coordination of

the ligand with the metal ions takes place via the

HO

NN

CH3 H

HO

NN

CH3 H

Fe

1

Fig. 1 Structure of the ligand 1
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azomethine nitrogen atoms and also via the deprotonated

phenolic oxygen [20, 27].

The characteristic frequencies of the ferrocenyl moiety

in the spectra of 1 were observed at about 3,078, 1,412,

1,111, 1,005, 817, and 490 cm-1. The band at 3,078 cm-1

was assigned to the C–H stretching band. The band at

1,412 cm-1 was assigned to the asymmetric C–C stretch-

ing band. The 1,111 cm-1 band was due to asymmetric

ring-breathing vibration. The two bands located at 1,005

and 817 cm-1 were assigned to parallel and perpendicular

C–H bands, respectively. The final band at 490 cm-1 was

assigned to the Fe–Cp stretching frequency [20–22]. The

corresponding frequencies of the complexes appeared at

nearly the same position, which indicates that the cyclo-

pentadienyl ring of the ferrocene is not directly coordinated

to the metal ion [20–22].

1H NMR spectra

NMR spectra of 1–5 were recorded in DMSO-d6 at room

temperature using tetramethylsilane (TMS) as internal

standard. All 1H NMR spectra showed two multiplets for

the a- and b-protons of the cyclopentadienyl rings at 4.7

and 4.4 ppm [20–22, 26]. The signals of the methyl groups

were observed at 2.2 ppm in 1. These signals were shifted

slightly downfield in the spectra of 2–5, which may be due

to complexation of the azomethine nitrogens with the metal

ion.

The signal observed for the OH protons of 1 (ca.

9.7 ppm) was not observed in any of the complexes 2–5,

which confirms the bonding of the phenolic oxygen to the

metal ions (C–O–M) [20, 27]. The signals of the phenyl

protons in 1 and also in 2–5 were found in the expected

regions at 7.59–6.82 ppm.

Electronic spectra

The electronic spectrum of the Co(II) complex 2 consists of

two shoulder bands at 578 and 484 nm. These bands are

assigned to the transitions 4T1g(F) ? 4A2g(F) and
4T1g(F) ? 4T2g(P), respectively, and are characteristic for

high-spin octahedral geometry of Co(II) complexes

(Fig. 2) [27, 28]. On the other hand, the spectrum of the

nickel(II) complex 3 consists of two bands at 534 and

496 nm. These bands are attributed to the b2g ? b1g and

a1g ? b1g transitions, which is compatible with complexes

having a square-planar structure [29, 30]. In the spectra of

the Cu(II) complex 4 three bands at 659, 510, and 329 nm

were observed. The first two bands are assigned to
2B1g ? 2A1g and 2B1g ? 2Eg transitions, respectively [27,

31]. These bands are typically characteristic for square-

planar configuration (Fig. 3). The third band is assigned to

metal–ligand charge transfer. The electronic spectra of the

Zn(II) complexes 5 showed one high-intensity band at

350 nm, which is assigned to ligand–metal charge transfer

[27, 31].

A weak, broad band was also observed for 2–5 at 443–

448 nm. This band was assigned to the transition
1A1g ? 1E1g in the iron atom of the ferrocenyl group,

which indicates that there is no magnetic interaction

between the Co(II), Ni(II), Cu(II), and Zn(II) ions and the

Fe(II) ion of the ferrocenyl group [20, 21, 26].

On the basis of the spectral data of the complexes dis-

cussed above, one can assume that the metal ions are

bonded to the ligand via the nitrogen and the phenolic

oxygen atom in all complexes 2–5 (Figs. 2, 3).

Anticancer activity of 1–5

Compounds 1–5 were screened in vitro using a single tumor

(MCF-7 cells). Cells exposed to different concentrations of

the tested compounds exhibited a dose-dependent red-

uction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide (MTT), revealing preservation of viability in

the presence of the tested compounds (Fig. 4). The doses of
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Fig. 2 Structure representation of the Co complex 2
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Fig. 3 Structure representation of the Ni, Cu, and Zn complexes 3-5
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the tested compounds were selected based on the preliminary

studies.

The tumor cell line showed normal growth in our culture

system. DMSO did not seem to have any noticeable effect

on cellular growth. A gradual decrease in viability of

cancer cells was observed with increasing concentration of

the tested compounds, in a dose-dependent inhibitory

effect. The Zn complex 5 was the best compound, exerting

a significant cytotoxic effect on MCF-7 cells compared

with cisplatin.

The median growth inhibitory concentration (IC50) after

24 h was 17.50 lg/cm3 for 1, 26.50 lg/cm3 for 2, 12.00 lg/

cm3 for 3, 15.00 lg/cm3 for 4, and 8.10 lg/cm3 for 5.

To elucidate the mechanism by which the prepared

complexes exert their antitumor activities, we estimated

the activities of the free-radical-metabolizing enzymes

superoxide dismutase (SOD), catalase (CAT), and gluta-

thione peroxidase (GSH-Px), as well as the levels of

glutathione (GSH) and H2O2 in MCF-7 cells. As shown in

Table 1, treatment of the cells with the ligand and its

complexes increased the activity of SOD and the level of

H2O2 (in dose-dependent manner) as compared with the

control. In addition, our results revealed that treatment

with 2–5 leads to decrease in the activity of CAT and

GSH-Px as well as the level of GSH (in dose-dependent

manner).

The results showed that the order of antitumor activity of

the compounds was: 5 [ 3 [ 1 [ 4 [ 2. The highest

activity was found for Zn and Ni complexes, which resulted

in the highest SOD activity and H2O2 and low activities of

CAT and GSH-Px as well as GSH level. These results

indicate that the antitumor effect of the present complexes

may be exerted at least partly by production of H2O2.

The mode of action of 1–5 is still unclear. The antitumor

activities are accompanied by dose-dependent increases in

SOD activities of treated cells compared with the control

group. This means that 1–5 can cause H2O2 production.

The H2O2 produced should be rapidly removed through the

activation of CAT and GSH-Px. The present results show

that activities of CAT and GSH-Px and the level of reduced

GSH are lowered in groups treated with 1–5 (in dose-

dependent manner) compared with the control group

(Table 1).

Consequently, the excess H2O2 produced in tumor cells

with 1–5 cannot be removed. In other words, the accu-

mulation of H2O2 in tumor cells should be partly the cause

of tumor cell death. Thus the results of the present study

are consistent with the hypothesis that 1–5 exert their

antitumor effects through production of reactive oxygen

species (ROS).

The previous results were confirmed by the fact that

most chemotherapeutic agents cause cells to overgenerate

ROS [32], so they are capable of inducing apoptosis, and

oxidative damage to DNA, proteins, and lipids. The cas-

cade of signals mediating apoptosis often involves a ROS

intermediate messenger, and ROS can short-circuit the

pathway, bypassing the need for upstream signals for cell

suicide. Recently, Huang et al. [33] observed that selective

inhibition of SOD kills human cancer cells but not normal

cells, suggesting that regulation of free-radical-producing

agents may also have important clinical applications. This

mechanism for the effects of ROS-generating anticancer

agents is only beginning to be understood, as previously the

mechanism of most anticancer agents was believed to be

due mainly to direct interaction with DNA and interference

with DNA regulatory machinery (e.g., topoisomerases,

helicases) and to initiation of DNA damage via production

of ROS [34].

Moreover the Zn complex 5 showed the highest antitu-

mor activity, and this can be explained by the fact that zinc

is an essential trace element, has important biological

functions, and is used to cure various ailments, including

growth failure, cancer, infection, and skin diseases [35]. In

a previous study it has been mentioned that Ni complexes

were reported as promising cytotoxic and antimicrobial

agents [36].

In conclusion, the present results suggest that the pre-

pared compounds possess significant anticancer activity,

comparable to the activity of the commonly used antican-

cer drug cisplatin. These complexes may exert their

antitumor activities partly by increasing hydrogen peroxide

production and by depletion of intracellular catalase, glu-

tathione peroxidase, and reduced glutathione. The results

revealed that these complexes may be potent anticancer

agents for inclusion in modern clinical trials.

Experimental

All chemicals and solvents were obtained from Merck.

1,10-Diacetylferrocene was prepared according to Ref. [37],
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Fig. 4 Effect of different concentrations of the prepared compounds
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and 1,10-diacetylferrocene dihydrazone was synthesized as

described in Ref. [21]. Yields refer to analytically pure

compounds and were not optimized. 1H NMR was recorded

with a JEOL EX-270 MHz FT NMR spectrometer in

DMSO-d6 as solvent. IR spectra were recorded on a Perkin

Elmer (Spectrum 1000) Fourier-transform infrared (FT-IR)

spectrometer, using KBr pellets. Elemental analyses were

determined at the Microanalytical Center, Cairo Univer-

sity, and the results agreed favorably with calculated

values. Electronic absorptions were recorded on a Shima-

dzu UV240 automatic spectrophotometer in DMSO.

1,10-Bis[1-[2-[(2-hydroxyphenyl)methylene]hydrazinylid-

ene]ethyl]ferrocene (1, C28H26FeN4O2)

Salicylaldehyde (2.30 cm3, 22 mmol) was slowly added to

a magnetically stirred solution of 2.98 g 1,10-diacetylfer-

rocene dihydrazone (10 mmol) in 50 cm3 methanol. The

mixture was refluxed for 4 h. Concentration of the solution

to the appropriate volume and cooling to 5 �C yielded 1.

The solid was filtered off, washed with cold methanol, and

dried. Yield 72%; IR (KBr): �m = 3,425 (O–H), 1,287

(C–O), 1,615 (C=N), 1,042 (N–N) cm-1; 1H NMR

(270 MHz, DMSO-d6): d = 2.21 (s, 6H, 2CH3), 4.38 (m,

Table 1 Effect of treatment with different concentrations of 1–5 on the activities of superoxide dismutase (SOD), catalase (CAT), and

glutathione peroxidase (GSH-Px) as well as the levels of reduced glutathione (GSH) and hydrogen peroxide (H2O2) in MCF-7 cells

Treatment

(lg/cm3)

SOD

(U/mg protein)

CAT

(U/mg protein)

GSH-Px

(U/mg protein)

GSH

(nmol/mg protein)

H2O2

(nmol/mg protein)

Control 30.45 ± 4.11 8.80 ± 0.50 9.50 ± 0.70 37.70 ± 3.20 11.70 ± 1.60

Cisplatin

5 120.85 ± 13.40 3.11 ± 0.40 4.30 ± 0.48 16.90 ± 1.85 33.60 ± 3.61

10 140.33 ± 15.00 2.80 ± 0.30 3.43 ± 0.39 15.70 ± 1.75 55.20 ± 5.80

20 360.60 ± 24.80 2.44 ± 0.25 2.16 ± 0.25 15.11 ± 2.00 67.75 ± 7.11

40 410.80 ± 35.89 1.50 ± 0.11 1.60 ± 0.2 13.20 ± 1.80 80.50 ± 7.60

1

5 49.50 ± 5.20 5.00 ± 0.40 7.10 ± 0.65 23.80 ± 2.50 20.45 ± 1.80

10 84.12 ± 9.13 4.24 ± 0.36 6.12 ± 0.60 22.45 ± 2.60 33.75 ± 3.90

20 110.75 ± 12.00 3.65 ± 0.25 5.33 ± 0.61 19.45 ± 2.00 38.11 ± 4.00

40 220.70 ± 25.63 2.90 ± 0.30 4.80 ± 0.50 17.66 ± 1.90 43.73 ± 4.50

2

5 35.55 ± 4.11 6.60 ± 0.70 8.63 ± 0.90 30.12 ± 3.62 15.90 ± 1.75

10 66.75 ± 6.50 5.70 ± 0.63 7.36 ± 0.83 25.16 ± 2.80 22.70 ± 2.50

20 82.00 ± 7.90 5.26 ± 0.60 6.00 ± 0.55 21.65 ± 2.60 25.34 ± 3.00

40 145.67 ± 16.00 3.82 ± 0.40 5.11 ± 0.45 19.65 ± 2.11 29.53 ± 3.11

3

5 65.40 ± 7.00 4.55 ± 0.53 6.63 ± 0.70 21.80 ± 0.24 25.33 ± 2.40

10 110.20 ± 10.42 4.10 ± 0.39 5.60 ± 0.62 20.86 ± 0.20 38.67 ± 4.00

20 140.00 ± 13.80 3.22 ± 0.33 3.11 ± 0.40 19.70 ± 0.17 41.87 ± 4.70

40 290.17 ± 30.00 2.20 ± 0.19 2.65 ± 0.25 19.00 ± 0.21 53.14 ± 5.50

4

5 40.33 ± 4.14 5.30 ± 0.61 7.50 ± 0.82 25.20 ± 2.87 19.34 ± 1.76

10 75.80 ± 8.00 4.80 ± 0.50 7.00 ± 0.65 22.85 ± 2.90 26.60 ± 3.00

20 101.75 ± 11.00 4.70 ± 0.37 6.33 ± 0.55 17.30 ± 2.00 27.75 ± 3.40

40 120.40 ± 9.85 3.26 ± 0.36 5.65 ± 0.70 16.11 ± 2.35 36.50 ± 4.11

5

5 101.90 ± 13.90 3.85 ± 0.20 5.11 ± 0.72 19.87 ± 2.00 28.23 ± 3.11

10 130.40 ± 8.70 3.36 ± 0.42 4.90 ± 0.50 19.12 ± 0.24 45.45 ± 3.90

20 320.80 ± 22.79 2.76 ± 0.17 3.70 ± 0.43 17.11 ± 0.18 50.85 ± 6.00

40 360.60 ± 34.00 1.75 ± 0.11 2.22 ± 0.18 15.00 ± 1.68 67.33 ± 6.13

Data are expressed as mean ± standard error (SE) of four separate experiments. All values for 1–5 and cisplatin were significantly different at

p \ 0.05 versus control
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4H, C5H4), 4.65 (m, 4H, C5H4), 7.56–6.82 (m, 8H, Ph),

8.61 (s, 2H, CH=N), 9.72 (s, 2H, OH) ppm.

General procedure for synthesis of complexes 2–5

Complexes 2–5 were prepared by addition of 2.0 mmol

CoCl2�6H2O, NiCl2�6H2O, CuCl2�2H2O, or ZnCl2 dis-

solved in ca. 20 cm3 ethanol to a warmed solution of

2.0 mmol 1 in 50 cm3 ethanol. The mixture was refluxed

for 4 h. The complex precipitated on cooling to 5 �C, was

filtered off, washed two times with cold ethanol, and dried.

[(Ferrocene-1,10-diyl)bis[2-[(2-ethylidenhydrazinyliden-

KN2)methyl]phenolato]cobalt dihydrate

(2, C28H28CoFeN4O4)

Yield 73%; IR (KBr): �m = 3,411 (O–H), 1,605 (C=N),

1,310 (C–O), 1,026 (N–N), 465 (M–O), 452 (M–N) cm-1;

UV–Vis (MeOH): kmax = 578, 484, 443 nm.

[(Ferrocene-1,10-diyl)bis[2-[(2-ethylidenhydrazinyliden-

KN2)methyl]phenolato]nickel (3, C28H24FeN4NiO2)

Yield 71%; IR (KBr): �m = 3,400 (O–H), 1,603 (C=N),

1,318 (C–O), 1,024 (N–N), 463 (M–O), 447 (M–N) cm-1;
1H NMR (270 MHz, DMSO-d6): d = 2.23 (s, 6H, 2CH3),

4.36 (m, 4H, C5H4), 4.68 (m, 4H, C5H4), 7.57–6.84 (m,

10H, Ph), 8.66 (s, 2H, CH=N) ppm; UV–Vis (MeOH):

kmax = 534, 496, 448 nm.

[(Ferrocene-1,10-diyl)bis[2-[(2-ethylidenhydrazinyliden-

KN2)methyl]phenolato]copper (4, C28H24CuFeN4O2)

Yield 74%; IR (KBr): �m = 1,602 (C=N), 1,324 (C–O),

1,028 (N–N), 462 (M–O), 444 (M–N) cm-1; UV–Vis

(MeOH): kmax = 659, 510, 446, 329 nm.

[(Ferrocene-1,10-diyl)bis[2-[(2-ethylidenhydrazinyliden-

KN2)methyl]phenolato]zinc (5, C28H24FeN4O2Zn)

Yield 70%; IR (KBr): �m = 3,436 (O–H), 1,606 (C=N),

1,311 (C–O), 1,030 (N–N), 465 (M–O), 442 (M–N) cm-1;
1H NMR (270 MHz, DMSO-d6): d = 2.22 (s, 6H, 2CH3),

4.40 (m, 4H, C5H4), 4.67 (m, 4H, C5H4), 7.59–6.83 (m,

10H, Ph), 8.67 (s, 2H, CH=N) ppm; UV–Vis (MeOH):

kmax = 444, 350 nm.

Cell culture

The human breast cancer cell line MCF-7 was maintained

in Dulbecco’s modified Eagle’s medium (DMEM) sup-

plemented with 10% heat-inactivated fetal calf serum

(GIBCO), penicillin (100 U/cm3), and streptomycin

(100 lg/cm3) at 37 �C in humidified atmosphere contain-

ing 5% CO2. Cells at concentration of 0.50 9 106 were

grown in a 25-cm3 flask in 5 cm3 complete culture

medium.

Estimation of in vitro tumor cell growth inhibition was

assessed by incubating 0.65 9 105 MCF-7 cells in 1 cm3

phosphate buffer saline with varying concentrations of 1–5

and cisplatin (as a positive control drug) at 37 �C for 24 h

in CO2 atmosphere. Cells were cultured for 24 h to ensure

total attachment. Afterwards, the tested compounds were

added to the cells. Cell survival was evaluated at the end of

the incubation period by MTT colorimetric assay. In all

cellular experiments results were compared with untreated

cells.

Cytotoxicity assay

The effect of 1–5 on growth of MCF-7 cells was estimated

by MTT colorimetric assay [38]. This method is based on

the selective ability of living cells to reduce the yellow

soluble salt of MTT to a purple-blue insoluble formazan

precipitate. The number of viable cells is proportional to

the production of formazan salts. The crystals of formazan

were dissolved in DMSO, and the optical density was

measured spectrophotometrically (Microplates reader;

Asys Hitech, Austria).

Cells (0.65 9 105 cells/well) were plated separately in

a sterile flat-bottomed 96-well microplate (Falcon) and

treated with 20 mm3 of different concentration of 1–5

and cisplatin (5, 10, 20, or 40 lg/cm3) for 24 h at 37 �C

in a humidified 5% CO2 atmosphere. Then, incubation

media were removed and 40 mm3 MTT solution/well was

added and incubated for an additional 4 h. MTT crystals

were solubilized by adding 200 mm3 DMSO/well, and the

plate was shaken gently for 10 min at room temperature. The

results were determined photometrically using a microplate

enzyme-linked immunosorbent assay (ELISA) reader and

absorbance at 570 nm. Data are expressed as percentage

relative viability compared with untreated cells, calculated

using the following equation:

ðAbsorbance of treated cellsÞ=ðabsorbance of control cellsÞ
� 100:

The cytotoxic concentration was expressed by half maxi-

mal IC50. IC50 calculations were performed using

Microsoft Excel and Microcal Origin software for PC.

Antioxidants status assay

Enzyme activities and the level of both reduced gluta-

thione (GSH) and lipid peroxidation (LP) were expressed

in cell lysates as a function of total cellular protein [39].

Activities of SOD, CAT, and GSH-Px were determined

as described in literature [40–42]. Levels of reduced

glutathione (GSH) and hydrogen peroxide (H2O2) were

determined using the methods of Ellman [43] and Wolf

[44].
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Statistical analysis

The results are reported as mean ± standard error (SE) for

at least four experiments. Statistical differences were ana-

lyzed using one-way analysis of variance (ANOVA) test

followed by Student’s t test, wherein differences were

considered significant at p \ 0.05.
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