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A new series of complexes of a ligand 4/, 7, 8-trihydroxy-isoflavone with transition metal (zinc, copper, man-
ganese, nickel, cobalt) and selenium have been synthesized and characterized with the aid of elemental anal-
ysis, IR, electron ionization mass spectrum (EI-MS) and 'H NMR spectrometric techniques. The compounds
were evaluated for their in vitro antibacterial activities and antitumor properties. The metal complexes
were found to be more active than the free ligand. Investigation on the interaction between the complexes
and calf-thymus DNA (CT DNA) showed that the absorbance of CT DNA increased and the maximum
peak (Amax =260 nm) red-shifted, while the intensity of fluorescence spectra of Epstein-Bart DNA (EB-DNA)
gradually weakened, which indicated that all of these metal complexes tightly combined with CT DNA.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The clinical success of cisplatin has triggered considerable interest
in the search for novel and improved metal-based drugs [1,2]. Several
approaches have been applied over the last three decades with
common goals, such as the design of new metal compounds that
remain active against resistant cell lines, compounds with a wider
spectrum of antitumor activity, and compounds with a lower toxicity
than cisplatin [3]. Since then numerous non-platinum metal com-
plexes were studied, including ruthenium, iron, and cobalt complexes
with different ligands [4-9].

A large number of the literatures related to synthetic metal
complexes of flavonoids with strong anti-tumor activity have been
reported in recent years [10-12].

Isoflavones (like genistein), a kind of flavonoid, are mainly
obtained from soybeans and other plant extracts and possess low tox-
icity and good potency [13,14]. At the same time, genistein structure
possesses many excellent properties, such as having high degree of
super-delocalized and complete m-bond conjugated system, contain-
ing strong coordination oxygen atoms with the appropriate spatial
configuration, which make it as a perfect metal ion chelating ligand.
References [15,16] have showed the characterization of the composi-
tion of many similar complexes, but no biological activities have been
described. Vivek and coworkers [17] have reported the synthesis
of four 3-formylchromone Schiff base derivatives and copper
complexes, the anticancer activity study results showed that the
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IC50 of these complexes was far less than the ligand itself. Xiang
Chen et al. [18] have reported that transition metal complexes with
the 4’-methoxy-5, 7-dihydroxy isoflavone possessed greater antitu-
mor activities and selectivities than the parent isoflavone, even
more effective than the positive control cisplatin against the selected
cell lines.

All the above researches showed that these complexes have a
broad prospect to be chosen as anti-tumor drugs. It is known that the
metal complexes can bind to DNA via covalent and/or non-covalent
interactions [19,20]. The strand scission of the DNA by quercetin
and others flavonoids in presence of copper (II) or iron (III) ions
was also described by Hadi and coworkers previously [21,22].

The aim of this paper was to obtain selenium (Se), zinc (Zn),
copper (Cu), manganese (Mn), nickel (Ni) and cobalt (Co) complexes
(b, ¢, d, e, f, g) with a ligand of 7, 8, 4'-trihydroxy-isoflavone (a) as
well as evaluation of their anti-bacterial potency and antitumor activities.
The six complexes have been tested for their ability to bind to CT DNA.

2. Experimental
2.1. Materials and methods

Pyrogallic acid and p-hydroxyphenylacetic acid were purchased
from Merck, zinc acetate, cupric chloride, manganese acetate, nickel
chloride, cobalt chloride and selenium oxychloride (SeOCl,) were
purchased from Aladdin-reagent Co (Shanghai, China) and used with-
out further purification. CT DNA and EB were purchased from Sigma.
All materials and solvents employed in the experiments were of ana-
lytical grade. DNA stock solution was prepared by dilution of CT DNA
to buffer which contained 150 mmol NaCl and 15 mmol trisodium
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citrate at pH 7.0. Then this solution was exhaustively stirred at 4 °C
for 3 days, and kept at 4 °C for no longer than a week. The ratio of
UV absorbance at 260 and 280 nm (A260/A280) given by the stock
solution of CT DNA was 1.89, indicating that the DNA was sufficiently
free of protein contamination. The DNA concentration was deter-
mined by the UV absorbance at 260 nm using € =6,600 M~ ' cm™ .
The slit's width was 10 nm, and fluorescence pool thickness was 1 cm.
Melting points were recorded on a XP4 Electrothermal melting
point apparatus without being corrected. Infrared spectra were mea-
sured on a 670 FT-IR spectrophotometer equipped with an MCT de-
tector and a diffuse reflectance accessory [23].using the KBr pellet
technique (4000-400 cm ™ !). EI-MS were obtained from an Esquire
HCT instrument in the positive/negative mode. Compounds were dis-
solved in DMSO: methanol (1:1). 'H NMR spectra were recorded on a
Bruker Avance-600 using dimethyl sulfoxide-dg (DMSO-dg) as sol-
vent. Elemental analyses were performed on a PE-2400-II Elemental
Analyzer. Molar conductivity (A) was measured on DDS-11A model
digital conductivity meter based on the measurements designed by
Geary [24]. A long-term UV-VIS study was carried out to verify the
stability of new complexes in DMSO/water solution. The result of
antitumor screening was measured at 570 nm on a microplate spec-
trophotometer (Bio-Tek Instruments, ELx808zu, USA).

2.2. Synthesis of ligand 7,8,4'-trihydroxy-isoflavone, a

The reaction of pyrogallic acid (2.25g, 0.02mol) and p-
hydroxyphenylacetic acid (2.84¢g, 0.02mol) was carried out in
boron trifluoride etherate (BFs-Et,O solvent and catalyst) (20 mL)
with nitrogen protection. The reaction mixture was stirred at 80 °C for
3 h. Then TLC-point board was used to monitor the reaction progress
till the resulting deoxy benzoin intermediate point (Re=~0.17, agent
for the ethyl acetate: petroleum ether = 1:2) was not changed.

Sequentially the N, N-dimethylformamide (DMF) (30 mL) was
added dropwise to the mixture of deoxybenzoin which had been
cooled to room temperature. The obtained solution was then cooled
to 10 °C. In another flask, DMF (54 mL) was cooled to 10 °C and
methylsulfonyl chloride (MeSO,Cl) (14 mL) was added in small por-
tions. The mixture was then allowed to stand at 55 °C for 30 min
and added to the above reaction mixture slowly. During the addition,
the temperature of the reaction mixture was maintained below 27 °C.
The mixture was then stirred at room temperature for 4 h. The fol-
lowing work-up was sequentially carried out: pouring the reaction
mixture into methanolic HCI (0.1 mol) followed by heating at 70 °C
for 20 min (the reaction progress was monitored by TLC and the R¢
of ligand a showed 0.07, agent for the ethyl acetate: petroleum
ether =1:2), and extracting the product by acetoacetate after remov-
ing the methanol and most of DMF. The solvent was removed under
vacuum using a rotary evaporator and product was purified by
recrystallization.

a: Cy5Hq00s, Yield 2.4 g, 46.3%. m.p. 280-282 °C. Anal. Calcd. for a:
C15H1005 (%): C, 66.67; H, 3.70; Found (%): C, 66.59; H, 3.69; IR (KBr):
3470 (UO—H), 1621 (Uczo), 1582-1441 (Uczc), 1280 (UC_O_H)-
1175 (ve—o0—c¢) cm~'. 'TH NMR (600 MHz, DMSO-dg, d = doublet,
s=singlet): 6.81 (2H, d, 3’,5'-H), 6.95 (1H, d, 6-H), 7.38 (2H, d,
2',6'-H), 7.47 (1H, d, 5-H), 8.34 (1H, s, 2-H), 9.42 (1H, s, 8-0H), 9.51
(1H, s, 7-OH), 10.29 (1H, s, 4’-OH) ppm.

2.3. Synthesis of complexes

A pyridine solution (5mL) of selenium oxychloride (about
3.3 mmol) was added to the pyridine solution of 7, 8, 4’-trihydroxy-
isoflavone (ligand a, 3.3 mmol in 20 mL dry pyridine). The mixture
was stirred at 50 °C for 6 h under nitrogen protection till ligand a
point disappeared completely and only one point observed through
the TLC monitoring. Gradually, the light brown solid precipitated
when being cooled to room temperature. The solid products were

filtered and washed with methanol, followed by being washed with
distilled water to remove inorganic selenium. The selenium com-
pound b was then dried in vacuum freeze-drying.

The ethanol solution of ligand a (0.270 g, 0.001 mol in 30 mL eth-
anol) was adjusted to pH 8-9 by addition of triethylamine. The mix-
ture was stirred at 40 °C for 2 h under nitrogen protection, followed
by introducing hydrated metal (II) salt (acetate or chloride)
(0.001 mol) slowly via syringe which was dissolved in ethanol
(10 mL). The reaction mixture was stirred at 60 °C for 24 h, and
then stood at room temperature for 2 days. Powered solids were
yielded by filtration, rinsed with ethanol and dried under vacuum.

b. SeO(a-2H), Yield 0.51 g, 44.44%. m.p.>300 °C. Anal. Calcd. for b:
Cy5HgOgSe (%): C, 49.59; H, 2.20; Se, 21.75. Found (%): C, 49.56; H,
2.11; Se, 21.92. IR (KBr): 3118 (vo—pn), 1606 (v=op), 1538-1328
(ve=c), 1206 (Vc=0-1), 1172 (Vc—0~-c), 696 (Vse—0) cm~ ' H-
NMR (600 MHz, DMSO-dg): 6.73 (2H, d, 3',5'-H), 7.00 (1H, d, 6-H),
7.21 (2H, d, 2',6'-H), 7.38 (1H, d, 5-H), 8.30 (1H, s, 2-H), 10.15 (1H,
s, 4'-OH) ppm. A=4.6 S-cm?-mol .

c. Zn(a-H),, Yield 0.16 g, 53.2%. m.p.>300 °C. Anal. Calcd. for c:
C30H18010Zn (%): C, 59.66; H, 2.98; Zn, 10.84. Found (%): C, 59.46;
H, 2.76; Zn, 10.94. IR (KBr) v: 3347 (vo—y), 1608 (v=o), 1558-
1387 (ve=c), 1206 (Vc-o0-n), 1174 (vc-o-c) cm~'. 'H-NMR
(600 MHz, DMSO-dg): 5.69 (4H, d, 3’, 5/, L3/, L5’-H), 6.76 (2H, d, 6,
L6-H), 7.02 (4H, d, 2/, 6/, L2’, L6’-H), 7.35 (2H, s, 5, L5-H), 8.39 (2H,
s, 2, L2-H), 9.83 (2H, s, 7, L7"-OH),10.25 (2H, s, 4, L4-OH) ppm.
A=52S-cm?-mol ™ .,

d. Cu(a-H),, Yield 0.19 g, 63.3%. m.p.>300 °C. Anal. calcd. for d:
C30H18010Cu (%): C, 59.82; H, 2.99; Cu, 10.56. Found (%): C, 60.16;
H, 2.92; Cu, 10.56. IR (KBr) v: 3371 (vo—p), 1608 (V=0), 1567-
1387 (ve=c), 1236 (Vc—o0-n), 1174 (vc—o-c) cm~ ' 'H-NMR
(600 MHz, MSO-dg): 6.77 (4H, d, 3/, 5/, L3/, L5’-H), 7.34 (2H, d, 6,
L6-H), 7.99 (4H, d, 2/, 6/, L2’, L6’-H), 8.09 (2H, s, 5, L5-H), 8.27 (2H,
s, 2, L2-H), 943 (2H, s, 7, L7’-0OH),10.36 (2H, s, 4, L4’-OH) ppm.
A=2.8S-cm?-mol .

e. Mn(a-H),, Yield 0.16 g, 54.1%. m.p.>300 °C. Anal. calcd. for e:
C30H18010Mn (%): C, 60.71; H, 3.03; Mn, 9.26. Found (%): C, 61.02;
H, 2.96; Mn, 9.15. IR (KBr) v : 3399 (vo—4), 1608 (v=p), 1558-
1386 (Uczc), 1222 (UC—O—H), 1174 (UC_O_C) Cmil. 1H—NN[R
(600 MHz, DMSO-dg): 5.31 (4H, d, 3/, 5/, L3’,L5'-H), 5.68 (2H, d, 6,
L6-H), 6.97 (4H, d, 2’, 6/, L2’, L6/-H), 7.47 (2H, s, 5, L5-H), 8.34 (2H,
s, 2, L2-H), 9.54 (2H, s, 7, L7’-OH),10.32 (2H, s, 4, L4’-OH) ppm.
A=43S-cm?-mol~ .

f. Ni(a-H),, Yield 0.16 g, 53.8%. m.p.>300 °C. Anal. calcd. for f:
C30H18010Ni (%): C, 60.33; H, 3.02; Ni, 9.84. Found (%): C, 60.66; H,
2.88; Ni, 9.79. IR (KBr) v: 3347 (vo—y), 1608 (v=p), 1558-1387
(Uczc), 1206 (UC—O—H), 1173 (Uc-o-c) cn~ . 'H-NMR
(600 MHz, DMSO-dg): 5.31 (4H, s, 3/, 5/, L3/, L5’-H), 5.88 (2H, s, 6,
L6-H), 6.49 (4H, d, 2/, 6/, L2/, L6'-H), 7.47 (2H, d, 5, L5-H), 8.34 (2H,
s, 2, L2-H), 949 (2H, s, 7, L7’-0H),10.11 (2H, s, 4, L4’-OH)
ppm.A=9.0S-cm?-mol~'.

g. Co(a-H),, Yield 0.15 g, 53.8%. m.p.>300 °C. Anal. calcd. for g:
C30H18010Co (%): C, 60.31 H, 3.02; Co, 9.87. Found (%): C, 60.38; H,
3.01; Co, 10.03. IR (KBr) v: 3346 (vo—y), 1608 (V=o), 1558-1380
(Ve==c), 1206 (vc-o-u), 1173 (Vc-o-c) cm~ L 'H-NMR
(600 MHz, DMSO-dg): 5.81 (4H, d, 3/, 5, L3/, L5’-H), 6.38 (2H, s, 6,
L6-H), 6.95 (4H, d, 2/, 6/, L2’, L6’-H), 7.46 (2H, s, 5, L5-H), 8.44 (2H,
s, 2, L2-H), 923 (2H, s, 7, L7'-0H),1043 (2H, s, 4, L4’-OH)
ppm.A=8.9S-cm?-mol .

2.4. Biological studies

2.4.1. Antibacterial activity

The synthesized compounds were tested for their antibacterial
activities by means of standard double dilution method using
agar media [25]. The assayed collection included the following
microorganisms: ATCC25923, Staphylococcus aureus 701230, S.
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aureus 701219, Staphylococcus epidermidis 620206, S. epidermidis
ss, Enterococcus faecalis 616247, E. faecalis 609230, Enterococcus
faecium 609205, ATCC25922, Escherichia coli 629119, E. coli
629247, Pseudomonas aeruginosa 630266, P. aeruginosa 701218,
Klebsiella pneumonia 626511, K. pneumonia 626238, Baumanii
302234-1, Baumanii 302234-2.

In the twofold serial dilution method, ligand a and complexes b-g
were dissolved by DMSO with Tween-80, which ensured the com-
pounds dissolved completely without precipitation. The maximum
of concentration was 2000 uM, and was double diluted sequentially.
The concentration of original bacteria liquids were determined to be
about 107-10% CFU-mL~! by nephelometry. Positive control: levo-
floxacin; negative control: DMSO and Tween-80. Each assay in this
experiment was repeated three times.

2.4.2. Antitumor screening studies

By use of MTT [3-(4,5-dimethylthiazole-2-yl)-2,5, diphenyltetra-
zolium bromide] assay, the antitumor activities of the ligand and its
metal complexes were assessed against five cancer cell lines:
SW620 (human colon carcinoma cell line), Hela (human cervix can-
cer cell line), HepG2 (human hepatoma carcinoma cell line), MDA-
MB-435 (human breast carcinoma cell line) and A549 (human lung
cancer cell line).

The MTT assay was performed by Mosmann [26] as follows:

Tumor cells (180 pL, 4000 cells/well) were plated in 96-wells flat
bottom microtiter plates. All compounds were dissolved immediately
in dimethyl sulfoxide (DMSO), and diluted with the growth medium.
The final concentrations ranged from 0.1 to 600 uM. In addition, the
final DMSO concentration in the culture media was lower than 1%
showing no obvious cytostatic effect in preliminary tests. Culture me-
dium only containing different concentrations of DMSO was added to
the cells in the control wells. Culture medium with the corresponding
concentrations of compounds, but void of cells was used as blank. The
result was measured at 570 nm on a microplate spectrophotometer.

Assays were performed in triplicate in three independent experi-
ments. The concentration required for 50% inhibition of cell viability
(ICsp) was calculated using the software “Dose-Effect Analysis with
Microcomputers”. Data were analyzed using Student un-paired ¢-test.

2.4.3. DNA-binding studies

The interaction of ligand a and complexes b-g with CT DNA had
been studied with UV spectroscopy in order to investigate the possi-
ble binding modes. In UV titration experiments, the spectra of CT
DNA with the presence of compounds a-g have been recorded for a
constant CT DNA concentration and diverse concentrations (0, 20,
40, 60, 80, 100 uM) of compounds a-g.

The competitive properties of each compound with EB have been
investigated by UV and fluorescence spectroscopy in order to exam-
ine the possibility to displace EB from its CT DNA-EB complex. The
CT DNA-EB complex was prepared by adding 20 uM EB and 26 uM
CT DNA in buffer (150 mmol NaCl and 15 mmol trisodium citrate at
pH 7.0). The interaction of ligand a and complexes b-g with the
DNA-EB complex was studied by adding a certain amount of solution
of compounds a-g step by step into the solution of the DNA-EB. The
influence of the addition of each compound to the DNA-EB complex
solution had been obtained by recording the variation of UV or fluo-
rescence emission spectra.

3. Results and discussion
3.1. Synthesis

Pyrogallol and p-hydroxyphenyl acetic acid were used as the raw
materials to obtain ligand a (7, 8, 4/-trihydroxy-isoflavone) by

multi-step reactions: Friedel-Crafts reaction and cyclization reaction.
The corresponding complexes were then synthesized in the presence

of BF3-Et,0, DMF and MeSO,Cl (Fig. 1). The synthesis of complexes
was achieved via titrating a solution of acetate or chloride metal (II)
salt to an ethanol solution of ligand a (pH = 7-8) with high purities
and acceptable yields. Their molecular structures were studied with
the aid of IR, EI-MS, 'H NMR, elemental analysis and melting point
determination.

3.2. Spectroscopic data

Compared with the IR spectra of ligand a, there were evidences for
the coordination between the transition metal ions and ligand mole-
cules. Firstly, the absorption bands of complexes b-g exhibited
strongly downward shifts for the O—-H and C-0-H groups, and
other groups showed extremely slightly shifts. Moreover, the depro-
tonation and coordination were also confirmed by the bands that ran-
ged from 400 to 800 cm ™', attributed to M- O linkages [18,27-32].

The EI-MS of the complexes have been investigated by positive/
negative mass spectrometric measurements. The major structurally
informative molecular ions and fragment ions in the negative-ion
mode of compounds a-g were presented in Table 1. As expected,
the data of molecular ions peak of complexes b-g indicated that
each complex contained one metal ion bound with two molecule li-
gands except complex b contained one metal ion with one molecule
ligand. The appearance of the characteristic cluster of isotopic peaks
of the corresponding metal ion isotopes showed that metal ions
have been successfully coordinated to the ligand a. The intact nega-
tive ion of ligand molecule as a dominant fragment ion appeared at
m/z 268.0. Complexes b and g showed ions obtained by loss of a hy-
droxy, which was observed at m/z 346.8 and 576.3. It is worth to
note that the spectrums of complexes c-g fragment ion which se-
quentially lose a ligand were found at m/z 332.3, 331.3, 325.8,
325.9, 326.6.

The "H NMR spectra of the ligand and complexes have been test-
ed. The resonances of the six complexes are similar, but different
from that of the free ligand. The ligand a showed resonances of
hydrogen atoms in 7, 8, 4’-hydroxyl groups at 9.42, 9.51 and
10.29 ppm. For the corresponding complexes b-g, the resonances of
the 4/, L4’-hydroxyl group protons were found at 10.15, 10.25,
10.36, 10.32, 10.11 and 10.43 ppm respectively, and the signals of
the benzopyran and aromatic protons displayed extremely slightly
shifts either in comparison with ligand a. However, the signals arising
from the 8, L8-hydroxyl groups protons disappear completely,

5 OH

Fig. 1. Scheme of synthesis for compounds b-g by complexation with Se(Il), Zi(II), Cu
(11), Mg(11), Ni(I1) and Co(II).
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Table 1 Table 2
Main EI-MS data of compounds (a-g) (m/z). The MIC of ligand a and its complexes on different microorganisms.®
Compd. EI-MS Calcd. Fragment ions (MS;) Strains  MIC (uM)
a 268.8 (M—1) 270.0 LVFEX DMSO a b c d e f g
b 364.7,363.6 (M+1) 3632 346.8,301.9, 269.9
c 601.1, 602.0, 603.0, 604.0, 605.0 (M—1) 6038 567.9,332.4 ; j: B }ggg gg 1888 B igg B B
d 600.1, 601.0, 602.0 (M —1) 602.0 568.6,331.3,270.2
3 125 500 - + 500 625 125 250 1000
N 592.1,593.2 (M ~1) 2934 3258,2678 4 125 500 500 + 500 125 125 250 1000
f 595.1, 596.1, 597.1 (M—1) 597.1 560.3, 325.9, 268. 8 s 15 500 4 > - 950 =
g 596.0, 597.0 (M —1) 597.4 576.3,326.6,270.1 6 S0 _ > 00 _ B 000 — B

7 500 — 1000 1000 ~— — 1000 — -

8 625 — 1000 125 500 250 250 @ — -

9 + - 1000 125 500 250 250 @ — -
pointing out that the binding oxygen atoms of metal ions belong to 10 + - 1000 — - - 1000 — -
the 8-hydroxyl groups. 1 + - 1000 125 500 — 250 1000 1000

. . 12 + - - 125 — - 500 — -

Fig. 2 shows the results of the long-term UV-visible (UV-VIS) 13 125 — B N B B 1000 — B
study of the ligand and complexes. The UV spectrum of ligand fea- 14 125 — 1000 — _ _ 1000 — _
tured a maximum at 262 nm. Compared with ligand a, the absorption 15 125 - 1000 — - - 250 — -
wavelengths of new complexes (b-g) exhibited red shift. In addition, 16 125 — 500 625 1000 — 250 — -

17 625 — - - - - 1000 — -

it is significant to note that the compounds hardly varied for up to
1 month, meaning that new complexes were stable in DMSO/water
solution.

The data of elemental analysis, IR, EI-MS and 'H NMR spectrum
confirmed that ligand a and metal ions bond at 7, 8-phenolic oxygen
group. The elemental analysis and mass spectrum agreed well with
the formation of 1:2 (metal/ligand) stoichiometry, except compound
b with the formation of 1:1 (metal/ligand) stoichiometry.

3.3. Antibacterial activity of the ligand and its complexes

Ligand a and complexes b-g were evaluated for their in vitro anti-
bacterial activity against representative Gram-positive and Gram-
negative strains using standard techniques [25]. Minimum inhibitory
concentration (MIC) is defined as the concentration of the compound
required to give complete inhibition of bacterial growth and MICs of
the synthesized compounds along with the standard drugs are com-
pared in Table 2.

From Table 2, the following conclusions were obtained: (1)
complexes b and e exhibited good antimicrobial activities against S.
aureus, E. faecalis and especially against S. epidermidis and had great
potential in the exploration of new chemotherapy agents. The other
complexes also had such antibacterial activity, but a little weaker
than complexes b and e. (2) The antibacterial activities of the com-
plexes were better than those of both the ligand a and the starting
metal salts. These provided reasons to believe that antibacterial

0.750
8
= 0.500

0.250

0.000

230.00 300.00 350.00 400. 00

favelength (nm)

Fig. 2. Long-term UV-VIS spectra (\pnax) of complex b in DMSO/water solution during
30 days.

2 LVFX is levofloxacin; 1 is Staphylococcus aureus 701230; 2 is Staphylococcus aureus
701209; 3 is Staphylococcus epidermidis 620206; 4 Staphylococcus epidermidis 619083;
5 is Enterococcus faecalis 616247; 6 Enterococcus faecalis 609230; 7 is Escherichia coli
629119; 8 is Pseudomonas aeruginosa 630266; 9 is Pseudomonas aeruginosa 701218;
10 is Escherichia coli 629247; 11 is Enterococcus faecium 609205; 12 is Klebsiella pneu-
monia 626511; 13 is Klebsiella pneumonia 626238; 14 is Baumanii B5; 15 is Baumanii
B8; 16 is ATCC25923; 17 is ATCC25922. All strains were from the First Affiliated Hospi-
tal of Wenzhou Medical College 2001/01-2009/06 clinical isolates; “—" means the MIC
of compounds is more than 2000 pM; “+” means the MIC of compounds is less than

62.5 uM.

activities of the complexes synthesized do not correlate with the tox-
icity of the metal (II) ions against the bacterial tested.

3.4. Antitumor activities

The ligand a and corresponding complexes (b-g) were tested for
antitumor activities using the MTT assay [26] at concentrations rang-
ing from 0.1 to 600 pM against five different cancer cell lines: human
breast carcinoma cell line (MDA-MB-435), human uterine cervix can-
cer cell line (Hela), human liver cancer cell line (HepG 2), human
colon carcinoma cell line (SW620) and human lung carcinoma cell
line (A 549). The results, expressed as the concentration of the com-
pound required to kill the tumor cell by 50% (ICsp), are listed in
Fig. 3. Cisplatin was used as reference substance.

The screening data revealed that all selected compounds pos-
sessed antitumor activities. It should be noted that MDA-MB-435
and A549 cells showed higher sensitivities to the anti-proliferative ef-
fect of these complexes, while SW620 and HepG 2 cell lines were
found to be more resistant. In A549 and MDA-MB-435 cell lines, it
was shown that complexes b, d and e induced a more than two
times stronger response than ligand a and the positive control cisplat-
in. Moreover, complexes b and e exhibited slightly more effective-
ness, indicating that the described complexes possessed improved
antitumor activity. It is interesting to note that, the ICso values of
complexes b and e are lower than the positive control cisplatin
displayed in Hela cells. In HepG 2 cells, the ICsq values of all com-
plexes exhibited at least three times more effectiveness than that of
the ligand a. Complex ¢ and g exhibited the smallest ICsq values
against the SW620 and MDA-MB-435 cell lines, respectively. All of
these results demonstrated that these newly synthesized complexes
have elevated antiproliferative activities in comparison with ligand
a and corresponding metal ions, and some were even more effective
than the positive control cisplatin.

The experiments showed that selenium and other metal ions can
elevate the antiproliferative activities of ligand a and one of the rea-
sons is probably that the combination between the complexes and
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Fig. 3. Inhibition (ICsp) of complexes a-g against various human cancer cell lines.(*: p<0.05, complexes compared with the ligand a and cisplatin).

cancer DNA may inhibit DNA replication and transcription and induce
cell apoptosis [33-35].

3.5. Interaction with DNA

3.5.1. DNA-binding study with UV spectroscopy

In the case of covalent binding, the labile ligand of the complexes
is replaced by a nitrogen base of DNA such as guanine N7, while the
non-covalent DNA interactions include intercalative, electrostatic
and groove (surface) binding of metal complexes outside of DNA
helix, along major or minor groove [36].

An effective method to examine the binding mode of DNA with
metal complexes is the titration method accompanied with UV
absorption spectroscopy. In general, the binding of an intercalative
molecule to DNA is accompanied by hypochromism and/or significant
red-shift in the absorption spectra due to strong stacking interaction
between the aromatic chromophore of the ligand and DNA base
pairs [37]. Spectroscopic titration of a solution of the compounds
with CT DNA should be performed in order to obtain the possibility
of binding of each compound to CT DNA [38].
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Fig. 4. UV spectra of CT DNA interacted with increasing amounts of complex b. The
arrow shows the intensity changes on increasing the complex concentration ([com-
plex]=0-100 uM). Amax=260 nm.

The UV spectra of the interaction of CT DNA with ligand a and
complexes b-g have been studied for a constant CT DNA concentra-
tion in different compound concentrations. UV spectra of CT DNA in
the presence of ligand a and complexes b-g derived for diverse con-
centrations are shown in Fig. 4. The differences observed in the ab-
sorption spectra of CT DNA with the presence of these compounds,
i.e. the increase of the intensity at Ny,ax =260 nm and the red-shift
of the N\nmax indicate that the interaction of these complexes results
in a direct formation of new complex with double-helical CT DNA.
The absorption intensity at 260 nm increased due to the fact that
the purine and pyrimidine DNA-bases are exposed because of the
binding of the compounds to DNA. These characteristics can be attrib-
uted to an interaction binding mode [39] which causes the variations
of the conformation of DNA [40]. The presence of ligand a does not
provoke any significant variation of the intensity or the position of
the emission band at 260 nm of the CT DNA system, indicating ligand
a cannot bind to CT DNA. Additionally, the red-shift observed for
complexes b-g provided evidences of the stabilization of the CT
DNA. The results derived from the UV titration experiments sug-
gested that all complexes can bind to CT DNA.

3.5.2. Competitive studies with ethidium bromide

A competitive EB binding study has been undertaken with UV-VIS
and fluorescence experiments in order to examine the ability of these
compounds to displace EB from its EB-DNA complex [41,42]. Intense
fluorescence can be observed in the EB-DNA complex due to the
intercalation of the planar phenanthridinium ring between adjacent
base pairs on the double helix [43]. The variations observed in the
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Fig. 5. Fluorescence quenching curves of EB bound to DNA by complex b. The arrow
shows the intensity changes on increasing the complex concentration. \max=>568 nm.
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spectra of EB-DNA are often used for the interaction study between
DNA and other compounds, such as metal complexes [44].

The absorption of the mixture solution of EB, CT DNA and com-
plexes b—g is shown in Fig. 5. The presence of ligand a did not provoke
any significant variations of the intensity or the position of the emis-
sion band at 568 nm of the DNA-EB system, indicating that ligand a
could not displace EB from the DNA-EB complex. On the other
hand, the intensity of the emission band at 568 nm of the DNA-EB
system decreased upon the presence of complexes b-g at diverse
concentrations, indicating that there existed competition between
the complexes and EB in binding to DNA. The observed quenching
of DNA-EB fluorescence for complexes b-g suggested that they dis-
placed EB from the DNA-EB complexes and these complexes and CT
DNA were probably interactive [20,45].

4. Conclusions

The synthesis of ligand 7, 8, 4’-trihydroxy-isoflavone (a) and six
new complexes (b-g) have been achieved. All compounds were char-
acterized by IR, '"H NMR, mass spectroscopy and elemental analysis.

The bacteriostatic activities of 7, 8, 4’-trihydroxy-isoflavone and
its metal complexes were studied. The results showed that the com-
plexes possessed selective inhibition on some kind of bacteria and
broad-spectrum antibacterial activity, which indicated that the bacte-
riostatic activities of these complexes were positively related to the
concentrations, and the metal complexes commonly possessed higher
activities than 7, 8, 4’- trihydroxy-isoflavone.

All of the investigated compounds were tested for in vitro antitu-
mor activities against five human cancer cell lines: MDA-MB-435,
Hela, HepG2, SW620 and A549. The results showed that these com-
plexes displayed effective anti-tumor activities on those cancer cell
lines, especially SW620 and A549. Complexes b and e possessed
greater activity and selectivity than the other described complexes
in the antitumor action against the selected cancer cell lines.

The interactions of 7, 8, 4’-trihydroxy-isoflavone and its com-
plexes with CT DNA were studied by fluoroscopy and ultraviolet spec-
troscopy methods. The results showed that in the presence of these
compounds the absorption of CT DNA increased and the maximum
peak (Amax =260 nm) red-shifted while the intensity of fluorescence
spectra of EB-DNA gradually weakened, which consequently indicat-
ed that all of these complexes had tighter combined with CT DNA.

Comparing with other metal-natural compound complexes
[17,18], these compounds exhibited dose-dependent growth inhibi-
tory effects in some cancer cell lines as well. Moreover, a synergistic
enhancement was shown in the antiproliferative activities upon
metal conjugation compared to their corresponding parent ligand as
well as to the positive control. All of these results would be important
to evidence the novelty of these compounds with respect to other
findings.

Abbreviations
CT DNA calf-thymus deoxyribonucleic acid
EB DNA Epstein-Bart deoxyribonucleic acid

UV-VIS Ultraviolet-visible spectroscopy

EI-MS  electron ionization mass spectrum

CFU colony-forming units

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

MIC minimal inhibitory concentration

Acknowledgment

The authors would like to thank Dr. Hong-Chang Gao for technical
assistance in the 'H NMR analysis work and Dr. Tao Wei for the

calculations of the complex structures. This work was supported
by Zhejiang Province Extremely Key Subject Building Funding
“Pharmacology and Biochemical Pharmaceutics 2008”.

Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.jinorgbio.2011.08.019.

References

[1] M.J. Hannon, Pure and Applied Chemistry 79 (2007) 2243-2261.

[2] P.C.A. Bruijnincx, PJ. Sadler, Current Opinion in Chemical Biology 12 (2008)
197-206.

[3] CX.Zhang, SJ. Lippard, Current Opinion in Chemical Biology 7 (2003) 481-489.

[4] I Kostova, Current Medicinal Chemistry 13 (2006) 1085-1107.

[5] P.K. Maier, H. Kopf, E.W. Neuse, Journal of Cancer Research and Clinical Oncology
108 (1984) 336-340.

[6] L Ott, B. Kircher, P. Schumacher, K. Schmidt, R. Gust, Journal of Medicinal Chem-
istry 48 (2005) 622-629.
[7] N.V. Loginova, T.V. Koval'chuk, G.I. Polozov, N.P. Osipovich, P.G. Rytik, LL

Kucherov, A.A. Chernyavskaya, V.L. Sorokin, O.I. Shadyro, European Journal of Me-

dicinal Chemistry 43 (2008) 1536-1542.

D.P. Singh, R. Kumar, J. Singh, European Journal of Medicinal Chemistry 44 (2009)

1731-1736.

[9] R.S.Hoonur, B.R. Patil, D.S. Badiger, R.S. Vadavi, K.B. Gudasi, P.R. Dandawate, M.M.
Ghaisas, S.B. Padhye, M. Nethaji, European Journal of Medicinal Chemistry 45
(2010) 2277-2282.

[10] W. Chen, S.F. Sun, W. Cao, Y. Liang, ]. Song, Journal of Molecular Structure 918
(2009) 194-197.

[11] R. Shukla, V. Barve, S.P.R. Bhonde, BioMetals 19 (2006) 685-693.

[12] S.B. Bukhari, S. Memon, M. Mahroof, T.M.I. Bhanger, Journal of Molecular Struc-
ture 892 (2008) 39-46.

[13] S.P. Verma, B.R. Goldin, Nutrition and Cancer 30 (1998) 232-239.

[14] W.A. Fritz, L. Coward, ]. Wang, C.A. Lamartiniere, Carcinogenesis 19 (1998)
2151-2158.

[15] G.M. Saxena, T.R. Seshadri, F.A. Sc, Proceedings Mathematical Sciences 46 (1957)
218-223.

[16] RR. Priya, K.G. Kumar, M.C. Narayanan, Asian Journal of Scientific Research 1
(2008) 176-179.

[17] V. Barve, F. Ahmed, S. Adsule, S. Banerjee, S. Kulkarni, P. Katiyar, C.E. Anson, A.K.
Powell, S. Padhye, F.H. Sarkar, Journal of Medicinal Chemistry 49 (2006)
3800-3808.

[18] X. Chen, LJ. Tang, Y.Na. Sun, P.H. Qiu, G. Liang, Journal of Inorganic Biochemistry
104 (2010) 379-384.

[19] Q.L. Zhang, ].G. Liu, H. Chao, G.Q. Xue, L.N. Ji, Journal of Inorganic Biochemistry 83
(2001) 49-55.

[20] F.Bisceglie, M. Baldini, M. Belicchi-Ferrari, E. Buluggiu, M. Careri, G. Pelosi, S. Pine-
11i, P. Tarasconi, European Journal of Medicinal Chemistry 42 (2007) 627-634.

[21] A. Rahman Shahabuddin, S.M. Hadi, J.H. Parish, K. Ainley, Carcinogenesis 10
(1989) 1833-18309.

[22] M.S. Ahmed, V. Ramesh, V. Nagaraja, J.H. Parish, S.M. Hadi, Mutagenesis 9 (1994)
193-197.

[23] A.A. Christy, J.E. Rvedt, T.V. Rarstang, Review of Scientific Instruments 59 (1988)
423-426.

[24] W.J. Geary, Coordination Chemistry Reviews 7 (1971) 81-122.

[25] National Committee for Clinical Laboratory Standards, Performance Standards for
Antimicrobial Susceptibility Testing: 11th Informational Supplement, 21, Nation-
al Committee for Clinical Laboratory Standards, Wayne, PA, 2001, M100-S11.

[26] T. Mosmann, Journal of immunological methods 65 (1983) 55-63.

[27] S. Dowling, F. Regan, H. Hughes, Journal of Inorganic Biochemistry 104 (2010)
1091-1098.

[28] LF. Jin, F.P. Xiao, G.Z. Cheng, Inorganic Chemistry Communications 9 (2006)
758-760.

[29] S.B. Bukhari, S. Memona, M.M. Tahir, Journal of Molecular Structure 892 (2008)
39-46.

[30] S.B. Bukharia, S. Memon, M.M. Tahir, Spectrochimica Acta A 71 (2009)
1901-1906.

[31] Wei Luo, Xiang-Gao Meng, Gong-Zhen Cheng, Inorganica Chimica Acta 362
(2009) 551-555.

[32] Wei Luo, Xiang-Gao Meng, Feng-Ping Xiao, Polyhedron 27 (2008) 1802-1808.

[33] B.X. Ren, X.G. Zhou, Medicine Journal (China) 9 (2003) 651-653.

[34] J.K. Buolamwini, Current Pharmaceutical Design 6 (2000) 379-392.

[35] K. Collins, T. Jacks, N.P. Pavletich, Proceedings of the National Academy of
Sciences of the United States of America 94 (1997) 2776-2778.

[36] B.M. Zeglis, V.C. Pierre, JK. Barton, Chemical Communications 10 (2007)
4565-4579.

[37] T.M. Kelly, A.B. Tossi, D.J. McConnell, T.C. Strekas, Nucleic Acids Research 13
(1985) 6017-6034.

[38] H.Chao, W.J. Mei, Q.W. Huang, L.N. Ji, Journal of Inorganic Biochemistry 92 (2002)
165-170.

[39] A.M. Pyle, ].P. Rehmann, R. Meshoyrer, C.V. Kumar, N,J. Turro, ].K. Barton, Journal
of the American Chemical Society 111 (1989) 3053-3063.

8



L.-J. Tang et al. / Journal of Inorganic Biochemistry 105 (2011) 1623-1629 1629

[40] Y.M. Song, Q. Wu, PJ. Yang, N.N. Luan, L.F. Wang, Y.M. Liu, Journal of Inorganic [43] C.G. Reihardt, T.R. Krugh, Biochemistry 17 (1978) 4845-4854.

Biochemistry 100 (2006) 1685-1691. [44] G.H.Zhao, HK. Lin, S.R. Zhu, HW. Sun, Y.T. Chen, Journal of Inorganic Biochemis-
[41] A.Dimitrakopoulou, C. Dendrinou-Samara, A.A. Pantazaki, M. Alexiou, E. Nordlander, try 70 (1998) 219-226.

D.P. Kessissoglou, Journal of Inorganic Biochemistry 102 (2008) 618-628. [45] O. Novakova, H. Chen, O. Vrana, A. Rodger, P.J. Sadler, V. Brabec, Biochemistry 42
[42] K. Jiao, Q.X. Wang, W. Sun, F.F. Jian, Journal of Inorganic Biochemistry 99 (2005) (2003) 11544-11554.

1369-1375.



	Synthesis and biological studies of 4′, 7, 8-trihydroxy-isoflavone metal complexes
	1. Introduction
	2. Experimental
	2.1. Materials and methods
	2.2. Synthesis of ligand 7,8,4′-trihydroxy-isoflavone, a
	2.3. Synthesis of complexes
	2.4. Biological studies
	2.4.1. Antibacterial activity
	2.4.2. Antitumor screening studies
	2.4.3. DNA-binding studies


	3. Results and discussion
	3.1. Synthesis
	3.2. Spectroscopic data
	3.3. Antibacterial activity of the ligand and its complexes
	3.4. Antitumor activities
	3.5. Interaction with DNA
	3.5.1. DNA-binding study with UV spectroscopy
	3.5.2. Competitive studies with ethidium bromide


	4. Conclusions
	Acknowledgment
	Appendix A. Supplementary data
	References


