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Chemotherapy using metal coordination compounds for cancer treatment is the work of the ongoing research.
Continuing our research on the improvement of the anticancer activity of natural flavonoids by metal complex-
ation, a coordination compound of the natural antioxidant flavone luteolin (Iut) and the oxidovanadium(IV) cat-
ion has been synthesized and characterized. Using different physicochemical measurements some structural
aspects of [VO(lut)(H,0),]Na-3H,0 (VOlut) were determined. The metal coordinated to two cis-deprotonated
oxygen atoms (ArO ™) of the ligand and two H,0 molecules. Magnetic measurements in solid state indicated

fﬁ{gjﬁ B the presence of an effective exchange pathway between adjacent vanadium ions. VOlut improved the antioxidant
Oxidovanadium(IV) complexes capacity of luteolin only against hydroxyl radical. The antitumoral effects were evaluated on MDAMB231 breast
Magnetic properties cancer and A549 lung cancer cell lines. VOlut exhibited higher viability inhibition (ICso = 17 pM) than the ligand
Mechanisms of cytotoxic action on MDAMB231 cells but they have the same behavior on A549 cells (ca. ICso = 60 pM). At least oxidative stress
BSA binding processes were active during cancer cell-killing. When metals chelated through the carbonyl group and one ad-

jacent OH group of the flavonoid an effective improvement of the biological properties has been observed. In
VOlut the different coordination may be the cause of the small improvement of some of the tested properties
of the flavonoid. Luteolin and VOIut could be distributed and transported in vivo. Luteolin interacted in the micro-
environment of the tryptophan group of the serum binding protein, BSA, by means of electrostatic forces and its
complex bind the protein by H bonding and van der Waals interactions.

© 2016 Elsevier Inc. All rights reserved.

The antioxidant properties of flavonoids are widely acknowledged.
The two classical antioxidant structural features of flavonoids are the

1. Introduction

Flavonoids are a broad class of low molecular weight phenolic com-
pounds, plant secondary metabolites that are widely distributed in the
leaves, seeds, bark and flowers of plants [1]. To date, more than 6000
flavonoids have been identified, although a much smaller number is im-
portant from a dietary point of view. Flavonoids consist of two benzene
rings (A and B), which are connected by an oxygen containing pyrene
ring (C) (Fig. 1). Those flavonoids that contain a hydroxyl group at C-3
position of the C ring are classified as 3-hydroxyflavonoids (flavonols,
anthocyanidins, leucoanthocyanidins, and catechins), and those lacking
this group are called 3-deoxyflavonoids (flavanones and flavones) [2].

Luteolin (3,4’,5,7-tetrahydroxyflavone, lut) (Fig. 1), abundant in
celery, green pepper, parsley, perilla leaf and chamomile tea beets, cab-
bage, cauliflower and olive oil, is one of the most common flavones [3].
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presence of a B-ring catechol group and a C2-C3 double bond and the
presence of a free 3-OH group in conjugation with a cabonyl group at
C4; the first serves to donate hydrogen/electron to stabilize a radical
species and the second serves to bind transition metal ions such as
iron and copper. Because luteolin and some of its glycosides fulfill
these two structural requirements, it is not surprising that many
luteolin-containing plants possess antioxidant properties [4].
Experimental data indicate that luteolin may prevent diabetes, car-
diovascular and neurodegenerative diseases and shows anti-allergic ac-
tivity in vitro and in vivo [4]. Also, potent anticancer effects have already
been shown for luteolin in several studies. Luteolin inhibited the effects
of tyrosine kinase involved in tumor cell proliferation and it is a possible
uncompetitive inhibitor of N-acetyltransferase activity in human blad-
der cancer [5]. Moreover, this flavone inhibited the development of a se-
ries of solid tumors (colonic HT-29, HCT116, hepatic HepG2, SK-Hep-1,
PLC/PRF/5, Hep3, cervical Hela, oral SCC-4) [6]. Shih et al. demonstrated
that luteolin inhibited human breast cancer cell (MDAMB231)
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Fig. 1. Composition of luteolin and positioning of functional groups.

proliferation through inhibition of cell surface nicotine receptors [7] and
on human leukemia cell lines (HL-60 cells) luteolin induced apoptosis
by activation of the mitochondrial pathway [5]. Moreover, it was report-
ed that luteolin and its structurally related flavonoid, apigenin, induced
cell death on a variety of breast cancer cell lines (MDAMB231, SKBr3,
MCF7, BT-474, and ZR75 cell lines) [8].

On the other hand, the success of cisplatin and its derivatives as
anticancer agents has stimulated the development of metal-based com-
pounds with flavonoids [9]. Oxidovanadium(IV) complexes with differ-
ent flavonoids have been shown to have antioxidant and anticancer
properties [10-18]. With the aim of ongoing the study of the
relationship between the structure of the flavonoids and their
oxidovanadium(IV) complexes with their activity, we have synthesized
a VO(IV)-luteolin complex, [VO(lut)(H,0),]Na-3H,0 (VOlut), with a
different composition than the earlier synthesized compound,
[VO(lut),] [19]. Structural information has been obtained using differ-
ent physicochemical measurements both in solution and in solid state.
Their antioxidant properties were analyzed in vitro and their anticancer
effects on different cell lines have been evaluated. Mechanistic studies
allow the determination that oxidative stress may be one of the causes
of their deleterious effects on the breast MDAMB231 and lung A549
cancer cell lines. Their bovine serum albumin (BSA) binding properties
have also been evaluated.

2. Materials and methods
2.1. Materials and measurements

Luteolin (Nanjing Zelang Medical Technology Co., Ltd.) and
oxidovanadium(IV) chloride (50% aqueous solution, Carlo Erba) were
used as supplied. Corning or Falcon provided tissue culture mate-
rials. Dulbecco's modified Eagle's medium (DMEM), and trypsin-
ethylenediaminetetraacetic acid (EDTA) were purchased from Gibco
(Gaithersburg, MD, USA), Tryple™ from Invitrogen (Argentina SRL)
and fetal bovine serum (FBS) from GibcoBRL (Life Technologies,
Germany). All other chemicals used were of analytical grade.
Endotoxin-free Roswell Park Memorial Institute culture medium
(RPMI) was purchased from Sigma-Aldrich (St Louis, MO).

Elemental analysis for carbon and hydrogen was performed using a
Carlo Erba EA1108 analyzer. Vanadium content was determined by the
tungstophosphovanadic method [20]. Thermogravimetric analysis was
performed with Shimadzu systems (model TG-50), working in an oxy-
gen flow of 50 mL-min~"' and at a heating rate of 10 °C-min~"'. Sample
quantities ranged between 10 and 20 mg. UV-vis spectra determina-
tions were recorded with a Hewlett-Packard 8453 diode-array spectro-
photometer. The diffuse reflectance spectrum was recorded with a
Shimadzu UV-300 spectrophotometer, using MgO as a standard. Infra-
red spectra were measured with a Bruker IFS 66 FTIR spectrophotome-
ter from 4000 to 400 cm ™~ ! using the KBr pellet technique. A Bruker
ESP300 spectrometer operating at the X-band and equipped with stan-
dard Oxford Instruments low-temperature devices (ESR900/ITC4) was
used to record the spectrum of the complex at room temperature in

the solid state. Anisotropic X band EPR spectra of frozen solutions
were recorded at 150 K, after addition of 5% DMSO to ensure good
glass formation. A computer simulation of the EPR spectra was per-
formed using the program WINEPR SimFonia (version 1.25, Bruker
Analytische Messtecnik, 1996). Magnetic susceptibility measurements
on polycrystalline samples were performed in the temperature range
of 5-300 K with a Quantum Design MPMS-7 superconducting quantum
interference device magnetometer and using an applied field of 0.1 T.
Diamagnetic corrections of the constituent atoms were estimated
from Pascal's constants.

Fluorescence spectra were obtained using a Perkin Elmer
(Beaconsfield, UK) LS-50B luminescence spectrometer equipped with
a pulsed xenon lamp (half peak height less than 10 ps, 60 Hz), an
R928 photomultiplier tube, and a computer working with FLWinlab.

2.2. Synthesis of [VO(lut)(H>0),]Na-3H,0 (VOlut)

Luteolin (1 mmol) was mixed with VOCl, (50% aqueous solution,
0.5 mmol) in absolute ethanol (20 mL). The pH value was adjusted to
5.0 by NaOH (1 M) addition. After refluxing for 3 h a dark green solid
was obtained. The suspension was filtered off and the solid was washed
three times with absolute ethanol and dried in an oven at 60 °C. Anal.
calcd. for C;5Hy7,0¢2VNa: C, 38.9; H, 3.6; V, 11,0. Na, 5.0. Exp.: C, 38.7;
H, 3.7; V, 10.8; Na, 5.1%. UV-vis data for 1:1 V(IV)O?™ to luteolin ratio,
PH 5, Njax (DMSO) 554 nm (g, 176 M~ '-cm™ '), >800 nm. Thermogra-
vimetric analysis (TGA) (oxygen atmosphere, velocity, 50 mL min~!): in
a first step (71 °C) the three water hydration molecules are lost (AQcy.
11.7, AQfoung 11.6%). The two coordinated water molecules are lost at
higher temperature (268 °C, AQcaic. 7.8, AQgouna 7.7%) The final residue
up to 900 °C was characterized by infrared spectroscopy as NaVOs. The
weight of the final residue was in agreement with the theoretical value
(25.4%). Diffuse reflectance spectrum after deconvolution: 427 nm,
608 nm, and 796 nm.

2.3. Spectrophotometric titrations and stability studies

In order to establish the stoichiometry of the complex the molar
ratio method was applied. A methanol-water solution (50% v/v) of
luteolin (4 x 10~> M) was prepared and its electronic spectrum record-
ed. The absorption spectra of different methanolic solutions (50%) of
4 % 10~° M luteolin and VOCI, in ligand-to-metal molar ratios from
10 to 0.5 (pH 5.0, maintained by the addition of NaOH) were measured.
Plots of the absorbance of each solution at 404 nm vs. the ligand-to-
metal ratios allow the stoichiometric determinations. Stability studies
have been performed measuring the variation of the VOlut electronic
absorption spectra with time. The dissolution of the complex was
performed in DMSO, under nitrogen atmosphere.

2.4. Antioxidant properties

24.1. Superoxide dismutase assay

The superoxide dismutase (SOD) activity was examined indirectly
using the nitroblue tetrazolium (NBT) assay. The indirect determination
of the activity of luteolin and the VOlut was assayed by their ability to
inhibit the reduction of NBT by the superoxide anion generated by the
phenazine methosulfate (PMS) and reduced nicotinamide adenine di-
nucleotide (NADH) system. As the reaction proceeded, the formazan
color developed and a change from yellow to blue was observed
which was associated with an increase of the intensity of the band at
560 nm in the absorption spectrum. The system contained 0.5 mL of
sample, 0.5 mL of 1.40 mM NADH and 0.5 mL of 300 uM NBT, in 0.1 M
KH,PO4-NaOH buffer (pH 7.5). After incubation at 25 °C for 15 min,
the reaction was started by adding 0.5 mL of 120 uM PMS [21]. Then,
the reaction mixture was incubated for 5 min. Each experiment was
performed in triplicate and at least three independent experiments
were performed in each case. The amount of luteolin or VOlut that
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gave a 50% inhibition (ICso) was obtained by plotting the percentage of
inhibition versus the negative log of the concentration of the tested
solution.

2.4.2. 1,1-Diphenyl-2-picrylhydrazyl assay

The antiradical activity of luteolin and VOlut was measured in tripli-
cate using a modified method of Yamaguchi et al. [22]. A methanolic
solution of 1,1-diphenyl-2-picrylhydrazyl radical (DPPH®) (4 mL,
40 ppm) was added to 1 mL of the antioxidant solutions in 0.1 M
tris(hydroxymethyl )Jaminomethane-HCl buffer (pH 7.1) at 25 °C, giving
a final concentration of 10 pM. After 60 min in the dark, the absorbance
at 517 nm was measured and compared with the absorbance of the con-
trol prepared in a similar way without the addition of the antioxidants
(this value was assigned arbitrarily as 100%).

2.4.3. Scavenging of the hydroxyl radical

Hydroxyl radicals were generated by the ascorbate-iron-H,0, sys-
tem. Briefly, the reaction mixture contained 3.75 mM 2-deoxyribose,
2.0 mM H,0,, 100 uM FeCls, and 100 uM EDTA without or with the test-
ed compounds in 20 mM KH,P04-KOH buffer, pH 7.4. The reaction was
triggered by the addition of 100 uM ascorbate and the mixture was in-
cubated at 37 °C for 30 min. Solutions of FeCls, ascorbate, and H,0,
were made up in deaerated water immediately before use. The extent
of deoxyribose degradation by hydroxyl radical was measured with
the thiobarbituric acid method [23,24].

2.4.4. Inhibition of peroxyl radical

Peroxyl radicals were generated by the thermal decomposition of
2,2-azobis (2-amidinopropane) dihydrochloride (AAPH) [24]. AAPH
was chosen due to its ability to generate free radicals at a steady rate
for extended periods of time (half life of 175 h). The consumption of
pyranine was followed spectrophotometrically by the decrease in
absorbance at 454 nm with a thermostated cell at 37 °C. The reaction
solutions contained AAPH (50 mM), pyranine (50 pM) and several con-
centrations of the tested compounds. The delay of pyranine consump-
tion (lag phase) was calculated as the time before the consumption of
pyranine started (notable reductions in absorbance) [25].

2.5. Biological assays

2.5.1. Cell culture

A549 human lung cancer cell line was obtained from ABAC
(Argentinean Cell Bank Association INEVH, Pergamino, Buenos Aires,
Argentina). DMEM supplemented with 100 U-mL~"' penicillin,
100 pg-mL~! streptomycin and 10% (v/v) fetal bovine serum was
used as the culture medium. When 70-80% confluence was reached,
cells were sub-cultured using TrypLE™ from Gibco (Gaithersburg, MD,
USA), free phosphate buffered saline (PBS) (11 mM KH,PO4, 26 mM
Na;HPOg4, 115 mM NaCl, pH 7.4). MDAMD231 human breast cancer
cell lines were obtained from HPA Culture Collection (Salisbury,
United Kingdom). The cell line was cultured in endotoxin-free RPMI
medium supplemented with 10% FBS, and 100 U-mL~! penicillin and
100 pg-mL~ ! streptomycin. Cultures were maintained at 37 °C in a hu-
midified atmosphere with 5% CO, and passaged according to the
manufacturer's instructions. For experiments, cells were grown in
multi-well plates. When cells reached 70% confluence, the monolayers
were washed twice with medium and then incubated with the different
compounds.

2.5.2. Crystal violet assay

The compounds were dissolved in DMSO just before the experiment
and a calculated amount of these solutions was added to the growth
medium containing cells at a final DMSO concentration of 0.5% which
had no discernible effect on cell-killing. The growth inhibitory effect to-
wards the cancer A549 cell line was evaluated by means of the crystal
violet bioassay. Briefly, 2.0 x 10* cells/well were seeded in 48-well

microplates in growth medium (500 pL) and then incubated at 37 °C
in a 5% carbon dioxide atmosphere. After 24 h, the medium was re-
moved and replaced with a fresh one containing the compounds to be
studied at the appropriate concentration. Triplicate cultures were
established for each treatment. After 24 h, each well was stained with
crystal violet and washed to remove the excess of dye. The crystal violet
taken up by the cells was extracted with the buffer and the inhibition of
cell growth induced by the tested compounds was detected by measur-
ing the absorbance of each well at 540 nm. Mean absorbance for each
drug dose was expressed as a percentage of the control untreated well
absorbance and plotted vs. drug concentration.

Intracellular reactive oxygen species (ROS) generation in the A549
cell line was measured by oxidation of DHR to rhodamine. Cells were in-
cubated during 30 min at 37 °Cin 1.5 mL of PBS buffer alone (basal con-
dition) or with the compounds in the presence of 10 mM DHR. Media
were separated and the cell monolayers rinsed with PBS and lysated
into 1 mL 0.1% Triton-X100. The cell extracts were then analyzed for
the oxidized product rhodamine by fluorescence spectroscopy (excita-
tion wavelength, 500 nm; emission wavelength, 536 nm), using a
Perkin-Elmer LS 50B spectrofluorometer. Results were corrected for
protein content, which was assessed by the method of Bradford [26].

In order to evaluate the morphology of the cells, they were grown in
six well/plates and incubated overnight with fresh serum-free DMEM
plus O (basal), 50 and 100 pM solutions of the complex. The monolayers
were subsequently washed twice with PBS, fixed with methanol and
stained with 1:10 dilution of Giemsa for 10 min. Next, they were
washed with water and the morphological changes were examined by
light microscopy.

2.5.3. MTT assay

Stock complex solutions were prepared by dissolving of compounds
in DMSO with a manipulation time of 15 min. Breast cancer cells were
seeded at a density of 5000 cells/well in 96 well plates, grown overnight
and treated with either vehicle, luteolin, VOlut and oxidovanadium(IV)
of different concentrations in FBS free medium. The dissolution vehicle,
DMSO0, yield a maximum final concentration of 0.5% in the treated well.
After 24 h of incubation, 3-(4,5-methyl-thiazol-2-yl)-2,5diphenyl tetra-
zolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO) was added at
100 pg/well for 2 h. The formazan products generated by cellular reduc-
tion of MTT were dissolved in DMSO and the optical density was mea-
sured at 560 nm using Sinergy 2 Multi Mode Microplater reader
Biotek (Wisnooski, USA). All experiments were done in triplicate. Data
were presented as proportional cell viability (%) by comparing the treat-
ed group with the untreated cells (control) in which the viability is as-
sumed to be 100%.

For the high content analysis image assay the cancer cells were seed-
ed at a density of 5000 cells/well in a collagen-coated 96 well plate and
stained with fluorescent probes (Invitrogen, Life Technologies, Madrid,
Spain) during 30 min: tetramethyl rhodamine methyl ester (TMRM)
50 uM for the measurement of mitochondrial depolarization related to
cytosolic Ca?™ transients and 5-(and-6)-chloromethyl-2,7,dichlorodi
hydrofluorescein diacetate acetyl ester (CMH2DCFDA) 1 uM for the de-
termination of reactive oxygen species production (ROS). After 30 min
cells were treated with 10 uM concentration of luteolin, VOlut and
oxovanadium(IV) during 24 h. Some cells received 100 uM H,0-, as pos-
itive control for ROS and TMRM measurement. Image acquisition was
performed using a Becton Dickinson Pathway plate imager with a 10x
Olympus Objective. The excitation/emission filters for each probe
were: 488/10 nm and 515 LP nm (ROS) and 555/28 nm and 647/
78 nm (TMRM). Using specific AttoVision (BD) software algorithms,
the mean intensity of each Region of Interest (ROI) was analyzed.
Then cells were fixed with 3% of paraformaldehyde for 30 min at
room temperature and permeabilized in 1% SDS for 10 min. Non-
specific binding was blocked for 1 h with 4% BSA in PBS buffer and
then the cells were incubated with 2 pg-mL™' mouse monoclonal
H2AX (Abcam, Cambridge, United Kingdom) for 1 h at room
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temperature. Further wash steps removed unbound antibody prior to
the addition of the secondary Alexa 633 goat anti-mouse antibody. Im-
ages of the number of cells with DNA damage were acquired on a BD
Pathway™ Bioimager. Before the probes addition, conditioned medium
from each well was collected for lactate dehydrogenase (LDH) assay.
This assay was performed according to the manufacturer's protocol.
LDH release to the culture medium was determined using a Sinergy 2
Multi Mode Microplater reader Biotek (Wisnooski, USA) at 340 nm.
The results are expressed as the mean + the standard error of the mean.

Mitotic arrest staining was determined by immunohistochemistry
(IHC). Cells were fixed directly with 16% paraformaldehyde for a
final concentration of 4% during 15 min. After the fixation step the sam-
ples were washed three times with PBS and permeabilized with
PBS + 0.1% triton for 15 min. The samples were then blocked with
PBS + bovine serum albumin (0.3%) for 15 min and finally anti-
phospho-H3 polyclonal antibody (Life Technologies, Carlsbad, CA,
USA) were added at 1/500 in PBS + 0.3% BSA for 60 min at room tem-
perature. After three washing steps, 4’,6-diamidino-2-phenylindole
(DAPI) and the secondary antibodies Alexa 488 (Life Technologies,
Carlsbad, CA, USA) were added at 1/500 for 60 min to react against
the primary antibody. The samples were then washed three times and
measured in the Pathway 855 automated fluorescent microscope.

Statistical differences were analyzed using the analysis of variance
method (ANOVA) followed by the test of least significant difference
(Fisher).

2.6. Fluorescence quenching measurements

BSA was dissolved in Tris-HCl (0.1 M, pH 7.4) buffer to attain a final
concentration of 6 pM. Luteolin, oxidovanadium(IV) cation and VOlut,
were added dropwise to the BSA solution and left to rest to ensure the
formation of homogeneous solutions with concentrations ranging
from 2 to 100 puM. The fluorescence intensity was measured (excitation
at 280 nm and emission at 348 nm) at 298,303 and 310 K. For each sam-
ple and concentration, three independent replicates were performed.
The measurements were carried out on a Perkin-Elmer LS-50B lumines-
cence spectrometer (Beaconsfield, England) equipped with a pulsed
xenon lamp (half peak height less than 10 ps, 60 Hz), an R928
photomultiplier tube and a computer working with FLWinLab software.
Both excitation and emission slits were set at 10 nm throughout this
study.

3. Results and discussion
3.1. Solid characterization of the complex

3.1.1. Vibrational spectroscopy

FT-IR spectrum data of luteolin and its oxidovanadium(IV) complex
in KBr were compared in Table 1. The assignments were performed ac-
cording to previous reports on flavonoids and luteolin [27-31] and by
comparison with the previously investigated oxidovanadium(IV) flavo-
noid complexes [10,12]. In the region 4000-2400 cm™ ' the broad band
observed for luteolin is indicative of the H-bonding generated between
the C=0 and 5-OH group. Upon complexation and or deprotonation
this pattern changes and the bands due to the phenolic group
stretchings, v(O-H), diminish their intensity.

The C=0 stretching band at 1650 cm™ ! remained unchanged upon
complexation although its intensity was reduced, indicating that the
carbonyl group was not involved in the complex formation. The bands
assigned to C=C and C2=C(3 and to C=C (ring C) stretchings appeared
at the same wavenumbers for both the ligand and the complex and
then, the interaction of the metal through the A and C rings of the ligand
could be discarded. The interaction of VO(IV) with the 3’- and 4’-
deprotonated OH groups of luteolin has been determined by the vibra-
tional analysis of the FTIR spectra: a) the absorption band of luteolin at
1512 cm™! (assigned to the stretching of the aromatic ring B) has been

Table 1
Assignment of the main bands of the infrared spectra of luteolin and its
oxidovanadium(IV) complex, VOlut (band positions in reciprocal centimeters).

luteolin VOlut Assignments

3387 br 3420 br v(0-H)water
3090 vs br 3194 sbr,3082 mbr v(O-H)phenol
2970 br v(C-H)
2923 br 2924 sh v(C-H)
2862 br v(C-H)
2721 br v(C-H) see text
2632 br v(C-H)
2334 br
1650 vs 1650 m v(C=0)
1618 vs 1623 vs v(C=0), v(C2=C3), ring A quinoid str
1587 s 1576 s v(C=C), ring C
1512 vs 1515sh ip(CH), v(C=C)

1486 m
1444 m 1435 m & (70H), &;p, (C8H)
1369 vs Ring A, C trigonal str, §(50H), 6(70H), v(C-OH)
1309 m 1353 m vC4’-0H, vC3'-OH
1258 m 1260 ms v(C-0-C), v(C-0H)
1168 m 1172 m v(C-OH) v(C-0-C)
1125m 1126 br v(C-0), 6 (C-H arom)
1032m 1038 m Bip(CH)
997 sh dop(CH)
947 w 947 w

925 sh v(V=0)

Relative intensities of the bands: vs: very strong, s: strong, m: medium, w: weak, sh: shoul-
der, br: broad.

splitted into two components in VOlut and b) the band at 1309 cm ™!
assigned to the C4’-OH stretching shifted to higher wavenumbers indi-
cating an increase in the C-0 bond order, which is normally observed
when metal coordination involves the deprotonated ortho-phenolic
(OH) groups on the B-ring of flavonoids [31]. The absorption peaks at
1258 cm~ ! and 1168 cm™ ! in luteolin are due to the combination of
C-0 and C-0O-C stretching vibration modes and remained unchanged
in the oxidovanadium(IV) complex, indicating that the etheric oxygen
atom was excluded from involvement in the metal coordination. The
V=0 stretching vibration is observed as a shoulder of the weak vibra-
tional band of the ligand at 947 cm™ !, and at relatively low frequencies
(925 cm™ '), suggesting that the interaction of the V=0 cation with the
deprotonated OH-groups generates a resonance with ring B with a
lengthening of the V=0 bond. This wavelength value for the
oxidovanadium(IV) ion is typical for mono- and disaccharide com-
plexes with cis-deprotonated OH coordination [32,33]. This “mono-
catechol-like” coordination mode has previously been predicted
for luteolin and determined for fisetin at pH values lower than 6.5
in a previous study on the coordination modes and geometry of
oxidovanadium(IV) complexes with flavonoids in solution [34]. The
following EPR studies concur with the FTIR determinations.

3.1.2. Electron paramagnetic resonance (EPR) and magnetic behavior

The EPR spectra were obtained working with the microcrystalline
powder in the temperature range from 298 K to 10 K. The spectrum of
the complex at room temperature displays two signals (Fig. 2A), the
typical of an isolated VVO axial moiety and the other wider and weak.
At lower temperatures it can be seen that the main envelope remained
unchanged with the narrowing of the band but it also showed the disap-
pearance of the wide signal. Thus, this absorption pattern should corre-
spond to a compound with strong antiferromagnetic interactions. The
main EPR signal shows the typical eight-line pattern spectrum for
VIVO systems. The experimental spectrum has been simulated and the
fitted spectrum showed good concordance with it (Fig. 2B).

The calculated spin Hamiltonian parameters were g; = 1.943
and g, = 1.974 and the hyperfine coupling constants were Ay =
168 x 1074 cm~'and A, = 65 x 1074 cm ™! (g0 = 1.963, Aiso =
99.33 x 10~ % cm™!). An empirical additivity relationship introduced
by Chasteen [35] has frequently been used to determine the identity
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T
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H (Gauss)

)]
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Fig. 2. (A) EPR polycrystalline spectrum (X-band, 9.399 GHz) at room temperature (RT)
and 10 K. (B). Experimental (solid line, room temperature) and calculated (dotted dash
line) EPR spectrum of the complex measured at X-band (9.495 GHz).

of the equatorial ligands in VO(IV) complexes: A, = >_ nmiA,; (n; is the
number of equatorial ligands of type i; A,; is the contribution to the par-
allel hyperfine coupling from each of them). The parallel hyperfine cou-
pling constant, Ay, was correlated with the number and types of ligands
present in the equatorial coordination sphere. Each donor group has a
specific contribution to this constant and the sum of the contributions
of the four equatorial ligands can be used to argue for or against the
presence of specific ligands. The calculated Ay, value for the donor sets
in a possible equatorial coordination in the complex was 168.6 x
104 cm™! (two ArO™~ and two H,0 molecules). This value was calcu-
lated considering the following literature data: ArO~ 38.6 x
104 cm™ " and H,0 45.7 x 10~% cm™ ! [35], and agree with the exper-
imental one, indicating that the binding mode of this complex could be
expected to involve an equatorial coordination sphere with two oxygen
atoms from two water molecules from the solvent and two cis-
deprotonated oxygen atoms (ArO~ from ring B of the flavonoid moiety
of the ligand) bound to the oxidovanadium(IV) center. The same coor-
dination sphere has been determined for the complex formed with
the flavonoid fisetin and the oxidovanadium(IV) cation in a DMSO/
H,0 50/50 v/v mixture solution, at pH 4.30, and it has been predicted
an analogous complexing behavior for luteolin. Herein we have demon-
strated that luteolin behaved in the same way than fisetin at the solid
state when the preparative of the complex was performed at pH 5.5 in
absolute ethanol [34].

The thermal evolutions of both the magnetic molar susceptibility
()m) and the y,,,T product (T = W&/ 8) for [VO(lut)(H,0);]Na-3H,0
are shown in Fig. 3. At room temperature the value of y,T is equal to
0.26 mL-K-mol ™!, a value significantly lower than that expected for a
system with non-interacting V(IV) ions (ca, 0.36 mL-K-mol~! using
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Fig. 3. Plots of y,, and y,T for VOIut. The solid lines correspond to the best fit to Eq. (1).

the <g> = 1.963 value obtained from the EPR data). Upon cooling, )T
continuously decreases reaching a value of 0.14 mL-K-mol~! at 10 K
and remains practically constant below that temperature. Moreover,
the compound does not show a susceptibility maximum in the temper-
ature range studied. These features are characteristics of a strong antifer-
romagnetic behavior combined with a paramagnetic contribution.

Despite the spin topology involved in the solid was unknown, we
have tried to fit the magnetic data under different hypothesis: 1D, 2D
and 3D regular systems of S = 1/2 and a dimeric option. Finally, the
best results were obtained using the Heisenberg model with exchange
interaction between pairs of vanadium ions with spins S; and S; of the
form:

H=> Hyj=> —2J;S;

i>j i>j

where we assume interactions between nearest neighbor vanadium
ions on a chain (i.e, J; = J for j = i + 1 and J;; = 0 otherwise).

The temperature dependence of the magnetic susceptibility for the
[VO(lut)(H,0)2]Na- 3H,0 complex can satisfactorily be fitted to the em-
pirical function introduced by Hall [36] to represent the numerical cal-
culations performed by Bonner and Fisher [37] describing a uniformly
spaced chain of spins with S = 1/2. An additional term which accounts
for uncoupled VO(IV) ions following a simple Curie law and having the
same g factor, was also included (Eq. (1)).

A+ Bx +Cx? Ng2p?

Ng2p
1+ Dx+ Ex2 + Fx3 p 4KT (1)

where x = |J| / KT, p is the percent of non-coupled ions, N and k are the
Avogadro and Boltzmann constants, (> is the Bohr magneton, A = 0.250,
B = 0.14995, C = 0.30094, D = 1.9862, E = 0.68854 and F = 6.0626.
The best-fit parameters obtained by minimizing the reliability factor
R = E[(XmT)exp. - (XmT)cal]2 / 2[(XmT)exp]z are g = 1.97, J/k =
—1462 K, p = 036 and R = 6.1 x 10~%. As shown in Fig. 3, the calcu-
lated curves reproduce satisfactorily the experimental data in the
whole investigated temperature range. The high value of the deter-
mined ] parameter indicates that an effective exchange pathway is oper-
ative between adjacent vanadium ions in the compound. In summary,
the final formula of the complex VOlut and the schema of the chains
of adjacent V==0 groups is depicted in Fig. 4.

3.2. Solution studies
3.2.1. Electronic UV-vis spectra

The flavonoids exhibit two major absorption bands in the UV-vis
region: band I (usually 300-380 nm) corresponding to the B ring
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Fig. 4. A. Structural formula for the complex VOIut. B. Chains between adjacent VO groups.

(cynnamoyl system) and band II (usually 240-280 nm) corresponding
to the A ring (benzoyl system, m — m*) [38]. The electronic spectra of
luteolin were investigated as a function of pH in the methanol/water so-
lutions (50% v/v) in the 2-12 pH range (Fig. S1). Based on the literature
[39], the luteolin absorption spectra markedly shifted to the red by in-
creasing the pH. Three acid-base dissociation steps have previously
been determined for the ligand (pKj;, 6.9; pKj», 8.6; pKa3, 10.3). Our re-
sults showed that luteolin spectra remained unaltered from pH 2 to
pH 8, with a maximum at 350 nm for band I. At higher pH values
band I shifted to the red (405 nm) with two different patterns in the
UV spectra at pH values 9-10 and 11-12 indicating the different
deprotonations of the ligand. The first deprotonation (pK,;) corre-
sponding to the C7-OH moiety could not be observed by electronic
spectroscopy. The other two deprotonations may be due to hydroxo
groups at C4’-OH and C3’-OH or/and C5-0H, respectively [39].

The interaction of luteolin with oxidovanadium(IV) cation has been
measured at different pH values in Fig. S2. The spectral bands showed a
similar pattern than that of luteolin upon deprotonation. However,
three regions of pH values were observed for the new band at 405 nm,
that differ from those of the ligand: 2-4, 5-9, 10-12 but the positions
of the bands by metal interaction remained similar to those of luteolin.
It is known that the pKj, values of the Lewis bases diminished by the in-
teraction with metal ions (Lewis acids). In the present case a bidentate
complex formation and, subsequently, the 5-membered chelate ring
with the metal ion facilitated the deprotonation of the hydroxo groups
of ring B at lower pH values. Furthermore, the delocalization of the
oxygen electrons of the deprotonated 3’,4’-dihydroxy group on
ring B, assisted by the delocalization of the m electrons of the
oxidovanadium(IV) ion led to the formation of a stable chelate forma-
tion with ring B [40].

The UV-vis spectra of luteolin and VOlut in methanol/water solution
(50% v/v) are shown in Fig. 5. The electronic spectrum of luteolin at pH 5
was compared with the spectrum of the complex at the same pH value.
When luteolin reacted with oxidovanadium(IV) cation the intensity of
band II (256 nm, 268 nm(sh)) increased somehow. In contrast, band I
(at 350 nm) began to decrease and the new band at 405 nm appeared
at lower pH values than in luteolin. The formation of this new band is in-
dicative of the metal coordination (the electronic pattern changed at a
lower pH value) and of the interaction with ring B (the major changes
are located at band II, and the unique formation of a chelate ring can
be due through the cis-OH groups in 3’- and 4’-position).

To investigate the stoichiometry of the VOlut complex molar method
was assayed and the experiments were conducted at pH 5. From Fig. 6 it
can be seen that a 1:1 metal-to-ligand ratio has been determined. In a
previous study a different solid complex of luteolin with oxido-
vanadium(IV) ion has been obtained and characterized [19]. According
to the physicochemical determinations (FTIR, NMR and mass
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Fig. 5. UV-visible spectra of the ligand luteolin and the complex VOlut in methanol/water
(50% v/v) solutions (pH = 5.0).

spectroscopies) and due to the different experimental conditions used
in the preparative, the new solid consists in a [VO(lut),] complex in
which luteolin coordinates to the metal ion through C(4)0 and the
C(5)-0" groups with a M:L 1:2 stoichiometry.

3.2.2. EPR spectroscopy

In order to assist in the identification of the solution species, the EPR
spectrum of VOIut has been measured in frozen solution using DMSO as
solvent (Fig. 7). Based on the calculated parameters, the experimental
spectrum was simulated, and the fitted spectrum resulted in good con-
cordance with the experimental one. The calculated spin Hamiltonian
parameters were similar to those of the solid (A; = 169 x 10~4 cm™!
and A, =635 x 10"*cm™ ! and g; = 1.945 and g, = 1.979). Another
concern was the possible structure adopted by the pentacoordinated
metal ion in solution (from a square pyramidal structure towards
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Fig. 6. UV-vis spectra of luteolin (4 x 10~ M) and VOCI, in ligand-to-metal ratios (L/M)
from 10.0 to 0.5 (pH 5.0). The arrow indicates increasing metal additions. Inset:
spectrophotometric determination of the stoichiometry of the VOlut complex at 404 nm
by the molar ratio method.
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Fig. 7. Experimental (solid line) and calculated (short dash line) electron paramagnetic
resonance (EPR) spectrum of a DMSO solution of VOlut (140 K, 3 mM) at X-band
(9.49 GHz).

trigonal bipyramidal distortion). According to Cornman et al., EPR spec-
troscopy is susceptible to these structural changes, increasing the
| Ax — Ay| difference with the increase of the trigonal bipyramidal nature
of the complex [41]. For square pyramidal complexes it is established
that the V=0 bond is along the z axis and the other four donor atoms
are along the “x and y” axes, respectively. To this probable spatial distri-
bution, an EPR spectrum without equatorial magnetic anisotropy would
be expected, with gx = g, and A, = A, values [41]. The EPR spectrum of
VOlut in frozen solution did not show relevant equatorial anisotropy and
there was no splitting observed in the perpendicular high field signals
suggesting that the oxidovanadium(IV) complex must adopt the square
pyramidal geometry in solution, like in the solid state [41].

3.3. Antioxidant determinations

As stated above, the structure of luteolin (o-catechol in ring B and
C2-C3 double bond) make the flavone a good antioxidant agent. More-
over, free radical scavenging ability of flavonoids is highly dependent of
the presence of an OH moiety in C3, like quercetin, that increases the
stability of the flavonoid radical and gave planarity to the flavonoid,
thus allowing conjugation of rings B and C, and electron delocalization
with stabilization of the phenoxy radical [1]. In this regard, luteolin
does not behave as the better antioxidant flavonoid.

The measured antioxidant capacities of luteolin are shown in Table 2
and Fig. 8. Luteolin is not a good superoxide radical scavenger because it
has a low superoxide dismutase (SOD) simil activity (considering our
measured effect of the enzyme under the same conditions as
0.21 pM). Although a value of 58.5 uM has previously been reported
[42], the positive control used in that study was not the native enzyme
and then comparisons with our data cannot be performed. Comparing
the SOD effect with that of the native enzyme should be taken into

Table 2
Free radical scavenging power of luteolin, the oxidovanadium(IV) complex (VOlut) and
oxidovanadium(IV) cation. ICsq: half maximal inhibitory concentration.

0"~ DPPH* OH* ROO’ (lag phase,
(ICs, IM) (ICs0, uM) (ICs0, M) min at 10 uM)
Luteolin 384 66.7 4+ 10.2 50.7 £ 13.2 3.19
VOlut 417 >100 17.1 £5.2 2.15
V(IV)02+ 15 >100 >100 123

account when comparing the SOD catalytic activity of compounds. The
medium DPPH’ sequestering power measured for luteolin is in concor-
dance with previous results [43]. A medium antioxidant power against
hydroxyl radicals has also been determined. Luteolin behaves as an ex-
cellent peroxyl scavenger and this data is in agreement with reported
results [42]. Despite the disparity among methods of assessing activity,
there is broad agreement on the substantial radical scavenging ability of
luteolin.

The antioxidant power of luteolin has been compared with the effect
of the oxidovanadium(IV) cation (that behaved as a good antioxidant
agent against superoxide and peroxyl radicals) and VOIlut complex
(see Table 2 and Fig. 8). For the tested radicals luteolin behaved as a bet-
ter antioxidant agent except against hydroxyl radical being VOlut a bet-
ter scavenging agent. This behavior could be explained by the mode of
coordination of the ligand to the metal ion. Because of the presence of
dihydroxy groups in cis-position in ring B, the ligand coordinates to
the metal through chelation with these groups as demonstrated by
the physicochemical determinations (see above). Then, the complex
formation precludes the involvement of 3’-OH and 4’-OH groups in
the antioxidant action of the complex. Similar results have been obtain-
ed with a luteolin-Fe(Ill) complex [44].

3.4. Cell viability

First, the stability of VOlut complex has been studied. There was no
observable variation in the electronic spectra of a DMSO solution of
the complex at least during 30 min (ca. 2%, data not shown). These re-
sults demonstrated that during the manipulation time of the samples
for the cellular determinations a significant amount of the complex is
not decomposed.

Great efforts have focused on the rational design of metal-based an-
ticancer agents that can be potentially used in cancer chemotherapy.
Over the last four decades, a large number of metal complexes in addi-
tion to cisplatin have been extensively investigated and evaluated
in vitro and in vivo, and some of them were at different stages of clinical
studies. Among these complexes, platinum (Pt(I) and Pt(IV)), rutheni-
um (Ru(II) and Ru(IIl)), gold (Au(I) and Au(IIl), zinc (Zn(1I)), La(1ll) and
titanium (Ti(IV)) complexes were the most studied metal centers,
though the action of the isolated cationic metals have not been com-
pared in some of the studies [45-48]. In particular, some metal-
complexes showed potent cytotoxic action on several breast cancer
cells including the oxidovanadium(IV)-flavonoid complexes [16,17,49,
50]. The effects of luteolin, VOlut and oxidovanadium(IV) cation on
cell viability were examined in the breast cancer cell line MDAMB231
and the lung cancer cell line A549 (Fig. 9).

Cells were exposed to various concentrations (0-100 pM) of com-
pounds for 24 h. Luteolin showed an ICso = 88.3 uM towards the
MDAMB231 cell line. These findings are in agreement with those of
Lee et al. [51], Kim et al. (at concentrations lesser than 50 uM) [52]
and Chen et al. [53] (who showed a 60% MDAMB231 cell viability at
70 uM of luteolin). VOlut displayed a strong deleterious effect with
ICs0 value of 17 uM for the MDAMB231 cell line. On the other hand,
the cytotoxic behavior of the oxidovanadium(IV) cation occurred in a
dose-response manner with higher ICsq values. It can be seen in Fig. 9
that the complexation improved the action of the ligand in the tested
breast cancer cell line. On the contrary, a similar behavior has been
found for luteolin and VOIlut in the A549 cell lines (ICso 66.3 and
60.5 pM, respectively) (Fig. 9) in agreement with the action found for
their antioxidant activities. A lower value (3.1 uM) for the ICso of
luteolin in the A549 cell line has previously been found [54]. Notwith-
standing, other reports gave different values which agree with that ob-
tained in the present measurements [55,56].

The probable mechanism of the induction of cell death by the differ-
ent compounds has been analyzed by high content assays for the
MDAMB231 cell line and by measuring ROS generation and cellular
morphology for the lung cancer cell line.
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Fig. 9. Inhibitory effects of luteolin (circles), VOlut (triangles) and oxidovanadium(IV) cation (squares) on cell viability of MDAMB231 and A549 cell lines. All cell lines were treated with
various concentrations of the compounds for 24 h. The results are expressed as the percentage of the basal level and represent the mean 4 the standard error of the mean (SEM) from three

separate experiments. Asterisks: significant values in comparison with the basal level (P < 0.01).
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3.5. ROS production

Due to the particular antioxidant behavior of the complex because of
its coordination mode, we have investigated whether cellular ROS level
was also affected by both compounds. We measured ROS species in
MDAMB231 cells with cell-permeable dye H2DFCDA, which is specifical-
ly cleaved to emit fluorescence in the presence of ROS [57], and by oxida-
tion of DHR to rhodamine in the A549 cells (Fig. 10). Treatment with
compounds at 10 pM and 60 pM for MDAMB231 and A549 cells, respec-
tively (ca. VOlut ICsq values) for 24 h resulted in a significant elevation of
intracellular ROS in both cellular types when compared to the basal rate.
This increment was more important in MDAMB231 for the complex
(6.5-fold higher) (Fig. 11) according to the high deleterious effects on
cell survival (ICso = 17 uM). On the contrary, oxidovanadium(IV) ion
did not induce ROS production in both cell lines (Fig. 10 and Refs. [16,
17]). Thus the metal complexation of the flavonoid enhanced ROS pro-
duction in the cancer cell lines according to its antioxidant behavior
(poor superoxide scavenger and worst peroxyl scavenger than luteolin).
The free-radicals mediated mechanism of toxicity has previously been
found for others VOflavonoids on cell lines derived from rat osteosarco-
ma and breast and lung cancer [12,14,16,17].

Having identified from the first analysis that VOlut inhibitory effect
was ROS dependent and selective for cancer cell lines, the most sensitive
cell line MDAMB231 was selected for studying its probable mechanism
of action. MDAMB231 cells were treated with VOlut, oxidovanadium(IV)
cation and luteolin at 10 uM concentration and the results were summa-
rized in Table 3 and the probable mechanism of the induction of cell
death has been analyzed by high content assays (disruption of the mito-
chondrial membrane potential (TMRM), plasmatic membrane damage
(LDH), nuclear membrane damage (H2AX), and mitotic arrest) and by
measuring ROS generation and cellular morphology for the lung cancer
cell line.

3.6. High content assay
3.6.1. Mitochondrial damage

Because mitochondria is considered as the main source of internal
ROS in the cells, we further detected the changes of mitochondrial
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Fig. 10. Effects of ROS generation on A549 cell line for luteolin (circles), VOlut (triangles)
and oxidovanadium(IV) (squares) cation. The results are expressed as the percentage of
the basal level and represent the mean + the standard error of the mean (SEM) from
three separate experiments. Asterisks: significant values in comparison with the basal
level (P <0.01).
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Fig. 11. Comparison of the percentage of ROS generation on MDAMB231 and A549 cell
lines, for luteolin and VOlut at the ICso concentration of the complex in each cell line.
The results are expressed as the percentage of the basal level and represent the
mean =+ the standard error of the mean (SEM) from three separate experiments.

membrane potential (MMP) by TMRM dye in MDAMB231 cells treated
with luteolin, oxidovanadium(IV) cation and VOlut [58]. TMRM probe is
a cationic, lipophilic dye that accumulates in the negatively charged mi-
tochondrial matrix in healthy cells with intact mitochondria. During the
collapse of MMP, TMRM is dispersed throughout the cell and the fluo-
rescence occurs with less intensity. The reduction in live cell population
can therefore be quantified by the measurement of the decrease in
TMRM fluorescence. The results revealed polarized normal cells in con-
trol cells, luteolin and oxidovanadium(IV)-treated cells whereas VOlut
treatment showed population of depolarized cells >20% after 24 h of ex-
posure. These results indicate that VOlut induces the loss of mitochon-
drial potential along with ROS generation in MDAMB231 cells.

3.6.2. Induction of LDH release

LDH is a stable cytosolic enzyme that catalyzes the oxidation of
L-lactate to pyruvate. Upon membrane damage in cells, this enzyme is
released into the culture medium, suggesting the loss of membrane in-
tegrity [59]. Therefore, to confirm the cytotoxic effects of compounds on
cancer cells, the presence of LDH in the culture medium was determined
as another indicator of cytotoxicity. As shown in Table 3, similar levels of
LDH were observed in the culture medium of luteolin-treated and un-
treated cells. However, treatment with VOIut significantly increased
LDH released in the culture medium. A slight LDH increase in
VO-treated cells was observed.

3.6.3. Nuclear damage

To test whether VOIut treatment resulted in nuclear damage, phos-
phorylated histone H2AX were determined by immunohistochemistry.
This protein is a recognized marker for DNA damage. When DNA

Table 3

High content cytotoxicity assay. Effects of 10 uM luteolin, VOlut and oxovanadium(IV) cat-
ion at 24 h incubation on MDAMB231 cell line on ROS production, disruption of the mito-
chondrial membrane potential (TMRM), plasmatic membrane damage (LDH), nuclear
membrane damage (H2AX), and mitotic arrest. Results are expressed as the percentage
of the measured basal level and represent the mean values 4 the standard error of the
mean (SEM) from three separate experiments. Control: untreated cells.

Control VOlut Luteolin V(IV)0*+
ROS 52+04 344 +£32 7.7 +£0.9 5.1+0.6
TMRM 100 £ 2.0 126 £ 1.1 117 £ 1.2 109 £ 5.5
LDH 100 + 5.1 212 £33 96 + 1.3 139 + 83
H2AX 100 + 4.7 175+ 24 98 + 2.1 141 +£ 9.0
Mitotic arrest 82+1.2 336+ 2.1 231+ 1.1 68 + 8.0
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damages, whether it is endogenous or exogenous, it forms double
stranded breaks (DSBs), always followed by the phosphorylation of
the histone, H2AX. H2AX is a variant of the H2A protein family, which
is a component of the histone octomer in nucleosomes. DSBs can be in-
duced by mechanisms such as ionizing radiation or cytotoxic agents
[60]. From results on Table 3 it can be demonstrated that VOIut treated
cells showed higher DNA damage (1.75 fold higher) compared to the
basal state. Oxidovanadium(IV) cation exerted DNA damage in
MDAMB231 in a lesser extent than the complex. However, no DNA
damage was observed in luteolin-treated and cells. Thus the metal com-
plexation of the flavonoid enhanced DNA damage in MDAMB231 cells.

3.6.4. Mitotic arrest

Cancer is often considered as a disease of cell cycle deregulation. Cell
size, extracellular growth signals and DNA integrity are tightly regulated
by multiple checkpoints in cell cycle progression. Cancer can originate
from perturbation in the expression of positive of negative regulators
of cell cycle machinery leading to abnormal proliferation of cancer
cells. Thus, induction of cell cycle arrest in cancer cells is considered to
be one of the crucial cancer treatments strategies. In order to evaluate
the effect of VOlut on mitotic arrest, the PHH3 positive cells were deter-
mined by immunohistochemistry and then mitotic index (PHH3 posi-
tive nuclei/all nuclei) was calculated [61]. After 24 h of exposure to
the compounds, the percentage of PHH3 positive cells was higher in
VOlut and VO-treated cells than luteolin treated cells.

3.7. Morphological studies

Considering the cell-killing effect of VOlut in the A549 cell line we
have determined that cell morphology varies according to the antipro-
liferative effect of the complex in a dose-response manner. It can be
seen from Fig. 12 that at higher concentrations the number of viable
cells diminished and morphologic alterations have been produced. An
increment of cytoplasm condensation, presence of pycnotic nuclei and
absence of nucleoli can be observed when VOlut concentrations were
increased.

In conclusion, a deleterious effect of the complex on the breast and
lung cancer cell lines has been observed. For both cell lines at least an ox-
idative stress mechanism has been proposed. We have also observed
contradictory information on the effect of luteolin on these cell lines in
the literature, although the comparisons of the data have been undertak-
en at the same incubation time. Moreover, the complex improved the
cell-killing effects of the ligand on the breast cancer cells due to the
DNA and plasmatic membrane damage, and to the improvement of the
disruption of the mitochondrial membrane potential and mitotic arrest.

3.8. Structure-activity relationship

The antioxidant activities of the flavonoids in relation to their struc-
ture have widely been discussed [62]. Particularly, the presence of the
C2C3 double bond and OH groups are essential for a good antioxidant
behavior (see above), in special the presence of a 3-OH group allows

planarity and electron delocalization with the concomitant increase of
the stability of the phenyl radical of the flavonoid. As part of a project re-
lated to study the antioxidant and anticancer activities of structurally
modified flavonoids we have selected the oxidovanadium(IV) cation
to modify the structure by metal complexation.

Two main coordination types of metal coordination have been
found: the chelation can involve C=0 (carbonyl) with OH adjacent
groups (quercetin, naringenin, chrysin, silibinin, morin), group I, or
OH groups in cis- position on ring B or with a distant substituent of
rings B or C (hesperidin, luteolin), group II. It has been observed that
complexes of group I behave as better antioxidant agents than those
of group II. The oxidovanadium(IV) complexes that have better antiox-
idant behavior were: VOsilibinin for superoxide radicals, VOchrysin for
hydroxyl radicals, VOmorin for DPPH® and VOnaringenin for ABTS ™",
Altogether, the better antioxidant complex resulted to be VOsilibinin
followed by VOmorin, both with an OH group at C3 position. In this
point it has to be considered that we have not determined the
VOquercetin antioxidant properties, though high antioxidant behavior
against superoxide has been reported previously (ICsq, 0.63 uM) [63].
Although this value is three times lower than the value found for
VOsilibinin, direct comparisons have not been performed because of
the different methods used in both assays. In summary, we hypothesize
that the i system of the V=0 cation linked to (=0 and OH in a chelated
form allowed the resonance with rings A and C, giving rise to a probable
stabilization of the phenyl radical generated by electron or H donation
at C3 and/or C5 positions.

Both groups of VOflavonoid showed anticancer activities in the breast
cancer cell line MDAMB231. VOsilibinin and VO chrysin, group I, displayed
a high cytotoxic behavior (ICsp, 6 and 3 M, respectively) improving the ac-
tivity of the parent flavonoids (ICsp, 21 and 58 LM, respectively). Notwith-
standing, an ICsq value of 17 pM has been found for luteolin (group II),
similar to that of VOnaringenin (20 pM). Only the anticancer behavior of
VOmorin is similar to that of the ligand (ICso near 90 uM for both com-
pounds). The structure-activity relationship, however, seems to be more
difficult to analyze in the breast cancer cells because these complexes
displayed different mechanisms of cell-killing inside the cells.

Moreover, the anticancer activity is highly dependent on the exam-
ined cell lines. For instance, in the osteosarcoma UMR106 cell line,
VOchrysin, VOmorin and VOquercetin (group I) did not improve the ac-
tion of the ligand, and VOsilibinin and VOhesperidin improved the anti-
tumoral effect of the parent drug, being this effect higher for the latter
complex. Furthermore, in the lung cancer cells A549, VOlut (ICsq ca.
60 uM) did not improve the action of the ligand and the ICso value of
VOnaringenin resulted higher than 100 uM. Once again, in the living
cell lines, the different mechanisms that account for the cytotoxic effects
of the VOflavonoid complexes make it difficult to make comparisons of
their structures with their activities.

3.9. Interaction with bovine serum albumin (BSA)

Fluorescence quenching refers to any process, which decreases the
fluorescence intensity of a sample. A variety of molecular interactions

Basal VOlut 17 uM

VOlut 85 uM VOlut 170 uM

Fig. 12. Effects on cell morphology of the treatment of lung cancer cell lines with VOlut. Cells were incubated for 24 h without drug addition (basal) and with VOlut 17, 85 and 170 uM

concentrations.
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Fig. 13. The fluorescence spectra of BSA at various concentrations of luteolin (A) and VOlut (B). Nex = 280 nm, c(BSA) 6 uM, T = 298 K.

can result in quenching, including excited-state reactions, molecular re-
arrangements, energy transfer, ground-state complex formation and
collisional quenching [64]. The interaction between luteolin and VOlut
with BSA was investigated by evaluating the florescence intensity of
the BSA before and after addition of these compounds. As it can be
seen in Fig. 13, the intrinsic fluorescence of BSA resulted quenched in
the presence of the compounds, indicating that there were some bind-
ing interactions between luteolin and VOlut with BSA. The maximum
emission wavelength of BSA (Amax) is located at 350 nm. As shown in
Fig. 13, Nmax shifted to around 330 nm after the gradual addition of
luteolin or VOlut. It is well known that the tryptophan (Trp) residue of
BSA is mainly responsible for its intrinsic fluorescence and that the al-
terations in fluorescence emission spectra of BSA reflect the transforma-
tions that occurred nearby the microenvironment of the Trp residue.
The addition of luteolin and VOlut induced a 20 nm blue shift on the
emission peak, suggesting that the amino acid residue Trp was located
in a more hydrophobic environment [65]. Besides, the blue shift implies
that under simulated physiological conditions, the fluorescence data in-
dicated that binding of luteolin to BSA is a combined quenching process
where static quenching is prevailing [66].

Commonly, the fluorescence quenching can be described by the fol-
lowing Stern-Volmer equation:
Fo/F=1+Ku[Q] =1+ KyTo[Q] (2)
where Fy and F represent the fluorescence intensities before and after
the addition of the quencher, respectively, K, is the bimolecular
quenching constant, Tq is the lifetime of the fluorophore in the absence

For 8

8

FolF

T T T
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[Q,m

T T
2.0e-6 4.0e-6 1.2e5
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of quencher, [Q] is the concentration of the quencher, and Ksy is the
Stern-Volmer quenching constant (dynamic quenching constant). In
order to confirm the quenching mechanism, the procedure of the fluo-
rescence quenching was first assumed to be dynamic quenching. Ac-
cording to Eq. (2), the curve of Fo/F versus [Q] was plotted based on
the experimental data (see Fig. 15). In many cases, the fluorophore
can be quenched both by collision and by complex formation. When
this is the case, the plot exhibits an upward curvature, concave towards
the y-axis at high [Q], and F/Fy is related to [Q] by the following modified
form of the Stern-Volmer equation:
Fo/F =1+ (Kp[Q])(1 + Ks[Q]) 3)
where Kp and Ks are the dynamic and static quenching constants, re-
spectively. This equation of second order with respect to [Q] accounts
for the upward curvature observed at high [Q] when both static and dy-
namic quenching occur [67]. As shown in Fig. 14A and B, the deviation
from linearity towards the y-axis at higher concentrations is an indica-
tion that both dynamic and static quenching processes have been in-
volved in the mechanism of fluorescence of BSA with luteolin and VOlut.

A good linearity in the Fy/F vs. [Q] plots can be observed for luteolin
and VOlut at lower concentrations (Fig. 14C and D and Table 4) and the
K, value resulted 3 orders of magnitude greater than the maximum dif-
fusion collision quenching rate constant (2.0 x 10'® M~ !.s™1). This
would indicate that the fluorescence quenching process of BSA may be
mainly governed by a static quenching mechanism [17].

The binding constant (K,) of the interaction of small molecules
bounded to a set of equivalent sites on a macromolecule and the
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Fig. 14. Plots of Fy/F vs. [Q] for BSA with luteolin (A) and VOlut (B) at different temperatures ((®), 298 K; (A), 303 K; (M), 310 K), Nex = 280 nm. Inset: Fy/F vs. [Q] of luteolin (C) and VOlut

(D) ranging from 0.5 x 10" M to 4 x 1075 M.
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Table 4
Stern-Volmer constant (K, ), quenching rate constant (K), binding constant (K,) and n binding sites for the interaction of luteolin and VOlut with BSA (6 uM) in Tris-HCl buffer (0.1 M, pH 7.4).
Compounds T (K) Koy (x10%) 12 Kq (x10"3) K, (x106) n
M) M) M)
Luteolin 298 13.97 £+ 0.92 0.9926 13.97 4 0.92 65.10 4 0.90 1.48 £ 0.07
303 12.88 £ 0.66 0.9917 12.88 + 0.66 48.92 + 0.87 1.31 £ 0.02
310 12.19 £ 0.48 0.9962 12.19 4+ 048 35.44 4+ 0.52 1.27 +£0.01
VOlut 298 17.09 £ 0.32 0.9876 17.09 + 0.32 79.43 £+ 0.56 1.29 £ 0.02
303 16.01 £ 0.55 0.9899 16.01 4+ 0.55 24.55 4+ 0.72 1.21 £ 0.05
310 11.36 £ 0.77 0.9853 11.36 + 0.77 3.71 £ 0.21 1.07 £ 0.02

12 is the correlation coefficient for the Ky, values.

number of binding sites (n), can be calculated plotting log [(Fo — F) / F]
versus log [Q] (Eq. (4) and Fig. 15) [66]:

log[(Fo—F)/F] = logK, + nlog[Q]. (4)

The value of K, (Table 4) is significant to understand the distribution
of the drug in plasma. A weak binding allows higher concentrations of
drug in plasma, and then leads to a short lifetime or poor distribution
of the drug, while a strong binding produces a decrease of concentra-
tions in plasma improving the distribution and the pharmacological ef-
fect of the compound [68]. The number of binding sites (n = 1.07-1.48),
of about 1.0, indicated that there exist one binding site of high affinity
between luteolin and VOlut with BSA at different temperatures. Our re-
sults for n agree with those reported by Tang et al. but our measured K,
values resulted somehow higher [65]. These data showed that luteolin
and VOlut could be distributed and transported in vivo.

In a previous study on the VOnaringenin system (VOnar) it was re-
vealed that naringenin and its metal complex interacted with BSA pro-
ducing a bathochromic shift (red shift) in the maximum emission
wavelength of BSA suggesting that microenvironment of Trp residue
turned to be more hydrophilic. On the contrary, the interaction of
luteolin and VOlut complex with BSA produced a spectral blue shift
which suggested an increase of the hydrophobicity of the region sur-
rounding the tryptophan site [65]. The binding affinity of naringenin
to BSA at 298 K (K, = 10.20 x 10* M~ ') is smaller than that of luteolin
(K, = 65.10 x 10° M 1), as expected. The hydroxylation on ring B and
hydrogenation on ring C of flavonols significantly affected the binding/
quenching process; in general, the hydroxylation increased the affinity
and the hydrogenation decreased the affinity [69]. A C2C3 double
bond favors near-planarity of rings B and C and molecules with near-
planar structure easier enter the hydrophobic pockets in proteins [70].
This tendency is in concordance with the binding affinity observed for
luteolin and VOlut (~10° M~ 1) in comparison with naringenin and
VOnar (~10*M~1).
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3.9.1. Thermodynamic parameters and nature of the binding forces

There are four types of intermolecular forces that could play a role in
the interaction between compounds and BSA. These interactions can be
described as van der Waals and electrostatic forces, hydrophobic inter-
actions and hydrogen bond formation. The thermodynamic parameters
of the binding reaction can be used for the determination of the type of
interaction. The thermodynamic parameters luteolin and VOlut with
BSA systems were calculated from the van't Hoff plots based on the tem-
perature dependence of the binding constants. If the enthalpy change
(AH) does not vary significantly in the temperature range studied,
both AH and entropy change (AS) can be evaluated from the van't
Hoff Eq. (5)

InK, = —AH/RT + AS/R (5)

where R is the gas constant, T is the experimental temperature, and K, is
the binding constant at corresponding T [71].

The free energy change (AG) is then estimated from the following
equation:

AG = AH-TAS. (6)

Considering the negative free energy (AG) values obtained in these
determinations, the spontaneity of all the binding processes can be
demonstrated. It has been determined that for typical hydrophobic
interactions, both AH and AS are positive, while negative enthalpy and
entropy changes arise from van der Waals forces and hydrogen bonding
formation in a low dielectric media. In addition, a specific electrostatic
interaction between ionic species in an aqueous solution is character-
ized by a positive AS value and negative AH value [72]. The calculated
values at 298 K for luteolin and VOlut were AH = —38.75 kJ/mol,
AS = 1945 J/mol and AG = —44.55 kJ/mol and AH = —196.93 kJ/mo],
AS = —509.18 J/mol and AG = —45.19 kJ/mol, respectively. It can be
concluded that luteolin interacted with BSA through electrostatic forces,
probably as a result of the deprotonation of the ligand (pKj,, 6.9) at the

log (Fo-F)/F

T T T T T
-6.4 -6.2 6.0 -58 56 -5.4 52

log [Q] B

Fig. 15. Plots of log(Fy — F)/F vs. log [Q] for the luteolin-BSA system (A) and VOlut-BSA system (B): (®) 298 K; (A) 303 K; (W) 310 K, [BSA] = 6 UM, Aex = 280 nm.
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pH value of the binding determinations, while for VOlut van der Waals
forces and hydrogen bonds were operative.

It is worth mentioning that there are some discrepancies in the liter-
ature for the interaction of luteolin with albumin being the Ks,, K, and
the thermodynamic parameters quite different from each other. These
differences could be attributed to the different experimental conditions
used in each determination (albumin and flavonoid concentrations and
different fractions of albumin) [65,66,73,74].

4. Conclusions

The results of this study indicated that the biological properties of
flavonoid metal complexes are strongly dependent on the location
and the number of coordinating or chelating sites. Flavonoids bind
metals with different coordination modes: catecholate-like (0~,07),
acetylacetonate-like or maltol-like (CO,0™) coordination. In particular,
oxidovanadium(IV) cation used these different coordination modes
when binding to flavonoids forming mono- or bi-chelated complexes.
As a part of a project devoted to research the improvement of the anti-
cancer and antioxidant capacities of flavonoids by structural modifica-
tions generated by metal complexation, a new oxidovanadium(IV)-
luteolin complex have been synthesized. The interaction of the cis-OH
groups with the metal (catecholate-like coordination) was determined
by FTIR spectroscopy. By EPR and magnetic studies a coordination
sphere with two water molecules and two ArO~ moieties was
established and the presence of chains of adjacent VO groups was deter-
mined throughout the calculated effective exchange pathway. Because
the CO and 5-OH groups of luteolin did not participate in metal binding,
the antioxidant properties of luteolin and its metal complex did not
strongly differ (contrary to the effect of coordination in the
acetylacetonate-like or maltol-like modes) and similar anticancer ef-
fects in the lung cancer cell line A549 have been found for lutelin and
VOlut with a probable oxidative stress mechanism responsible of the
decrease of cell proliferation. A different behavior has been found in
the breast cancer cell line MDAMB231, being the complex more cyto-
toxic. For this reason, a high content assay in the breast cell line was per-
formed. In addition to cellular ROS generation and mitotic arrest of both
luteolin and VOlut, the complex generates cytoplasmic and nuclear
membrane damages. Binding of luteolin and VOlut to BSA is a combined
quenching process while static quenching is prevailing. The thermody-
namic parameters obtained from the Van't Hoff equation indicated that
the processes were spontaneous and that electrostatic force was the
predominant force in the luteolin-BSA complex and the interaction of
VOlut with BSA occurred through H bonding and van der Waals interac-
tions. Since a cytotoxic action of the luteolin and its complex was dem-
onstrated, VOIlut could be an interesting compound to be tested for
cancer treatments in further in vivo studies.

Abbreviations
AAPH 2,2-azobis(2-amidinopropane) dihydrochloride
ABTS 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt
BSA bovine serum albumin

Crystal violet tris(4-(dimethylamino)phenyl)methylium chloride

DMEM Dulbecco's modified Eagle's medium and
DPPH 1,1-diphenyl-2-picrylhydrazyl

EDTA ethylenediaminetetraacetic acid

FBS fetal bovine serum

H2AX subtype of H2A histone

DCFH-DA 2',7'-dichlorodihydrofluorescein diacetate
LDH lactate dehydrogenase

Lut luteolin

MMP mitochondrial membrane potential

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide
NADH reduced nicotinamide adenine dinucleotide
NBT nitroblue tetrazolium

PMS phenazine methosulfate

PBS phosphate-buffered saline

PHH3 phosphohistone-H3

ROI regions-of-interest

ROS reactive oxygen species

RPMI medium Roswell Park Memorial Institute culture medium
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