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Abstract

The complex bis(4,7-dimethyl-1,10-phenantroline)sulfatooxidovanadium(IV), commonly known as Metvan, was prepared using
a known synthetic procedure. Its optimized molecular structure was obtained by DFT calculations, as it was impossible to grow
single crystals adequate for a crystallographic study. The complex was also characterized by a detailed analysis of its infrared
spectrum, supported by the theoretical calculations, and also by some data derived from its Raman spectrum. In addition,
cytotoxicity studies were performed using human osteosarcoma (MG-63) and human colorectal adenocarcinoma (HT-29) cell
lines. The results show that Metvan impaired cell viability of both cancer cell lines in a low concentration range (0.25-5.0 uM).
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Introduction

Several animal and in vitro studies have clearly demonstrated
the potential of simple and complex vanadium compounds in
reducing or preventing neoplasia, and thus tumors, including
cancer and its metastasis in various target issues [1-3]. In this
context, and as a first important example of this activity,
35 years ago, it was demonstrated that vanadocene (n’-
CsHs),VCl, (CsHs = cyclopentadienyl) effectively degener-
ates and kills Ehrlich ascite tumor cells [3—5]. After this dis-
covery, an important and continuous development of this par-
ticular field of inorganic pharmaceutical chemistry takes place
and a great number of vanadium compounds were synthesized
and evaluated for anticancer activity [3, 6-9].

Between these compounds, bis(4,7-dimethyl-1,10-
phenanthroline)sulfatooxidovanadium(IV), now known as
Metvan, was identified as a very promising multitargeted an-
ticancer vanadium complex with apoptosis-inducing activity
in different types of cancer cells and showing also high activ-
ity against cis-platin-resistant cancer cell lines [10—12].
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Notwithstanding, and in spite of these promising and mul-
titargeted anticancer actions, no clinical assays were so far
performed with this interesting drug, possibly due to the lack
of information regarding its speciation in aqueous solution
and its thermodynamic/redox stability.

Recently, a very interesting and complete speciation study of
Metvan in aqueous solution and human blood was performed,
which gave new insights into these aspects [13]. The speciation
of Metvan in the blood depends mainly on the vanadium serum
concentration. When the vanadium concentration is larger than
50 uM, VO** remains bound to Me,ophen whereas for a va-
nadium concentration lower than 10 uM, the VO cation is
taken up by the cells, whereas a partial conversion of
oxidovanadium(IV) to oxidovanadium(V) species may happen.
Additionally, the effect of the free Me,ophen ligand could add
to that of the V(IV)/V(V) species [13-15].

In order to advance in a wider and deeper characterization
of Metvan, we have made numerous attempts to obtain single
crystals of this complex, adequate for crystallographic studies.
Unfortunately, as all our attempts in this direction were unsuc-
cessful, we have now derived its structural and geometric
characteristics from a theoretical DFT study. Besides, the char-
acterization was complemented with the analysis of its FTIR
spectrum.

On the other hand, and to extend the information on the
biological activities of Metvan, its antitumor potential against
human osteosarcoma (MG-63) and human colorectal adeno-
carcinoma (HT-29) cell lines in culture was assayed. For
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comparative purposes, similar assays were also performed,
using cis-platin instead of Metvan.

Materials and Methods
Materials

The 4,7-dimethyl-1,10-phenanthroline was purchased from
Alfa Aesar, whereas VOSO4-5H,0 and all the other reagents
and solvents were from Merck. cis-Platin was provided by
Sigma Chemical Co.

Tissue culture materials were purchased from Corning
(Princeton, NJ, USA), Dulbecco’s modified Eagle’s medium
(DMEM) and TrypLE™ from Gibco (Gaithersburg, MD,
USA), and fetal bovine serum (FBS) from Internegocios SA
(Argentina). All other chemicals, used in the biological assays,
were from Sigma Chemical Co. (St. Louis, MO). MG-63 and
HT-29 cell lines were purchased from ATCC.

Synthesis of the Complex

The complex was obtained, as previously described [16], by
slow addition of an aqueous solution containing 0.25 mmol of
VOSO,4 5H,0 to an ethanolic solution containing 0.5 mmol of
4,7-dimethyl-1,0-phenanthroline. The reaction mixture was
stirred at room temperature for 48 h. The brown solid product
was obtained removing the solvent and was washed with chlo-
roform and ether and finally dried under a vacuum. Its purity
was confirmed by elemental chemical analysis (Calcd. for
[VO(SO4)(Me,-ophen),]-3H,0; C, 53.08; H, 4.77; N, 8.84;
S, 5.06; found C, 53.00; H, 4.83; N, 8.82; S, 5.02%).

Spectroscopic Characterization

Infrared spectra in the spectral range between 4000 and
400 cm ! were obtained with a Bruker EQUINOX 55
Fourier transform infrared spectroscopy (FTIR) instrument,
using the KBr pellet technique. Raman spectra were obtained
in the same spectral range with a Thermo Scientific DXR
Raman microscope, using the 532-nm line of a Thermo
Scientific solid-state laser diode pump for excitation.
Unfortunately, these spectra show very poor quality, due to
very unfavorable signal-to-noise ratios. Therefore, the obtain-
ed data are of limited value and only some of them were
included in the discussion of the vibrational behavior of the
complex.

Cell Culture and Incubations
MG-63 human osteosarcoma cells (CRL1427™) and HT-29

(HTB-38™) human adenocarcinoma cells were grown in
DMEM containing 10% FBS, 100 U/mL penicillin, and
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100 pg/mL streptomycin at 37 °C in 5% CO, atmosphere.
Cells were seeded in a 75-cm? flask, and when 70-80% of
confluence was reached, cells were subcultured using 1 mL of
TrypLE™ per 25-mL flask. For experiments, cells were
grown in multiwell plates. When cells reached the desired
confluence, the monolayers were washed with DMEM and
were incubated under different conditions according to the
experiments.

Preparation of Metvan Solutions

Fresh stock solutions of Metvan were prepared in dimethyl
sulfoxide (DMSO) at 20 mM concentration and were diluted
according to the concentrations indicated in the legends of the
figures. Precautions should be taken with the maximum con-
centration of DMSO in the well plate. We used 0.5% as the
maximum DMSO concentration in order to avoid toxic effects
of this solvent on cells.

In the case of cis-platin, the complex was dissolved in a
0.9% NaCl solution.

Besides, to evaluate the speciation effects of Metvan on
antitumor activity, each concentration of Metvan (0.25-
100 uM) was incubated at 37 °C for 1 h (aged) and then add
to the cell in culture.

MTT Assay

The MTT assay was performed according to T. Mosmann
[17]. Briefly, cells were seeded in a 96-multiwell dish, allowed
to attach for 24 h and treated with different concentrations of
complexes at 37 °C for 24 h. After that, the medium was
changed and the cells were incubated with 0.5 mg/mL MTT
under normal culture conditions for 3 h. Cell viability was
marked by the conversion of the tetrazolium salt MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium-bro-
mide) to a colored formazan by mitochondrial dehydroge-
nases. Color development was measured spectrophotometri-
cally in a Microplate Reader (7530, Cambridge Technology,
Inc., USA) at 570 nm after cell lysis in DMSO (100 uL/well).
Cell viability was plotted as the percentage of the control
value.

Statistical Methods

At least three independent experiments were performed for
each experimental condition. Results are expressed as % basal
and represent the mean + SEM. Statistical differences were
analyzed using the ANOVA test.

Computational Details

In order to obtain the geometry of the complex corresponding
to the state of lowest energy, it was modeled from
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crystallographic data of the analogous [VO(SO4)(ophen),]:
8H,0 complex [16] and optimized under the considerations
of the theory of functional density (DFT), with the method
developed by Truhlar known as MO6L [18] as implemented
in the Gaussian 09 software package [19] and using a set of
triple-zeta quality bases with polarization functions
(def2TZPP) for all atoms plus diffuse functions for the sulfur
and oxygen atoms (TZVPPD) [20].

Vibrational analysis was carried out to confirm that this
structure is a minimum on the potential energy surfaces.
Furthermore, the bands of the spectra were also calculated to
compare them with the experimental data and to support the
assignment of the observed vibrational modes.

Results and Discussion
Structural Characteristics of the Complex

The computer optimized structure of the complex is shown in
Fig. 1. The vanadium presents a distorted octahedral coordi-
nation. The equatorial plane is occupied by the N(2) atom of
one of the ophen ligands, the N(3) and N(4) atoms of the
second ligand and the vanadyl V=0O-oxygen atom whereas
the axial positions are conformed by the N(1) atom of the first
ring ligand and the O(3) atom of the sulfato moiety, generating
a VO,N, coordination sphere.

Selected bond distances and angles are shown in Table 1.
The V=0 distance is similar to those determined experimen-
tally by X-ray crystallography, in the cases of
[VO(SOy4)(ophen),]-8H,O [16], [VO(oda)(ophen)]-1.5H,O
[21], and [VO(oda)(bipy)]-H,O [22]. The V-N distance trans
to this bond, is somewhat larger than the other V-N distances,
as also found in the case of [VO(SO,4)(ophen),]-8H,0 [16].

Fig. 1 Optimized structure of the [VO(SO,4)(Me,-ophen),] obtained by
the DFT calculations.

Table 1 Selected bond

distances (A) and angles Bond distances

(°) calculated for the V-0, 1.609

[VOSO4)(Me,- V-0s 1.838

ophen),]-3H,0 complex VAN, 2948
V-N, 2173
V-N; 2.104
V-Ny 2.319
S-0s 1.628
S-0, 1.459
S-0, 1.454
S-05 1.442

Bond angles

04~V-0Os 112.1
N1-V-N2 73.8
N3-V-N4 73.4
N1-V-N3 170.2
N1-V-N4 77.6
N2-V-N3 165.2
N2-V-N4 92.5
C2-01-C2 116.8
01-C2-C1 113.0
o1-C2-C1’ 113.0
NI1-V-N2 75.8
05-V-N1 103.7
05-V-N2 103.7
02-V-N1 85.9
02-V-N2 149.0
02'-V-N1 149.0
02'-V-N2 85.9
0O1-V-N1 77.5
01-V-N2 77.5

Vibrational Spectrum of [VO(S0,)(Me,-ophen),]-3H,0

In order to analyze the FTIR spectrum of the complex, we
have compared this spectrum with those of the free 4,7-di-
methyl-1,10-phenanthroline and o-phenanthroline [23-26].
The spectrum obtained for the [VO(SO4)(Me,-ophen),]:
3H,0 complex is shown in Fig. 2 and the proposed assign-
ment is presented in Table 2. The assignments are additionally
supported by information provided by well-known standard
reference texts [27, 28] and by our DFT calculations. They are
briefly commented, as follows:

—  The stretching vibrations of the water molecules (not
shown in Fig. 2) generate a very strong and relatively
broad band centered at 3426 cm'. The corresponding
deformational modes, 6(H,O), are surely overlapped by
the band multiplex located between 1624 and 1422 cm .
The position of the stretching band suggests the
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Fig. 2 FT infrared spectra of [VO(SO4)(Me,-ophen),]-3H,0 in the
spectral range between 1800 and 400 cm '

participation of these water molecules in H bridges of
medium length [29].

—  The characteristic stretching vibrations of the CH; groups
(also not shown in Fig. 2) are found as very weak IR
bands in the usually expected ranges [27, 28]. The corre-
sponding deformational modes are coupled with bands of
the o-phenanthroline skeleton.

Table 2 Assignment of the FTIR spectrum of [VO(SO4)(Me;-
ophen),]-3H,0 (band positions in em )

Band position Assignment

3426 s,br v(OH) (H,0)

3086 vw, 3055 sh ophen-v(CH)ix plane

2923 w Vas(CH3)

2853 vw vs(CH3)

1624 s, 1607 m ophen-vig

1578 s, 1525 vs ophen-vig

1422 vs 845(CH;) + ophen-8(CH)in pianc
1382 vw 84(CH3) + ophen-8(CH);, plane
1348 w, 1295 w ophen-8(CH)iy plane + 0phen-vyin,
1245 w, 1232 m ophen-viing

1171 sh, 1142 sh, 1122 vs Vas(SOy)

1038 vs ophen-8(CH)in plane + Ophen-viing
977 s, 960 sh v(V=0)

931w ophen-8(CH)out of plane

866 s Ophen-Ving

727 s ophen-3(CH)out of plane

691 vw ophen-8(CH)in plane

649 w, 618 m Vv4(SO4)

556 vw, 542 m ophen-vig

484 w ophen-8(CH)i plane

vs, very strong; s, strong; m, medium; w, weak, vw, very weak; br, broad;
sh, shoulder
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The o-phenanthroline bands, which clearly dominate this
spectrum, were assigned on the basis of previous studies
of'the free molecule [23-26]. In general, most of the char-
acteristic ring bands in the 1700-1300 cm ' region are
slightly displaced to higher frequencies upon coordina-
tion and slight displacements and/or intensity changes
were also observed in other spectral regions. This is a
behavior which can be considered as typical for o-
phenanthroline complexes [30].

The spectroscopic behavior of the sulfato ligand is
particularly interesting. As SO4*  acts as a
monodentate ligand its symmetry is reduced from Ty
to Cs,. Therefore, in the stretching region, one may
expect the splitting of the triple degenerated IR-active
antisymmetric mode, v;(F,), into two IR-active com-
ponents, and the activation of the IR forbidden sym-
metric stretching mode, v{(A;) [31]. But in the pres-
ent case, the vy-vibration is seen as unique and very
strong IR band, with two weak shoulders on its
higher-energy side, and no evidence for the presence
of a band assignable to the symmetric stretching, v,
was found. In the DFT calculation, this band is pre-
dicted to lie at 1064 cm™'. Interestingly, no evidence
for this symmetric stretching vibration could also be
detected in the Raman spectrum, in which this vibra-
tion is expected to be particularly intense [32]. In the
case of the antisymmetric deformation mode of this
anion, v4(F,), the two expected IR components were
clearly identified. In the Raman spectrum, it was also
possible to identify a medium intensity line located at
416 cm ', assignable to the symmetric deformation of
this anion. This finding is not totally unexpected as
this vibrational mode is known to be relatively in-
tense in the Raman spectrum [33]. The theoretically
calculated value for this Raman band is 436 cm™'. In
conclusion, the overall spectroscopic behavior of the
bonded sulfato anion clearly suggests that this ligand
remains scarcely distorted after coordination.

The characteristic v(V=0) breathing was not so easy to
identify as in other similar complexes, as it is apparently
partially overlapped by ophen vibrations. In the Raman
spectrum, this vibration appears as the strongest signal,
located at 990 cm_l, whereas in the IR spectrum, it is
found at 977 cm™ !, both values in excellent agreement
with the results of our DFT calculation which predicted
this band at 984 cm ', in both spectra. Its position is
comparable to those found in other analogous VO** com-
plexes, for example, in [VO(SO4)(ophen),]-8H,O [16],
[VO(oda)(ophen)]-1.5H,0 [21], [VO(oda)(bipy)]-H,O
[22], [VO(ODA)(dppz)]-3H,0 [34], and
[VO(SO4)(H,0)(dpp2)]2H,0 [35].

Ligand-to-metal vibrations have not been identified.
v(V-0) stretching modes are probably located below
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Fig. 3 Evaluation of the mitochondrial succinate dehydrogenase activity
by the MTT assay in HT-29 (a) and MG-63 (b) cells in culture. Human
cancer cells were incubated with different doses (0.25-100 uM) of the

450 cm" whereas v(M-N) vibrations involving the ni-
trogen atoms of o-phenanthroline are usually expected to
lie below 300 cm ™" [36].

In summary, the performed theoretical study allows a first
insight into the overall geometry and structural characteristics
of Metvan, whereas the spectroscopic study, consistent with
the proposed structural model, suggests that the sulfato moiety
remains scarcely distorted after coordination to the metal
center.

Effects of Metvan on Human Osteosarcoma and Colon
Adenocarcinoma Cell Viability

As stated above, Metvan was identified as one of the most
promising multitargeted anticancer vanadium compounds
with apoptosis-inducing activity, even at very low concentra-
tions (0.5-5 uM) [9].

Considering the high accumulation of vanadium in the
bone [37] and the successful antitumor activity of Metvan in
different types of tumors, it was of high interest to determine
the effect of this compound on human bone and human colo-
rectal cancer cell lines because these kinds of tumors are very
important and prevalent in the population. In particular, in this

Table3  ICs, values of Metvan and cis-platin in HT-29 and MG-63 cells
after 48 h of incubation

HT-29 (uM) MG-63 (uM)
Metvan (fresh) 0.39+£0.07 0.75+£0.02
Metvan 1 h, 37 °C (aged) 0.33+£0.09 0.83+0.18
cis-Platin 21+£23 10.5+1.0
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complex for 48 h at 37 °C. After incubation, cell viability was determined
by the MTT assay. Results are expressed as % basal and represent the
mean + SEM, n = 18, *Significant differences vs. control (»p <0.01)

study, and as a part of a project devoted to the characterization
of antitumoral properties of vanadium compounds, we have
tested the effect of Metvan on HT-29 human colon adenocar-
cinoma and MG-63 human osteosarcoma cell lines.

Figure 3 shows the effects of Metvan on the mitochondria
metabolism of HT-29 (a) and MG-63 cells (b). As it can be
seen, the complex caused a concentration-related inhibition
from 0.25 to 100 uM in both cell lines with statistically sig-
nificant differences versus basal condition (*p <0.01). The
control conditions represented as the percentage of basal level.

Table 3 shows that the ICs, values for HT-29 are 0.39 +
0.07 uM (fresh Metvan) and 0.33 £0.09 uM (aged Metvan)
whilst for MG-63, the values are 0.75+0.02 uM (fresh
Metvan) and 0.83+0.18 uM (aged Metvan). These results,
considered together, show that the anticancer activity of
Metvan is much stronger in colorectal tumor cells than in bone
cancer cells. On the other hand, the biological results between
fresh and aged Metvan are similar, suggesting that the speci-
ation of the complex does not affect its anticancer activity
towards colorectal and bone cancer cells.

On the other hand, and as is also shown in Table 3, Metvan
displays better antitumor performance than cis-platin in both
cell lines showing 60 times lower ICs for HT-29 and 13 times
lower ICs, for MG-63.

Conclusions

Previous studies, initiated around 20 years ago, have been
shown that Metvan presents potent cytotoxic activity against
brain and breast cell lines and induced apoptosis, at low mi-
cromolecular concentrations, in primary leukemic cells
[10-12, 16]. The present study clearly extends these results
including two new and important cell lines in vitro, also show-
ing that the vanadium complex is the active species.

@ Springer
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On the light of all the so far available results, it is suggested
that it may be important to continue biological/biochemical
studies with Metvan, including 3D tumor models and
in vivo experiments, before to attempt new clinical trials. In
this context, it is also important to explore novel tumor cell
lines in order to attain wider information about the antitumor
activity and into the general chemical and biological behavior
of this complex.
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