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glutathione were involved in the deleterious effects of both 
complexes. Besides, VOchrys caused cell cycle arrest in 
G2/M phase while VOsil activated caspase 3 and trigger-
ing the cells directly to apoptosis. Moreover, VOsil dimin-
ished the NF-kB activation via increasing the sensitivity of 
cells to apoptosis. On the other hand, VOsil inhibited the 
topoisomerase IB activity concluding that this is impor-
tant target involved in the anticancer vanadium effects. 
As a whole, the results presented herein demonstrate that 
VOsil has a stronger deleterious action than VOchrys on 
HT-29 cells, whereby suggesting that Vosil is the poten-
tially best candidate for future use in alternative anti-tumor 
treatments.

Graphical Abstract 

Abstract  Vanadium  compounds were studied during 
recent years to be considered as a representative of a new 
class of nonplatinum metal antitumor agents in combina-
tion to its low toxicity. On the other hand, flavonoids are 
a wide family of polyphenolic compounds synthesized 
by plants that display many interesting biological effects.  
Since coordination of ligands to metals can improve the 
pharmacological properties, we report herein, for the first 
time, a exhaustive study of the mechanisms of action of 
two oxidovanadium(IV) complexes with the flavonoids: 
silibinin Na2[VO(silibinin)2]·6H2O (VOsil) and chry-
sin [VO(chrysin)2EtOH]2 (VOchrys) on human colon 
adenocarcinoma derived cell line HT-29. The complexes 
inhibited the cell viability of colon adenocarcinoma cells 
in a dose dependent manner with a greater potency than 
that the free ligands and free metal, demonstrating the 
benefit of complexation. The decrease of the ratio of the 
amount of reduced glutathione to the amount of oxidized 
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Introduction

Colon cancer is one of the main causes of cancer-associ-
ated deaths worldwide [1]. The incidence of colon cancer is 
strongly related to lifestyle, particularly dietary habits [2]. 
Several drugs can be used to treat colorectal cancer such as 
irinotecan, 5-fluorouracil (5-FU) and oxaliplatin. The princi-
pal problems of this type of drugs are the side effects such as 
nausea, vomiting, loss of appetite, adverse effects on blood-
forming cells and resistance. Therefore, in the last decade, 
different scientific groups have made many efforts to obtain 
new metallo-compounds that improve the antitumor proper-
ties and diminish the side effects against colon cancer.

Vanadium is an ultratrace element with interesting 
pharmacological properties present in animals and higher 
plants [3]. The pharmacological actions of vanadium con-
vert its compounds into potential therapeutic agents to be 
used in the treatment of a number of diseases. In particu-
lar, vanadate(V) and vanadyl(IV) derivatives show insu-
lin-mimetic/antidiabetic activity [4, 5], neurologic [6] and 
anticancer effects [7]. In this sense, the anticancer effects 
of vanadium complexes have been widely investigated on 
various types of tumor cell lines. Several vanadium com-
pounds inhibit the cell cycle and can also inhibit cell pro-
liferation even at low doses [8, 9]. Recently, vanadium 
compounds have been considered as a new class of non-
platinum metal-based antitumor agents [8, 10]. Several 
mechanisms have been described to explain the cell cycle 
arrest and the induction of tumor cell death by vanadium 
derivatives. In particular, the generation of ROS may cause 
a series of effects such as protein tyrosine phosphatase 
inhibition, DNA cleavage, oxidative damage of cellular 
components and finally trigger apoptosis [7].

Nevertheless, since inorganic vanadium compounds 
are poorly absorbed and cause gastrointestinal problems, 

several research groups have synthesized complexes of 
vanadium with organic ligands, such as flavonoids but their 
biological properties were have not been completely exam-
ined [11, 12]. Flavonoids are a large family of compounds 
synthesized by plants that have a common chemical struc-
ture [13]. Last few decades, there has been an increased 
interest in the utility of flavonoids based upon their broad 
spectrum of biological properties, including cardioprotec-
tive, antioxidative and anticarcinogenic activities [14].

Within the members of flavonoid family are silibinin and 
chrysin. Silibinin (3,5,7-trihydroxy-2-[3-(S)-(4-hydroxy-
3-methoxyphenyl)-2-(S)-(hydroxymethyl)-2,3-dihydro-
1,4-benzodioxin-6-yl]chroman-4-one) (Fig. 1a), a flavonol-
ignan isolated from milk thistle seeds, is the major active 
constituent of silymarin and one of the popular dietary sup-
plements that has been extensively studied for its hepato-
protective, antioxidant and antitumor  properties 12. Silib-
inin has also demonstrated potent anticancer effects against 
various tumor types such as breast and pancreas. [15–17].

On the other hand, chrysin, 5,7-dihydroxy-2-phenyl-4H-
chromen-4-one (Fig.  1b), is a naturally occurring flavone 
extracted from the honeycomb and blue passion flower 
[18]. The antitumor effects of chrysin have been previ-
ously reported in several tumor cell lines [19–21]. Coor-
dination of the inorganic vanadium species with organic 
molecules may improve their solubility, stability, transport 
and absorption [22–24]. These aspects are very important 
when considering treatments with high doses of the com-
pounds or when long time exposures are needed [25, 26]. 
Besides, the biological effects of vanadium complexes are 
more effective than those of free flavonoids, meaning that 
the physiological and anticancer properties of flavonoids 
are enhanced on complexation [27, 28].

As part of a project related to vanadium com-
pounds with potential pharmacological applications in 
cancer, the present study deals with the effects of an 
oxovanadium(IV) complexes with the flavonoids sili-
binin Na2[VO(silibinin)2]·6H2O (VOsil) and chrysin 
[VO(chrysin)2EtOH]2 (VOchrys) on a human colorectal 
adenocarcinoma cell line (HT-29). We have investigated 

Fig. 1   Chemical structure of silibinin, 3,5,7-trihydroxy-2-[3-(S)-(4-hydroxy-3-methoxyphenyl)-2-(S)-(hydroxymethyl)-2,3-dihydro-1,4-benzo-
dioxin-6-yl]chroman-4-one and chrysin, 5,7-dihydroxy-2-phenyl-4H-chromen-4-one
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and reported herein, the effects of the complexes on cell 
viability of this tumor cell line and the putative mecha-
nisms involved in their anticancer effects. In particular, 
we focus our investigation on the cellular redox status, its 
effects on cytotoxicity and mitochondria metabolism, as 
well as on the cell cycle arrest, apoptosis and NF-kB via 
inhibition. Finally, we have investigated the effect of these 
compounds on the human topoisomerase activity.

Experimental

Materials

Tissue culture materials were purchased from Corn-
ing (Princeton, NJ, USA), Dulbecco’ s Modified Eagles 
Medium (DMEM), TrypLE™ from Gibco (Gaithersburg, 
MD, USA), and fetal bovine serum (FBS) from Internego-
cios SA (Argentina). Annexin V, Fluorescein isothiocyanate 
(FITC)/PI, tetrazolium salt MTT (3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyl-tetrazolium-bromide) from Invitrogen 
Corporation (Buenos Aires, Argentina). The caspase-3 
assay was achieved by commercial kit (Caspase 3 Assay 
Kit Pharmingen™ BD).

All other chemical were from Sigma Chemical Co. (ST. 
Louis, MO, USA).

Methods

Synthesis and identification of VOsil and VOchrys

VOsil and VOchrys were synthesized according to previ-
ously reported results [11, 12].

The identification of the complexes was done using 
FTIR.

Preparation of VOsil and VOchrys solutions  Fresh stock 
solutions of the complexes and the free ligands were pre-
pared in DMSO at 20 mM and diluted according to the con-
centrations indicated in the legends of the figures. Precau-
tions should be taken with the maximum concentration of 
DMSO in the well plate. We used 0.5 % as the maximum 
DMSO concentration to avoid toxic effects of this solvent 
for the cells.

Cell culture and  incubations  HT-29 cell line was pur-
chased from ATCC (HTB-38™).

HT-29 and HT-29 NFκB-hrGFP cells were grown in 
DMEM and RPMI 1640 containing 10  % FBS, 100 U/
mL penicillin and 100  μg/mL streptomycin at 37  °C in 
5 % CO2 atmosphere. Cells were seeded in a 25-cm2 flask 
and when 70–80 % of confluence was reached, cells were 
subcultured using 1 mL of TrypLE™ per 25 cm2 flask. For 

experiments, cells were grown in multi-well plates. When 
cells reached the desired confluence, the monolayers were 
washed with DMEM and were incubated under different 
conditions according to the experiments.

Cell viability: crystal violet assay  A mitogenic bioassay 
was carried out as described by Okajima et  al. [29] with 
some modifications. In brief, cells were grown in 48-well 
plates. For experiments, the cells (3 × 104 cells/mL) were 
grown for 24 h at 37 °C. Then, for the viability assay, the 
monolayer was incubated with different concentrations 
(2.5–100  μM) of the free ligand or the complex. After 
this treatment, the monolayers were washed with PBS and 
fixed with 5  % glutaraldehyde/PBS at room temperature 
for 10 min. After that, they were stained with 0.5 % crys-
tal violet/25  % methanol for 10  min. Then, the dye solu-
tion was discarded and the plate was washed with water and 
dried. The dye taken up by the cells was extracted using 
0.5 mL/well 0.1 M glycine/HCl buffer, pH 3.0/30 % metha-
nol and transferred to test tubes. Absorbance was read at 
540 nm after a convenient sample dilution. It was previously 
shown that under these conditions, the colorimetric bioassay 
strongly correlated with cell proliferation measured by cell 
counting in Neubauer chamber [30].

MTT assay  The MTT assay was based on a report pre-
viously described by Mosmann [31]. In brief, 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 this treatment, 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-dimethylth-
iazol-2-yl)-2,5-diphenyl-tetrazolium-bromide) to a colored 
formazan by mitochondrial dehydrogenases. Color develop-
ment was measured spectrophotometrically in a Microplate 
Reader (7530, Cambridge technology, Inc, USA) at 570 nm 
after cell lysis in DMSO (100 μL/well). Cell viability is 
shown graphically as the percentage of the control value.

Neutral red assay  The neutral red (NR) accumulation 
assay was performed according to Borenfreund and Puerner 
[32]. Cells were seeded in 96-well culture plates at a ratio 
of 2.5 × 104 cells per well. Cells were treated with different 
VOsil/VOchrys concentrations for 24 h at 37 °C in 5 %CO2 
in air.

After treatment, the medium was replaced by one con-
taining 100 μg/mL NR dye, and the cells were incubated 
for 3  h. Then, the NR medium was discarded, the cells 
were rinsed twice with prewarmed (37 °C) PBS to remove 
the non incorporated dye, and 100 μL of 50 % ethanol/1 % 
acetic acid solution was added to each well to fix the cells, 
releasing the NR into solution. The plates were shaken for 
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10 min, and the absorbance of the solution was measured 
with a microplate reader (model 7530, Cambridge Technol-
ogy, USA) at 540 nm. The optical density was plotted as 
the percentage of the optical density of the control.

Fluorometric determination of  cellular GSH and  GSSG 
levels  GSH and GSSG levels were determined in cells 
in culture as follows. Confluent HT-29 monolayers from 
24-well dishes were incubated with different concentra-
tions of both complexes at 37 °C for 24 h. Then, the mon-
olayers were washed with PBS and harvested by incubat-
ing them with 250 μL Triton 0.1 % for 30 min. For GSH 
determination, 100 μL aliquots were mixed with 1.8 mL 
of ice-cold phosphate buffer (Na2HPO4 0.1  M-EDTA 
0.005  M pH 8) and 100 μL o-phthaldialdehyde (0.1  % 
in methanol) as it was described by Hissin and Hilf [33]. 
For the determination of GSSG, 100 μL aliquots were 
mixed with 1.8 mL NaOH 0.1 M and o-phthaldialdehyde 
as before. Previously, to avoid GSH oxidation, the cellu-
lar extracts for GSSG determination were incubated with 
0.04 M of N-ethylmaleimide (NEM). Fluorescence at an 
emission wavelength of 420 nm was determined after exci-
tation at 350 nm.

The ratio GSH/GSSG, which is a better marker for the 
cellular redox status, was calculated as percentage basal for 
all the experimental conditions.

On the other hand, the change in cellular redox potential 
were calculated using the Nernst´s equation for the reduc-
tion potential of the GSSG/2GSH half-cell

The pH condition used to calculate the Ehc values is the 
same of pH of DMEM medium used for cell culture.

Measurement of  the exposure of  phosphatidyl serine (PS) 
by  annexin V‑FITC/PI staining  Cells in early and late 
stages of apoptosis were detected with Annexin V-FITC 
and propidium iodide (PI) staining. Cells were treated with 
100 µM VOsil and VOchrys incubated for 6 and 24 h prior to 
analysis. For the staining, cells were washed with PBS and 
adjusted to a concentration of 1 × 106 cell/mL in 1× bind-
ing buffer. To 100 µL of cell suspension, 2.5 µL of Annexin 
V-FITC and 2 µL PI (250 µg/mL) were added and incubated 
for 15 min at room temperature prior to analysis. Cells were 
analyzed using flow cytometer CyAnTM ADP (Beckman 
Coulter, USA) and Summit v4.3 software. For each analy-
sis, 10,000 counts, gated on a FSC vs SSC dot plot, were 
recorded. Four subpopulations were defined in the dot plot: 
the undamaged vital (Annexin V−/PI−), the vital mechani-
cally damaged (Annexin V−/PI+), the apoptotic (Annexin 
V+/PI−), and the secondary necrotic (Annexin V+/PI+) 
subpopulations.

Ehc = −264− (59.1/2)log
(

[GSH]2/[GSSG]
)

mV at 25◦C, pH 7.4.

Caspase 3 assay  The determination of caspase 3, one of 
the main effector caspases, was carried out with a commer-
cial kit (Caspase 3 Assay Kit Pharmingen™, BD) following 
the recommendations of manufacturers.

In brief, cells were grown in 24-well plates for 24  h 
(3 ×  105 cells/well). Then, the monolayer was incubated 
with 100 μM of the complexes for 6 h. After this treatment, 
the monolayers were washed with PBS and were harvested 
with TrypLE™ at 37 °C for 5 min.

After that, cytofix/cytoperm buffer 1× was added and 
incubated in an ice-cold bath for 20 min. Then, the tubes 
were centrifuged at 1000 rpm for 5 min and the cells were 
collected. After that, anti caspase-3 FITC antibody was 
added and incubated for 30 min at room temperature. Then, 
the cells were analyzed using flow cytometer CyAnTM 
ADP (Beckman Coulter, USA) and Summit v4.3 software.

Measurement of cell cycle/DNA content  DNA content in 
G1/G0, S, G2/M phases was analyzed using flow cytometry 
[34]. Cells were seeded on 6-well plates, cultured during 
24 h and then treated with 100 µM of complexes for 24 and 
48 h. The harvested cells were washed with PBS, fixed and 
permeabilized with 70 % ice-cold ethanol for more than 2 h. 
Subsequently, cells were resuspended in freshly staining 
buffer (15 mg/mL of PI and 15 mg/mL DNase-free RNase 
prepared in PBS containing 2 mM EDTA) and incubated for 
15 min at 37 °C. After gating out cellular aggregates, the cell 
cycle distribution analysis was performed on CyAnTM ADP 
flow cytometer using Summit v4.3 software for the acquisi-
tion. For each sample, at least 10,000 cells were counted and 
plotted on a single parameter histogram. The percentage of 
cells in the G1/G0, S, G2/M phases and sub-G1 peak was then 
calculated using FlowJo 7.6 software (Watson model).

NF‑κB pathway inhibition assay  HT-29-NF-κB-
hrGFP reporter cells [35] were seeded in 96-well plates 
(5.0  ×  104cells/well) in RPMI 1640 supplemented with 
10 % (v/v) heat-inactivated fetal calf serum. After 24 h, the 
medium was renewed and 25 and 50 µM of both complexes 
were added 2 h before stimulation with 3 ng/mL of TNF-
α. Three controls were included: (1) cells treated only with 
complete RPMI 1640 medium; (2) cells treated only with 
TNF-α; and (3) cells treated with DMSO 0.5 %. Cells were 
incubated for 18 h at 37 °C in a 5 % CO2 humidified atmos-
phere and finally trypsinized for flow cytometry analysis. 
Cells were analyzed using a CyAn™ ADP (Beckman Coul-
ter, USA) flow cytometer equipped with 488 nm and 635 nm 
lasers. Summit 4.3 software was used for data acquisition 
and analysis. Green fluorescence protein (GFP) and pro-
pidium iodide (PI) fluorescence emissions were detected by 
band-pass filter 530/40 and 613/20, respectively, employ-
ing a logarithmic scale. For each sample, 10,000 counts 
gated on a FSC vs SSC dot plot, excluding doublets were 
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recorded. Only single living cells (cells that excluded PI) 
were considered for results’ comparison and the percentage 
of GFP positive cells were normalized against the percent-
age of GFP cells obtained with the TNF-α.

Purification of  human topoisomerase IB  Human topoi-
somerase IB was expressed under the galactose inducible 
promoter in a multi-copy plasmid, YEpGAL1-e-wild type 
and YEpGAL1-e-Y723F, used for transformation of EKY3 
cells, as described previously by Chillemi and col [36]. The 
epitope-tagged constructs contain the N-terminal sequence 
FLAG: DYKDDDY (indicated with ‘‘e’’), recognized by 
the M2 monoclonal antibody. The purification was carried 
out using the ANTI-FLAG M2 Affinity Gel column. FLAG-
fusion topoisomerase IB was eluted by competition with 
five column volumes of a solution containing 100  µg/ml 
FLAG peptide in 50 mM Tris–HCl, 150 mM KCl pH 7.4. 
Glycerol was added into each collected fraction up to a final 
concentration of 33 %; all the fractions were stored at 20 °C. 
One aliquot from each single fraction was resolved by SDS–
polyacrylamide gel electrophoresis; using the epitope-spe-
cific monoclonal antibody M2 protein, concentration and 
integrity were measured through immunoblot assay.

DNA relaxation assays  The activity of topoisomerase IB 
was assayed in 20 µL of reaction volume containing 0.5 µg 
of negatively supercoiled pBlue-Script KSII(+) DNA and 
Reaction Buffer (20  mM Tris–HCl, 0.1  mM Na2EDTA, 
10 mM MgCl2, 50 µg/ml acetylated BSA and 150 mM KCl, 
pH 7.5). The effect of the complexes on enzyme activity 
was measured by adding different concentrations of the 
compounds, at different times. Reactions were stopped with 
a final concentration of 0.5  % SDS after 30  min or after 
each time-course point at 37  °C. The samples were elec-
trophoresed in a horizontal 1 % agarose gel in 50 mM Tris, 
45 mM boric acid, 1 mM EDTA). The gel was stained with 
ethidium bromide (5 µg/mL), destained with water and pho-
tographed under UV illumination. Where indicated, enzyme 
and inhibitor were preincubated at 37 °C for 5 min, prior to 
the addition of the substrate. Assays were performed at least 
three times but only one representative gel is shown.

Cleavage kinetics  The oligonucleotide substrate CL14 
(50-GAAAAAAGACTTAG-30) radiolabelled with [g-32P] 
ATP at its 50 end and the CP25 complementary strand 
(50-TAAAAATTTTTCTAAGTCTTTTTTC-30), phospho-
rylated at its 50 end with unlabeled ATP, were annealed at 
a twofold molar excess of CP25 over CL14, creating the 
so-called ‘‘suicide substrate’’, which contains only a par-
tial duplex. The suicide cleavage reactions were performed 
incubating 20  nM of this partial duplex substrate with an 
excess of enzyme in reaction buffer at 37 °C and in the pres-
ence of 150  µM of VOsil. DMSO was added to no-drug 

control. When indicated, VOsil was pre-incubated with the 
enzyme for 5 min before the addition of a DNA substrate. 
Previous to the addition of the enzyme, a 5-ml sample of 
the reaction mixture was removed and used as the zero time 
point. At different time points, 5-ml aliquots were removed 
and the reaction stopped with 0.5 % SDS. After ethanol pre-
cipitation, the samples were re-suspended in 6 µL of 1 mg/
mL trypsin and incubated at 37 °C for 1 h. Samples were 
analyzed using denaturing urea/polyacrylamide gel elec-
trophoresis. Each experiment was replicated at least three 
times and a representative gel is shown.

Religation kinetics  A suicide CL14/CP25 substrate 
(20 nM), prepared as above, was incubated with an excess 
of topoisomerase IB enzyme for 30 min at 37 °C in reaction 
Buffer. A 5-ml sample of the reaction mixture was removed 
and used as the zero time point. Religation reactions were 
initiated by adding a 200-fold molar excess of R11 oligonu-
cleotide (50-AGAAAAATTTT-30) over the duplex CL14/
CP25 in the presence or absence of 150 µM of VOsil. At dif-
ferent times, 5 mL aliquots were removed and the reaction 
stopped with 0.5  % SDS. After ethanol precipitation, the 
samples were re-suspended in 5 mL of 1 mg/mL trypsin and 
incubated at 37 °C for 30 min. Samples were analyzed by 
denaturing urea/polyacrylamide gel electrophoresis. Each 
experiment was replicated three times and a representative 
gel is shown.

Electrophoretic mobility‑shift assay (EMSA)  This assay 
was done using the same double-stranded 25  bp oligonu-
cleotide CL25/CP25 prepared for the cleavage/equilibrium 
assay. The reactions were carried out using the catalytically 
inactive mutant Y723F. The mutant enzyme was incubated 
in standard reaction conditions [20 mM Tris–HCl, pH 7.5, 
0.1  mM Na2EDTA, 10  mM MgCl2, 50  µg/mL acetylated 
BSA and 150 mM KCl] in the presence of 1 % (v/v) DMSO, 
150 µM VOsil at 37 °C for 30 min in a final volume of 20 
µL. In the case of pre-incubation, the enzyme was incubated 
with VOsil for 5 min before adding the DNA substrate and 
letting the binding reactions proceed for 30 min at 37 °C. 
Reactions were stopped by the addition of 5 µL of dye 
[0.125 % Bromophenol Blue and 40 % (v/v) glycerol]. Sam-
ples were loaded onto 6 % (v/v) native polyacrylamide gels 
and electrophoresed at 40 V in TBE3 (12 mM Tris, 11.4 mM 
boric acid and 0.2 mM EDTA) at 4 °C for 4 h. Products were 
visualized by PhosphorImager.

Statistical analysis

At least three independent experiments were performed for 
each experimental condition in all the biological assays. 
The results are expressed as the mean ± the standard error 
of the mean (SEM). Statistical differences were analyzed 
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using the analysis of variance method (ANOVA) followed 
by the test of least significant difference (Fisher).

Results and discussion

Results

Synthesis, identification and active species of VOchrys 
and VOsil

VOchrys and VOsil were synthesized according to Naso 
et al. [11, 12]. The method is briefly described in the Mate-
rials and Methods section. The obtained powder sample of 
each complex was identified by FTIR and the main vibra-
tions of the organic moiety were compared. Besides, it 
was assumed that in the proposed complex structure for 
VOchrys, the axial positions were occupied by the oxygen 
atom of VO and the other axial position by a solvent mol-
ecule. The equatorial positions are occupied by two organic 
ligand molecules. Besides, for VOsil, it can be seen that the 
binding mode of this complex could be expected to involve 
an equatorial coordination sphere with two deprotonated 
ArO– (from the flavonoid moiety) and two oxygen atoms 
from C=O groups bound to the oxovanadium(IV) center 
[11, 12].

Effect of chemical complexation on cell viability

To test the effect of chemical complexation on cell 
viability, human HT-29 colorectal adenocarcinoma 

cells were exposed to the flavonoids silibinin, chry-
sin, the oxidovanadium(IV) cation, and the com-
plexes VOchrys and VOsil. As can be seen in Fig. 2, the 
oxidovanadium(IV) cation provoked an inhibitory effect 
only at 100  µM, whereas silibinin and chrysin did not 
show effects in this cell line. On the contrary, VOsil and 
VOchrys impaired cell viability from 75  µM (p  <  0.01). 
Moreover, the antiproliferative action of the complexes are 
much stronger than the effects of the vanadyl(IV) cation 
and free flavonoids in the whole range of the studied con-
centrations (p  <  0.01), demonstrating an improvement of 
the anticancer action through the complexation of chrysin 
and silibinin with vanadyl(IV).

To determine the antitumor effectiveness of both com-
plexes, we compared their effects with those of the refer-
ence metal-based drug (cisplatin) in HT-29 cells. Figure 3 
shows the effects of VOchrys, VOsil and cisplatin (CDDP) 
on the cell viability of HT-29 cells. As it can be seen, 
CDDP caused an inhibitory effect only at 100  µM, while 
VOchrys and VOsil provoked antitumor effects from 75 µM 
(p < 0.01). At 75 µM, VOsil and VOchrys were more del-
eterious than cisplatin (74, 76, vs 98 % survival), whereas 
at 100 µM, the differences were 32, 56 vs 88 % surviving 
cells, respectively.

Cytotoxicity studies

To obtain deeper insight into the antiproliferative effects 
of the complexes, the cytotoxicity of VOchrys and VOsil 
toward relevant organelles of the cells (mitochondria 
and lysosomes) was investigated through the reduction 

Fig. 2   Effects of VOsil, silibinin and vanadyl cation (a) and 
VOchrys, chrysin and vanadyl cation (b) on HT-29 human cell line 
viability evaluated by crystal violet assay. Cells were incubated in 
serum-free DMEM alone (control) or with different concentrations 
of the complexes, free ligands and free metal at 37 °C for 24 h. The 

results are expressed as the percentage of the basal level and repre-
sent the mean ± SEM (n = 18). *Significant difference in compari-
son with the basal level (p < 0.01). #Significant differences between 
the complex and the free metal (p < 0.01)
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of MTT assay and the neutral red (NR) uptake assay, 
respectively.

Alteration in the energetic metabolism of the HT-29 
cells was determined by the MTT assay. This technique 
measures the ability of the mitochondrial succinic dehydro-
genases to reduce the methyl tetrazolium salt [31].

On the other hand, the NR technique is used to meas-
ure the growth of a population of cultured cells: viable cells 
take up the NR dye and transport it to the lysosomes [32].

The metabolically active lysosomes display the capacity 
of taking up the NR dye.

Figure  4a shows the effects of both complexes on the 
mitochondrial metabolism of colorectal adenocarcinoma 
cells. A concentration-related inhibition was observed 
from 75 to 100 µM with statistically significant differences 
against the control condition (p  <  0.01). Moreover, VOsil 
produced stronger cytotoxic effects than VOchrys.

Besides, Fig.  4b shows the effects of VOsil/VOchrys 
on lysosomal activity of HT-29 cells. The data pre-
sented herein show a cytotoxic effect of the complexes in 
a concentration-dependent manner from 75 to 100  µM 
(p < 0.01). These results are in agreement with the effect of 
VOsil and VOchrys on mitochondrial activity.

Mechanism of action

The putative cell death mechanisms triggered by VOchrys/
VOsil were investigated through the determination of the 
GSH/GSSG redox couple, apoptosis and cell cycle arrest. 
Moreover, an exhaustive study of the inhibition of topoi-
somerase IB activity and the NF-kB activation was also 
performed.

Cellular redox status

For a better understanding of the possible mechanism 
involved in the cytotoxicity of both complexes in HT-29 
cells, we evaluated the effect of VOchrys and VOsil on the 
ratio of GSH to GSSG. GSH is one of the major reducing 
agents in mammalian cells. This thiol acts by sequestering 

Fig. 3   Effects of VOsil, VOcrys and cisplatin (CDDP) on HT-29 
cells evaluated by crystal violet assay. Cells were incubated in serum-
free DMEM alone (control) or with different concentrations of the 
complexes at 37  °C for 24 h. The results are expressed as the per-
centage of the basal level and represent the mean ± SEM (n = 18). 
*Significant difference in comparison with the basal level (p < 0.01)

Fig. 4   a Evaluation of the mitochondrial succinate dehydrogenase 
activity by the MTT assay in HT-29 cells in culture. HT-29 cells were 
incubated with different concentrations of the VOsil and VOchrys 
at 37  °C for 24 h. After incubation, cell viability was determined 
by the MTT assay. Results are expressed as % basal and represent 
the mean ± SEM, n = 18, *p < 0.01. b NR uptake by HT-29 colon 

adenocarcinoma cells in culture. Tumor cells were incubated with 
different concentrations of VOsil and VOchrys for 24 h at 37  °C. 
After incubation, cell viability was determined by the uptake of 
NR. The dye taken up by the cells was extracted and the absorbance 
read at 540 nm. Results are expressed as % basal and represent the 
mean ± SEM, n = 18, *p < 0.01
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free radicals and regulating the redox status by means of 
the GSH/GSSG couple [37].

Figure 5 shows the effects of VOsil/VOchrys on GSH/
GSSG levels in HT-29 cells. As it can be seen, VOsil and 
VOchrys caused a decrease in the ratio of GSH to GSSG 
in HT-29 cells in the range of 75–100  µM (p  <  0.01). At 
75  µM, VOsil was more deleterious than VOchrys (47  vs 
87 % of GSH/GSSG ratio), whereas at 100 µM, the differ-
ences were 37 vs 80 % of GSH/GSSG, respectively.

On the other hand, the redox state of a redox couple is 
defined by the half-cell reduction potential and the reduc-
ing capacity of that couple.

Thus, the Nernst´s equation for the reduction potential 
of the GSSG/2GSH half-cell will have the form:

Table 1 shows the change in cellular redox potential. As 
it can be seen, the values of reduction potential decreased 
from 249 ± 4 to 229 ± 6 and 221 ± 56 after the treatment 
with 75 and 100 µM of VOchrys, respectively. Besides, in 
accordance with the GSH/GSSG ratio results, the values of 

GSSG+ 2H+

+ 2e− = 2GSH.

Ehc = −264− (59.1/2)log
(

[GSH]2/[GSSG]
)

mV at 25◦C, pH 7.4.

Ehc highly diminished with the VOsil treatment. The values 
for the basal condition, and for 75 and 100 µM VOsil treat-
ment are 243 ± 5, 193 ± 6 and 177 ± 3, respectively.

These results are in agreement with the effect of 
both complexes on the GSH/GSSG ratio and HT-29 cell 
viability.

Cell cycle analysis and DNA fragmentation

Cells go through the cell cycle in several well-controlled 
phases [38]. The entry into each phase of the cell cycle is 
regulated by different checkpoints. One issue emerging 
from drug discovery is to develop therapeutic agents that 
target the checkpoints responsible for the control of cell 
cycle progression. Endonucleases activated during apop-
tosis target at internucleosomal DNA sections and cause 
extensive DNA fragmentation [39].

Apoptotic cells have deficient DNA content, and when 
stained with a DNA-specific fluorochrome (propidium 
iodide), they can be recognized by flow cytometry as cells 
with less DNA than G1 cells, known as the ‘‘sub-G1’’ peak 
in the DNA content frequency histograms [40, 41].

Cell cycle arrest and the progression of apoptosis as a 
function of the incubation time were analyzed by flow 
cytometry. When the cells were treated with 100  µM of 
VOchrys, many changes were observed in the cell cycle 
distribution in a time-dependent manner. With 100 µM of 
the compound, cell cycle arrest in G2/M phase was seen 
after 24 h of incubation (Fig. 6). These phase still showed a 
significant increase after 48 h of incubation with the com-
plex (p < 0.01). Besides, it should be noted that under these 
experimental conditions, no subG1 peak was detected (no 
DNA degradation). On the other hand, when using 100 µM 
of VOsil, the cells were directly conveyed to apoptosis after 
24 and 48 h of treatment showing a significant increase in 
the sub-G1 peak (35 % apoptotic cells vs 3 % control).

Apoptosis

Apoptosis is a physiological process of cell death enhanced 
in the presence of harmful agents. Apoptosis produces vari-
ous modifications in the cell structure, mainly at the cel-
lular membrane level. Cell death may be triggered by an 
extrinsic pathway mediated by receptors on the surface of 
the cells or can be produced by endoplasmic reticulum or 
mitochondrial stress (intrinsic pathway). Consequently, a 
genetic program that leads to cell death is activated. Apop-
tosis is characterized by some morphological changes in 
the cytoplasm and the nucleus. Because of this, apoptosis 
can be assessed by using several characteristic features of 
programmed cell death. One of the first alterations that can 
be defined is the externalization of phosphatidylserine at 
the outer plasma membrane leaflet (early apoptosis). Other 

Fig. 5   GSH/GSSG ratio in HT-29 cells, incubated with 50, 75 
and 100 μM of VOsil and VOchrys. Results are expressed as 
mean ± SEM of three independent experiments n = 12. *Significant 
differences vs. basal (p < 0.01)

Table 1   Ehc (mV) values calculated using the Nernst´s equation at 
25 °C, pH 7.4

Ehc (mV) VOchrys VOsil

Control 249 ± 4 243 ± 5

75 μM 229 ± 6 193 ± 6

100 μM 221 ± 5 177 ± 3
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important features of apoptosis are the activation of the cas-
pase pathway and DNA fragmentation.

Effects of VOsil on phosphatidylserine externalization

Independently of the cell type and the nature of the injuring 
agent, the externalization of phosphatidylserine is always 
present in the earlier apoptotic events. Annexin V–FITC 
is a fluorescent probe with high affinity for phosphatidyl-
serine, allowing its determination by fluorescence assays. 
Moreover, propidium iodide (PI) is a probe with high affin-
ity for DNA. When the plasmatic membrane is not altered, 
PI cannot enter the cells but as apoptosis progresses the cel-
lular membrane is damaged and PI enters the cells. These 
occur in the late steps of apoptosis events.

To obtain deeper insight into the apoptosis induced by 
both complexes, we tested 100  µM of each complex and 
two incubation times (6 and 24 h).

Table  2 and Fig.  7 display the quantification of early 
and late stages of apoptosis obtained by flow cytometry in 
HT-29 cells.

Table 2 shows that after 6 h of incubation, the basal con-
dition showed 5  % of early apoptotic cells annexin V(+) 

and 2 % of late apoptotic cells annexin V(+)/PI(+). After 
6 h of treatment, VOsil increased the levels of early apop-
totic cells and late apoptotic cells (12 and 33  %, respec-
tively), while VOchrys did not produce changes in these 
cells populations. On the other hand, after 24  h of treat-
ment, VOsil resulted in approximately 56 % of late apop-
totic cells, with a statistically significant difference with the 
control and produced a striking increase in this fraction of 
apoptotic cells (see Fig. 7).

As can be seen, the percentages of early and late apop-
totic cells increased only for incubation with VOsil. These 
results are in accordance with the viability assays, GSH 

Fig. 6   Effect of VOchrys on cell cycle arrest and DNA fragmenta-
tion. a Effects of VOchrys on cell cycle arrest (G2 phase). HT-29 
cells were treated with 0 (control) and 100 μM of VOchrys at 37 °C 
during 24 and 48 h. b Graphical bars show the percentage of G2 

phase cells. Results are expressed as the mean ± SEM, n = 9. *Sig-
nificant differences vs.control (p < 0.05). Plots are representative of 
three independent experiments

Table 2   Level of early and late apoptosis in HT-29 cells

* Significant difference in comparison with the basal level (p < 0.01)

Complex [µM] Annexin V(+)/PI(−) Annexin V(+)/PI(+)

6 h 24 h 6 h 24 h

Control 5 ± 0.5 5 ± 1 2 ± 0.2 3 ± 0.5

100 µM VOchrys 6 ± 0.5 6 ± 1 3 ± 0.5 2.5 ± 0.5

100 µM VOsil 12 ± 1* 6 ± 1 33 ± 2* 56 ± 5*
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levels and cell cycle distribution, confirming the deleterious 
action of VOsil on HT-29 cells.

Caspase 3 activation

Caspases (cysteine-requiring aspartate proteases) are a fam-
ily of proteases that mediate cell death and these enzymes 
are very important to the process of apoptosis. Caspase 3 
is one of the critical members of this family since it is an 
effector caspase that cleaves most of the caspase-related 
substrates involved in apoptosis regulation [42, 43]. It plays 
a central role mediating nuclear apoptosis, including chro-
matin condensation and DNA fragmentation as well as cell 
blebbing [44]. Figure 8 shows the effects of VOsil on cas-
pase 3 activation. In this figure, it can be seen that after 6 h 
of incubation of the cells with VOsil and VOchrys, caspase 

3 is activated only in the presence of 100  µM of VOsil 
(p < 0.01), demonstrating that the apoptotic effect of VOsil 
is in agreement with the annexin V/PI assay. The activation 
of caspase 3 is a very good marker to confirm the annexin 
V results for the detection of apoptosis.

Effect of VOchrys and VOsil on NF‑kB activation

NF-κB (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) is a protein complex that controls transcrip-
tion of DNA. The NF-kB is widely used by eukaryotic cells 
as a genetic regulator of cell proliferation and cell survival. 
Therefore, many types of human tumors show an activation 
of the NF-kB to prevent death and protect the cell against 
the apoptosis. Defects in NF-kB produce an increased sus-
ceptibility to apoptosis leading to an increase in cell death 

Fig. 7   Effect of VOsil on apoptosis assessed by flow cytometry using 
Annexin V-FITC/PI staining. HT-29 cells were treated with 0 (con-
trol) and 100 μM of the complex at 37 °C during 6 and 24 h. Plots 

are representative of three independent experiments. Numbers in R5 
quadrant indicate the Annexin V(+) cells
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due to the fact that NF-kB regulates anti-apoptotic genes 
(especially TRAF1 and TRAF2), that controls the caspases’ 
enzymatic activity [45]. The inactivation of NF-kB may 
cause that the tumoral cells cease to proliferate, die, or are 
more sensitive to the action of anticancer agents. There-
fore, NF-kB is an important target to be studied in cancer 
therapy [46]. Furthermore, NF-kB plays a key role in the 
inflammatory response that is why the inhibition of NF-kB 
signaling pathway has a strong interest in cancer therapies 
and inflammatory diseases [47].

For a better understanding of the role of the NF-kB inhi-
bition in cell death, we tested two concentrations (25 and 
50 µM) of both complexes in presence of the tumor necro-
sis factor (TNF-α), the activator of this signaling pathway, 
using HT-29 colorectal adenocarcinoma line transfected 
with the gene NFκBhrGFP.

As it can be seen in Fig. 9, VOchrys did not show effects 
in the inhibition of NF-kB pathway. On the contrary, after 
VOsil treatment (50  µM), the activation of NF-kB path-
way by TNF-α is inhibited by the complex. Figure 9 shows 
that when NF-kB pathway was activated by TNF-α, 49 % 
of activated cells can be seen, this value decreases to 27 % 
with a pre-treatment of 50 µM of VOsil, demonstrating the 

inhibitory effect of the complex in the NF-kB pathway. 
This behavior would be closely related to the pro-apoptotic 
effects generated by VOsil in HT-29 cells. As mentioned 
above, there are numerous reports linking NF-kB activa-
tion as a way to escape from apoptosis and activation of 
cell proliferation [48]. VOsil would be involved in the inhi-
bition of this pathway increasing the sensitivity of cells 
to apoptosis which in turn is generated by the same com-
pound, as we have shown previously. These results are con-
sistent with all those obtained up here, demonstrating that 
the deleterious and pro-apoptotic effect is stronger in Vosil 
than VOchrys.

Effect of VOchrys and VOsil on topoisomerase IB activity 
and relaxation

Topoisomerases are enzymes that control the topological 
state of DNA through the breaking and rejoining of DNA 
strands. Currently, there are two classes of topoisomer-
ases: type I enzymes, which act by transiently nicking one 
of the two DNA strands, and type II enzymes which nick 
both DNA strands and whose activity is dependent on the 
presence of ATP. Topoisomerases are involved in different 

Fig. 8   Effect of VOsil on 
caspase 3 activation. Activity of 
caspase 3 was determined with 
the caspase 3-specific antibody 
coupled FITC. HT-29 cells were 
treated with VOsil at 0 (control) 
and 100 μM at 37 °C for 6 h 
and were then harvested and 
analyzed by flow cytometry. 
The results are expressed as 
the mean ± SEM of three inde-
pendent experiments (n = 9). 
*Significant differences versus 
the control (p < 0.01)
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cellular processes such as DNA replication, transcription, 
recombination, integration and chromosomal segregation 
[49, 50]. In the last years, many reports suggest that topoi-
somerases are targets of several antitumor agents since these 
compounds reduce the topoisomerase activity acting through 
different mechanisms [51, 52]. Figure 10 shows the effects 
of VOsil on the human topoisomerase IB relaxation activity. 
From this figure, it can be seen that VOsil has an inhibitory 
effect on the topoisomerase IB relaxation activity in a dose-
dependent manner from 75 to 300 µM (Fig. 10a, lanes 7–11), 
a full inhibition being achieved at 100 µM. Figure 10b shows 
that the enzyme fully relaxes the substrate in the absence of 
the compound (lanes 2–5), and partially relaxes the substrate 
in presence of 55  µM of VOsil (lanes 6–9) but the DNA 
relaxation is inhibited if the enzyme is pre-incubated with 
the vanadium complex VOsil (lanes 10–13). Nevertheless, as 
it can be seen from Fig. 10b (lanes 12–13) that the inhibition 
is incomplete indicating that the inhibitory effect of the vana-
dium compound is reversible. On the other hand, VOchrys 
did not show effects on topoisomerase IB activity.

Analysis of cleavage and religation kinetics

The cleavage and the religation reactions have been car-
ried out in separate experiments to clarify if the vanadium 
compound inhibits the relaxation reaction affecting one of 
the two processes or both of them. The cleavage kinetics 
has been followed by reacting an excess of topoisomerase 
I with the suicide substrate (Fig. 11a), in the absence and 
the presence of VOsil. Figure 11b shows the PAGE analysis 
of the reaction products, where the band corresponding to 
the cleaved DNA fragment is indicated as CL1. The cleav-
age kinetics is very fast in the control condition (absence of 
the compound), while it is strongly reduced in the presence 
of 150  µM of VOsil. Besides, the pre-incubation effects 
with the enzyme before the substrate addition increased 
the inhibitory effect of VOsil but this effect is reversible 
(Fig. 11b, lanes 14–19).

The religation kinetics has been performed incubat-
ing the suicide cleavage substrate with an excess of native 
enzyme for 30  min to produce the cleaved complex, 

Fig. 9   Effect of VOsil on NF-kB activation by TNF-α. NF-kB acti-
vation was determined using HT-29 colorectal adenocarcinoma line 
transfected with the gene NFκBhrGFP (HT-29-NF-κB-hrGFP). This 
cells were pretreated with VOsil and VOchrys 0 (control) 25 and 50 
μM during 2 h before stimulation with 3ng/mL of TNF-α for 18 h. 

Then the cells were then harvested and analyzed by flow cytometry. 
The results are expressed as the mean ±  SEM of three independ-
ent experiments (n =  9). *Significant differences versus the control 
(p < 0.01)
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followed by subsequent addition of 200-fold molar excess 
of the R11 complementary oligonucleotide in the presence 
of DMSO and VOsil. As it can be seen from Fig. 11d, the 
religation rate is the same in the presence or in the absence 
of VOsil (Fig. 11d, lanes 10–17) concluding that the com-
pound did not show inhibitory effects in the religation 
reaction.

Binding analysis by EMSA

The inactive Y723F human topoisomerase IB mutant was 
incubated with the radiolabelled CL25/CP25 DNA sub-
strate in presence of DMSO, 150  µM VOsil or pre-incu-
bated with 150  µM VOsil for 5  min (Fig.  12, lanes 3–5). 
In the absence of the protein and the protein with 1 % of 

Fig. 10   a Relaxation of negative supercoiled plasmid DNA by topoi-
somerase IB in the presence of increasing concentration of VOsil 
(lanes 3–11). The reaction product was resolved in an agarose gel and 
visualized with ethidium bromide. Lane 1 no protein added and lane 
19 control reaction with DNA and DMSO without VOsil. NC nicked 

circular plasmid DNA, SC supercoiled plasmid DNA. b Relaxation of 
negative supercoiled plasmid DNA in a time course experiment with 
DMSO (lanes 2–5), in the presence of 55 μM VOsil (lanes 6–9), after 
pre-incubation of 55 μM VOsil with the enzyme for 5 min at 37 °C 
(lanes 10–13). Lane 1 no protein added

Fig. 11   a The CL14/CP25 
suicide substrate used to 
measure the cleavage kinetics 
of the enzyme. The preferred 
topoisomerase I binding site 
is indicated by an asterisk. b 
Cleavage kinetics of topoi-
somerase IB alone (lanes 2–7), 
in the presence of 150 μM 
VOsil (lanes 8–13), and after 5 
min pre-incubation of 150 μM 
VOsil with the enzyme (lanes 
14–19). Lane 1 no protein 
added. CL1 represents the 
DNA fragment cleaved at the 
preferred enzyme site. c The 
suicide substrate CL14/CP25 
and the R11 complementary 
oligonucleotide used to measure 
the religation kinetics of the 
enzyme. d Urea-polyacrylamide 
gel electrophoretic analysis 
of the religation kinetics of 
topoisomerase IB in the absence 
(lanes 2–9) or in the presence of 
150 μM VOsil (lanes 10–17). 
Lane 1 represents the substrate 
alone
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DMSO, no DNA shift was observed (Fig. 12, lane 1–2). In 
the presence of the mutant, a tiny slowly migrating band, 
corresponding to a DNA-topoisomerase IB complex, is 
formed (Fig.  12, lane 3). The band is not observed when 
VOsil (150 µM) is present (Fig. 12, lane 4) or is pre-incu-
bated with the enzyme (Fig. 12, lane 5). These results dem-
onstrate that VOsil acts by preventing the topoisomerase 
IB–DNA complex formation.

Discussion

Vanadium complexes are a group of drugs with potential 
pharmacological effects [7, 53]. Recently, there has been 
increasing interest in the antitumor effects of vanadium 
derivatives [7, 54]. It was previously demonstrated that vana-
dium compounds cause a reduction of tumor growth both 
in  vitro and in  vivo systems [9, 55]. As part of a research 
project, we have addressed the investigation of the anticancer 
effects of two oxidovanadium(IV) complexes with chrysin 
(VOchrys) and silibinin (VOsil) against human colon adeno-
carcinoma cells. Colon cancer is one of the most common 
malignancies with high prevalence and low 5-year survival. 
It is a heterogeneous disease with a complex, genetic and 
biochemical background where different intracellular sign-
aling pathways are frequently deregulated (Ras, p53, etc.). 
For this reason, we chose the HT-29 cell line derived from a 
human colorectal adenocarcinoma because according to the 
literature, it is a very interesting model and one of the most 
used cell lines for colon cancer research [56].

In this work, we have investigated the cytotoxic effects 
of VOchrys and VOsil and we have elucidated the putative 
mechanism of action underlying their effects.

Our results demonstrated the beneficial effect of compl-
exation on the antitumor action as shown in Fig. 2. VOsil 
and VOchrys caused the main deleterious action in the 
tumor cells in comparison with the vanadyl cation and 
the free flavonoids. These results were similar to those 
obtained with these oxidovanadium (IV) complexes against 
osteosarcoma cells, for which the beneficial effects of metal 
coordination were also observed [27, 28]. On the other 
hand, the anticancer effects of VOsil and VOchrys were 
compared with those of the reference antitumor drug cispl-
atin, and our results showed very good correlation between 
these compounds, indicating that VOsil and VOchrys 
may be placed in the category of non-platinum antitumor 
drugs. In this sense, different vanadium complexes with 
thiosemicarbazones derivatives showed anticancer effects 
against HT-29 cells only at very high concentration (150–
280 µM) in comparison with the low concentration tested 
(75–100  µM) for VOsil and VOchrys [57]. These results 
show the importance of antitumor properties of VOsil and 
VOchrys in comparison with other vanadium complexes 
that show anticancer activity. The lower range of con-
centrations where these two compounds exert anticancer 
effects is an important feature for compounds to be studied 
as potential anticancer drugs. In this sense, the deleterious 
effects of VOsil and VOchrys have been previously tested 
by our group on the peripheral blood mononuclear cell 
(PMBC) as a normal control. The results showed no del-
eterious actions for VOchrys in the range of concentrations 
(25–100 µM) µM and only a minimum effect at 100 µM of 
VOsil against PMBC [28].

Taken together, these results indicate that VOsil and 
VOchrys are interesting candidates for potential antitumor 
uses.

Some of the relevant features for anticancer drugs is the 
stability under physiological conditions and the charac-
terization of the active species [58]. The two compounds 
investigated herein have shown a very good stability at 
physiological pH as it has been demonstrated by UV–VIS 
and EPR spectroscopy [11, 12].

On the other hand, from the EPR data, Sanna and col. 
have recently described that chrysin and silibinin ligands 
form penta-coordinated species with (CO, O–) or “acet-
ylacetone-like” coordination (see Supplementary Data, 
Fig.  1) [59, 60]. This type of behavior has also been 
reported for other VO–flavonoid complexes such us api-
genin, galangin and kaempferol [59]. These acetylacetone-
like species display low interaction with the proteins and 
different blood molecules keeping their structure because 
they have good stability under physiological conditions 
[61]. The biological effects of vanadium compounds are 
highly influenced by the oxidation states of the metal, the 
nature of the ligands, the coordination sphere and the envi-
ronmental conditions [62].

Fig. 12   Electrophoretic mobility shift assay of the [γ 32P] radiola-
belled substrate CL25/CP25 alone (lane 1), in the presence of DMSO 
(lane 2), of inactive mutant Y723F enzyme (lane 3), of the mutant 
and 150 μM VOsil (lane 4), after 5 min pre-incubation of 150 μM 
VOsil with the mutant (lane 5)
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In an attempt to elucidate the mechanism of action 
involved in the antiproliferative effects of VOsil, we studied 
GSH levels (the main defense antioxidant agent in mam-
malian cells), topoisomerase IB activity and the inhibi-
tion of NF-kB via. In addition, a detailed study of the cell 
cycle arrest and apoptosis was also performed. Our results 
showed that VOsil and VOchrys impaired the GSH/GSSG 
ratio from 75 to 100  µM. Besides, it is generally known 
that the GSH-related thiols participate in many impor-
tant biological processes, including the protection of cell 
membranes against oxidative damage. Overall, it can be 
assumed that the free radicals decrease the concentration 
of important cellular compounds and impair the antioxidant 
system, making cells more vulnerable to oxidative damage. 
We have previously reported similar results for these and 
others oxidovanadium(IV) complexes in osteoblast-like 
cells in culture [27, 28, 63]. Besides, vanadium(V) deriva-
tives diminished the GSH levels in diabetic rat liver and 
the GSH levels are related to the neoplastic transformation 
and toxicity in mouse embryo cells [64, 65]. Moreover, 
vanadium(V) species depleted GSH level in whole blood 
components including plasma and cytosolic fraction show-
ing the importance of GSH as biomarker of toxicity [66].

To better understand the possible mechanism involved in 
the cytotoxicity, an exhaustive study of apoptosis and cell 
cycle analysis were also performed.

Apoptosis is considered a physiological mechanism of 
cell death, inherent to cellular development, which is trig-
gered by different endogenous or exogenous factors [67].

This process is accompanied by a characteristic of mor-
phological changes on the cytoplasm and the nucleus of the 
cells. Independent of the cellular type and the nature of the 
trigger agent, the externalization of PS is always present in 
the earlier apoptotic events.

Our flow cytometry results showed that the percentages 
of apoptotic and apoptotic/necrotic cells increased with the 
exposure time for VOsil while did not show any effect after 
treatment with VOchrys. Besides, VOsil induced the activa-
tion of caspase-3, while VOchrys did not show effects. These 
results are in accordance with the viability assays, confirm-
ing the deleterious actions of VOsil in HT-29 cell line.

On the other hand, VOchrys produced a cell cycle arrest 
in G2/M phase after 24 and 48  h while VOsil conveyed 
the cells directly to death through apoptosis. Clearly, two 
mechanisms of action seem to be involved in the decrease 
of tumor cell survival by vanadium–flavonoid compounds. 
These mechanisms are dependent on the compound: 
VOchrys only caused the arrest of the cell cycle at G2/M 
phase while VOsil disrupted cell survival sending the tumor 
cells directly to programmed cell death.

Previous results also showed that other vanadium com-
pounds caused a cell cycle arrest and increase the number 
of apoptotic cells. In fact, simple inorganic vanadium(IV) 

and vanadium(V) compounds (VOSO4, NaVO3, and vana-
dium pentoxide) induced apoptosis in different cancer cell 
lines [68–70].

Recent articles have shown that in isolated rat liver 
hepatocytes as well as in an N27 dopaminergic neuronal 
cell model, vanadium induced cytotoxicity through apop-
tosis and an increase in the levels of caspase 3 [71, 72]. 
Moreover, orthovanadate induced caspase-dependent apop-
tosis in thyroid cancer cells and inhibited growth through 
apoptosis in human hepatocellular carcinoma [68, 73]. 
Besides, NH4VO3 caused cell cycle arrest and apoptosis in 
a dose-dependent manner in human breast cancer cells [74] 
and vanadyl bisacetylacetonate complex caused a cell cycle 
arrest in G1 phase in a dose- and time-dependent manner in 
hepatocarcinoma cells [75].

Aberrant activation of NF-κB is frequently observed 
in many types of cancers and in inflammatory processes. 
Therefore, several methods of inhibiting NF-κB signaling 
have potential therapeutic application in cancer and inflam-
matory diseases [76].

Recent bibliographic works have highlighted the impor-
tance of the linkage between NF-κB, inflammation and 
cancer, showing the importance of the regulation of the 
activity of NF-κB in cancer therapy [77].

Research articles show the effects of several agents such 
us carotenoids and flavonoids derivatives on the activity of 
NF-κB signaling pathway in cancer cells [78, 79].

Nevertheless, the literature has scarce reports about 
the action of metal-based drugs on the NF-κB sys-
tem. Our research shows for the first time the effects of 
oxidovanadium(IV) complexes with potential therapeutic 
applications on the NF-κB target. These vanadium com-
pounds demonstrate different activity on this pathway. 
VOchrys did not cause any inhibitory action while VOsil 
reduced the activity of NF-κB path showing a good corre-
lation with the cell viability and mechanistic study results.

A possible mechanism of action whereby vanadium 
compounds may modulate the NF-κB pathway involves the 
complex I and complex II formation [48]. The membrane-
associated complex I comprises TRADD, RIP1 and TRAF2 
and is responsible for rapid NF-κB dependent expression of 
genes encoding antiapoptotic molecules while the cytosolic 
complex II, consisting of TRADD, RIP1, TRAF2, FADD, 
caspase-8 and caspase-10, is proapoptotic [80]. After TNF 
stimulation, rapid assembly of complex I occurs at the 
TNF receptor, triggering NF-κB activation through recruit-
ment of the IKK complex. After that, a substantial amount 
of TRADD–RIP1–TRAF2 dissociates from the receptor, 
binding FADD and caspases in the cytosol to induce pro-
gramed cell death. It is thought this action that complex II 
is able to trigger apoptosis only when NF-κB activation is 
blocked or induces insufficient amounts of antiapoptotic 
proteins such as XIAP or FLIPL [48].
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Finally, here, we show that VOsil inhibits topoisomerase 
IB activity using plasmid relaxation assay and the result 
shows that the inhibitory effect is increased when the com-
plex is pre-incubated with topoisomerase IB before DNA 
addition. Our results suggest that VOsil is able to interact 
with the enzyme alone, likely inhibiting the topoisomerase 
activity. This prompt is confirmed and demonstrate that 
VOsil acts as a cleavage inhibitor but without affecting the 
religation rate. Besides, the topoisomerase IB–DNA inter-
action study demonstrates that VOsil acts by preventing the 
topoisomerase IB–DNA complex formation. These results 
suggest that topoisomerase IB may be an important target 
for antitumor vanadium compounds scarcely investigated at 
present.

A recent article has shown that a vanadium compound 
with diaminothiazole inhibited topoisomerase I activity 
preventing the enzyme–DNA complex formation [81].

Besides, oxindolimine copper(II) and zinc(II) com-
pounds inhibited the relaxation activity of topoisomerase 
IB using different mechanisms of inhibition since the cop-
per compound does not allow the binding of the enzyme to 
DNA at variance of zinc complex [82].

Moreover, four new copper(II) complexes containing 
phosphonium inhibited the topoisomerase I activity from 
40 to 160 µM [83].

Conclusion

New vanadium complexes with potential anticancer activity 
currently require more intensive basic and applied investi-
gation since this knowledge obtained from in vitro studies 
may allow vanadium compounds to enter the preclinical 
in  vivo phase. On these bases, we have carefully investi-
gated the mechanisms of action underlying the deleterious 
effects of two complexes of the oxidovanadium(IV) cation 
with the flavonoids silibinin, VOsil, and chrysin, VOchrys 
in a human colon adenocarcinoma cell line (HT-29).

We have demonstrated that the complexation of the fla-
vonoids silibinin and chrysin with vanadyl cation improved 
the antitumor activity of the free ligand and metal in this 
tumor human model.

VOsil and VOchrys caused cytotoxicity in a concen-
tration-dependent manner. The principal mechanisms of 
action involved in the antitumor effects of VOchrys were 
mediated by a decrease of the GSH levels and cell cycle 
arrest while VOsil employed different mechanisms that 
include depletion of GSH, apoptosis induction, attenua-
tion of NF-kB pathway and inhibition of topoisomerase IB 
activity.

This research intends to contribute to the body of knowl-
edge of the chemical and biochemical properties as well 

as the mechanisms of the cellular and molecular antitumor 
activity of vanadium-based drugs.

Taken together, our results show that VOsil is the most 
interesting candidate for potential antitumor uses, and pro-
vide new insight into the development of vanadium com-
pounds as potential anticancer agents.
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