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Numerous studies have focused on the growth reg-
ulation effect of vanadium compounds [21, 27]. In our 
preliminary investigation we have observed growth in-
hibition of rat hepatoma cell line H35-19 by inorganic 
vanadium salts [5, 14]. The aim of the present study was 
to determine the effect of vanadyl sulphate (VOSO4) 
on autocrine growth and survival of tumorogenic lung 
(A549) and prostate (DU145) human cell lines. Addition-
ally, non-carcinogenic human cell lines BEAS-2B (as a 
lung control) and PNT-2 (as a prostate control) were in-
vestigated. MTT, modifi ed crystal violet staining, differ-
ential staining (HOECHST33258 and PI) methods and 
assay for anchorage-independent colony formation were 
used to investigate the effect of vanadyl sulphate. The 
results showed that VOSO4 signifi cantly inhibited au-
tocrine growth, decreased carcinoma cells viability and 
increased the ratio of apoptotic and necrotic cells com-
pared to the controls. However, it should be noted that 
the examined “drug” signifi cantly decreased viability of 
non-carcinogenic human cell lines (BEAS-2B, PNT-2).

Introduction

In addition to various biological properties, such as 
being an essential growth factor of some organisms, a 
microelement necessary for development of young indi-
viduals, a regulator of metabolism in the thyroid and bone 
mineralization, and of metabolic pathways of lipids and 
carbohydrates [1, 7, 9] or insulin-like factor [2, 6, 11, 13], 
vanadium derivatives also inhibit growth of transformed 
cancer cells in cultures. The latter property suggests their 
anticarcinogenic effect [3, 8, 16, 19, 25, 27], however, 
not all investigators confi rm this point of view [12, 21, 
23, 28]. In our preliminary investigations [5, 14, 15], we 
have observed growth inhibition of rat hepatoma cell line 

H35-19, as well as some human epithelial cancer cells, by 
inorganic vanadium salts. An important early event in the 
development of the neoplastic phenotype is the induction 
of genes involved in autocrine growth, such as growth 
factors and its receptors. Therefore, an analysis of dereg-
ulation of the functional relationship between autocrine 
growth factors and their receptors is essential in determin-
ing the pathogenesis and growth of many tumors.

This paper presents the results of investigations on 
the effect of vanadyl sulphate on autocrine growth and 
viability of human epithelial cancer cell lines A549 (lung) 
and DU145 (prostate adenocarcinoma). Additionally, the 
study included the effect exerted by this vanadium salt 
on the viability of non-carcinogenic BEAS-2B (as a lung 
control) and PNT-2 (as a prostate control) cells. 

Materials and Methods

Reagents

Dulbecco’s Modifi ed Eagle’s Medium (DMEM), 
Minimal Essential Medium (MEM), F12 medium, glucose, 
L-glutamine, trypsin, tylosine, EDTA, albumin, penicillin, 
streptomycin, crystal violet (N-hexamethylpararosaniline), 
MTT [bromide 3-(4,5-dimethyltioazo-2)- 2,5-diphenyltetra-
zole], HOECHST 33258 (bisbenzimid) and propidium io-
dide (PI) were purchased from Sigma Chemical Company 
(St Louis, USA). Vanadyl sulphate hydrate was obtained 
from Aldrich Chem. Comp. Inc. Bovine serum (FBS) was 
obtained from Biowest, South American Origin.

Cell Culture

The human tumor epithelial cell lines A549 (lung) and 
DU145 (prostate), as well as human non-tumorogenic cell 
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lines BEAS-2B (bronchial epithelial) and PNT-2 (pros-
tate epithelial) were used as target cells. The A549 and 
BEAS-2B cells were obtained from the Institute of Im-
munology and Experimental Therapy Wroclaw, Poland. 
DU145 and PNT-2 were purchased from American Type 
Culture Collection (ATCC). The stock cultures for DU145, 
A549, BEAS-2B and PNT-2 were maintained in DMEM 
supplemented with 10% FBS, 2mM L-glutamine, 0.45% 
glucose, penicillin (100units/ml) and streptomycin (100μg/
ml). The cells were passaged 2-3 times per week using 
0.05% trypsin solution with 0.02% EDTA in buffered 
physiological salt (PBS) without Ca2+ and Mg2+.

Cell proliferation assays

Target cells were seeded on 96-well plates at the 
concentration of 3·103 cell/well in DMEM or MEM sup-
plemented with 100 IU/ml penicillin and 100 mg/ml strep-
tomycin in the presence of 10%FBS. Following 24h of in-
cubation, the culture medium was replaced with serum-free 
DMEM/F12 (1:1) supplemented with 5% albumin, 5μg/ml 
transferrin, 0.3 mg/ml L-glutamine, 10 μg/ml tylosine, 2 
ng/ml of sodium selenite and 1000 units/ml of penicillin 
and 100 mg/ml streptomycin. After subsequent 24h, the 
medium was replaced by serum-free DMEM/F12 contain-
ing VOSO4 (in the concentration range of 0.5-30 μM). The 
incubation was continued for another 72h at 37ºC. The 
modifi ed crystal violet staining method (CV) [10] and the 
MTT tetrazolium assay (MTT) [17] were used to determine 
the infl uence of the vanadium compound on proliferation 
of target cells. The absorbance was measured using a Tecan 
multiscan plate reader. Ten replicate wells were used for 
each experiment. The results were monitored by the Mag-
ellan 3 program. The infl uence of the vanadium compound 
was expressed as relative to the control decrease in cell 
growth. The parameter calculated was: %GI (% of growth 
inhibition) = (Ai – A0)/(Ac - A0) x100; A0, Ac, Ai – average 
values of absorbance at 540 nm (CV), 570 nm (MTT) of 
control sample at the start of experiment (A0), control sam-
ple after 72h of incubation (Ac) and after 72h of incubation 
with VOSO4 (Ai).

Assessment of cell viability

The differential staining method was used in the in-
vestigation of VOSO4 effect on viability of tumorogenic 
(A549, DU145) and non-tumorogenic (BEAS-2B, PNT-2) 
cells. The cells were seeded on 24-well plates at the density 
of 12·103 per well in 0.8 ml DMEM or MEM with 10% 
FBS. After 24h, the medium was replaced by a serum-free 
medium (cancer cells) or a medium containing 1% of 
FBS (for BEAS-2B cells), and the cells were exposed to 

30 μM concentration of VOSO4. Following 3h, 24h, 72h and 
120h of incubation, the cells were stained with HOECHST 
33258 and propidium iodide (PI) (at the concentration of 
5 μg/ml and 1 μg/ml, respectively). After 15 min, the inves-
tigated cultures were examined directly on the plates with 
an epifl uorescent microscope (Olympus IX-50) equipped 
with appropriate fi lters. Two excitation fi lters were used: 
one allowing for excitation of both dyes, and the other af-
fecting only PI. The Image J software was used for image 
processing (merging RGB channels, enhancing contrast 
and sharpening) and quantitative analysis of the processed 
pictures (cell counting). The software allowed for estimat-
ing the fraction of necrotic cells (PI/DNA signal), viable 
cells (HOECHST33258/DNA signal) and apoptotic cells 
(HOECHST33258/DNA signal with morphological chang-
es). Paclitaxel in the amount of 50 nM was used as a posi-
tive control in proapoptotic examination of vanadyl sul-
phate [4]. Each experiment was repeated at least six times, 
to the quantitative analysis of the results. 

Statistical analysis

The results were expressed as mean ± standard error 
(SEM). The differences between cells treated with vana-
dium sulphate and the controls were evaluated statisti-
cally using the Wilcoxon’s matched pair test according to 
Statsoft Statistica program [18] and [24]. P values less than 
0.05 were considered statistically signifi cant.

Results

The effect of vanadyl sulphate (VS) on autocrine 
growth of two human cancer epithelial cell lines: A549 
and DU145 is shown in Fig.1. The results obtained by two 
different methods, crystal violet (A) and MTT (B), were 
dependent on the type of the investigated cells. In the case 
of A549 cells, both methods indicated a similar effect of 
VS. The values of growth inhibition (%GI) of A549 cells 
at 15 μM and 30 μM concentrations of VS were about 50% 
and 100%, respectively, independently of the method used. 
The level of growth inhibition of DU145 cells determined 
by the CV method (ca. 60% and 80%, at the concentration 
of 15 μM and 30 μM, respectively) was much lower by 
the MTT test (over 100%, at both the investigated concen-
trations). No statistically signifi cant differences (in com-
parison with the control samples) were observed at the VS 
concentration of 0.5 μM as determined by the CV method, 
while MTT indicated an approximately 10% inhibition of 
cell growth of A549 and DU145 cells. The IC50 values cal-
culated from the CV data were 12.7 μM for A549 and 13.8 
μM for DU145 cells. 
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Vanadium sulphate was also examined for its cyto-
toxic potential, especially its ability to induce tumor cell 
apoptosis. The target cells were dyed after 3h and 24h or 
72h of incubation with the vanadium compound. Two can-
cer cell lines (A549 and DU145) investigated parallel with 
their appropriate non-tumorogenic equivalents (BEAS-2B 
and PNT-2) were viable, apoptotic or necrotic in experi-
mental conditions. Fig. 2 shows an example of the phe-
nomenon. Apoptotic cells were clearly distinguishable by 
their characteristic morphology (cytoplasmic blebbing, cell 
shrinkage, nuclear condensation and fragmentation). Such 
morphological alterations were found in all investigated 
cell cultures; however, in the case of control cultures, they 
did not exceed 10% of the total cell population. 

The effect of 30μM concentration of vanadyl sulphate 
in comparison with the 50nM dose of paclitaxel is shown in 
Fig. 3. After 3h incubation with VS, both the lung (A549) 

and prostate (DU145) cancer cells showed a slight, but sig-
nifi cant reduction in the percentage of viable cells and an 
increased amount of apoptotic cells (Fig. 3A and 3C). Un-
der these conditions, carcinomas and their non-tumorogen-
ic equivalents showed a comparable sensitivity to vanadyl 
sulphate. The cytotoxic effect of VS after 24h of incubation 
was similar for all the investigated cells. The percentage of 
viable cells was in the range of 80-85% as shown for pros-
tate cells in Fig. 3D. Prolonging the incubation time to 72h 
resulted in a dramatic decrease of viability of tumorogenic 
and non-tumorogenic cells to about 30% (Fig. 3B). How-
ever, the percentage of apoptotic cells was higher in the 
case of A549 (47.3% or 36.2%) than in BEAS-2B (33.6% 
or 31.1%) cells. The effect of VS was comparable with that 
of a 50 nM dose of paclitaxel.

Fig. 1. The growth inhibition of cancer cell lines (A549, DU145,) by vanadyl sulphate determined by modifi ed crystal vio-
let staining method (A) and MTT test (B) after 72h of incubation in serum-free medium (DMEM/F12). ns – non signifi cant 
(p>0.05) in comparison with control sample (without VOSO4).* - 0.01< p <0.05, ** 0.001< p < 0.01.

Fig. 2. An exemplary image of DU145 cells after 24h incubation with VS (A) and paclitaxel (B) dyed with HOECHST 
33258/PI. Red - necrotic cells, blue – viable cells and fragmented blue – late phase apoptotic cells.
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Discussion

The mechanism underlying the action of vanadium 
compounds is not yet thoroughly understood. It has been 
suggested that vanadium compounds may act as phosphorus 
derivatives analogues. Studies on various cell lines reveal 
that vanadium exerts its antitumor effects thorough inhibi-
tion of cellular tyrosine phosphatases and activation of ty-
rosine phosphorylases. Moreover, reactive oxygen species 
generation is also being considered. We can only conclude 
that vanadyl sulphate acts as a proapoptotic factor in the 
examined cell lines. This property is shared with paclitaxel, 
but VOSO4 is used in an approximately 500 times higher 
concentration. Vanadyl sulphate or paclitaxel affect the re-
sults in increasing the percentage of apoptotic and necrotic 
cells. Considering the well-known proapoptotic property of 
paclitaxel, a high percent of necrotic cells in the cultures in-

dicate secondary necrosis occurrence (mainly via free radi-
cals generation and membrane peroxidation). The thesis is 
confi rmed by fl uorescent microscope imaging, where apop-
totic bodies dyed by propidium iodide appear (Fig. 2 A). At 
present, we are unable to answer which of the previously 
mentioned mechanisms is involved in apoptosis induction 
by vanadyl sulphate. This is in agreement with other re-
ports. Zhang et al. [26] demonstrated that vanadate induces 
p53-dependent S- phase growth arrest in cultures of mouse 
cell lines C141. On the other hand, the same group found 
that vanadate ion antiproliferative activity in A549 cells re-
sults in cell cycle inhibition at the G2/M checkpoint. These 
studies manifest a cellular dependence in vanadium deriva-
tives activity. Our results clearly show that the investigated 
vanadium compound inhibits anchorage-dependent auto-
crine growth of carcinogenic cells in the culture. Moreover, 
the data suggest that a non-specifi c phosphatase inhibitor 

Fig. 3. Comparison of the effect of vanadyl sulphate (VS) on cell viability of tumorogenic (A549 and DU145), and non-tu-
morogenic (BEAS-2B, PNT-2,) cell lines determined by differential staining (HOECHST 33258/PI) after 3h (A, C), 24h 
(D) and 72 (B) of incubation with VS. * - 0.01< p<0.05 as compared to control (without VS or paclitaxel).
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acts with a different effectiveness upon cell lines, but with 
a similar impact on carcinoma cells and their non-carcino-
genic equivalents. 

The obtained results indicate a signifi cant and dose-de-
pendent effect of vanadyl sulphate (VS) on autocrine growth 
of A549 and DU145 cells. Anchorage-dependent growth of 
lung and prostate carcinoma cell lines was inhibited by VS 
used in concentration ≥5 μM. We have not observed any 
stimulation of proliferation of the examined cells, which 
was earlier postulated by Sakai [21]. Anchorage-independ-
ent growth assay in soft agar indicates a total inhibition of 
colony formation for lung carcinoma cells treated by 30μM 
vanadyl sulphate (data not shown). Our study provides ad-
ditional information on the role of non-carcinogenic cells 
viability (bronchial and prostate) by vanadium compound. 
The cytotoxic effect of vanadyl sulphate was almost the 
same in the case of carcinoma cells and their non-carcino-
genic partners.

We have previously observed that oxidation state of 
vanadium affects its activity. In comparison with vana-
dium (IV), the orthovanadate ion [V(V)] showed a higher 
antiproliferative activity in carcinoma cell lines subjected 
to its infl uence [12]. The IC50s values obtained for the ef-
fect of sodium orthovanadate on carcinoma cell lines var-
ied between 7 and 10 μM for 72h of incubation in a serum-
free medium. This correlates with the results obtained in 
the H35-19 rat hepatoma cell line [14], where differences 
in the effect of inorganic vanadium compounds were ob-
served for metavanadate and orthovanadate ions. Scrivens 
at al. [22] described the activity of bis(peroxy)vanadium 
derivatives on various cancer cells and their strong de-
pendency on ligand structure. This suggests that the type 
of molecular response of cells to vanadium derivatives 
depends on a vanadium compound and cell line. Our pre-
liminary results have confi rmed this point of view; the 
renal tumor carcinogenic cell line HTB-44 provides the 
highest opportunity for the investigated vanadium salts 
(data not shown in the paper). It has to be also mentioned 
that the investigated vanadium compound affects non-car-
cinogenic lung and prostate cell lines, along with carcino-
genic cells.

Even though our fi ndings indicate a restriction in va-
nadyl sulphate usage in cancer therapy, vanadium still may 
be useful as a core of organic compounds, which will hope-
fully exhibit a higher specifi city and effectiveness in cancer 
cells. New organic complexes, being more potent and less 
cytotoxic against carcinoma cell lines, favor the future us-
age of vanadium compounds in anticancer therapy. Investi-
gations of the effect of vanadium compounds on cells raises 
several questions, which cannot be explicitly answered as 
yet: whether neoplastic cells in a living organism will react 

to the investigated vanadium compounds in a manner simi-
lar to that observed in cultured cells, and if so, in what form 
should the “drug” be administered to achieve a maximally 
precise effect in the “neoplastic focus”, without damaging 
normal tissues.
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