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A B S T R A C T   

Decavanadate is a polyoxometalate (POMs) that has shown extensive biological activities, including antidiabetic 
and anticancer activity. Importantly, vanadium-based compounds as well as antidiabetic biguanide drugs, such 
as metformin, have shown to exert therapeutic effects in melanoma. A combination of these agents, the 
metformin-decavanadate complex, was also recognized for its antidiabetic effects and recently described as a 
better treatment than the monotherapy with metformin enabling lower dosage in rodent models of diabetes. 
Herein, we compare the effects of decavanadate and metformin-decavanadate on Ca2+-ATPase activity in 
sarcoplasmic reticulum vesicles from rabbit skeletal muscles and on cell signaling events and viability in human 
melanoma cells. We show that unlike the decavanadate-mediated non-competitive mechanism, metformin- 
decavanadate inhibits Ca2+-ATPase by a mixed-type competitive–non-competitive inhibition with an IC50 
value about 6 times higher (87 μM) than the previously described for decavanadate (15 μM). We also found that 
both decavanadate and metformin-decavanadate exert antiproliferative effects on melanoma cells at 10 times 
lower concentrations than monomeric vanadate. Western blot analysis revealed that both, decavanadate and 
metformin-decavanadate increased phosphorylation of extracellular signal-regulated kinase (ERK) and serine/ 
threonine protein kinase AKT signaling proteins upon 24 h drug exposure, suggesting that the anti-proliferative 
activities of these compounds act independent of growth-factor signaling pathways.   

1. Introduction 

In recent years, there is an increasing interest for the potential use of 
metals in health, including lithium (Li), tungstate (W), gold (Au) or 
vanadium (V), with different conceivable applications [1–4]. Besides the 
well-characterized platinum drugs, such metal-based complexes, 
namely gold compounds and/or polyoxotungstates (POTs), have shown 
potential activity against several cancers, showing inhibition of cancer 

cells proliferation by inhibiting mitochondrial enzyme activity and the 
induction of apoptosis [5–7]. Polyoxometalates (POMs), which are a 
diverse family of metal-oxo anions of early transitional metal ions (Mo, 
W, V), are gaining increasing interest in biomedicine due to their anti
cancer activities [8]. Recently, the anti-cancer potential of dozens of 
previously considered non oncologic drugs, such as specific vanadium 
(V)-containing drugs, was uncovered [9]. These results strengthened our 
hypothesis that metal-based complexes are potential novel treatments, 
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leading to great interest in better understanding the involved effectors 
and their mechanism of action in cancer cell biology. Mechanistically, a 
wide range of such uses in medicine may include the modulation several 
enzymes such as P-type ATPases activity [7,10–13], although many 
others targets have been proposed and reviewed for polyoxometalates 
and recently for polyoxovanadates [6,8,14,15]. In fact, POMs in cancer 
therapy and diagnostics, their modes of action, protein targets and 
future perspectives were recently reviewed [14–17]. The iso
polyoxovanadate decavanadate (V10) is perhaps the most widely studied 
of the POMs, demonstrating many important roles in fundamental bio
logical processes [14,15,17–22]. Here we explore the therapeutic po
tential of decavanadate (V10) and metformin-decavanadate (Metf-V10) 
in melanoma, the most aggressive type of skin cancer. The incidence of 
melanoma has been increasing annually worldwide at a faster rate 
compared to any other type of malignant tumor [23]. Despite the in
clusion of immunotherapy with remarkable clinical efficacy in the 
treatment of melanoma [24], relapse and development of therapy 
resistance is still a major hurdle to overcome [25]. Thus, the discovery of 
novel anti-cancer agents capable of overcoming drug resistance and 
sensitizing highly resistant cancer cells to therapy is paramount to 
improve current clinical outcomes. Over the last decade, different 
vanadium-based compounds have shown to have anti-cancer potential 
in melanoma, including oxidovanadium(IV) species, vanadium pent
oxide, and inorganic ion vanadate [26–30], as recently reviewed [31]. 
The anti-cancer potential of vanadate complexes was also evidenced in 
other types of cancer, such as prostate, thyroid, esophageal squamous, 
and oral squamous cell carcinomas [32–36]. On the other hand, the oral 
anti-diabetic, biguanide drug metformin (Metf), has been considered a 
potential cancer therapy in melanoma, partially due to its inhibition of 
oxidative phosphorylation altering tumor metabolism [37]. Metformin- 
decavanadate (Metf-V10) is a very interesting hybrid compound [38]. 
Metf-V10 has previously shown in vivo nontoxicological effects on liver 
and kidney, being overall considered a better treatment (in lower 
dosage) than the monotherapy with Metf in diabetes, as both insulin- 
mimetic and insulin-enhancing agent [39]. Aimed as a novel potential 
metallopharmaceutical [40,41], in vivo studies have described a relevant 
hypoglycemic action of Metf-V10 in rodent models of hypercaloric diet- 
induced insulin resistance and type 1 diabetes [39,42], though its bio
logical effects in melanoma have never been studied. In this work, we 
have studied the the anti-cancer potential of vanadate-hybrid POMs 
compounds. We compared the effects of V10 and Metf-V10 in: 1) Ca2+- 
ATPase activity; and 2) cellular proliferation, as well as mitogen- 
activated protein kinase / extracellular signal-regulated kinase 
(MAPK/ERK) and phosphoinositide 3-kinase / serine/threonine protein 
kinase (PI3K/AKT) signaling pathways, in human melanoma UACC-62 
cells. 

2. Materials and methods 

2.1. Preparation of decavanadate and metformin-decavanadate 

Ammonium metavanadate (99.9% NH4VO3) was purchased from 
Sigma-Aldrich. Pale yellow stock solutions of ammonium metavanadate 
(50 mM) were prepared in water after solubilization. The pH of this 
solution was adjusted with NaOH to 10.5 and heated until a colorless 
solution was obtained, i.e. the solution of monomeric vanadate (V1). To 
obtain a solution of decavanadate (V10), after cooling the solution of V1, 
HCl was added until pH 4.0, resulting in a yellowish-orange colored 
solution of decavanadate with 5 mM concentration. Metformin- 
decavanadate (Metf-V10) is composed of the negatively charged deca
vanadate ([V10O28]6− ) and the positive counter ion metformin (met
forminium cation, [C4H12N5]+), with a 3:1 ratio of cation-anion 
([H2Metf]3[V10O28]⋅8H2O). Metf-V10 was synthesized according to 
published procedures [40]. The Metf-V10 crystals were solubilized in 
10% dimethyl sulfoxide (DMSO) to a 5 mM stock concentration. Such 
vanadium compounds were previously characterized [40,43–45]. 

2.2. Preparation of sarcoplasmic reticulum Ca2+-ATPase vesicles 

Sarcoplasmic reticulum (SR) vesicles were prepared from rabbit 
skeletal muscles as described elsewhere [7,13,44,46]. SR vesicles (SRV) 
were suspended in 0.1 M KCl, 10 mM 2-[4-(2-hydroxyethyl)piperazin-1- 
yl]ethanesulfonic acid (HEPES, pH 7.0), diluted 1:1 with 2.0 M sucrose, 
and then immediately frozen in liquid nitrogen before storage at − 80 ◦C 
until used. SRV total protein concentration was determined spectro
photometrically at 595 nm in the presence of 0.125% of sodium dodecyl 
sulphate (SDS) by the Bradford method [47]. Bovine serum albumin 
(BSA) was used as a standard. The proteins present in the SRV prepa
rations were determined by densitometry analysis of the bands in a 7.5% 
acrylamide SDS-PAGE gel. The SR Ca2+-ATPase constituted at least 70% 
of the total protein amount, and the SR Ca2+-ATPase-1 (SERCA-1) is the 
predominant isoform in such SR preparations, as previously described 
[46]. 

2.3. Evaluation of Ca2+-ATPase activity 

Ca2+-ATPase activity was measured spectrophotometrically at 22 ◦C 
using the coupled enzyme pyruvate kinase/lactate dehydrogenase assay, 
as described elsewhere [7,13,44,46,48,49], under the following condi
tions: 25 mM HEPES (pH 7.0), 100 mM KCl, 5 mM MgCl2, 50 μM CaCl2, 
2.5 mM ATP, 0.42 mM phosphoenolpyruvate, 0.25 mM NADH, 18 IU 
lactate dehydrogenase and 7.5 IU pyruvate kinase, with or without Metf- 
V10. The experiments were initiated by the addition of 10 μg/mL Ca2+- 
ATPase, in the presence and absence of 4% (w/w) of the calcium iono
phore A23187, and followed for 5 min, as described below. Briefly, 
freshly prepared Metf-V10 solutions were added to the medium imme
diately prior to SR Ca2+-ATPase addition. The ATPase activity and the 
inhibition were measured taken into consideration the decrease of the 
OD per minute in the absence (100%) and in the presence of Metf-V10 
solutions, as previously described [7,13,48]. After the addition of the 
enzymes to the medium, NADH was added followed by the vesicles 
containing Ca2+-ATPase. Finally, after the addition of ATP, the absor
bance was recorded during about 1 min (basal activity). After adding the 
ionophore, the subsequent decrease of the absorbance was measured 
during about 2 min (uncoupled ATPase activity). All experiments were 
performed at least in triplicate. The inhibitory power of the investigated 
Metf-V10 was evaluated, determining IC50 values meaning the POV 
concentration inducing 50% of Ca2+-ATPase inhibition of the enzyme 
activity. 

2.4. Cell culture and treatments 

Human melanoma cell line UACC-62 (ATCC) and non-cancerous 
HEK293T cells (ATCC) were maintained in high glucose Dulbecco’s 
Modified Eagle’s Medium (DMEM) (Cytiva SH30243.LS), supplemented 
with 10% heat inactivated FBS (Corning Media Tech 35–079-CV) and 
antibiotics (penicillin (100U/mL) and streptomycin (100mg/mL) 
(A8943.0100, Panreac Applichem), in a humidified incubator at 37 ◦C 
(5% CO2). Cells were cultured in cell culture dishes and flat bottom 
multiwell plates of crystal–grade polystyrene from SPL Life Sciences (10- 
cm dishes, 6-well and 96-well plates). Before splitting, cells were washed 
with phosphate buffer saline (PBS) and then added trypsin (Sigma- 
Aldrich, 59427C) to detach from the dishes, before being resuspended 
with complete DMEM. 

Metformin (Cayman Chemical Company, 13118) and phenformin 
(Cayman Chemical Company, 14997) were prepared in PBS and DMSO, 
respectively. Calyculin A was from Santa-Cruz Biotechnology (sc- 
24000). Metf-V10 [40] was dissolved in 10% DMSO. Decavanadate (V10) 
and vanadate (V1) were prepared as described above. During treatments, 
DMSO was used as vehicle control. Pilot selected cellular experiments 
confirmed that DMSO at 0.1% was not toxic to cells neither influenced 
the results, when compared to cells without DMSO (not shown). 
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2.5. Cellular viability metabolic assay 

Cells viability was determined using the 3-(4,5-dimethylthiazol-2- 
yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay, based 
on the ability of succinic dehydrogenase (SDH) of living cells to reduce 
the yellow salt MTT (Alfa Aesar, L11939, thiazolyl blue tetrazolium 
bromide 98%) to a purple-blue insoluble formazan precipitate [50]. The 
assay was performed in a 96-well plate, and normalized to control 
vehicle-treated cells, as a standard procedure. Briefly, 24 h after plating, 
the plating medium was removed and replaced by 100 μL of fresh DMEM 
along with the indicated respective treatments. After the designated 
time of treatment, DMEM was eliminated and 100 μL of MTT solution 
(0.5mg/mL in DMEM) was added, and plates were incubated at 37 ◦C 
(5% CO2) for additional 3h. After that period, medium was aspirated 
and 100 μL of DMSO was added to each well to dissolve the crystal 
formed, and the amount of formazan formed was measured at 560nm 
using a microplate reader (GLOMAX Multi Detection System, Promega). 
Three wells per condition were analyzed in at least three independent 
experiments. Absorbance at 750 nm was measured as internal negative 
control and was subtracted from the 560nm absorbance values for all 
wells, as normalization (Norm). Cellular viability fold change to control 
was calculated as (Norm Abs560 sample – Norm Abs560 blank) / (Norm 
Abs560 control – Norm Abs560 blank). Blank correspond to wells 
without cells. Dose-response plots (log [drug (μM)] vs cell viability (%)) 
and non-linear regression were used to calculate IC50 values, using 
GraphPad Prism. 

2.6. Cellular death trypan blue exclusion assay 

The trypan blue exclusion test of cell viability was performed based 
on previously described procedures [51]. Briefly, UACC-62 cells were 
cultured in 6-well plates. After treatments, the media were fully 
collected from each plate to 15 mL conical tubes. Cells were additionally 
washed with PBS, which was collected to the previous tube. Trypsin was 
added to the plate, and after incubated for 5 min in a humidified incu
bator at 37 ◦C (5% CO2), all cells were detached and were collected, once 
again, to the same conical tube. After this, cells were centrifuged at room 
temperature for 5 min at 250 x g. The supernatant was carefully dis
carded, and cells were resuspended in a determined volume of DMEM 
(from 50 to 200 μL, depending on the size of the obtained pellet). To 
prepare cells for counting, 10 μL of trypan blue (Amresco, K940, 0.4% 
aqueous solution) were mixed with 10 μL of the cell suspension, from 
which 10 μL were transferred to a hemocytometer (Neubauer chamber). 
Cells were manually counted separately at a brightfield microscope, 
where those unstained (white) were considered viable, and those blue- 
stained were considered dead cells. 

2.7. Cell cycle analysis by flow cytometry 

For cell cycle analysis, UACC-62 cells were plated in 10-cm dishes. 
After 24 h, cells were treated with either growth medium with 0.1% 
DMSO alone (control) or Met-V10 (10 μM), V10 (10 μM) and V1 (100 μM). 
At 24 h following drugs treatments, cells were harvested by trypsiniza
tion and washed twice with PBS. Cells were resuspended in 50 μL cold 
PBS, fixed in 950 μL cold 70% ethanol and incubated at 4 ◦C for at least 
30 min. Fixed cells were then centrifuged and washed twice with ice- 
cold PBS. After a last centrifugation, the supernatant was decanted, 
and the cells were resuspended and incubated in 650 μL PBS containing 
20 μg/mL propidium iodide (PI) and 0.2 mg/mL RNase (Sigma-Aldrich, 
R6148). Flow cytometry was performed at the FACScalibur cell analyzer 
(BD Biosciences) to analyze DNA content, collecting fifty thousand PI 
positive gated events per sample. The cell cycle distribution data was 
obtained by applying the Watson Pragmatic model at the FlowJo soft
ware v7.6.1. 

2.8. Protein extraction and Western blotting 

For total protein extraction, UACC-62 cells were cultured in 10-cm 
dishes. For each condition and time-point, media were aspirated, cells 
were washed with cold PBS twice and were collected on ice with a 
scraper. After centrifugation, the pelleted cells were lysed in a home- 
made lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X- 
100, 50 mM NaF, 1 mM EDTA, 1 mM ethylene glycol-bis(β-aminoethyl 
ether)-N,N,N′,N′-tetraacetic acid (EGTA), 2.5 mM sodium pyrophos
phate, 1 mM b-glycerophosphate), supplemented with a protease in
hibitor cocktail (Pierce, Thermoscientific, A32955) and calyculin A (10 
nM, sc-24,000), by intermittent shaking for 20min at 4 ◦C. Samples were 
centrifuged at 13800xg for 20min at 4 ◦C, and the supernatant corre
sponding to the protein extract was collected and frozen at − 80 ◦C until 
use. Proteins in the extracts were quantified by the standard Bradford 
assay (J61522-K2 Alfa Aesar) [47]. 

For Western blot analysis, 50 μg of total protein was separated on 8% 
SDS-PAGE gel and transferred to a polyvinylidenedifluoride transfer 
membrane (PVDF) (10,600,021 Amersham Hybond 0.2 PVDF GE 
Healthcare Life Sciences) for 2 h at 75V, using transfer buffer (60mM 
Tris, 48.75mM glycine, 20% methanol). Membranes were blocked by 
incubation in blocking buffer (Tris-buffered saline (TBS) containing 
0.1% Tween (TBS-T) and 5% dried nonfat milk) for at least 1 h at room 
temperature, rinsed in TBS-T, and then blotted overnight at 4 ◦C with the 
indicated primary antibodies diluted in TBS-T and 5% BSA (Sigma- 
Aldrich) with 0.05% of sodium azide (Fisher Chemical S/2380/48). 
Blots were washed 4 times for 7 min with TBS-T and incubated for at 
least 1h at room temperature with horseradish peroxidase-linked sec
ondary antibodies (1:10000). After washing the membranes, blots were 
developed by freshly prepared enhanced chemiluminescence (ECL) 
detection solution (1.25 mM luminol, 0.198 mM p-Coumaric acid, 
0.009% H2O2, 0.1 M Tris) and bands were visualized by chem
iluminescence (ChemiDocXRS Imaging System, BioRad). Specific pri
mary polyclonal antibodies for phosphorylated (P-) or total (t-) proteins 
detection were rabbit P-AKT (Ser473) (#4060), rabbit P-AKT (Thr308) 
(#4056), rabbit t-AKT (#9272), rabbit P-p44/42 MAPK (ERK1/2) (Thr 
202/Tyr204) (#4370), rabbit P-AMPK (Thr172) (#2535), rabbit t- 
AMPK (#2532), rabbit P-p70 S6 Kinase (S6K) (Thr389) (#9234), and 
rabbit P-signal transducer and activator of transcription 3 (STAT3) 
(Tyr705) (#9145), purchased from Cell Signaling Technology (CST), 
and rabbit t-S6K (sc-230), rabbit t-ERK1/2 (sc-94), mouse t-STAT5 (sc- 
74,442) and rabbit glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (sc-25,778), purchased from Santa Cruz Biotechnology (SCB). 
Mouse monoclonal anti-a-tubulin antibody (T9026) was from Sigma- 
Aldrich. Secondary antibodies were ECL Mouse IgG, horseradish 
peroxidase (HRP)-linked whole Ab (from sheep) (NA931) and ECL 
Rabbit IgG, HRP-linked whole Ab (from donkey) (NA934), both from GE 
Healthcare Life Sciences. When indicated, bands obtained from the 
western blots were quantified using the semi-quantitative software 
ImageJ/FIJI [52]. 

2.9. Statistical analysis 

Data are expressed as mean ± SEM of at least three independent 
experiments, as indicated in figure legends. Statistical analysis was 
performed by using independent unpaired t-tests (with Welch’s correc
tion) or ANOVA, when more than two groups were being compared, as 
specified, using GraphPad Prism 8.4.0 software (GraphPad Software 
Inc., San Diego, CA, USA). A p < 0.05 was considered statistically 
significant. 

3. Results 

3.1. Inhibition of Ca2+-ATPase by metformin-decavanadate (Metf-V10) 

The antitumor activity of POMs is partially due to the inhibition of 
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specific enzymes such as alkaline phosphatases, kinases, ecto- 
nucleotidases, glucosidades as well as P-type ATPases, such as Na+/ 
K+-ATPases and Ca2+-ATPases [8]. Here, we investigated for the first 
time the effect of metformin-decavanadate (Metf-V10) on the activity 
Ca2+-ATPase from skeletal muscle, an established in vitro model previ
ously used to evaluate polyoxometalates (POMs) and other metal
locompounds [7,12,13,19,44,46,48,49]. We observed that Metf-V10 
inhibits the Ca2+-ATPase activity in a concentration dependent manner 
(Fig. 1A). The inhibitory capacity was evaluated using the IC50 values 
(compound concentration capable of inducing 50% inhibition of Ca2+- 
ATPase enzyme activity). For Metf-V10, an IC50 value of 87.4 μM was 
obtained (Fig. 1A). This value is about six times higher than the Ca2+- 
ATPase IC50 values of inhibition that were previously determined for 
decavanadate (IC50 = 15 μM), under the same experimental conditions 
[48]. 

For others POTs and POVs, such as P2W18 and PV14, a mixed type 
inhibition was previously observed [7,13], while decavanadate (V10) 
was previously characterized as a Ca2+-ATPase non-competitive inhib
itor [48]. To identify the type of inhibition of the Metf-V10 complex, 
concentrations near the IC50 values described above, were used. It was 
observed that Metf-V10 presented a mixed type inhibition (Fig. 1B). 
These observations suggest that Metf-V10 can interact with the Ca2+- 
ATPase independent of the presence of a bound substrate. This indicates 
that there might be at least two distinct protein binding sites, where one 
of them is probably the ATP binding site. 

3.2. Metformin-decavanadate (Metf-V10) treatment leads to decreases of 
cellular viability in human melanoma UACC-62 cells 

In order to explore a putative therapeutic potential of metformin- 
decavanadate (Metf-V10) for the treatment of patients with melanoma, 
we investigated the effects of this compound in melanoma cells from 
human origin. To determine whether the complex Metf-V10 can inhibit 
the proliferation of melanoma cells, we investigated its effect in cell 
viability using the colorimetric metabolic assay MTT. Metf-V10 treat
ment (10 μM) for 48 h in human melanoma UACC-62 cells leads to de
creases around 70% of cellular viability (Fig. 2A), which is equivalent to 
biguanides metformin (Metf) or phenformin (Phen) treatment, though at 
a lower concentration [50 mM Metf (Fig. 2B) or 1 mM Phen (Fig. 2C)]. 
When testing different concentrations and duration of treatment, we 
also found a significant dose-dependent decrease in cell viability, both 
after 48 h (Supp Fig. S1A) and 72 h (Supp Fig. S1B) of treatment with 
increasing concentrations of Metf-V10. Increasing the time of treatment 
at the same doses, also led to an increased degree of reduction of the 
cellular viability (Supp Fig. S1A, S1B), where 5 μM Metf-V10 reduced 
60% and over 80% viability after 48 or 72 h, respectively. As suggested 

previously [53], from these results we can endorse that Meft-V10 might 
be a more effective treatment than metformin in melanoma. 

3.3. Comparable IC50 values for decavanadate (V10) and metformin- 
decavanadate (Metf-V10) in UACC-62 cells 

To determine whether the effects observed in the inhibition of 
cellular viability were specific to the hybrid POM Metf-V10, UACC-62 
cells were treated with serial dilutions of either Metf-V10, V10 or V1. 
After a treatment of 48 h, we determined that the cell proliferation IC50 
values for Metf-V10 (Fig. 3A), decavanadate (V10) (Fig. 3B) and vanadate 
(V1), (Fig. 3C), were 2.5 μM, 3.2 μM and 25.0 μM, respectively. 

After 72 h of incubation with Metf-V10, V10 and V1, we observed a 
reduction in the percentage of viable cells of 87%, 85% and 86%, 
respectively (Supp Fig. S1B, S1C, S1D). Metf-V10 exposure at 50 μM for 
3 h showed a 22% reduction on UACC-62 cells viability. Additionally, 
treatment with V10 (50 μM) or V1 (500 μM) also reduced cell viability to 
13% and 16%, respectively (Supp Fig. S2A, S2B, S2C). These compara
ble degrees of inhibition of cell viability by these different vanadium- 
based compounds, hampers the distinctiveness of the action of such 
molecules in an in vivo cellular system. 

3.4. Metformin-decavanadate (Metf-V10), decavanadate (V10) and 
vanadate (V1) induce cell cycle arrest in UACC-62 cells 

To investigate whether the decreased cellular viability observed in 
UACC-62 cells, in response to Met-V10, V10 or V1 (Figs. 3B, C, S2B, S2C), 
was preferentially a response to cell death (cytotoxicity) or cell growth 
arrest (cytostasis), cellular death was evaluated by trypan blue exclusion 
assay, after a treatment of 24 h. As anticipated, a shorter period of in
cubation with Met-V10 (10 μM), V10 (10 μM) or V1 (100 μM) led to a 
milder decrease in cellular viability (reduction of around 25% compared 
to control, evaluated as previously for 48 and 72 h of treatment), and 
also relatively similar between both compounds (Fig. 4A). By contrast, 
in non-malignant HEK293T cells, treatments with Met-V10, V10 or V1 for 
24 h did not impair cell viability, and only after a treatment of 48 h a 
15–20% reduction was observed (Supp Fig. S3A, S3B), suggesting that 
there might be a therapeutic window for these compounds. 

Interestingly, the percentage of dead cells also showed a relatively 
mild difference between non-treated (vehicle control, 0.1% DMSO) 
versus Met-V10, V10 or V1-treated cells (varying from 7% to 16–22%, 
respectively) after a treatment of 24 h (Supp Fig. S4), which was com
parable to the MTT results (Fig. 4A). By contrast, the total number of 
cells (alive plus dead) was reduced on average by 50% after either 
treatment compared to control cells (Fig. 4B). This suggested a greater 
impact on the cell cycle than in the activation of cell death mechanisms, 

Fig. 1. Inhibition of Ca2+-ATPase activity by metformin-decavanadate (Metf-V10). 
(A) Ca2+-ATPase was measured spectrophotometrically at 340 nm and 25 ◦C, using the coupled enzyme pyruvate kinase/lactate dehydrogenase assay. The exper
iments were initiated after the addition of 10 μg/mL calcium ATPase. Equation used for the determination of the metformin-decavanadate (MetV10) IC50 value: y =
3E-07 × 4–0.0001 × 3 + 0.0209 × 2–1.5958× + 99.816. An IC50 value of 87.4 μM was obtained for Metf-V10. (B) Lineweaver-Burk plots of Ca2+-ATPase activity in the 
absence (blue) and in the presence (red) of 50 μM Metf-V10. The plots were used for determining the type of enzyme inhibition. Km values of 0.22 and 1.64 (mM) and 
Vmax values of 74.63 and 48.54 (nM ATP/min), were obtained in the absence and in the presence of MetfV10, (90 μM) respectively, pointing out to a mixed type of 
inhibition. (A, B) Data are plotted as means ± SD. The results shown are the average of triplicate experiments carried out in distinct protein preparations. 
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similarly by both Met-V10, V10 and V1, though with the latest cells were 
incubated at a 10-times higher concentration (10 μM of Met-V10 or V10 vs 
100 μM of V1). To validate such hypothesis, we performed cell cycle 
analysis using flow cytometry. We observed a statistically significant 
decrease in the distribution of the cells at G1, and an increase in the G2/ 
M phase, indicating a cell cycle arrest after all treatments compared to 
vehicle control (Fig. 4C, D). 

3.5. Increased MAPK/ERK and PI3K/AKT signaling pathways after 
POVs treatment in UACC-62 cells 

In order to examine whether the tested POVs modulate key pathways 
in cancer development and progression, we monitored the MAPK/ERK 
and PI3K/AKT signaling pathways in UACC-62 cells upon compound 
exposure at different time-points. First, we observed that both V10 and 
Meft-V10 were able to increase the levels of phosphorylation of the 
serine/threonine kinase AKT and the extracellular signal-regulated ki
nase (ERK), and that this effect, which was time-dependent, was inde
pendent of the complex used (Figs. 5A, B, S5A, S5B, S5C, S5D). Indeed, 
early after 3 h, increased P-AKT (Ser473) and P-ERK1/2 levels were 
observed in both Metf-V10 and V10 treated cells compared to control 
vehicle-treated cells, which was increasingly sustained until 24 h 
(Fig. 5A, B). Increases in P-AKT (Ser473) were also clearly dose- 
dependent (Fig. 5A, B), achieving on average a 7-fold increase at the 
maximal duration and concentration tested, independent of the vana
date complex used (Fig. S5E). Highly hyperactivated ERK and AKT 
pathways may induce cell cycle arrest [54,55], which fits with the 

previous results (Fig. 4C, D). 
Vanadate (V1) is a protein tyrosine phosphatase (PTP) enzyme in

hibitor [56], which may lead to the impairment of the the phosphotyr
osine signaling. To better understand whether the observed increased 
phosphorylation of ERK and AKT was due to intracellular phosphatases 
inhibition, UACC-62 cells were also treated with the phosphatase in
hibitor calyculin A [57]. Cells were treated with calyculin A for 24 h 
followed by protein extraction. However, while 24 h treatments with all 
three vanadium-based compounds (Meft-V10, V10 and V1) led to 
increased levels of phosphorylated AKT and ERK, treatment with caly
culin A did not result in higher phosphorylation (Fig. 5C). Importantly, 
increased AKT phosphorylation was not only detected at the Ser473 
residue, but also at Thr308, which occur by different kinases [58,59], 
meaning this could still indicate a global increased protein phosphory
lation based on the POVs phosphatases inhibition. To further explore 
this hypothesis, we also evaluated the phosphorylation status of addi
tional proteins, involved in different important cancer signaling path
ways, such as AMP-activated protein kinase (AMPK), p70 ribosomal S6 
kinase (S6K) and signal transducer and activator of transcription 3 
(STAT3). Nevertheless, while STAT3 phosphorylation at the Tyr705 
residue was also induced, we were not able to detect differences in S6K 
phosphorylation (Thr389), nor in AMPK phosphorylation (Thr172), in 
response to Meft-V10, V10, V1 nor calyculin A treatments (Fig. 5C). We 
additionally verified that, while 10 μM of V1 did not affect the levels of 
P-ERK1/2 or P-AKT, V1 at the 100 μM concentration led to comparable 
effects with Meft-V10 or V10 at the 10 μM dose (Fig. 5C). These results 
suggest that specific pathways are being modulated by such POVs, and 

Fig. 2. Inhibition of cellular viability in 
response to 48 h treatments with Metf-V10 vs 
biguanides. 
Cells viability was measured through MTT 
colorimetric assay, represented as fold 
change to vehicle-treated control cells 
(DMSO). For each experiment, 3000 cells/ 
well were plated in a 96-well plate and 
treated the following day with 10 μM Metf- 
V10 (A), 50 mM metformin (Meft) (B) or 1 
mM phenformin (Phen) (C), diluted in com
plete DMEM (100 μL/well). After 48 h, cell 
media were removed and replaced with 100 
μL fresh medium containing MTT solution 
(0.5 mg/mL). After 3 h, media were elimi
nated and 100 μL of DMSO were added to 
dissolve the formazan crystals formed in 
metabolically active cells, prior to the mea
surement of absorbance. Statistical signifi

cance was determined by unpaired t-test, with ** p < 0.01, *** p < 0.001, as indicated in each graph. The mean ± SEM from three independent experiments in 
triplicate is shown.   

Fig. 3. Dose-response (IC50 determination) to vanadium compounds. 
UACC-62 cells were treated with serial dilutions of Metf-V10 (A) or V10 (B) [0.1; 0.5; 1; 5; 10; 50 μM], or V1 (C) [1; 5; 10; 50; 100; 500 μM], for 48 h. Cell viability % 
was determined to generate dose-response plots (obtained by MTT assay, as for Fig. 2). The mean ± SEM from three independent experiments in triplicate is shown. 
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that the observed effects are not due to overall protein phosphorylation, 
though the exact mechanisms remain unknown. 

4. Discussion 

Polyoxovanadates (POVs) have become of great interest in biomed
ical studies, since they are known to have anticancer, antibacterial and 
antiviral activities by targeting many key cellular proteins [8,60,61]. 
Decavanadate (V10) is probably the most studied POV [14,62]. In cancer 
research, it was previously described that V10 reduced the viability of 
both human hepatocellular (SSMC-7721) and ovarian (SK-OV-3) carci
noma cell lines after 72 h of treatment [63]. While also evaluated in 
different breast and lung cancer representative cell lines [87–89], 
among other types of cancer (Table S1), V10 had never been tested in 
melanoma cells. V10 was also described as a potent P-type ATPase in
hibitor [13,48], which might be related with its anti-tumor activity. 

Both ex vivo Na+/K+-ATPase and in vitro Ca2+-ATPase assays, previously 
showed greater degree of inhibition at the same concentration (10 μM) 
and a lower IC50 for V10 when compared to V1, namely 66% vs 33%, and 
15 μM vs 50 μM, respectively [13,48]. A compound containing the 
metforminium cation and the decavanadate anion (Metf-V10) was pre
viously synthesized [38]. Herein, we evaluated for the first time the 
effect of Metf-V10 and found that it is around 6 times less potent than V10 
at inhibiting the ion pump Ca2+-ATPase (87 μM vs 15 μM) (Table 1). 

The IC50 value obtained for Metf-V10 was also over 2-times higher 
than what was verified for decaniobate [Nb10O28]6− (IC50 = 35 μM) 
[48]. Similar values of P-type ATPase inhibition were previously 
determined for some other POVs and polyoxotungstates (POTs), such as 
MnV11 (IC50 = 58 μM) and TeW6 (IC50 = 200 μM) [7,44]. By contrast, 
IC50 values below 1 μM were previously determined for POTs, such as 
P2W18 (0.6 μM), Se2W29 (IC50 = 0.3 μM), and also for PV14 (IC50 = 1 μM) 
[7,13] (Table 1). Note that the SERCA and plasma-membrane calcium 

Fig. 4. Inhibition of cellular proliferation in response to 24 h treatments with metformin-decavanadate (Metf-V10), decavanadate (V10) or vanadate (V1). 
(A) Cells viability was evaluated by MTT assay after treatment for 24 h with either Met-V10 (10 μM), V10 (10 μM) or V1 (100 μM), and is represented as fold change to 
control (as previously described for Fig. 2). (B) Cells numbers are shown as % to control wells without treatments (vehicle control, ctl), considering both live and dead 
cells. For each experiment of cell counting, 100,000 cells/well were plated in a 6-well plate. The following day medium was removed and replaced with fresh medium 
with Met-V10, V10 or V1 at the indicated doses for 24 h before collection. (C) Flow cytometry was used to determine the cell cycle distribution of UACC-62 cells. The 
area under the curves for G1 and G2/M, used for the cell cycle analysis, are highlighted in color. A representative experiment is shown. (D) Analysis of the cell cycle 
distribution by employing a mathematical model (Watson) using FlowJo software. For each of such experiments, 1,000,000 cells/10-cm dish were plated. The 
following day medium was removed and replaced with fresh medium with Met-V10, V10 or V1 at the indicated doses for 24 h before collection. Statistical significance 
was determined by independent unpaired t-test, with * p < 0.05, ** p < 0.01, compared to control, as indicated in each graph. The mean ± SEM from three in
dependent experiments is shown for each assay. 
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pumps (PMCA) P-type ATPases are well known to be inhibited by metal 
(such as V, W and Au) complexes and compounds, and some of them 
showed values comparable with clinical used drugs [7,12,13,18,49]. 
Here, we verified that Metf-V10 complex is not a strong inhibitor of the 
calcium pump (IC50 = 87 μM), and that it presents a mixed type inhi
bition. This is in contrast with previous results for both V10 and Nb10, 
which were characterized as Ca2+-ATPase non-competitive inhibitors 
[48]. However, virtually nothing is known, to the majority of POMs 
species, about the protein conformations favourable for interaction and 
binding sites with some exception investigating V10 and Nb10 with Ca2+- 
ATPase [48]. In these studies, it was referred that conversely to V1, 
which only binds to the E2 conformation of the Ca2+-ATPase, V10 binds 
strongly to all conformations either E1 or E2, being or not 

Fig. 5. AKT and ERK signaling pathways activation after vanadate complexes treatment. 
Time-course and dose-dependent effect of Metf-V10 (A) and V10 (B) in the levels of phosphorylated AKT (Ser473) and ERK1/2 (Thr 202/Tyr204), normalized to the 
total proteins. (C) Effect of metformin (Metf), Metf-V10, V10, V1, and calyculin A, after a 24 h incubation, in the levels of phosphorylated AKT (Ser473, Thr308), 
ERK1/2 (Thr 202/Tyr204), STAT3 (Tyr705), AMPK (Thr172) and S6K (Thr389). DMSO (0.1%) was used as vehicle control. Calyculin A is an inhibitor of the protein 
phosphatases type 1 (PP1) and type 2A (PP2A), which dephosphorylate serine and threonine residues [57]. For each experiment, 1,000,000 cells were plated in a 10- 
cm dish and treated the following day with the indicated treatments. After the indicated time-point, cell pellet was collected and the proteins extracted, quantified 
and prepared for electrophoresis and blotting with the indicated primary antibodies. Tubulin (A,B,C) and GAPDH (C) were used as loading controls. 

Table 1 
P-type ATPases inhibition values.  

Compound Ca2+-ATPase References 

IC50 (μM) 

Se2W29 0.3 [7] 
P2W18 0.6 [7] 
TeW6 200 [7] 
PV14 1 [13] 
MnV11 58 [44] 
Nb10 35 [48] 
V1 50 [48] 
V10 15 [48] 
Metf-V10 87 This study  
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phosphorylated [48,64]. Contrariwise, for some drugs such as thapsi
gargin and cyclopiazonic acid, the mechanisms of action and ATPases 
binding sites were clearly established [65]. It is very important to note 
that for the determination of the IC50 values and the type of inhibition 
described above, the Metf-V10 compound was added to the medium 
immediately before the beginning of the reaction being the rate measure 
within the next 2–3 min. The kinetics of the decomposition reaction of 
V10 as well as of Metf-V10 was previously determined by UV/Vis and 51V 
NMR spectroscopy [45,66]. It was described that after addition of V10 
and/or Metf-V10 in the medium, intact V10 species with amounts of 
vanadate oligomers were detected [21,45,66]. Thus, considering the 
absence of incubation and the short period used for measuring the 
ATPase activity, it is possible to suggest that the inhibitory effects and 
the type of inhibition described are due to Metf-V10 specifically. 

When treating the UACC-62 human melanoma cells in culture, we 
found a very similar degree of inhibition of cellular viability, indepen
dent of either treating the cells with Metf-V10 or V10, or even with a 10- 
fold higher concentration of V1. By contrast, in HepG2 hepatoma cells, 
although V10 and Metf-V10 also inhibited cellular viability, a 3-fold 
difference in the calculated IC50 (9 μM vs 29 μM, respectively) was 
achieved for 24 h treatment [45]. This disparity could be a reflection of 
intrinsic differences among cell lines and cellular pathways involved. 
However, there are still few studies reporting the effects of POMs in 
melanoma cell lines, namely polyoxomolybdates [67,68]. 

Vanadium speciation is complicated under physiological conditions, 
strongly depending on the concentration of vanadium, the pH of the 
solution, and ionic strength [69,70]. Eventually, decavanadate anion 
and the metformin-decavanadate compound (Metf-V10) once inside its 
target cells, may both undergo decomposition, complexation with other 
compounds, reduced by oxidants and/or may release their bound mol
ecules [71]. The kinetics of the decomposition reaction of Metf-V10 in 
DMEM medium was recently determined by 51V NMR spectroscopy 
[45]. After dissolving Metf-V10 in the cell culture medium, intact V10 
species were detected after 24 h, among other vanadium species such as 
orthovanadate (V1) and metavanadate species V2, V4 and V5, that are 
formed over time [45]. It was clear from these NMR spectra at this 
timepoint that V1 signal is broadened, suggesting formation of a vana
date complex with other compounds present in the medium. The 
decomposition of Metf-V10 compound shows first-order dependence 
versus time. The calculated lifetime for Metf-V10 was found to be about 9 
h and 11 h for 0.5 mM and 1 mM concentrations [45]. These results are 
in line with the half-life time for the decomposition of decameric species 
found by Ramos et al. [66]. However, in these studies, it was demon
strated that the presence of proteins, such as actin and Ca2+-ATPase, 
impede the decomposition of V10, whereas no changes were observed for 
the muscular protein myosin and for lipid structures such as liposomes 
[66]. In fact, it was observed that the half-life time of V10 decomposition 
increases from 5 to 15 and to 27 h, in the presence of Ca2+-ATPase and 
G-actin, respectively [66]. Note that the isopolyoxovanadate deca
vanadate (V10) is perhaps the most studied regarding its stability at 
biological conditions [15,62,64,66,72–74]. Thus, even considering that 
in the cellular medium the studied POVs are not completely stable at the 
experimental medium, it can be assumed that the presence of specific 
cellular targets would prevent V10 and Metf-V10 decomposition and fa
voring the induction of a specific biological effect, namely ATPase ac
tivity and cellular proliferation inhibition. 

Cellular signaling modulation is very relevant in cancer development 
and progression, and changes may occur early in time after treatments. 
For instance, the MAPK/ERK and PI3K/AKT pathways are important 
signaling axes aiding cancer cells proliferation and survival [75]. Acti
vated extracellular regulated kinases (ERK) have been classically 
described as important positive regulators of cell cycle and tumor pro
gression [76]. Intricately, vanadium compounds can activate MAPK/ 
ERK signaling pathway and still cause tumor suppression, due to the 
induction of an abnormal mitogenic signaling. Previous studies showed 
that the vanadium compounds sodium metavanadate (NaVO3) and bis 

(acetylacetonato)-oxovanadium(iv) (VO(acac)2), exhibited anti- 
proliferative effect through inducing G2/M cell cycle arrest, in the 
absence of induced apoptosis, in human pancreatic cancer AsPC-1 cells 
[77]. Such as in our study, the authors also found a sustained activation 
of PI3K/AKT and MAPK/ERK signaling pathways, which was both dose- 
and time-dependent, and suggested that the observed cell cycle arrest 
was a response for ERK, and not AKT, hyperactivation [77]. Consis
tently, both AKT and ERK signaling pathways were also highly activated 
in the human hepatoma HepG2 cells in response to VO(acac)2 treatment, 
in which the latest was also associated with cell cycle progression 
blockage in G1/S phases [78]. Furthermore, treatment of the rat oste
osarcoma UMR106 cells with the complex bis(aqua) oxodiacetatoox
ovanadium(IV) (VO(oda)), an organic derivative of vanadyl(IV) cation 
with oxodiacetate, led not only to decreased cellular proliferation [79], 
as stimulated ERK phosphorylation in a dose dependent manner [80]. 
These data are in agreement with our results showing reduced cellular 
viability and proliferation, cell cycle arrest, and both ERK and AKT 
signaling pathways hyperactivation in response to treatments with Metf- 
V10, V10 or V1. The inhibition of key protein tyrosine phosphatases 
(PTPs) might be among the possible antitumor mechanisms for the POVs 
and other vanadium-based complexes [81], which could lead to the 
induction of phosphorylation of tyrosine residues, and consequently the 
activation of these signaling pathways. Nevertheless, our data show that 
treatments with Metf-V10, V10 and V1 do not induce a global protein 
hyperphosphorylation. Serendipitously, we found evidence for the first 
time that Metf-V10, V10 and V1 led to the activation of the transcription 
factor STAT3, evidenced by its increased phosphorylation at Tyr705, in 
UACC-62 melanoma cells. This would allow STAT3 nuclear localization 
and eventually promoting tumor cell survival [82], which was not 
observed. The impact of such POVs on other STAT3 phospho-residues is 
also still to be further explored. 

Early studies showed that the fast and transient ERK activation was 
induced after only 5 min of increasing concentrations (up to 1 mM) of 
vanadate (V1) in CHO cells [83]. By contrast, however, it was recently 
described that in A375 human melanoma cells, treatment with 20 μM of 
the inorganic anion vanadate for 24 h, led to a decrease in P-ERK [27]. In 
this work, the authors justified the differences observed to the fact that 
A375 cells contain the prevalent V600E BRAF mutation [27], in contrast 
to other cancer (non-melanoma) cells, considering that the MAPK 
pathway would be constitutively hyperactivated [84]. Nevertheless, we 
have used UACC-62 human melanoma cells, which also harbor the 
V600E BRAF mutation, and our results showed a clear increase in P-ERK 
upon treatment with 100 μM. These results argue that the cellular 
response to these compounds is independent on the BRAF mutation 
status. 

It is important to note that POMs-mediated impairments in cellular 
proliferation might not be fully tumor-cell-selective. In fact, we found a 
non-neglected effect of both Metf-V10, V10 and V1 in the non-cancer 
HEK293T cells after 48 h of treatment, though lower than observed in 
UACC-62 cancer cells for the same period of time (up to 20% vs. around 
75% reduction in viability, in HEK293T compared to UACC-62, 
respectively). Accordingly, a 3–4 fold increase in the calculated IC50 
value for a treatment of 24 h was also previously observed when 
comparing HEK293T cells with HepG2 cells for either Metf-V10 or V10 
[45] (Table S1). In addition, incubation of cardiomyocytes with either 
10 μM metavanadate (which contains monomeric vanadate, di-, tetra-, 
and pentavanadate) or 1 μM decavanadate (i.e., 10 μM total vanadium), 
for the same period of time, induced necrotic cell death [72]. Others 
have also shown that while vanadium compounds inhibited normal L02 
cell proliferation, an immortalized hepatic cell line, it was only at 
greater doses than those needed for HepG2 cancer cells [85] (Table S1). 
Nevertheless, other vanadium-based compound, for instance vanadyl 
(IV) sulfate (VOSO4), was previously shown to inhibit the proliferation 
and to induce apoptosis in human normal keratinocytes (HaCaT) [86]. 
For these reasons, it will be important to better determine the putative 
therapeutic window for these compounds to limit toxicity in normal 
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tissues. 
The observed inhibitory effect in UACC-62 cells’ proliferation of the 

tested vanadium compounds, suggests that these metallodrug complexes 
may be considered a potential treatment in melanoma. The hybrid POM 
metformin-decavanadate (Metf-V10) showed an antiproliferative action 
at much lower concentrations, compared to metformin alone, in UACC- 
62 melanoma cells. It had been previously suggested that V10 and V1 
could act through different pathways [48], and that Metf-V10 had 
increased stability along with a potential lower intracellular biotrans
formation [53]. In the present study, the cellular effects of V10 and Metf- 
V10 were mainly considered undistinguishable. This might be partially 
due to the cellular experimental conditions, and so modifications of the 
potential metallodrugs delivery to the cells in culture would allow to 
further pursue and discriminate the mechanisms and the steps of the 
action involved for such hybrid POMs. 
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