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Abstract: The kinetics of the decomposition of 0.5 and 1.0 mM sodium decavanadate (NaDeca) and
metforminium decavanadate (MetfDeca) solutions were studied by >V NMR in Dulbecco’s modified
Eagle’s medium (DMEM) medium (pH 7.4) at 25 °C. The results showed that decomposition products
are orthovanadate [H,VO,]~ (V1) and metavanadate species like [HyV,07]%~ (V3), [V4O12]*~ (Vy)
and [V50;5]°~ (Vs) for both compounds. The calculated half-life times of the decomposition reaction
were 9 and 11 h for NaDeca and MetfDeca, respectively, at 1 mM concentration. The hydrolysis
products that presented the highest rate constants were V1 and V4 for both compounds. Cytotoxic
activity studies using non-tumorigenic HEK293 cell line and human liver cancer HEPG2 cells showed
that decavanadates compounds exhibit selectivity action toward HEPG2 cells after 24 h. The effect
of vanadium compounds (8-30 uM concentration) on the protein expression of AKT and AMPK
were investigated in HEPG2 cell lines, showing that NaDeca and MetfDeca compounds exhibit a
dose-dependence increase in phosphorylated AKT. Additionally, NaDeca at 30 uM concentration
stimulated the glucose cell uptake moderately (62%) in 3T3-L1 adipocytes. Finally, an insulin release
assay in BTC-6 cells (30 uM concentration) showed that sodium orthovanadate (MetV) and MetfDeca
enhanced insulin release by 0.7 and 1-fold, respectively.

Keywords: polyoxometalates; decavanadate; cytotoxicity; insulin-like activity; diabetes therapy;
vanadium biochemistry; vanadium speciation

1. Introduction

Polyoxometalates (POMs) have several applications in biology and medicine. Interactions
between the highly charged POM molecules and biological molecules frequently occur through
hydrogen-bonding and electrostatic interactions [1]. Moreover, POMs have shown pharmacological
activities in vitro and in vivo, such as antitumor, antimicrobial, and antidiabetic [2,3]. Their roles in
biological systems are non-functional or functional kind of interactions with biomolecules [4], like the
tungstate cluster that helps to solve the X-ray structure of ribosome [5] or the insulin-like properties of
the decavanadates [6].
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In recent years, several organic and inorganic decavanadate compounds have been synthesized,
exhibiting a wide structural supramolecular diversity in one, two or three dimensions [7-9]. However,
the interaction of decavanadates with biological targets under physiological conditions are scarce
reported since the decavanadate anion can be formed at vanadium concentrations up to 0.1 mM and in
the pH range of 2-6 [10], and some organic decavanadates compounds are water-insoluble [11].

In biological studies, buffer solutions are extensively used, although just a few studies have
addressed the speciation of the decomposition products of the decavanadate compounds in such
reaction media. The decomposition of the decameric species at neutral pH can be followed by >V NMR
showing a decrease in the peaks associated with the three magnetic independent vanadium nuclei
of the decavanadate V5, Vg and V¢ (Figure 1), albeit an increase of the signals for the metavanadate
peak [H,VOy]~ (V1) and the appearance of the orthovanadates species signals like [H,; V20712~ (V3),
[V4012]* (Vy) and [V50:5]° (Vs) [12-14]. Moreover, monomeric vanadate is always present in
decavanadate solutions at neutral pH [15]. The decavanadate decomposition rate is faster in acid than
in basic solutions [16,17]. In the latter, the reaction proceeds via base-dependent or base-independent
paths, and it depends on the counterions present in the solution [17].
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Figure 1. Schematic structure of (a) decavanadate anion [V19pO»5]%~, (b) orthovanadate [H,VO,]
(V1), metavanadate species like () [HyV,07]> (V3), (d) [V4O12]* (Vy), (e) [V50151° (Vs) and
(f) diprotonated metformin (Metf).

Vanadium speciation is complicated under physiological conditions, many known forms of
vanadium V4" and V°* species have been shown to readily interconvert through redox and hydrolytic
reactions, and it is, therefore, difficult to determine which are the active species [18]. Additionally,
in biological studies, the active vanadium species will depend on the sample preparation and handling,
that is, whether the compounds were dissolved in media or buffer before addition to the cell culture
and for how long the complexes have been in solution before adding aliquots to the medium [19].

Metabolic diseases like diabetes mellitus type 2 (DM2) and cancer are non-communicable
diseases (NCD) that have become one of the major health hazards of the modern world [20].
Carcinogenesis occurs when normal cells receive genetic “hits”, after which a full neoplastic phenotype
of growth, invasion, and metastasis develops. Diabetes may influence this process through chronic
inflammation, endogenous or exogenous hyperinsulinemia, or hyperglycemia, but potential biologic
links between the two diseases are incompletely understood [21]. The development of innovative
therapeutic modalities [22] that increase the effectiveness of clinical drugs like cis-platin or metformin
hydrochloride and arrest their chemoresistance or side effects is a topic trend for scientists. In this context,
AMP-activated kinase (AMPK) signaling has become a promising therapeutic target in hepatocellular
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carcinoma [23]. Another interesting target is the identification of exploitable vulnerabilities for the
treatment of hyperactive phosphatidylinositol 3-kinase (PI3K/AKT) tumors [24], and combining
inhibitors of the pentose phosphate pathway (PPP) may represent a promising approach for selectively
causing oxidative stress-induced cell killing in ovarian and lung cancer cells [25].

The medicinal potentiality of vanadium compounds is a challenging task that demands
investigation [26] and in general few groups have pursued it. The insulin-like effects of vanadium have
been tested in vitro and in vivo [27,28]; however, the applied necessary dose of vanadium still was
close to the levels at which side effects are observed [29]. In fact, there is only one vanadium compound
that has been tested in humans, the bis(ethylmaltolato)oxovanadium(IV) (BEOV). In general, 20 mg
of vanadium compound was well tolerated [30], but at the end of Phase Ila clinical trial, the trial
was abandoned due to renal problems of some patients [31]. However, several questions about the
transport and mode of action of the vanadium compounds need to be addressed [28] due to the distinct
action mechanism that regulates glucose metabolism by vanadium [32].

In this work, we have studied the kinetics of the decomposition of 0.5 and 1 mM sodium
decavanadate (NaDeca) and metforminium decavanadate (MetfDeca) in Dulbecco’s modified Eagle’s
medium (DMEM) solution at pH 7.4 by 5!V NMR, with the aim to understand the medium and
the vanadium concentration effects in both, the decomposition rate and the influence in the ratio
of the final products, namely V1, V,, V4 and V5. To our knowledge, the ammonium decavanadate
compound decomposition in MES; MES = 2-(N-morpholino)ethanesulfonic acid by °'V NMR is the
only report that describes the decomposition reaction [14]. Thus, NaDeca stability has not been
extensively studied in buffer solutions. NaDeca and MetfDeca compounds are composed of the highly
negative charged decavanadate and the positive counter ions. The counter ions bonding with the
decameric moiety are ionic [33]. In that regard, the same biological activity of both compounds was
expected if metformin hydrochloride (Metf) was pharmacologically an inactive molecule. Nevertheless,
due to Metf antidiabetic properties, different results were expected in the biological activity of
the NaDeca and MetfDeca compounds. MetfDeca compound in vivo exhibited hypoglycemic and
lipid-lowering properties in type 1 diabetes mellitus (T1IDM) [34] and type 2 diabetes mellitus (T2DM)
models [35]. However, some questions were not addressed in those studies, like if MetV and MetfDeca
regulated hyperglycemia and oxidative stress with the same action mechanisms, MetfDeca stability
and toxicological effects [35].

With the aim to address some of the former questions and to estimate if two different counter ions
could play a role as activators or inhibitors in the biological activity of decavanadates, we investigated
how the decomposition products in DMEM medium at pH 7.4 can promote damage on the cell viability
of HEK293 human embryonic kidney cells and HEPG2 human liver cancer cells. A comparison of
these results with the cytotoxic effect of sodium orthovanadate and metformin hydrochloride was also
performed. In addition, the activation of AKT and AMPK pathways for the HEPG2 cell line by the
vanadium compounds were studied in order to establish if the hydrolysis products promote the same
activation mechanism in the metabolic pathways. Finally, glucose uptake in 3T3L-1 differentiated
adipocytes study is presented along with an insulin release assay in BTC-6 cells at 30 uM concentration
of the vanadium compounds, with the purpose of identifying if the same active species are promoting
the desirable effects in each case.

2. Results and Discussion

2.1. Characterization of the Sodium and Metforminium Decavanadate Solutions

The metforminium decavanadate (MetfDeca) (C4H13N5)3V19025-8H,0 and the sodium decavanadate
(NaDeca) NagV19Os5-18H,O were prepared according to previously reported procedures [33,36].

The 51V NMR spectra for 1 mM concentration of NaDeca and MetfDeca compounds were recorded
at pH 4 in 10% DMSO-d6 and 90% H,O (v/v), showing three signals at —420, —494, —510 ppm that were
assigned to decameric species [V1002816~ (V10), attributed to the three different vanadium atoms of the
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decavanadate structure Vipa, Vg and Vigc respectively and one signal at =556 ppm assigned to the
diprotonated monomeric species [HyVO4]~ (V1) (Figure 2a) [37]. The 51y NMR spectra for both 0.5 and
1.0 mM concentration samples for NaDeca and MetfDeca complexes show the same species present
in the solution; additionally, the complexes are stable through time. These results are in agreement
with the reported Viga, Viop and Vioc peaks that were observed for 10 mM NaDeca solution in D,O at
pH 3.1 and in Middlebrook 7H9 broth medium supplemented with 10% ADC enrichment (5% BSA,
2% dextrose, 5% catalase), glycerol (0.2%, v/v) and Tween-80 (0.05%, v/v) at pH 6.5. [13] In contrast,
NaDeca and MetfDeca are not stable in the DMEM medium at pH 7. Their hydrolysis products are
orthovanadate [HyVO4]™ (V1) and metavanadate species like [Ho VL0712 (Va), [V4O12]* (V4) and
[V50151°~ (V5) that are observed at =556, —570, —578 and —586 ppm, respectively (Figure 2b) like
previously reported for 1 mM solution of (NHy)g [V19O28]-6H,O in MES buffer (0.1 M), NaCl (0.5 M) at
pH 8 [14].
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Figure 2. 51y NMR spectra of (a) 1 mM NaDeca (top) and MetfDeca (bottom) in 10% DMSO-d6 and 90%
H,0 (v/v) DMSO at pH 4, (b) 1 mM NaDeca (top) and MetfDeca (bottom) in DMEM medium at pH 7.4.

2.2. Kinetic Studies by >V NMR

In vanadium(V) solutions, different oligomeric vanadate species can occur simultaneously,
depends on several factors such as vanadate concentration, pH and ionic strength [12], so at 0.5 and
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1 mM of NaDeca and MetfDeca, the V1 and V; species were present at pH 4, but the hydrolysis of both
compounds in DMEM medium allowed us to follow by °!V NMR the formation and the increment in
the concentration over time at 25 °C of the orthovanadate, V1 and metavanadate species Vy, V4 and Vs
at =556, —570, =578 and —586 ppm, respectively. The kinetics of the decomposition of 1.0 mM NaDeca
and MetfDeca (10 mM total vanadium) are plotted in Figure 3a, where the vanadium concentration
for Vi species was calculated by integration of the Viga (2 vanadium atoms), Viop (4 vanadium
atoms) and Vipc (4 vanadium atoms) resonances at —420, —494 and —510 ppm, respectively, and the
rate constants for the three decavanadate signals V4, Vg and V¢ are shown with a negative sign by
convention in Table 1. For comparison, the increase in concentration of the V; and V4 vanadate species
as a function of time are plotted in Figure 3b. Interestingly, the reaction is faster at 0.5 mM concentration
of decavanadate than at 1 mM for NaDeca and MetfDeca compounds (Table 1). The rate constants of
0.5 mM NaDeca (2.28 + 0.08) x 1073 and (1.72 + 0.07) x 10~* for the appearance of V, and V5 species,
respectively, are three and four times higher than the ones calculated for 0.5 mM MetfDeca compound
(7.63 + 0.8) x 10~* and (4.09 + 0.3) X 107 for V4 and V; species, respectively. Surprisingly, the rate
constants for the appearance of the V4 and V5 species (Table 1) do not differ significantly for 1 mM
NaDeca compared with 1 mM MetfDeca.
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Figure 3. (a) °'V NMR decomposition of 1 mM NaDeca and MetfDeca in Dulbecco’s modified Eagle’s
medium (DMEM) medium, plotted as vanadium concentration (10 mM total vanadium concentration)
associated with the decameric species Vigp (circle), Vipp (square), Vigc (triangle) over time at 25 °C.
(b) Hydrolysis of (left) 1 mM and (right) 0.5 mM NaDeca and MetfDeca in DMEM medium followed by
the formation of the orthovanadate V; at —556 ppm (red circle for NaDeca and blue circle for MetfDeca)
and metavanadate species V4 at —578 ppm (red triangle for NaDeca and blue triangle for MetfDeca)
over time at 25 °C.

The decomposition of NaDeca and MetfDeca show first-order dependence versus time. In the
case of NaDeca at 0.5 and 1 mM concentration, the calculated half-life time of the decomposition in
DMEM medium at 25 °C is 9 h. In contrast, the calculated lifetime for MetfDeca is 9 h and 11 h for
0.5 mM and 1 mM concentration, respectively (Table 1). These results are in line with the half-life time
for the decomposition of decameric species found by Ramos et al., where for 10 uM decavanadate
concentration in different buffers pH 7-7.5, the half-life time is between 5 to 10 h. In that study,
the authors performed a stabilization study of the decavanadate species with the G-actin protein, and
due to the coordination of the protein with the decameric species, its half-life time was increased five
times from 5 to 27 h at 10 uM of decavanadate concentration, however, in the same study the addition
of 200 uM of ATP to the medium prevented the actin polymerization by Vi and the half-life time
decreased from 27 to 10 h [12].

The decomposition rate of the decavanadate moiety is sensitive to the cations present in
solution [16], the fast reaction in acid media can be accelerated by alkali metal cations and slowed
down by large cations such as tetra-alkylammonium ions due to the formation of ionic-pairs with the
protonated decavanadate to form [VO,]* in seconds [16]. In basic media, the reaction is slower than in
acid media, but the decomposition reaction proceeds via base independent (k1) and base dependent (k)
paths (Equation (1)). In the absence of sodium ions, the rate of reaction is independent of [OH™] [17].
In this work, it seems that the base-dependent decomposition path is active as well, because for



Inorganics 2020, 8, 67 7 of 20

NaDeca and MetfDeca, the observed rate of decomposition is not increasing with decavanadate
concentration in both cases (Table 1), and the presence of a high sodium concentration in the DMEM
media (pn = 0.1 M NaCl), produces an increase in the decomposition rate via a reactive alkali-metal
decavanadate species (kp) Equation (1) [17,38].

Table 1. Summary of rate constants for the decomposition of 0.5 and 1.0 mM NaDeca and MetfDeca
compound hydrolysis in DMEM medium at 25 °C and pH 7.4.

Decavanadate Compound Concentration 51y NMR Signal 2 kobs, min~1 NaDeca kobs, min~1 MetfDeca
—420 (V10a) (=125 +0.03) x 1073 (~1.40 + 0.03) x 1073
—494 (V10B) (-1.26 +£0.2) x 1073 (-1.48 £0.7) x 1073
-510 (V10c) (~1.82 +0.4) x 1073 (-1.44 +0.4) x 1073
0.0005 M —556 (V1) (4.59 £ 0.7) x 1073 (2.97 £ 0.4) x 1073
—570 (V3) (7.07 £ 0.7) x 1074 (6.17 £0.8) x 107*
—578 (Vy) (2.28 + 0.08) x 1073 (7.63 £ 0.8) x 107+
—586 (V5) (1.72 £ 0.07) x 1074 (4.09 £ 0.3) x 1075
—420 (V10a) (-1.46 £0.7) x 1073 (-1.36 £ 0.2) x 1073
—494 (Vq0B) (-1.13 +£0.1) x 1073 (-8.39 +0.2) x 107+
-510 (V19c) (-1.16 £ 0.2) x 1073 (=9.49 + 0.5) x 10™*
0.001 M —556 (V1) (2.62 £ 0.6) x 1073 (2.00 + 0.2) x 1073
—570 (V5) (6.81 +0.4) x 107* (5.34 +0.4) x 10™*
—578 (Vy4) (1.96 £ 0.2) x 1073 (1.85 £ 0.09) x 1073
—586 (V5) (1.89 £0.1) x 1074 (1.38 £ 0.8) x 1074

2 For calculating the rate of consumption of the decavanadate complexes, three different resonances were used,
—420, —494 and 510, whereas for calculating the rate of appearance for the Vi, V,, V4 and Vs, only one resonance
was used.

—d[V19O028° Trot/dt = [k + ka[OH11[V19O28° Jrot 1)
d[V401* V/dt = [kyr + ko [OH™11[V10028° ot ()

Goddard and Druskovich’s [17,38] decomposition experiments were followed by UV-Vis
techniques, although metavanadate species formation was not reported. Decavanadate >’V NMR signals
are wide, and the spectrum acquisition takes longer than the UV-Vis one. However, metavanadate
species formation can be followed by °'V NMR. In Table 1, NaDeca hydrolysis products formation
rates are moderately faster than the ones calculated for MetfDeca, and the reaction rate is not increasing
with the decavanadate concentration, so Equation (1) for the decomposition reaction was rewritten as
Equation (2), where the reaction rate was expressed in terms of the metavanadate species formation.
Based on the literature and our results, we proposed that in high alkali metal concentration, like in
DMEM medium, the sodium ions form an ionic aggregate with the Vg species (Scheme 1), which then
reacts with the hydroxide ion [17]. In this work, M? is the sodium ion, and the M’ is the metformin
cation (C4H;,N5"), which at pH 7 is monoprotonated [33].

KIE
[(C4HN5V O + Nat  ==——== [NaV;Oy5]" + (C4H;5Ns)"
[NaV,(Ox]> + Na* [Na,V 0,51+
k M
[Na,V,(Oyl* + OHF  —2—>  PRODUCTS

Scheme 1. Putative reaction mechanism for decavanadate decomposition reaction in DMEM medium
atpH7.4.

The base dependent equation can be rewritten as:
Rate = ko[OH][V19O25° Jot = k2 [OH1[V19028° ot ®)

where
[V10028% Trot = [(C4H12N5)V19O028°7] + [NaV19O25° ] + [NaaVigOps*7] (4)
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In DMEM medium, it seems likely that the ion-pair association is stronger with the metformin
cation (C4H15N5)V100,5°~ at 1 mM MetfDeca concentration, which does not form at the same rate as the
NayV10008*~ active species to react with the free OH™ anion (Scheme 1) like 1 mM NaDeca, where the
total Vo anion concentration (Equation (4)) is almost in the higher ionic aggregate Na, V19084~
species, and on that way can follow the base-dependent path (Equation (3)). However, the same
calculated values for the decomposition rate of 0.5 mM and 1 mM NaDeca (Table 1) suggest that the
concentration of Na,V1Og*~ species remains the same under the buffer conditions; several ion-pairs
can be proposed by the combination of monovalent cation and hexavalent anion. Nevertheless,
Schwarzenbach and Geier [39] showed that the alkali metal cations formed the ion-pair complexes
MHV10058%~, MV19055°~, and M, V1955~ base on their formation constants 91% of the decavanadate
is in the ion-pair form M, V19Os*~ and 9% in the form MVyO°~ for M = Li or Na [39].

In vanadium speciation diagrams, at total vanadium concentration lower than 5 uM, the decavanadate
anion is not formed [10], but some meta and orthovanadate species are present in solution at neutral pH.
In that regard, this kinetic study was performed to have an approximate of the constant rate values at which
the oligomer vanadium species were formed and, with some cautions in the interpretations of the data,
would allow us to compare the biological activity of MetV (V1) and Metf versus NaDeca and MetfDeca to
show if the hydrolysis products produce a different biological response than the orthovanadate (V;) and
to quantify if MetfDeca compound promotes a synergistic effect between its components that increase
the decavanadate antidiabetic properties. In that regard, the biological experiments that are shown in
the next sections were performed in DMEM solution at pH 7.4, and the cells were incubated with the
compounds for 24 h, with the exception of the insulin release assay, where the cells were incubated with
the compounds for one hour.

2.3. Cell Viability

To investigate the cytotoxicity of vanadium compounds against non-tumoral and tumoral human
cells and potential anticancer activity, the compounds NaDeca, MetfDeca, MetV and Metf were tested
against HEK293 human embryonic kidney cells and HEPG2 human liver cancer cells. In Figure 4a,
the percentage of cell viability vs. compound concentration for the four compounds against HEK293 is
shown. The IC5( value found for NaDeca was 40 + 4 uM, for MetfDeca was 85 + 5 uM, for sodium
MetV was 181 + 7 uM and for Metf was 420 + 11 uM. In the case of the HEPG2, the cytotoxicity dose
dependence is shown in Figure 4b. The highest cytotoxic activity was observed for NaDeca, with an
ICsp value of 9.0 + 0.7 uM, follow by the MetfDeca with an ICsy of 29 + 0.7 uM, and ICs values of
93 + 5 and 540 + 4 uM for MetV and Metf, respectively.

a) HEK293 b) HEPG2
120 -o- Nadeca 120 —* Nadeca
3 3 - Metfd
f;j 100 & Metfdeca :_.E 100 - . elideca
8 —&— MetV S o Metv
5 80 5 80 + Metf
£ 2
s 60 et > 60
3 3
% 40 g 40+
S 20 S 20
01 T T T 0 T T T
0 50 100 150 0 50 100 150
Concentration (uM) Concentration (uM)

Figure 4. Cell viability assay at different vanadium compounds concentrations after treatment for 24 h
(a) HEK293 and (b) HEPG2 cells. The cell viability of each treatment group was compared with the
corresponding untreated control, which was normalized to 100% of cell viability. Error bars represent
the standard deviation for triplicate runs (n = 3).
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As can be seen in Figure 4a,b, the cell viability decreases in a dose manner response. The ICsg
of the vanadium compounds against HEPG2 cells is around the same value as other compounds
previously reported, like cis-platin (15.9 uM) [40] and monomeric V4* compounds [41-43].

The metformin hydrochloride does not reduce the cellular viability in the range of concentrations
that the decavanadate compounds do; the NaDeca compound exhibits more activity than MetfDeca
and MetV regardless of the cell line after 24 h. The cytotoxicity of the tested compounds against HEPG2
is different for the non-tumorigenic HEK293 cells indicating that the toxicity of the compounds exhibits
a good correlation on selectivity toward HEPG2 cancer cells in 24 h (see Table 2). The three vanadium
and Metf compounds do not affect the viability of the HEK293 cells; this is an important result from
this work, which may have an impact due to the new strategies intended to reduce the renal toxicity
induced by cisplatin [44,45].

Table 2. Cytotoxic activity (IC5p) and selectivity index (SI) of compounds against HEK293 and HEPG2

cells after 24 h.
HEK293 HEK293 HEPG2 HEPG2 SI (IC5y HEK293/
Compound Lower Cell I1Csp (M) Lower Cell ICsp (M) (IC~ HEPG2)
Viability (%) 5o K Viability (%) 5o M 50

NaDeca 61 40+ 4 22 9+0.7 44
MetfDeca 67 85+5 28 29 +0.7 29
MetV 88 1817 51 93+5 19
Metf 100 420+ 11 98 540 £4 0.77

In the case of decavanadate compounds, the ICs) seems strongly dependent on the type of cell line
and the counter ion; for example, the ICs of the Nay[(HOCH,CH;)3NH],[V19O5g8]-6H,O towards HEPG2
cell line is 16.4 + 3 pg/mL while for human cervical cancer cell line (Hela cells) is 53.1 + 12.1 ug/mL [46],
the compounds [(Hytmen);V19Os5]-6H,0O and [(Hyen)sV19O,5]-2H,O were tested in human normal
hepatocytes L02, and their ICsj values are 6.5 + 0.6 and 7.2 + 0.7 uM, respectively indicating that are
cytotoxic for the L02 human cell line [47]. In 2018 Nunes and coworkers studied the cytotoxicity effect of
three decavanadates compounds in African green monkey kidney (Vero) cells, and the three compounds
exhibit low effect; 200 M of the compounds reduced 50% of the Vero cells viability in 96 h. The compounds
tested were the decavanadate complexes of sodium, nicotinamidium [(3-Hpca)4H; V19O25]-2H,0-2(3-pca)
and isonicotinamidium [(4-Hpca)sH;V19O08]-2(4-pca) [48]. However, in the three studies presented
before [46—48] for decavanadate compounds, the effect of the counter ion in the cytotoxic studies was
not studied.

It seems that the decavanadate compounds—or their decomposition products Vi, V, and V4—
decreased the viability of hepatocarcinoma HEPG2 cells faster than the normal HEK293 cells (Table 2)
after 24 h. The cytotoxicity of cancer and normal cells can be attributed to a different mechanism
like Wang and coworkers reported in 2010 [49] that for 100 uM of MetV in MEM (minimum essential
medium) in normal hepatocytes L02, the cell arrest mechanism is ROS-dependent and for HEPG2 is
ROS-independent to mediated ERK (extracellular signal-regulated protein kinase activation) after 72 h.
In the present study, the Metf cation association with the decavanadate moiety promotes some kind of
protection against the normal HEK293 cells. However, the dissociation of the ion-pairs NaV19O,s°~,
(C4H15N5)V190,8°~ and the further hydrolysis to Vi and other products will not protect the vanadium
atoms for the reduction into V4* that could significantly increase the ROS levels and the apoptosis for
the normal cells.

2.4. Proteins Expression

Protein kinase B (AKT) is a crucial mediator of insulin-resistant glucose and lipid digestion [50].
To evaluate the effect that decavanadate compounds have in phosphatidylinositol 3-kinase (PI3K/AKT)
and AMPK pathways in HEPG2 cells, a Western blot examination was performed.
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The cells were cultured with various concentrations of the compounds for 24 h without insulin.
In Figure 5a we can see that NaDeca highly phosphorylates AKT« while the MetfDeca, MetV and
Metformin show moderate activity. Thus, NaDeca and MetfDeca compounds exhibit a dose-dependence
increase in phosphorylated AKT (p-AKT) as shown in Figure 5c, where 8, 16, and 30 uM of NaDeca
induced a 2, 4 and 6-fold-increase in the phosphorylation, respectively. In contrast, the expression of
the AMPK, a cellular metabolism energy sensor, by its phosphorylation p-AMPKa is not significantly
elevated by the compounds (Figure 5d). However, NaDeca in 8 uM concentration exhibits around 33%
of the increase in the AMPK phosphorylation. The low percentage of phosphorylation in AMPK by
the vanadium compounds and metformin (Figure 5d) can be explained as follows: in hepatocellular
carcinoma (HCC), the pathway function is downregulated [51], it seems like a low level of AMPK is
required to maintain viability during the metabolic stress of tumor cells by different mechanisms [52].
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Figure 5. Effect of vanadium compounds on the protein expression of (a) protein kinase B (AKT)
representative Western blot and (b) AMP-activated kinase (AMPK) representative Western blot in
HEPG2 human hepatocarcinoma cells. Metf 2 mM and vanadium compounds 8, 16 and 30 uM
concentrations, respectively, from left to right. Quantitative data of (c¢) p-AKT/t-AKT and t-AKT/actine
(d) p-AMPK/t-AMPK and t-AMPK/actine. All the values are the mean + SD. * p < 0.05, ** p < 0.01 and
*** p < 0.001 vs. untreated control cells.

In the present work, the activation of AKT by 2 mM of Metf and by 8-30 uM of MetfDeca is
moderate; in the case of Metf, p-AKT is increased by 21% while for 30 uM of MetfDeca, the increase is
80%; however, we observed that the NaDeca formation rate of metavanadate species is moderately
faster than MetfDeca under the same experimental conditions (Table 1), due to the weaker ionic pairs
for NaDeca than for MetfDeca (Scheme 1), so if all the 8 pM NaDeca decomposition product is V; the
p-AKT fold should be ten times 0.21, the fold value that we found experimentally for the MetV is 2.1
(Figure 5c), this clearly indicates that 8 uM of NaDeca is decomposed to 80 uM of V. Nevertheless,
the decomposition of NaDeca at higher concentration solutions shows lower amounts of V; produced,
based on the p-AKT fold activity. If we double NaDeca concentration to 16 uM, the experimental fold
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value is 3.3 for the decameric compound, and for MetV is 0.21, while for 30 pM of MetV, the p-AKT
fold value is 0.45 and for NaDeca is 6. It seems that higher vanadium concentrations induce the
formation of larger oligomers like V,, V4 and V5. Thus the active species could be a combination of
the orthovanadate and the metavanadate units, with differing AKT signaling activation mechanisms
promoted by different vanadium species.

Activation of the IR kinases by vanadium compounds exhibit different mechanisms, which depend
on the type of cell and also the oxidation state of the metal [53,54]. Recently, several lines of evidence
suggest that cancer cells upregulate the oxidative pentose phosphate pathway (PPP) to support
cell growth and survival, by consequence exhibited increased PPP flux, NADPH/NADPC ratio,
and ROS [25], in the liver 30% of the glucose oxidation occurs via PPP, so, it is not surprising that the
AKT activation could be in a phosphatidylinositol 3-kinase (PI3K)-dependent manner by ROS [24].
However, in our control experiments the AKT signal in HEPG2 cells has not been activated (Figure 5c),
suggesting that AKT phosphorylation by MetV, MetfDeca and NaDeca can be attributed to the activation
of PTB-1B by orthovanadate (V1) [32]. On the other hand, for NaDeca compound, the tetramer species
is formed at the same speed than V; (Table 1), V4 could be the one that is reduced [55] and the vanadium
(IV) species VO?* is activating the AKT pathway in a PI3K-dependent manner by ROS, like in the
case of VOSOy that exhibited a 17-fold increase in the phosphorylation of AKT in HEPG2 cells at
25 uM concentration [56]. In 2015 Levina and coworkers performed a speciation study by XANES
spectroscopy, where for 1 mM of orthovanadate in HEPG2 cells with DMEM medium after 24 h, 50% of
the initial vanadium was found as tetrahedral species of V>* (V1, Va, V4 and Vs are tetrahedral),
30% as V4* moieties with a coordination number of six and 20% as V4* with a coordination number of
five [19], this study supports our observation that after 24 h not more decavanadate species are present
in solution. It also supports our hypothesis that not all the vanadium in solution is present in the
highest oxidation state (V>*) and some has been reduced to V4* promoting different mechanism of
AKT activation, particularly for the NaDeca compound.

2.5. Glucose Uptake Assay

To establish whether MetV, MetfDeca, NaDeca and Metf compounds stimulate glucose uptake on
adipocytes, the effect on the 2-NDBG cell uptake in 3T3-L1 differentiated adipocytes was evaluated.
The experiments were performed at 16, 30 uM concentration for vanadium compounds and 2 mM
for Metf in the absence of insulin. Insulin (100 nM) was used as a positive control. As it can be seen
in Figure 6, NaDeca (30 uM) stimulates the glucose cell uptake on 62%, MetfDeca on 52%, MetV on
37% and Metf (2 mM) on 33%, while control conditions stimulate around to 20%. At 16 uM, NaDeca
stimulates 29% and is the only compound that shows a notable difference between both concentrations.
Our results suggest that the uptake is moderate due to the low concentration of the compounds;
it has been shown that elevated concentrations of decavanadate 100 uM [6] and vanadate 325 uM
were required for stimulation of glucose uptake in rat adipocytes, the later associated with IR Tyr
auto-phosphorylation [53]. The activation of the insulin receptor substrates (IRS) has been demonstrated
to occur in a dose-dependent manner in cardiomyocytes for MetV [54] and in 3T3-L1 cells for VOSO4 [57]
due to different mechanisms of actions. Our results indicate that the PI3K pathway was activated due
to the activation of IRS-1 by PTPB1 phosphorylation for MetfDeca, MetV and Metf by a combination of
different mechanisms that includes PTPB1 phosphorylation, and for NaDeca by a ROS production,
where V; and the metavanadate species are involved, the ROS production by a decavanadate compound
and the activation of the semicarbazide-sensitive amine oxidase (SSAO)/vascular adhesion protein-1
(VAP-1) was reported by Ybarola [58] the compound hexakis(benzylammonium) decavanadate showed
that can stimulate glucose uptake in rat adipocytes in a dose dependent manner EC5( 150 uM, an in vitro
assay they confirmed that hexakis(benzylammonium) decavanadate is oxidized in the same extension
by SSAO enzyme as benzylamine and vanadate, using 5'V NMR the authors also found that for 10 mM
of the compound in the presence of 2.5 mM of H,O, at pH 7.4, the major products of the decavanadate
decomposition were Vq, V4 and [V(OH),(00),(OH);]%". The decomposition products promoted the
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inhibition of PTP and the activation of SSAO that regulates the translocation of the GLUT4 transport
and stimulates glucose transport [58], like in the case of the vanadium compounds tested in this work,
where the GLUT4 transport is translocated and the glucose is transported by the cell.

=== 16 uM
30 uM

mm 100 nM
2 mM

Intensity (%)

MetV Metf Insulin

Figure 6. Effect of vanadium compounds on the glucose uptake in 3T3-L1 differentiated adipocytes at
16, 30 uM for vanadium compounds and 2 mM for Metf in the absence of insulin. All the values are the
mean + SD. *p < 0.05 and ** p < 0.01 vs. untreated control cells.

2.6. Insulin Release Assay

The effect on insulin release of NaDeca, MetfDeca, MetV at 30 uM concentration was studied in
BTC-6 cells. Glucose 10 mM and repaglinide 30 uM concentration were used as control. The latter was
used due to the pharmacological activity, such as blocking ATP-dependent K* channels and stimulate
the release of insulin from the pancreas in a dose-dependent manner [59]. Figure 7 shows that MetV
and MetfDeca enhanced insulin release by 0.7 and 1-fold relative to glucose control. In addition, both
vanadium compounds showed more activity than the repaglinide at the same concentration, while
NaDeca shows lower activity at 30 uM concentration than the glucose and repaglinide controls. 3TC-6
cells secrete insulin in response to glucose; however, this cell line derived from transgenic mice develop
a high hexokinase activity [60]; in normal pancreatic 3-cells isolated from mouse islets, the effects of
NaVOj3; were studied at 0.1-1 mM concentration [61], the authors found that vanadate did not affect
basal insulin release, although, vanadate potentiated the glucose effect by a different mechanism than
blocking the sodium pump or affecting the AmpC levels [61].
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Figure 7. Effect of the vanadium compounds (30 uM concentration) on the insulin release in fTC-6
cells with 10 mM of glucose and 30 uM of repaglinide. All the values are the mean + SD. * p < 0.05 vs.
untreated control cells.
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In 1999, Proks and coworkers performed an experiment in different types of cloned Katp channels
expressed in Xenopus oocytes [62]. Their results showed that sodium decavanadate in 2 mM concentration
made by a solution of NazVO, at pH 7.2 modulated Katp channel activity via the SUR subunit, the Hill
coefficients for both activation and inhibition of Karp currents suggested that the cooperativity action
of more than one vanadate molecule was involved in these effects. They also found that the effects were
abolished by boiling the solution where the vanadate polymers where virtually absent [62]. Our results
indicate that vanadium species promote more than one insulin release mechanism in fTC-6 cells
(Figure 8), MetV, NaDeca, and MetfDeca decomposition in V; augment insulin secretion by tyrosine
phosphorylation of IRS-1 and IRS-2 [63,64], while in the second mechanism, vanadium oligomers
can be active blocking ATP-dependent K* channels, however, we propose that the active species
in the decavanadate solutions are the vanadium dimers V; although, V, formation rate is slower
(Table 1), it can be present in considerable amounts blocking ATP-dependent K* channels [62,65]. In the
case of Vy the higher oligomer formation is promoted by the decomposition reaction of the NaDeca
compound (Table 1), and the tetramer V, has not followed any of the two mechanisms (Figure 8).
It has been shown that vanadium compounds like VOSO, and NaVOj3; (1.6-100 uM) stimulated ROS
production in isolated rat liver mitochondria [66]. In 2013 Hosseini and coworkers showed that Vot
(25-200 uM) interaction with respiratory complex III is the major source of V>* induced ROS in rat liver
mitochondria [67]. Interestingly, the concentration of ROS formation highly increases with 200 uM
of sodium metavanadate in 60 min while with just 50 uM, it is not the case [67]. We hypothesized
that NaDeca at 30 uM concentration product V4 has some interaction with the cell mitochondria
like its membrane depolarization [68] through ROS production that inhibits the insulin release by
NaDeca compound.
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Figure 8. Illustration of the vanadium species mechanisms of action on the insulin release in FTC-6
cells. The total vanadium concentration is 300 tM, NaDeca decomposition reaction is moderately faster
than MetfDeca reaction (Table 1), so NaDeca and MetfDeca majority decomposition products are V;
and Vy4; however, some V; is present, the putative mechanism of action for V7 is that enhanced tyrosine
phosphorylation, and on that way, V; species is able to further augment insulin secretion. A second
putative mechanism involves inhibition of the Karp channel by V; species.

3. Experimental

3.1. Chemicals and Reagents

Ammonium metavanadate (NH;VO3), sodium metavanadate (NaVOj3), hydrochloric acid (HCI 37%
w/v in HyO), dimethyl sulfoxide (DMSO), d6-DMSQO, deuterium oxide (D,0), 3-(4,5-dimethylthiazol-2-yl)
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-2,5-diphenyltetrazolium Bromide (MTT) 98%, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), potassium chloride (KCl), sodium chloride (NaCl), ethylenediaminetetraacetic acid disodium salt
(EDTA), ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA), 3-glycerol-phosphate,
triton X-100, NaF, sodium pyrophosphate dibasic, sodium orthovanadate (NazVO,) and 1,4-dithiothreitol
(DDT) were purchased from Sigma-Aldrich (St Louis, MO, USA). Phenylmethylsulfonyl fluoride (PMSF)
from Calbiochem (San Diego, CA, USA). COMPLETE (protease inhibitor cocktail) from ROCHE
(Mannheim, Germany). Dulbecco’s modified Eagle’s medium (DMEM) high glucose, fetal bovine
serum (FBS) and penicillin/streptomycin from Gibco (Gaithersburg, MD, USA). All the cell lines used were
purchased from ATCC (HEP-G2 HB-8065, 3T3-L1 CL-173, Beta-TC-6 RL 11506) (Manassas, VA, USA).

Metformin hydrochloride (C4H;1N5-HCI) was isolated directly from commercial brand tablets.
The metforminium decavanadate (MetfDeca) (C4H13N5)3V100,8-8H,O was prepared according to the
literature [33]. The sodium decavanadate (NaDeca) NagV19O25-18H,O was prepared by suspending
NaVO; (0.12 g, 1 mmol) in distilled water (30 mL). After the suspension was stirred at room temperature
for 1 h, the pH was adjusted to 4 by the addition of HCI (1 M). The resulting orange solution was
filtered, and the filtrate was allowed to evaporate at 4 °C. Orange crystals were obtained after one
week, according to a previously reported procedure [36].

The concentrations of the stock solutions for the biological studies in water for metformin
hydrochloride (Metf), sodium metavanadate (MetV), metforminium decavanadate (MetfDeca) were
30 mM, whereas for sodium decavanadate (NaDeca) was 15 mM. The metforminium decavanadate
crystals are water-insoluble, so it was solubilized in 10% DMSO before the addition of water. For the
51V NMR studies, 10% DMSO-d6 was used.

3.2. Kinetic Studies

The kinetics of the decomposition reaction of sodium and metforminium decavanadates in DMEM
medium at 25 °C was determined by °'V NMR at 0.5 and 1.0 mM of decavanadate concentration.
The spectra were acquired using 0.5 mL as a final volume with 10% DMSO-d6 in a Bruker Ascend
600 MHz spectrometer. 'V spectra were recorded using parameters reported previously [12,69] at
157.85 MHz. The chemical shifts were obtained using an external reference using 100 mM NazVOy
solution in 1.0 M NaOH ([VO,4]*~ signal at =541 ppm) [70]. The concentrations of each vanadate
species Vy were calculated from the fractions of the total integrated areas using the following equation:
[Vx] = (Ax/Ar) X ([V¢]/n), where Ay corresponds to the area measured for the x vanadate species with n
as the oligomer number (number of vanadium atoms), A; is the sum of the measured areas and [V}] is
the total vanadate concentration [71]. In the case of the decameric species, three signals at —420, —494
and —510 ppm were integrated for 2, 4 and 4 vanadium atoms, respectively [72].

The rate constants were calculated by the initial rates method, where the species concentration Vy
was plotted over time (100 min), the >V NMR spectra were acquired every 20 min, and the reaction
was started when the decavanadate compound aliquot was added to the DMEM medium.

3.3. Cell Viability Assay

Cell viability of the three vanadium compounds NaDeca, MetfDeca, MetV and metformin
hydrochloride against HEPG2 and HEK293 was tested using MTT assay (Sigma-Aldrich, St Louis,
MO, USA). The cells were placed in a 96-well micro-assay culture plate (ULTRACRUZ, Santa Cruz
Dallas, TX, USA) at a density of 1 X 10° cells per well in 0.2 mL of DMEM-high glucose culture medium
supplemented with fetal bovine serum FBS (10%) and penicillin/streptomycin (1%), and grown at 37 °C
in a humidified 5% CO, incubator for 24 h. After this, the cells were treated with 0.002 mL of each
compound per well by triplicate; sequential dilutions 1:2 were made for each compound, DMSO was
used as a blank. The cells were incubated for 24 h. The surviving cells were determined. We added
0.01 mL of MTT (5 mg/mL in phosphate-buffered saline) to each well, and the cells were incubated for
3 h at 37 °C in a humidified 5% CO, incubator. After this time, the medium was removed from the
cells, and 0.1 mL of DMSO was added to each well, and the cells were incubated for 1 h. The cells
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viability was determined by measure their ability to reduce MTT (yellow) to formazan product (violet).
The absorbance was quantified at 600 nm by a Modulus microplate Luminometer spectrophotometer
(Turner BioSystems, Sunnyvale, CA, USA).

3.4. Western Blot Analysis

The cells were placed in 6-well micro-assay culture plates at a density of 5 x 10° cells per well in
3 mL of DMEM-high glucose culture medium supplemented with fetal bovine serum FBS (10%) and
penicillin/streptomycin (1%); the cells were treated with 8, 16 and 30 uM of each compound and the
cells were grown at 37 °C in a humidified 5% CO, incubator for 24 h.

Cultured cells were washed with 1 mL of cold phosphate buffer solution (PBS). For AMPK assays
cells were lysed by 0.25 mL of ice-cold HEPES lysis buffer: HEPES (50 mM, pH 7.4), EDTA (1 mM),
EGTA (1 mM), KCI (50 mM), glycerol (5 mM), Triton X100 (0.1% w/v), NaF (50 mM), NaPPi (5 mM),
NazVO4 (1 mM), DDT (1 mM), PMSEF (0.2 mM) and COMPLETE 1X as protease inhibitor. Homogenates
were centrifuged at 16,128x ¢ for 20 min at 4 °C in an Eppendorf centrifuge 5804R.

Supernatants were collected for their protein quantitation by Lowry method; 50 pg of protein
were separated by 10% SDS-page and transferred to PVDF for blotting using the following antibodies
(cell signaling 1:1000) anti-pAKT (Ser473), anti-p-AMPK« (Thr172), anti-AMPKe, anti-AKT (PKBw)
and anti-B-actin at 4 °C overnight. Blots were visualized with HRP-conjugated goat anti-rabbit IgG or
HRP-conjugated goat anti-mouse IgG at room temperature for one hour. Actin was used as loading
controls for the total protein content. Proteins were visualized and quantified in a Bio-Rad ChemiDoc
XRS (Bio-Rad, Hercules, CA, USA). with the Quantity One software (Version 4.5, Bio-Rad, Hercules,
CA, USA).

3.5. Adipocyte Differentiation

Preadipocytes 3T3-L1 were obtained from ATCC and differentiated, as previously described [73].
Briefly, cells were grown to confluency in a 75 cm flask (CORNING) with DMEM medium supplemented
with 10% calf serum (Biowest, Riverside, MO, USA) and standard temperature and CO, conditions
(37 °C and 5% CO,). Two days after reaching confluency, media was replaced to induce differentiation
(DMEM supplemented with 10% fetal bovine serum (FBS), 1.0 ug/mL human insulin, 0.5mM
3-isobutyl-1-methylxanthine and 1 uM dexamethasone). After 48 h, media was changed with
DMEM supplemented with 10% fetal bovine serum and 1.0 pg/mL human insulin and cells were
incubated for 48 h. Finally, the media was replaced with DMEM supplemented with 10% FBS for
4 days, media was refreshed every 2 days.

3.6. Glucose Uptake Assay

3T3-L1 differentiated adipocytes cells were seeded in a 96-well plate (ULTRACRUZ, Santa Cruz)
1x10° cells per well. The next day media was changed to starving media (DMEM without
supplementation, no glucose), compounds were added at 16 and 30 pM final concentration and
incubated 20 h at standard conditions. Cells were incubated with or without 100 nM insulin for 1 h.
After this, 300 uM of 2-NBDG (Invitrogen by Thermo Fisher Scientific) were added to each well and
incubated 20 min at 37 °C and 5% CQO,, cells were washed once with PBS, and 100 puL/well of fresh PBS
were added. Fluorescence was read at 485/535 nm (Modulus Microplate Luminometer).

3.7. Insulin Release Assay

Studies were performed with FTC-6 cells. The cells were placed in 24-well micro-assay culture
plates at a density of 2.5 X 10° cells per well in DMEM culture medium; the cells were incubated
overnight at 37 °C in a humidified 5% CO, incubator. The next day medium was changed, and 10 mM
glucose and 30 uM repaglinide were added as controls. Compounds were added at 30 uM final
concentration and incubated for one hour at standard conditions. The insulin quantification was made
with a mouse insulin ELISA kit (ALPCO, INSMS-E01, ALPCO, Salem NH, USA).
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3.8. Statistical Analysis

Data were presented as mean + SEM of three independent experiments. Statistical significance of
data was analyzed by Student’s t-test and one-way analysis of variance (ANOVA). A probability of the
value of p < 0.05 was considered as statistically significant. Calculations and figures were made using
Grad Pad Prism version 8 (GraphPad Software, San Diego, CA, USA).

4. Conclusions

Vanadium solution chemistry represents a challenge due to its complexity. However, new therapeutic
approaches can be explored with decavanadate compounds in biological reaction media, vanadium
therapeutic potential in different diseases like DM2, cancer, metabolic syndrome and cardiovascular
diseases should be addressed. Decavanadate decomposition products like V, and V4 action mechanisms
in cytotoxic activity, AMPK and AKT expression still have open questions; however, V; is well known as a
glucose uptake promoter and insulin release agent. Nevertheless, the combination of orthovanadate and
methavanadate species can increase the desirable therapeutic effects of vanadium, as shown in this work.

Our results show that at least two mechanisms are promoted AKT activation by NaDeca,
and MetfDeca hydrolysis products in HEPG2 cells, the first one with the orthovanadate (V1) species
involved in PTP-1B mediated AKT activation, while the second mechanism involves the activation
of the AKT pathway in a PI3K-dependent manner by ROS, in this regard, we hypothesized that V4
could be involved in a vanadium reduction process that promotes the ROS exacerbation in HEPG2
cells in DMEM medium and that ROS production results in a decrement of the cell viability in normal
(HEK293) and carcinogenic cells (HEPG2).

In this sense, our results indicate that a combination of at least two mechanisms is associated with
the glucose uptake in 3T3L-1 differentiated adipocytes that includes PTP-1B phosphorylation and ROS
production in the case of NaDeca.

MetfDeca and MetV at 30 uM concentration enhanced insulin release in TC-6 cells; surprisingly,
the NaDeca compound is almost inactive in the assay. Our results suggest that MetfDeca decomposition
products (V; and V;) promote more than one insulin release mechanism in the DMEM medium.
The first proposed mechanism is that V; augment insulin secretion by tyrosine phosphorylation of
the IRS, and in a second putative mechanism, vanadium oligomers like V, can be active, blocking
ATP-dependent K* channels. However, V, species that are produced by the decomposition reaction of
NaDeca and MetfDeca are not following either mechanism.

The data presented in this paper demonstrate that decavanadate decomposition products are
able to promote different biological mechanisms of action, than the ones promoted by orthovandate
(MetV) and metformin hydrochloride (Metf). Thus, more chemical and biological experiments are
necessary to establish the active species and their composition with the aim to explore new therapies
in the treatment of some metabolic diseases.
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