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Vanadium was discovered twice. Andrés Manuel del Rio, a Professor of Mineralogy
in Mexico, discovered it for the first time in a vanadinite ore. Nevertheless, at that time,
French chemists dismissed the discovery, concluding that this ore was a chromium mineral.
Vanadium was rediscovered in 1830 by Nils Gabriel Sefstrém, a Swedish chemist, while
analyzing samples of iron from a mine in Sweden. He named the new element after Vanadis,
the Swedish goddess of beauty and fertility, because of the brilliant and attractive colors of
the chemical compounds in which it was first found. Currently, the originally suggested
name of the element could equally be associated with the fertile work of scientists over the
last 190 years developing new compounds and materials based on vanadium.

In particular, the recognition of the exceptional chemical and biological properties of
vanadium compounds has led, in recent decades, to vast research in order to explore their
chemistry, biochemistry, and medicinal chemistry. Although the benefits of using vanadium
compounds in medicine are still inconclusive, their prospective application as therapeutic
agents against diseases, such as diabetes, cancer and those provoked by parasites and
bacteria, has led to extensive research. Researchers from all over the world are dedicating
their efforts to vanadium research that is related to the potential therapeutic applications of
vanadium compounds and to obtain an insight into their modes of action and beneficial
effects on health. This Special Issue collects research contributions focused on recent
advances in vanadium chemistry, biochemistry, medicinal chemistry, and toxicology. In the
following introduction, the contributions covered in this themed issue are summarized in
alphabetical order of the family name of corresponding author.

Debbie Crans and colleagues studied the acute toxicity in mice of a previously developed
heteroleptic oxidovanadium (V) schiff base complex that had demonstrated anticancer prop-
erties against human ovarian, prostate and brain cells as well as enhancing effects of oncolytic
viruses. The compound showed low oral toxicity which encourages the design of oxidovana-
dium (V) complexes with low toxicity for potential applications in cancer therapy [1].

Joao Costa Pessoa and Isabel Correia presented a review work on how the interactions
of vanadium complexes with proteins and other biological targets can be misinterpreted.
The review emphasizes the fact that in the case of studying biochemical interactions or
effects in order to determine binding constants or active species, or propose mechanisms of
action, it is essential to evaluate the speciation of the vanadium compound in the media
where it is acting. When vanadium (IV) and vanadium (V) compounds are dissolved in
biological media, they undergo chemical transformations, particularly at the low concentra-
tions used in biological experiments [2].

Rupam Dinda and colleagues synthesized and characterized two new oxidovanadium
(V) complexes that manifested in vitro cytotoxic potential comparable with that of clinically
used drugs, which caused cell death by apoptosis [3].

Teresa Fortoult and colleagues explored the use of inhaled vanadium (V) as an option
for lung cancer treatment. Aerosol delivery increased apoptosis and growth arrest of the
tumors with no respiratory clinical changes in mice [4].
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Enrique Gonzalez-Vergara, Antonio Rodriguez-Diéguez and colleagues described
the synthesis and characterization of a new member of a family of compounds based on
decavanadate and a 2-aminopyrimidine ligand, together with its interaction with RNA as
potential target for cancer treatment [5].

Anastasios Keramidas, Yannis Simos and colleagues reported novel vanadium (V) com-
plexes with the siderophore vitamin E-hydroxylamino-triazine ligands and their chemical
and biological properties. Instead of exhibiting antioxidant activity, the compounds were
radical initiators and did not exert significant cytotoxic activity against tumor cell lines [6].

Ignacio Leon and colleagues performed a review of the activity of vanadium com-
pounds over cell signaling pathways on cancer cells and of the underlying mechanisms,
thereby providing insight into the role of these proteins as potential new molecular targets
of vanadium complexes [7].

Irma Sanchez-Lombardo and colleagues performed kinetic studies of sodium and
metforminium decavanadates and unraveled the nature of their decomposition products.
Cytotoxic activity studies using non-tumorigenic HEK293 cell line and human liver cancer
HEPG?2 cells showed that decavanadate compounds exhibited selective action toward
HEPG?2 cells after 24 h. In addition, an insulin release assay in 3TC-6 cells showed that
metforminium decavanadate enhanced insulin release [8].

Patricia Williams and colleagues reported the antioxidant and anticancer activities
and the bovine serum albumin interaction of the oxidovanadium (IV) complex with the
flavonoid naringin. The complex generated typical effects shown by apoptotic pathways,
such as the generation of intracellular reactive oxygen species (ROS), depletion of reduced
glutathione and depolarization of mitochondrial membrane potential, producing cell death
by an oxidative stress mechanism. Although the oxidovanadium (IV) naringin complex
showed a greater affinity to serum albumin than free naringin, it could still be transported
and delivered by it [9].

In a second contribution to the issue, Williams and colleagues reported the synthesis
and characterization of an oxidovanadium (IV) heteroleptic complex with the polyphenol
chrysin and 1,10-phenanthroline as ligands. The cytotoxic effect of this complex proved
to be higher in the human lung cancer A549 cell line than that of the oxidovanadium (IV)
chrysin homoleptic complex. The probable mechanism of action proved to involve the
production of ROS, the decrease in the natural antioxidant compound glutathione (GSH)
and the ratio GSH/GSSG (GSSG, oxidized GSH), and mitochondrial membrane damage.
Cytotoxicity studies using the non-tumorigenic HEK293 cell line showed that the new
heteroleptic compound exhibited selectivity towards tumor cells [10].

As a concluding remark, I thank all the contributors to this Special Issue which covers
recent progress in vanadium science across a range of subject areas.
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Abstract: Vanadium is an ultratrace element present in higher plants, animals, algae, and bacteria.
In recent years, vanadium complexes have been studied to be considered as a representative of a
new class of nonplatinum metal anticancer drugs. Nevertheless, the study of cell signaling pathways
related to vanadium compounds has scarcely been reported on and reviewed thus far; this information
is highly critical for identifying novel targets that play a key role in the anticancer activity of these
compounds. Here, we perform a review of the activity of vanadium compounds over cell signaling
pathways on cancer cells and of the underlying mechanisms, thereby providing insight into the role
of these proteins as potential new molecular targets of vanadium complexes.

Keywords: vanadium biochemistry; cell signaling; cancer; anticancer agents

1. Introduction

Metallodrugs have a wide field of therapeutical activities towards several pathologies,
including infections, neurodegenerative diseases, diabetes, and cancer [1-4]. Platinum
compounds, in special cisplatin (CDDP), carboplatin, and oxaliplatin, are the most relevant
and effective metallodrugs [5]. Nevertheless, the lack of specificity, poor absorption,
and chemoresistance limit the current use in the clinic. Therefore, medicinal inorganic
chemistry focuses on the design and synthesis of novel metal-based drugs aiming to
overcome these complications [6,7]. In this sense, the anticancer activity of vanadium
complexes has been extensively in vitro and in vivo tested on several types of cancer
cell lines. VO (oxidovanadium) flavonoids are an important group of compounds with
selective antitumor effects on bone cancer cells [8-10]. Metvan (VIYO(SO4)(4,7-Mephen),)
is a vanadium complex with anticancer activity on different human tumor cell lines, such
as leukemia cells, multiple myeloma cells, and solid tumor cells (brain, prostate, breast,
ovarian, etc.) [11-14]. Moreover, vanadocene derivatives have shown important anticancer
effects on human cancer cell lines, mainly involving liver and testicular tumors. Another
interesting group with antitumor properties is vanadium compounds with heterocycles
and Schiff bases. Their complexes have shown antitumor actions on bone, breast, and colon
cancer cells [15-17].

The role of vanadium in the regulation of cell signaling pathways converts it into
a prospective therapeutic agent to be employed in various pathologies. However, the
known activation pathways targeted by vanadium compounds are narrowly reported in
the literature and, thus far, these data for the discovery of novel intracellular targets in
cancer have not been widely analyzed.

In this review, we present an outline of the cell pathways activated or inactivated
by vanadium complexes on cancer cells and the relationship with the anticancer activity
of these compounds. This overview is expected to achieve a better understanding of
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these intracellular signaling pathways and, thereby, may facilitate the design of vanadium
complexes with promising therapeutic applications as well as the comprehension of side
effects derived from the use of the vanadium compounds as therapeutic agents.

2. Vanadium in Cancer Therapeutics

Vanadium is a transition metal that exists in different oxidation states ranging from
—1 to +5. At pharmacological doses, compounds with vanadium III, IV, and V show bio-
logically significant effects such as insulin imitators [18,19], growth factor-like activity [20],
and antitumoral properties [9,21-24].

Various effects of vanadium derivatives have been observed on the activity of several
enzymes, especially those related to phosphate reactions. Vanadium inhibits various AT-
Pases with different effectiveness [25]. Furthermore, vanadium compounds also inhibit
several phosphatases, such as alkaline phosphatase, acid phosphatase, and tyrosine—protein
phosphatases (PTPases) [26]. The PTPases activate or inhibit intracellular signaling path-
ways, triggering different biological events in a cascade manner, among these being cancer
signaling pathways.

3. Cancer-Related Signaling Pathways Activated by Vanadium Complexes

Diverse assays performed in vitro or in vivo demonstrated that vanadium compounds
can activate different cancer signaling pathways, and so exert their antitumoral action.

3.1. MAPK (Mitogen-Activated Protein Kinases)/ERK (Extracellular Signal-Regulated Kinase)
Signaling Pathway

The MAPK/ERK pathway is one of the early signaling pathways for cell cycle progres-
sion [27,28]. An essential role in cancer development is attributable to alterations regarding
different molecular pathways such as the MAPK involved in regulating cell growth. The
uncontrolled activation of MAPKSs is due to diverse gene mutations, some of which regulate
the constitutive activation of the B-Raf protein kinase (cytoplasmic protein) that induces
the activation of the mitogen-activated protein kinase (MEK), which in turn activates the
extracellular signal-regulated kinase (ERK), the final effector of the pathway, inducing the
transcription of target genes that generate the cell entering the cell cycle.

Bis(acetylacetonate)-oxidovanadium(IV) (VO(acac);) and sodium metavanadate (NaVO3),
two well-known antidiabetic compounds, have shown an antiproliferative effect through
inducing a G, /M cell cycle arrest and an elevation in reactive oxygen species (ROS) levels in
human pancreatic cancer cell line AsPC-1. It is important to highlight that NaVO; converts
to H,VO, ™ at physiological conditions, in which the cellular assays were carried out.

ROS are fundamental agents in cell fate. Their intracellular accumulation in normal
cells means the oxidation of cellular components, such as nucleic acids, proteins, and lipids.
These oxidative reactions cause extensive damage and in cases of irreparable damages,
they stimulate apoptosis [29]. In this sense, it has been found that these two vanadium
compounds prompt the activation of the MAPK/ERK signaling pathway in a dose- and
time-dependent manner. Both compounds generate an increase in the phosphorylated ERK
levels; therefore, these vanadium compounds could cause a cell cycle arrest and a high
elevation in the ROS levels by positively modulating the MAPK/ERK signaling pathway
and, thus, causing tumor suppression [30].

Another study revealed an antiproliferative activity of the inorganic anion vana-
date(V) (VN) and the oxidovanadium (IV) complex (VO(1,2-dimethyl-3-hydroxy-4(1H)-
pyridinonate),) (VS2) on the melanoma A375 cell line. The authors demonstrated that both
vanadium (IV, V) species displayed an antitumoral activity by arresting the cell cycle and
causing apoptosis across intracellular ROS production, ERK, and retinoblastoma protein
(Rb) dephosphorylation and p21Cip1 overexpression [31]. The retinoblastoma protein
(Rb) constitutes an essential control point for the switch from the G; phase to the S phase,
whereas the cyclin/CDK complex inhibitor p21Cip1 is involved in the cell cycle blockade.
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Vanadium compounds are characterized by their ability to regulate stem cell differen-
tiation [24]. Recently, N,N-bis(salicylidene)-o-phenylenediamine vanadium(IV) oxide was
reported to upmodulate osteoblast differentiation. Thus, the V(IV) species seem to stimulate
the differentiation and mineralization of the mesenchymal stem cells via the activation of
the ERK signaling pathway and the subsequent improvement of the NF-«kB (nuclear factor
kappa-light-chain-enhancer of activated B cells) mediated action. Furthermore, it has been
established that ERK is involved in the increase in the transcriptional activity of NF-«B.
Thus, V(IV) may modulate both ERK and NF-«B pathways, and both pathways would act
jointly to encourage osteoblasts [32].

In summary, different research suggests that some vanadium compounds can affect the
MAPK/ERK signaling pathway, prompting a cell cycle arrest, an increase in the apoptosis,
and, thus, causing tumor reduction.

3.2. PI3K (Phosphatidylinositol 3-Kinase)/AKT (Protein Kinase B) Signaling Pathway

Oncogenic RET/PTC1 (receptor tyrosine kinase/type two C phosphatase 1) chro-
mosomal rearrangements are hallmarks of thyroid papillary carcinoma. The resulting
protein, mainly, through tyrosine 451, is responsible for the activation of pathways con-
trolling cell survival, including the PI3K/Akt cascade. The PI3K/Akt signaling cascade
has an important role in the control of cell survival, metabolism, and motility, with un-
suitable signals through this pathway occurring habitually in cancer [33]. Vanadium com-
pounds were revealed to have antitumoral potential in thyroid papillary carcinoma, among
others [34]. In this sense, a study realized utilizing papillary thyroid carcinoma-derived
TPC-1 cells revealed that a low dose of orthovanadate (OV) (100 nM) induces a pro-
proliferative response. In contrast, treatment with inhibitory amounts of the compound
(10 uM) resulted in a greater phosphorylation of tyrosine 451 of RET/PTCI1, triggering
the mTOR/S6R branch of the PI3K/ Akt signaling pathway. These concentrations of the
drug also generate typical features of apoptosis, including DNA fragmentation, the loss of
mitochondrial membrane potential, production of ROS, and activation of caspase-3 [35].

Another study realized utilizing MCF7 human breast cancer epithelial and A549 lung
adenocarcinoma cells revealed that vanadium produces a significant decline in cancer
cell viability, decreasing H-ras signaling and metalloproteinase-2 (MMP-2) expression by
raising ROS-mediated apoptosis [36]. On the other hand, it is well known that vanadium
compounds are effective in diabetes treatment due to their insulin-mimetic behavior and
the stimulation of glucose catchment [21,37]. Pandey et al. [38] demonstrated that vanadyl
sulfate stimulates the ras-ERK pathway through the activation of PI3K, and they presumed
that the stimulation of the PI3-K/ras/ERK cascade plays an essential role in mediating the
insulin-mimetic effects of the vanadium compounds (Figure 1).
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Figure 1. MAPK/ERK cell signaling pathways affected by vanadium compounds. Adapted from [39].

In consequence, it was observed that the vanadium compounds can lead to an increase
in the ROS-mediated apoptosis and a decline in cancer cell viability by stimulating the
PI3K/ Akt signaling pathway.

3.3. Caspase Signaling Pathway

Vanadium is characterized by its capacity to stimulate the apoptotic machinery in
cancer cells through the upregulation of the primary apoptosis proteins. In relation to this,
we found that the oxidovanadium(IV) flavonoids caused a cell cycle arrest and activated
caspase-3, triggering apoptosis in a human osteosarcoma cell line MG-63 [8,15]. In another
report, we studied the mechanism of action of the oxidovanadium(IV) complexes with the
flavonoids silibinin Nay[VO(silibinin),]-6H,O (VOsil) and chrysin [VO(chrysin), EtOH],
(VOchrys), utilizing human colon adenocarcinoma-derived cell line HT-29. In this work, we
found that the VOchrys caused a cell cycle arrest in the G, /M phase, while VOsil activated
caspase-3, triggering the cells directly into apoptosis [40] (Figure 2). Moreover, VOsil
diminished the NF-«B activation via increasing the sensitivity of cells to apoptosis [37].
As mentioned before, orthovanadate also generates an activation of caspase-3 in papillary
thyroid carcinoma cells [35]. Moreover, it has been demonstrated that vanadium com-
pounds induce apoptosis and the expression of caspase-3, Bcl-2, and Bax, which regulate
cell apoptosis in neuronal cells [41,42].
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Briefly, several vanadium compounds can exert their effects on the caspase signaling
pathway, generating a rise in cancer cell apoptosis and, thus, tumor suppression.

3.4. JAK (Janus Kinase Protein)/STAT (Signal Transducer and Activator of Transcription Proteins)
Signaling Pathway

Vanadium is also considered an air contaminant released into the atmosphere by
burning fossil fuels. Moreover, its carcinogenic potential has been assessed to establish
permissible limits of exposure at workplaces. Gonzalez—YVillalva et al. [44,45] detected a
growth in the number and size of platelets and their precursor cells and megakaryocytes in
bone marrow and spleen as a consequence of the vanadium exposure. In another study,
performed on mice exposed to vanadium pentoxide, they found an increase in JAK2 ph
(phosphorylated Janus kinase 2 protein) and STAT3 ph (phosphorylated STAT3), but a
decline in the Mpl (myeloproliferative leukemia protein) receptor [45]. In consequence,
they concluded that the vanadium pentoxide could activate the JAK/STAT pathway and
decrease the Mpl receptor; thus, leading to a condition analogous to essential throm-
bocythemia. They also proposed that the reduction in Mpl was a negative feedback
mechanism after the JAK/STAT activation.

The Mpl receptor does not have tyrosine kinase activity, but is constitutively linked
to JAK2, which has tyrosine kinase activity that phosphorylates the signal transducer and
activates the transcription of STAT3. STAT3 ph translocates to the nucleus to function as a
transcription factor, which activates genes that stimulate survival and apoptosis inhibition,
such as Bcl-xl, p27, p21, and cyclin D1. Since megakaryocytes are platelet precursors, their
modification affects platelet morphology and function, which might have consequences in
hemostasis; therefore, it is imperative to continue assessing the effects of chemicals and
contaminants on megakaryocytes and platelets.

Apparently, some vanadium compounds in certain doses can activate the JAK/STAT
signaling pathway and, hence, prompt an increase in the number and size of the platelets,
a condition analogous to essential thrombocythemia.
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3.5. Nrf2 (Nuclear Factor Erythroid 2-Related Factor 2)/HO-1 (Heme Oxygenase-1)
Signaling Pathway

CDDP is one of the first-line anticancer treatments; however, the main limitation
of CDDP therapy is the development of nephrotoxicity (25-35% cases), whose specific
mechanism primarily includes oxidative stress, inflammation, and cell death. Thus, looking
for a potential chemo-protectant, Basu et al. [46] assessed an organo—vanadium complex,
vanadium(IlI)-L-cysteine (VC-III), against CDDP-induced nephropathy in mice.

The VC-III treatment significantly avoided the CDDP-induced generation of ROS,
reactive nitrogen species, and the beginning of lipid peroxidation in kidney tissues of
the experimental mice. Furthermore, VC-III also extensively returned CDDP-induced de-
pleted activities of the renal antioxidant enzymes, such as superoxide dismutase, catalase,
glutathione peroxidase, glutathione- S-transferase, and glutathione (reduced) levels. In
addition, the VC-III treatment also quite successfully reduced the expression of proin-
flammatory mediators, such as NFk[3, COX-2, and IL-6, and activated the Nrf2-mediated
antioxidant defense system through the promotion of downstream antioxidant enzymes
(HO-1). The treatment with VC-III considerably improved CDDP-mediated cytotoxicity in
MCEF-7 and NCI-H520 human cancer cell lines. Therefore, VC-III could function as a proper
chemo-protectant via stimulating the Nrf2/HO-1 signaling pathway and enhancing the
therapeutic window of CDDP in cancer patients (Figure 3).
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Figure 3. Upregulated proteins involved in survival and cell death induced by vanadium complexes.

4. Cancer-Related Signaling Pathways Inactivated by Vanadium Complexes

Interestingly, many works have revealed that vanadium compounds are also ca-
pable of inhibiting several cancer signaling pathways, and so work as antitumor and
antimetastatic agents.

4.1. FAK Signaling Pathway

Recently, we demonstrated that oxidovanadium (IV)—chrysin and oxidovanadium
(IV)—clioquinol (VO(CQ),) complexes prevent the activation of focal adhesion kinase (FAK),
reducing the cell proliferation in human osteosarcoma cells [10,47]. Our results showed that
VO(CQ); is located near the activation loop of the kinase domain and establishes interac-
tions with residues in the ATP binding site. Particularly, vanadium—clioquinol exhibited a
dual behavior at 2.5 uM, since the Tyr576 and Tyr577 sites were upmodulated; however, at
10 uM, the phosphorylation of Tyr576 and Tyr577 declined 14-fold [48]. Likewise, in another
work, we reported that the oxidovanadium (IV)—chrysin complex ([VO(chrysin), EtOH],)
upmodulated the Tyr577 site of phosphorylation, but downmodulated Tyr397 [10]. The
Tyr397 site of tyrosine phosphorylation is the most active and common site for the autocat-
alytic function of FAK [49]. Thus, these results would indicate that [VO(chrysin), EtOH],
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selectively repressed the autophosphorylation activity of FAK kinase, directly affecting the
Tyr397 site.

On the other hand, FAK is a tyrosine kinase that carries out a crucial role in the
adhesion, survival, motility, angiogenesis, and metastasis of cancer cells [50]. Moreover,
FAK is overexpressed in numerous kinds of solid and nonsolid tumors [51], so FAK has
been suggested as a therapeutic target [52].

Furthermore, vanadium compounds diminished the cell migration in 2D and 3D
human bone cancer cell models. Additionally, VO(CQ), considerably reduced the activity
of MMP-2 and MMP-9 in a dose-dependent way, advising the direct relationship between
FAK inhibition and the inactivation of MMPs (matrix metalloproteinases).

4.2. Autophagy Signaling Pathway

Recent studies have demonstrated the great ability of vanadium to regulate the pro-
cess of autophagy. Inorganic sodium orthovanadate (SOV) converts to an active agent at
physiological conditions in HyVO,4~, potentially prompting cell apoptosis and the preven-
tion of autophagy in human hepatocellular carcinoma (HCC) cells, in vitro and in vivo,
concurrently. Additionally, a further decrease in autophagy by 3-methyladenine (3MA)
considerably improves SOV-induced apoptosis in HCC cells, while rapamycin could re-
verse such autophagy inhibition and decrease the apoptosis-stimulating effect of SOV in
HCC cells, both in vitro and in vivo. The results showed that such an autophagy inhibition
effect plays a pro-death role [53]. Likewise, nano-sized paramontroseite VO2 nanocrystals
(P-VO2) prompted cyto-protective, rather than death-inducing, autophagy in cultured
HeLa cells. P-VO2 also prompted the upmodulation of hemeoxygenase-1 (HO-1), a cel-
lular protein with a proved role in protecting cells against death under stress conditions.
The autophagy inhibitor 3-methyladenine considerably repressed HO-1 upregulation and
augmented the rate of cell death in cells treated with P-VO2, while the HO-1 inhibitor
protoporphyrin IX Zn(Il) (ZnPP) improved the existence of cell death in the P-VO2-treated
cells, while displaying no effect on the autophagic response induced by P-VO2. Likewise,
Y,03 nanocrystals, a control nanomaterial, prompted death-inducing autophagy with-
out affecting the level of expression of HO-1 and the pro-death effect of the autophagy
prompted by Y,Os. These data represent the first report on a novel nanomaterial-induced
cyto-protective autophagy, possibly through the upregulation of HO-1, and potentially
leading to new opportunities for taking advantage of nanomaterial-induced autophagy for
cancer therapeutic applications [54].

4.3. TGFB (Transforming Growth Factor-B)- EMT (Epithelial to Mesenchymal Transition)
Signaling Pathway

The EMT plays a crucial role in tumor advancement and metastasis as an essential
event for cancer cells to generate the metastatic niche. TGF-{3 has been revealed to play a
significant role as an EMT inducer in several stages of carcinogenesis. Some studies have
revealed that vanadium inhibits the metastatic potential of tumor cells by decreasing MMP-
2 expression and prompting ROS-dependent apoptosis. Petanidis et al. [55] described, for
the first time, the inhibitory effects of vanadium on (TGF-f3)-mediated EMT, followed by
the downmodulation of cancer stem cell markers in human lung cancer adenocarcinoma
A549 and breast cancer MDA-MB-231 epithelial cell models. The results showed a blockage
of TGF-f-mediated EMT by vanadium and a decay in the mitochondrial potential of cancer
cells related to EMT and cancer metabolism. Moreover, they reported that the combination
of vanadium and carboplatin results in a Gy/Gj cell cycle arrest and the sensitization
of cancer cells to carboplatin-induced apoptosis. This knowledge could be valuable for
targeting the cancer cell metabolism and cancer stem cell-mediated metastasis in aggressive
chemoresistant tumors.
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4.4. Notch-1 Signaling Pathway

In recent work, it was found that vanadium compounds can suppress the growth of
the MDA-MB-231 cell line, a model of the most aggressive and therapy-resistant triple-
negative breast cancer. The [VO(bpy),CI]Cl complex (bpy = bipyridyl) generated a rise
in caspase-3 levels and, thus, an induction of the apoptotic cell death [56]. Moreover, the
authors found a decrease in the Notchl gene expression, thereby inhibiting the Notch-1
pathway. The Notch signaling pathway is a greatly conserved cell signaling system, which
plays a major role in the regulation of embryonic development and is dysregulated in
numerous types of cancers, such as lung and breast cancers [57-59]. Additionally, the
inactivation of Notch signaling has been demonstrated to have antiproliferative effects on
T-cell acute lymphoblastic leukemia in cultured cells and a mouse model [59] (Figure 4).
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Figure 4. Downregulated proteins involved in survival and cell death induced by vanadium complexes.

5. Conclusions

Over recent years, vanadium compounds have been studied and considered as repre-
sentatives of a new class of nonplatinum metal antitumor agents. Nevertheless, knowledge
surrounding cell signaling pathways related to vanadium drugs is scarce. In this review, we
presented a brief overview of the cell pathways activated or inactivated by vanadium com-
plexes on cancer cells and the relationship with the anticancer activity of these compounds.
The MAPK/Erk, PI3K/Akt, and caspase family and JAK/Stat signaling pathways were
stimulated by the vanadium compounds, prompting a cell cycle arrest, ROS production,
and apoptosis towards different types of cancer cells. The Nrf-2 was also activated by the
vanadium; however, in this case, it seemed to enhance the defense system and functioned as
a chemoprotective. On the other hand, the vanadium complexes would also stimulate the
JAK/Stat signaling pathway, generating a growth effect in platelets and their precursors.

Likewise, the FAK, TGE-B/EMT, Notch-1, and autophagy signaling pathways were
inactivated by vanadium compounds, potentially leading to an increase in cell cycle ar-
rest and apoptosis, and a decrease in cellular migration and adhesion, generating tumor
suppressor effects.

Taken together, hopefully this review will generate further understanding of the
activity of vanadium compounds over cell signaling pathways on cancer cells and of the
underlying mechanisms, and may thereby facilitate the design of vanadium complexes
with promising therapeutic applications to improved cancer treatments.
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Abstract: The complex of oxidovanadium(IV) with naringin (Narg) [VO(Narg),] 8H,O (VONarg)
was prepared according to the literature improving the synthetic procedure and physicochemical
characterization. In addition, biological activities (cytotoxic, antioxidant, and BSA interaction) were
determined. The metal coordinated through the 5-hydroxy and 4-carbonyl groups of rings A and
C of naringin, respectively. The antioxidant activity of VONarg, determined in vitro, was higher
than those of the flavonoid against superoxide and peroxyl reactive oxygen species (ROS) and DPPH
radical. The cytotoxic properties were determined by a MTT assay on adenocarcinoma human
alveolar basal epithelial cells (A549). VONarg exerted a 20% decrease in cancer cells viability at 24 h
incubation, while naringin and oxidovanadium(IV) cation did not show cytotoxicity. Measurements
with the normal HEK293 cell line showed that the inhibitory action of the complex is selective.
VONarg generated intracellular reactive oxygen species (ROS), depletion of reduced glutathione and
depolarization of mitochondrial membrane potential, typical for apoptotic pathway, producing cell
death by oxidative stress mechanism. Moreover, naringin interacted with bovine serum albumin
(BSA) through hydrophobic interactions in a spontaneous process, and VONarg showed greater
affinity for the protein but can still be transported and delivered by it (K, 10* L-mol~! order).

Keywords: glycosylated flavonoid; oxidovanadium(IV) complex; antitumoral; antioxidant

1. Introduction

Flavonoids are an important group of natural substances, containing phenolic struc-
tures, which can be found in fruits, vegetables, and some beverages [1]. They are benzo-y-
pyrone derivatives consisting of aromatic (A and B) and pyrene (C) rings (Figure 1A) and
are classified according to structural changes in hydroxylation pattern, conjugation between
the aromatic rings, glycosidic moieties, and methoxy group [2,3]. These secondary metabo-
lites have shown many and different applications, such as antiviral activity against zika
virus infection [4], anti-hyperglycemic, liver protective [5], and anti-rtheumatoid arthritis
effects [6], antigenotoxic activity [7], and modulation of cardiovascular K* channels [8], just
to mention some cutting-edge studies from the last few years. It is also well known these
compounds have anti-oxidative, anti-inflammatory, anti-mutagenic, and anti-carcinogenic
properties coupled with their capacity to modulate the cellular key and enzyme function [1].

Another important feature of flavonoids is their capacity to chelate metal ions and
form coordination complexes through hydroxyl and keto groups [9]. There are three main
chelating sites for metal ions in flavonoids, e.g., the 3/,4’-dihydroxy group located on
the B ring, the 3-hydroxy or 5-hydroxy, and the 4-carbonyl group in the C ring [3]. In
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glycosylated flavonoids, metal coordination can also take place through hydroxy groups of
the saccharide moiety [10].

(A) (B)
Figure 1. (A) Flavone structure. (B) Naringin structure.

Naringin (Figure 1B) is a natural flavanone glycoside biosynthesized via the phenyl-
propanoid pathway from shikimic acid [11]. It is mainly found in citrus fruits, such as
grapefruits, lemons and oranges [12], also apples, onions, and tea [13]. Recent studies have
demonstrated its numerous in vivo and in vitro properties exerting potential therapeutic
effects by modulating various protein and enzyme expressions [14]. It possesses prop-
erties such as anti-inflammatory effects [15,16], oxidative stress reduction [17,18], and it
has proven to be one potential anticancer agent against different types of cancer and also
acted synergistically enhancing the anticancer activities of antitumor drugs in combination
therapies [19]. Molecular docking studies showed that naringin interacted with COVID-19
main protease and displayed higher binding affinity than other flavonoids [20].

Metal-flavonoid chelates have a considerably better biological activity than their
flavonoid and metal precursors on their own and we have reported this behavior in
previous works with other flavonoids, such as hesperidin, diosmin, and rutin and their
oxidovanadium(IV) complexes [21-23].

Vanadium derivatives have shown insulin-mimetic, antidiabetic properties, and anti-
tumor properties; vanadium compounds are promising non-platinum anticancer agents
due to their low ICsp, low toxicity, along with antiproliferative, genotoxic, and proapoptotic
effects by modulation of important protein function and reactive oxygen species (ROS)
action [24].

Naringin is capable of binding the oxidovanadium(IV) cation through two different
sites (the flavonoid or the saccharide moiety). At the experimental conditions selected
herein, we have modified the structure of the ligand at the flavonoid moiety (pH 9) and
compared the physicochemical, antioxidant, cytotoxic, and protein interaction properties
of both the complex and the ligand.

2. Results
2.1. Characterization of V(IV)O-Naringin Complex
2.1.1. Fourier Transformed Infrared Spectroscopy

The FTIR main vibrational bands of naringin and the oxidovanadium(IV) complex
are presented in Table 1. The assignments were performed according to general references
of VOflavonoid systems [21]. Similar broad bands for the ligand and the complex and
assigned to the OH stretching modes (including OH groups of crystallization H,O for the
complex) could be seen at the 3400-3200 cm ™! region. The band due to C=O stretching at
1645 cm~! shifted in the complex to 1637 cm ™! because of the coordination of this group to
the metal ion that produced a decrease in bond order and an increase in bond length. The
bands related to the C=C stretching modes of the aromatic group (16301500 cm~!) showed
the expected changes due to the resonance established by coordination with the oxidovana-
dium(IV) cation. Modes involving OH stretching and COH bending (1360-1000 cm~!)
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were modified and/or reduced the intensities due to deprotonation or coordination of
the C5-OH group, indicating the interaction of the metal center through this group: the
bending COH modes at 1355 cm ™! and 1341 cm~! appeared at 1357 cm !, the band at
1295 cm~! decreased its intensity and the bands at 1281 cm ™! and 1265 cm ™! shifted to
1256 cm~!. Bands related to C-O stretching also decreased their intensities. However, the
band related to C-O stretching of the sugar moiety at 1074 cm ™! did not change upon
metal coordination to naringin, indicating that the glycoside group did not participate in
the coordination. Moreover, the V=0 stretching appeared at 980 cm ! as with naringenin
(VONar), so the typical coordination through 5-O~ and 4-C=O groups of A and C rings of
naringin, respectively, can be assumed and the coordination of the metal center through
the sugar moiety can be discarded. In this latter case, the V=0 stretching appeared at low
energies (ca. 920 cm 1) [25]. This band appeared overlapped with the band of the ligand at
987 cm ™!, previously assigned to V=0 stretching.

Table 1. Assignment of the FTIR spectra of naringin and the oxidovanadium(IV) complex (band
positions in cm~1)a,

Naringin VONarg Vibrational Modes-Functional Groups
3422 br 3395 br
3231'sh 3205 sh vOH
1645 vs 1637 sh v C=Oring C
1629 sh 1614 vs
1615 sh vesC
1574 vs

1582 m 1537 m v C=C

1520 m

1504 m 1520 m v C=C

1355 sh

1341 m 1357 sh 5 COH

1295 m 1292 w S HOC

1281w

1265 w 1256 w 5 HOC, v (C-O-C)
1134 s 1134 m v C-O secondary alcohol
1074 vs 1076 vs v O-C sugar

1062 vs 1060 sh v C-O primary alcohol
1041 vs 1040 sh v O-C

987 m 987 m vO-C

980 m v V=0
822 m 814w vC-C,vO-C

2 vs, very strong; s, strong; m, medium; w, weak br, broad; sh, shoulder.

2.1.2. Powder and Frozen Solution EPR Spectra

The powder EPR spectrum of the VONarg complex obtained at 120 K is shown in
Figure 2A. The spectrum consisted of a weak—although detectable—signal with a hyperfine
structure produced by the I = 7/2 nuclear spin from magnetically isolated V4* ions (inset
of Figure 2A), superimposed with a broad resonance line attributed to metal sites with
spin-spin exchange interactions between neighboring V** sites.
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Figure 2. EPR spectrum of VONarg: (A) Powdered sample at 120 K, (B) Experimental spectrum
(black) and simulation (red) of frozen pure DMSO solution at 120 K.

The EPR spectra of the frozen solutions in both pure DMSO and in H,O/DMSO
mixtures (ratios 50/50, 90/10, and 99/1, pH ca. 7) measured at 120 K showed minor
differences than that obtained in pure DMSO (see Figures 2B and S1). They showed the
typical axial spectrum with a hyperfine structure produced by the ' V nucleus. The
spectrum seemed to be composed of two species (labeled as S1 and S2) with different

contributions (1:0.2). Simulations yielded the spin Hamiltonian parameters shown in
Table 2.

Table 2. Spin Hamiltonian parameters obtained from simulations.

S1 1.9332 1.9717 167.0 62.8 2.26 121.8 0.72 87.3
S2 1.9398 1.9751 159.4 51.6 2.30 125.8 0.62 78.2

M A Pand P x kare givenin x 1074 em~1.

For both S1 and S2 the g < g, <ge =2.0023 and |A|| > | A} I, indicating an oc-
tahedral geometry with tetragonal compression with a dyy ground state, and the ratio
Ag|/Ag, indicated considerable tetragonal distortion. According to the empirical rela-
tionship A, =) (n;-A,;) used to determine the identity of the equatorial ligands in V(IV)
complexes (accuracy of +3 x 107* cm™) (n;, number of equatorial ligands of type i and A, ;,
the contribution to the parallel hyperfine coupling from each of them) [26], and considering
the contributions to the parallel hyperfine coupling constant of the different coordination
modes (CO=44.7 x 10~*ecm™!, ArO~ =38.6 x 10~* cm™!), S1 was consistent with the pro-
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posed structure, with 2 C=O and 2 ArO™ moieties in the equatorial plane (A =166.6 cm™1)
that should correspond to a square pyramidal geometry. However, a decrease in Ay (as
in Table 2) was found by Gorelsky et al. [27] when the solvent coordinated to V=0 in the
axial position, so it could be proposed that DMSO (or the solvent H,O) may coordinate to
the sixth position, trans- to the metal center, in S2. However, vanadium coordination to the
sugar moieties with (O~O") donor set (Aj ca. 155-157 x 10~* cm™1), could not be ruled
out [22,28].
Using the relations developed by Kivelson and Lee [29],

4 3

2 11 } @

the p-value (dipolar hyperfine coupling parameter) that represents the dipole-dipole in-
teraction of the electronic and nuclear moments can be obtained. p-values range from
100 to 160 x 10™* cm™! in oxidovanadium(IV) compounds [30] and are calculated as
P = gegnupUN«T >, where gy is the nuclear g-factor, g is the g-factor of the free elec-
tron, puy the nuclear magneton, and ™3> can be calculated for the vanadium 3d orbitals.
The parameter k is the dimensionless Fermi contact interaction constant, ranging from
0.6 to 0.9 [31], is very sensitive to deformations of the metal orbitals, and indicates the
isotropic Fermi contact contribution to the hyperfine coupling. The calculated values of
p =120-125 x 10~* cm~! (Table 2) were considerably reduced when compared to the value
of the free ion (160 x 10~* cm~!) and indicated a considerable amount of covalent bonding
in the complex. The values of k = 0.62-0.72 indicated a moderate contribution to the
hyperfine constant by the unpaired s-electron.

2.1.3. Spectrophotometric Titrations

The spectral bands for the visible part of the spectrum of the complex in DMSO,
located at 598 nm and 810 nm are typical for VOflavonoid complexes interacting by the
4-carbonyl and 5-hydroxy groups of rings A and C (Figure 1) [32]. Spectrophotometric
titration in DMSO was performed at different ligand-to-metal ratios from 0.5 to 10.0 and
pH 9. The absorbance of the band at 810 nm in the electronic spectra was monitored at each
molar ratio. From Figure 3, a L:M 2:1 stoichiometry was determined.
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Figure 3. Spectrophotometric titration of VIVO?* with naringin at pH = 9, under nitrogen atmosphere.
L/M, naringin/ VIVOZ*+ molar ratio. Absorbance at 810 nm.

2.2. Antiradical Behavior

For biological studies, it is important to measure, in the first instance, the stability of the
complex. The stability of VONarg in DMSO solution was followed by UV-vis spectroscopy
and conductivity measurements over time. Both the spectral pattern (Figure S2A) and
the molar conductivities (data not shown) did not change at least during the first 15 min
of manipulation (for biological studies), demonstrating that the compounds were stable
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in DMSO. Although a spectral shift due to solvatochromic effects was observed between
DMSO and DMSO/water (1/99) solutions, the complex behaved in the same way as DMSO
during the first 15 min (Figure S2B).

From Table 3 an enhancement on the superoxide dismutase (SOD) activity of the
complex concerning naringin can be observed, but the effect was still low (ICsp = 870 uM),
hence, the complex could not be considered as a good SOD simil agent. The scavenging
activity for peroxyl radical (ROO®) was enhanced by complexation. The complex caused
a delay in pyranine consumption (lag phase) by the ROO® radical of 3.8 min at 100 uM.
However, this delay was not so effective as that produced by the reference compound
Trolox. No antiradical effect against hydroxyl (OH®) was measured for the complex,
though naringin produced a 30% scavenge of hydroxyl radical at 100 uM concentration.
Oxidovanadium(IV) complexation showed much stronger 2,2’-diphenyl-1-picrylhydrazyl
radical (DPPH®) scavenging than the ligand, and the same effect has previously been
reported for the copper/naringin metal complex [33]. In summary, metal complexation
improved the antioxidant behavior of the flavonoid against the ROS superoxide and peroxyl
and also against the DPPH® radical. These results were obtained when the coordination, as
in VONarg, occurred through C=0 and deprotonated O moieties (from 4-carbonyl and 5-
hydroxyl, respectively). This acetylacetonate-type coordination enhanced 7 delocalization
between V=0 and the ligand, which conferred a high capacity to stabilize unpaired electrons
and then scavenge free radicals. However, the antioxidant behavior of naringin was
moderate because of the lack of a double bond between C2 and C3 and the absence of this
double bond also forbids the electronic resonance of the generated radicals with ring B and
only ring A was involved in 7t delocalization with the metal center.

Table 3. Percentage of free radical scavenging of naringin, VONarg, and oxidovanadium(IV) cation.
Values are expressed as the mean =+ standard error of at least three independent experiments.

% Scavenging

Radical Naringin VONarg v(av)o*

SOD (ICsp, LM) >1000 870 £ 5.2 15402

ROO?®, lag (min), 100 uM 0 3.8 +0.8 6.4 +1.1
OH?*, 100 uM 28 +0.4 0 38 +2

DPPH®, 100 uM 20£07 45.0£5.0 37.0£2

ICs50 SODnpative = 0.21 uM; lag phase Trolox, 37.28 min.

2.3. Anticancer Effects

Numerous studies have shown that naringin inhibits cell proliferation and induces
apoptosis in a majority of tumor cells, including breast cancer (TNBC), human cervical
cancer (SiHa), and 5637 bladder cancer cells [19]. The cytotoxicity of the compounds was
investigated by the MTT assay. Results are expressed as a percent with respect to control
values. In particular, in the human lung cancer A549 cells naringin induced no cytotoxicity
at the tested concentrations (up to 500 uM at 24 h incubation). On the contrary, VONarg
reduced cell viability in a dose response manner with a 20% reduction at 100 uM (Figure 4)
and 40% at 500 uM. In addition, the oxidovanadium(IV) cation did not show significant
cytotoxic effects up to 100 pM, 24 h incubation [34]. Moreover, the complex did not reduce
the cell viability of the non-tumorigenic HEK293 cell line (0-100 pM) (Figure S3).

In addition, alterations in cell morphology as a consequence of the exposition to
VONarg were observed using Giemsa staining (Figure 5). Control A549 cells displayed a
typical epithelial-like morphology. Upon treatment with VONarg, 100 uM concentration
for 24 and 48 h, different degrees of morphological changes were observed. The complex
caused cytoplasmic shrinkage, elongated lamellipodia, and moderate cell population
decrease at 24 h incubation. The formation of apoptotic bodies was observed at 48 h
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incubation. It can be seen that the cytotoxic effect of the complex was greatly increased
with the incubation time.

120 A

100

80 A *

60 -

40

Cell viability (% control)

20 -

0 25 50 100 200 300 400 500
Concentration (uM)

Figure 4. Effects of naringin (black) and VONarg (grey) on A549 cell line viability. Cells were
incubated in serum-free Dulbecco’s modified Eagle’s medium (DMEM) alone (control) or with
different concentrations of the compounds at 37 °C for 24 h. The results are expressed as the
percentage of the control level and represent the mean + SEM. * Significant difference with control at
the 0.05 level.

Control 1

VONarg 100 pM 24 h VONarg 100 uM 48 h

Figure 5. Effect on cell morphology for the treatment of A549 cell line with VONarg. Cells were incubated
for 24 and 48 h without drug additions (control) and with the complex (100 uM, 400 x ¢ magnification).

It is known that cell growth and death are regulated by the redox status of the environ-
ment and excessive production of ROS and low GSH levels induce apoptosis or necrosis.
To evaluate if the toxic mechanism of action occurs through the induction of intracellular
ROS production, A549 cells incubated with different doses of the compounds were assessed
using the oxidant-sensitive dye HyDCFDA. From Figure 6, it can be seen that while naringin
did not generate excessive cellular ROS levels, VONarg produced an increase in ROS (250%
of the control level at 100 uM and 24 h incubation). Furthermore, the oxidovanadium(IV)
cation did not produce ROS in the A549 cell line, 24 h incubation [34].
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Figure 6. Effects of naringin (black) and VONarg (grey) on HDCFDA oxidation to DCF. A549
cells were incubated at 37 °C in the presence of 10 uM H;DCFDA. The values are expressed as the
percentage of the control level and represent the mean £ SEM. * significant difference with control at
the 0.05 level.

GSH is one of the natural antioxidants that prevent the oxidation of cellular compo-
nents. Cellular redox imbalance is also demonstrated by the reduction in endogenous GSH
production at the same time that cells are producing increased levels of ROS. When the
tripeptide non-protein thiol compound, GSH, acted as a defense system against oxidative
stress it oxidized to GSSG. Therefore, GSH/GSSG ratio is a better signal of oxidative stress
generation. Treatment with VONarg caused a decrease in GSH and the GSH/GSSG ratio
levels in a dose-response manner (Figure 7).

140 —
I Naringin . I Naringin
I [ VONarg 120 4 I VONarg
T . 100 4 O T T A
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10 25 50 75 100 0 10 25 50 75 100
Concentration, pM Concentration, uM

Figure 7. Effect of naringin and VONarg on GSH cellular levels (A) and GSH/GSSG ratio (B) in
Ab549 cells. Results are expressed as mean £ SEM of three independent experiments, * significant
differences in comparison with the control level (p < 0.05).

To elucidate the mechanism of action of the complex under oxidative stress conditions,
the mitochondrial membrane potential at different concentrations of VONarg was measured
(Figure 8). DioCg is a lipophilic cationic probe that is able to enter into the mitochondria and
when depolarization occurs, it will accumulate less dye. VONarg caused mitochondrial
depolarization as evidenced by the decrease in membrane potential in response to the
damage produced by ROS increment. Then, VONarg could induce apoptosis of A549 cells
by activating mitochondrial death pathways related to ROS and GSSG generation.
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Figure 8. Changes of the mitochondrial membrane potential (% Ay) in A549 cells treated with
increasing concentrations naringin (black) and VONarg (grey) for 24 h. Each point represents the
mean + S.E.M of three measurements in three independent experiments. Significant differences:
* p < 0.05 compared to the control.

2.4. Bovine Serum Albumin (BSA) Interactions

Many drugs circulate reversibly in the bloodstream bound to plasma protein. Human
serum albumin is the best carrier for acidic and neutral drugs and influences their phar-
macokinetics and pharmacodynamics. It can be used in cosmetics, food technology, crop
protection, industrial chemical processes, having great potential in pharmacology because
of its ability to increase solubility for lipophilic drugs, allowing their interaction with the
site of action. Thus, the interaction of a drug with plasma proteins is a relevant factor
influencing the distribution, elimination, duration, and intensity of their pharmacological
activities [35]. Consequently, the albumin-binding assay may provide some information for
the pathway for bioactive compound transportation. In this sense, bovine serum albumin
(BSA) is often used as a model to study in vitro interactions because of its similarity to
HSA, stability, low cost, and intrinsic fluorescence properties originated by two trypto-
phan residues (Trp-134 and Trp-212). BSA is very sensitive to the alteration of its tertiary
structure, and this effect can be followed by fluorescence spectroscopy.

To analyze the binding affinity of naringin and VONarg the fluorescence spectra of
BSA were recorded in the presence of increasing quantities of the flavonoid and the complex
in the 5-100 uM range. As shown in Figure 9, the increment of the concentration of naringin
and VONarg at 298 K produced a quenching process on the intrinsic albumin fluorescence.
The reduction in fluorescence intensity suggests BSA-compound interactions and that, at
the same concentration value, the effect of the quenching process is higher for the VONarg
complex than the flavonoid. The observed intensity of fluorescence (F,,s) was corrected
because the UV absorbance of the samples can decrease the observed values (inner-filter
effect) [36,37]. Considering the absorbances at the exciting and emitted radiation Aex and
Aem, respectively, the corrected fluorescence intensity (Feorr) was determined using the
following equation: Feorr = Fps X elAex+ Aem)/2,

Fluorescence quenching can be static or dynamic. In the static one, there exists a
complex formation between the quencher and the fluorophore, while a collision process is
described for the dynamic one. The Stern—Volmer equation was applied to determine the
type of fluorescence quenching;:

Fo/F=1+Kq7[Q] =1+ K [Q] 3)

where Fj and F are the fluorescence intensities in the absence and presence of the quencher,
respectively; Kq is the bimolecular quenching constant; 1y is the lifetime of the fluorophore
in the absence of the quencher (usually taken as 1 x 1078 5); [Q] is the concentration of the
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quencher and Ky is the Stern—Volmer quenching constant. The calculated curves of Fy/F
vs. [Q], depicted in Figure S4, showed a linear dependence that suggests a single quenching
process, either static or dynamic. The Ky, values presented in Table 4 showed a slight
increase correlated with temperatures and the calculated quenching rate constants (Kq)
were higher than the limiting diffusion rate constant (2.0 x 10'° L-mol~1-s71). Thus, the
most probable quenching mechanism was initiated by the ground-state complex formation
(static quenching), but the possible existence of combined quenching cannot be ruled
out [38].
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Figure 9. Fluorescence spectra of BSA in the presence of (A) naringin and (B) VONarg in Tris—-HCl
buffer of pH 7.4 at 298 K. BSA (6 uM), naringin and VONarg (0-1.00 uM).

For a fluorescence quenching of protein with a static quenching process, the free and
bound molecule equilibrium can be analyzed by the following equation:

log[(Fp — F)/F] =log K}, + n log [Q] 4)

where Kj, is the binding constant (displaying the interaction degree of BSA and the
quencher) and n is the number of binding sites (Table 4).

Figure 10 shows the resulting log [(F, — F)/F] vs. log [Q] plots. The same tendency of
the K, constant with temperature increments can be seen and higher Ky, values of VONarg
in comparison with naringin support the strong interaction with the albumin for the
complex at the same temperature. In addition, reversible binding to BSA is inferred based
on the obtained values lying in the 10* to 10° M~! range and it is possible that VONarg
remained stable in the biological systems and could be carried by albumin [39]. The n value
(approximately equal to 1) suggests the existence of one independent class of binding sites
on BSA for both compounds. Moreover, it has been determined that naringin interacted
with BSA at the named Sudlow’s site I within the hydrophobic pocket of subdomain IIA,
mainly through hydrophobic interactions [40].

Table 5 shows the Ky, binding values for naringin, its aglycon naringenin and their oxi-
dovanadium(IV) and palladium(II) complexes. It is known that glycosylation of flavonoids
lowered the binding affinity for BSA. The change in the planar structure due to the replace-
ment of the hydroxyl group by the disaccharide neohesperidose may cause steric hindrance
diminishing affinity for BSA [42]. Indeed, according to the obtained Ky, values, the affinity
of naringenin for BSA was about 7-fold higher than naringin. The complexes showed
a different behavior. The reported Pd complex and VONarg, both containing naringin
displayed greater K}, values than the oxidovanadium(IV) complex of naringenin. Therefore,
the presence of naringin favors the interaction with albumin in these complexes.
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Figure 10. Plots of log (F, — F)/F vs. log [Q] for the naringin-BSA system (A) and VONarg-BSA
system (B): (¢) 298 K; (A) 303 K; (M) 310 K, [BSA] = 6 uM, Aex = 280 nm.

Table 4. Stern—Volmer constant (Ksyv), quenching rate constant (Kq), binding constant (Ky,), and n
binding sites for the interaction of naringin and VONarg with BSA (6 uM) in Tris—-HClI buffer (pH 7.4).

T K <Ilfsr;:)1194l)) (L~Ir(r?o(11*011: L fn(;oj ) n
298 2.18 £ 0.15 2.18 £ 0.15 1.45 + 0.23 0.96 £+ 0.03
Naringin * 303 2.28 + 0.09 2.28 +0.09 1.81 £0.44 0.98 £+ 0.10
310 2.32+0.13 2.32 +0.13 2.81 +0.38 1.02 £+ 0.09
298 5.67 +0.33 5.67 +0.33 11.6 +£0.19 1.08 £ 0.04
VONarg 303 5.88 + 0.31 5.88 4+ 0.31 14.1 £0.13 1.09 £+ 0.03
310 5.99 4+ 0.36 5.99 4+ 0.36 16.9 £ 0.19 1.10 £+ 0.04

12 (correlation coefficient) values are all ranged from 0.977 to 0.999 for the Kqv, Kg, and K}, constants. * Ky and K,
values are in the same order of magnitude as those from literature [40,41].

Table 5. K}, binding values for naringenin, naringin, VO(naringenin),-H,O, VONarg and [Pd{(C,N)-
CeH4CH,NH(Et)(Narg)] complexes at 298 K.

Compounds Kp x 10* M1
Naringenin * 10.20
naringin 1.45
VO(naringenin),;-H,O * 0.31
VONarg 11.6
[Pd{(C,N)-CcH4CH,NH(Et)(Narg)] * 18

* Data taken from references [25,43].

The thermodynamics of the process for the formation of a complex between BSA
and flavonoid and/or its metal complex can be determined from the dependence of the
binding constant with temperature. Some non-covalent interactions may contribute to
these interactions: hydrogen bonds, Van der Waals force, electrostatic and hydrophobic
interactions. The changes in the thermodynamic parameters for the systems, free energy
AG, enthalpy AH, and entropy AS, were analyzed to estimate the types of complex—protein
binding at different temperatures. The enthalpy and entropy values were resolved from
the relationship between In K}, and 1/T. The AH/R values were obtained from the slope,
and from the intersection with the y axis, the AS/R values. Values of AG were then found
as AG= —RT InK,,.

The spontaneity of the processes was determined by the value of AG, while the
combinations of the signs associated with AH and AS suggest the bonding strength. If
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AH and AS values are negative they give evidence to the existence of hydrogen bonds
and/or van der Waals forces. Electrostatic interactions are suggested for negative AH and
positive AS values and hydrophobic interactions occur when both parameters display a
positive sign.

The average values of the thermodynamic parameters are depicted in Table 6 where
positive AH and AS values were found. Thus, the sign of AG implies spontaneity, and
the AS value is the major contribution (entropically driven) in an endothermic process.
However, the comparison of the values for both compounds suggests that the complex
shifted to an environment of reduced hydrophobicity (—56% in AH value and —79% in a
AS value).

Table 6. Thermodynamic parameters for the systems naringin-BSA and VONarg-BSA.

Compounds AH (KJ/mol) AS (J/mol) AG (KJ/mol)

—23.7 (298 K)
Naringin 427 222.7 —24.8 (303K)
—26.3 (310K)

—28.8 (298 K)
VONarg 23.9 177.0 —29.7 (303 K)
—31.0 310 K)

3. Discussion

We have synthesized the oxidovanadium(IV) complex of naringin using different tech-
niques, as previously reported [44] and extended the physicochemical characterization. The
vibrational spectral characterization of the naringin complex with the oxidovanadium(IV)
cation showed an acetylacetonate coordination mode (C4=0, C5-O7). EPR determinations
in solution (DMSO and H,O/DMSO mixtures) support this coordination mode with square
pyramidal geometry (90%), and most likely, a distorted octahedral with DMSO in trans-
position (10%). It was shown by electronic spectroscopy that the complex was stable in
DMSO and DMSO/water (1/99), at least during the manipulation time. The stability of the
complex in DMSO was also shown by molar conductivity determinations.

Natural polyphenols showed antioxidant properties that were enhanced by metal com-
plexation (see Section 2.2) because of the increased stability of the free radical generated in
the first step of their oxidation by electron delocalization with the V=0 orbitals. This behav-
ior was also displayed by VONarg. Previously, we have studied the biological improvement
of naringenin (aglycone of naringin) by oxidovanadium(IV) complexation (VONar) [25].
Antioxidant determinations showed that VONar is somehow a better antioxidant com-
pound (only the peroxyl radical scavenging activity is low, lag phase VONar = 2.9 min, a
100 uM). Glycosylation on C7-OH may disrupt the electron delocalization of the free radical
generated when that H atom is abstracted in the aglycone form.

Cancer cells, with a pro-oxidant status, seem to be more susceptible to treatment with
agents that cause oxidative stress than normal cells. Excessive ROS production, exceeding a
threshold level, can lead to cellular damage and induce cell death and it has been shown that
many compounds exert anticancer activity by cellular ROS generation [45]. Accordingly, in
the present study, we studied cellular ROS production and GSH/GSSG depletion in the
human lung A549 cancer cell line, showing that the ROS generation by the complex was
accompanied by the oxidation of the natural antioxidant agent GSH to give GSSG, being
this behavior different from what occurred in the in vitro determinations (Section 2.2). It
has to be noted that naringin at 100 uM did not show cytotoxic activity towards A549 cancer
cells, in agreement with reported results [46,47] nor did it produce or deplete cellular ROS,
and it did not generate oxidized glutathione. On the other hand, the oxidovanadium(IV)
cation did not generate ROS in the A549 cell line (100 uM, 24 h incubation) [35] nor deplete
GSH, showing that the anticancer effect is only due to the effect of metal complexation of
the flavonoid. A similar enhancement of the decrease in cell viability upon complexation
was shown for naringin-Ag(I) and -Y(III) in A549 cell line, 48 h incubation [48].
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Because one of the major events during apoptosis is the depolarization of the mitochon-
drial membrane, which subsequently induces the release of the proapoptotic proteins [49],
we measured if the complex could damage the mitochondrial membrane. Treatment of
Ab549 cells with VONarg induced a significant loss of AYm and may cause A549 cell
apoptosis. Then, it has been demonstrated that the complex can be toxic to cancer cells
inducing ROS production and GSH depletion and the loss of AYm. On the other hand, the
complex of naringenin, VONar, significantly decreased the viability of lung cancer cells in
a dose-response manner (35% at 100 pM) but in both cases, the IC5) values were higher
than 100 uM [25]. Flavonoids with C2-C3 double bond exert better anticancer effects [50].
The low anticancer activities of both compounds could be supported by the structure of
the flavonoid: the lack of the C2-C3 double bond forbids the electronic delocalization
between rings B and C. However, we found an improvement in the cytotoxic effects of
both flavonoids upon metal complexation, due to the planar structure produced by the
resonance of ring B with the V=0 moiety. The interaction with BSA was spontaneous,
entropically driven, and the obtained value of the binding constant suggests that albumin
could act as a carrier for the transport in plasma and delivery to target cells of VONarg.

4. Material and Methods
4.1. Materials and Instrumentation

Naringin (Sigma, St. Louis, MO, USA), oxidovanadium(IV) chloride (50% aqueous
solution, Carlo Erba, Buenos Aires, Argentina), bis(acetylacetonato)oxidovanadium(IV)
(Fluka, Munich, Germany), and oxidovanadium(IV) sulfate pentahydrate (Merck) were
used as supplied. Corning or Falcon provided cell culture materials. Dulbecco’s modified
Eagle’s medium (DMEM) was purchased from Gibco (Gaithersburg, MD, USA), Tryple™
from Invitrogen (Buenos Aires, Argentina SRL), and fetal bovine serum (FBS) from In-
ternegocios, Buenos Aires, Argentina. All other chemicals used were of analytical grade.
Elemental analysis for carbon and hydrogen was performed using a Carlo Erba EA1108
analyzer. Vanadium content was determined by the tungstophosphovanadic method [51].
Thermogravimetric analysis (TGA) was performed with a Shimadzu thermobalance (model
TG-50), working in an oxygen flow of 50 mL/min, and at a heating rate of 10 °C/min. Sam-
ple quantities ranged from 10 to 20 mg. UV-vis and diffuse reflectance (BaSOj, as standard)
spectra determinations were recorded with a Shimadzu UV-2600/2700 spectrophotometer.
Infrared spectra were measured using the KBr pellet technique with a Bruker IFS 66 FTIR
spectrophotometer from 4000 to 400 cm~!. Fluorescence spectra were obtained with a
Shimadzu RF-6000 spectrophotometer equipped with a pulsed xenon lamp. The molar
conductance of the complex was measured using a Conductivity TDS Probe-850084, Sper
Scientific Direct, using 10~3 M DMSO solutions. X-band CW-EPR spectra of both powdered
samples and DMSO or DMSO/water solutions (pH ca. 7) were obtained at 120 K on a Bruker
EMX-Plus spectrometer, equipped with a rectangular cavity with 100 kHz field modulation.
EPR spectra were baseline corrected (when necessary) using the WinEPR Processing soft-
ware (Bruker, Inc. Billerica, MA, USA). g- and A-values were obtained by simulations using
the EasySpin 5.2.3 toolbox based on MATLAB [26], assuming an axial spin-Hamiltonian of
the form: H = pg g”BZSZ +g, (BXSX + BySy)} + [AHSZIZ + A (SXIX + Sny)} , where ug
is the Bohr magneton, and 8| 8L AH’ A | are the components of the axial g and A tensors,

respectively. By/y/z, Sx/y/z, and Iy, are the components of the magnetic field, and the
spin operators of the electron and V nucleus, respectively.

4.2. Synthesis of [VO(Narg),1-8H,0O (VONarg)

The solid complex was prepared using different preparative methods than the reported
one [44]. A solution of oxidovanadium(IV) sulfate pentahydrate in methanol (0.25 mmol,
5 mL) was dropwise added to a naringin methanolic solution (0.5 mmol, 20 mL). pH
was then adjusted to 9 by the addition of 0.2 M NaOH drops in methanol. After 1 h of
stirring (under nitrogen atmosphere), a yellow-greenish solid was precipitated by the
addition of 100 mL of bidistilled water. The solid was filtered off and washed with plenty
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of bidistilled water and dried at 60 °C. It was possible to obtain the same complex using a
different synthetic method by adding 0.25 mmol of bis(acetylacetonato)oxidovanadium(IV)
over a hot aqueous solution of naringin (80 °C). After 30 min of stirring (under nitrogen
atmosphere), a yellow-greenish precipitate formed, it was filtered off, washed several
times with hot bidistilled water, and dried at 60 °C. Due to the reduction in costs and
waste production as well as its simplicity, the synthesis using hot water was employed
to prepare the solid compound that was used to conduct all the other physiochemical
characterizations. Anal calcd. For Cs4H7503,V: C 47.33%; H 5.73%; V 3.71%; Found: C
47.1%; H 5.6%; V 3.9%; Yield: 51.62%. UV-Vis data for 1:2 VO:Naringin, DMSO: 598 nm
(Bdyxy — 3dyoy2, € =504 M~ em™1); 810 nm (3dxy — 3dxz, 3dy,, € = 60.3 M1 em™1).
Thermal decomposition measurements gave the same results as reported by Badea et al. [44].
A first weight loss at 105 °C of 10.4% corresponded to the loss of 8 molecules of water (Aw%
calc = 10.5%). The presence of V,0Os in the residue was confirmed by FTIR spectroscopy.
The molar conductance of the complex measured in DMSO, Am = 0 (Q 1.cm? mol ™1,
suggested that it had a non-electrolytic nature. These results allowed us to postulate a L:M
stoichiometry of 2:1 [52], which was also supported by spectral determinations (see below).

4.3. Spectrophotometric Titration

In order to establish VONarg stoichiometry, the molar ratio method was applied.
A DMSO solution of naringin (2 x 1072 M) was prepared and its electronic spectrum
was recorded. The absorption spectra of different solutions of naringin (2 x 1072 M)
and oxidovanadium(IV) chloride in ligand-to-metal molar ratios from 10 to 0.5 (pH 9)
were measured.

4.4. Antioxidant Properties

The antioxidant activities of the complex and the ligand were determined by the
Superoxide Dismutase (SOD) mimetic assay, scavenging power of the hydroxyl radical,
inhibitory action on peroxyl radical, and 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH)
assay. Reported protocols were used in these determinations [53]. Briefly, the nitrobluete-
trazolium (NBT) assay was used to determine indirectly the SOD activity. The activity of
naringin and VONarg for their ability to inhibit the reduction in NBT by the superoxide
anion generated by the phenazinemethosulfate (PMS) and reduced nicotinamide adenine
dinucleotide (NADH) system was measured. The 50% inhibition (ICsp) for naringin or
VONarg was estimated by plotting the percentage of reduction in NBT versus the negative
log of the concentration of the sample solution. The capacity of naringin and VONarg to
scavenge hydroxyl radicals (generated by the ascorbate-Fe-H,O, system) was measured by
the determination of the extent of deoxyribose degradation by hydroxyl radical at 535 nm.
The inhibitory activity against peroxyl radicals was determined by measuring the delay
produced by the compounds on pyranine consumption (lag phase) from the peroxyl radi-
cals. The DPPH radical scavenging activity was measured in the presence and absence of
the compounds and this later value was assigned to 100%. Each experiment was performed
in triplicate and at least three independent experiments were evaluated in each case.

4.5. Biological Assays
4.5.1. Cell Culture

Adenocarcinomic human alveolar basal epithelial cells (A549 cell line) were obtained
from ABAC (Argentinean Cell Bank Association INEVH, Pergamino, Buenos Aires, Ar-
gentina). DMEM supplemented with 100 U-mL~! penicillin, 100 ug-mL~! streptomycin,
and 10% (v/v) fetal bovine serum was used as culture medium. When 70-80% confluence
was reached, cells were washed with phosphate-buffered saline (PBS) (11 mM KH,POy,
26 mM NapyHPOy4, 115 mM NaCl, pH 7.4) and were subcultured using TrypLE™. All
reagents were from Sigma-Aldrich (St Louis, MO, USA). Cultures were maintained at
37 °C in a humidified atmosphere with 5% CO, and passaged, according to the manufac-
turer’s instructions.
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4.5.2. MTT Assay

Stock complex solutions of compounds were prepared in DMSO with a manipulation
time of 15 min. A549 cells and HEK293 (human embryonic kidney) were seeded at a density
of 15,000 cells/well in 96 well plates, grown overnight, and treated with either vehicle
(DMSO), naringin, VONarg, or oxidovanadium(IV) in DMSO at different concentrations in
DMEM supplemented with 100 U-mL~! penicillin and 100 pg-mL~! streptomycin. The
dissolution vehicle yielded a maximum final concentration of 0.5% in the treated well. After
24 h of incubation, 3-(4,5-methyl-thiazol-2-yl)-2,5diphenyl tetrazolium bromide (MTT)
(Sigma—Aldrich, St. Louis, MO, USA) was added at 100 ng/well for 2 h. The formazan
products generated by cellular reduction of MTT were dissolved in DMSO and the optical
density was measured at 450 nm using Sinergy 2 Multi Mode Microplater reader Biotek
(Wisnooski, VT, USA). All experiments were done in triplicate. Data were presented as
proportional viability (%) comparing the treated group with the untreated cells, for which
the viability was assumed to be 100%.

4.5.3. Stress Oxidative Determinations

Generation of intracellular reactive oxygen species (ROS) was measured using a
2',7'-dichlorodihydrofluorescein diacetate probe (H2DCF-DA, Sigma—Aldrich). The probe
hydrolyzed by intracellular esterases to the non-fluorescent 2’,7’-dichlorodihydrofuorescein
(H2DCF), and the cytosolic cellular oxidants oxidized H2DCF to the fluorescent product,
dichlorofluorescin (DCF). Hence, DCF fluorescence intensity is proportional to the amount
of ROS. Here, after 24 h incubation with the complex, the cells were incubated with 10 mM
DCFH-DA (dissolved in PBS with 5% DMSO) at 37 °C for 60 min under light protection
and then lysed with 1 mL Tryton X-100 0.1%. The intracellular ROS were detected at 485
nm for excitation and 520 nm for emission.

The effect of the complex on the intracellular glutathione (GSH) level was assessed
using o-phthaldialdehyde (OPT) [54] that reacted with the amino and sulfhydryl groups
of glutathione emitting intense fluorescence at pH 8 and 12. For the GSH assay, 100 mL
aliquots of the treated cells were incubated with OPT (0.1% MeOH in cold phosphate
buffer (NayHPO4 0.1 M, M-EDTA 0.005 M, pH 8)). For the oxidized glutathione (GSSG)
determinations, 100 mL aliquots of the cellular lysate were incubated with 0.04 M N-
ethylmaleimide (NEM) to block the thiol groups in GSH, followed by the addition of
OPT solution and the incubation in NaOH 0.1 M solution. The fluorescence intensity was
detected at 350 nm excitation and 420 nm emission. The data were normalized against the
total protein content measured by the Bradford method [55]. The GSH and GSSG contents
(Sigma-Aldrich) were calculated from a calibration curve from standard solutions.

The mitochondrial membrane potential analysis was assessed using the DiOC6 fluo-
rescent probe (3,3'-dihexyloxacarbocyanine iodide), which was added to the wells (400 nM
concentration) and incubated for 30 min at 37 °C. The cells were resuspended in PBS and
measured at 485 nm excitation and 535 nm emission [56].

4.6. Data Analysis

All the experiments were performed in triplicate, and each one was repeated at least
three times. All the values were expressed as the mean + standard error. Differences
between the mean values were analyzed for significance using the one-way ANOVA test
on Origin 9.1 (OriginLab Corporation, Northampton, MA, USA). p < 0.05 values were
considered to be statistically significant.

4.7. Bovine Serum Albumin Interactions

BSA was dissolved in Tris—-HCI (pH 7.4) buffer to attain a final concentration of
6 uM, 10 mL. Naringin and VONarg, dissolved in 0.5% DMSO/buffer solution, were
added dropwise to the BSA solution to obtain the desired concentration of 5 to 100 uM.
The solutions were left into a thermostatic water bath for 1 h at 298, 303, and 310 K, to
get homogeneous solutions and allow the interaction between compound and protein.

31



Inorganics 2022, 10,13

The compounds did not show any fluorescence intensity that could interfere with the
measurements. BSA 6 uM was titrated by successive additions of naringin and VONarg
solutions and the fluorescence intensity was measured on a luminescence spectrometer
in the range from 290 to 450 nm. For each sample and concentration, three independent
replicates were performed. All the fluorescence quenching data were analyzed according
to previous studies performed in our laboratory applying the well-known Stern—Volmer
equation and other traditional mathematical procedures were applied to obtain the Stern—
Volmer quenching constant and the binding constant (Kp) and the binding site value
() [25].

5. Conclusions

The V(IV)O-naringin complex was prepared and characterized in the solid state (EPR
measurements) and solution (EPR spectrum, conductance, spectrophotometric titration,
and stability studies). Metal coordination to positions 4 and 5 of the glycosylated flavonoid
enhanced the moderate antioxidant activity of the ligand against superoxide and peroxyl
ROS, which may be due to the higher electron delocalization induced by the resonance of
the  bond of the oxidovanadium(IV) cation with ring A. In addition, the metal complex
showed higher anticancer activity when compared to naringin through ROS elevation and
GSH/GSSG decrease, enhancing the oxidative stress that led to mitochondrial damage and
cell death. A selective anticancer behavior was found. BSA interaction studies showed a
static quenching process and the binding constant values were indicative that the complex
could be transported and delivered by the protein. The experimental results showed the
potential of flavonoids” complexation with oxidovanadium(IV) cation to improve their
biological actions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics10010013 /s1, Figure S1. EPR spectrum of frozen
solutions of VONarg at 120 K with different water:DMSO ratios. Black: 100% DMSO, Red: 50% water
pH 7, Blue: 90% water pH 7. Figure S2. UV-Vis spectra recorded after 4 h of 0.005 M solutions of
[VO(Narg),]-8H,0 in: (A) DMSO; (B) DMSO/H,0 1/99. Figure S3. Cell viability assay at different
VONarg concentrations after treatment for 24 h on HEK293 cells. The results are expressed as a
percentage of the control level and represent the mean =+ the standard error of the mean (SEM) from
three separate experiments. Figure S4. Stern-Volmer plot of the fluorescence quenching of BSA with
different concentrations of naringin (A) and VONarg (B) systems: () 298 K; () 303 K; (M) 310 K,
[BSA] =6 UM, Aex= 280 nm.
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Abstract: Metal complexation in general improves the biological properties of ligands. We have
previously measured the anticancer effects of the oxidovanadium(IV) cation with chrysin complex,
VO(chrys),. In the present study, we synthesized and characterized a new complex generated by
the replacement of one chrysin ligand by phenanthroline (phen), VO(chrys)phenCl, to confer high
planarity for DNA chain intercalation and more lipophilicity, giving rise to a better cellular uptake.
In effect, the uptake of vanadium has been increased in the complex with phen and the cytotoxic
effect of this complex proved higher in the human lung cancer A549 cell line, being involved in
its mechanisms of action, the production of cellular reactive oxygen species (ROS), the decrease of
the natural antioxidant compound glutathione (GSH) and the ratio GSH/GSSG (GSSG, oxidized
GSH), and mitochondrial membrane damage. Cytotoxic activity studies using the non-tumorigenic
HEK?293 cell line showed that [VO(chrys)phenCl] exhibits selectivity action towards A549 cells after
24 h incubation. The interaction with bovine serum albumin (BSA) by fluorometric determinations
showed that the complex could be carried by the protein and that the binding of the complex to BSA
occurs through H-bond and van der Waals interactions.

Keywords: oxidovanadium(IV) phenantrholine chrysin; vanadium cellular uptake; anticancer;
albumin interaction

1. Introduction

Chrysin (Scheme 1) is a natural polyphenol with several biological activities, such
as antioxidant, anticancer, antiviral, and neuroprotective. It has low solubility at physi-
ological conditions, low bioavailability, quick metabolism, and rapid excretion, limiting
its utilization as a chemotherapeutic agent [1]. Hence, its structure has been modified (by
functionalization or metal complexation) in order to improve its bioactivities. Metal-based
drug development is a promising strategy for the enhancement of the pharmacological
action of drugs. In particular, vanadium complexes have been recognized to display biolog-
ical activities for the treatment of various diseases, such as diabetes, cancer, tuberculosis,
and leishmaniasis [2]. Cancer is one of the primary causes of mortality. Moreover, lung
cancer is the main cause of cancer deaths. Recently, with the knowledge of the molecular
mechanisms related to this disease, it has been found that angiogenesis is one of the causes
of its bad prognosis [34].
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Scheme 1. Draw of the structure of chrysin.

We have previously studied the anticancer behavior of chrysin and chrysin oxidovana-
dium(IV) metal complex on osteoblast like cells [5], breast cancer cells [6], and human
lung A549 cancer cells [7] and showed that complexation improved the biological effects
of the polyphenol. The selection of the heterocyclic base phenanthroline (phen) included
as a second ligand is related to the fact that planar ligands coordinated to metals could
bind DNA through intercalation to base pairs, improving the anticancer action of binary
complexes, as well as confer lipophilicity to the compounds [8]. Only a few ternary chrysin
metal complexes were reported and the Ga(Ill), Cu(ll), and Ru(Il)-chrysin-ancillary aro-
matic chelator systems proved more cytotoxic than free chrysin in different cancer cell
lines [9-11].

In the current work, we design the heteroleptic [VO(chrys)phenCl] complex aiming
to enhance the biological behavior of the VO(chrys), complex. It was characterized in the
solid state and in solution. The biological activity of the complex as an anticancer drug was
studied in the human lung cancer cell line A549 and toxicity was evaluated in the cell line
derived from human embryonic kidney HEK293. The mechanism of action was studied
by means of cellular reactive oxygen species (ROS) generation, natural antioxidant level
depletion (glutathione, GSH), mitochondrial membrane damage, and vanadium cellular
uptake. The interaction of the complex with BSA was also determined.

2. Results
2.1. Synthesis of [VO(chrys)phenCl]

The complex was prepared by the replacement of one ligand chrysin in the binary
[VO(chrys), EtOH], complex by phen. The molar conductance of the complex measured in
DMSO, A =11 (Q ! em? mol 1), suggested a non-electrolyte compound. The thermo-
gravimetric analysis (oxygen atmosphere, 50 mL/min) showed that the complex is stable
up to 260 °C, indicating that no solvation or coordination solvent molecules are present
in the complex (Figure 1). The compound degraded in a series of two consecutive TG
steps observed at 295 and 400 °C. Weight constancy is attained at 525 °C and the weight
of the remaining solid residue, collected at 700 °C, was 17.2%, in good agreement with
the expected value of 17.0%. The presence of V,0Os in the residue was confirmed by FTIR
spectroscopy. More details can be found in Section 4.

120
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Figure 1. Thermogravimetric analysis (TGA) curve for the decomposition of [VO(chrys)phenCl].
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2.2. FTIR Spectrum

The assignment of the main absorption bands of the FTIR spectrum of the complex
was performed in comparison with the binary VO(chrys), system [5]. The spectral pattern
remained similar to the binary compound regarding the modifications of the vibrational
bands of C=O stretching (1635 cm~!) and O-H bendings (1596, 1351, and 1247 cm™1),
indicating the coordination of chyrsin to the metal center (Figure 2). The vibrational modes
of phen in the 1600-1400 cm ™! range (medium intensities) are associated with C=C and
C=N stretching modes. These bands appeared to be overlapped with those of chrysin.
However, it can be seen that the C=N stretching band of phen at ca. 1646 cm~! shifted
to 1635 cm ™! upon coordination, but it is masked by the C=O stretching mode (strong
intensity) of the ligand chrysin. Main bands of motion of ring hydrogen atoms in phase
and out of phase for phen at 852 and 738 cm !, respectively, shifted to 847 and 725 cm !,
showing that phen is also interacting to the oxidovanadium(IV) cation [12].

VOchrysphen

VOchrys

Abs (AU)

2000 1800 1600 1400 1200 1000 800 600 400

wavenumber (cm™)

Figure 2. FTIR spectra of [VO(chrys)phenCl] and [VO(chrys), EtOH],,

Moreover, the replacement of one chrysin ligand by one phen may produce a decrease
of 7t electron donation to the V=0 moiety. The shift of the V=0 stretching band from 968 to
957 cm~! is indicative of a decrease of the bond order and an increase of the bond length
in agreement with the ligand replacement. These results suggest that the metal ion is
interacting with chrysin through C=0 and the deprotonated C(5)-O group and with the N
atoms of phen.

2.3. EPR Measurements

The powder EPR spectrum of the complex obtained at 120K is shown in Figure 3. A
very similar spectrum was obtained at room temperature (Figure S1A). The EPR spectrum
of a polycrystalline powder of [VO(chrys)phenCl] gave a unique EPR line, which does not
show the typical eight line hyperfine splitting pattern of >V nucleus (I = 7/2), suggesting
the presence of extended spin-spin interactions between neighboring oxidovanadium(IV)
ions in the solid complex, which collapse the hyperfine interaction into a single line [13].
Similar behavior was observed for oxidovanadium(IV) complexes of apigenin, naringenin,
and quercetin [14-16] and it is characteristic of magnetically extended systems of the cation.
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Figure 3. EPR spectrum of [VO(chrys)phenCl] recorded at 120 K. (A) Powder sample and (B) Frozen
DMSO solution. EPR spectra were recorded in a Bruker EMX-Plus spectrometer equipped with a
rectangular cavity. Experimental conditions: 100 kHz modulation, 4 Gpp modulation amplitude,
2 mW microwave power.

The EPR spectrum of the DMSO frozen solution measured at 120 K displays the
typical eight-line pattern spectrum for axial-V(IV) systems, as shown in Figure 3. The
simulation (see Figure S1B) predicted that the observed signal was consistent with the
oxidovanadium(IV) ion in a nearly axial or pseudoaxial ligand field. The spin Hamiltonian
parameters and the hyperfine coupling constants were gy = 1.941; Ay = 162.2 x 10~* ecm™};
g1 =1977; A) =595 x 10~% cm~!. These parameters fit well in the corresponding g
vs. Ay diagram for a 2N,20 coordination sphere [17]. Because the parallel component of
the hyperfine coupling constant is sensitive to the type of donor atoms on the equatorial
positions of the coordination sphere, the empirical relationship A, = ) njA,; is frequently
used to determine the identity of the equatorial ligands in V(IV) complexes (n;, number
of equatorial ligands of typeiand A,; the contribution to the parallel hyperfine coupling
from each of them) [17]. Considering the contributions to the parallel hyperfine coupling
constant of the different coordination modes (CO = 44.7 x 1074, ArO~ = 38.6 x 107%) [14],
and N(phen) x 2 =404 x 2 X 10~% [18], the calculated value for Ay of 164.1 x 10~* cm ™!
agrees with the experimental value. From the EPR parameters, we conclude that the
coordination sphere would correspond to a binding mode of (CO, O~, 2N) in the equatorial
plane. The chloride ion that also linked to the metal center (see below) may be located in
trans-position. Besides, it is observed that g <g, < ge =2.0023 and | A I>1A] I, inline
with an octahedral site with tetragonal compression and the dyy orbital being the ground
state of the V4* (3d!) ion. Moreover, the Ag|/Ag . ratio ([g)-8el/[g1-8e]) proved to be 2.37,
showing an octahedral tetragonal distortion.

40



Inorganics 2022, 10, 4

The hyperfine coupling constants were related to the dipolar hyperfine coupling
parameter P, that represents the dipole—dipole interaction of the electronic and nuclear mo-
ments, through the relations of Kivelson and Lee [19]: AH =—Plk+4/7 — Ag| — 3/7 Ag, ]
and A = —P[k —2/7 — 11/4 Ag, ]. p-value ranges from 100 to 160 x 10~* cm~! in ox-
idovanadium(IV) compounds [20] and is calculated as P = gegNuBuN<r_3>, where gy
is the nuclear g-factor, g. is the g-factor of the free electron, py the nuclear magneton,
and « 3> can be calculated for the vanadium 3d orbitals. The parameter k (between 0.6
to 0.9) is the dimensionless Fermi contact interaction constant [21], is very sensitive to
deformations of the metal orbitals, and indicates the isotropic Fermi contact contribution
to the hyperfine coupling. The calculated value of P =119.6 x 10~* cm ™! is considerably
reduced when compared to the value of the free ion (160 x 10~% cm~!) and indicates a
considerable amount of covalent bonding in the [VO(chrys)phenCl] complex. The value
of k = 0.71 indicates a moderate contribution to the hyperfine constant by the unpaired
s-electron. Moreover, the product P x k = 85.1 x 1074 em™! represents the anomalous
contribution of s-electrons to the A and A | components (the rest being the contribution of
3dxy electrons) [22].

2.4. Stability Measurements

The electronic spectral band for the d-d transition of [VO(chrys)phenCl] dissolved
in DMSO is shifted to blue regarding the precursor complex (VO(chrys),), in agree-
ment with the changes in the coordination sphere (20 and 2N atoms) vs. (40 atoms)
(766 nm for [VO(chrys)phenCl] vs. 796 nm for the binary compound) [5]. The position
of the electronic absorption band proved similar to that of [VO(SO4)(phen);] in DMSO
(ca. 765 nm) [23]). Electronic spectra of a DMSO solution of [VO(chrys)phenCl] (t) and
conductivity measurements did not show any significant change during 4 h. Figure S2B
shows the spectral changes for a solution of the complex in DMSO/H,0 1/99 (1 x 10-2 M),
during 4 h. The complex proved less stable in water solutions, but at least during 15 min
(manipulation time for the cellular studies) the complex remained stable in both solutions.
It is known that once the complex is added to living cells, it could undergo several chemical
interactions with the oxidant and antioxidant cellular systems, including ligand release, but
the differences in the anticancer effect between the free ligands and the vanadium complex
could demonstrate the efficacy of the vanadium compound.

2.5. Cytotoxic Assays

The cytotoxic effect [VO(chrys)phenCl] on the human lung cancer cell line A549 was
determined by the MTT assay, at 24, 48, and 72 h incubation (Table 1). The effects were
compared with those of the oxidovanadium(IV) cation [16-24], chrysin [25], VO(chyrs), [7],
and phen [8], as previously reported.

Table 1. Half maximal inhibitory concentration, ICsg, values of VO(chrys)phenCl and its components
(oxidovanadium(IV) cation (VO), chrysin, phen) on A549 cell line at 24, 48 and 72 h incubation and
on HEK cell line for VO(chrys)phenCl (24 h). The ICsg values for the binary complex of VO and
chrysin was added for comparisons. The results represent the mean =+ the standard error of the mean
(SEM) from three separate experiments.

I1Cs5p (uM) ICs¢ (uM) ICs¢ (uM)
24h 48 h 72 h

VO >1002 >100 15+1.2P

chrysin >100 66.4+49¢ 373 £35

Phen 4 66.1 + 3.4 239+ 25 19+05

VO(chyrs), € >100 412+ 3.9 6.1 +1.2
289 +4.0

VO(chyrs)phenCl >100 (HEK293) 83+1.0 1.7 £0.1

* [16], ° [24],  [25], 9 [8], © [7].
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The replacement of one chyrsin molecule by phen in the coordination sphere of the
binary complex greatly enhanced the anticancer effects at 24 and 48 h incubation. As can
be seen, cell incubation time had an impact on cell viability in a dose-response manner.
Higher incubation times (72 h) result in low ICsy values, and most of the cells that are
responding at early times after treatment were lost at the time the assay was performed,
owing to the disintegration of cells into particulate debris altering the ratio between the live
and dead cell populations present at the time of analysis. Therefore, it is difficult to make
cell viability comparisons after 72 h incubation and this is the reason why the mechanistic
studies have been carried out in the present study at 24 h incubation [26].

It is important to emphasize that the oxidovanadium(IV) complexes may hydrolyze
and/or oxidize in aqueous solution. At 24 h incubation, the VIVO cation showed a high ICs
value without affecting cell viability up to 100 uM (Table 1), and V(V) showed a decrease of
cell viability of 10-20 % at 50 and 100 uM [27]. The anticancer effect of VO(chyrs)phenCl
at 24 h incubation proved higher than that exerted by the oxidovanadium(IV) cation, its
oxidized species, the binary complex, and the ligands. Hence, we are able to discard that
the deleterious effect the complex was due to the metal ion, phen, and/or chrysin ligands
generated after decomposition processes (or at least we can assume that these processes
were slow at 24 h incubation).

The percentage of non-tumorigenic HEK293 cell viability vs. [VO(chrys)phenCl]
concentrations is shown in Figure S3. The complex does not reduce the cellular viability in
the range of tested concentrations (0-100 uM), indicating that the toxicity of the compound
shows a good correlation in terms of selectivity toward A549 cancer cells within 24 h
of tincubation.

2.6. ROS and GSH/GSSG Cellular Levels

Cellular oxidative stress is considered to be inducer of carcinogenesis. Cancer cells
show high ROS levels and are more vulnerable to ROS. Hence, ROS generating compounds
kill cancer cells selectively. Non-transformed cells have a low basal intracellular ROS
level and have a full antioxidant capacity, being less vulnerable to the oxidative stress
induced by different compounds in cancer cells. To study the role of the oxidative stress
in the cytotoxicity induced by the complex, we measured ROS production in A549 cells
at 24 h incubation. From Figure 4, it can be seen that the oxidovanadium(IV) cation did
not increase cellular ROS levels, chrysin generated a very low increase of ROS, while phen
and the complex elevated the amount of intracellular ROS so that they selectively damage
cancer cells. The pro-oxidant nature of the complex and phen improved the anticancer
effects of the flavonoid.

Glutathione is an antioxidant, capable to prevent damage produced by ROS in cells,
ubiquitously present in all cell types at mM concentration. In mammalian cells under phys-
iological conditions, the GSH redox couple is known to be present with steady-state concen-
trations of 1-10 mM. The overall ratio of GSH to its oxidized state GSSG in a cell is usually
greater than 100:1, and the redox couple GSH/GSSG is used as an indicator of changes in
the redox environment and of oxidative stress in the cell. In various models of oxidative
stress, this ratio has been demonstrated to decrease to values of 10:1 and even 1:1 [28].

The GSH contents in A549 cell line after incubation with the complex were measured
(Figure 5A). As GSH depletion is not a major cause of cytotoxicity, the GSH/GSSG was also
calculated (Figure 5B) to demonstrate that the decrease of the GSH/GSSG ratio was due not
only to a decrease in the level of GSH, but also to an accumulation of GSSG. Therefore, it can
be seen that the cellular damage on the A549 cell line is manifested by the increased levels
of ROS that exceed the defense mechanisms inducing GSH oxidation with the resultant
reduction of cellular GSH. Therefore, a stress oxidative mechanism could be assumed for
the cell-killing action of [VO(chrys)phenCl].
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Figure 4. Effect of chrysin, VO(chrys)phenCl, phen and oxidovanadium(IV) cation on HyDCFDA
oxidation to DCE. A549 cells were incubated at 37 °C in the presence of 10 uM H,DCFDA. The
values are expressed as the percentage of the control level and represent the mean + SEM. * p < 0.05,
ns: not significant.
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Figure 5. Effect of [VO(chrys)phenCl] on GSH cellular levels (A) and GSH/GSSG ratio (B) in A549
cells, 24 h incubation. Results are expressed as mean £ SEM of three independent experiments. All
values are statistically significant in comparison with the control.

2.7. Mitochondrial Membrane Potential

The loss of mitochondrial function and the subsequent release of cytochrome C into the
intracellular space are some of the mechanisms associated with the apoptosis process [29].
The mitochondrial membrane potential (A1) was measured to explain the increase of
cellular ROS and decrease of the GSH/GSSG ratio on the A549 cell line by incubation of
the metal complex. The lipophilic cationic probe DioC6 enters the mitochondria and upon
depolarization it will accumulate less dye [30]. Figure 6 shows the effect of mitochondrial
dysfunction with a membrane potential loss when A549 cells were treated with increasing
concentrations of the metal complex in concordance with a stress oxidative mechanism.
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Figure 6. Changes of the mitochondrial membrane potential (% AY) in A549 cells treated with
increasing concentrations of VO(chrys)phenCl for 24 h. Each point represents the mean + S.EM

of three measurements in three independent experiments. All values are statistically significant in

comparison with the control.

2.8. Cellular Vanadium Uptake Experiments

The vanadium content after 24 h treatment of the compounds at a concentration
equivalent to [VO(chrys)phenCl] ICs5, (28.9 uM) was determined by inductively coupled
plasma-mass-spectrometry, ICP-MS (see Table 2). VO(acac), exhibited almost the same
capacity for cellular uptake as the control. Our results are comparable with data reported
for the human A2780 ovarian cancer cells [31]. For [VO(chrys)phenCl], the total amount of
V up-taken is ca. five-fold higher than for the binary complex. Our data suggest that its
greatest cytotoxicity might be directly correlated with the incorporation of phen into the
complex structure, increasing its lipophilicity, which could improve the cellular uptake.

Table 2. Cellular V content (determined by ICP-MS) following cell treatments with 28.9 uM of
compounds for 24 h. Results are expressed as mean = the standard error of the mean (SEM) of two

independent experiments.

Nmol V/Mg Protein
Control 46+ 05
VO(acac); 49+0.2
VO(chrys), 4.7+ 0.1
[VO(chrys)phenCl] 235+13

2.9. BSA (Bovine Serum Albumin) Interactions

The binding behavior of drugs with albumin affected their distribution and metabolism
in the body. Both human serum albumin (HSA) and BSA are commonly used to determine
the binding interactions because they possess near 76% sequence homology and tertiary
structure similarity [32]. To study the protein binding ability of the complex, we have
selected BSA herein because of its low cost and wide availability. The intrinsic fluorescence
of BSA is due to tryptophan residue when excited at 295 nm. Upon titration of BSA with
increasing concentrations of the complex, the fluorescence spectra showed a decrease in
the intensity or quenching (Figure S4). The Stern—-Volmer quenching constant was obtained
from the slope of the graph of the fluorescence intensities Fy/F (in the absence and presence
of the quencher, respectively, and corrected by the inner-filter effect) vs. the quencher
concentration, Q, according to the equation: Fy/F =1 + Kq70[Q] = 1 + Kgy[Q], where K is
the bimolecular quenching constant and Ty is the lifetime of the fluorophore in the absence
of the quencher (considered 1 x 1078 s for a biopolymer) [33].
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An upward curvature of the plots at different temperatures can be seen, showing
a combined quenching (static and dynamic). However, at low concentrations, a linear
correlation was obtained (Figure 7). The linearity at lower concentrations suggested a
single quenching type. Static and dynamic quenching can be differentiated by the anal-
ysis of the temperature dependence. Using the data of the linear region, Ksy and Kq
(Kq =Ksy /70, T0 = 1078 s) were calculated (Table 3). The Ksv values showed a decrease
with increasing temperature, suggesting a static quenching mechanism. Another criterion
for the type of static cooling is that the result of the bimolecular cooling constant should
be greater than the maximum dynamic cooling constant for a biopolymer, assumed to be
2.0 x 10 M~'s~1. As can be seen in Table 3, all the values of Kq obtained were greater
than that value, reinforcing the assumption that a static quenching type of interaction
between the complex and albumin takes place.

2.0
298 K
1.8
303K
1.6 310K
F,JF
1.4 A
1.2 A
1.0
0 1x105 2x10° 3x10°

Concentration (uM)

Figure 7. Stern Volmer graph for VO(chrys)phenCl at different temperatures, [BSA] = 6 uM,
Aex = 280 nm.

Table 3. Stern-Volmer constant (Ksy), bimolecular quenching constant (Kq), binding constant (Ky,)
and number of binding sites (n) for the interaction of VO(chrys)phenCl with BSA (6 uM) in Tris-HCI
buffer (0.1 M, pH 7.4).

Ksy (x10%) Kq (x10'2) K} (x10°%)
T (K) (M-1) 2 (M-15-1) (M-1) n
298 3.06 + 0.11 0.98 3.06 +0.11 3.16 +0.24 1.24 £+ 0.07
303 2.94 £ 0.07 0.99 2.94 £ 0.07 1.58 +0.34 1.17 £ 0.06
310 2.34£0.10 0.97 2.34+0.10 0.16 £ 0.11 0.96 = 0.06

To determine the binding constant (K},) and the number of binding sites n (Table 3),
the Scatchard equation (log[(Fy — F)/F] = log Ky, + n log [Q]) was used (Figure 8). Binding
constants prove to be in the order of 10°—~10° M~! and decrease at higher temperature,
indicating a reduction in stability of the BSA-complex compound, and confirming the in-
volvement of a static quenching. However, the obtained values suggest that the interactions
are adequate for the complex to be transported and delivered by BSA. The number of
binding sites (ca. 1) indicated that the complex may occupy one binding site of the protein.
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Figure 8. Plots of log [(Fy — F)/F] vs. log [Q] for the VO(chrys)phenCI-BSA system at 298 K, 303 K
and 310 K, [BSA] = 6 uM, Aex = 280 nm.

To determine the main forces operating during the protein binding, thermodynamic
parameters were determined, using the van’t Hoff equation In K; = —AH/RT + AS/R and
AG = AH — TAS (Table 4). From the negative values of AG, a spontaneous interaction
can be confirmed and the decrease of AG at higher temperatures indicated a decrease of
the binding strength of the complex—protein bond. The negative values of enthalpy and
entropy changes indicate that hydrogen bond and van der Waals forces were the major
forces operating during the interaction [34].

Table 4. Thermodynamic parameters for the interactions between [VO(chrys)phenCl] with BSA.

AH (KJ/Mol) AS (J/Mol) AG (KJ/Mol)
—32.2 (298 K)

—207.8 —588.9 —29.3 (303K)
—25.1 (310 K)

3. Discussion

To enhance the biological action of VO(chrys), complex, one chrysin ligand was
replaced by the planar ligand phen in the metal coordination sphere and the new complex
was characterized by common analytical techniques. FTIR studies indicated that the
oxidovanadium(IV) ion interacted with C=0O and O~ atoms of chrysin and N atoms of
phen. Conductivity studies indicated that the chloride ion, which contributed to the
electroneutrality of the complex, is also bonded to the V=0 moiety, in trans- position
(solution EPR determinations). Conductivity and spectral determinations in DMSO and
DMSO/H,0O showed that the complex did not produce hydrolytic species during the
manipulation time of the complex. It has to be noted that the cellular experiments consist
in the addition to the cells of a fresh DMSO stock solution of the complex dissolved in the
culture media (with a final DMSO concentration of 0.5%) and, therefore, the studies of the
stability of the complex must be performed not only on DMSO and the culture media, but
the cell components must also be considered (including natural antioxidant compounds
that must also been taken under consideration in those kind of studies), as previously
mentioned [35]. However, the determination of the speciation in aqueous solution of the
complex inside the cell is outside the scope of this study.

In a previous paper, the cytotoxicity of cis—[VIVO(OSOg,)(phen)z] at 72 h incubation
in the A549 cell line was related to its decomposition in cell culture medium generating
the ligands and the oxidation of vanadium [36]. Another study showed that up to 24 h
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incubation of the same compound on different ovarian cancer cell lines displayed different
ICs5¢ values than the free ligands and inorganic V(IV) and V(V) ions, determining that the
biological effects were due to the complex, which is more active than the free ligands [23].
However, at 72 h incubation, similar ICsy values were obtained, probably due to chemical
changes of the metal complex.

From the data in Table 1, we are able to discard that the cytotoxic effect was due to phen
and/or chrys ligands, generated after decomposition processes at least at 24 h incubation,
because there were no deleterious effects of the binary complex and chrysin, while the ICs
value measured for phen was 66 uM, corresponding to more than twice the ICs value of
the complex. Besides, we measured the effect of the 24 h cell incubation with the mixture
of each component of the complex in stoichiometric quantities (sodium metavanadate,
chrysin and phen, physiological pH). It produced the same inhibitory effect from 10 to
50 uM (ca. 50% viable cells, Figure S5) and, hence, the ICsy value could not be determined.
However, we can conclude that the effect of the mixture proved different from that of the
complex (that inhibited cell viability in a dose dependent manner), discarding that the
cytotoxic activity of the complex was due to decomposition followed by oxidovanadium(IV)
oxidation in the culture media.

It is well known that ROS overproduction is the cause of the development of a num-
ber of diseases. Excessive ROS accumulation and the depletion of natural antioxidant
compounds such as GSH can cause irreversible cell damage and even cell death [37].
We determined herein that one mechanism involved in the process of cell death is the
induction of oxidative stress by the metal complex accompanied by disruption of the
mitochondria membrane potential. Meanwhile, the loss of mitochondrial membrane po-
tential is related to activation of the mitochondrial apoptosis pathways. The presence of
the lipophilic ligand, phen, favors the cellular uptake of the metal. Phen coordinates to
oxidovanadium(IV) cation, improving its transport inside cells, hence behaving as a better
cytotoxic agent via the induction of oxidative stress and mitochondrial membrane damage
than the VO(chrys), complex.

The replacement of one chrys ligand by phen in VOchrysphenCl produced a tighter
interaction to BSA than VO(chrys), (Ky, 0.76 x 10° M) [7]. Both compounds bind to
BSA in a spontaneous and enthalpy-driven manner and could be transported by albumin
(Ky, values in the range of 10*-10° M~1).

4. Materials and Methods
4.1. Materials and Instrumentation

Chrysin (Sigma, Buenos Aires, Argentina), phenanthroline hydrochloride (Merck,
Buenos Aires, Argentina), and vanadyl acetylacetonate (Fluka Munich, Germany) were
used as supplied. Corning or Falcon provided tissue culture materials. Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Gaithersburg, MD, USA), TrypleTM (Invitrogen, Buenos
Aires, Argentina) and fetal bovine serum (FBS, Internegocios, Buenos Aires, Argentina)
were used as provided. All other chemicals used were of analytical grade. Elemental analy-
sis for carbon, nitrogen, and hydrogen was performed using a Carlo Erba EA1108 analyzer.
Vanadium content was determined by the tungstophosphovanadic method [38]. Ther-
mogravimetric analysis was performed with Shimadzu systems (model TG-50), working
in an oxygen flow of 50 mL-min~! and at a heating rate of 10 °C-min~!. Sample quanti-
ties ranged between 10 and 20 mg. UV-vis and diffuse reflectance spectra were recorded
on a Hewlett-Packard 8453 diode-array and a Shimadzu 2600/2700 spectrophotometer.
Infrared spectra were measured with a Bruker IFS 66 FTIR spectrophotometer from 4000
to 400 cm ! using the KBr pellet technique. Fluorescence spectra were obtained with a
Shimadzu RF-6000 spectrophotometer equipped with a pulsed xenon lamp. The molar
conductance of the complex was measured on a Conductivity TDS Probe-850084, Sper
Scientific Direct, using 10~3 M DMSO solutions. Exact mass spectra were obtained using
a Bruker micrOTOF-Q II mass spectrometer, equipped with an ESI source operating in
positive mode.
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A Bruker EMX-Plus spectrometer, equipped with a rectangular cavity with 100 kHz
field modulation and with standard Oxford Instruments low-temperature devices
(ESR900/1ITC4), was used to record the EPR spectra of both powdered and DMSO solution
spectra. The spectra, obtained at 100 K to room temperature (ca. 298 K) were, when necessary,
baseline corrected using WinEPR Processing software (Bruker, Inc., Billerica, MA, USA).

The EasySpin 5.2.3. toolbox based on MATLAB was used to simulate g- and A- val-
ues [39], assuming an axial spin-Hamiltonian of the form:

H = i |8 B:Sz + 81 (BaSx + BySy) | + [A)S:L + AL (Sal+ Sy1y) |

where pp is the Bohr magneton, and g, g1, A, A are the components of the axial g and
A tensors, respectively. By, Syyyz, and Ly, are the components of the magnetic field, and
of the spin operators of the electron and V nucleus, respectively.

4.2. Preparative [VO(chrys)phenCl]

The binary complex [VO(chrys), EtOH], (0.1 mmol) prepared as in [5] and phenan-
throline hydrochloride (0.2 mmol) in acetone (25 mL) were poured into a round bottomed
flask and refluxed for 3 h. The precipitate was filtered and washed three times with hot ace-
tone. The green-yellow solid was dried in an oven at 60 °C. Anal calc for CyH;7CIN,O5V:
535.9 g/mol; C, 60.5; H, 3.2; N, 5.2, V, 9.5%. Exp, C, 60.4; H, 3.3; N, 5.3; V, 9.6. Diffuse
reflectance spectrum: 201 nm, 208 nm, 226 nm, 276 nm, 333 nm (sh), 396 nm, 782 nm. UV-Vis
(DMSO): 273 nm (105,300 M~ lem 1) 288 nm (91,100 M~lem 1) 326 nm (12,341 M~ lem™1)
392 nm (6143 M~ tem™!) 769 nm (68 M~ 'em ). Electrospray ionization mass spectrometry
(ESI-MS) analyses for the complex dissolved in DMSO:acetone (1:2): ESI-MS(+) (m/z) (calc
for Cp;H17,CIN;NaOsV): 558.02 [M — Nal*, (found): 558.01, for M, [VO(chrys)phenCl] and
[M — NaJ*, [VO(chrys)phenCl — Na]*. The mass-to-charge ratio peak detected at (m/z)
500.05 (100%) was due to the presence of [VOchrysphen]* species: the ligand chloride
dissociates under the ESI-MS conditions and the bidentate ligands remained bonded to the
metal ion (chelate effect, higher stability), as shown in Figure S6.

4.3. Cell Viability Assay (MTT Assay)

Cell viability was measured by the 3-[4,5-dimethylthylthiazol-2-yl]-2,5 diphenyltetra-
zolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA) method. Briefly, A549 cells
(human lung cancer cell line) and HEK293 (human embryonic kidney) were maintained
at 37 °C in a 5% carbon dioxide atmosphere using DMEM supplemented with 100 U/mL
penicillin, 100 ug/mL streptomycin, and 10% (v/v) fetal bovine serum as the culture
medium. When 70-80% confluence was reached, cells were subcultured using TrypLE ™
and free phosphate buffered saline (PBS) (11 mM KH;POy, 26 mM Nay,HPOy, 115 mM NaCl,
pH 7.4). For the treatments, cells were seeded at a density of 1 x 10° per well in 48 well
plates, grown overnight, then incubated with the complex, metal ion, and ligands in FBS
free medium. After different incubation times, at 37 °C, 100 ug of MTT per well were added
and incubated was performed in a CO; incubator for 2 h at 37 °C. DMSO was then added
to dissolve formazan crystals and the absorbance of each well was measured by a plate
reader at a test wavelength of 560 nm. Data are presented as the percentage of cell viability
(%) of the treated group with respect to the untreated cells (control), whose viability is
assumed to be 100%.

4.4. Oxidative Stress Determinations

Reactive oxygen species (ROS) generation in A549 cell lines was measured by oxidation
of 2/,7'-dichlorodihydrofluorescein diacetate (HDCFDA) to 2/,7’-dichlorofluorescein (DCF).
Briefly, 24-well plates were seeded with 5 x 10* cells per well and allowed to adhere
overnight. Then, different concentrations of the compounds were added. After 24 h
incubation, media was removed, and cells were loaded with 10 uM H,DCFDA diluted in
clear media for 30 min at 37 °C. Media was then separated and the cell monolayers rinsed
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with PBS and lysated into 1 mL 0.1% Triton-X100. The oxidized product DCF was analyzed
in the cell extracts using fluorescence spectroscopy (Aex, 485 nm; Aem, 535 nm) [40].

Natural antioxidant levels of glutathione (GSH) and its oxidized product (GSSG)
were determined in A549 cell lines in culture. Confluent cell monolayers from 24 well
dishes were incubated with different concentrations of the compounds at 37 °C for 24 h.
Then, the monolayers were washed with PBS and harvested by incubating them with
300 pL Triton 0.1% for 30 min. For GSH determinations, 100 puL aliquots were mixed
with 1.8 mL of ice cold phosphate buffer (Na,HPO4 0.1 M-EDTA 0.005 M, pH 8) and
100 uL o-phthaldialdehyde (OPT) (0.1% in methanol) [41]. For the determination of GSSG,
the cellular extracts were incubated with 0.04 M of N-ethylmaleimide (NEM) to avoid
GSH oxidation, 100 puL aliquots were mixed with 1.8 mL NaOH 0.1 M and OPT, and the
fluorescence was determined (Aex, 350 Nm; Aepy, 420 nm). Standard curves with different
concentrations of GSH were processed in parallel. The protein content in each cellular
extract was quantified using the Bradford assay [42]. The better marker for the cellular redox
status, the GSH/GSSG ratio, was calculated as % control for all the experimental conditions.

The mitochondrial membrane potential was assessed to evaluate the mitochondrial
function, using the DiOCg (3,3’-Dihexyloxacarbocyanine Iodide) fluorescent probe. The
probe was added to the wells (400 nM concentration) and incubated for 30 min at 37 °C.
The cells were resuspended in PBS and measured using fluorescence spectroscopy (Aex,
485 nm; Aem, 535 nm) [43].

4.5. Cellular Vanadium Uptake Experiments

For vanadium uptake experiments, cells were grown to 80% confluence in 100 mm
petri dishes. Incubations with the treatment compounds (28.9 uM of VO(chyrs)phenCl,
VO(chrys), and VO(acac), in 0.5% DMSO) were performed for 24 h. Afterwards, V-
containing media were removed, and the cell layers were washed twice with PBS. Cells
were detached using TrypLE enzyme solution for ca. 15 min at 37 °C. The cell suspensions
were collected into centrifuge tubes and pelleted at 4000 g for 2 min. The cell pellets were
washed once with phosphate buffered saline (1.0 mL per tube) and lysed with 100 uL 0.10 M
NaOH overnight at 4 °C. Each lysate (2 uL) was mixed with 98 uL of Bradford reagent
and the absorbance at 560 nm was measured using a plate reader for the determination of
protein content. Freshly prepared solutions (0-2.0 mg mL~! in 0.10 M NaOH) of bovine
serum albumin were used for calibration. The rest of the lysate was diluted to 1.0 mL with
20% HNOs3 and vanadium contents in the resultant solutions were determined by ICP-MS.
Corresponding amounts of NaOH and HNOj3 solutions were used to prepare the blank
samples. The content of vanadium in the cell lysates was calculated in nmol V per mg
protein [44].

4.6. BSA Interactions

The fluorescent technique was used for the measurement of the interactions with BSA.
BSA in Tris-HCI (0.1 M, pH = 7) was kept constant at 6 pM and titrated with different
concentrations of the complex ranging from 2 to 30 pM with an incubation time of 1 h. For
the experiments, the quenching of the emission intensity of BSA (at 336 nm) by the complex
was monitored at Aoy = 280 nm with excitation and emission slits of 10 nm. Three different
temperatures were selected for thermodynamic determinations (298, 303, and 310 K). Be-
cause of the absorption of the BSA-complex near the excitation wavelength, the fluorescence
intensities were corrected by the inner-filter effect, using: Feorr = Fops X e(l/2A +12A )
where Feorr and Fgpg are the fluorescence intensities corrected by inner-filter effect and
recorded, respectively, Aex and Aem are the electronic absorbances of the solutions at ex-
citation and emission wavelengths, respectively [33]. Three independent replicates were
performed for each sample and concentration.
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4.7. Statistical Analysis

Statistical differences were analyzed using the analysis of variance method (ANOVA)
followed by the test of least significant difference (Fisher). Statistical significance was
defined as p < 0.05.

5. Conclusions

A new oxidovanadium(IV) metal complex with the flavonoid chrysin and phen has
been synthesized and characterized. In vitro cytotoxicity testing showed that the com-
pound exhibit significant cytotoxicity towards A549 cell line at different incubation times,
indicating that the compound has the potential to act as an effective metal-based anticancer
drug. The induction of intracellular reactive oxygen species (ROS) production, perturbation
of mitochondrial membrane potential, and GSH and GSH/GSSG depletion suggested the
ability of the complex to induce cell death by the initiation or progression of oxidative
stress. It can be seen that while the complexation of the natural antioxidant chrysin by the
oxidovanadium(IV) cation increased the anticancer effect of the flavonoid, the addition of
phen in the coordination sphere produced a higher cytotoxic effect and a better vanadium
cellular uptake. In this sense, we can discard a total decomposition of the complex leading
to the release of the free ligands (being only one of them (phen) biologically active but with
low cytotoxicity) at 24 h incubation. In addition, the metal complex did not show toxic
effects against a non-tumorigenic cell line and could be stored and transported by albumin.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/inorganics10010004/s1, Figure S1. EPR spectrum of [VO(chrys)phenCl]. (A) Powder sample
at 120 K (black) and 298 K (red). (B) Frozen DMSO solution EPR spectrum recorded at 120 K (black)
together with simulation (red). EPR spectra of both powder and DMSO solution were recorded
in a Bruker EMX-Plus spectrometer, equipped with a rectangular cavity. Experimental conditions:
100 kHz modulation field, 4 Gpp modulation amplitude and 2 mW microwave power. The spectra
were baseline corrected using WinEPR Processing software (Bruker, Inc.) and simulations were
performed with the Easy Spin 5.2.3. toolbox based on MATLAB assuming an axial spin-Hamiltonian.
The spin Hamiltonian parameters obtained were gy = 1.941; A = 162.2 x 10~ ecm™1; g =1.977;
A =595 x 107* cm~!. Figure S2. Spectral variation of a dissolution of [VO(chrys)phenCl] in
(A) DMSO, (B) DMSO/H,0 1/99 (1 x 1072 M), during 4 h. Figure S3. Cell viability assay at
different of [VO(chrys)phenCl] concentrations after treatment for 24 h on HEK293 cells. The results
are expressed as a percentage of the control level and represent the mean =+ the standard error of
the mean (SEM) from three separate experiments. * indicates significant values in comparison with
the control level (p < 0.05). Figure S4. The fluorescence spectra of BSA at various temperatures
for VOchrysphen (0, 4, 6, 8,10, 30 uM). Aex = 280 nm, [BSA] = 6 uM. Figure S5. Cell viability
assay of a mixture of sodium metavanadate, chrysin and phen (1:1:1), physiological pH at different
concentrations after treatment for 24 h on A549 cells. The results are expressed as a percentage of the
control level and represent the mean =+ the standard error of the mean (SEM) from three separate
experiments. * indicates significant values in comparison with the control level (p < 0.05). Figure S6.
Electrospray ionization—mass spectrometry (ESI-MS) spectrum of [VO(chrys)phenCl].
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Abstract: Lung cancer has the highest death rates. Aerosol drug delivery has been used for other
lung diseases. The use of inhaled vanadium (V) as an option for lung cancer treatment is explored.
Four groups of mice were studied: (1) Saline inhalation alone, (2) Single intraperitoneal (i.p.) dose
of urethane, (3) V nebulization twice a week (Wk) for 8 Wk, and (4) A single dose of urethane
and V nebulization for 8 Wk. Mice were sacrificed at the end of the experiment. Number and
size of tumors, PCNA (proliferating cell nuclear antigen) and TUNEL (terminal deoxynucleotidyl
tranferase dUTP nick-end labeling) immunohistochemistry were evaluated and compared within
groups. Results: The size and number of tumors decreased in mice exposed to V-urethane and the
TUNEL increased in this group; differences in the PCNA were not observed. Conclusions: Aerosol V
delivery increased apoptosis and possibly the growth arrest of the tumors with no respiratory clinical
changes in the mice.

Keywords: urethane; vanadium; aerosol delivery; lung cancer; apoptosis; antineoplastic

1. Introduction

Lung cancer is a worldwide health problem, and this tumor has the highest estimated
death rates because of the delay in the diagnosis and in the beginning of its treatment [1].
Usually, the patients have been mistreated because they do not have a previous history of
smoking, which is the reason why lung cancer is not the first suspected diagnosis, even
though its frequency among this group of patients has steadily increased. Some of the risk
factors reported among non-smokers are environmental and occupational exposures, sex
hormones, and wood smoke exposure [2,3]. The main histological subtype observed in
recent years is adenocarcinoma [4].

Lung cancer treatment depends on the size of the tumor, the histologic type, and the
clinical variables. Surgery, radiotherapy, and chemotherapy and or its combinations are
the treatment options. The 5-year relative survival rate is about 17% for all patients and
all of the stages of this pathology; if the disease is detected in early stages, the survival
rate increases to 54%. Nonetheless, only 15% of the cases are diagnosed at early stages [5].
In addition, the resistance to chemotherapy and the cost of the new options, oriented
to specific molecular targets, is expensive [4,6,7]. On the other hand, resistance to these
treatments has also increased [8]. Additionally, because of these described events, it is
important to keep looking for new treatment options for lung cancer.

The urethane model for lung tumors is a chemical carcinogenesis method that has
been used to study tumor progression and treatments [9-11].

Metal compounds have been tested as possible antineoplastic agents, such as plat-
inum compounds. Vanadium (V) is a transitional element with controversial effects [12].
Vanadium compounds have emerged as possible options for therapeutic uses because
of the induction of reactive oxygen species (ROS), the activation of apoptotic cell death
mechanisms, autophagy, and the inhibition of cell proliferation [13-15]. As antineoplastic
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agents, organic compounds have been studied in vitro in a variety of cancer types such as
pancreatic ductal carcinoma [16].

Recently other optional routes for drug delivery have been proposed for the treatment
of diverse pathologies [17] such as lung cancer [11]. Hamzawy et al. reported intratracheal
administration of temozolomide in lung tumors induced by urethane [18] and Roger-Parra
intranasally delivered anti-collagen-V for lung cancer treatment with promising results [11].

Aerosol drug delivery has been a technique used for the treatment of a variety of
diseases and recently for experimental antineoplastic therapies [11]. This route increases
the bioavailability and decreases the time of action because the doses decrease the risk
of side effects, and the drug reaches the lung tissue without the metabolic changes that
occur in the liver [19,20]. These benefits have been observed in asthma, COPD, and some
lung infections [21,22]. In this study, we explore the administration of V by inhalation as a
possible alternative route for the treatment of lung cancer in the urethane-induced lung
tumor mice model.

2. Results

During the whole experiment, no signs or changes in the patterns of food intake
and water consumption were observed. Body weight was statistically different when
comparing the beginning (T0) with the end of the experiment (8th week) in each group.
Body weight at 8th week was not statistically different among group I (control), group II
(urethane), and group IV (urethane-V). In group III (vanadium), weight was significantly
higher compared with the control, urethane, and urethane-V mice groups (Figure 1).
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Figure 1. Weight of the mice per group. The weight at the beginning (Time 0) compared to the end of
the experiment (8th week) was different. In group III (vanadium) the weight gain was higher than in
the other groups. N =10, values are expressed as the mean of body weight + SEM in grams (ANOVA
p < 0.05 Tukey’s post hoc).* statistically significant differences vs. TO; a: statistically significant
differences versus group III 8th week.

Except in group III (vanadium) where an increase in the weight of the mice was
recorded, no other changes in the physical appearance or motor behavior of the animals
were observed.

2.1. Lung Histology

Panoramic photomicrographs show the presence of pulmonary adenomas in mice
treated with urethane, i.e., groups Il and IV (Figure 2B,D, respectively). Groups I and IIT
did not develop lung adenomas (Figure 2A,C, respectively).
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Figure 2. Adenoma development in mice treated with urethane. No tumors are observed in the control (A) and in
vanadium (C) groups. Arrow heads (») indicate the adenomas in urethane (B) and urethane-vanadium (D) groups.

Hematoxylin—Eosin. Bar 2 mm.

Detailed changes in the lung tissue observed in the experimental groups are shown
in Figure 3. In group I (Figure 3A), bronchioles and alveolar walls with a well-preserved
structure were observed; inflammatory foci as well as focal hyperplasia of the bronchiolar
and alveolar epithelium, as well as solid adenomas, are clearly identified in group II
(Figure 3B). In the V-exposed group (group III; Figure 3C), perivascular and peribronchiolar
lymphocytic inflammatory infiltrate were observed, whereas no adenomas were identified;
in the urethane-V group (group IV), focal bronchiolar epithelial hyperplasia, small and
scanty adenomas, and lymphocytic infiltrate were the main observed features (Figure 3D).

The mean number of tumors in group Il was 9 £ 1.13, whereas in group IV it was
2 + 0.51; when both groups were compared, a statistically significant difference was ob-
served (Figure 4).
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Figure 3. Details of the changes observed in the lungs. Control group (A) with no changes in the lung’s parenchyma,
whereas in the V-exposed group (C) epithelial hyperplasia and inflammatory infiltrate (*) are observed. In urethane (B) and
urethane-V (D) groups, the adenomas (1) are observed as well as the hyperplastic epithelium (*). Hematoxylin-Eosin stain.

Bar 0.5 mm.
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Figure 4. Quantitation of developed adenomas per group. No tumors were observed in group I
(control) and group III (vanadium). In group II (urethane), the tumors were larger than in group IV
(urethane-V group). N = 10, values are expressed as the mean number of adenomas +=SEM (ANOVA p
< 0.05 Tukey’s post hoc). * Statistically significant differences versus group I; a: statistically significant
differences between group II and IV.
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The area occupied by tumors in group II was 0.6 + 0.07 mm?, whereas in group IV
it was 0.39 + 0.05 mm?, a difference which was statistically significant (Figure 5). No
qualitative differences were observed in the amount and the spread of the infiltrate in

groups Il and IV.
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Figure 5. Area (mm?) occupied by lung adenomas. In group II (urethane) the adenomas were larger
compared with those observed in group IV (urethane-V). N = 10, values expressed as the mean
area = SEM (two-tailed Student’s t-test with Welch’s correction, p < 0.05). * Statistically significant
differences between group II versus group IV.

2.2. Proliferative Index

PCNA positive nuclei stain in the lung parenchyma was observed in the four groups.
In group I, the positive cells were observed mainly in some bronchiolar cells as well as
in group IV. In groups II and 1V, the nuclei stain was in the tumor cells (Figure 6) and
no statistical difference was observed in the proliferative index calculated only in the
adenomas in groups II (PI24.18%) and IV (PI 25.93%) (Figure 7).

5 .f’.v T . s : T R i ’-.
A I B L SN A
’ {‘.Qi . g-. = . .%e. °‘=-’n?:-l'ﬁl. ﬁ.. 3‘: i v*'"."‘* &

8 Tow, L L = 2 \.\f 2’ ‘-A_'"); - - f:, w® ~ '. é."

s 8% s € e F ey Al ertedie TR, i =
y % . P Y ol ".‘ . ~ s -
.,‘ ‘:.\‘;". ’, ". ® - @ T .‘.’ p::," ? ‘2 F. .
P an 3R e 2 3mSR 1 T e
.JO.O'_,..’ avgtle "X ‘..""‘?2‘""‘"° » en_.‘ - h ] .
et .; RN < P 12‘3' A% Sogn ¢ Fy Beass
5 o e F XY a8 T, e o3 el SUPnn U §al0.

Cd ““2‘.€ ".’~ 5«‘ [ ] i’.-‘ ® oy - - “"’-’ ” e
SRgn s e o PRIR R W 1T
- i & L =adh ‘s g | - LS
s \“':-'.0"‘:\;1. it .-:.?,:;e -~ ...‘.a:-‘; i vt 3 :om,
- .b:" e, B Zc' A o~ “J‘ o e
E '56"%, oF 38" Cotki® o e &!.. f s b ~”“"‘e 0%
A .--g..—_,:,: ',.Q-Jr d3‘0n '.’ o" 'r A4 *
e ‘;'4; o5 :;’:4- } ~ Pl
NA SEENE St i )

4 > B 'lf »" .‘ k
.d‘"““-..' e W -

Figure 6. Immune stain for PCNA in lung adenomas. Positive PCNA nuclei (ochre color) were observed in urethane (A) and
urethane-V (B) with no statistical difference between them. Hematoxylin counterstain. Bar 50 pum.
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Figure 7. Proliferation index. The index indicated that between groups II and IV, no statistical differ-
ence was observed. N = 10, values expressed as mean percentage of PCNA positive nuclei = SEM
(two-tailed Student’s t-test with Welch’s correction). No statistically significant differences were
observed.

2.3. TUNEL Assay

Positive TUNEL nuclei stain in the lung parenchyma was observed in the four groups.
In group I, the positive cells were scanty inflammatory cells in the parenchyma, whereas
in the V-exposed group (III), the stain was in the inflammatory cells and scarce in the
bronchiolar epithelia. In groups II and IV, the nuclei stain was in the tumor cells, the
inflammatory foci, and in the bronchiolar epithelium (Figure 8).

Figure 8. TUNEL immuno-essay. Positive nuclei TUNEL stain (ochre color) were observed in urethane group (A) and
urethane-V group (B) (1). Light green counterstain. Bar 50 pm

A clear statistical difference was observed in the apoptotic index calculated only in
the adenomas in groups II (Al 5.1%) and IV (Al 10%) (Figure 9).
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Figure 9. Apoptotic index. The index was higher in group IV (urethane-V) compared with group
II (urethane). N = 10, values are expressed as mean percentage of TUNEL positive nuclei + SEM
(two-tailed Student’s t-test with Welch'’s correction p < 0.05). *** Statistically significant differences
between group II versus group IV.

3. Discussion

In the present study, we report that V aerosol delivery interfered with the development
of lung adenomas induced by urethane. The decrease in the area and the number of tumors
was the result of increasing apoptosis of the tumor cells evaluated by TUNEL; however, no
effect was observed in the PCNA proliferation marker. No respiratory clinical compromise
was observed in the mice exposed to aerosolized V, and only a difference in weight gain
was notorious in the V-exposed groups.

Vanadium as an antineoplastic agent has been previously explored. Koépf-Maier
et al. found that vanadocene dichloride (VDC) reduces cell proliferation in leukemia
tumor cells [23]. In female Sprague Dawley rats, Thompson et al., in MNU-1 (1-methyl-1-
nitrosurea)-induced mammary carcinogenesis, show that supplementation with vanadium
sulfate reduced the incidence and the average amount of neoplasms [24]. Other studies
from Kopf-Maier’s group report that the antitumor activity of VDC on the Fluid Erlich
ascites tumor is because of its heterochromatin accumulation [25], mitotic aberration
induction, transitory mitosis suppression, and reversible cell accumulation in the late S
and G2 phases [23]. Bishayee et al. [26] suggest that the antineoplastic action of VDC might
be the result of the effect on the antioxidant status in the liver and the modulation of drug
metabolism enzymes of phases I and II. Sankar-Ray et al. suggested the suppression of
cell proliferation, induction of apoptosis, and DNA cross-links reduction as other possible
antineoplastic mechanisms. In our experimental model, an increase in apoptotic cells was
observed, but not in PCNA proliferation biomarkers [27].

These results suggest that apoptosis could be the mechanisms by which V is acting
on the adenomas. Recently, Rozzo et al, [15] reported the effect of V compounds in the
melanoma A375 cell line in which apoptosis is observed, as well as the arrest of cell cycle
in two different phases, probably by different mechanisms. The findings reported here
suggest that V in aerosol delivery could be acting by inducing apoptosis and possible the
tumors’ cell cycle arrest [28-30].

Lu et. al. demonstrated that some synthetic V complexes showed pro-apoptotic
activities in MGC803 (human gastric cancer cell line) cells related to the increase in proteins
such as Bax, caspases 3 and 9, as well as the decrease in Bcl2 [31]. On the other hand,
Xi et al. reported the induction of apoptotic cell death in A549 and BEAS-2B lung can-
cer lines associated with the overexpression of caspase 3 induced by the exposure to V
nanoparticles [32].
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The generation of reactive oxygen species (ROS) [28] and their effect on the neoplastic
cells such as: DNA damage, oxidative alterations of other cellular organelles leading to
apoptosis, and different types of cell death mechanisms, could explain the antineoplastic
effects of V compounds [5].

Aerosol Delivery

In a variety of respiratory diseases, the aerosol delivery of drug treatments has been
used with good results [33]. The best examples are inhaled steroids for asthma, which
reduce the symptoms and the systemic effects of steroids [21]. Hamzamy et al. reported
the intratracheal administration of temozolomide in gold nanoparticles or liposomes as
antineoplastic carriers for the treatment of urethane-induced lung adenomas in mice [18].
Gagnadoux et al., with gemcitabine delivered by the same route, reported the potential use
of aerosol delivery for lung cancer treatment [20]. The aerosol delivery of chemotherapy
for lung cancer treatment in patients with non-small cell lung carcinoma (NSCLC) was
reported. 5-fluorouracil (5-FU) was delivered by an ultrasonic nebulizer in two different
situations: one in patients prior to surgical resection, in which the authors demonstrated
that the concentration of the 5-FU was 5 to 15 times higher in the tumor than in the normal
lung tissue, and two, conducted in patients with unresectable tumor in which the 5-FU was
also administered by aerosol delivery, two to three times a week, reporting less pulmonary
or systemic side effects. Additionally, the main agent used in the therapeutic schemes for
lung cancer, cisplatin, was delivered by inhalation with less systemic side effects and with
promising preclinical results [34]. With the urethane model, Abdelaziz et al. reported the
reduction in lung tumors in BALB/c mice by the inhalation of lactoferrin/Chondroitin-
Functionalized Monoolein Nanocomposites, supporting the use of inhalation as a possible
route for lung cancer treatment, stressing that by inhalation route the agent employed in
the treatment reaches higher concentrations in the tumors [35].

In our study, with whole body exposure, the regression of the adenomas was almost
complete, observing some areas of peribronchiolar inflammation with no clinical effects
observed in the mice, only a weight increase in V-exposed groups, which could be explained
by the anabolic activity reported for V [36].

Vanadium has been reported as a possible chemotherapeutic agent for different types
of neoplasms. Some antineoplastic drugs have been administered by aerosol delivery with
promising results [20,32]. Here, we propose V as a potential antineoplastic agent for lung
cancer by aerosol delivery that will reduce the number of tumor cells and possibly the
systemic side effects reported for V. Other V compounds need further analysis to find the
dose and the best protocol for the administration for this element, which opens another
possible treatment for NSCLC.

4. Materials and Methods
4.1. Animals

Forty CD-1 adult male mice weighing 33-35 g were housed in hanging plastic cages
(10 animals per cage), kept in an animal facility (with an average temperature of 21 °C,
57% humidity and controlled lighting —12:12 h light/dark regime), and fed with Rodent
Laboratory chow (PMI nutrition international, Brentwood, MO, USA and Agribrands
Purina, Cuautitlan, Mexico) and filtered water ad libitum. Mice were obtained from the
vivarium at the School of Medicine, UNAM, and managed according to the Mexican official
norm NOM-062-ZO0-1999 for the production, care, and use of laboratory animals. The
project was reviewed and approved by the Research and Ethical Committee from the
School of Medicine (#04-2005).

4.2. Experimental Protocol

Adult male mice were randomly assigned into four groups of 10 mice each: group I
(negative control) inhaled saline 0.9% during the exposures; group II (urethane alone as
positive control), received a single dose (ip) of urethane 1mg/g (ethyl carbamate, 99% purity,
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Sigma Aldrich, St. Louis, MO, USA) in accordance with previous studies using the urethane-
induced lung tumorigenesis model [37]; group III (vanadium) inhaled V,0Os (0.02 mol/L)
(99.99%, Sigma, St. Louis, MO, USA) in saline 1h twice a week (Tuesday and Thursday) for
the 8 weeks of exposure time; and group IV (urethane and V) was as in groups II (urethane
alone) and III (vanadium). At the end of the 8-week exposure, mice were anesthetized with
(ip) lethal dose of pentobarbital sodium (PiSa Pharmaceutical, Guadalajara, Jalisco, México)
0.3 mg/mL and perfused via aorta with saline followed by 4% paraformaldehyde, whereas
the lungs were fixed intratracheally with 4% paraformaldehyde at Total Lung Capacity
(TLC) [38].

4.3. Vanadium Exposure and Cardiothoracic Block Dissection

Mice of the V-exposed groups (IIl and IV) inhaled 1h twice a week in an acrylic
box chamber measuring 45 cm x 21 cm X 35 cm (3.3 L total volume), that could house
20 mice per session. An ultra-nebulizer DeVillbiss Ultraneb 99 (DeVillbiss Healthcare,
Somerset, PA, USA) system was used to nebulize the vanadium solution at a flow rate
of 10 L/min; according to the manufacturer’s provided information, about 80% of the
aerosolized particles reaching the mice would be expected to have a mass median aero-
dynamic diameter (MMAD) of 0.5-5 um. The concentration of vanadium in the chamber
was quantified as follows: a filter was placed at the external outlet of the nebulizer during
the entire exposure period and samples were collected at a flow rate of 10 L/min. The
filter was removed and weighed after each exposure; the V on each filter was quantified
as follows: six-filters per inhalation exposures were evaluated. The source of the fog was
located at the top of the chamber to ensure a homogeneous exposure. Mice behavior was
always observed to detect any changes. As it has been reported in earlier studies, the
final concentration in the chamber was 1.56 mg V/m3 [36] and it is in the range of the
World Health Organization (0.01-60 mg/m?) for V concentrations detected in occupational
exposures [39]. The V concentration in the blood was analyzed by mass spectrometry of
induction-coupled plasma (ICP-MS) using a Bruker equipment, model Aurora M90, with
coupled autosampler (Bruker Corp., Billerica, MA, USA). The concentration of the metal
was 436 ppb or nanograms of V per of dry weight tissue (ng/g).

4.4. Tissue Sampling and Preparation

Experimental and control groups were sacrificed at the end of the exposures (8 Wk).
Animals were anesthetized with sodium pentobarbital aqueous solution of (PiSa Pharma-
ceutical, Guadalajara, Jalisco, México) 0.3 mg/mL (ip) and perfused via aorta with saline,
followed by 4% paraformaldehyde (pH 7.4) in phosphate buffer. The cardiopulmonary
block was removed, and then the lungs were dissected and processed for paraffin wax
embedding; 5 um thickness tissue sections were obtained and stained with hematoxylin-
eosin, and proved for immunohistochemical evaluation with anti-PCNA antibody and
TUNEL assay. Changes were assessed with a light microscope BX51 (Olympus, Miami,
FL, USA). Samples were photographed with a digital camera attached to the microscope
(Media Cybernetics Inc., Bethesda, MD, USA). The number and area of the tumors were
measured with Motic Images 2.0 software (Motic, Kowloon Bay, Kowloon, Hong Kong).

4.5. Immunohistochemistry for PCNA

Tissue sections were placed in poly-L-lysine (SIGMA, St Louis, MO, USA) coated slides.
Antigen retrieval was achieved by incubation in a citrate buffer (pH 7.4) at 103425 Pa for
3 min, after which the slides were washed in phosphate-buffered saline (PBS). Endogenous
peroxidase was blocked with 3% H202 (J.T. Baker, Phillipsburg, NJ, USA) for 10 min. The
sections were rinsed several times with PBS-Albumin, washed for 10 min in PBS, (MP
Biomedicals Inc, Kuwait city, Kuwait) and incubated for 1 h at 37 °C in rabbit monoclonal
anti-PCNA (Abcam, Cambridge, MA, USA), and diluted 1:100 in PBST- (PBS with 0.1%
Tween 20 and Albumin). The sections were washed in PBS and incubated for 30 min at
37 °C with the biotinylated universal link secondary antibody (Dako, Carpinteria, CA,
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USA), rinsed several times in PBS, and incubated for 30 min at 37 °C in HRP streptavidin
complex (Dako, Carpinteria, CA, USA). Immunoreactivity was visualized by incubation in
0.05% 3,3’-diaminobenzidine tetrahydrochloride (Zymed Laboratories Inc, San Francisco,
CA, USA). Samples skipping primary antibody were also included as negative controls.
Immunoreactivity to PCNA-exposed lungs was measured in tissue sections to calculate the
proliferation index in the adenomas; the total adenomas were evaluated from the slides
of the lung of each animal and the number of positive nuclei were also counted; positive
nuclei were considered when an ochre color stain was observed when the developer for the
reaction was diaminobenzidine. The evaluation was completed with an image analyzer,
using the software Image-Pro-Plus version 6.0. (Media Cybernetics Inc., Silver Spring, MD,
USA) coupled to a digital camera (Evolution MP Color, Media Cybernetics Inc., Silver
Spring, MD, USA) on a light microscope Olympus BX51 (Olympus America Inc., Melville,
NY, USA).

Proliferative index (PI) was determined by a relation between the number of positive
nuclei per adenoma by the total number of cells in each tumor by 100.

4.6. TUNEL Assay

The enzymatic TUNEL assay (TdT-mediated dUPT-biotin nick end labeling) (Dead-
End™ Colorimetric TUNEL System, Promega Corp., Madison, WI, USA) was used to
evaluate the apoptotic index. The assay identifies DNA strand breaks by marking the free
3’-OH terminal, with biotinylated desoxyuridine with the enzymatic reaction with terminal
deoxynucleotidyl transferase (tdT). The biotin signaling is detected by the streptavidin-
marked nuclei with the HRP enzyme bound by the biotinylated nucleotides which are
visualized with HRP,3'3/-diaminobenzidine (DAB). The apoptotic nuclei are observed in
ochre color in the light microscope. The assay was performed according to the providers’
indications. The slides were counterstained with light green to increase the visibility of the
apoptotic nucleus.

The apoptotic index (Al) was calculated in 40X photomicrographs from the different
groups. Five fields randomly were selected. TUNEL positive nuclei were counted within
the tumors and the total nuclei from each tumor. The index was calculated with the
formula: Total amount of marked nuclei/ total nuclei X 100. The total nuclei were counted
in Feulgen-stained slides [40]. Apoptotic index was compared between Group Il and Group
Iv.

4.7. Statistical Analysis

In the different experimental groups comparison of the number of the tumors was
carried out with an analysis of variance (ANOVA) with Tukey’s post hoc test, whereas
the analysis of the tumors area, the PI and Al was carried out with Student’s t-test with
Welch'’s correction (GraphPad Prism Software V 6.0, La Jolla, CA, USA). Differences were
considered when p < 0.05.

5. Conclusions

Inhaled vanadium decreases the number and size of urethane-induced lung adenomas
in mice by inducing apoptosis of the tumor cells, and with no observed clinical effects.

A limitation of this study was that the effect of V was only analyzed at a single point.
It would be interesting to evaluate the effects of V overtime, to establish a wider picture of
its beneficial and side effects.

Further studies about the mechanisms that lead to apoptotic cell death overtime in
this model would be of interest, as well as if other types of cell death could be involved in
this process.

In addition, to study if V interferes with urethane's metabolism throughout the whole
experiment, we would add more information about the effects observed in this study.
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Abstract: Novel vitamin E chelate siderophore derivatives and their VV and Fe! complexes have been
synthesised and the chemical and biological properties have been evaluated. In particular, the x- and
d-tocopherol derivatives with bis-methyldroxylamino triazine (x-tocTHMA) and (5-tocDPA) as well
their VV complexes, [V2VO3(a-tocTHMA), ] and [V, O5(86-tocTHMA), ], have been synthesised and
characterised by infrared (IR), nuclear magnetic resonance (NMR), electron paramagnetic resonance
(EPR) and ultra violet-visible (UV-Vis) spectroscopies. The dimeric vanadium complexes in solution
are in equilibrium with their respefrctive monomers, H,O + [V2VOo (u-0)]* = 2 [VVO(OH)]?*. The
two amphiphilic vanadium complexes exhibit enhanced hydrolytic stability. EPR shows that the
complexes in lipophilic matrix are mild radical initiators. Evaluation of their biological activity shows
that the compounds do not exhibit any significant cytotoxicity to cells.

Keywords: vanadium; vitamin E; EPR; tocopherol; 51y NMR

1. Introduction

The understanding of the physiological role of vanadium ions in biological systems as
well as the biological activity of vanadium compounds have stimulated the interest of the
scientific community towards the vanadium chemistry [1-8]. Pharmaceuticals based on
vanadium complexes have attracted the interest of scientists due to the biological activity of
vanadium molecules and their low toxicity [4,5,9-19]. In addition, vanadium compounds
exert antitumor effects through activation of apoptotic pathways, cell cycle arrest and
the generation of Reactive Oxygen Species (ROS), inducing lower toxicity than anticancer
platinum-based molecules [4,20-25].

a-Tocopherol acts in biological organisms as a strong lipophilic antioxidant, without
any other biological activity. However, the vitamin E (tocopheryl and tocotrienyl) deriva-
tives, such as a-tocopheryl succinate, have anticancer properties [26-34]. The hydrophobic
domain of the vitamers of vitamin E is responsible for docking the agents in circulating
lipoproteins and biological membranes [35]. Conjugate molecules of vitamin E vitamers
with pharmaceuticals, such as metal complexes, can be used to transfer the drug in the
active site of vitamin E vitamers, inducing biological responses.

Recently, we reported the first study of the synthesis of complexes comprising to-
copherol ligating to metals [36]. The ligands in this study are (3-tocopherol molecules
substituted with chelate groups in o-position derivatives (Scheme 1, H3f3-tocDEA), thus,
enabling coordination of the metal ion from the phenolic oxygen. The [VVO(B-tocDEA)]
has been found to be cytotoxic to cancer cells. Some of the features of these amphiphilic
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H, -toc THMA
or
H, -toc THMA

vanadium complexes have been their ability to induce the formation of free radicals [37],
and their higher stability in aqueous solutions than the respective counterparts deprived of
their lipophilic part. The hydrolytic stability of the vanadium complexes is enhanced in
amphiphilic media [36,38,39], therefore, the high hydrolytic stability of the amphiphilic
vanadium complexes has been attributed to their amphiphilic nature; presumably through
a more favourable solvation [40].

|

N_ _N
HO" \( Y
NN
HO N~
H, bihyat
4
/ HsB-tOCDEA
chromanol

Scheme 1. Hydroxylamino-triazine ligands and H3-tocDEA. RO- is «- or d-tocopherol. The donor atoms for metal ion

coordination are in red colour.

Herein, we have attached a siderophore moiety on the phenoxy oxygen of the chro-
manol (Scheme 1), forming two new ligands, the 2,4-dichloro-6-(((R)-2,5,7,8-tetramethyl-2-
((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl)oxy)-1,3,5-triazine (Hy x-tocTHMA) and 2,4-
dichloro-6-(((R)-2,8-dimethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl)oxy)-1,3,5-
triazine(Hp0-tocTHMA). The labile hydrogen atom of the hydroxy group has been re-
placed with the triazine moiety forming an inert ether bond and, thus, the new organic
molecules will act as ligand owing lower antioxidant activity than free tocopherols; the
formation of the tocopheryl radical requires deprotonation of chromanol group. In addi-
tion, the high lipophilicity of both the tocopherol derivatives and their complexes assures
easy penetration in cell membranes [38]. As chelate group for VV we have chosen the
siderophore hydroxylamino-triazine (Scheme 1), targeting to enhance the hydrolytic stabil-
ity of the V¥ complexes as much as possible. This chelate group, for example in the ligand
Hybihyat (Scheme 1) forms very strong complexes with hard acids such as Fe'!, VV, Mo¥!
and UV! [41-44], with Fe' and UY! to exert the higher affinity for this chelate coordination.
The VV complexes of this study exhibiting a chromanol hydroxy group unavailable for
coordination, present no significant toxicity to cells. These results are in contrast to the
high toxicity of the previous reported vanadium complexes, in which the vanadium ion
was coordinated directly with the hydroxy group of the chromanol [36].

2. Experimental Section
2.1. Reagents

All reagents were purchased from Aldrich and Merck, (Kenilworth, NJ, USA). Vana-
dium complexes used for cell viability studies were dissolved in dimethyl sulfoxide
(DMSO). DMSO was also used as vehicle control. Microanalyses for C, H and N were
performed using a Euro-Vector EA3000 CHN elemental analyser (Milan, Italy). Infrared
(IR) spectra were recorder on a Shimadzu Prestige 21, 7102 Riverwood Drive, Columbia,
Maryland 21046, U.S.A. MALDI-TOF mass spectra were recorded on a Bruker Autoflex
III Smartbeam (Billerica, MA, USA) instrument using a-Cyano-4-hydroxycinnamic acid
(HCCA) as matrix.

2,2'~((2-hydroxyoctadecyl)azanediyl)bis(ethan-1-ol) (C18DEA), [VVO(C18DEA)] were
prepared according to reference [37].
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2.2. Synthesis

2,4-dichloro-6-(((R)-2,5,7 8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl)oxy)-1,3,5-
trinzine (Hya-tocTCL). Cyanuric chloride (1.86 g, 10.0 mmol) and N,N-diisopropylethylamine
(1.45 g, 11.2 mmol) were dissolved in 40 mL of THE. The resulting colourless solution cooled
at 0 °C. A THF solution (5 mL) of a-tocopherol (4.31 g, 10.0 mmol) was added to the above
solution. The yellow solution was stirred for 24 h at room temperature. Then, the solution
was evaporated, and the residue was extracted with chloroform/water. The organic phase
was evaporated to give a yellow-orange oil as the product (3.50 g, 61%). 'H-NMR, (300MHz,
CDCl3) 6 ppm: 0.85-0.88 (m, 12H, -CHj3 methyl groups of the tocopherol), 1.12-1.15 (m,
6H), 1.26 (br s, 10H), 1.35-1.46 (m, 5H), 1.50-1.58 (m, 3H), 1.80-1.85 (m, C16-H), 1.95-1.99 (d,
C8-H, C14-H), 2.12 (s, C10-H), 2.60-2.64 (t, C15-H). Elemental Analysis for C3pH49CjpN305:
Found: C, 66.20; H, 8.88; N, 7.13, Calcd.: C, 66.42; H, 8.54; N, 7.26.

2,4-dichloro-6-(((R)-2,8-dimethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl)oxy)-1,3,5-triazine
(H20-tocTCL). Cyanuric chloride (1.95 g, 10.6 mmol) was dissolved in 40 mL of THF with
the dropwise addition of N,N-diisopropylethylamine (1.50 g, 11.6 mmol) and the solu-
tion cooled at 0 °C. To the resulting solution, equivalent quantity of d-tocopherol (4.26 g,
10.6 mmol) dissolved in 5 mL of THF was added. The solution was left to stir for 24 h
at room temperature and the colour of the solution changed to yellow. The next day the
solution was evaporated and extracted with chloroform/water. The chloroform extract was
evaporated to give a yellow-orange oil as the product (3.00 g, 52%). 'H-NMR, (300 MHz,
CDCl3) ¢ ppm: 0.87-0.90 (m, 12H, -CHj3 methyl groups of the tocopherol), 1.10-1.16 (m,
6H), 1.31 (br s, 10H), 1.36-1.45 (m, 5H), 1.52-1.61 (m, 3H), 1.80-1.87 (m, C16-H), 2.16 (s,
C10-H), 2.72-2.83 (t, C15-H). Elemental analysis for C30H45C12N3O;: Found: C, 65.31; H,
8.33; N, 7.28, Calcd.: C, 65.44; H, 8.24; N, 7.63.

Synthesis of N,N'-(6-((R)-2,5,7,8-tetramethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-
yloxy)-1,3,5-triazine-2,4-diyl)bis(N-methylhydroxylamine) (Hya-tocTHMA). 1st method: «-
tocTCL (3.00 g, 5.18 mmol) was dissolved in THF (120 mL) at 0 °C. A cooled (0 °C) solution
of N-Methylhydroxylamine hydrochloride (1.80 g, 21.5 mmol) and sodium hydroxide
(0.86 g, 2.2 mmol) in water (10 mL) was added dropwise in the above solution. The reaction
mixture was refluxed for 24 h. Then, the solution was evaporated under vacuum to dry,
and the residue was extracted with chloroform/water. The organic phase was evaporated
under vacuum to dry resulting in Hy x-tocTHMA as an orange-brown oil. The yield was
2.1g, 68%.

2nd method: a-tocTCL (3.00 g, 5.18 mmol) was dissolved in THF (120 mL) at 0 °C. A
cooled (0 °C) solution of N-Methylhydroxylamine hydrochloride (1.80 g, 21.5 mmol) and
sodium hydroxide (0.86 g, 2.2 mmol) in water (10 mL) was added dropwise to the above
solution. The reaction mixture was kept under stirring at room temperature for 4 days.
Then, it was evaporated under vacuum to dry, and the residue was dissolved in chloroform
and filtrated to remove the insoluble in chloroform NaCl. The solution was evaporated
under vacuum to dry yielding Hya-tocTHMA, 2.0 g, 66% as an orange-brown oil. 'H-NMR,
(300 MHz, CDCl3) é ppm: 0.85-0.90 (m, 12H methyl groups of tocopherol), 1.14-1.17 (m,
6H), 1.25-1.27 (br s, 10H), 1.35-1.46 (m, 5H), 1.50-1.57 (m, 3H), 1.79-1.84 (m, C16-H),
1.96-2.00 (d, C8-H, C14-H), 2.11-2.13 (s, C10-H), 2.59-2.62 (t, C15-H), 3.3-2.5 (s, 6H methyl
groups of N-methylhydroxylamine). Elemental Analysis for C34Hs57N504: Found: C,
68.29; H, 9.31; N, 11.59, Calcd.: C, 68.08; H, 9.58; N, 11.68. [MALDI-TOF(+)-MS]: calcd for
(C34HsyN504Na) {[M + Na]*} m/z 622.43, found 623.13 (100%).

Synthesis of N,N'-(6-(((R)-2,8-dimethyl-2-((4R,8R)-4,8,12-trimethyltridecyl)chroman-6-yl)oxy)-
1,3,5-triazine-2,4-diyl)bis(N-methylhydroxylamine) (Hoa-tocTHMA). Hyd-tocTHMA was syn-
thesised following the same methodology as for the synthesis of Hyx-tocTHMA. The
yields were 82% and 53% for the 1st and the 2nd synthetic methods respectively. 'H-NMR,
(300 MHz, CDCl3) § ppm: 0.87-0.90 (m, 12H methyl groups of tocopherol), 1.08-1.19 (m,
6H), 1.26-1.29 (br s, 10H), 1.36-1.48 (m, 5H), 1.52-1.57 (m, 3H), 1.79-1.81 (t, C16-H), 2.14—
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2.17 (d, C10-H), 2.70-2.75 (t, C15-H), 3.3-2.5 (s, 6H methyl groups of N-methylhydroxylamine),
6.40-6.75 (2 dd, H-aromatic C7, C13). Elemental analysis for C3pH53N504: Found: C,
67.11; H, 9.18; N, 12.07, Calcd.: C, 67.22; H, 9.34; N, 12.25. [MALDI-TOF(+)-MS]: calcd for
(C3oH53N504Na) {[M + Na]*} m/z 594.37, found 595.18 (100%).

Synthesis of [VY) O»(u-O)(a-tocTHMA); 1, 1. 1st Method: VIVOSO,-5H,0 (0.13 g, 0.49 mmol)
was stirred in 35 mL MeOH at 35 °C, under nitrogen. Then, Hyax-tocTHMA (0.29 g,
0.49 mmol) dissolved in the minimum amount of methanol, was added to the above
methanolic solution resulting in a deep brown solution. The solution was stirred for 24 h at
room temperature. Then, it was filtered to remove any precipitation, and the filtrate was
kept at room temperature for 5 days. During that time a black solid of 1 was formed, which
was filtered and dried under vacuum. The yield was 65 mg, 20%.

2nd Method: -tocTHMA (1.2 g, 2.0 mmol) dissolved in the minimum amount of methanol
was added to a stirring methanol solution (40 mL) of [VIVO(acac),] (0.53 g, 2.0 mmol) under
nitrogen. The dark brown solution was stirring at room temperature for 10 min. Then, the so-
lution was filtered, and the filtrate was left unstirred for 5 days, under air, at room temperature.
During that time a black solid of 1 was formed which was filtered and dried under vacuum.
The yield was 0.35 g, 26%. FTIR (ATR, em™1): 2924 (C-H), 1580 (C = Nigiazine), 1524 (ar C-C),
1094 (N-0O), 966 (V=0), 798 (V-O-V). Elemental analysis for C4gH119N19O11V3: Found: C,
60.47.11; H, 8.32; N, 10.10, Calcd.: C, 60.70; H, 8.24; N, 10.41. [MALDI-TOF(+)-MS]: calcd
for (C34Hs5N5NayOg V) {{M-O-M (—M+2Na)]*} m/z 726.34, found 727.19 (100%).

Synthesis of [VV, O2(u-O)(6-tocTHMA); ], 2. Similar with 1 synthetic methodologies were
used for the synthesis of 2. The yields were 24% and 19% for the 1st and the 2nd synthetic
methods respectively. FTIR (ATR, cm~1): 2928 (C-H), 1578 (C = Nisiazine), 1526 (ar C-C),
1070 (N-0O), 964 (V=0), 798 (V-O-V). Elemental analysis for Cg4H;02N19O11V3: Found: C,
59.45; H, 7.83; N, 10.47, Calcd.: C, 59.61; H, 7.97; N, 10.86. [MALDI-TOF(+)-MS]: calcd for
(C32Hs5pN5Nap,Og V) {[M-O-M (—M + 2Na)]*} m/z 698.31, found 699.30 (100%).

Synthesis of [Fe!l(a-tocTHMA)(Ha-tocTHMA)], 3. Ferric chloride (0.03 g, 0.20 mmol) was
dissolved under Ar in 20 mL MeOH forming a yellow solution. Hyx-tocTHMA (0.24 g,
0.40 mmol) dissolved in the minimum amount of methanol was added in the above yellow
solution, resulting in a deep blue solution. The solution was filtered, and the filtrate
cooled at —18 °C resulting in a black precipitate of 3 which was filtered and dried under
vacuum. The yield was 120 mg, 24%. Elemental analysis for CggHj11FeN19Og: Found: C,
65.11; H, 8.89; N, 10.95, Calcd.: C, 65.21; H, 8.93; N, 11.18. [MALDI-TOF(+)-MS]: calcd for
(C34H55N5O4Fe) {[M—Lr} m/z 653.36, found 654.31 (100(70).

Synthesis of [Fe!l(5-tocTHMA)(H5-tocTHMA)], 4. Complex 4 was synthesised using the same
methodology as the one used for 3. The yield was 105 mg, 22%. Elemental analysis for
CeaHi03FeN19Og: Found: C, 64.09; H, 8.81; N, 11.69, Calcd.: C, 64.25; H, 8.68; N, 11.71.
[MALDI-TOF(+)-MS]: calcd for (C3oHs1N5O4Fe) {(M—L]*} m/z 625.33, found 626.19 (100%).

2.3. Spectroscopic Studies

All NMR samples were prepared from the dissolution of the solids in CDCl3 or
10% DMSO-d4:90% D,0O at room temperature immediately before NMR spectrometric
determinations. NMR spectra were recorded on a Bruker Avance 300 spectrometer at
300 MHz for 'H, 75.4 MHz for 13C and 78.9 MHz for °>'V NMR. A 30°-pulse width was
applied for both the 'H and 'V NMR measurements, and the spectra were acquired with
3000 and 30,000 Hz spectral window, using 1 and 0.1 s relaxation delay respectively. The
spectra were analysed using Topspin 4.0 and MultispecNMR 5.0 (https:/ /sourceforge.
net/projects/multispecnmr/, accessed on 1 March 2021). 2D [45] grNOESY spectra were
obtained by using standard pulse sequences of Bruker Topspin 3.0 software. These spectra
were acquired using 256 increments (with 56 scans each) and mixing time 0.43 s.

UV-Vis measurements were recorded on a Photonics UV-Vis spectrophotometer Model 400,
equipped with a CCD array, operating in the range 250 to 1000 nm. The spectra were
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analysed using MultispecUVVIS 5.0 (https:/ /sourceforge.net/projects/multispecuvvis/,
accessed on 1 March 2021).

2.4. Reactivity with DPPH®

The rate of DPPH® consumption was measured by UV-vis spectroscopy at 520 nm for
30 min. Stock solutions of each compound (12 mM) were prepared in dry toluene at room
temperature. The final concentrations of the compounds were 80-300 uM, while the concen-
tration of DPPH® was 100 pM. The samples were incubated at 25 °C for 4 min. The reaction
was initiated by the addition of the DPPH® solution. The samples were measured in
triplicate. Second-order rate constants were calculated to determine the radical scavenging
activity (RSC) of antioxidants. The decay of DPPH® from the medium has been assumed to
follow pseudo-first-order kinetics, under the conditions of the reaction [DPPH®]y, [AH]j.
One of the reactants is in large excess compared to the other, so the concentration of the
minor component decreased exponentially [46]. The [DPPH®] concentration is calculated
from Equation (1):
[DPPH®] = [DPPH®],, e Kobsd? 1)

where [DPPH®] is the radical concentration at time t, and [DPPH®]; is the radical concentra-
tion at time zero, and k,pqq is the pseudo-first-order rate constant. The pseudo-first-order
rate constant kpsq was linearly dependent on the concentration of antioxidants [AH], and
from the slope of their plot, second-order rate constants (k;) were calculated to evaluate
the radical scavenging capacity of each compound.

2.5. Measurement of Oxidative Inducing Effect of Vanadium Compounds by EPR Spectroscopy

An ELEXSYS E500 Bruker EPR spectrometer operating at cw X-band, resonance fre-
quency ~9.5 GHz and modulation frequency 100 MHz was used. The resonance frequency
was accurately measured with solid DPPH (g = 2.0036). The EPR oxidative inducing effect
experiments were conducted by monitoring the evolution of a-tocopheryl radicals versus
time [37] at room temperature. The assays were prepared in a 5 mm quartz tube by adding
100 pL or 150 uL of a CHClj3 stock solution (4.95 mM) of complex to 0.500 g of a commercial
extra virgin olive oil. Radical initiators are the 1, 2 and [VO(C18DEA)] whereas the addition
step consists of the initial time of the reaction, time = 0 min. EPR spectra were recorded for
25- or 30-time domains, each one consisting of 50 scans. The spectra were processed using
appropriate software, MultispecEPR 5.0 (https:/ /sourceforge.net/projects/multispecepr/,
accessed on 1 March 2021).

2.6. Cell Culture

The human tongue squamous cell carcinoma (Cal33, DSMZ®ACC 447), the human cell
line derived from cervical cancer (HeLa, ATCC®CCL-2) and the embryonic mouse fibrob-
lasts (NIH/3T3, CRL-1658™) were used in this study [47]. Cells were grown in monolayer
cultures in high glucose Dulbecco’s modified eagle medium (DMEM) supplemented with
10% (v/v) foetal bovine serum, 2 mM L-glutamine and 1% (v/v) penicillin-streptomycin
(100x: 10,000 units/mL of penicillin and 10,000 ng/mL streptomycin) in a humidified
incubator (5% CO,, 95% air) at 37 °C.

2.7. Measurement of Cell Viability

Cells were plated in 96-well plates at density 5 x 10° cells/well and treated with the
ligands or the complexes for 24 and 48 h. Cell viability was measured after incubation
of each well with 50 pL of MTT (stock solution of 3 mg/mL) for 3 h and absorbance was
determined at 570 nm (background absorbance measured at 690 nm) using a microplate
spectrophotometer (Multiskan Spectrum, Therno Fisher Scientific, Waltham, MA, USA).
All experiments were performed in triplicate.

Stock solutions of Hy -tocTHMA and H,5-tocTHMA and 1-4 prepared in pure DMSO
were diluted into the culture medium so that the final concentration of DMSO was less
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than 1%. The same amount of DMSO was added to the control sample. Stock solutions
were kept at 4 °C.

3. Results and Discussion
3.1. Synthesis and Characterisation

The triazine tocopherol molecules Hy x-tocTHMA and Hj6-tocTHMA were synthe-
sized by two-step substitution reactions of cyanuric chloride. The synthetic process is
summarised in Scheme 2.

\
Cl N Cl cl N O N__N -
N R-OH, b R 0 HO N
\'\lr r ase \I\Irle/ 2(CH3)NH H \I\Ir/\N(O R

—_—
T I base ?\I/
Cl | HO" "~
a-tocTCL Haa-tocTHMA
or or
&-tocTCL Hy5-tocTHMA
HO
O
R-OH= or

SV

Scheme 2. Synthetic route for the organic compounds.

Reaction of equimolar quantities of Hy x-tocTHMA or Hy8-tocTHMA with [VIVO(acac);]
or VIVOSOy results in the formation of V¥ complexes 1 and 2 (Scheme 3). The V!V is
oxidised to VV by the atmospheric O,. X-band EPR spectroscopy of frozen CHCl; solutions
of either 1 or 2 did not exhibit any signal supporting that all VIV has been oxidised to VV.

[VVO(acac),] N._N_ O_
|l| N O or 0] P ?\l/ 7*1’ R
; - oy —N~7
HO \|\'|/ 1/ R yivoso, VV\O.\I{I:
P
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V.
HO
0
R-OH= or
HO.
0

Scheme 3. Synthetic route for the vanadium complexes.
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The complexes were characterised by elemental analysis, UV-vis, IR and NMR spec-
troscopies. The structures of the vanadium complexes are based on the data of the experi-
mental analysis and the X-ray structures of the respective VV-bihyat>~ complexes [42].

3.2. Complexes Characterisation by IR

The IR spectra of 1 and 2 are shown in Figure 1. Both 1 and 2 gave a strong peak at
966 cm ! attributed to the stretching of the V=0 bond. The peaks at 798 cm ™! are char-
acteristic to V-O-V stretching vibrations [48,49], thus, confirming the dinuclear structure
of the complex. The complexes also show two strong stretching N-O vibrations shifted
around 80 cm~! at higher energy compared to the free ligand suggesting coordination of
the metal ion from the hydroxylamine-triazine chelating group.

125
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65
55

% transmited

3580 3080 2580 2080 1580 1080 580
Wavenumbercm™1

Figure 1. IR spectra of: 1 [0(V=0, 966 cm~!; (C=N triazine), 1579, 1529 cm~'; (Ph-0), 1242 cm~};
(N-0), 1092 cm~1]; 798 (V-O-V)] (black line), 2 [0(V=0, 966 cm~!; (C=N triazine), 1579, 1529 cm!;
(Ph-0), 1240 cm~1; (N-O), 1084 cm~1]; 798 (V-O-V) (red line), 3 [(C=N triazine), 1569, 1525 cm~};
(Ph-0), 1244 cm~1; (N-0), 1093 cm ] (blue line).

The IR spectra of the complexes 3 and 4 gave peaks at 2952, 2924 and 2896 cm ™!
assigned to the C-H stretching of lipid chains. The C=N ring vibrations show peaks at
1569 and 1525 cm ! whereas Ph-O and N-O stretching vibrations were detected at 1244 and
1093 cm ! respectively. The N-O peaks are significantly shifted compared to the free ligand
(~70 cm 1) due to the ligation of the ligand to Fe!'’.

3.3. Complex Characterisation by °'V NMR, 2D {'H} grNOESY

The 51V spectra of each of the VV complexes (1, 2) in CDCl; solutions gave two signals
at —216 and —387 ppm (Figure 2). The intensity of the peaks is dependent on the concen-
tration of the complexes in solution. At low concentration (i.e., 1 mM) the component at
—216 ppm is the major, whereas at more concentrate solutions (i.e., 7 mM) the spectra of
each of the complexes shows only the peak at —387 ppm. For more concentrated solutions
three broad additional peaks of equal intensity appear at higher field (—402, —439 and
—648 ppm), presumably originated from a higher nuclearity compound. The >V NMR
spectra changes observed by the variation of the concentration are attributed to the equilib-
rium between the monomer (1m), dimer (1) and oligomers (Scheme 4). The quantities of
1m and 1 are equal at concentration 2.5 mM, calculating a Keq = [1m2]/[1]=1.25 x 1073 M.
The conversion of the 1 to 1m species takes approximately 2 min after the dissolution
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of 1in CDCl3, and it can be observed by the change of the colour of the solution from
purple to blue. Dimerization of the hydroxylamine-triazine ligands through the formation
of M-O-M bridge has been previously observed for UV!-, Mo"!- and VV-bihyat’~ com-
plexes [42,43]. The respective °'V NMR spectrum of CDCl; solution of the structurally
characterised by single crystal X-ray dinuclear complex [VVZOz(uz—O)(bihyat)z] exhibits
peaks at —192, —402 and —485 ppm. However, the °'V NMR peaks of the CDCl; solution of
[szOz(pz-O)(bihyat)z] at —192 ppm had been mistakenly attributed to the decomposition
of the compound.

-160 -220 -280 -340 -400 -460
ppm

Figure 2. 51V NMR spectra of CD3Cl solutions of 1, (A) 1.00 mM (B) 7.00 mM.

1 1m

Scheme 4. Equilibrium between the monomer, Im and the dimer, 1.

The 2D {'H} grNOESY of 1 is shown in Figure 3. The two methyl groups show
difference in chemical shifts due to the different chemical environment. 2D {*H} grNOESY
shows positive cross peaks between the protons of the two methyl groups assigned to the
slow rotation methylhydroxylamine giving two peaks at 2.869 and 2.573 ppm in proton
NMR. The rotation of tocopherol is performed around the ether bond between tocopherol
and triazine moieties (Figure 3).
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Figure 3. 2D {!H} grNOESY spectrum of CDCl3 solution of 1 (1.00 mM). Exchange of CHjz(a) and
CHj(b) cross peaks in blue circles.

3.4. Complexes Characterisation by UV-Vis

The UV-vis spectra of the CHClj solutions of 1 and 2 are shown in Figure 4. Both gave
strong peaks in the visible region [A(¢) of 1 =493 nm (3600 M~ Tem™1),682nm (1140M ' em™1),
A(e) of 2 = 484 nm (2300 M~ em™1), 645 nm (860 M~ em™1)] assigned to the ligand to
metal charge transfer transitions (LMCT). The concentration of the complexes in solutions
were 0.500 mM, and according to 51V NMR the species in the solution have the monomeric
structure, Im and 2m (Scheme 4). Although [VVOz(bihyat)]_ has a similar structure with
the monomers 1m and 2m, it does not exhibit any strong absorption peaks in the visible
region. Thus, the strong colour of 1m and 2m is due to electron transitions from the
chromanol ring to the metal. Chromanol ring can contribute electronically to the metal ion
through the resonance of the triazine ring (Scheme 5) [42]. The shift of the UV-vis peaks of
1 to lower energy compared to those of 2 agrees with the higher electron density of - than
d-tocopherol, supporting our hypothesis regarding the significance of the chromanol role
on the LMCT effect.
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Figure 4. UV-vis spectra of CHCIl3 solutions of 0.500 mM of (A) 1m [A(e) = 493 nm (3600 Mflcm’l),
682 nm (1140 M~ ! em~1)] and (B) 2m [A(e) = 484 nm (2300 M~ ! em™1), 645 nm (860 M—! cm™1)].
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Scheme 5. Triazine resonance structures.

The CHCl; solutions of Fe!'' complexes 3 and 4 gave peaks at 560 nm (3200 M~ ! cm™1)
and 535 nm (2200 M~ cm 1) respectively (Figure 5A). These spectra are similar to other
hydroxylamine-triazin iron complexes, for example the Fe''-bihyat compounds [41]. Com-
plexes 3 and 4 exhibit the same pattern as the vanadate complexes; the o-tocopherol
complex 3 absorbs at lower energy than the 6-tocopherol complex 4. This is in line with the
proposed electron transfer resonance mechanism proposed in Scheme 5.
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Figure 5. (A) UV-vis spectra of CHCI;3 solutions of 0.100 mM of 3 [black line, A(e) = 560 nm
(3200 M~1 em~1)] and 4 [red line, A(e) = 535 nm (2200 M~ ecm™—1)]. (B) Absorbance at 560 nm
vs. the concentration of a-tocTMHA added in the CHClj3 solution of FeCl3 (1.00 mM).

Addition of various quantities of either Hy x-tocTHMA or Hyd-tocTHMA to a CHCl3
solution of Fe''Cl; gave the same spectra with 3 and 4 respectively. Titration of the CHCl;
solution of Fe'Cl; with either H, x-tocTHMA (Figure 5B) or Hyd-tocTHMA reveal that
only the 1:2 Fel'-Ligand complexes are formed in the solution.

3.5. Characterisation of the Complexes in 10% DMS0:90% DO Solutions by °'V NMR

The 3!V NMR spectra of 10% DMS0:90% D,0 solutions of inorganic vanadate with
either 1 or 2 at pD = 5.0-7.5 clearly shows very different chemical shifts for the peaks
of vanadate oligomers from those of the complexes, undoubtedly assigning the peaks at
—560 ppm to the new vanadium complexes (Figures 6 and 7). The addition of D,O in the
DMSO solutions (10% DMSO:90% D,O, pD = 6.0-7.5) of 1 or 2 at concentrations 0.10 mM
do not hydrolyse the complexes as evidenced by the >’V NMR spectroscopy (the spectra
show only one peak originated from the complex and there is no formation of any inorganic
vanadate species (Figure 6)). In the 'V NMR spectra, a shift from —387 ppm in CDCl; to
—560 ppm in 10% DMSO:90% D, O observed for 1 originated from the structural change of
the complex from tetragonal pyramidal to dioxido octahedral geometry. A similar shift was
observed upon changing from CDCl; to D,O solutions for [VO,(bihyat)]~ as well [42]. The
10% DMSO0:90% D50 solutions of 1 or 2 were stable at these conditions for more than 72 h.
The high hydrolytic stability of 1 and 2 is attributed to their amphiphilic nature [36,38,39].
The lipophilicity of 1 and 2 may enhance the hydrolytic stabilisation over the non-lipophilic
vanadium complexes, exhibiting the same coordination environment, through a more
favourable solvation [40].
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Figure 6. °'V NMR spectra DMSO-dy:D,0 (1:9) solutions of (A) NaVOs3, (B) 1, (C) 2 at pD ~ 7. V1,
V2, V4 are the vanadium oligomers.
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Figure 7. >V NMR spectra DMSO-d¢:D,0 (1:9) solutions of (A) 1.00 mM of 1 + 1.00 mM NaVO3,
pD =59 (B) 1.00 mM of 1 pD =5.9 (C) 1.00 mM of 1 + 1.00 mM NaVOs3, pD = 5.0 (D) 1.00 mM of 1,
pD =5.0. (E) 0.10 mM of 1, pD =7.0. V10, V2, V4 are the vanadium oligomers.

3.6. Characterisation of the Complexes in 10% DMSO:90% D, O Solutions by UV-Vis Spectroscopy

The UV-vis spectra of the 10%DMSO: 90%D,0O solutions of 1 and 2 were similar to
the spectra of the complexes in CHCl3 (Figure 8). The only difference between the spectra
in the two different solvents is the lower intensity of the peaks in 10%DMSO: 90%D,0O
than CHCl3. However, complexes 1 and 2 show significant different absorption coefficients
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compared to those of [VO,(bihyat)] ™ in various solvents [42]. The extinction coefficients of
1 and 2 are lower in protic polar solvents than in the non-polar ones in the same manner
as [VOy(bihyat)] ™. The absorbance values from the UV spectra of 1, 2 solutions appear to
obey Beer’s law, even at low concentrations at 50 pM, suggesting that the complexes are
hydrolytically stable in those solutions (Figure 9), in agreement with !V NMR spectroscopy.
The spectra of the 10% DMS0:90% D,0O solutions of the iron complexes 3 and 4 are also
similar with their spectra in CHClj3 solutions.

Absorbance

290 420 550 680 810

Wavelength (nm)
Figure 8. UV-vis spectra of DMSO-dy:D,0 (1:9) solutions of 0.500 mM of (A) 1 [A(e) = 490 nm
(2000 M~1em™1), 675 nm (900 M~Tem~1)] and (B) 2 [A(e) = 490 nm (1100 M~ lem™1), 675 nm
(660 M—1em—1)].
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Figure 9. UV-vis spectra of DMSO-dy:D,0 (1:9) solutions of 1 (A) 0.500 mM and (B) 0.100 mM,

(C) graph of the absorption at 490 nm vs. concentration.

3.7. Reactivity with DPPH*®

The radical scavenging activity (RSC) values of the organic compounds and the
complexes towards scavenging the DPPH® radical are shown in Table 1. a-tocTHMA and
d-tocTHMA exhibit very low antioxidant activity, much lower than free «-tocopherol. The
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reason for this low activity is the replacement of the labile phenoxy proton of «-tocopherol
with an inert ether bond of a-tocTHMA and 6-tocTHMA. Large number of vanadium
complexes exhibit radical scavenging activity [50]. However, complexes 1-4 either did not
show any or very little decrease of the peak intensity at 520 nm, resulting in the conclusion
that they do not have any antioxidant activity.

Table 1. Rate constants (ky) for the RSC of the compounds under study.

ko M—1s-1)
Compounds Toluene
a-tocTMHA 7.0+ 0.16
8-tocTMHA 12.5 +0.08
1m —0.88 £ 0.02
2m —0.88 £ 0.02
3 5.0 £ 0.09
4 —0.75 £ 0.02
[VIVO(acac),] 6.8 +0.3
a-tocopherol [33] 560 + 80

3.8. Oxidative Inducing Effect of Vanadium Compounds by EPR Spectroscopy

The ability of the new vanadium compounds to produce radicals was examined by
monitoring the generation of «-tocopheryl radicals in olive oil by cw X-band EPR using 2D
intensity vs. time experiments (Figure 10). The ability of complexes 1 and 2 were compared
with that of the [VVO(C18DEA)] used in a previous study [36,37]. [VVO(C18DEA)] has
been studied for its activity towards the production of radicals in olive oil, therefore, it
is used in this work as a reference. Based on previous studies, it has been reported that
VY and/or VIV coordinated catalytic sites are able to activate phenolics in the lipophilic
matrix of oil mediated by dioxygen activation; in this oxidative environment free radicals
are trapped by «-tocopherol to give x-tocopheryl radical. The generation of x-tocopheryl
radicals is monitored by X-band cw-EPR vs. time. The graph of the signal intensity vs.
time is a very useful quantification tool to determine the ability of the complexes to initiate
radicals. Experiments were run for two different quantities of each radical initiator for
the study, (0.490 pmole or 0.720 pmole). The intensity of the EPR peaks, at the same time
period after addition of the radical initiator in olive oil is higher for [VYO(C18DEA)] than 1,
meaning that [VYO(C18DEA)] produces more a-tocopheryl radicals than 1. The intensity
of the EPR signal is lower at higher concentrations of the radical initiator due to the faster
oxidation of the polar antioxidants that regenerate «-tocopherol in olive oil; the mechanism
has been previously investigated [37]. Apparently, [VYO(C18DEA)], and consequently
[VVO(B-tocDEA)] which is stronger initiator than [VVYO(C18DEA)] [36], are by far much
more potent radical initiators than 1.

[VVO(C18DEA)] and [VVO(B-toc)DEA] vanadium complexes have been reported to
have high cytotoxicity [36]. If the cytotoxicity of the complexes is related to their oxidative
power measured by EPR, then 1 is expected to be less cytotoxic than [VYO(C18DEA)] or
[VVO(B-toc)DEA].

3.9. Cytotoxic Activity

None of the complexes exerted cytotoxic activity against the three cell lines, a fact
that differentiated them significantly from the ligands. As seen in Figure 11, exposure of
Cal33 cells for 24 h to increasing concentrations of the ligands and the complexes had no
severe effect on the ability of the cells to proliferate (Figure 11A,C). Prolongation of the
incubation time revealed that complexes 1 and 4 exerted a no-dose-dependent cytotoxicity
across the different doses (1 to 100 uM) leading to a 40% reduction of cell population. On
the contrary, the cytotoxic activity of the ligands Hya-tocTHMA and H;é-tocTHMA as
well as the complexes 2 and 3 was depicted mainly at doses higher than 25 M. Order of
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cytotoxic activity (100 uM) was found as following: Hy8-tocTHMA < Hyx-tocTHMA < 4 <
1<3<2(24 h), Hyo-tocTHMA = Hya-tocTHMA <2 <3 <1<4 (48 h).
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Figure 10. (A) X-band EPR spectra of virgin olive oil (0.500 g) vs. time after addition of 1 (0.720 umole)
at RT. The period between two continues spectra is 150 s. The total number of spectra is 30. (B) In-
tensity of the x-tocopheryl radical signal in X-band EPR spectra vs. time after the addition of the
radical initiator in extra virgin olive oil (0.500 g), t = 0 s. Complex 1 (red colour), [VO(C18DEA)]
(black colour). Different concentrations of radical initiator with respect to each VV catalytic site
per molecule: filled circles (0.490 umole), open circles (0.720 pmole). The fitting curves have been

generated from quadratic equations.
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Figure 11. Cytotoxicity of Hyx-tocTHMA (A,B) and Hyd-tocTHMA (C,D) complexes against Cal33
cells after exposure for 24 (A,C) and 48 h (B,D), respectively.

A similar cytotoxic profile was also seen against Hela cells (Figure 12). Twenty-four
hours of exposure to the ligands and the complexes exerted a mild effect on cell viability
even at the highest dose. At 48 h a slightly greater reduction in cell viability was recorded
for both ligands and the complexes. Order of cytotoxic activity (100 uM): Hp-tocTHMA <
3 <2 <Hyb6-tocTHMA <1 <4 (24 h), Hya-tocTHMA <1 < 3 = Hy5-tocTHMA <2 <4 (48 h).
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Figure 12. Cytotoxicity of Hyx-tocTHMA (A,B) and H,8-tocTHMA (C,D) complexes against HeLa
cells after exposure for 24 (A,C) and 48 h (B,D), respectively.
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Against embryonic mouse fibroblasts (NIH/3T3), the complexes exerted minimal
toxicity after 24 h of incubation (Figure 13A,C). Hyx-tocTHMA presented a strong cytotoxic
effect after 48 h, a pattern similar to that seen against Cal33 cells. On the contrary, complexes
1 and 3 had no effect on cell viability and remained relatively non-toxic (Figure 13B).
Complex 4 maintains the same cytotoxic profile, as seen in HeLLa and Cal33 cells, exerting a
mild reduction in cell viability across the range of doses (1-100 uM) whereas Hy-tocTHMA
and 2 were cytotoxic at concentrations higher than 25 uM (Figure 13D). Order of cytotoxic
activity (100 uM) was found as follows: 2 > Hp6-tocTHMA > 1 = Hyx-tocTHMA >3 > 4
(24 h), Hp6-tocTHMA =2 > Hya-tocTHMA >1> 4 > 3 (48 h).
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Figure 13. Cytotoxicity of Hyx-tocTHMA (A,B) and Hjd-tocTHMA (C,D) complexes against
NIH/3T3 cells after exposure for 24 (A,C) and 48 h (B,D), respectively.

4. Conclusions

Stepwise substitution reactions of cyanuric chloride with a- or d-tocopherol and then
with N-methylhydroxylamine resulted in the synthesis of the amphiphilic Hy x-tocTHMA
and Hy8-tocTHMA ligands. Reaction of the ligands with either the VIV starting materials
[VIVO(acac),] or VIVOSO, afforded the complexes 1 and 2. Reaction of Fel'ICl5 with Hp«-
tocTHMA or Hy6-tocTHMA resulted in the formation of complexes 3 and 4 respectively.
The new compounds have been characterised by NMR, UV /Vis and infrared spectroscopies.
The RSC activities for all compounds have been determined by the DPPH® assay and the
results showed than none of the molecules, ligands or complexes, exhibits antioxidant
activity. On the contrary, EPR spectroscopy showed that 1 and 2 are radical initiators. All
complexes exhibit high hydrolytic stability even at low concentrations similar to those used
in cell viability studies. All complexes, 1-4, do not exerted significant cytotoxic activity
against NIH/3T3, Cal33 and HeLa cell lines. The low cytotoxic activity is attributed to the
low antioxidant-prooxidant activity of the tocopherol—triazine conjugate molecules. This
is in line with the fact that 1 and 2 are moderate radical initiators. Previous studies support
that the tocopherol-metal complexes with the hydroxy group of chromanol accessible to
metal ion coordination, are stronger radical initiators than 1 and 2, and they exert high
cytotoxic activity. However, we cannot exclude the structural differences of the chelate
moieties that might induce various biological responses. Currently, the vitamin E metal
complexes are rare, and more work is required, including synthesis of new compounds
with specific structural features, in order to understand the mechanism of their reactivity.
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Abstract: The interest in decavanadate anions has increased in recent decades, since these clusters
show interesting applications as varied as sensors, batteries, catalysts, or new drugs in medicine.
Due to the capacity of the interaction of decavanadate with a variety of biological molecules because
of its high negative charge and oxygen-rich surface, this cluster is being widely studied both in vitro
and in vivo as a treatment for several global health problems such as diabetes mellitus, cancer,
and Alzheimer’s disease. Here, we report a new decavanadate compound with organic molecules
synthesized in an aqueous solution and structurally characterized by elemental analysis, infrared
spectroscopy, thermogravimetric analysis, and single-crystal X-ray diffraction. The decavanadate
anion was combined with 2-aminopyrimidine to form the compound [2-ampymH]6[V10028]-5H20
(1). In the crystal lattice, organic molecules are stacked by m— interactions, with a centroid-to-
centroid distance similar to that shown in DNA or RNA molecules. Furthermore, computational
DFT calculations of Compound 1 corroborate the hydrogen bond interaction between pyrimidine
molecules and decavanadate anions, as well as the 7—7t stacking interactions between the central
pyrimidine molecules. Finally, docking studies with test RN A molecules indicate that they could
serve as other potential targets for the anticancer activity of decavanadate anion.

Keywords: decavanadate; 2-aminopyrimidinium; experimental and theoretical characterization;
DFT; docking RNA/DNA

1. Introduction

Polyoxidometalates (POMs) are defined as clusters made from early transition-metals,
typically d° species V(V), Nb(V), Ta(V), Mo(VI), and W(VI), bridged by oxide anions.
This class of compounds is highly interesting in molecular structural variety, reactivity;,
and applications in analytical chemistry, catalysis, medicine, and materials research [1].
POMs have great potential in biological applications, since every aspect that involves the
interaction of POM with biological target macromolecules could be modified to improve
their beneficial effects on a biological system. Thus, interesting POMs with anticancer [2]
and antibiotic activities [3], among others, have been obtained to date.
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In this context, the colorless aqueous solution of vanadate(V) turns orange as it
acidifies. This phenomenon is associated with condensation reactions carried out by
vanadate ions depending on the acidity range of the solution. Thus, at pH ~ 6, the
orange solution indicates that the decavanadate anion, [H,V19O055]©™~ with n = 0-4,
has been formed [4,5]. These clusters have attracted much interest due to their potential
applications in a wide range of uses such as sensors [6], batteries [7-9], catalysts [10-12], or
metallodrugs [13-15].

In particular, decavanadates have recently attracted attention due to their medicinal
and biochemical behavior, since they have an important role in biological systems by
having the ability to interact with proteins, enzymes, and cell membranes [16].

More than forty years ago, vanadate was first found as an impurity in commercial ATP
obtained from horse skeletal muscle and was initially identified as a muscle inhibition factor
by inhibiting the activity of the sodium pump [17]. Subsequently, the first enzyme that
decavanadate was able to inhibit, the rabbit skeletal muscle adenylate kinase, was reported.
After that, many enzymes have been found that can be inhibited by this decameric species,
such as hexokinase, phosphofructokinase, inositol phosphate metabolism enzymes, or
nicotinamide adenine dinucleotide (NADH)-vanadate reductase [18].

Due to the high negative charge of decavanadate, this species can interact with a
multitude of molecules such as proteins, counterions, or lipid structures, affecting many
biological processes such as muscle contraction, calcium homeostasis, necrosis, actin poly-
merization, oxidative stress markers, or glucose uptake, among others [19]. As a result,
different compounds based on decavanadate and cationic organic ligands have been pub-
lished in recent years, which can decrease glycemia [20-22], induce neuronal and cognitive
restoration mechanisms to treat metabolic syndrome [13], affect the growth of protozoan
parasites and bacteria [23-26], or show antitumor activity [27,28]. For example, the com-
pound Mg(H,0)6(C4NyH7)4V19O28-4Hy0 demonstrated dose-dependent antiproliferative
activity on human cancer cells U87, IGR39, and MDA-MB-231 [29].

Previous works with Adenine and Cytosine have shown a hydrogen bond interaction
with the decavanadate anion [6,30,31]. Thus, to obtain new bioactive compounds based
on the decavanadate cluster, one organic ligand with potential biological activity was
chosen. Here, we report the deployment of 2-aminopyrimidine, which is susceptible to
protonation and can interact with the decavanadate anion. Recently, structures formed
by decavanadate and ligands with nitrogenous groups with promising antidiabetic and
anticancer properties have been published [22,29,32-34]. In addition, within the family of
N-heterocyclic compounds, pyrimidines and their derivatives are an important class of
compounds in medicinal chemistry [35-37].

In this way, a new member of a family of compounds based on decavanadate was
obtained. Decavanadate anion interacts with a 2-aminopyrimidine ligand to afford a
crystalline compound with the formula [2-ampymH]s[V19O28]-5H,O (1). The structural
characterization of the compound was carried out by elemental analysis, infrared spec-
troscopy, thermogravimetric analysis, and single-crystal X-ray diffraction. In addition, the
compound was studied using Density Functional Theory (DFT) computational methods.
The frontier molecular orbitals and global reactivity indexes were analyzed for showing
interesting characteristics of the donor-acceptor interactions. The insights about the com-
pounds’ reactivity were corroborated by analyzing the non-covalent interactions using the
AIM approach.

On the other hand, since Sciortino et al. [38] recently published the interaction of
decavanadate with G-actin protein with docking calculations, in this work, docking studies
using small RNA and DNA molecules were used to test the hypothesis that the attributed
anticancer activity of decavanadate could be due to interaction with these critical molecules.
Structurally, the compound has a set of hydrogen bonds and 7— interactions resembling
those found in DNA /RNA molecules, opening the field of POM to RNA interactions as
potential target molecules for cancer treatment.
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2. Results
2.1. Structural Description of [2-ampymH]Is[V190281-5H,0 (1)

The decavanadate anion is a very useful cluster in coordination chemistry as a building
block for various structures. Since they have a high negative charge and oxygen-rich
surfaces, interactions between this anion and metals or organic ligands are easily formed by
coordination or hydrogen bonds [39]. Based on this cluster, the crystal structure of a new
compound with a cationic ligand was determined in the present study. Table 1 presents
the corresponding crystal data, and Tables S1-57 in the supplementary section contain
additional crystallographic information.

Table 1. Crystal data and structure refinement for Compound 1.

Compound 1
Empirical formula C24H46N28033V10
Formula mass (g-mol_l) 1764.20
CCDC 2099300
Crystal system Triclinic
Space group P1
a(A) 9.783(5)
b (A) 11.309(5)
c(A) 12.853(5)
a(°) 110.166(5)
B (°) 95.645(5)
A(°) 97.551(5)
Volume (A3) 1307.4(10)
V4 2
Density (caled) (g~cm*3) 2.063
i(Mo/CuKe) (mm 1) 1.815
Temperature (K) 300(2)
GoF on F22 1.065
R; [1>20(D)]P 0.0386
Ry [all data] P 0.0621
wRy [1>20(I)] € 0.0821
wR; [all data] € 0.0958

35 = [Zw(Fo? — F?)?/(Nops — Nparam)V/% P Ry = Z||Fo | — IF||/Z1F,1;
CWRy = (Z[w(Fo? — F2)21/ZIw(Fo2) V2 w = 1/[02(Fo2) + (aP)? + bP] where P = (max(F,2,0) + 2F.2)/3.

Compound 1 crystallizes in the P1 space group of the triclinic system and consists of
a three-dimensional supramolecular structure, where units of [V10023]°~ interact with the
cationic ligand 2-aminopyrimidinium, [2-ampymH]* and crystallization water molecules
through hydrogen bonds. The asymmetric unit contains half of a decavanadate anion
arranged in an inversion center, three independent molecules of [2-ampymH]* (named as A,
B, and C) protonated in the N3 position, and two and a half crystallization water molecules
(two of them with 100% occupancy and one with occupancy set at 50%). Therefore, the
(6-) charge of the decavanadate cluster is stabilized by six [2-ampymH]* cations, which are
arranged on both sides of the cluster interacting by hydrogen bonds. Thus, the formula
established by monocrystal X-ray diffraction was [2-ampymH]s[V100O28]-5H,O (Figure 1).

The protonation effect of the 2-ampym ligand mainly results in a variation in the
internal angles N2-C1-N3 and, to a lesser extent, in the angles C1-N2-C2 and C1-N3-C4.
Table 2 shows these angles compared with the values given by J. Scheinbeim et al. for a
non-protonated 2-ampym molecule [40]. Protonation also affects the distances between
the atoms within the cation. Specifically, there is a shortening of the N1-C1 bond, from
1.342 A for the ligand to 1.317 A on average for the cation. In addition, in the 2-ampym
ligand, the N2-C2 and N3-C4 bonds are symmetrical, with a value of 1.331 A, while, N3-C4
bond is greater for the protonated form than the N2-C2 one (1.351 A versus 1.323 A on
average, respectively).
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Figure 1. Structure of [2-ampymH]s[V19O25]-5H,0 (1). The hydrogen bonds among [2-ampymH]*
cations and decavanadate anion are shown (blue dashed line). Water molecules have been omitted
for clarity. Vanadium atoms are represented in green.

Table 2. Difference between the angles (A°) of the neutral 2-ampym molecule and the cations A, B,
and C of the protonated ligand in Compound 1.

Angle [2-AmpymH]™* (°) 2-Ampym (°) A°
N2A-C1A-N3A 121.3 125.2 3.9
N2B-C1B-N3B 120.9 43
N2C-C1C-N3C 123.2 2
Cl1A-N2A-C2A 117.3 115.7 1.6
C1B-N2B-C2B 117.3 1.6
C1C-N2C-C2C 116.6 0.9
C1A-N3A-C4A 120.7 116.2 4.5
C1B-N3B-C4B 120.9 4.7
C1C-N3C-C4C 118.4 22

The decavanadate cluster comprises ten edge-sharing VO octahedra, containing ten
vanadium atoms and twenty-eight oxygen atoms. In total, the cluster possesses sixty V-O
bonds which can be differentiated by their bond distances. First, two oxygen atoms are
located inside the polyanion (O) bonded to six vanadium atoms, each one with the largest
bond distance in the range of 2.106-2.340 A. Four other oxygen atoms are arranged on the
surface (Op1) and coordinate to three vanadium atoms each, with bond lengths of V-Oy,;
in the range of 1.900-2.084 A. Fourteen oxygen atoms at the corners (Oyp,) coordinate to
two vanadium atoms each, where V-Oy, bond length distances are ranged from 1.684 to
2.069 A. Lastly, eight terminal oxygen atoms (O) are coordinated to only one vanadium
each, and the V = Oy distance is the smallest one with values in the range of 1.595-1.611 A.
These bond distances agree with other [V10Oo5]°~ anions reported in the literature [41-44].
Bond lengths are listed in Table S3.

The supramolecular structure is dominated by hydrogen bonds of type N-H---N,
N-H---O, and O-H---O, in addition to 7-stacking interactions between pyrimidine rings. On
the one hand, as shown in Figure 2, the decavanadate anion interacts by hydrogen bonds
of type N-H---O with six [2-ampymH]* cations: two hydrogen bonds are formed thanks to
N1 and N3 atoms of molecules A and C, giving rise to a R3(8) ring motif, according to the
nomenclature of Etter et al. [45], while molecule B only forms one hydrogen bond through
the N3 atom. Furthermore, [2-ampymH]* cations interact with each other by hydrogen
bonds, where N2 atoms of the rings act as acceptors and N1 atoms of the amino groups are
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the donors, forming a R3(8) ring motif. The distances and angles of the hydrogen bonds
are shown in Table 3.

Figure 2. Partial supramolecular structure of Compound 1 based on hydrogen bonds (blue dashed line) among the [2-

ampymH]* cations and decavanadate anions. The structure is colored by symmetric equivalence. C cations (in red) form

hydrogen bonds with each other, while A and B cations (in green and blue, respectively) interact between them.

Table 3. Distances (A) and angles (°) of the hydrogen bonds of Compound 1.

D-H---AP D-H H-A D-H---A Angle (°)
C2A-H2A---012 0.93 2.57 3.176(4) 122.9
C3A-H3A.---05(}) 0.93 228 3.133(4) 152.6
N1A-H1AA---N2B(1) 0.83 217 2.997(4) 171.8
N1A-H1AB-.--O4(iil) 0.79 2.15 2.933(4) 171.2
N3A-H3AA---O3(ii) 0.85 1.80 2.650(3) 174.1
N1B-H1BA---N2A() 0.93 2.14 3.043(4) 165.6
N1B-H1BB---O1W 0.70 234 3.024(6) 168.1
N3B-H3BA---09 0.78 1.87 2.625(3) 163.2
N1C-HICA---N2C("V) 0.81 2.14 2.954(4) 179.6
N1C-H1CB---O11(¥) 0.81 2.10 2.896(3) 168.8
N3C-H3CA.---010 1.09 1.49 2.585(3) 174.9
OTW-HIWA---O3W(#) 0.85 2.36 3.162(13) 157.2
O1W-H1WB.--O1 0.85 2.29 3.083(4) 154.4
O2W-H2WA.--O11(*}) 0.85 2.79 3.352(7) 125.5
O2W-H2WB---O11(1) 0.85 2.09 2.729(8) 131.2
O3W-H3WA.---06 0.85 2.30 3.049(9) 147.7
O3W-H3WA.--O1TW( 0.85 2.64 3.162(13) 121.3
O3W-H3WB---04(}) 0.85 2.30 3.143(11) 174.7

Symmetry operations: (i) =x, =y, 1 —z (ii)) =2 = x,1 —y,2 =z (iii))=1 - x, =y, 1 =z (iv)=1 - x, -y, —2;
WV)=2—-x1—-y,1—2z (vi)=+x, =1 +y, +z; b D: donor; H: hydrogen; A: acceptor.

On the other hand, due to the arrangement of [2-ampymH]* cations, 7—7 stacking
interactions are formed between pyrimidine rings, by forming a chain of six rings that
repeats infinitely in space (Figure 3), with an average distance between centroids of 3.617 A,
which falls within the range of a 7— interaction. Some of the rings are stacked in an
aligned way, while others form a 7— stacking shifted parallel about 22°, also producing
a shorter distance between centroids because 7-o attraction forces predominate in this
arrangement [46]. A similar structure has been published by S. Sedghiniya et al. [6], in
which decavanadate anion interacts by hydrogen bonds with cations of Adenine, one
of the five nitrogenous bases that form DNA and RNA. Similarly, in this structure, the
cations interact with each other by hydrogen bonds and n—m stacking interactions, with a
centroid-to-centroid distance of 3.5 A and a displacement angle of approximately 24°.
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Figure 3. Partial supramolecular structure of Compound 1 where -7 stacking interactions between
the aromatic rings of pyrimidine and the distance between centroids are shown (black dashed line).
Vanadium atoms are represented in green.

This arrangement is clearly reminiscent of DNA structure, a polymer formed by base
pairs that interact with hydrogen bonds and are stacked by m-m stacking interactions with
a distance between centroids of 3.4 A. Similarly, in Compound 1, [2-ampymH]* molecules
interact by hydrogen bonds and are stacked by 7— stacking interactions with a distance
between centroids of approximately 3.6 A (Figure 4).

Figure 4. (a) Small fragment of DNA (1BNA) and (b) Compound 1 show a similar structure, with
distances between centroids in the same range. Vanadium atoms are represented in green.
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Lastly, this structure contains water molecules of crystallization (Figure 5). Two of the
water molecules of the unit cell (O1W and O3W) are arranged between the decavanadate
and the cations in general positions, while the third one (O2W) is located at the apex,
making its contribution to the unit cell 50%. These water molecules form hydrogen bonds
within the structure, helping to stabilize it. All distances of hydrogen bonds along with
their angles are found in Table 3.

Figure 5. View of the supramolecular structure along the crystallographic a-axis, where all hydrogen
bonds forming in Compound 1 can be observed (blue dashed line). Vanadium atoms are represented
in green.

2.2. Infrared (IR) Spectroscopy

At the top of the 2-ampym ligand spectrum (Figure 6) were the characteristic bands
at 3331 and 3165 cm~! that belong to the stretching vibration modes of the N-H and
C-H bonds, respectively. In addition, the bending vibration modes appeared at 1645 and
1128 cm ™!, respectively. Lower wavenumbers show the characteristic bands of the aromatic
pyrimidine ring with peaks at 1556, 1469, 1356, 794, and 555 cm L belonging to the C-N,
C=C, C-C, and CCC bonds, respectively [47-49]. As for the spectrum of Compound 1, it
was possible to see both characteristic bands of the ligand 2-aminopyrimidine and the
bands belonging to the different vibration modes of the V-O bond of decavanadate anion.
Although the band belonging to the vibration of the O-H bond was not distinguished
precisely, there was a wideband between 3400 and 2900 cm !, which could be assigned to
water molecules in the structure. In addition, there was a slight displacement of the bands
belonging to the V=0 and N-H groups, so the interaction between both molecules was
weak, mainly due to hydrogen bonds. Main IR bands are collected in Table 4.
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Figure 6. IR spectra of ammonium decavanadate, 2-aminopyrimidine ligand, and Compound 1 in the range 4000-400 cm !

at room temperature.

Table 4. IR bands (Cm_l) of ammonium decavanadate, 2-aminopyrimidine ligand (2-ampym), and
Compound 1 in the range of 4000-400 cm 1.

Vibrational Mode (NHy)6V10025-6H,O 2-Ampym Compound 1
v(N-H) - 3331 3290
V(C-H)aromatic - 3165 3082
5(0-H) 1622 - _
§(N-H) 1394 1645 1670
v(C-N) - 1556 1610
v(C=C) - 1469 1462
v(C-C) - 1356 1346
8(C-H) - 1128 1132
v(V=0) 927 - 941
Vasym (V'O'V) 825 - 814
802 711
731
v(CCQ) - 794
Vsym(V-O-V) 580 - 580
505 511
8(C-C-C) - 555
459
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2.3. Thermal Study

The thermal decomposition behavior of [2-ampymH]s[V19O25]-5H,0 (1) in solid-state
was studied by TG analysis in the range of 35-950 °C (Figure S1). The thermogram of Com-
pound 1 revealed a mass loss of around 5% in the range of 35-180°C, which corresponded
to five water molecules of crystallization (% mass, calc. (found) for 5 x HyO: 5.5% (5.4%)).
Then, a continuous mass loss occurred in the range from 180 to 450 °C, which may corre-
spond to the thermal degradation of six 2-aminopyridinium cations (% mass, calc. (found)
for 6 x C4HgN3: 35.5% (36.3%)). The total mass loss of Compound 1 was 41.85%, which
was in good agreement with the calculated value of 41%. No further losses in mass were
observed above 460 °C, which can be attributed to the remaining [V19O0s]6~ fragment that
may be thermally stable up to 600 °C, as previously reported [50,51]. Nevertheless, some
authors point out that further thermal treatment of decavanadate anion could result in the
formation of other vanadium oxides, such as V,0Os5 or other mixed-valence oxides [52-54].

2.4. Theoretical Calculations

Figure 7 shows the molecular structure and isosurfaces of the Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) molecular
orbitals of Compound 1 plotted with an isovalue of 0.02 a.u. The frontier orbitals HOMO
and LUMO can be related to donating or accepting electrons, respectively. The higher
energy of the HOMO orbital indicates a more pronounced behavior as an electron donor,
while the lower energy of the LUMO orbital indicates a higher electron affinity. The HOMO
orbital, with energy of —7.4671 eV, is located on the decavanadate anion, mainly on the O-
bridge atoms, as shown in Figure 7b, while the LUMO orbital, with energy of —5.7381 eV,
is located on the organic counterions of pyrimidine, mainly on the C and N atoms of the
rings, as shown in Figure 7c.

Figure 7. (a) Molecular structure, (b) HOMO isosurface, and (¢) LUMO isosurface of Compound 1 calculated at the
B3LYP/Def2SVP-LANL2DZ theory level using ECP = LANL2DZ for the V atom.

Figure 8 shows the molecular electrostatic potential (MEP) map of Compound 1. The
MEP map was mapped with an isovalue of 0.04 x 1072 a.u. in the range of —3.45 x 102
to 3.45 x 1072 and a.u.”3. The red zones indicate areas with high charge density (nucle-
ophilic zone), while the blue zones indicate the presence of positive charge (electrophilic
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zones). It was observed that the areas with the highest charge density were located on the
decavanadate anion, while the positively charged areas were located in the pyrimidine
molecules. The non-covalent interactions between the O atoms of decavanadate anion and
the H atoms of pyrimidine molecules were found in intermediate electron density zones,
represented in yellow-green colors.

Figure 8. Molecular electrostatic potential map of Compound 1, calculated at the theory level
B3LYP/Def2SVP-LANL2DZ using ECP = LANL2DZ for the V atom. Vanadium atoms are represented
in green. The red zones indicate areas with high charge density (nucleophilic zone), while the blue
zones indicate the presence of positive charge (electrophilic zones).

The main non-covalent bonds between the decavanadate cluster and pyrimidine
rings were characterized by topological electron density parameters, p(r), the Laplacian
of density, V?p(r), the energy of interaction, Eyy...y, and the interatomic distance, Dj;.
The results are shown in Table 5. In addition, Figure 9 shows the molecular graphs of
Compound 1.

Table 5. Topological parameters (in a.u.), interaction energies Eyy...y (in kcal mol~1), and interatomic
distances Dy (in A).

BCP p(r) V2p(r) Ey..v Dint
0O3---H3AA 0.0377 0.1440 11.26 1.8016
O4---H1AB 0.0166 0.0636 451 2.1456
09---H3BA 0.0322 0.1345 9.88 1.8737

010---H3CA 0.0788 0.1830 23.02 1.4946
O11---H1CB 0.0185 0.0705 5.11 2.0981
N2A---H1BA 0.0205 0.0684 4.80 2.1356
N2B---H1AA 0.0188 0.0691 4.54 2.1746
N2C---H1CA 0.0203 0.0758 5.05 2.9542

From the results, it can be seen that the positive values of V?p(r) indicates that
non-covalent interactions are hydrogen bonds. The interaction energy is calculated us-
ing the equation Eyy..y = %|V(r)|. The maximum value was found for the interac-
tion O10- - - H3CA with a value of 0.0788 a.u. and the highest interaction energy of
23.02 kcal mol~!. In addition, the interaction O3 - - H3AA is strong with an energy of
11.26 kcal mol . The interaction energies between pyrimidine molecules are in the range
of 4.54-5.05 kcal mol~! (N2A. - - HIBA, N2B- - - H1AA, and N2C- - - HICA). Figure 7a,b
shows the m—m stacking interactions between pyrimidine molecules. Many rings and
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cage critical points were also observed, which indicate the formation of a stable ring and
cage-like structures that form between pyrimidine molecules and decavanadate, as well as
between the central pyrimidine rings.

Lastly, the Hirshfeld surface of Compound 1, as shown in Figure 10a, was mapped
with the normalized contact distance, dnorm. It was observed that the red spots on the
Hirshfeld surface were due to close intermolecular interactions of O- - - H, between oxygen
atoms of [V19Op3]®~ ion and hydrogen atoms of 2-aminopyrimidine. In Figure 10b, in the
fingerprint plot, d; indicates the distance from the surface to the nearest nucleus inside
the surface, and de is the distance from the surface to the nearest nucleus outside the
surface. The interaction O- - - H had the most significant contribution to the overall surface
with 96.5%, blue-green region of the surface. Other interactions with minor contributions
were O- - -N (1.4%) and O- - - O (1.3%), which corresponded to the small grey zone of the
whole surface.

(b)

Figure 9. Molecular graphs of Compound 1: (a) showing the main H-bridge bonds between the decavanadate anion and
pyrimidine molecules, (b) the interactions and the n-stacking arrangement between the pyrimidine rings as seen from
a perpendicular orientation. Vanadium atoms are represented in green. Blue dots represent bond critical points (BCPs),
yellow dots represent ring critical points (RCPs), and orange dots represent cage critical points (CCPs).
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Figure 10. (a) Hirshfeld surface mapped with dporm parameter for Compound 1 and (b) fingerprint

plot of non-covalent interactions. In (a) red spots represent close intermolecular interactions and
green dash lines represent hydrogen bonds. In (b) blue-green region represent the contribution to the
total area of the surface.

2.5. Docking Analysis

Molecular docking analysis was performed to test DNA/RNA interactions with
Compound 1 using DNA and several microRNAs (miRNA), such as IncRNA, miR-21, and
let-7 miRNA (Figure 11). The docked binding energies and interactions with the miRNAs
structures were between —8.91 and —8.39 Kcal/mol (Table 6). The interactions involve
different positions between decavanadate and miRNAs that comprise hydrogen bonds and
hydrophobic interactions mainly with the nitrogen bases Guanine and Adenine followed
by Cytosine and Uracil (Figure 11a—c).
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B) 5 /
g
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Figure 11. Docked structures of top molecular poses for:

(A) decavanadate-pre-miRNA,

(B) decavanadate-let-7 miRNA, (C) decavanadate-IncRNA, and (D) decavanadate-DNA. Vanadium
atoms are represented as grey spheres. Red spheres represent oxygen atoms. Blue bars represent

purine bases and red bars pyrimidine bases.

Table 6. Docking results. Binding energies for the decavanadate anion best molecular poses with miRNAs and DNA.

Binding Energies

Compound Target (Kcal/mol) H Bonds Interactions
2MNC (pre-miR-21) —8.91 2 C8, G10, €9, C21, A20
—8.67 3 G13, A14,C21, G13, A14, C17
2JXV (let-7 miRNA) —8.66 1 G8, U24, U25, U9, C26, A7I6
—8.58 5 G11, G12, G19, A20, G15
Decavanadate —8.51 3 A3, G4, G5, U27,C29, C30
6PK9 (IncRNA) —8.48 1 A3,Gl1,G2,C17,Ul6
—8.39 3 G4, Ge, C15,G5
1BNA (DNA) —10.79 4 G4, A5, G22, A6, C23
-9.17 5 A6, Al17, A18, A5, G16

The results obtained when docking was carried out considering DNA as a macro-
molecule showed binding energies of —10.79 kcal/mol and the interaction involved hydro-

gen bonds with Guanine and Adenine (Figure 11d).
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3. Discussion

Every year, the global prevalence of cancer rises, as does the resistance to current
chemotherapeutic agents like cisplatin; nowadays, one of the main goals of the pharmaceu-
tical industry is the development of more effective drugs for the treatment of cancer [55,56].

This work presents a new structure based on the decavanadate cluster and the organic
ligand, 2-aminopyrimidine. In general, pyrimidines are one of the most bioactive classes of
compounds, with a wide range of biological activities, including in vitro antiviral, diuretic,
antitumor, anti-HIV, and cardiovascular effects. Furthermore, pyrimidine moiety is present
in the nucleobases that act as building blocks of nucleic acid, DNA or RNA, thymine,
cytosine, and uracil, which might be one possible reason for the vast medicinal applications
of pyrimidine-derived compounds [57]. Within the pyrimidines, the aminopyrimidine
scaffold is present in the structure of a wide variety of natural and synthetic products, such
as Thiamine (vitamin B1), Meridianins (a class of marine alkaloids), or Imatinib, a drug used
against leukemia, which displays biological activities such as neuroprotection, antibiotic,
antidiabetic, anti-Alzheimer, and anticancer. Among the large family of aminopyrimidines,
the 2-aminopyrimidine isomer is the most studied, mainly because of its versatility as a
starting material for synthesizing many other bioactive compounds [55].

Vanadium is an essential element, and it is important to keep the average vanadium
concentration in the human body at around 0.3 pM by supplementation via food and
drinking water. In the organism, vanadium is found primarily in the form of vanadate
H,o VO, ™ that, due to the structural and chemical similarity with phosphate, is most likely
involved in the regulation of phosphate-dependent processes, such as metabolic pathways
involving phosphatases and kinases, as well as phosphate metabolism in general. In addi-
tion, organic ligands could aid in the modulation of vanadium’s bioavailability, transport,
and targeting mechanism, so, nowadays, coordination compounds containing vanadium
are gaining in popularity because of their potential in the treatment of diabetes and cancer,
leishmaniasis, and HIV [58]. In light of this, among vanadate compounds, some researchers
have pointed out decavanadates as alternative antitumor agents with promising findings in
tumor growth inhibition. Although the anticancer activity of decavanadate is more recent
and not yet fully understood, it is probably due to the inhibition of different enzymes
such as alkaline phosphatases, ectonucleotidases, and P-type ATPases [56]. One of the first
articles published about decavanadate compounds with potential antitumor activity was
NayCo(H0)6V10028-18H,0 reported by Zhai et al. [15]. This compound in vitro displays
higher inhibitory activity to human liver cancer (SMMC-7721) and ovary cancer (SK-OV-3)
cell lines than 5-fluorouracil, the antitumoral drug clinically used, while in vivo, it can
decrease liver tumor mass in rats. Shortly after, in 2010, Li et al. synthesized two deca-
vanadates compounds with organic ligands that can inhibit proliferation of human lung
(A549) and murine leukemia (P388) tumor cell lines in vitro: (Hytmen);V17O»g-6H>O and
(Hpen)sV10Oq8-2H,0O [27]. It is important to highlight that the first compound contains four
methyl (-CH3) substituents in the cation moiety. Their presence may enhance the lipophilic
effect of this compound, which increases its penetration through the lipid bilayer of the cell
membrane, thus showing higher inhibitory activity than the second compound. After that,
a few more articles based on decavanadates compounds with potential antitumor activity
have been published up to the present [29,53,59-61].

Since hydrogen bonds naturally occur between nucleobases and are of great biological
importance for DNA and RNA structures, we chose the 2-aminopyrimidine molecule to
obtain a new decavanadate compound with potential anticancer activity. Similar to this
organic molecule, some structures with cytosine and decavanadate have been published.
In the first compound published by Bosnjakovi¢-Pavlovi¢ et al. [36], cytosine forms dimeric
cytosine-cytosinium cations that stabilize the charge of the decavanadate anion. A few years
later, the second material of decavanadate with cytosine in the literature was published [37].
In this compound, all cytosine (C) molecules are protonated, and the supramolecular struc-
ture is dominated by C—C and C-Decavanadate hydrogen bonds, as well as n-stacking
interaction among heterocyclic rings with a centroid-to-centroid distance similar to that
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found in DNA and RNA structures. The fact that in both structures, cytosines interact with
one another by hydrogen bonds and 7—m stacking similarly as in DNA and RNA polymers
lead to two hypotheses: (i) polyoxidometalates could be employed as templates or catalysts
for base-base linkages, and (ii) base-base pairing was crucial in the early stages of life [37].
Why nucleobases tend to form this arrangement in DNA and RNA has been studied by
Francés-Monerris et al. [62]. The intra- and inter-strand interactions in Watson—Crick base
pairs are of great importance for the thermal stability of the double-helix structure. In fact,
in their experiments, upon UV light exposure at a B-DNA arrangement, C—C dimers twist
towards a face-to-face arrangement to increase the m-stacking interaction and further pro-
mote the photostability of the genomic material. On the other hand, structures containing
purine-based ligands show the same fact, as in the (NH4)2(CgH19N4O5)4[H4V10028]-2H,O
compound, 77 stacking interactions with an interplanar distance of 3.38 A exist in the
purine rings of caffeine [63], and in [AdH]¢[V10O38]-4H,0, Adeninium cations form simul-
taneous hydrogen bond interactions in a ribbon-like geometry as well as - interaction
between cationic ribbons [6].

All these facts support the structure of Compound 1 in this paper, since 2-aminopyrimidinium
cations are disposed of in the form that they interact with each other by hydrogen bonds
and 7t stacking interactions with a centroid-to centroid distance of around 3.6 A.

Furthermore, to study the potential anticarcinogenic activity of Compound 1, docking
tests were performed to analyze the interaction of the decavanadate anion with some
types of microRNAs (miRNAs) and DNA molecules. MiRNAs are small, non-coding
RNA molecules with a length of 19-25 nucleotides that regulate various target genes.
MiRNAs play a role in the cell cycle, differentiation, proliferation, energy metabolism,
and immunological response, among other biological activities, regulating around 30% of
human genes, with half of these genes being tumor-related. Recent studies have found
that miRNAs play an important role in cancer progression, including tumor growth,
differentiation, adhesion, apoptosis, invasion, and metastasis [64,65]. Within the miRNA
family, the upregulations of miR-21, as well as IncRNA (long non-coding RNA), are
linked to several types of cancer such as malignant B-cell lymphoma or breast cancer,
respectively [66,67]. On the other hand, let-7 miRNA (member of the family of let-7 RNA)
is known as the keeper of differentiation and has also emerged as a promising therapeutic
agent to treat cancer and immune responses [68,69]. Thus, it is interesting to carry out
experiments to prove this hypothesis, since our preliminary analyses show great affinity of
decavanadate for miRNA fragments.

In addition to the possible antitumoral activity that Compound 1 could exhibit, the
interesting structure that it shows, along with all the above examples about structures with
decavanadate clusters and organic ligands that arrange remembering the DNA or RNA
structures, highlights the idea that these polyoxidovanadates could act as templates or
catalysts for base-base pairing. Bernal, in 1949, was the first who proposed the important
role of clay minerals in the origin of life [70]. The advantage of these clays could include
ordered arrangement, substantial adsorption capacity, UV protection, ability to concen-
trate organic compounds, and potential to serve as polymerization templates so that clay
minerals could have played a key role in chemical evolution and the origin of life [71].
Intercalation of decavanadate into laminar minerals has already been achieved [72], so
it is possible to concentrate organic compounds with a high capacity for hydrogen bond
formation and catalyze their polymerization. Therefore, it will be worthwhile to explore
this idea.

Additionally, it is important to mention that recent work from Aureliano’s group about
melanoma anticancer activity of a variety of vanadium compounds [73] and potential anti-
SARS-CoV-2 activity of vanadium compounds by Scior et al. [74], present a promising
future for vanadium compounds as metallodrugs.
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4. Materials and Methods

All starting reagents were purchased from Sigma-Aldrich (Merck, Naucalpan de
Juarez, Mexico) and were used as received, without additional purification.

4.1. Synthesis of [2-ampymH]s[V19025]-5H,0 (1)

A total of 0.4 mmol (0.047 gr) of ammonium metavanadate (NH4VOs), in situ precursor
of decavanadate anion, was dissolved in 10 mL of distilled water at 80 °C and stirred. After
cooling to room temperature, the pH was lowered with a dissolution of concentrated HCl
(37%) to reach pH = 3. In a separate glass vessel, 0.2 mmol (0.019 gr) of 2-aminopyrimidine
ligand was dissolved in 4 mL of distilled water. This solution was gradually added to the
orange solution of decavanadate, resulting in a pH close to 4.3. The reaction mixture was
then allowed to evaporate slowly at room temperature. After a week, orange crystals of
Compound 1 for single-crystal X-ray diffraction were obtained, filtered, and dried in air.
Anal. Calcd. for C1oHy3N9O145Vs: C, 17.75; H, 2.85; N, 15.52%. Found: C, 16.83; H, 2.98;
N, 14.91%.

4.2. Characterization Methods
4.2.1. Physicochemical Characterization

Elemental analyses (C, H, and N) were carried out on a THERMO SCIENTIFIC an-
alyzer model Flash 2000 (Thermo Fisher Scientific S.p.A., Milan, Italy), while thermal
analyses were examined with a Shimadzu TGA-50H thermogravimetric analyzer (Shi-
madzu Corporation, Kyoto, Japan), with a heating rate of 10 °C/min under air atmosphere
in the range of 35-950 °C, both of them at the “Centro de Instrumentacién Cientifica” (Uni-
versity of Granada, Granada, Spain). The IR spectra of powdered samples were recorded
in the 4000-400 cm ™1 region with a BRUKER TENSOR 27 FT-IR, using the OPUS program
as a data collector (Bruker Corporation, Billerica, MA, USA).

4.2.2. Single-Crystal X-ray Diffraction

X-ray quality orange crystals of Compound 1 were obtained.

The crystals were prepared under inert conditions immersed in perfluoropolyether
as protecting oil for manipulation. Then, a suitable crystal was mounted on a MiTeGen
Micromount™ (MiTeGen, Ithaca, NY, USA) for data collection at 300(2) K. For Com-
pound 1, diffraction intensities were collected with a Bruker D8 Venture diffractometer
(Bruker Corporation, Billerica, MA, USA), using a photon detector equipped with graphite
monochromated MoKa radiation (A = 0.71073 A). Data reduction was performed with
the APEX3 software [75] and corrected for absorption using SADABS [76]. The struc-
ture was solved by direct methods using the SHELXS-2013 program [77] and refined by
full-matrix least-squares on F? with SHELXL-2018 [78]. The positional and anisotropic
atomic displacement parameters were refined for all non-hydrogen atoms. Hydrogen
atoms were located in difference Fourier maps and included as fixed contributions riding
their parent atoms with isotropic thermal factors chosen as 1.2 times or 1.5 times those
of their carrier atoms. One water molecule (O2W) is disordered into two dispositions, so
it was refined with occupancy of 50% and anisotropic displacement parameters. OLEX2
software [79] was used as a graphical interface. The Addsym routine implemented in
the program PLATON [80] supported a P1 symmetry. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no. 2099300 for
Compound 1. Copies of the data can be obtained free of charge on application to the
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, U.K. (Fax: +44-1223-335033; e-mail:
deposit@ccdc.cam.ac.uk or http:/ /www.ccdc.cam.ac.uk, accessed on 15 August 2021).

4.2.3. Theoretical Methodology

The structural and electronic structure of Compound 1 were calculated using the
density functional theory, DFT [81]. The hybrid functional B3LYP [82] was used, using

100



Inorganics 2021, 9, 67

the Def2SVP basis set [83] for the atoms of C, H, O, and N; and LANL2DZ [84] for vana-
dium atom with an effective core potential (ECP). The frontier molecular orbitals (highest
occupied molecular orbital, HOMO, and lowest unoccupied molecular orbital, LUMO)
and the molecular electrostatic potential (MEP) map were analyzed. The calculations were
performed with the Gaussian program16 [85], and the visualization of the results was per-
formed with the Gaussian View 6.0.16 program [86]. Additionally, the main non-covalent
interactions in Compound 1 were characterized using the atoms in molecules (AIM) ap-
proach with AIMAII software [87] and Hirshfeld surface analysis with CrystalExplorer 17.5
software [88].

4.2.4. Docking Analysis

Molecular docking analysis was performed with the semi-flexible methodology, where
the RNAs fragments were considered as a rigid entity, while flexibility was allowed for
the decavanadate. The preparation of the macromolecule and the ligand was performed
through the Autodock Tools 1.5.6 software [89], which includes polar hydrogens and
empirical particles of atomic charges (Gasteiger—-Marsili method). Different grid box sizes
were used for each RNA molecule that encloses the entire fragment: for 6PK9, 60, 106,
and 60 A were used; 70, 126, and 70 A for 2JXV fragment; and 94, 76, and 66 A were
used for 2MNC. In addition to those fragments, one DNA structure was considered in the
docking study: 1BNA, with sizes of 70, 70, and 120 A. The grid spacing for all the docking
calculations was set to the default 0.375 A value, using the Lamarckian genetic algorithm
(LGA) searching methods. The parameters for the vanadium atom were the sum of VDW
radii of two similar atoms (3.14 A), plus the VDW well depth (0.016 kcal/mol), plus the
atomic solvation volume (12.0 A3), plus the atomic solvation parameter (—0.00110). The
H-bond radius of the heteroatom in contact with hydrogen (0.0 A), the well depth of the
H-bond (0.0 kcal/mol) and different integers indicate the type of H-bonding atom and
indexes for the generation of the autogrid map (0, -1, -1, 1, respectively).

5. Conclusions

A new decavanadate compound containing 2-aminopyrimidine was synthesized and
characterized experimentally through elemental analysis, infrared spectroscopy, thermo-
gravimetric analyses, and single-crystal X-ray diffraction. Using theoretical studies based
on DFT calculations and AIM, the non-covalent interactions present in the compound were
also studied. Frontier molecular orbital, molecular electrostatic potential, and non-covalent
interactions were completely characterized. The hydrogen bond patterns of this molecule,
although similar to the already reported Adenine-decavanadate compound, has the inter-
esting feature of resembling the ladder-like structure of DNA and RNA molecules, even
with similar distances from the centroid-to-centroid and 7—t interactions, it also occurs in
triads, which could remind codon an anticodon interactions. A docking study was set to
explore more of the resemblance with DNA and RNA to see the possibility of decavanadate
interacting with RNA molecules. Thus, a set of test miRNA was considered for docking.
The latest development in understanding the roles of non-coding RNAs and microRNAs is
worthwhile to try some fitting. Although the negative charge of these molecules could pre-
vent interactions with the anionic decavanadate, the formation of several hydrogen bonds
with the nucleobases appears to counteract the charge problem, and relatively good inter-
action energies were observed. At the moment, this only suggests that experiments should
be designed to test whether these interactions are worthwhile to pursue. The catalytic
properties to build blocks with the correct orientation and similar types of interactions
could also be explored since it could shed some light on the nature of the first replicator.
On the other hand, since cancer cells exhibit increased levels of mRNA translation to
meet tumor growth requirements [90], it will be interesting to explore the interactions of
polyoxidovanadates with mRNA. Therefore, new and fascinating decavanadate chemistry
is around the corner.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/inorganics9090067 /s1, Table S1: Fractional Atomic Coordinates (><104) and Equivalent
Isotropic Displacement Parameters (A2 x 103) for Compound 1. Ugq is defined as 1/3 of the trace
of the orthogonalized Uy tensor, Table S2: Anisotropic Displacement Parameters (A2 x 10°) for
Compound 1. The Anisotropic displacement factor exponent takes the form: —2n?[h?a*?Uy; +
2hka*b*Uy, + ... ], Table S3: Bond Lengths for Compound 1, Table S4: Bond Angles for Compound
1, Table S5: Torsion Angles for Compound 1, Table S6: Hydrogen Atom Coordinates (A x 10*) and
Isotropic Displacement Parameters (A2 x 10%) for Compound 1, Table S7: Atomic Occupancy for
Compound 1, Figure S1: TG spectrum of Compound 1 in the range of 35-950 °C.
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Abstract: Two new oxidovanadium(V) complexes, (HNEt3)[VYO,L] (1) and [(VYOL),u-0] (2), have
been synthesized using a tridentate Schiff base ligand HyL [where HyL = 4-((E)-(2-hydroxy-5-
nitrophenylimino)methyl)benzene-1,3-diol] and VO(acac), as starting metal precursor. The ligand
and corresponding metal complexes are characterized by physicochemical (elemental analysis),
spectroscopic (FT-IR, UV-Vis, and NMR), and spectrometric (ESI-MS) methods. X-ray crystallo-
graphic analysis indicates the anion in salt 1 features a distorted square-pyramidal geometry for the
vanadium(V) center defined by imine-N, two phenoxide-O, and two oxido-O atoms. The interaction
of the compounds with CT-DNA was studied through UV-Vis absorption titration and circular
dichroism methods. The results indicated that complexes showed enhanced binding affinity towards
DNA compared to the ligand molecule. Finally, the in vitro cytotoxicity studies of HyL, 1, and 2 were
evaluated against colon cancer (HT-29) and mouse embryonic fibroblast (NIH-3T3) cell lines by MTT
assay. The results demonstrated that the compounds manifested a cytotoxic potential comparable
with clinically referred drugs and caused cell death by apoptosis.

Keywords: Oxidovanadium(V); Schiff base; X-ray crystallography; DNA interaction; cytotoxicity

1. Introduction

In the family of the vanadium complexes, the oxoidovanadium Schiff base complexes
are the most rapidly growing class owing to their rich underlying features and vital role
during the process of interaction with various biomolecules [1]. Although vanadium exists
in different oxidation states from —III to +V, for the higher oxidation states (+IV and +V),
vanadium is highly stable and can form oxophilic complexes [2-4]. Oxidovanadium com-
plexes have various roles in biochemical processes, such as nitrogen fixation, haloperoxida-
tion, and glycogen metabolism [5,6]. In recent years, the investigation of the antifungal,
antibacterial, and anticancer activities of these complexes has become the main subject of
many studies. Recently, there is a growing interest in the in vitro and in vivo studies of
vanadium complexes towards the treatments of diabetes and cancer [7,8]. After the discov-
ery of many oxidovanadium drugs, bis(maltolato)oxovanadium(IV), BMOV, as glucose and
lipid-lowering insulin mimetics, the focus on these types of compounds was stimulated [9].
Additionally, the anticancer activity of vanadium complexes has been widely examined on
trial carcinogenesis and tumor-bearing animals [10,11]. The anticancer activity of several
oxidovanadium complexes has recently received attention due to physiochemical changes
in the solution medium leading to reduced systemic toxicity with beneficial effects [12,13].
There are also reports that vanadium accumulates in cancerous cells and tissues more than
in normal cells [11,14]. For this reason, vanadium complexes have displayed promising cy-
totoxicity against various human cancer cell lines and these complexes were found to show
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better selectivity and higher cytotoxicity with reduced side effects. Therefore, attempts
are being made to develop anticancer drugs using these oxidovanadium(V) complexes as
suitable alternatives to platinum-based drugs [15].

In addition, Schiff bases play an immense role in coordination chemistry due to their
ability to stabilize metal ions in various oxidation states, and their participation in numer-
ous catalytic applications and biological activities [16-18]. The formation of stable metal
complexes is due to the nitrogen lone pair of electrons present in the azomethine (—N=CH)
backbone of the ligand molecule [18,19]. Various types of Schiff base ligands have been
explored for their fascinating and significant properties, for example, complexing ability
towards a wide range of transition metals, and applications in biological activity [20,21].
Certain oxidovanadium(V) Schiff base complexes have been reported earlier as model
compounds, displaying biomolecular interactions with proteins and bio-ligands such as
DNA [8,22,23]. Additionally, it is demonstrated that with increase in substitution and
planarity of ligands, DNA interactions are enhanced [24]. Furthermore, metal complexes
which can effectively interact with DNA under physiological conditions are considered
to be possible contenders for use as therapeutic agents in medicinal applications and
for genomic research [24,25]. Therefore, attempts are being made to develop anticancer
drugs using these oxidovanadium(V) complexes as suitable alternatives to platinum-based
drugs. Reportedly, polyphenolic/polyhydroxy compounds can prevent oxidative damage
as they can scavenge reactive oxygen species such as hydroxyl radicals and superoxide
anions. The prooxidant properties of polyphenolic compounds may contribute to tumor
cell apoptosis [26-28]. In consideration of the inherent property of phenols and other poly-
hydroxy compounds particularly for medicinal and pharmacological applications [29,30],
their corresponding complexes might be crucial for investigation for anticancer activity.

In continuation of our previous work on the synthesis, characterization, and biological
studies of vanadium(V /IV) complexes [8,13,31-45], here we report a new mononuclear diox-
idovanadium(V) (1) as well as an oxido-bridged dinuclear oxidovanadium(V) (2) complex,
each with a tridentate ONO donor Schiff base ligand derived from 2,4-dihydroxybenzaldehyde
and 2-amino-4-nitrophenol. Considering the therapeutic potential of the synthesized
polyphenolic ligand molecule [27,30,46], corresponding oxidovanadium(V) complexes
were synthesized to further investigate their pharmacological activities such as DNA in-
teraction and anticancer activities. The primary objective of this current work was to
investigate the significant characteristics of these ligand(H,;L) and oxidovanadium(V)
complexes in terms of their applications as anticancer agents. The synthesized ligand
and respective complexes were characterized by various spectroscopic (FI-IR, UV-Vis,
and NMR), spectrometric (ESI-MS) techniques and the purity of the compounds were
confirmed by CHN analysis. Furthermore, the single-crystal X-ray crystal structure of
1 was determined. The binding of the complexes toward CT-DNA was studied by UV-Vis
absorption titration and circular dichroism. Finally, the cytotoxicity of the synthesized
compounds was determined against HT-29 cell lines by MTT assay and for comparison a
normal cell line, mouse embryonic fibroblast (NIH-3T3), was used.

2. Results and Discussion
2.1. Synthesis

New mononuclear dioxidovanadium(V) (1) and oxido-bridged dinuclear oxidovanadium(V)
(2) complexes were synthesized by the reaction of the metal precursor [VIVO(acac),]
with a tridentate ONO donor Schiff base ligand (H,L) derived from condensation of
2 4-dihydroxybenzaldehyde and 2-amino-4-nitrophenol under reflux conditions. Scheme 1
depicts the synthetic methods of preparation of the complexes. The compounds were char-
acterized by several spectroscopic (FT-IR, UV-Vis, and NMR) and spectrometric (ESI-MS)
methods, and their purity was further confirmed by CHN elemental analysis. The structure
of 1 was determined by single-crystal X-ray crystallography.
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Scheme 1. Outline of the pathways for the synthesis of (HNEt3)[VYO,L] (1) and [(VVOL),1-O] (2).

2.2. Spectral Characteristics
2.2.1. IR Spectroscopy

Selected spectroscopic data of ligand (H,L) and respective complexes (1 and 2) have
been compiled in the Experimental Section. The IR spectrum of the free ligand (H,L)
exhibits one sharp band in the region 3205 cm™ due to v(O-H) stretching vibrations,
which is absent in the corresponding metal complexes due to deprotonation of phenolic
hydrogen [40]. Furthermore, the stretching band found in the region 1632-1607 cm™ clearly
indicates the presence of v(C=N) in the ligand as well in the complexes [38]. In addition,
two additional new stretching bands appeared in the region 888 and 947 cm™! assigned
to the two v(V=0) stretching of cis-v(V=0) groups in 1 whereas for 2 it is observed in the
region 891 and 975 cm™'. These stretching vibrations are in agreement with the terminal
V=0 groups present in related oxidovanadium(V) complexes [43]. Additionally, a new
stretching band observed at 819 cm ™! assigned to the v(V—O—V) residue of complex 2
which further indicates the existence of a dinuclear species [45]. The representative IR
spectra of the ligand (H,L) and its corresponding complex 1 are depicted in Figure S1.

2.2.2. Electronic Spectra

The UV-visible spectra of the ligand (H,L) and its complexes (1 and 2) were recorded
in DMSO with a complex concentration of 1.6 x 10~* M (Figure 1). The spectrum of the
free ligand shows two strong absorptions in the region 317 and 278 nm whereas their
respective complexes show three strong absorption bands in the region 446264 nm. The
low energy absorption bands observed for the complexes in the region 422 and 446 nm
could be attributed to ligand to metal charge transfer (LMCT) transition whereas the high
energy bands appeared in the UV region (361-264 nm) are likely to be due to ligand center
transitions [34].
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Figure 1. UV-Vis spectra of HyL, 1, and 2 (1.6 X 10~* M) in DMSO.

2.2.3. NMR Spectra

The 'H and "*C{'H} NMR data of ligand was recorded in DMSO-d¢. The spectrum of
HyL exhibits two compounds connected via intermolecular hydrogen bonding as shown in
Figure S2 due to which two equivalent sets of protons obtained in the NMR. The 'H NMR
spectra of HyL show singlet resonances in the downfield region in the range 6 = 10.92-8.95,
and 8.21 ppm due to -OH, and -CH (azomethine) protons, respectively [42]. The aromatic
protons were observed in the expected range between 6 = 8.20-6.27 ppm [37]. However,
in 1, the spectra suggests a mononuclear vanadium(V) complex and it exhibits a singlet for
each -OH and -HC=N in the region 10.34 and 9.39, ppm respectively [42]. The aromatic
protons were observed in the expected range between b = 8.59-6.77 ppm and additionally
two sets of resonances that is, a quartet at 6 = 3.08 and a triplet at 1.15 ppm were observed
for N-CH,- and —-CHj3, respectively in the aliphatic region, which are attributed to the
presence of a triethylammonium counterion [42]. In the case of 2 two equivalent sets
of protons are observed which are attributed to dimerization of the complex through
up-oxido-bridging. The spectra exhibit singlets in the regions 6 = 10.44-9.39 and 8.66 ppm
for -OH and —-HC=N, respectively. The aromatic protons were observed in the expected
range between & = 8.66-6.18 ppm [45]. The representative spectra of 1 (‘H, 13C, and
51V NMR) and 2 (*H, and >V NMR) are depicted in the ESI section (Figures 53-57).

2.2.4. ESI Mass Spectra

The mass spectral data for 1 and 2 were recorded in acetonitrile solution (Figures S8 and S9).
The ESI mass spectra display characteristic molecular ion peaks at m/z 480.10 and 694.97
for 1 and 2, respectively. In addition to the molecular ion peak, the complex 1 shows a peak
at m/z 467.19 corresponding to the [M + H* + 0.5 H,O]* aggregate.

2.3. Single-Crystal X-ray Crystallography of 1

Crystals of salt 1 were obtained enabling a structure determination by X-ray crys-
tallography. Salt 1 crystallizes in the triclinic space group P~ 1 with two independent
triethylammonium cations and two complex anions comprising the crystallographic asym-
metric unit. The molecular structure of the first independent anion is shown in Figure 2a
while those of the other constituents of the asymmetric unit are shown in Figure S10.
Selected geometric parameters for the independent anions are listed in Table 1. The vana-
dium atom is penta-coordinated within a NO4 donor set provided by an imine-N1, two
phenoxide-O1, O2, and two oxido-O3, O4 atoms. The five-coordinate geometry is distorted
from the ideal square-pyramidal and trigonal-bipyramidal geometries as quantified in
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the values of T [47]. For the ideal geometries, T = 0.0 and 1.0, respectively, whereas in
the experimental structures T computes to 0.26 (anion “a”) and 0.24 (anion “b”). In this
description, the V1 atom lies 0.4691(6) A above the least-squares plane through the O1, 02,
04 and N1 atoms [r.m.s. deviation = 0.1663 A] in the direction of the oxido-O3a atom; the
comparable parameters for the V2-anion are 0.4935(6) and 0.0939 A, respectively. The bond
valency for the vanadium atoms, as calculated in PLATON [48], amount to 5.07 and 5.11,
respectively, consistent with the assignment of vanadium(V) centers.

(b)

Figure 2. (a) Molecular structure of the first independent complex anion of salt 1 showing atom
labelling scheme and displacement ellipsoids at the 70% probability level and (b) overlay diagram of
the independent complex anions of 1: red image, the molecule shown in (a). The molecule anions
have been overlapped so the O1, C1, and C2 atoms are coincident.

Table 1. Selected geometric parameters (A, °) for the independent anions in salt 1.

Parameter Anion “a” Anion “b”
V-01 1.9152(9) 1.8942(9)
V-02 1.9735(9) 1.9191(9)
V-03 1.6219(10) 1.6356(10)
V-0O4 1.6463(9) 1.6473(10)
V-N1 2.1658(11) 2.1968(11)

C7-N1 1.3033(17) 1.2942(17)

01-V-02 155.41(4) 140.66(4)

03-V-04 109.05(5) 108.51(5)

N1-V-04 140.02(5) 155.17(5)

The tridentate mode of coordination of the Schiff base dianion leads to the formation
of six- and five-membered chelate rings. The best description of the six-membered ring
is based on an envelope with the V1 atom being the flap atom. Here, the V1 atom lies
0.5624(15) A out of the plane of the remaining atoms [r.m.s. deviation = 0.0348 A]; the
equivalent parameters for the second independent anion are 0.5256(15) and 0.0429 A,
respectively. By contrast, the five-membered ring for anion “a” is essentially planar ex-
hibiting a r.m.s. deviation of 0.0239 A with the maximum deviation of 0.0311(6) A being
for the Nla atom. However, an envelope conformation is the best description for the

five-membered chelate ring of anion “b” whereby the V2 atom lies 0.5978(19) A out of the
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plane of the remaining four atoms [r.m.s. deviation of 0.0066 A]. The conformational differ-
ences between the molecules are highlighted in the overlay diagram of Figure 2b. Some
significant differences in geometric parameters are apparent, especially, the elongation of
the V1-O2(phenoxide) bond length compared with the other comparable bonds, and the
elongation of the V2-N1(imine) bond as well as differences of up to 15° in the O1-V-02
and N1-V-O4 bond angles. Although these may relate to conformational disparities, the
influence of hydrogen bonding interactions cannot be discounted.

The presence of hydroxyl-O-H - O(oxido) hydrogen bonds link the two independent
anions into a two-molecule aggregate as shown in Figure 3; the geometric parameters
characterizing the identified hydrogen bonding interactions in 1 are listed in Table 2. These
hydrogen bonding interactions are consistent with the lengthening of the V-O4 bond
lengths compared with the V-O3 bonds. Appended to the two-molecule aggregate are the
triethylammonium cations which form charge-assisted N-H -+ O3 hydrogen bonds. The
N3a-cation also forms a hydrogen bond to the O2 atom indicating the Hln atom is bifur-
cated; this interaction accounts, at least partially, for the lengthening of the V1-O2 bond (see
above). Asillustrated in Supplementary Figure 511, the four-molecule aggregates are assem-
bled into a three-dimensional architecture featuring hydroxyphenyl-C-H --- O(phenoxide),
nitrophenyl-C-H -+ O(oxide, hydroxyl), methylene-C-H -~ O(phenoxide, oxide and nitro)
and methyl-C-H -~ O(oxide) interactions, as detailed in Table S1.

Figure 3. The four-molecule aggregate in 1 features hydroxyl-O-H -- O(oxido) and charge-assisted
N-H " O3 hydrogen bonds shown as orange and blue dashed lines, respectively.

Table 2. Geometric parameters A, °) characterizing the identified hydrogen bonding contacts
between the constituents of the asymmetric unit of salt 1 leading to a four-molecule aggregate.

A H B H+B A+B A-H-B
O5a Hlo O4b 1.825(12) 2.6548(14) 171.3(18)
O5b H2o O4a 1.830(15) 2.6640(14) 171.7(17)
N3a Hin 02a 2.466(13) 3.2244(15) 145.4(13)
N3a Hin 0O3a 2.224(12) 2.9473(15) 139.8(14)
N3b H2n 03b 1.918(12) 2.7904(16) 170.7(14)

There are relatively few structural precedents for 1 in the crystallographic literature.
Arguably the most closely related structure is that of [EtzNH][VO,L] where L is the
1-(((5-chloro-2-oxidophenyl)imino)methyl)naphthalen-2-olate dianion [11]. Here, a very
similar square-pyramidal coordination geometry is noted with each chelate ring having an
envelope conformation as seen for anion “b” in 1.

2.4. DNA-Binding Studies
2.4.1. UV-Vis Absorption Studies

The interactions of metal complexes with DNA provide the binding information of
metal complexes with the DNA helix [49]. Therefore, the absorption study was performed
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by maintaining the concentration of the complexes constant (25 M) with varying DNA con-
centrations from 0 to 100 uM. Upon increasing the CT-DNA concentration, hypochromic
shifts are observed in both the complexes for the maximal peaks (Figure 4). Generally,
hypochromism or hyperchromism shifts often are observed in the absorption spectrum of
a metal complex when the complex interacts with DNA [50]. Hypochromism in absorption
spectra is generally associated with the binding of complexes to DNA through the interca-
lation mode [51]. To compare the DNA-binding affinity of these compounds quantitatively,
their intrinsic binding constants were calculated with the aid of the following equation: [52]

[DNA] _ [DNA] n 1 1)
Ca—Ef & —Ef Kb(sb—ef)
where [DNA] is the concentration of DNA base pairs, K, is binding constant and ¢, ¢,
and ¢, are the apparent extinction coefficients for the complex i.e., Abs/[complex] in the
presence of DNA, in absence of DNA and fully bound of DNA, respectively. A plot
of [DNA]/(es — €) vs. [DNA] gave a slope and an intercept equal to 1/(g, — &) and
1/Ky(ep — €), respectively, while the binding constant K}, was calculated from the ratio of
the slope to the intercept. The intrinsic binding constants Kj, were found to be 2.81 x 10*
and 2.35 x 10* M~ for 1 and 2, respectively (Table 3). From the binding constant values, it
is clear that complex 1 interacts more strongly with CT—-DNA. However, the free ligand
H,L itself shows good binding activity (1.59 x 10* M~!) with DNA molecules [53,54].
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Figure 4. Absorption spectroscopic study of complex 1 (a) and 2 (b) (25 uM) with increasing
concentrations of CT-DNA (0-100 uM). The inset shows the plots of [DNA]/ (e, — €) versus [DNA]
for the titration of the prepared compounds with CT-DNA.

Table 3. DNA-binding parameters for 1, 2, and HL.

Complex Binding Constants (K;) (M~1)
1 2.81 x 10*
2 2.35 x 10*
H,L 1.59 x 10*

2.4.2. Circular Dichroism Studies

Circular dichroism (CD) studies were performed to investigate the conformational
changes in CT-DNA upon interaction with the new compounds. The spectra show two
significant CD bands in the UV region, a positive band at 275 nm due to base stacking
whereas a negative band at 245 nm is due to right handed helicity [38,51]. In intercalation
mode of small molecules, there occurs perturbation in the spectra whereas for groove
binding and electrostatic interaction there will be minimal or no perturbation [38,51].
However, from Figure 5, it is observed that there are significant changes in the CD spectra
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of CT-DNA which further suggest that the tested compounds bind to CT-DNA in an
intercalating mode.

Ellipticity (mDeg)

1 v ] M 1 v 1 v 1
240 260 280 300 320
Wavelength (nm)

Figure 5. Circular dichroism spectra of CT-DNA (150 uM) in the presence and absence H,L, and
complexes (1 and 2) in 50 mM Tris-HCl buffer (pH 7.4). The path length of the cuvette was 5 mm.

2.5. Cytotoxicity

According to GLOBOCAN 2020, disease occurrence and mortality due to colorectal
cancer has increased to 1.9 million. Moreover, it has been placed as the third most and
second most incidences in terms of mortality in both male and female, respectively. Fur-
thermore, the incidence of colorectal cancer has been reported to be the most in eastern
Asian countries such as India. Therefore, in this study we have chosen a most aggressive
colorectal cancer cell line HT-29 [55]. Hence, the cytotoxicity of the oxidovandium(V)
complexes (1 and 2) were measured against HT-29 cancer and NIH-3T3 normal cells by
MTT assay and were compared to the ligand (HyL) alone. The ICsy values are listed in
Table 4, and the cell viability percentage diagrams are depicted in Figure 6. Specifically, the
cytotoxicity of 1 and 2 exhibited ICs) values 8.56 & 0.62, and 9.09 £ 0.03 uM, respectively,
while that of the ligand alone was determined to be 7.75 & 0.53 uM against HT-29 cancer
cell line. These findings suggest that with respect to the ligand, the coordination to vana-
dium did not improve its activity; in fact, HyL is marginally more active than both of the
complexes. As mentioned earlier, the polyphenol groups in ligand molecule (H,L) induce
apoptosis in cancer cells which is the primary reason towards the enhanced toxicity [28,53].

Furthermore, the cytotoxicity of the tested complexes was studied against the normal
cell line NIH-3T3. The NIH-3T3 cell line is one of the most frequently used cell lines as
the results provided by these tests can easily be compared with data published in the
literature [56,57]. The results indicated there was a decrease in the cell viability upon the
same exposure of the compounds. This result indicates that tested complexes were less dam-
aging towards NIH-3T3 as compared to cancer cell lines. Additionally, it was observed that
the ligand precursor HyL is more selective against HT-29 cells than both complex molecules
with selectivity index (SI) = 8.94, whereas SI values for 1 and 2 are 7.92 and 8.77, respectively.
On the other hand, under the same experimental conditions the tested compounds exhib-
ited comparable cytotoxicity against HT-29 compared with commonly used chemotherapeu-
tic drugs such as cisplatin [58]. Furthermore, the results obtained on the present study may
be also compared with previously reported oxidovanadium(V) complexes of Schiff base lig-
ands such as [VO(sal-L-tryp)(Me-ATSC)], [VO(sal-Ltryp)(N-ethhymethohcarbthio)]-H,O)
and, [VO(sal-L-tryp)(acetylethTSC)]-C,H5OH with ICs > 47 uM against HT-29 cell lines [59].
Additionally, we can also compare our results with recent work where two oxido-bridged
vanadium(V) complexes of Schiff base ligands [{VYO(R-salval)(H,0)}(112-O){VYO(R-salval)}]
and [{VVO(R-vanval)(CH3OH)},(1-O)] (val = valine, sal = salicylaldehyde, and van = o-vanillin)
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were investigated for cytotoxic studies against human hepatoma cell line with ICs
values > 200 uM [7].

Table 4. IC5, values of HyL and Complexes (1 and 2) taking 10, 50, and 100 pM concentrations.

Compound 1Cs¢ (UM)
HT-29 NIH-3T3
1 8.56 + 0.62 67.85 £ 5.48
2 9.09 £+ 0.03 79.77 £ 4.00
H,L 7.75 £ 0.53 69.32 +£4.42
- 1
100 NIH-3T3 = )
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Figure 6. The effect of 1, 2, and H,L on the cell viability of HT-29 and NIH-3T3 cells after 48 h
of exposure, taking 10, 50, and 100 uM concentrations of the compounds. The cell viability was
calculated by MTT assay. Data were reported as the mean + SD for n = 4. *** p < 0.0001 was
considered statistically significant.

2.6. Nuclear DAPI Staining Assay

To examine the apoptotic potential of test compounds in HT-29 cells, DAPI staining
assay was conducted. Chromatin condensation, cell shrinkage, and nuclear fragmentation
during the process of apoptosis (type I programmed cell death) is a distinguishing marker
of nuclear change [51]. For this assay HT-29 cells were treated with 20 uM of H,L, 1 and 2,
respectively and then the cells were incubated for 24 h before DAPI nuclear staining. Later,
the image of cells was captured under fluorescent microscope fitted with a DAPI filter. The
nuclear blebbings and brightly condensed chromatin bodies were marked by arrows in

Figure 7.

Figure 7. Study of apoptosis by morphological changes in nuclei of HT-29 cells. Arrows show the morpho-
logical changes in the nuclei of HT-29 cells observed on applying H,L, 1, and 2 in comparisons to control.
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3. Materials and Methods
3.1. Materials

All the starting materials such as 2-amino-4-nitrophenol, and 2 4-dihydroxybenzaldehyde
were purchased from Sigma Aldrich and used without further purification. Reagent
grade solvents were dried and distilled prior to use. [VO(acac);] was prepared by the
reported method [60]. MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium), DAPI
(4, 6-diamidino-2-phenylindoledihydrochloride), and CT-DNA were purchased from Sigma
Aldrich (St. Louis, MO, USA). HT-29 and NIH-3T3 cell lines were procured from National
Centre for Cell Science (NCCS), Pune, India. CHN analyses were carried out on a Vario
ELcube CHNS Elemental analyzer. ESI-MS data of the complexes were recorded on a
Waters XEVO G2-XS QTOF MS instrument operating in positive ion mode. IR spectra were
recorded on a Perkin-Elmer Spectrum RXI spectrophotometer. 'H and '3C NMR spectra
were recorded on a Bruker Ultrashield 400 MHz spectrometer in the presence of SiMe, as
the internal standard. Electronic spectra were recorded on a Shimadzu spectrophotometer
(UV-2450).

3.2. Synthesis of Ligands

The Schiff base ligand H, L was synthesized by refluxing 2,4-dihydroxy-benzaldehyde
and 2-amino-4-nitrophenol in equimolar ratio in ethanol following a standard procedure [13].
The resulting compound was isolated through filtration, washed with ethanol, and dried
over fused CaCl, under desiccator conditions. The molecular structure of the compound was
confirmed by elemental and spectroscopic (FT-IR, UV-Vis, and NMR (*H, 13C{'H}) analysis).

HyL: Yield: 67%. Anal. caled. for C13H9N2O5 (274.23): C, 56.94; H, 3.68; N, 10.22.
Found: C, 56.81; H, 3.61; N, 10.18. IR (KBr pellet, cm™): 3205 v(O-H); 1632 v(C=N). UV-Vis
(DMSO) [Amax, nm (¢, M~ em™1)]: 317 (6817), 278 (6812). 'H NMR (400 MHz, DMSO-d):
5 (ppm) = 10.92 (s, 1H, -OH), 10.35 (s, 2H, -OH), 9.25 (s, 1H, -OH), 8.95 (s, 2H, -OH),
8.21 (s, 2H, HC=N-), 8.20-6.27 (m, 12H, aromatic). 13C{*H} NMR (100 MHz, DMSO-dg):
5 (ppm) = 191.51, 167.47, 165.67, 165.39, 163.71, 162.04, 156.52, 153.69, 140.32, 140.19, 137.87,
133.30, 131.57,130.21, 124.65, 118.13, 116.72, 115.64, 115.53, 114.73, 112.83, 110.52, 110.16,
109.11, 103.01, 102.67.

3.3. Synthesis of Oxidovanadium(V) Complexes

(HNEt3)[VYO,L] (1). This was synthesized by refluxing the HoL (0.27 g, 1 mmol) and
VO(acac), (0.265 g, 1 mmol) in hot absolute ethanol (20 mL) using triethylamine as a base
for 4 h. Dark brown crystals were obtained from the filtrate after 2—4 days. The crystals
were filtered and washed with ethanol for X-ray structure determination. (HNEt;)[VVO,L]
(1): Yield: 0.32 g (70%). Anal. calcd. for C19H»4N307V (457.35): C, 49.90; H, 5.29; N, 9.19;
found C, 49.87; H, 5.22; N, 9.12. IR (KBr pellet, cm~1): 2986 v(O-H), 1607 v(C=N), 947,
890 v(V=0). UV-Vis (DMSO) [Amax, nm (e, M~1 cm~1)]: 428 (6242), 317 (4331), 265 (4356).
"H NMR (400 MHz, DMSO-dg): & (ppm) = 10.34 (s, 1H,~OH), 9.39 (s, 1H, HC=N-), 8.59-6.17
(m, 6H, aromatic), 3.09 (m, 6H, N-CH,), 1.17 (m, 9H, -CHj3). 3C{'H} NMR (100 MHz,
DMSO-dg): & (ppm) = 169.41, 165.60, 159.26, 136.92, 136.81, 136.33, 133.50, 125.03, 124.63,
116.14, 115.22, 114.86, 111.05, 46.26, 9.31. >'V NMR (DMSO-dg): & (ppm) = -527.86. ESI-MS:
m/z 480.1007 [M + Na]*.

[(VVOL),u1-O] (2). This complex was synthesized by refluxing the H,L (0.27 g, 1 mmol)
and VO(acac); (0.265 g, 1 mmol) in hot MeCN (20 mL) for 4 h. Dark brown crystalline
materials were obtained from the filtrate after 2—4 days. The crystalline materials were
filtered and washed with ethanol. [(VYOL),u-O] (2): Yield: 0.45 g (66%). Anal. calcd. for
CosH16N4O13V, (694.30): C, 44.98; H, 2.32; N, 8.07; found C, 44.92; H, 2.22; N, 8.13. IR
(KBr pellet, cm—1): 2986 v(O-H), 1607 v(C=N), 975, 891 v(V=0). UV-Vis (DMSO) [Apax, nm
(e, M~ em~1)]: 446 (6037), 361 (1956), 264 (2450). 'H NMR (400 MHz, DMSO-d): & (ppm)
= 10.44 (s, 1H, —-OH), 8.63 (s, 2H, -OH), 8.01-6.18 (m, 12H, aromatic). *C{'H} NMR
(100 MHz, DMSO-dg): 6 (ppm) = 168.18, 163.71, 159.21, 156.82, 143.28, 141.33, 131.72, 121.78,
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118.32, 117.56, 111.07, 108.71, 102.88. 51V NMR (DMSO-dg): 5 (ppm) = —575.27, —530.96.
ESI-MS: m/z 694.9722 [M + HJ*.

3.4. Single-Crystal X-ray Crystallography

X-ray Intensity data for a brown crystal of 1 (0.06 x 0.19 x 0.24 mm) were measured at
100 K on Rigaku/Oxford Diffraction XtaLAB Synergy diffractometer (Dualflex, AtlasS2) fit-
ted with CuK« radiation (o« = 1.54178 A) so that O pax = 67.1° (= 100% completeness). Data re-
duction, including Gaussian absorption correction, was accomplished with CrysAlisPro [61].
The structure was solved by direct-methods [62] and refined (anisotropic displacement pa-
rameters and H atoms in the riding model approximation) on F? [63]. The O- and N-bound
H atoms were located from Fourier difference maps and refined with distance constraints
of O-H =0.84 + 01 A and N-H = 0.88 & 01 A, respectively. A weighting scheme of the form
w = 1/[0%(Fo?) + (0.043P)? + 0.792P], where P = (F,2 + 2F.?)/3, was introduced towards the
end of the refinement. The molecular structure diagrams were generated with ORTEP for
Windows [64] with 70% displacement ellipsoids, and the packing diagrams were drawn
with DIAMOND [65]. Crystal data and refinement details are given in Table 5.

Table 5. Crystallographic data and refinement details for salt 1.

Formula [C6H16N][C13H3N207V]
Molecular weight 457.35
Crystal system triclinic
Space group P1
a/A 10.8226(1)
b/A 10.9399(2)
c/A 17.3389(3)
w/° 79.412(1)
B/° 78.905(1)
v/° 86.861(1)
Vv /A3 1979.82(5)
V4 4
D./g cm 3 1.534
p/mm~? 4.621
Measured data 46,958
Unique data 7061
Observed data (I > 2.00(1)) 6958
No. parameters 559
R, obs. data; all data 0.025; 0.026
Ry, obs. data; all data 0.072; 0.072
Range of residual electron
density peaks/eA 3 —0.58-0.23

3.5. DNA-Binding Experiments
3.5.1. UV-Vis Absorption Studies

The interaction of the ligand and its respective oxidovanadium(V) complexes (1 and 2)
with CT-DNA was investigated by the absorption titration method with a Shimadzu spec-
trophotometer (UV-2450) [39,40,42,51]. The absorption titration of DNA was conducted by
using a fixed concentration of metal complex (25 uM) in 50 mM Tris—-HCl buffer (pH = 7.4),
with gradual increases in concentration of the CT-DNA from 0 to 100 uM. Each of the
above experiments was performed in triplicate at room temperature and the incubation
time was 5 min after the subsequent addition of CT-DNA for each time to equilibrate DNA
and the complexes properly.

3.5.2. Circular Dichroism Studies

Circular dichroism study was performed in a JASCO J-1500 CD Spectrophotometer at
25 °C using a quartz cell with 5 mm path length [51]. CD spectra of CT-DNA (150 uM)

117



Inorganics 2021, 9, 66

were collected both in the presence and absence of complexes (25 uM) at a wavelength
range of 230-350 nm in 50 mM Tris—-HCI buffer (pH 7.4) (HiMedia), after averaging three
accumulations and a scan speed of 200 nm /min.

3.6. Cytotoxicity Analysis through MTT Assay

The cytotoxicity of the ligand molecule and its respective vanadium(V) complexes
was evaluated against colon cancer (HT-29) and mouse embryonic fibroblast (NIH-3T3)
cells using the MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium) assay [42].
All cell lines were cultured in DMEM (Dulbecco’s phosphate-buffered saline) medium
supplemented with 10% FBS (Fetal bovine serum) and maintained at 37 °C in a CO,
incubator (5% CO,) and humidified atmosphere (95% humidity). During the MTT assays,
cells were seeded in 96-well plates at a density of 6 x 10° cells per well after cell counting in
a hemocytometer and allowed for 70-80% confluence. Then complexes and the ligand were
dissolved in DMSO at a concentration of 100 mM and suitably diluted in DMEM media to
achieve final working concentrations of 10, 50, and 100 uM. After 12 h of initial seeding,
the HT-29 and NIH-3T3 cells were treated with the above prepared concentrations of each
complex and further subjected to incubation for 48 h. MTT was dissolved in the DPBS
(Dulbecco’s Modified Eagle Medium) solution and was added to the culture medium. After
additional 3 h incubation at 37 °C, the media were carefully removed and 200 uL of DMSO
was added to each well and the absorbance values were determined by spectrophotometry
at 595 nm with a microplate reader spectrophotometer (Perkin-Elmer 2030). The results
were expressed as percentages of the control.

% cell viability = [mean OD of the treated cell/mean OD of the control] x 100

ICsp value of the compounds was calculated from the absorbance concentration plot
following standard procedure [51,66].

3.7. Nuclear DAPI Staining Assay

The morphology of nucleus during the cell death of cells in response to treatment with
the complexes was investigated using fluorescence microscopy (Olympus IX 71). DAPI
(4, 6-diamidino-2-phenylindoledihydrochloride) stain was used for this nuclear staining
assay and was performed according to a standard procedure previously reported [67].
Accordingly, HT-29 cells were treated with treated (20 pM of compound for 24 h) and un-
treated cells were fixed with 4% paraformaldehyde for 15 min. Then the cells were stained
with DAPI and incubated for 5 min at 37 °C after washing two times with DPBS. Finally,
again after washing with DPBS, the cells were examined by fluorescence microscopy.

4. Conclusions

In this work, two new oxidovanadium(V) complexes (HNEt;3)[VYO,L] (1), and
[(VVYOL),u-O] (2) have been synthesized using a Schiff base ligand (H,L) derived from
2,4-dihydroxybenzaldehyde and 2-amino-4-nitrophenol. The ligand and complexes were
characterized by FT-IR, UV-Vis, and NMR (*H, 13C, and 51V) spectroscopy, ESI-MS, and
the purity was confirmed by CHN analysis. The molecular structure of 1 was deter-
mined by X-ray crystallography indicating a distorted square-pyramidal geometry for
the vanadium(V) center defined by imine-N, two phenoxide-O, and two oxido-O atoms.
DNA-binding experiments were conducted using a UV-Vis absorption titration method
and circular dichroism studies and the results suggested that the ligand as well as the com-
plexes have considerable DNA-binding propensity. From the results, complex 1, displayed
maximum DNA-binding activity with Ky, = 2.81 x 10* M~!. From circular dichroism
studies it was further confirmed that the synthesized molecules interacted with DNA
through the intercalation mode. Finally, from the results of cytotoxicity studies it is con-
firmed that all the tested compounds including the ligand molecule induce cell death
against HT-29 cells mainly through the apoptotic mode. However, the ligand molecule
with ICsy = 7.75 £ 0.53 uM was found more cytotoxic than its corresponding complexes.
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In addition, the cytotoxicity of ligand and complexes was also studied against NIH-3T3
normal cells, and it was found to be relatively less damaging towards them. In summary,
the present group of compounds should stimulate further in vitro and in vivo studies of
related compounds as part of the quest to develop new drugs for the treatment of cancer.
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A view of the unit-cell contents for salt 1, Table S1: Geometric parameters (A, °)of 1.
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Abstract: The vanadium(V) complexes have been investigated as potential anticancer agents which
makes it essential to evaluate their toxicity for safe use in the clinic. The large-scale synthesis and the
acute oral toxicity in mice of the oxidovanadium(V) Schiff base catecholate complex, abbreviated as
[VO(HSHED)dtb] containing a redox-active ligand with tridentate Schiff base (HSHED = N-(salicylide
neaminato)-N’-(2-hydroxyethyl)-1,2-ethylenediamine) and dtb = 3,5-di-(t-butyl)catechol ligands were
carried out. The body weight, food consumption, water intake as well biomarkers of liver and kidney
toxicity of the [VO(HSHED)dtb] were compared to the precursors, sodium orthovanadate, and free
ligand. The 10-fold scale-up synthesis of the oxidovanadium(V) complex resulting in the preparation
of material in improved yield leading to 2-3 g (79%) material suitable for investigating the toxicity
of vanadium complex. No evidence of toxicity was observed in animals when acutely exposed
to a single dose of 300 mg/kg for 14 days. The toxicological results obtained with biochemical
and hematological analyses did not show significant changes in kidney and liver parameters when
compared with reference values. The low oral acute toxicity of the [VO(HSHED)dtb] is attributed to
redox chemistry taking place under biological conditions combined with the hydrolytic stability of
the oxidovanadium(V) complex. These results document the design of oxidovanadium(V) complexes
that have low toxicity but still are antioxidant and anticancer agents.

Keywords: oxidovanadium(V); vanadium Schiff base coordination complex; low acute toxicity

1. Introduction

A wide range of vanadium(IV) and (V) coordination complexes and salts display
desirable biological effects such as antidiabetic and anticancer agents [1-19]. Vanadium
coordination complexes such as bis(maltolato)oxidovanadium(IV) (BMOV) [5,9] and
bis(allixinato)oxidovanadium(IV) ([VO(alx),]) (Figure 1) [20] have been found to result
in glucose-lowering levels in streptozotocin (STZ)-induced rats [21-26]. Furthermore,
vanadium Schiff base complexes such as dioxidovanadium(V)dipicolinate ([VO,dip
ic]7) [18,27,28] and V(V)-catecholate substituted complexes as [VO(HSHED)dtb] [19] and
[VO(naph-L-Pheol-im)(8HQ)] [1] have demonstrated anticancer properties against hu-
man ovarian, prostate and brain cells as well as enhancing the effects of oncolytic viruses
(Figure 1).
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Figure 1. Structures of vanadium complexes with antidiabetic and/or anticancer properties,
(a) bis(maltolato)oxidovanadium(IV) [BMOV], (b) dioxidovanadium(V)dipicolinate [VO,(dipic)] ~,
(c) V(V)-catecholate substituted [VO(HSHED)dtb] (Hshed = N-(salicylideneaminato)-N’-(2-hydr
oxyethyl)-1,2-ethylenediamine and dtb = 3,5-di(t-butyl)catechol), (d) bis(allixinato) oxidovana-
dium(IV) [VO(alx);], and (e) V(V)-Schiff base substituted [VO(naph-L-Pheol-im)(8HQ)] (L-pheol-im
= L-phenylalaninol, 8HQ = hydroxyquinoline).

Due to the prospective application of various compounds as therapeutic agents,
significant effort has been directed toward demonstrating that such compounds have no
toxic effects in vivo and in vitro [29-31]. In the case of vanadium compounds, few studies
have been carried out to determine the toxicity of the coordination complexes [32], although
literature reports exist for vanadium salts and simple vanadium oxides [32-34]. It has
been known that an excess of vanadate induces toxic effects in cells by oxidative stress
increasing [35-37]. In vivo and in vitro studies show that high levels of reactive oxygen
species are often implicated in vanadium deleterious effects [38—41]. However, the ability
of V-complexes to inhibit protein phosphatases enhances their potential application as a
therapeutic agent and has been an area of extensive research [42].

The presence of catechol-moieties is an established feature of leading anticancer agents
used in the clinic including doxorubicin, daunorubicin, and mitomycin C (quinone-based
compounds) [43-45]. Furthermore, the Schiff base vanadium complexes containing cate-
cholates display a particularly interesting redox-chemistry in cell environments and have
been investigated due to antidiabetic [46,47] and anticancer properties [19,48-53], however,
there is no study with a focus on their toxicity. Thus, the evaluation of the toxicity of vana-
dium Schiff base catecholate complexes in vivo and in vitro is fundamentally important
for potential medicinal applications [54].

In this manuscript, the focus is to evaluate the toxicity of the vanadium Schiff base di-
t-butyl substituted catecholate complex—[VO(HSHED)dtb]—compared with the vanadate
and the free catecholate ligand. The toxicological analysis was performed as recommended
by the OECD (Organization for Economic Cooperation and Development) 423 guidelines
characterizing the acute toxicity in mice.

2. Results
2.1. Synthesis of [VO(HSHED)dtb] Complex

Considering that the amount of material to carry out in vivo animal studies was
100 times greater than the scale of the vanadium catecholate previously prepared, it was
necessary to scale up the reactions to prepare the target compounds for the biological
studies. Furthermore, considering that V(V)-Schiff base vanadium complexes are non-
innocent coordination complexes and thus redox-active, attempts to change the reaction
scale was non-trivial. Impure side products were avoided maintaining the reaction under
argon atmosphere and the solvent to reactant ratio was kept as that described in the
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originally reported reaction [19,55,56]. Increasing the literature reported milligrams starting
material reactions by a factor of about 7-10 but keeping the reactant-solvent ratios (1:70)
constant, gram-—scale of the target compound was obtained in each run. The major change
to the scaled-up reactions was increasing the reaction time from 3 h to 48 h. This increased
the amounts of products, from 200 mg to 2 g for each reaction. Interestingly, despite the
scale-up of the reactions, the yields increased to 79% from the first reported 40% [55]. The
improved yield is due to the longer reaction times in addition to minimizing oxidation
by keeping the reaction under argon. 'V NMR of the scaled-up reaction product was
identical to the reported previously [55,56].

2.2. Stability of [VO(HSHED)dtb] Complex

Studies were previously carried out with [VO(HSHED)dtb] and were found to remain
stable for few hours in cell culture media so the compound could be taken up by cells [19,56].
Even though the compound has low water solubility, it was found to be readily absorbed
into cells from cell culture studies [56].

Furthermore, a low concentration was observed in membrane model studies. Al-
though upon extended periods of time (5-24 h) contact with water will result in complex
hydrolysis. The compound hydrolyzes to form starting materials, vanadate, catechol,
Schiff base ligand which then degrades into salicylaldehyde and amine as reported previ-
ously [19,56]. However, the [VO(HSHED)dtb] has a longer lifetime than other Schiff base
catecholate vanadium complexes and remains intact for a few hours before hydrolysis in
various aqueous environments.

The experimental design called for administration of [VO(HSHED)dtb] by oral gavage,
the concerns with compound solubility are less. We point to the fact the hydrophobic nature
of this compound would increase the absorption of the complex once it was administered.
Furthermore, if the solutions are freshly prepared and used immediately the amount of
hydrolysis is minimized. That is, this mode of administration would allow delivery of
compounds with low water solubility and lower stability because compounds would be
delivered directly to the stomach of the animal.

To determine how much of the [VO(HSHED)dtb] was intact during the treatment,
the UV-Vis (Ultraviolet-visible spectroscopy) under the conditions the compound was
administered for the toxicological studies were investigated. In Figure 2, is shown the
UV-Vis spectra of [VO(HSHED)dtb] dissolved in 5%, 10%, and 20% Tween 80 compared
to a spectrum where the compounds were dissolved in DMSO and added to an aqueous
solution. We carried out these studies as a function of time ranging from t = 0 (black curves)
to t = 24 h (turquoise curves) at three different Tween 80 concentrations. As observed in
Figure 2 all samples were sufficiently stable for the short periods of time needed for the
administration, and importantly the addition of Tween 80 did not reduce the stability of
the compounds significantly. However, significant amounts of compound decomposed
after 24 h, particularly in the presence of the Tween 80. We conclude that Tween 80
destabilizes [VO(HSHED)dtb] but that over 24 h of time the presence of Tween 80 facilitates
the complete hydrolysis and more rapidly than the control aqueous solution.
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Figure 2. The UV-Vis spectra are shown of 0.1 mM [VO(HSHED)dtb] in DMSO, H,O, and in 5%,
10%, and 20% Tween 80 at various time increments, fromt=0htot=24 h.

Administration of compounds in animals is always subjected to the pharmacokinetic
and ADME (Absorption, Distribution, Metabolism, and Excretion) as well as the phar-
macodynamic, and as such it is of interest what forms of the compounds are present.
However, since the compounds are rapidly distributed making concentrations low, and
it is non-trivial to measure since this compound undergoes both hydrolytic and redox
chemistry [19,56], methods are being developed to measure such different forms [57,58].
However, at present it seems pertinent and more profitable for the determination of whether
the compound is toxic, to measure the impact on toxicity markers. Such an approach is
particularly beneficial if these parameters are compared to marker formation in animals
treated with the potentially toxic hydrolysis products, vanadate, and catecholate.

2.3. Acute Toxicity in Mice

Neither animal mortality, severe toxicity nor detrimental side effects were observed
during the entire 14 days experimental period in all groups, except for the very high
concentration (2000 mg/kg) of [VO(HSHED)dtb]. At the high dose administration of
vanadium(V) Schiff base complex resulted in the death of all animals during the first 24 h,
and as a result, it was not possible to collect the data on the 14th day. In contrast, no signs of
toxicity were observed after the administration of [VO(HSHED)dtb) in a single dose of 300
mg/kg, i.e., no-observed adverse-effect level (NOAEL). Neither behavior alterations like
lethargy, sleep, tremors, salivation, convulsion, nor common side effects for V-compounds,
such as diarrhea, were observed in all groups for 14 days [59].

The acute toxicity was performed using OECD 423 guideline. The OECD is an
international organization that works to build better policies for better lives, and they have
developed protocols for animal studies [60]. This guideline allows the characterization of
substances according to the Globally Harmonized System (GHS) for the classification of
chemicals that cause acute toxicity. The classification of the test substance is based on the
determination of the mortality dose(s), when there are no effects observed this concentration
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will be the highest dose tested by gavage in a single dose. Thus, the compounds could
be rated as categories 1 to 5, from the most to least toxic, according to the LDs5p (median
lethal dose) values in mg/kg b.w from each category [60]. [VO(HSHED)dtb] and 3,5-
di(t-butyl)catechol was found to be category 4, with median lethal dose LDs estimated
to be between 300 mg/kg and 2000 mg/kg b.w. and orthovanadate is more toxic than
both (category 3) with LDsj estimated to be between 50 mg/kg and 300 mg/kg b.w.
Furthermore, the use of female Swiss mice was chosen in this study because literature
surveys of conventional LDs tests show that usually there is little difference in sensitivity
between the sexes, but in these cases where differences are observed, females are generally
slightly more sensitive [61].

2.4. Clinical Observations

The observations were made on the animals treated with the vanadium coordination
complex, orthovanadate salt, the catechol ligand, and control group. Figure 3 shows
that there is no statistical difference in body weight, food consumption, and water intake
between the control treated with water and treated groups (p > 0.05) throughout 14 days
and at the end of treatment (Table 1).
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Figure 3. Effects on (a) body weight, (b) food intake, and (c) fluid intake throughout 14 days in mice
administered acute levels of 300 mg/kg [VO(HSHED)dtb], 50 mg/kg orthovanadate and 300 mg/kg
dtb ligand (3,5-di(t-butyl)catechol) groups by oral gavage. The data are presented as the mean + SD
(n=5).
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Table 1. Effects by acute oral administration of 300 mg/kg [VO(HSHED)dtb], 50 mg/kg orthovanadate, and 300 mg/kg dtb
ligand, in different mice groups with regards to body weight, weight gain, food intake, and water intake at day 14.

Study Group
Parameter Control [VOHSHED)dtb] Orthovanadate 3,5-di(t-butyl)catechol
Body weight (g) 31.8+1.8 30.7+1.0 30.8+0.9 31.2+0.7
Weight gain (g) 03+0.0 03+0.1 020=£1 02401
Food intake (g/24 h) 6.8 0.3 6.7+0.3 70+0.1 6.8 +0.3
Water intake (mL/24 h) 13.8 £0.8 15.0 £ 0.6 173 £05% 16.7£15

The data are presented as the mean =+ SD (1 = 5). Values are statistically significant at * p < 0.05 compared to the control group.

Once the [VO(HSHED)dtb] was found to cause no changes in clinical parameters
monitored at the 300 mg/kg level, the biochemical and hematological parameters were
monitored to investigate further toxic effects of the compounds as shown in Tables 2 and 3.
Furthermore, the macroscopic analysis did not show any changes in tissue weight such as
liver, kidney, heart, spleen, and lung in animals treated with 300 mg/kg [VO(HSHED)dtb]
for the 14 days as shown by the data summarized in Table 4.

Table 2. Effects by acute oral administration of 300 mg/kg [VO(HSHED)dtb], 50 mg/kg orthovanadate, and 300 mg/kg dtb
ligand in different mice groups with regard to AST/ALT ratio, albumin, total proteins, globulin, and A/G ratio parameters

at day 14.
Study Group
Biochemical Parameters Control [VOMHSHED)dtb] Orthovanadate 3,5-di(t-butyl)catechol

AST/ALT ratio 1.1+ 0.01 0.9 £ 0.02 1.0 +0.01 1.1+ 0.01
Albumin (g/dL) 22402 21+0.1 21+0.1 21+0.1
Total proteins (g/dL) 57+ 0.4 55402 6.5+ 0.6 58 +0.3
Globulin (g/dL) 35+£03 34+£02 43+£05* 3.8+0.3
A/G ratio 0.6 + 0.01 0.6 + 0.01 0.5 +0.02 0.6 + 0.02

The data are presented as the mean =+ SD (1 = 5). Values are statistically significant at * p < 0.05 compared to the control group.

Table 3. Effects by acute oral administration of 300 mg/kg [VO(HSHED)dtb], 50 mg/kg orthovanadate, and 300 mg/kg dtb
ligand in different mice groups with regard to hematological parameters at day 14.

Study Group

Hematological Parameters Control [VOHSHED)dtb] Orthovanadate 3,5-di(t-butyl)catechol
Red blood cell (1012/L) 9.5+0.2 93+02 89+02 97403
Mean corpuscular volume (FI) 57.6 £0.2 56.2 + 0.8 57.0 £ 0.6 56.3 +£ 0.3
Hemoglobin (g/dL) 124 £ 0.5 125 £0.1 123 £0.1 134 +£0.2
Mean corpuscular hemoglobin (pg) 135+ 05 154 £20 13.7 £ 0.3 13.8 £0.1
mea‘;gﬁi‘gg;ﬁgﬁ;ﬁgomn 235+ 0.6 239402 239402 244 +0.1
Hematocrit (%) 52.6 £ 0.9 525 +0.5 51.6 £0.8 55.0+1.6
White blood cell (10° /L) 126 £1.3 8.6 £13* 127 £19 109 £ 1.1
Lymphocytes (%) 82.6 +£0.8 81.8 £ 0.9 843+ 15 832+13

The data are presented as the mean + SD (1 = 5). Values are statistically significant at * p < 0.05 compared to the control group.
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Table 4. Effects by acute oral administration of 300 mg/kg [VO(HSHED)dtb], 50 mg/kg orthovanadate, and 300 mg/kg dtb
ligand in different mice groups with regard to the heart, kidney, liver, spleen, and lung weight at day 14.

Study Group
Organs (g/100 g b.w) Control [VOHSHED)dtb] Orthovanadate 3,5-di(t-butyl)catechol
Heart 0.54 £ 0.03 0.53 £ 0.02 0.59 £ 0.04 0.60 £ 0.07
Kidney 575+ 0.29 6.23 +0.38 6.11 +0.11 5.50 + 0.54
Liver 1.36 +0.10 1.52 +0.08 1.70+0.20 % 1.61 £0.18
Spleen 0.48 £ 0.05 0.47 £ 0.03 0.66 £+ 0.06 * 0.59 £0.13
Lung 0.88 +0.11 0.79 £ 0.03 0.86 +0.14 0.75+0.15

The weight of body organs was measured in mice after 14 days of treatment. The data are presented as the mean & SD (1 = 5). Values are statistically
significant at * p < 0.05 compared to the control group.

2.5. Hematology and Biochemical Analysis

Treatment with neither the dtb (3,5-di(t-butyl)catechol) ligand nor orthovanadate ad-
ministration caused any alteration in biochemical and hematology parameters, in contrast
to treatment with [VO(HSHED)dtb] which slightly decreased the WBC (white blood cell)
level (p < 0.05) as shown in Table 3.

The alanine and aspartate aminotransferases (abbreviated ALT and AST, respectively)
are commonly used as a marker in the diagnosis of liver injury and disease [62]. High
levels of serum ALT activity reflects damage to hepatocyte and is considered to be a highly
sensitive and fairly specific preclinical and clinical biomarker of hepatotoxicity [63]. In
the present study, there were no significant changes in hepatic enzymes as shown in
Figure 4, suggesting that the [VO(HSHED)dtb] did not cause any damage to the hepatic
functions. In addition, hepatic-cellular damage leads to a reduction in albumin accompa-
nied by a relative increase in globulins, which decreases the A /G ratio [64]. As shown in
Table 2, no experimental significant difference between the control group and 300 mg/kg
[VO(HSHED)dtb] (p > 0.05) at protein levels suggested the vanadium-catecholate complex
did not cause hepatotoxicity in vivo.

As shown in Figure 4, no significant changes were observed in kidney biomarkers
such as BUN (blood urea nitrogen) and creatinine which suggested that [VO(HSHED)dtb]
did not cause nephrotoxicity [65]. However, the treatment with the free catechol ligand did
increase significantly creatine levels (p < 0.05) documenting some toxicity is observed of the
free ligand at 300 mg/kg single dose. These results provide evidence that the vanadium
Schiff base catecholate complex does not exert toxicity in vivo up to therapeutic doses.
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Figure 4. Effects by acute oral administration of 300 mg/kg [VO(HSHED)dtb], 50 mg/kg ortho-
vanadate, and 300 mg/kg dtb ligand on mice groups with regard to biomarkers (a) ALT (Alanine
aminotransferase), (b) AST (aspartate aminotransferase), (c¢) BUN (blood urea nitrogen), and (d) plas-
matic creatinine levels on day 14. The data are presented as the mean 4 SD (n = 5). Values are
statistically significant at * p < 0.05 compared to the control group.

3. Discussion

The evaluation of the toxic effects of an oxidovanadium(V) Schiff base complex was
carried out as a result of the recently discovered anticancer effects of this complex. This
complex has anticancer activity against prostate, brain, and breast cancer cells [19,56],
however, no previous toxicity studies of [VO(HSHED)dtb] in vivo have been reported.
Previous toxicity studies were mainly carried out with simple salts and oxides, including
metavanadate and orthovanadate, vanadyl sulfate, and vanadium pentoxide [32,66,67].
A few coordination complexes have also been investigated, and those include vanadium
dipicolinate complexes [28,68]. This [VO(HSHED)dtb] complex was chosen because it
is a non-innocent vanadium complex and thus can undergo redox chemistry both at the
ligand and the metal site. This chemical reactivity is thus fundamentally different from
the vanadium coordination compounds and salts that have previously been subjected
to toxicity studies. Furthermore, the [VO(HSHED)dtb] compound deviates from these
previous compounds in that it is more hydrolytically stable, and that results in it being
significantly more readily taken up by cells. Finally, it was recently reported with anticancer
properties that exceeded cisplatin [19].

In order to generate enough materials for toxicological studies, the preparation of
the redox-active target compound was scaled up to a 2 g scale. The preparation of the
compound was done without loss in yields. This was accomplished by keeping the reaction
under argon, keeping the same substrate to solvent ratio (1:70) but increasing the reaction
time. This approach saved much time in preparation of the 20-plus gram pure vanadium
complex needed for the animal studies and suggests that although these compounds are
not trivial to prepare there is potential for scale-up.

The toxicity of vanadium(IV) and (V) compounds with antidiabetic effects have been
evaluated after acute parenteral administration but the effects are less compared to oral
administration [69]. This is presumably because the compound is poorly absorbed by
the gastrointestinal tract [9,69]. Nevertheless, attempts have been made to develop vana-
dium derivatives with biological effects and low toxicity like the coordination complex
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[bis(maltolato)oxidovanadium(IV)] (BMOV) [5,70]. This complex has high lipophilicity
and was selected for clinical trials where it demonstrated glucose-lowering effects in an-
imals and humans [5]. Similarly, as reported previously, the hydrophobic nature of this
[VO(HSHED)dtb] would enhance the absorption of the complex and exert its anticarcino-
genic effects [56].

Acute toxicity evaluation of [VO(HSHED)dtb] using a dose of 300 mg/kg did not
induce mortality or symptoms of severe toxicity throughout the period of the experiment.
Administration of oxidovanadium(V) Schiff base complex did not affect hematological
indices, hepatic, and renal biomarkers levels. Furthermore, the most common side-effects
of vanadium treatment, such as weight loss and diarrhea [59], were not observed after
acute exposure to a dosage of 300 mg/kg [VO(HSHED)dtb] for 14 days.

Vanadium compounds are known to often convert to other species upon adminis-
tration in biological environments [71]. The toxicity of the [VO(HSHED)dtb] should be
determined and compared to the effects of its components, i.e., free ligand catechol, Schiff
base, and vanadate before applications as a therapeutic compound [31,72-74]. The hydrol-
ysis of the complex and the Schiff base generates the salicylaldehyde and the amine [19,56].
Since previous works have reported that simple aldehyde and amine-based compounds
are safe and used for designing new drugs [75,76], accordingly, to investigate the most
toxic component of the ligands we focused on catechols and designed an experiment
investigating the toxicity of the catechol.

Although the parent catechol is known to show some toxicity, the 3,5-di(t-butyl)catechol
is much less toxic with an LDs( value in mice of 1.040 g/kg b.w. by OG (oral gavage) [77].
However, our results showed a slight increase of creatinine levels in animals treated
with 3,5-di(t-butyl) catechol suggesting nephrotoxicity. Thus, both [VO(HSHED)dtb] and
3,5-di(t-butyl)catechol were rated at the same toxicity level according to the Globally
Harmonized System (GHS) with LDs values between 300 and 2000 mg/kg.

The sodium orthovanadate salt has been reported to cause insulin-mimetic activ-
ity [9,10], reduction in glucose levels in STZ-diabetic animals [9,10] and be potent phos-
phatase inhibitors [2,3], and previous toxic studies showed LDsj values in rats of 36.3
mg/kg and 330 mg/kg [74]. Similar experiments with NaVO3 showed LDs( values in
mice of 74.6 mg/kg and 35.9 mg/kg for oral and intraperitoneal (i.p) administration, re-
spectively [32,34,78]. The toxicity of the [VO(HSHED)dtb] was found to be lower than
vanadate. This result confirmed some previous reports that have shown the vanadium
will be less toxic when coordinated to a ligand [5-8,79]. However, other complexes show
similar effects between the vanadium coordination complex and salt which is explained
the vanadium compound readily hydrolyze under physiological conditions [71].

Attributing the biological effects to coordination complexes is less trivial than simple
organic compounds, because depending on the metal complex and the conditions such
complexes may undergo ligand exchange, hydrolysis, or formation of oxidation prod-
ucts [80]. Therefore, it is important that the stability of the compounds under investigation
be determined under the conditions of the biological system [71,80-83]. In this study, the
stability of the [VO(HSHED)dtb] in the solutions used for oral gavage treatments was char-
acterized. Since [VO(HSHED)dtb] has limited solubility aqueous solution and to be able to
solubilize enough for oral gavage administration, 10% Tween 80 was used. Accordingly,
we measured out the stability of [VO(HSHED)dtb] in 5%, 10%, and 20% Tween, and we
found that the Tween barely affected the stability of [VO(HSHED)dtb]. The toxicity results
we obtained showed that the [VO(HSHED)dtb] was less toxic, and this is consistent with
the interpretation that the compound was intact for some time after administration.

Vanadium compounds undergo redox chemistry under physiological conditions, can
act as a strong pro-oxidant, and interact synergistically with other oxidants enhancing ox-
idative stress [84,85]. These findings are consistent with redox chemistry taking place under
biological conditions and may impact the low toxicity properties of the [VO(HSHED)dtb].
These results are very encouraging because they demonstrate that low toxicity of a vana-
dium complex is possible and importantly lower toxicity than the salt (H,VO,") and hence
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lend support for future potential applications on cancer therapy. These findings suggest
that it will be possible to design vanadium complexes that have even lower toxicity even
when containing redox-active components.

4. Material and Methods
4.1. Reagents and Chemical Analysis

Catechol, 3,5-di(t-butyl)catechol, salicylaldehyde, N-(2-hydroxyethyl) ethylenedi-
amine, vanadyl sulfate were purchased from Sigma Aldrich. Chemicals were used without
purification. HPLC (high performance liquid chromatography) grade solvents were used
for the synthesis and characterization of the oxidovanadium(V) complex. The compounds
were characterized in the Colorado State Central Instrumentation Facility. Nuclear Mag-
netic Resonance (NMR) measurements were performed using a Bruker spectrometer at 78.9
MHz for 5V and 400.13 MHz for 'H, using 4096 scans and a window from —53 to —1043
ppm as reported previously [86-88]. V chemical shifts were measured in parts per million
from VOCl; as external standard at 0.00 ppm with upfield shifts considered negative.

4.2. Synthesis of [VO,(HSHED)] Complex

The precursor [VO,(HSHED)] complex was synthesized using a condensation reaction
between salicylaldehyde and N-(2-hydroxyethyl)ethylenediamine followed by a coupling
reaction to vanadyl sulfate using previously reported methods [89,90]. The NMR spectra
have shown the complex to have >V NMR chemical shifts consistent with the literature
(=529 ppm vs. VOCI3) [89].

4.3. Synthesis of [VO(HSHED)dtb] Complex

To synthesize [VO(HSHED)dtb] complex, the 3,5-di(t-butyl)catechol (1.11 g, 5.00
mmol) was added to a solution of [VO,(HSHED)] (1.45 g, 5.00 mmol) and stirred in 350
mL of acetone for 48 h under an argon atmosphere (Scheme 1) [89,90]. A dark purple
solution formed after 10 min. After 48 h, the solution was concentrated to dryness, and
then the solution was vacuum filtered. A minimal amount of acetone (27 mL) was used to
dissolve the crude product, followed by the addition of 300 mL of hexane. The solution
was left to precipitate overnight at —20 °C. The precipitate was filtered, washed with cold
hexane (75 mL), and dried on a pump for 4 days. Yield 1.90 g (79%). The solid has similar
characteristics as reported [VO(HSHED)dtb] [19,89,91].

) OH
OH OH =N,,, N
=N, [| N OH Acetone 0//\0
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Scheme 1. Synthesis of [VO(HSHED)dtb] using precursor [VO,(HSHED)] complex and 3,5-di(t-
butyl) catechol.

4.4. Stability of [VO(HSHED)dtb] Complex

The stability of the [VO(HSHED)dtb] was measured using UV-Vis spectroscopy.
[VO(HSHED)dtb] was dissolved in DMSO and added to an aqueous solution at the final
concentration of 0.1 mM. The UV-Vis spectra were recorded at t = 0 h, and every 15 s follow-
ing, and then again at 24 h. Corresponding experiments were done with [VO(HSHED)dtb]
dissolved in 5%, 10% and 20% Tween 80 to a final concentration of 0.1 mM.
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4.5. Animals

The protocols for these experiments were approved by the Animal Ethics Committee
of the Universidade Federal de Pernambuco (process number #004-2019) and conducted in
accordance with the Ethical Principles in Animal Research. Twenty-five female Swiss mice
(30 £ 5 g) were obtained from the Laboratory of the immunopathology of Keizo Asami
(LIKA) at Universidade Federal de Pernambuco (UFPE) and the animal experiments were
performed at the Laboratory of Neuroendocrinology and Metabolism at UFPE. The mice
were housed in individual cages with a 1-12 light-dark cycle, 22 £ 3 °C, and were given
free access to water and conventional lab chow diet ad libitum (Purina, Labina®, Ribeirao
Preto, Brazil) during the study period. All experiments were performed between 8:00 and
10:00 am.

4.6. Acute Toxicity in Mice

Acute oral toxicity effect of [VO(HSHED)dtb] was performed in accordance with the
Organization for Economic Cooperation and Development (OECD) [60]. After 5 days
of acclimatization in individual cages, non-pregnant and nulliparous female mice fasted
overnight before the administration of compounds. The [VO(HSHED)dtb] was adminis-
tered by gavage in mice at a single dose using animal feeding needles (100 uL/100 g b.w).
The [VO(HSHED)dtb] was dissolved in warm water (50 °C) with 10 uL of 10% the sur-
factant Tween 80 (v/v) because of its poor solubility in water. Animals were randomly
divided into 5 groups with 5 animals each: (a) negative control group which received only
vehicle (distilled water), (b) group treated with low dose 300 mg/kg of [VO(HSHED)dtb],
(c) group treated with high dose 2000 mg/kg of [VO(HSHED)dtb], (d) positive control
group treated with 50 mg/kg of sodium orthovanadate, and (e) free ligand group treated
with 300 mg/kg of 3,5-di(t-butyl)catechol.

Since there is no toxicological information about [VO(HSHED)dtb], in accordance
with OECD 423 [60], [VO(HSHED)dtb] was evaluated at 2 doses and vanadate and free
ligand groups were used in single dose because acute toxicity tests have been previously
described in the literature [74,77]. After the administration period, animals were observed
for mortality and clinical symptoms of toxicity daily for 14 days. The symptoms of toxicity
analyzed were alterations on skin and eyes, mucous membrane toxic effects and behavior
patterns, lethargy, sleep, diarrhea, tremors, salivation, convulsion, coma, motor activity;,
hypo-activity, abdominal rigidity, breathing difficulty, cyanosis, and death following the
Hippocratic screening protocol. The consumption of water and feed, as well as the body
weight of each animal, were recorded daily. In addition, animals were daily observed
for general health conditions and clinical evidence of toxicity [92]. On the 14th day of
experiment, fasting mice were anesthetized using ketamine (90% b.w) and xilazin (10%
b.w), and the blood was drawn from the retro-orbital route with or without heparin for
hematological and serum biochemical analysis, respectively. The following organs were
removed, cleaned, weighed on an analytical scale, and macroscopically analyzed: liver,
kidney, spleen, heart, and lung [93].

4.7. Biochemical Analysis: Determination of Serum Biomarkers for Liver and Kidney Functions

The blood samples on the 14th day were collected in dry tubes, were centrifuged (3000
rpm, 15 min) and the obtained serums were analyzed for liver and kidney functions by
colorimetric assay using commercial kits (Lab Test Diagnostic SA, Santa Lagoa, Brazil).
Optical densities were measured by spectrophotometry (Varioskan TM Lux multimode
microplate reader, Thermo Scientific®, Waltham, MA, USA) at wavelengths specific for
each biochemical parameter described on datasheets [93]. Baseline measurements were
obtained by comparing the optical densities of the samples with the respective standards,
available in the kits. Biochemical analysis was performed for determining the following
biomarkers parameters: alanine (ALT) and aspartate aminotransferase (AST), total protein
(TP), albumin (ALB), AST/ALT and albumin/globulin ratio (A/G), blood urea nitrogen
(BUN), and creatinine (CRE). Globulin was obtained from the difference between total
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protein and albumin [94]. Data were expressed by U/mL (AST and ALT) and mg/dL for
the others.

4.8. Hematology Analysis

Hematological parameters included red blood cells (RBC), mean corpuscular vol-
ume (MCV), hemoglobin (Hb), mean corpuscular hemoglobin (MCH), mean corpus-
cular hemoglobin concentration (MCHC), hematocrit (HCT), white blood cells (WBC),
lymphocytes (LYM) were performed using a multiparameter hematology analyzer (The
Sysmex® XE-2100D, Sysmex®, Curitiba, Brazil) designed for hematology testing samples
with ethylenediaminetetraacetic acid (EDTA).

4.9. Statistical Analysis

In vivo data was expressed as mean =+ standard deviation (SD). The one-way analysis
of variance (ANOVA) was employed to analyze the data between treated groups and
their respective control groups followed. Tukey’s Multiple Comparison Test was used to
analyze the statistical comparisons. The p values less than 0.05 were considered statistically
significant among the groups. Graph Pad Prism® (GraphPad Software, San Diego, CA,
USA), version 5.0 software was used for all statistical analysis.

5. Conclusions

In summary, the administration of [VO(HSHED)dtb] complex in mice did not show
any signs of toxicity up to a dose of 300 mg/kg. The complex was found to be less toxic
than orthovanadate salt consistent with the compound being at least partially intact during
the administration. The hematology, liver, and kidney biomarkers parameters demonstrate
that the vanadium Schiff base complex exerts neither hepatotoxicity nor nephrotoxicity in
mice. Although this compound contains both vanadium and a catechol which individually
are known to be redox-active, and exert some toxicity, administration of this complex was
tolerated at a low level (0.6 mol =1, 300 mg/kg). It was found to be toxic at a high level
(4.0 mol L~1, 2000 mg/kg) giving it an estimated LDsy between 300 and 2000 mg/kg, the
latter being significantly higher than the usual therapeutic doses.

The low toxicity is attributed to the redox properties obtained when combining the
redox-active ligand 3,5-di(tert-butyl)catechol with the hydrolytic stability of the [VO(HSH
ED)dtb], which prevent the formation of the vanadate and catechol ligand. The stability
test in aqueous media with Tween 80 demonstrated that although the complex may not
be stable in an aqueous solution for more than a few hours, this stability is not changed
significantly in the presence of Tween 80 used for the administration of the compound.
Hence, the compound stability is sufficient for the complex to exerts its action. Therefore,
these studies are very encouraging and demonstrate that a vanadium compound such as
the [VO(HSHED)dtb] complex does not exert toxicity to the same degree as vanadate even
in a complex with a ligand that has potential for toxicity.
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ADME Absorption, Distribution, Metabolism and Excretion
ALB albumin
ALT alanine aminotransferase
Alx allixinate
ANOVA one-way analysis of variance
AST aspartate aminotransferase
BMOV bis(maltolato)oxidovanadium(IV)
BUN blood urea nitrogen
CRE creatinine
Dipic dipicolinate
Dtb 3,5-di(t-butyl)catechol
EDTA ethylenediamine tetraacetic acid
GHS Globally Harmonized System
GLB globulin
Hb hemoglobin
HCT hematocrit
HPLC high performance liquid chromatography
ip intraperitoneal administration
LDsg median lethal dose
LIKA Laboratory of the immunopathology of Keizo Asami
L-Pheol-im  L-phenylalaninol
LYM lymphocytes
MCH mean corpuscular hemoglobin
MCHC mean corpuscular hemoglobin concentration
NMR nuclear magnetic ressonance
NOAEL no-observed adverse-effect level
0.G oral gavage
OECD Organization for Economic Cooperation and Development
RBC red blood cells
Rpm rotation per minute
SD standard deviation
STZ streptozotocin
P total protein
UV-Vis Ultraviolet-visible spectroscopy
WBC white blood cells
8HQ hydroxyquinoline
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Abstract: In aqueous media, VIV- and VV-ions and compounds undergo chemical changes such
as hydrolysis, ligand exchange and redox reactions that depend on pH and concentration of the
vanadium species, and on the nature of the several components present. In particular, the behaviour
of vanadium compounds in biological fluids depends on their environment and on concentration
of the many potential ligands present. However, when reporting the biological action of a par-
ticular complex, often the possibility of chemical changes occurring has been neglected, and the
modifications of the complex added are not taken into account. In this work, we highlight that as
soon as most vanadium(IV) and vanadium(V) compounds are dissolved in a biological media, they
undergo several types of chemical transformations, and these changes are particularly extensive at
the low concentrations normally used in biological experiments. We also emphasize that in case of a
biochemical interaction or effect, to determine binding constants or the active species and/or propose
mechanisms of action, it is essential to evaluate its speciation in the media where it is acting. This is

because the vanadium complex no longer exists in its initial form.

Keywords: vanadium; proteins; DNA; fluorescence; binding constants; mechanism of action

1. Introduction

Many metal ions have a general tendency to interact with biomolecules, changing
and/or modulating their properties and functions, therefore several of them are incor-
porated to perform crucial roles in organisms carrying out a wide variety of tasks [1,2].
Vanadium is a transition metal that is widely distributed on earth’s crust, in soil, crude
oil, water and air, so it is not surprising that it found roles in biological systems, being an
essential element for many living beings.

Vanadium compounds may have oxidation states ranging from —III to +V, but VIII,
VIV and VV are those of biological relevance. Vanadium ions bind to a broad range of
biological compounds such as proteins, metabolites, membranes or other structures, and
as with many other metal ions, a particular oxidation state may be stabilized by forming
complexes with suitable ligands.

There are several enzymatic systems using vanadium in their active sites as relevant
components for their function [3], and the complexes formed with several bio-ligands are
important for the bio-distribution of vanadium [3-7]. For example, it is well established that
vanadium binds to transferrin [8-15], this being relevant for its transport and bioavailability
in blood. It is also well known that vanadium undergoes redox chemistry and other types of
chemical transformations after administration [7,16-19], and understanding these processes
is crucial to understanding the mechanisms of action.

In living systems V(IV) is normally in the form of VIVO [oxidovanadium(IV)], and
V(V) as VYO [oxidovanadium(V)] or VYO, [dioxidovanadium(V)], each of these moi-
eties undergoing complex hydrolytic reactions which depend on pH, concentration and
ionic strength [20-22]. Additionally, vanadium complexes, which we may designate as
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[VOn(L)m], may also be involved in a wide range of reactions, interacting or forming
complexes with metabolites, proteins and bio-ligands such as DNA, and these reactions
depend on pH (typically in the range 6-8), and nature and concentrations of all species
that may bind to vanadium. These include ligand L, H,O, OH™, HHPO4’(3+“) ions and
any bio-ligand present. The actual speciation of vanadium in a system at a fixed pH
depends on the total concentration of [VOp(L)m] present, on the type and concentrations of
all species that may bind to vanadium and on the formation constants of the vanadium
complexes formed.

If a vanadium compound, for example, VIVOSO, or [VIVO(acac),] (acac™ = acetylace-
tonato), is added to a particular biological system, for example, if it is placed in contact
with cells, or administered to an animal, and if it exerts some biological effect, it is impor-
tant to disclose which is/are the particular vanadium species that is responsible for the
activity detected. Often the biological effect has been simply, and often wrongly, assigned
to either VIVO?* or [VIVO(acac),], not taking into account the hydrolytic and/or other
transformations that these species might have had once added to the biological system.

In other simpler approaches, binding constants of vanadium complexes to bio-ligands
have been determined assuming that the complex maintains its integrity once added to
the aqueous solution containing the bio-ligand, and often that is not the case. In fact,
misinterpretations in evaluating interactions of vanadium complexes with proteins, bio-
ligands and/or other biological targets are quite common in the scientific literature, and
this text aims to emphasize that care must be taken when interpreting spectroscopic or
other analytic information, particularly when examining data involving low concentrations
of the vanadium complexes.

2. Discussion
2.1. Hydrolytic Behavior of Oxidovanadium(IV) lons

Vanadium(IV) normally exists as VIVO-species and is quite susceptible to hydrolysis
and oxidation for pH > 3. The hydrolytic behavior of VIVO?* ions in water has been
studied [9,22-27], being well understood up to pH ca. 4. To quantify the several complex
VIVO-species that may form, we use the usual definition of formation constants:

Bpgr: pVIVOM 4L +/HY S [(VIVO) (L)q(H)r} (1)

p

When addressing formation constants of hydrolytic species, the coefficient g = 0.

At low pH in aqueous solution oxidovanadium(IV) ions exist as [VIVO(H,0)51%*. As the
pH is increased, the VIVO?* ions are progressively partly transformed into [VIYO(OH)(H,O)4]*
and [(VIVO),(OH),(H,0), 1%, these normally represented as [VIVO(OH)[* and [(VIVO),(OH), J**.
For pH > 3.5-4, assuming oxidation to VV is avoided, other oxidovanadium(IV) hydroxides
form and, depending on the total vanadium concentration (Cy), VIVO(OH), may precipitate
(solubility product ~1072%) [9,23,24]. For pH >12 it is clear that the predominant species is
[VIVO(OH);3]~ (abbreviation of [VIYO(OH);3(H,0),] ) [25-27], but what happens in the pH
range 4-12 is not well established, and depends on Cy [9,22]. For pH > 5, the formation of a
species with a VIVO:OH ™ ratio of 2:5 was established [28], but clearly the vanadium species
that form are oligomeric, [(VIVO),(OH)s]m ~, the value of m depending on Cy. It was never
clarified if oligomeric [(V VO),(OH)4]n2~ forms or not at higher pH values, but as mentioned,
for pH >12 the formation of monomeric [VIVO(OH)3]~ was established [25-27]. Costa Pessoa,
from several calculations based on visible and circular dichroism spectra of solutions contain-
ing oxidovanadium(IV) and amino acids (L-Ala [29], L-Ser, L-Thr [30], L-Cys, D-Pen [31], and
L-Asp [32]) for pH > 5 determined the values of the formation constants of [(VIVO),(OH)5]~
and [VIVO(OH)3]~ as log 205 ~ —22.3 + 0.3 and log 310.3 =~ —18.2 & 0.2, respectively.

Figure 1A,B depicts species distribution diagrams for the oxidovanadium(IV) system
at two different Cy values. It must be kept in mind that VIV forms the insoluble VIVO(OH),
for pH > 4 if Cy is higher than ca. 10~* M. At pH > 5 oligomeric vanadium species become
relevant, and for pH > 7-8 the hydroxide dissolves, but this may take time, oxidation
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to VV taking place if dioxygen is not carefully removed. It should be highlighted that
for pH > 5-6 VIVOZ* ([VIVO(H,0)5]%*) does not exist as such, and that for Cy < 107> M
oxidovanadium(IV) ions are soluble, being mainly in the form of [VIVO(OH)3]~ and
[(VIVO)2(OH)s]~ (Figure 1).

At pH =7, in Cy conditions that may occur in biological media (from 107 to 10~* M),
the main species present are [(VIVO),(OH)5]~ and [VIVO(OH)3]~ (Figure 1C); therefore,
in any type of calculations, e.g., determination of binding constants, the concentration of
VIVO?* cannot be taken as equal to Cy. Additionally, in determination of cytotoxicity, or
other similar type of parameters, where an oxidovanadium(IV) salt is added to incubation
media of cells, oxidovanadium(IV) ions will be partially or totally oxidized to VV ions,
therefore the biological activity determined will not be due only to V!V-species, but also to
the VV-species formed. The longer the incubation time, the more probable the participation
of VV-species. When testing V'V O-salts using Cy values higher than ca. 100 uM, if no pre-
cipitation of VIVO-hydroxide is detected, this is because either a significant amount of VIV
oxidized, or VIV is bound to ligands present in the incubation media, hence protected from
oxidation. This should be highlighted when reporting the data to avoid misunderstandings
about the identity of the active species.

2.2. Hydrolytic Behavior of Oxidovanadium(V) Ions

The hydrolytic behavior of oxidovanadium(V) ions in water has been studied mainly
by using pH potentiometric and >V NMR spectroscopy measurements [20,21]. The system
is complex and the equilibria (and values of formation constants) somewhat depend on the
ionic strength and the salt employed to set it [20]. Here, we will consider the physiologically
relevant (for blood serum) 0.150 M NaCl medium, and Figure 2 depicts species distribution
diagrams of V¥ hydrolysis in several distinct conditions.

At the pH values relevant in common biological conditions, and at low concentrations,
VV exists mainly as H,VO,~ and HVO,?~, often referred as VO3~ or as mono-vanadate
(V1). At pH 7 and low Cy values, (e.g., 10 uM, Figure 2B,C) VV divanadates (V5) or tetra-
vanadates (V4) almost do not form, but they become important at higher V concentrations
(e.g., 1 mM, Figure 2A,C). In cells, usual physiological vanadate concentrations are also
too low to allow the formation of oligovanadates, but in the pH range 3-5.5 or in cer-
tain confined cell compartments, decavanadates ([Ha V10028107~ Vyp) may be relevant
species [34-38]. If a ligand L, other than OH ™, is present in solution, vV-L complexes may
form, but the fraction of VV that is not bound to L will be involved in speciation similar to
the exemplified in Figure 2.
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Figure 1. Species distribution diagrams, calculated with the computer program HySS [33], of VIVO?*
hydrolysis: (A) at Cy =2 x 1073 M, (B) at Cy = 1 x 107> M, in the pH range 3-11; (C) at pH =7
with the total vanadium(IV) concentration (Cy) varying in the range 0.1 to 100 uM. The formation
constants of the hydrolytic VIYO-species were taken from [9,22]. In the diagram shown in (A), in the
pH range 4-8 the product [VIVO?*][OH~]? is higher than the solubility product of the hydroxide
(~10~23), thus VIVO(OH), will precipitate.

2.3. Evaluation of Binding Constants of Metal Complexes with Bio-Macromolecules

To understand the biological activity of a metal complex or its transport in blood, it
is important to evaluate how strong are its interactions with biological macromolecules such
as proteins or DNA. Considering a [M(L),] complex such as [VIVO(acac),] or [VIVO(phen)z]2+
(phen = 1,10-phenanthroline), this may correspond to the determination of the equilibrium
constant of the following reaction at a particular pH value, e.g., pH = 7:

n[VIVO(L)Z} + biomolecule = {[VIVO(L)Q}n(biomolecule)} ()
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Figure 2. Species distribution diagrams, calculated with the computer program HySS [33], of VV
hydrolysis: (A) at Cy =1 x 1073 M, (B) at Cy = 1 x 107> M, in the pH range 3-11; at pH = 7 (C)
and pH = 5 (D) with the total vanadium(V) concentration varying in the range 1 to 1000 uM. The
formation constants of the hydrolytic VV—species were taken from [21].

Often this binding (or association) constant is designated by K, (or K;,) but these
abbreviations should be avoided, as they are the symbols normally used to designate
the dissociation constant of acids (or bases). We use K,B¢ (and not KBC) because we are
assuming the binding of a [M(L)2] complex (metal:ligand with 1:2 molar ratio); when
considering a [M(L)] complex we will use K;BC (metal:ligand with 1:1 molar ratio). The
requirement of these distinct designations is clarified below. We also emphasize that the
constants K1 B¢ and K,BC correspond to the so called ‘conditional’ binding constants; their
values depend not only on the pH of the solution but also on the type of buffer used.
These may have components that have affinity for the metal ion, and thus may act as
competitive ligands.

Most methods used to determine parameters of chemical interactions, the proce-
dures to obtain binding constants may involve direct or indirect approaches. Using direct
methods such as circular dichroism (CD) and/or UV-Vis electronic absorption spectropho-
tometry, complex-biomolecule binding constants may be determined accurately, but this
typically involves the measurement of a great number of adequate data and the use of
suitable computer programs. Indirect approaches such as fluorescence spectroscopy are
normally less accurate but are much easier to use and require lower concentrations and
less experimental data. In fact, fluorescence titrations must be performed at very low
concentrations or preferably at concentrations in which the absorbance at the excitation
wavelength is less than 0.05 (A < 0.05). Furthermore, the fluorescence response may no
longer be linearly dependent on the light absorbed. Additionally, inner filter effects may
also cause deviations from linearity at higher concentrations [39].

In the case of proteins, such as albumin, for which abundant studies are reported in
the literature, the value of K,B¢ has been determined mainly using fluorescence quench-
ing measurements. The interaction of the metal complex and the protein may involve
the quenching of the protein intrinsic fluorescence, due to Trp, Tyr or Phe residues; the
interaction often gives rise to significant quenching of the protein’s fluorescence and a high
analytical signal. These methodologies involve several steps so that it might be confirmed
that the fluorescence quenching is due to binding of a compound to the macromolecule and
a static quenching process is operating, which is assumed to be due to the non-emitting
complex [VIVO(L),] associated to the macromolecule.

Titration experiments are usually carried out by fixing the concentration of one com-
ponent, the biomolecule, while the concentration of the complex is varied. During the
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course of the experiment, changes in the system are monitored, which are then plotted as a
function of complex added. The resulting titration curve, known as a binding isotherm,
is then fitted with a mathematical model derived from the expected equilibria to obtain
the binding constant (KB®). This model is usually developed from recognizing that the
changes observed (e.g., quenching of fluorescence, Al) are correlated to the concentration
of the species [(IVVO(L)3 1), (biomolecule)].

When n =1 in Equation (3), the total concentration of biomolecule and of the V-complex
are the sum of the concentrations of free and associated forms, respectively:

[biomolecule]; = [biomolecule];,.., + HVIVO(L)ZD(biomolecule)]] 4)

VVO(L),| = [([VVO(L),)) (biomolecule)]] + [VVO(L), iee 5)

It is not easy to measure the concentration of [[VIVO(L),])(biomolecule)] (or [VIVO(L)2Jree
and [biomolecule]g..) but the knowledge of these is required to determine KBC. However,
these can be used to rewrite the concentration of associated form [[VIVO(L),])(biomolecule)]
(abbreviated as PC) as a function of the total concentrations, [biomolecule]y (Cp) and
[VIVO(L),]t, (Cc) and of the binding constant, KBC [40].

1 1 1 1 \?

The fluorescence intensity at a given wavelength (I,) of a given solution of bio-
macromolecule and V-complex may be obtained from the molar fraction average of the
fluorescence intensity of the individual species,

Iy = g Ip + [I():g]fpc @)
where Ip and Ipc are the fluorescence intensities of the biomolecule in the absence of and
presence of the V-complex, respectively. However, most reported KB constants in the
literature are obtained from linearizations, (linear regression methods) which are used
due to its simplicity but with the power of modern computational methods should no
longer be needed. There are at least two main problems connected with the use of these
linearizations: (i) distortion of the experimental errors and (ii) assuming that [C] ~ Cc
(only valid when the biomolecule is in large excess) [38]. However, due to its prevalence
in the literature and its simplicity we will use them as basis for the current discussion.
Another problem with this methodology is that the binding may involve the formation of
both a 1:1 and 1:2 (VIVO:L) complexes, the treatment described below not being valid in
these cases.

Conventionally, when molecules bind independently to a set of equivalent sites on a
macromolecule, the equilibrium between free and bound molecules may be given by the
following equation [41,42],

log [(Ip — 1)/1] = log K5 + nlog [Q] 8)

where Iy and I are the fluorescence intensities in the absence and presence of the quencher,
respectively, [Q] is the quencher concentration (in our case Q = [VIVO(L),]), K>BC€ is the
binding constant defined according to Equations (2) and (3) and n is the number of binding
sites per macromolecule. Using this methodology;, if a linear relation between log ((Ip — I)/1I)
vs. log [Q] is obtained, values may be determined for K,5¢ and n. As stated above, the
value for [Q] typically is taken as the total metal complex concentration (here [VIVO(L),]),
this being an approximation of the concentration of [VIVO(L),]¢ee. This may be a wrong
approximation, but is assumed in most publications. Moreover, as we will show, the fact
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that a high analytical signal (e.g., a strong quenching of fluorescence) is measured, does
not necessarily means a high accuracy for the calculated binding constant.

2.3.1. Binding to Proteins; Human Apo-Transferrin and [V'VO(acac);] as an Example

As an example we will consider the case of [V'VO(acac),] binding to apo-transferrin
(apoHTF) [43]. Fluorescence quenching measurements were done at T =298 K, pH =7.4
and Aex = 295 nm to study the binding of [VIVO(acac),] to apo-transferrin. A solution of
apoHTF with concentration 1.02 X 10~° M was prepared, and a solution of [VIVO(acac),]
was progressively added to get solutions with Cy from 0 to 1.8 x 107> M, i.e., with
[VIVO(acac),]:HTF ratios from 1 to ~18. Following the usual linearization methodologies
(as described above) [41,42,44], it was assumed that the fluorescence quenching observed
should be due to binding of the [VIYO(acac),] complex to apoHTF, thus a static quenching
is operating which is due to the non-emitting [V!VO(acac),] bound to the protein. Using
Equation (8), the values of K,BC = 1.0 x 10* and 1 = 1.15 were obtained.

The apparent simplicity of this methodology led to its broad application in the scien-
tific literature. However, fluorescence and its quenching involve an indirect measurement
of the interaction of compounds with proteins such as apoHTF and serum albumins, as
the Trp residues may not be close to the binding site, and binding at sites that do not
significantly affect the fluorescence emission is also possible. Importantly, there are several
requirements and possible pitfalls for the validity of use of fluorescence emission data to
calculate binding constants, discussed in [41,44,45], emphasizing the most common errors
made in their interpretation that should be considered.

Besides these requirements associated to the doubtful validity of the equations used,
there are further aspects/issues related to the speciation of systems involving labile metal
complexes at low concentrations which deserve further attention. In fact, not considering
them has led to errors and misunderstandings. As shown below for the [VIVO(acac),]-
apoHTF system, although it is clear that there is binding of V!IVO-species to apoHTF that
causes the fluorescence quenching, the methodology described, is not valid or reliable to
calculate the binding constant of the equilibrium described by Equation (2).

In aqueous solutions containing Hacac and V'VO salts in 2:1 molar ratios and at mM
concentrations, as the pH increases the following V-species predominate up to pH = 8:
[VIVO(H,0)51%" — [VIVO(acac)]* — [VIVO(acac),]. Taking the formation constants pqr
for the VIVO?*+acac system from [46], defined by Equation (1) with HL = Hacac, species
distribution diagrams may be obtained for this system. Figure 3A depicts the speciation
diagram calculated for total VIVO and acetylacetone concentrations of 3 and 6 mM, respec-
tively. It is clear that in the pH range 6-8 [VIVO(acac)] is the main V!V-complex present
in solution. However, if the concentration of [VIYO(acac);] is lowered to ca. 2 uM, close
to the concentrations used in the fluorescence quenching measurements in the system
[VIVO(acac),] + apoHTF, the relative importance of most VIV—speCies totally differs (see
Figure 3B).

It is clear from Figure 3B that in the pH range 6-8, the relative concentrations of
[VIVO(acac)]* and [VIVO(acac),] in solution are low. At these low complex concentra-
tions most of VIV is in the form of [(VIVO),(OH)s]~ and [VIVO(OH)3]~; therefore, in
the conditions used to measure the fluorescence quenching, Equation (3) cannot be used
with [Q] = [VIVO(acac),], and the fluorescence quenching observed may be due to several
distinct species other than [VIVO(acac),].

To further understand how wrong it is to apply the methodology described above,
we will obtain the speciation diagram for the system VIVO?* + acetylacetone + apoHTF,
assuming the formation of [([VIVO(acac)z])l(apoHTF)] with the value of K,B€ (= 1.0 x 10%)
obtained at pH = 7.4 based on data of fluorescence measurements. The value of log
B120 = 16.27 corresponds to the formation of [VIVO(acac),]; therefore, the formation con-
stant of [([VIVO(acac)z])l(apoHTF)], corresponding to the reaction of Equation (9) at
pH =74, is: 25 = KoBC x By = 102077,

148



Inorganics 2021, 9, 17

100

(A)

VO(acac).

o]
o
1

VO(acac)*

[<2]
o
1

B
o
1

(VO)2(OH)s~

VO(OH)s~

% Formation relative to C,
N
o

100

o (VO):(OH)s (B)

o]
o
1

VO(OH)s~

2]
o
1

'S
o
1

VO(acac)*

% Formation relative to C,
N
©

0 - i
3.0 5.0 70 oy 90

Figure 3. Species distribution diagrams, calculated with the computer program HySS [33], for total
VIVO and acetylacetone concentrations of (A) 3 and 6 mM, respectively, and (B) 2 uM and 4 uM,
respectively, considering the formation constants log 119 = 8.73 and log 3129 = 16.27, reported in [46]
and the VIVO—hydrolytic constants: [VO(OH)]*, [(VO)2(OH),]%*, [(VO)2(OH)5]~ and [VO(OH)3]~ in
refs. [9,22].

VIVO?*™ 4 2acac™ + apoHTF = K[VIVO(acaC)Z})l(apoHTF)} )

It is known that VIVO?* binds to proteins, and the binding constants, at a particular
pH value, may be defined as:

n VIVO*" 4 protein = (VIVO) (protein) (10)
n

B {(VIVO)n(protein)} .
o [VIVOZ"’r[protein] -

In the case of apo-transferrin VIYO?* may form [VIYO(apoHTF)] and [(V!VO),(apoHTF)],
and their formation constants were previously determined at pH 7.4 [15]: log 31 = 13.4 and
log B2 = 25.2. The speciation may be calculated at pH = 7.4, see Figure 4, taking the con-
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centration of apoHTF of 2 x 107° M and varying the concentration of [VIVO(acac),] from
1 x 107 M up to 20 x 10-® M, those used in the fluorescence quenching measurements.
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Figure 4. Species distribution diagram for the system VIVO?* + acetylacetone + apoHTF, for
[apoHTF]=2 x 10~® M and [VIVO(acac),] in the range of 1 to 20 uM, at pH = 7.4, considering the
formation constants reported in [9,15,22,46], and the formation constant of ([VIVO(acac)z])l(apoHTF)]
(=10%9%7) as obtained from fluorescence quenching methods. The calculations were carried out with
the computer program HySS [33].

It is clear from Figure 4 that with a binding constant K,B¢ = 10* (K, in many publica-
tions) the amount of [([VIVO(acaC)z])l(apoHTF)] formed is too low to have any relevant
concentration at pH 7.4. Thus, the observed quenching of fluorescence cannot be solely
due to the formation of [([VIVO(acac)z])l(apoHTF)], the value of K,BC¢ being clearly wrong.

Researchers should be aware that with values of association constants (log K;5¢ or
log K»B€) in the range of 4-8, typically found in the literature at pH 6-8, the relevance of
binding of [M(L),] (M = VIVO) complexes to proteins such as apoHTF, BSA or HSA will be
negligible in most cases. Similar conclusions may be extended to several other complexes
of labile metal ions such as e.g., Cu(II), Zn(Il) or Fe(III).

In the particular case of the VIVO?* + acetylacetone + apoHTF system, only for values of
log K,B€ > ~11, which correspond to log[SZBC > 27, the amount of [([VIVO(acac)g])l(apoHTF)]
formed starts being visible in speciation diagrams at pH 7.4 (Figure 5). However, the
system is much more complex as besides [VIVO(acaC)z(apoHTF)], other species probably
form, e.g., [VIVO(acaC)(apoHTF)], [(VIVO)Z(acaC)(apoHTF)] and [(VIVO)Z(acaC)z(apoHTF)],
and to properly address it and determine formation constants, spectroscopic techniques
other than fluorescence should be used.

That was done for example in the VIVO?** + maltol + apoHTF system at pH = 7.4, in
which the formation constants were determined based on circular dichroism and EPR spec-
troscopy data, and calculated log B values of [V!YO(mal)(apoHTF)], [(V!YO),(mal)(apoHTF)]
and [(VIVO)z(mal)z(apoHTF)] (mal = maltolato) were 17.7, 30.3 and 34.8, respectively.
Similarly, in the VIVO2+ 4+ dhp + apoHTF system (dhp = 1,2-dimethyl-3-hydroxy-4(1H)-
pyridinone), the calculated log 3 values of [VIVO(dhp)(apoHTF)], [(VIVO)Z(dhp)(apoHTF)]
and [(VIVO),(dhp),(apoHTF)] were 21.3, 33.0 and 40.3, respectively [15]. The systems
VIVO?* + picolinato + apoHTF, VIVO?* + lactate + apoHTF, VIVO?* + HSA and VIVO?* +
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dhp + HSA and the corresponding formation constants were also determined based on
EPR data [47].
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Figure 5. Species distribution diagrams for the system VIVO?* + acetylacetone + apoHTF, for
[apoHTF]=2 x 10~® M and [VIVO(acac),] in the range of 1 to 20 uM, at pH = 7.4, considering the
formation constants reported in [9,15,22,46], and the formation constant of [(V'VO(acac),); (apoHTF)]
(=10%7). (A) Representation of vanadium containing species; (B) Representation of apoHTF containing
species. The calculations were carried out with the computer program HySS [33].

2.3.2. Binding to DNA

It is known that vanadate is possibly carcinogenic to humans. In vitro vanadate can
induce DNA strand breaks in human fibroblasts [48], but it was also found that distinct cell
lines may respond differently to NaVO3, and that its carcinogenic role at low concentrations
may result from stimulation of proliferation of tumorigenic cells [49]. VIVOSO, was found
genotoxic for normal and cancer cells being able to induce DNA damage in lymphocytes
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(producing DNA single- and double-strand breaks) and in HeLa cancer cells (imposing
only single strand breaks). Reactive oxygen species seem to be involved in the formation
of DNA lesions [50].

Many studies reported cleavage/damage of DNA by either vanadium salts [48-52]
or complexes [51,53-62]. It is known that several transition metals increase the oxidative
stress in cells, which for vanadium has been mainly attributed to the generation of hydroxyl
radicals by Fenton-like reactions promoted by physiological hydrogen peroxide [54,55].
Typically it is reported that vanadium(IV) reacts with H,O, generating HO® radicals, and
these radicals may hydroxylate nucleobases and/or yield DNA strand breaks [51,52]. The
involvement of singlet oxygen as the reactive species has also been suggested in some
studies [56,63]. However, when reporting these reactions, the actual mechanisms of action
of vanadium complexes is rarely accessed, most studies only stating if these processes
are or not inhibited or activated by the presence of the ligand or of other chemical agents.
In a study that included VIVOSOy, as well as various V-complexes (with picolinic acid
and maltolate) and different oxidants, only VIVOSO, showed ability to modify a double
stranded 167-bp DNA fragment in the presence of KHSOs. The mechanism proposed by the
authors involved the oxidation of VIV to VV and the formation of a “caged” sulfate radical
in the presence of KHSOs. DNA cleavage at the guanine base was also proposed [64].

Notwithstanding, when reporting the action of metal complexes it is important to
fully understand the role of the metal, of the ligand and of other species present. For
example, the nuclease activity of [VIVO(acac),] and of several derivatives was studied
by several techniques [54,55]; the mechanism was shown to be oxidative and the DNA
cleavage mainly due to the formation of reactive oxygen species (ROS). Hydrolytic cleav-
age of the phosphodiester bond was also observed, but at much slower rate and did
not compete with the oxidative route. Noteworthy, it was shown that the generation of
ROS was much higher in experiments where phosphate was used as buffer, this being at-
tributed to the formation of a mixed-ligand /mixed-valence complex containing phosphate,
[(VIVO)(VVO)(acac), (H,,PO4"~3)] [54]. These studies focused on [VIYO(acac),] but in fact
could/should be applied to other vanadium compounds, emphasizing the requirement
of carefully accessing the speciation of the systems, which in this particular case is modi-
fied by the presence of phosphate. As phosphate is present at variable concentrations in
most biological systems, this may have important implications in the interpretation of the
biological activity of vanadium compounds. The extent of this effect depends on the phos-
phate:vanadium ratio and the formation of mixed-ligand species such as VO-L-phosphate
(L = acac), which strongly enhances the oxidative stress, allegedly caused by [VIVO(acac),],
most probably is not restricted to this particular vanadium system.

Bernier et al. investigated the nuclease activity of V(IV)-complexes of hydroxysalen
derivatives under oxidative or reducing conditions. In the absence of activating agents,
none of the complexes induced DNA cleavage; while in the presence of mercaptopropionic
acid (MPA) or oxone all induced DNA modifications. The complexes reacted with DNA
at guanine residues in the presence of oxone, and the mechanism proposed, based on
spin-trapping EPR experiments, involved the oxidation of V!V to VV, the production of
SO,4~* and SO5~° radicals via a redox reaction and the trapping of the sulfate radicals by
the metal through the formation of a “caged” radical [58].

Besides the ability to cleave/damage DNA, the binding interactions of vanadium
complexes to DNA have also been studied by different techniques; for example electronic
absorption [56,59-62], circular dichroism [60-62], and fluorescence emission have been
used frequently [42,60-62,65]; other techniques such as atomic force microscopy [66-69],
viscosity [56,59-61,69] and have also been applied. °'V NMR, [53,54] capillary electrophore-
sis and Fourier transform infrared difference spectroscopy [70] has also been used, but
much less frequently, as well as DNA melting, applied to evaluate e.g., binding and/or
DNA crosslink formation by the complexes [56,59,60,71].

These studies are normally done at pH ~7 and, as emphasized above, in most cases
extensive hydrolysis of the complexes is expected. While many studies have confirmed the

152



Inorganics 2021, 9, 17

binding of VIVO?* and VVO," to proteins such as HSA, BSA, apoHTF and immunoglobulin
G (IgG), and formation constants determined [12,15,72-75], not much is known about the
binding of these ions to DNA.

To the best of our knowledge, the only literature study on the binding VIVO?* and
VVO;~ ions to calf thymus DNA in aqueous solutions at physiological pH, used capillary
electrophoresis and FTIR spectroscopy. The authors reported that VIVO?* binds DNA
through guanine and adenine N-7 atoms and the phosphate groups with apparent binding
constants of 8.8 x 10° M~ and 3.4 x 10° M for guanine and adenine respectively. The
VVO;~ ion shows weaker binding through thymine, adenine, and guanine bases, with
KBC = 1.9 x 10* M! and no interaction with the backbone phosphate moieties was found.
The authors also reported a partial B-to-A DNA transition upon VIVO-DNA binding.
Again, the speciation occurring at physiological pH for V(IV) and V(V) species was not
taken into account [70]. For DNA this is particularly relevant since it contains negatively
charged phosphate groups that may participate in electrostatic binding to vanadium.
Upon dissolution of VIVO?* at physiological pH negatively charged species are formed—
[(VIVO),(OH)5]~ and [VIVO(OH)3] ~-and these have to be taken into account.

However, even if we assume that vanadium(IV or V) ions do not bind to DNA, when
evaluating the binding of [VIV/VO,(L)m] complexes to DNA, to assume that the complexes
do not hydrolyze at low concentration in aqueous solvents, is an oversimplification that
normally is not acceptable.

2.4. Behavior of Metal Complexes when Added to Incubation Media of Cells

Recent studies regarding applications of vanadium compounds in therapeutics have
been mainly focused on their anti-cancer and anti-parasitic potential and many vanadium
complexes have been tested, mainly by in vitro studies [8,76]. Within these fields several
polypyridyl complexes of V(IV), as well as mixed-ligand complexes containing polypyridyl
ligands have been prepared and their anti-proliferative activity, cytotoxicity and ability
to induce apoptosis tested in vitro, normally displaying high activities [8,77-96]. Possible
biological targets and mechanisms of action of V-phen compounds have been discussed,
and interaction with DNA has been typically considered as relevant [8,79].

VIVO-complexes with polypyridyl ligands also hydrolyse and/or change their compo-
sition at low pM concentration when compared with mM concentrations [95,96], and this
is clearly demonstrated in Figure 6 for the VIVO?* + phen system. Decomposition of the
VIVO-complexes with polypyridyl ligands leads to the release of the free ligands, which by
themselves are biologically active and cytotoxic [95-103].

Metal complexes may react with cell culture media components. This is important for
their in vitro biological activity, [104] particularly for labile metal ions, but has been normally
neglected in studies reporting cytotoxicity of vanadium compounds, as well as of other metal
complexes. The role of the ligands in the cytotoxicity of [VIVO(OSO3)(Me2phen)2] (Mezphen
= 4,7-dimethyl-1,10-phenanthroline), and of a few related VWO—complexes, was investigated
by the group of Lay and co-workers [95]. These researchers reported cytotoxicity assays
with human lung cancer A549 cells and tested the stability of the complexes in aqueous
solutions as well as in cell culture media. They concluded that the high cytotoxicity at 72 h
incubation of the free ligands and corresponding VIVO-complexes is due to the free ligands
upon decomposition of the complexes in cell culture medium.

More recently, Nunes et al. [96] reported cytotoxicity studies of a group of VIVO-
polypyridyl complexes at several incubation times against three different types of cancer
cells. The compounds addressed were [VIVO(OSO3)(phen)2] [VIVO(OSO3)(Me2phen)2],
and [VIVO(OSO3)(amphen)2] (amphen = 5-amino-1,10-phenanthroline). We will globally
designate these 1,10-phenanthroline compounds by Xphen. Upon incubation for 72 h
with several types of cells, the cytotoxicity of all compounds was approximately equal,
while at incubation times of 3 and 24 h, where the ICsy values measured are much higher,
the complexes show significantly higher activity than the free ligands. This difference in
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behavior is probably due to the distinct type of speciation taking place in cell media. Next,
we shortly discuss these observations.
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Figure 6. Species distribution diagrams in water at pH 7.0 for the system VIVO-phen [97] in the
concentration range Cy = 1 to 100 uM (Cy is the total VIVO concentration), with the molar ra-
tio VIVO:phen of 1:2. The concentrations of the dinuclear species [(VIVO)Z(phen)z(OH)ﬂZ* and
[(VIVO)Z(phen)z (OH);]* almost coincide. The diagrams were calculated using the HySS computer
program [33] including the hydrolytic species [VIYO(OH)]*, [(VIVO),(OH),1**, [(VIVO),(OH)5]n ~
and [VIVO(OH)3]~ [9,22,29].

Cell culture media used in cytotoxicity studies with mammalian cells contain many
potential ligands for VIVO?*, namely relatively high amounts of bovine serum albumin
(BSA), mainly due to the addition of fetal bovine serum (FBS) [104,105]. In the typical
case of addition of 10% FBS, the concentration of BSA is ca. 40 pM. Binding of vanadium
salts and complexes to proteins has been studied, particularly aspects associated with
their transport in blood [3,9,13,106-111]. Binding of vanadium compounds to serum
proteins [73,108-112], including complexes containing polypyridyl co-ligands [96,97,107],
have also been reported. It is important to understand that as soon as each of the VIVO-
Xphen complexes is added to the cell incubation media, they decompose, no longer being
present as [VIVO(Xphen)2]2+. This was demonstrated in [96], and we will now highlight
the main points addressed.

For this purpose, we must clarify the definitions of formation constants to be used.
The stability constants of complexes of VIVO?* with phen and derivatives are defined in
the usual way, considering the reaction in Equation (1) with L = phen, and the conditional
binding constants of VIVO?* to apoHTF, HSA, BSA or any other protein, at a set pH, may
be defined according to Equations (10) and (11).

Regarding conditional binding (or association) constants of [VIVO(phen)n]2+ com-
plexes to a protein (e.g., BSA) at a set pH, these may be defined similarly to Equations (2)
and (3), and in the case of phen (omitting charges) as:

KIC: [VVO(phen)| + BSA = [VIVO(phen)(BSA)| (12)

KEC . [VWO(phen)z] + BSA S {VWO(phen)z(BSA)} (13)
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The formation constants for [VIVO(phen)(BSA)] and [VIVO(phen)z(BSA)] correspond to:
BEC. VIVO?* 4+ phen + BSA = [VIVO(phen)(BSA)} (14)

BIC: VIVO?' + 2phen + BSA = [VIVO(phen),(BSA)| (15)

The constants defined in Equations (10)—(15) may be determined (or estimated) at
predefined pH values; these are required for the speciation calculations at set pH values.
The values of K;B€ and K,B¢ may be related to B1B€ and B,BC using Equations (1) and (12),
to get Equation (14):

log K;1%¢ = log #,%C — log B39 log K>%C = log B, — log B1py  (16)

110 and B1p0 being the formation constants of [VIVO(phen)]2+ and [VIVO(phen)z]2+
as defined in Equation (1).

In Figure 6, we depict speciation diagrams for the VIVO-phen system at pH 7.0 in
the range of total oxidovanadium(IV) concentrations (Cy) from 1 to 100 uM. It is clear
from Figure 6 that at pH 7.0, for Cyo < ~10 puM most VIV is in the form of hydrolytic
VIVO-species (mainly [(VIVO),(OH)s]~ and [VIVO(OH);] ), and that the most relevant
VIVO—phen complex at this pH is [VIVO(OH)(phen)2]+, its relative importance increasing
with Cy.

The binding constants of VIVO?** to BSA were not determined, but as previously
done [96], we will make the approximation that these are equal to those determined for
HSA at pH 7.4 [47]. Assuming that [BSA] = 40 uM, addition of [VIVO(phen),]** in the
concentration range 1-100 uM and the formation of VIVO-BSA species, but at this stage not
considering the binding of VIVO-phen complexes to BSA, the calculated species distribution
diagram (Figure S1), totally differs from that shown in Figure 6. It may be observed
that VIVO?* predominantly binds to BSA, and only for higher vanadium concentrations,
when there is not enough BSA to bind the oxidovanadium(IV) ions present (the total BSA
concentration is 40 uM), VIVO-phen species start being relevant. We also highlight that in
the same conditions most of phen is either bound to BSA or free in solution.

VIVO-phen complexes bind to BSA but it was not feasible to adequately calculate the
formation constant for the [VIVO(phen)(BSA)] species by CD spectroscopy; the value of
the constant, K1 BC, for the binding of [VIYO(phen)] to BSA could only be approximately
estimated with this technique [96]. In order that the VO:phen:BSA species (1:1:1) might have
a reasonable concentration on speciation diagrams the corresponding stability constant
must be at least log31 ((VO(phen)(BSA)) = log $1BC ~15, which corresponds to a binding
constant of [VIVO(phen)] to BSA of ca. K;BC = 10°. The speciation diagrams included
in Figure 7 are obtained for conditions modelling the amount of BSA present in cell
incubation media.

As the binding constants of all vanadium-BSA-containing species are only an ap-
proximation of their true values, the diagrams depicted in Figure 7 may only be used
for semi-quantitative purposes. The conditions assumed are not equal to those of cell
media used in the cytotoxicity determinations, but provide a reasonable model and allow
stating that upon addition of [VIVO(phen)z]2+ to cell culture media containing 10% FBS
(where [BSA] ~ 40 uM), the complex loses its integrity yielding several different species.
Moreover, the type of species that have relevant concentrations depends on the amount
of complex added. Additionally, as VIV may oxidize to VV in incubation media of cells,
also forming VV-phen and VV-hydrolytic compounds, the complexity of the speciation of
V-phen species is much higher than what Figure 7 suggests.
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Figure 7. Species distribution diagrams of the system VIVO?*+phen+BSA at pH = 7 (range of Cy val-
ues: 1 to 100 uM) calculated using the HySS program [33], taking a molar ratio V'VO:phen of 1:2 and
[BSA] = 40 uM. The binding of phen to BSA is taken into account with a binding constant of 5.7 x 104,
and the formation of VIVO-phen-BSA species with a stability constant of 10> (which corresponds to
K;BC ~107, see also text). (A) Representation of vanadium containing species; (B) Representation of
1,10-phenanthroline containing species; (C) Representation of BSA containing species.
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Overall, it is clear that the interpretation of the obtained cytotoxicity data must take
into account the speciation that the V-complexes undergo in the medium, and we cannot
simply assume the existence of [VIVO(phen)z]2+ or [VIVO(phen)]2+ either outside or inside
the cells to discuss the mechanism of cytotoxic action.

Another interesting example was reported by Tshuva and co-workers [113] on a highly
promising diaminotris(phenolato) VV-complex that showed high hydrolytic stability in
water [114] due to its six-coordination and lack of labile ligands, along with promising and
broad in vitro and in vivo cytotoxic activity. The resemblance of the biological activity of
the complexes and their corresponding free ligands, implying their participation as active
species, inspired an investigation into the complex interactions in the cellular environ-
ment [113]. They observed: (i) the presence of free ligand inside cells, as well a VV-species,
which was not the initial complex; (ii) the ligand uptake seemed to be slower than the
medium-formed species of the VVO complex, suggesting that vanadium promoted the
cell penetration and (iii) no significant impact was found for the vanadium center on the
apoptotic process, which was similar for free ligand and V-complex. Overall, the studies
indicated the free ligand as the active species, despite the high stability of the complexes in
water, suggesting that some cellular components promote complex dissociation and that
vanadium facilitates cell uptake. Like the VIVO-Xphen system, higher activity is observed
at shorter incubation periods with the complexes than with free ligands alone, highlight
the role of the vanadium complex as a pro-drug.

2.5. Interactions of Metal Complexes with Biological Targets

Many studies reported effects of vanadium salts and complexes with biological tar-
gets such as proteins or DNA. While effects are indeed observed, misunderstandings
about possible structural effects of complexes and which are the active species operating
are frequent.

For example, in a study of VIVOSO, and several oxidovanadium(IV) complexes with
a set of six B-diketonato ligands, it was reported that VIVO and the complexes showed
significant inhibitory activity of snake venom phosphodiesterase I enzyme. [115] All seven
compounds exhibited a non-competitive type inhibition, with one complex exhibiting
ICsp = 9.8 uM, the other six compounds (including VIVOSOy,) exhibiting ICs5( values in the
17-33 uM range. The authors discussed the inhibitory activity mainly based on structural
characteristics of the compounds, these mostly measured in organic solvents. However, the
VIVO-B-diketonato complexes certainly undergo hydrolysis and/or oxidation in aqueous
solvents, as discussed above for [VIVO(acac),], and this must be taken into account in the
discussion of their activity.

Another example is a study of VIVOSO,, [VIVO(mal),] and [VIVO(alx),] (alx = 3-
hydroxy-5-methoxy-6-methyl-2-pentyl-4-pyrone), reported to act as antidiabetic agents.
An in vitro Akt kinase assay was carried out using the GSK3 fusion protein, and the
experiments were carried out with the complexes in ‘kinase buffer” (25 mM Tris—-HCl,
10 mM MgCly, 1 mM EGTA, 2 mM dithiothreitol, 0.1% BSA, pH 7.5), also containing
0.2 mM ATP and 0.5 pg of the GSK3 fusion protein substrate (EGTA = ethylene glycol
bis(2-aminoethyl ether)tetraacetate, ATP = adenosine triphosphate) [116]. [VIVO(alx),]
phosphorylated the Akt kinase and GSK of 3T3-L1 and GSK of adipocytes, but not VIYOSO,
or [VIVO(mal),]. It was also reported that the vanadium uptake by the adipocytes upon
10-min stimulus with the [VIVO(alx),] and [VIYO(mal),], was 11 4 1.4 and 2.5 + 0.2 nmol
of vanadium per 10° cells, respectively [116].

These data are interesting and important, but care should be taken on elaborations of
further conclusions. Besides the ligands of the complexes and the possible V!V-oxidation,
the mixture used for the Akt kinase assay contains at least two other relevant VIVO?*
binders: EGTA and BSA in quite high concentrations, therefore, a significant amount of
vanadium will not be bound to allixinato or maltolato. Moreover, the vanadium uptaken
and inside the adipocytes is possibly not bound to these ligands, but to other bio-ligands
of the cells.
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We will mention a last example. Complex N,N’-ethylenebis(pyridoxylideneiminato)
vanadium(IV), [VIVO(pyren)], originally prepared by Correia et al. [117], was reported
to have relevant anticancer properties, demonstrated in in vitro tests with several human
cancer cell lines such as A375 (human melanoma) and A549 (human lung carcinoma)
cells. The mechanism of the effect of [VIVO(pyren)] was assigned to apoptosis induction,
triggered by ROS increase, followed by mitochondrial membrane depolarization [118].

The experiments were carried out with different concentrations of Hypyren and
[VIVO(pyren)] at 24, 48, and 72 h of incubation; pyren showed no relevant cytotoxic affect.
The data obtained seems promising, but again the assignment of the active species to
[VIVO(pyren)] is elusive. It was previously reported that the ligand precursor Hypyren
as well as [VIVO(pyren)] are more soluble in water than similar salen and [V!VO(salen)]
complexes, and this allowed the determination of the formation constants in the vivo2+
+ pyren system up to pH = 5, where the neutral [VIYO(pyren)] starts precipitating [117].
Speciations are depicted in Figure 8.
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Figure 8. Species distribution diagrams of VIVO-complexes formed in solutions containing VIVO?*
and Hppyren, with Cy = Cpyren = 100 uM (A) and 10 uM (B), assuming the formation constants
determined are valid up to pH = 7. [VIVO(Hpyren)]* corresponds to [VIVO(pyren)] protonated at
one of the pyridine N-atoms. In both complexes the pyren ligand binds in a tetradentate fashion
to VIV,
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The calculated concentration distribution curves of Figure 8 indicate that even at
10 uM the [VIVO(pyren)] complex maintains its integrity. However, in solutions containing
the metal progressively oxidizes and the ligand undergoes hydrolysis; after
standing at 4 °C for two weeks, crystals of [(VVO),(pyr; s2€en)y] were isolated (pyry/,en
is the half Schiff base of pyren, where one of the C=N bonds hydrolysed, see Scheme 1).
This means that at lower complex concentration, both these processes may proceed much

faster. Therefore, the biological properties cannot be unambiguously simply assigned to
[VIVO(pyren)],

[VVO(pyren)]

HO

as several other VIV and VV species may be present.
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o
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Scheme 1. Fate of [VWO(pyren)] in aqueous solution and outline of some possible pathways during aging. V1, V, and V4
are VV species—see Section 2.2-and en is ethylenediamine [117].

3. Conclusions

It is known that the behavior of vanadium and of most first-row transition metal
complexes in solution, namely in biological fluids, depend on their environment, namely
on the presence of other potential ligands. In aqueous media most metal complexes
undergo hydrolysis, ligand exchange and redox reactions, as well as chemical changes that
depend on pH and concentration, and on the presence and nature of the several biological
components present in the media. However, when reporting the biological action of metal

complexes, often the possibility of chemical changes is not taken into account.

Vanadium(IV) ions are very susceptible to oxidation, and both V!V and VV ions are
also very prone to hydrolysis. In this work we highlight that in the particular case of most
vanadium compounds, besides oxidation and/or hydrolysis, as soon as they are dissolved
in aqueous media they undergo several other types of chemical transformations and they
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no longer exist in their initial form. These changes are particularly extensive at the low
concentrations normally used in biological experiments. If a biological effect is observed, it
is clear that in order to determine which is the active species and/or propose mechanisms
of action, it is essential to evaluate the speciation of the metal-complex in the media where
it is acting, but this has been neglected in most of the studies published.

Besides concentration of the metal ion, ionic strength, nature of buffer used, etc.,
other factors that are relevant for the hydrolytic behavior of vanadium(V) ions are time
and temperature of experiments. These may influence the type and the concentration
of the V-species present. Typically, chemical and spectroscopic studies are done at ca.
25 °C, while biological experiments at ~37 °C. Both these factors are relevant e.g., for the
formation/decomposition of polyoxidovanadates. Moreover, we did not discuss issues
associated to non-oxido vanadium(IV) complexes. Some of these complexes are quite
resistant to hydrolysis, but with time they may produce oxidovanadium(IV or V) complexes,
and these processes should be accounted for when discussing their biological action.

It should also be understood that in in vitro experiments, besides transformations in
the incubation media, which will be relevant for the uptake process, once taken up by cells,
most probably vanadium will no longer be bound to the original ligand, but to bio-ligands
such as proteins of the cellular system.

If a vanadium compound is administered in vivo, either orally or by injection, the
situation is much more complex. The ligand bound to the metal certainly changes during
its bioprocessing, new complexes form, also with a distinct speciation profile, which may
have (or not) a beneficial biological activity. The use of any metal-complex in the clinic
requires the evaluation of its speciation chemistry associated with its pharmacokinetic and
pharmacodynamic properties. This once more requires the evaluation of speciation of the
vanadium species formed in each biological compartment and tissue involved. All these
processes correspond to huge tasks and facilitate experiments and interpretations may
yield misunderstandings and pseudo-conclusions that do not contribute to the advance of
knowledge of the systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/2304-6
740/9/2/17/s1. Figure S1: Species distribution diagrams of the system VIVO?* + phen + BSA at
pH =7 (range of CV values: 1 to 100 M) calculated using the HySS program, taking a molar ratio
VIVO:phen of 1:2 and [BSA] = 40 uM. The binding of phen to BSA is taken into account with a
binding constant of 5.7 x 10%, but in this figure the formation of VIVO-phen-BSA species is not
con-sidered.
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Abbreviations

Acac acetylacetonate

alx 3-hydroxy-5-methoxy-6-methyl-2-pentyl-4-pyrone
Amphen 5-amino-1,10-phenanthroline

ATP Adenosine triphosphate

Bipy 2,2'-bipyridine

BSA Bovine serum albumin

CD Circular dichroism

Cy total vanadium concentration

dhp 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone
DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethyl sulfoxide

EGTA ethylene glycol bis(2-aminoethyl ether)tetraacetate
EPR Electronic paramagnetic spectroscopy

FBS Fetal bovine serum

HSA Human serum albumin

IC59 Minimum inhibitory concentration

ICP-MS Inductively coupled plasma mass spectrometry
Mal maltolato

MEM Minimum Essential Medium Eagle

Me;,phen 4,7-dimethyl-1,10-phenanthroline

MeOH Methanol

NMR Nuclear magnetic resonance

Phen 1,10-phenanthroline

ROS Reactive oxygen species

RPMI medium  Roswell Park Memorial Institute medium

SDS Sodium dodecyl sulfate

Tris Tris(hydroxymethyl)aminomethane
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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 51y 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 [HyV207]%~ (Va), [V4O12]4 (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 V; 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 [HpVO4]™ (V1) and the appearance of the orthovanadates species signals like [Ho VL0717 (V)),
[V4012]1* (V4) and [V5045]°~ (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].

/
0o
Oy LI T=M .0\\\,&0 0 0 0
B‘ — \o——" 'B\
ol /? I/‘\ B/O U U U
B~pA_ — A\ —7
AT S o oo
o— C\ _—'c~—g¢
a) (|)| ll b) c)
o o
o]
fo) /O ” OQV//O\\\V/ I
Xy —0—y—o- NH*
\Y v—o / AN N ~—NH,
Q/ [0} (l) ) /
/ 0— v? NH,* NH
O—v V= V— M 2 2
\0/\ o 7 O\V/o O-
> o \\o
d) e) f)

Figure 1. Schematic structure of (a) decavanadate anion [V19O.g]%~, (b) orthovanadate [H,VO,]
(V1), metavanadate species like (c) [HyV,07]%>~ (V2), (d) [V4O12]*™ (V4), (e) [V5015]°~ (Vs) and
(f) diprotonated metformin (Metf).

Vanadium speciation is complicated under physiological conditions, many known forms of
vanadium V#* 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 (T1DM) [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 FTC-6 cells at 30 LM 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)3V10025-8H,O and the sodium decavanadate
(NaDeca) NagV19Os8-18H,O were prepared according to previously reported procedures [33,36].

The >V 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 [V19O5]®~ (V10), attributed to the three different vanadium atoms of the
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decavanadate structure Viga, Viop and Vigc respectively and one signal at =556 ppm assigned to the
diprotonated monomeric species [HyVOq4] ™ (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 Vigc 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 [H,VO4]™ (V1) and metavanadate species like [Ho Vo072~ (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 [V10O28]-6H20 in MES butffer (0.1 M), NaCl (0.5 M) at
pH 8 [14].
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Figure 2. °'V 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 V19 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, V; and metavanadate species V5, V4 and V5
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 Vyp species was calculated by integration of the Viga (2 vanadium atoms), Viop (4 vanadium
atoms) and Vigc (4 vanadium atoms) resonances at —420, —494 and —510 ppm, respectively, and the
rate constants for the three decavanadate signals V5, 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 Vs 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 Vi (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 V;y 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 (k;-) 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
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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 (p = 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

51V NMR Signal

kobs, min~1 NaDeca

kobs, min~1 MetfDeca

—420 (V104) (-1.25 +0.03) x 1073 (~1.40 + 0.03) x 1073
—494 (V19p) (-1.26 £0.2) x 1073 (-1.48 £0.7) x 1073
-510 (V1gc) (-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 (V) (7.07 £0.7) x 107+ (617 £0.8) x 107*
—578 (Vy) (2.28 +0.08) x 1073 (7.63 £ 0.8) x 107+
~586 (Vs) (1.72 £ 0.07) x 1074 (4.09 £ 0.3) x 107>
—420 (V194) (~1.46 +0.7) x 1073 (-1.36 £ 0.2) x 1073
—494 (V1) (-1.13 +0.1) x 1073 (-8.39 £0.2) x 10™*
—510 (V19c) (-1.16 £ 0.2) x 1073 (=9.49 £ 0.5) x 107+
0.001 M —556 (V1) (2.62 +0.6) x 1073 (2.00 £ 0.2) x 1073
—570 (V3) (6.81 +0.4) x 107* (5.34+0.4) x 10™*
~578 (V) (1.96 = 0.2) x 1073 (1.85 + 0.09) x 1073
—586 (Vs) (1.89 +0.1) x 107+ (1.38 £ 0.8) x 107*

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[V19028° Ttor/dt = [ky/ + ko[OH11[V19O28% Tot (1)
d[V40* 7 V/dt = [ky + ko [OHT11[V10028° Ttot ()

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 (C4H1,N5*), which at pH 7 is monoprotonated [33].

K]E
[(C4H N5V O™ + Na® [NaV;Ox5]> + (C4H;oNs)"
[NaV;;O5]> + Na* [Na,V(Oagl*
kM
[Na,V, Oy]* + OH —2—  PRODUCTS
2V10028

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™][V19025" Jeot = k2™ [OH][V10025° ot 3)

where
[V10028% Ttot = [(C4H12N5)V19O28°"] + [NaV1gO2s° | + [NayVOps*7] (4)
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In DMEM medium, it seems likely that the ion-pair association is stronger with the metformin
cation (C4H15N5)V19025°~ at 1 mM MetfDeca concentration, which does not form at the same rate as the
Na, V190%™ active species to react with the free OH™ anion (Scheme 1) like 1 mM NaDeca, where the
total Vg anion concentration (Equation (4)) is almost in the higher ionic aggregate Na, V190%™
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 NayV19Oog*™ 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
MHV;(058%, MV10,8°~, and M, V1¢O,5*~ base on their formation constants 91% of the decavanadate
is in the ion-pair form M, V100%™ and 9% in the form MV1¢O,5°~ 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 (V1) 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 ICs; 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 IC5 of 29 + 0.7 uM, and ICs values of
93 £ 5 and 540 + 4 uM for MetV and Metf, respectively.
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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 ICs
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 (IC50) and selectivity index (SI) of compounds against HEK293 and HEPG2

cells after 24 h.
HEK293 HEK?293 HEPG2 HEPG2 SI (ICsp HEK293/
Compound Lower Cell ICsg (M) Lower Cell ICsp (uM) (IC~ HEPG2)
Viability (%) 50 p Viability (%) 50 (4 %

NaDeca 61 40+ 4 22 9+0.7 44
MetfDeca 67 85+5 28 29 +£0.7 29
MetV 88 181+7 51 93 +5 1.9
Metf 100 420 £ 11 98 540 + 4 0.77

In the case of decavanadate compounds, the IC5j seems strongly dependent on the type of cell line
and the counter ion; for example, the IC5 of the Nas[(HOCHCHj)3NH],[V19Oo8]-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,0 and [(Hyen);V19Oz5]-2H,O were tested in human normal
hepatocytes L02, and their ICsy 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)sH;V19O0g]-2H,0O-2(3-pca)
and isonicotinamidium [(4-Hpca)sH,V19Oo8]-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 NaV19058°7,
(C4H15N5)V19008%~ 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 5¢, 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-AMPK« 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-AMPXK/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 uM 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 pM 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 V2* (V4, Vy, 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 pM 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 VOSOy [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 °'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 V1, V4 and [V(OH),(O0),(OH);]%". The decomposition products promoted the
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inhibition of PTP and the activation of SSAQ 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.

=X 16 uM
30 uM
mm 100 nM

2mM

Intensity (%)

Control Nadeca Metfdeca 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 M 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. TC-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 B TC-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 NagVOy, 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 BTC-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 V4 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 Vo+
(25-200 uM) interaction with respiratory complex I1I 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 pM, 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.

Insuline granule
exocytosis

DMEM medium, pH 7.4

Decomposition reaction Membra_ne . 'Y )
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Figure 8. Illustration of the vanadium species mechanisms of action on the insulin release in 3 TC-6
cells. The total vanadium concentration is 300 1M, NaDeca decomposition reaction is moderately faster
than MetfDeca reaction (Table 1), so NaDeca and MetfDeca majority decomposition products are V{
and Vy; however, some V) is present, the putative mechanism of action for V; 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 K4rp channel by V; species.

3. Experimental

3.1. Chemicals and Reagents

Ammonium metavanadate (NH;VOj3), sodium metavanadate (NaVOs3), hydrochloric acid (HCI 37%
w/v in Hy0), dimethyl sulfoxide (DMSO), d6-DMSO, 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 (Na3VO,) 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)3V19O25-8H,O was prepared according to the
literature [33]. The sodium decavanadate (NaDeca) NagV19O,5-18H,O was prepared by suspending
NaVOs (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% DMSQO 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 NazgVO;,
solution in 1.0 M NaOH ([VO4]*~ 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/Ap) X ([Vi]/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),
Na3zVOy4 (1 mM), DDT (1 mM), PMSEF (0.2 mM) and COMPLETE 1X as protease inhibitor. Homogenates
were centrifuged at 16,128 g for 20 min at 4 °C in an Eppendorf centrifuge 5804R.

Supernatants were collected for their protein quantitation by Lowry method; 50 ug 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 (PKBo)
and anti-f3-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% COs,). 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 pM dexamethasone). After 48 h, media was changed with
DMEM supplemented with 10% fetal bovine serum and 1.0 ug/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 uM 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 uL/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 3TC-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 pM 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 f-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 3TC-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, V4 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.

Author Contributions: A.M.S.-N.and R.O.S.-D. performed the kinetics experiments; A.M.S.-N. and L.C. performed
the biological studies; L.E.L. and O.H.-A. reviewed and edited the manuscript; I.S.-L. wrote most of the manuscript
and carried out the kinetics analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. A.M.S.-N. and I.S.-L. would like to thank the UJAT for
funding A.M.S.-N. fellowship.

Acknowledgments: We specially thanks to Boris Rodenak Kladniew to participate in the biological data analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Van Rompuy, L.S.; Parac-Vogt, T.N. Interactions between polyoxometalates and biological systems: From drug
design to artificial enzymes. Curr. Opin. Biotechnol. 2019, 58, 92-99. [CrossRef]

2. Colovi¢, M.B.; Lackovi¢, M.; Lalatovig, J.; Mougharbel, A.S.; Kortz, U.; Krsti¢, D.Z. Polyoxometalates in
Biomedicine: Update and Overview. Curr. Med. Chem. 2020, 27, 362-379. [CrossRef]

182



Inorganics 2020, 8, 67

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

Aureliano, M. Decavanadate contribution to vanadium biochemistry: In vitro and in vivo studies. Inorg.
Chim. Acta 2014, 420, 4-7. [CrossRef]

Bijelic, A.; Rompel, A. The use of polyoxometalates in protein crystallography—An attempt to widen a
well-known bottleneck. Coord. Chem. Rev. 2015, 299, 22-38. [CrossRef] [PubMed]

Crans, D.C.; Sanchez-Lombardo, I.; McLauchlan, C.C. Exploring Wells-Dawson Clusters Associated with the
Small Ribosomal Subunit. Front. Chem. 2019, 7, 462-476. [CrossRef] [PubMed]

Aureliano, M.; Crans, D.C. Decavanadate (V100286_) and oxovanadates: Oxometalates with many biological
activities. J. Inorg. Biochem. 2009, 103, 536-546. [CrossRef] [PubMed]

Nakamura, S.; Ozeki, T. Hydrogen-bonded aggregates of protonated decavanadate anions in their
tetraalkylammonium salts. J. Chem. Soc. Dalton Trans. 2001, 472—480. [CrossRef]

Ferreira da Silva, J.L.; Fatima Minas da Piedade, M.; Teresa Duarte, M. Decavanadates: A building-block for
supramolecular assemblies. Inorg. Chim. Acta 2003, 356, 222-242. [CrossRef]

Bosnjakovi¢-Pavlovi¢, N.; Prévost, ].; Spasojevié-de Biré, A. Crystallographic Statistical Study of Decavanadate
Anion Based-Structures: Toward a Prediction of Noncovalent Interactions. Cryst. Growth Des. 2011, 11, 3778-3789.
[CrossRef]

Povar, L; Spinu, O.; Zinicovscaia, L; Pintilie, B.; Ubaldini, S. Revised Poubaix diagrams for the vanadium-water
system. |. Electrochem. Sci. Eng. 2019, 9, 620. [CrossRef]

Kojima, T.; Antonio, M.; Ozeki, T. Solvent-Driven Association and Dissociation of the Hydrogen-Bonded
Protonated Decavanadates. |. Am. Chem. Soc. 2011, 133, 7248-7251. [CrossRef] [PubMed]

Ramos, S.; Manuel, M.; Tiago, T.; Duarte, R.; Martins, J.; Gutiérrez-Merino, C.; Moura, J.].G.; Aureliano, M.
Decavanadate interactions with actin: Inhibition of G-actin polymerization and stabilization of decameric
vanadate. J. Inorg. Biochem. 2006, 100, 1734-1743. [CrossRef] [PubMed]

Samart, N.; Arhouma, Z.; Kumar, S.; Murakami, H.A.; Crick, D.C.; Crans, D.C. Decavanadate Inhibits
Mycobacterial Growth More Potently Than Other Oxovanadates. Front. Chem. 2018, 6. [CrossRef] [PubMed]
Krivosudsky, L.; Roller, A.; Rompel, A. Tuning the interactions of decavanadate with thaumatin, lysozyme,
proteinase K and human serum proteins by its coordination to a pentaaquacobalt(Il) complex cation. New J.
Chem. 2019, 43, 17863-17871. [CrossRef]

Soares, S.S.; Martins, H.; Duarte, R.O.; Moura, ]J.J.G.; Coucelo, J.; Gutiérrez-Merino, C.; Aureliano, M.
Vanadium distribution, lipid peroxidation and oxidative stress markers upon decavanadate in vivo
administration. J. Inorg. Biochem. 2007, 101, 80-88. [CrossRef] [PubMed]

Clare, B.W,; Kepert, D.L.; Watts, D.W. Acid decomposition of decavanadate: Specific salt effects. J. Chem. Soc.
Dalton Trans. 1973, 2481-2487. [CrossRef]

Druskovich, D.M.; Kepert, D.L. Base decomposition of decavanadate. J. Chem. Soc. Dalton Trans. 1975, 947-951.
[CrossRef]

Crans, D.; Rithner, C.; Theisen, L. Application of time-resolved vanadium-51 2D NMR for quantitation of
kinetic exchange pathways between vanadate monomer, dimer, tetramer, and pentamer. J. Am. Chem. Soc.
1990, 112, 2901-2908. [CrossRef]

Levina, A.; McLeod, A.L; Pulte, A.; Aitken, ].B.; Lay, P.A. Biotransformations of Antidiabetic Vanadium
Prodrugs in Mammalian Cells and Cell Culture Media: A XANES Spectroscopic Study. Inorg. Chem. 2015,
54, 6707-6718. [CrossRef]

Saklayen, M.G. The Global Epidemic of the Metabolic Syndrome. Curr. Hypertens. Rep. 2018, 20, 12. [CrossRef]
Giovannucci, E.; Harlan, D.M.; Archer, M.C.; Bergenstal, R.M.; Gapstur, S.M.; Habel, L.A.; Pollak, M.;
Regensteiner, J.G.; Yee, D. Diabetes and Cancer: A consensus report. Diabetes Care 2010, 33, 1674-1685.
[CrossRef] [PubMed]

Tschop, M.H. Metabolic Disease Therapies. Cell Metab. 2017, 26, 579-583.

Lee, C.-W.; Wong, L.L.-Y,; Tse, E.Y.-T.; Liu, H.-E; Leong, V.Y.-L.; Lee, ] M.-F; Hardie, D.G.; Ng, .O.-L.;
Ching, Y.-P. AMPK Promotes p53 Acetylation via Phosphorylation and Inactivation of SIRT1 in Liver Cancer
Cells. Cancer Res. 2012, 72, 4394. [CrossRef] [PubMed]

Koundouros, N.; Poulogiannis, G. Phosphoinositide 3-Kinase/Akt Signaling and Redox Metabolism in
Cancer. Front. Oncol. 2018, 8, 160-169. [CrossRef]

Zheng, W.; Feng, Q.; Liu, J.; Guo, Y,; Gao, L.; Li, R.; Xu, M; Yan, G.; Yin, Z.; Zhang, S.; et al. Inhibition of
6-phosphogluconate Dehydrogenase Reverses Cisplatin Resistance in Ovarian and Lung Cancer. Front. Pharmacol.
2017, 8, 421-432. [CrossRef]

183



Inorganics 2020, 8, 67

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Rehder, D. Implications of vanadium in technical applications and pharmaceutical issues. Inorg. Chim. Acta
2017, 455, 378-389. [CrossRef]

Crans, D.C; Henry, L.; Cardiff, G.; Posner, B.I. Developing Vanadium as an Antidiabetic or Anticancer Drug;:
A Clinical and Historical Perspective. In Essential Metals in Medicine: Therapeutic Use and Toxicity of Metal Ions
in the Clinic, 1st ed.; Carver, P.L., Ed.; De Gruyter: Berlin, Germany; Boston, MA, USA, 2019; pp. 203-230.
Jakusch, T.; Kiss, T. In vitro study of the antidiabetic behavior of vanadium compounds. Coord. Chem. Rev.
2017, 351, 118-126. [CrossRef]

Thompson, K.H.; Orvig, C. Vanadium in diabetes: 100 years from Phase 0 to Phase I. J. Inorg. Biochem. 2006,
100, 1925-1935. [CrossRef]

Thompson, K.H.; Lichter, J.; LeBel, C.; Scaife, M.C.; McNeill, ].H.; Orvig, C. Vanadium treatment of type 2
diabetes: A view to the future. J. Inorg. Biochem. 2009, 103, 554-558. [CrossRef]

Rehder, D. Transport, Accumulation, and Physiological Effects of Vanadium. In Detoxification of Heavy Metals;
Sherameti, I., Varma, A., Eds.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 205-220.

Gruzewska, K.; Michno, A.; Pawelczyk, T.; Bielarczyk, H. Essentiality and toxicity of vanadium supplements
in health and pathology. |. Physiol. Pharmacol. 2014, 65, 603-611.

Sanchez Lombardo, I; Sdnchez Lara, E.; Pérez Benitez, A.; Mendoza, A.; Bernés, S.; Gonzalez Vergara, E.
Synthesis of Metforminium(2+) Decavanadates-Crystal Structures and Solid-State Characterization. Eur. J.
Inorg. Chem. 2014, 2014, 4581-4588. [CrossRef]

Trevifio, S.; Gonzalez-Vergara, E. Metformin-decavanadate treatment ameliorates hyperglycemia and redox
balance of the liver and muscle in a rat model of alloxan-induced diabetes. New J. Chem. 2019, 43, 17850-17862.
[CrossRef]

Trevifio, S.; Sanchez-Lara, E.; Sarmiento-Ortega, V.E.; Sanchez-Lombardo, I.; Flores-Hernandez, ].A.;
Pérez-Benitez, A.; Brambila-Colombres, E.; Gonzalez-Vergara, E. Hypoglycemic, lipid-lowering and metabolic
regulation activities of metforminium decavanadate (HyMetf)3 [V19Oo3]-8H0 using hypercaloric-induced
carbohydrate and lipid deregulation in Wistar rats as biological model. J. Inorg. Biochem. 2015, 147, 85-92.
[CrossRef] [PubMed]

Durif, A.; Averbuch-Pouchot, M.T.; Guitel, J.C. Structure d"un Decavanadate d’'Hexasodium Hydrate. Acta
Crystallogr. Sect. B Struct. Sci. 1980, 36, 680—-682. [CrossRef]

Howarth, O.W,; Jarrold, M. Protonation of the decavanadate(6-) ion: A vanadium-51 nuclear magnetic
resonance study. J. Chem. Soc. Dalton Trans. 1978, 5, 503-506. [CrossRef]

Goddard, J.B.; Gonas, A.M. Kinetics of the dissociation of decavanadate ion in basic solutions. Inorg. Chem.
1973, 12, 574-579. [CrossRef]

Schwarzenbach, G.; Geier, G. 97. Die Raschacidifierung und -alkalisierung von Vanadaten. Helv. Chim. Acta
1963, 46, 906-926. [CrossRef]

Pascale, F; Bedouet, L.; Baylatry, M.; Namur, J.; Laurent, A. Comparative Chemosensitivity of VX2 and HCC
Cell Lines to Drugs Used in TACE. Anticancer Res. 2015, 35, 6497-6503.

Mohamadi, M.; Yousef Ebrahimipour, S.; Torkzadeh-Mahani, M.; Foro, S.; Akbari, A. A mononuclear
diketone-based oxido-vanadium(IV) complex: Structure, DNA and BSA binding, molecular docking and
anticancer activities against MCF-7, HPG-2, and HT-29 cell lines. RSC Adv. 2015, 5, 101063-101075. [CrossRef]
Dhahagani, K.; Mathan Kumar, S.; Chakkaravarthi, G.; Anitha, K.; Rajesh, J.; Ramu, A.; Rajagopal, G.
Synthesis and spectral characterization of Schiff base complexes of Cu(Il), Co(Il), Zn(II) and VO(IV)
containing 4-(4-aminophenyl)morpholine derivatives: Antimicrobial evaluation and anticancer studies.
Spectrochim. Acta A Mol. Biomol. Spectrosc. 2014, 117, 87-94. [CrossRef]

Correia, I.; Adao, P; Roy, S.; Wahba, M.; Matos, C.; Maurya, M.R.; Marques, F,; Pavan, ER.; Leite, C.Q.F;
Avecilla, F; et al. Hydroxyquinoline derived vanadium(IV and V) and copper(II) complexes as potential
anti-tuberculosis and anti-tumor agents. J. Inorg. Biochem. 2014, 141, 83-93. [CrossRef] [PubMed]
Amuthan, V.D.A; Chandrashekara, S.S.; Venkata, R.; Richard, L. Cytoprotective Activity of Neichitti
(Vernonia cinerea) in Human Embryonic Kidney (HEK293) Normal Cells and Human Cervix Epitheloid
Carcinoma (HeLa) Cells against Cisplatin Induced Toxicity: A Comparative Study. J. Clin. Diagn. Res. 2019,
13, KC01-KCO06. [CrossRef]

Fujita, H.; Hirose, K.; Sato, M.; Fujioka, L; Fujita, T.; Aoki, M.; Takai, Y. Metformin attenuates hypoxia-induced
resistance to cisplatin in the HepG2 cell line. Oncol. Lett. 2019, 17, 2431-2440. [CrossRef] [PubMed]

184



Inorganics 2020, 8, 67

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Cheng, M; Li, N.; Wang, N.; Hu, K,; Xiao, Z.; Wu, P; Wei, Y. Synthesis, structure and antitumor studies of
a novel decavanadate complex with a wavelike two-dimensional network. Polyhedron 2018, 155, 313-319.
[CrossRef]

Li, Y.-T.; Zhu, C.-Y,; Wu, Z.-Y,; Jiang, M.; Yan, C.-W. Synthesis, crystal structures and anticancer activities of
two decavanadate compounds. Transit. Met. Chem. 2010, 35, 597-603. [CrossRef]

Missina, ].M.; Gavinho, B.; Postal, K.; Santana, E.S.; Valdameri, G.; de Souza, E.M.; Hughes, D.L.; Ramirez, M.I.;
Soares, ].E; Nunes, G.G. Effects of Decavanadate Salts with Organic and Inorganic Cations on Escherichia
coli, Giardia intestinalis, and Vero Cells. Inorg. Chem. 2018, 57, 11930-11941. [CrossRef]

Wang, Q.; Liu, T.-T; Fu, Y.; Wang, K.; Yang, X.-G. Vanadium compounds discriminate hepatoma and normal
hepatic cells by differential regulation of reactive oxygen species. J. Biol. Inorg. Chem. 2010, 15, 1087-1097.
[CrossRef]

Hao, J.; Huang, K.; Chen, C.; Liang, Y.; Wang, Y.; Zhang, X.; Huang, H. Polydatin Improves Glucose and
Lipid Metabolisms in Insulin-Resistant HepG2 Cells through the AMPK Pathway. Biol. Pharm. Bull. 2018,
41, 891-898. [CrossRef]

Ferretti, A.C.; Hidalgo, F; Tonucci, EM.; Almada, E.; Pariani, A.; Larocca, M.C.; Favre, C. Metformin
and glucose starvation decrease the migratory ability of hepatocellular carcinoma cells: Targeting AMPK
activation to control migration. Sci. Rep. 2019, 9, 2815. [CrossRef]

Hardie, D.G. Molecular Pathways: Is AMPK a Friend or a Foe in Cancer? Clin. Cancer Res. 2015, 21, 3836-3840.
[CrossRef]

Lu, B,; Ennis, D.; Lai, R.; Bogdanovic, E.; Nikolov, R.; Salamon, L.; Fantus, C.; Le-Tien, H.; Fantus, L.G.
Enhanced sensitivity of insulin-resistant adipocytes to vanadate is associated with oxidative stress and
decreased reduction of vanadate (+5) to vanadyl (+4). . Biol. Chem. 2001, 276, 35589-35598. [CrossRef]
Tardif, A.; Julien, N.; Chiasson, J.-L.; Coderre, L. Stimulation of glucose uptake by chronic vanadate
pretreatment in cardiomyocytes requires PI 3-kinase and p38 MAPK activation. Am. J. Physiol. Endocrinol.
Metab. 2003, 284, E1055-E1064. [CrossRef] [PubMed]

7i7i¢, M.; Miladinovié, Z.; Stani¢, M.; HadZibrahimovié, M.; Zivi¢, M.; Zakrzewska, J. 51V NMR investigation of
cell-associated vanadate species in Phycomyces blakesleeanus mycelium. Res. Microbiol. 2016, 167, 521-528.
[CrossRef] [PubMed]

Zhao, Q.; Chen, D.; Liu, P.; Wei, T.; Zhang, F.; Ding, W. Oxidovanadium(IV) sulfate-induced glucose uptake
in HepG2 cells through IR/Akt pathway and hydroxyl radicals. J. Inorg. Biochem. 2015, 149, 39—-44. [CrossRef]
Seale, A.P; de Jesus, L.A.; Park, M.C.; Kim, Y.S. Vanadium and insulin increase adiponectin production in
3T3-L1 adipocytes. Pharmacol. Res. 2006, 54, 30-38. [CrossRef] [PubMed]

Yraola, F.; Garcia-Vicente, S.; Marti, L.; Albericio, F; Zorzano, A.; Royo, M. Understanding the mechanism of
action of the novel SSAO substrate (C;NH;()g(V10028)-2H0O, a prodrug of peroxovanadate insulin mimetics.
Chem. Biol. Drug. Des. 2007, 69, 423-428. [CrossRef]

Marin-Pefialver, J.J.; Martin-Timon, I.; Sevillano-Collantes, C.; Del Canizo-Gémez, EJ. Update on the treatment
of type 2 diabetes mellitus. World . Diabetes 2016, 7, 354-395. [CrossRef]

Skelin, M.; Rupnik, M.; Cencic, A. Pancreatic beta cell lines and their applications in diabetes mellitus
research. Altex 2010, 27, 105-113. [CrossRef]

Zhang, A.Q.; Gao, Z.Y.; Gilon, P; Nenquin, M.; Drews, G.; Henquin, J.C. Vanadate stimulation of insulin
release in normal mouse islets. |. Biol. Chem. 1991, 266, 21649-21656.

Proks, P,; Ashfield, R.; Ashcroft, EM. Interaction of vanadate with the cloned beta cell K(ATP) channel. J. Biol.
Chem. 1999, 274, 25393-25397. [CrossRef]

Gogg, S.; Chen, J.; Efendic, S.; Smith, U.; Ostenson, C. Effects of phosphotyrosine phosphatase inhibition on
insulin secretion and intracellular signaling events in rat pancreatic islets. Biochem. Biophys. Res. Commun.
2001, 280, 1161-1168. [CrossRef] [PubMed]

Chen, J.; Ostenson, C.G. Inhibition of protein-tyrosine phosphatases stimulates insulin secretion in pancreatic
islets of diabetic Goto-Kakizaki rats. Pancreas 2005, 30, 314-317. [CrossRef] [PubMed]

Liu, H.-K,; Green, B.D.; McClenaghan, N.H.; McCluskey, ].T.; Flatt, P.R. Long-Term Beneficial Effects of
Vanadate, Tungstate, and Molybdate on Insulin Secretion and Function of Cultured Beta Cells. Pancreas 2004,
28,264-268. [CrossRef] [PubMed]

185



Inorganics 2020, 8, 67

66.

67.

68.

69.

70.

71.

72.

73.

Zhao, Y,; Ye, L.; Liu, H.; Xia, Q.; Zhang, Y.; Yang, X.; Wang, K. Vanadium compounds induced mitochondria
permeability transition pore (PTP) opening related to oxidative stress. J. Inorg. Biochem. 2010, 104, 371-378.
[CrossRef]

Hosseini, M.J.; Shaki, F.; Ghazi-Khansari, M.; Pourahmad, J. Toxicity of vanadium on isolated rat liver
mitochondria: A new mechanistic approach. Metallomics 2013, 5, 152-166. [CrossRef]

Soares, S.S.; Gutiérrez-Merino, C.; Aureliano, M. Mitochondria as a target for decavanadate toxicity in Sparus
aurata heart. Aquat. Toxicol. 2007, 83, 1-9. [CrossRef]

Crans, D.C.; Bunch, R.L.; Theisen, L.A. Interaction of trace levels of vanadium(IV) and vanadium(V) in
biological systems. |. Am. Chem. Soc. 1989, 111, 7597-7607. [CrossRef]

Griffin, E.; Levina, A.; Lay, P.A. Vanadium(V) tris-3,5-di-tert-butylcatecholato complex: Links between
speciation and anti-proliferative activity in human pancreatic cancer cells. |. Inorg. Biochem. 2019, 201, 110815.
[CrossRef]

Aureliano, M.; Tiago, T.; Gandara, RM.C.; Sousa, A.; Moderno, A.; Kaliva, M.; Salifoglou, A.; Duarte, R.O.;
Moura, J.J.G. Interactions of vanadium(V)—citrate complexes with the sarcoplasmic reticulum calcium pump.
J. Inorg. Biochem. 2005, 99, 2355-2361. [CrossRef]

Sanchez-Lombardo, I; Baruah, B.; Alvarez, S.; Werst, K.R.; Segaline, N.A.; Levinger, N.E.; Crans, D.C. Size
and shape trump charge in interactions of oxovanadates with self-assembled interfaces: Application of
continuous shape measure analysis to the decavanadate anion. New ]. Chem. 2016, 40, 962-975. [CrossRef]

Student, A.K.; Hsu, R.Y.; Lane, M.D. Induction of fatty acid synthetase synthesis in differentiating 3T3-L1
preadipocytes. J. Biol. Chem. 1980, 255, 4745-4750. [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

186



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Inorganics Editorial Office
E-mail: inorganics@mdpi.com

www.mdpi.com/journal/inorganics

=4

MDPI

P






MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

www.mdpi.com

ISBN 978-3-0365-5765-6



	Cover-front.pdf
	Book.pdf
	Cover-back.pdf

