
����������
�������

Citation: Ferretti, V.A.; León, I.E. An

Overview of Vanadium and Cell

Signaling in Potential Cancer

Treatments. Inorganics 2022, 10, 47.

https://doi.org/10.3390/

inorganics10040047

Academic Editor: Isabel Correia

Received: 26 February 2022

Accepted: 29 March 2022

Published: 1 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://

creativecommons.org/licenses/by/

4.0/).

inorganics

Review

An Overview of Vanadium and Cell Signaling in Potential
Cancer Treatments
Valeria Alejandra Ferretti 1 and Ignacio Esteban León 1,2,*

1 Cequinor (UNLP, CCT-CONICET La Plata, Asociado a CIC), Departamento de Química, Facultad de Ciencias
Exactas, Universidad Nacional de La Plata, Blvd. 120 N◦ 1465, La Plata 1900, Argentina;
vferretti@med.unlp.edu.ar

2 Cátedra de Fisiopatología, Departamento de Ciencias Biológicas, Facultad de Ciencias Exactas,
Universidad Nacional de La Plata, 47 y 115, La Plata 1900, Argentina

* Correspondence: ileon@biol.unlp.edu.ar

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.
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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 (VIVO(SO4)(4,7-Mephen)2)
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 MAPKs 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)2) and sodium metavanadate (NaVO3),
two well-known antidiabetic compounds, have shown an antiproliferative effect through
inducing a G2/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 NaVO3 converts
to H2VO4

− 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)2) (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 G1 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-κB (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-κB.
Thus, V(IV) may modulate both ERK and NF-κB 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 µM) resulted in a greater phosphorylation of tyrosine 451 of RET/PTC1, 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 Na2[VO(silibinin)2]·6H2O (VOsil) and chrysin [VO(chrysin)2EtOH]2
(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 G2/M phase, while VOsil activated
caspase-3, triggering the cells directly into apoptosis [40] (Figure 2). Moreover, VOsil
diminished the NF-κB 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—Villalva 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(III)-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 NFκβ, 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
MCF-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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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)2) 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)2 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 µM, since the Tyr576 and Tyr577 sites were upmodulated; however, at
10 µM, the phosphorylation of Tyr576 and Tyr577 declined 14-fold [48]. Likewise, in another
work, we reported that the oxidovanadium (IV)–chrysin complex ([VO(chrysin)2EtOH]2)
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)2EtOH]2
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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)2 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 H2VO4

−, 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(II) (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,
Y2O3 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 Y2O3. 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. TGFβ (Transforming Growth Factor-β)- 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-β 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-β)-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-β-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 G0/G1 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)2Cl]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 Notch1 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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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, TGF-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.

Author Contributions: Conceptualization, V.A.F. and I.E.L. investigation, V.A.F. and I.E.L.; writing—
original draft preparation, V.A.F.; writing—review and editing, I.E.L.; supervision, I.E.L.; funding
acquisition, I.E.L. All authors have read and agreed to the published version of the manuscript.



Inorganics 2022, 10, 47 9 of 11

Funding: This work was partly supported by UNLP (PPID X053) CONICET (PIP 2051), and ANPCyT
(PICT 2019-2322) from Argentina.

Acknowledgments: The authors thank Consejo Nacional de Investigaciones Científicas y Técnicas
(CONICET) since I.E.L. is a member of the Researcher Career.

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

References
1. Zhang, C.X.; Lippard, S.J. New metal complexes as potential therapeutics. Curr. Opin. Chem. Biol. 2003, 7, 481–489. [CrossRef]
2. McQuitty, R.J. Metal-based drugs. Sci. Prog. 2014, 97, 1–19. Available online: https://pubmed.ncbi.nlm.nih.gov/24800466/

(accessed on 25 February 2022). [CrossRef] [PubMed]
3. Leon, I.; Cadavid-Vargas, J.; Di Virgilio, A.; Etcheverry, S. Vanadium, Ruthenium and Copper Compounds: A New Class of

Nonplatinum Metallodrugs with Anticancer Activity. Curr. Med. Chem. 2017, 24, 112–148. Available online: https://pubmed.ncbi.
nlm.nih.gov/27554807/ (accessed on 25 February 2022). [CrossRef] [PubMed]

4. Tisato, F.; Marzano, C.; Porchia, M.; Pellei, M.; Santini, C. Copper in diseases and treatments, and copper-based anticancer
strategies. Med. Res. Rev. 2010, 30, 708–749. Available online: https://pubmed.ncbi.nlm.nih.gov/19626597/ (accessed on 25
February 2022). [CrossRef]

5. Apps, M.; Choi, E.; Wheate, N. The state-of-play and future of platin drugs. Endocr. Relat. Cancer 2015, 22, R219–R233. [CrossRef]
6. Butler, J.S.; Sadler, P.J. Targeted delivery of platinum-based anticancer complexes. Curr. Opin. Chem. Biol. 2013, 17, 175–188.

[CrossRef]
7. Barry, N.P.E.; Sadler, P.J. Exploration of the medical periodic table: Towards new targets. Chem. Commun. 2013, 49, 5106–5131.

[CrossRef]
8. León, I.E.; di Virgilio, A.L.; Porro, V.; Muglia, C.I.; Naso, L.G.; Williams, P.A.; Bollati-Fogolin, M.; Etcheverry, S.B. Antitumor

properties of a vanadyl(IV) complex with the flavonoid chrysin [VO(chrysin)2EtOH]2 in a human osteosarcoma model: The role
of oxidative stress and apoptosis. Dalton Trans. 2013, 42, 11868–11880. Available online: https://pubmed.ncbi.nlm.nih.gov/2376
0674/ (accessed on 25 February 2022). [CrossRef]

9. León, I.E.; Porro, V.; di Virgilio, A.L.; Naso, L.G.; Williams, P.A.; Bollati-Fogolin, M.; Etcheverry, S.B. Antiproliferative and
apoptosis-inducing activity of an oxidovanadium(IV) complex with the flavonoid silibinin against osteosarcoma cells. J. Biol.
Inorg. Chem. 2014, 19, 59–74. Available online: https://pubmed.ncbi.nlm.nih.gov/24233155/ (accessed on 25 February 2022).
[CrossRef]

10. Lón, I.E.; Díez, P.; Etcheverry, S.B.; Fuentes, M. Deciphering the effect of an oxovanadium(iv) complex with the flavonoid chrysin
(VOChrys) on intracellular cell signalling pathways in an osteosarcoma cell line. Metallomics 2016, 8, 739–749. Available online:
https://pubmed.ncbi.nlm.nih.gov/27175625/ (accessed on 25 February 2022). [CrossRef]

11. Dong, Y.; Narla, R.K.; Sudbeck, E.; Uckun, F.M. Synthesis, X-ray structure, and anti-leukemic activity of oxovanadium(IV)
complexes. J. Inorg. Biochem. 2000, 78, 321–330. [CrossRef]

12. Narla, R.K.; Dong, Y.; Klis, D.; Uckun, F.M. Bis(4,7-dimethyl-1,10-phenanthroline) sulfatooxovanadium(I.V.) as a novel an-
tileukemic agent with matrix metalloproteinase inhibitory activity. Clin. Cancer Res. 2001, 7, 1094–1101. [PubMed]

13. Evangelou, A.M. Vanadium in cancer treatment. Crit. Rev. Oncol. Hematol. 2002, 42, 249–265. [CrossRef]
14. León, I.E.; Ruiz, M.C.; Franca, C.A.; Parajón-Costa, B.S.; Baran, E.J. Metvan, bis(4,7-Dimethyl-1,10-phenanthroline)sulfatooxidova

nadium(IV): DFT and Spectroscopic Study-Antitumor Action on Human Bone and Colorectal Cancer Cell Lines. Biol. Trace Elem.
Res. 2019, 191, 81–87. Available online: https://pubmed.ncbi.nlm.nih.gov/30519799/ (accessed on 25 February 2022). [CrossRef]

15. León, I.E.; Butenko, N.; Di Virgilio, A.L.; Muglia, C.I.; Baran, E.J.; Cavaco, I.; Etcheverry, S.B. Vanadium and cancer treatment:
Antitumoral mechanisms of three oxidovanadium(IV) complexes on a human osteosarcoma cell line. J. Inorg. Biochem. 2014, 134,
106–117. Available online: https://pubmed.ncbi.nlm.nih.gov/24199985/ (accessed on 25 February 2022). [CrossRef]

16. Rodríguez, M.R.; Balsa, L.M.; Del Pla, J.; García-Tojal, J.; Pis-Diez, R.; Parajón-Costa, B.S.; León, I.E.; González-Baró, A.C. Synthesis,
characterization, DFT calculations and anticancer activity of an new Oxidovanadium(IV) complex with a ligand derived from
o-vanillin and thiophene. New J. Chem. 2019, 43, 11784–11794. [CrossRef]

17. Lewis, N.A.; Liu, F.; Seymour, L.; Magnusen, A.; Erves, T.R.; Arca, J.F.; Beckford, F.A.; Venkatraman, R.; González-Sarrías,
A.; Fronczek, F.R.; et al. Synthesis, characterization, and preliminary in vitro studies of vanadium(IV) complexes with a
Schiff base and thiosemicarbazones as mixed-ligands. Eur. J. Inorg. Chem. 2012, 2012, 664–677. Available online: https:
//pubmed.ncbi.nlm.nih.gov/23904789/ (accessed on 25 February 2022). [CrossRef]

18. Bruck, R.; Halpern, Z.; Aeed, H.; Shechter, Y.; Karlish, S.J.D. Vanadyl ions stimulate K+ uptake into isolated perfused rat
liver via the Na+/K+-pump by a tyrosine kinase-dependent mechanism. Pflug. Arch. 1998, 435, 610–616. Available online:
https://pubmed.ncbi.nlm.nih.gov/9479013/ (accessed on 25 February 2022). [CrossRef]

19. Thompson, K.H.; Liboiron, B.D.; Sun, Y.; Bellman, K.D.D.; Setyawati, I.A.; Patrick, B.O.; Karunaratne, V.; Rawji, G.; Wheeler, J.;
Sutton, K.; et al. Preparation and characterization of vanadyl complexes with bidentate maltol-type ligands; in vivo comparisons
of anti-diabetic therapeutic potential. J. Biol. Inorg. Chem. 2003, 8, 66–74. Available online: https://pubmed.ncbi.nlm.nih.gov/12
459900/ (accessed on 25 February 2022). [CrossRef]

http://doi.org/10.1016/S1367-5931(03)00081-4
https://pubmed.ncbi.nlm.nih.gov/24800466/
http://doi.org/10.3184/003685014X13898980185076
http://www.ncbi.nlm.nih.gov/pubmed/24800466
https://pubmed.ncbi.nlm.nih.gov/27554807/
https://pubmed.ncbi.nlm.nih.gov/27554807/
http://doi.org/10.2174/0929867323666160824162546
http://www.ncbi.nlm.nih.gov/pubmed/27554807
https://pubmed.ncbi.nlm.nih.gov/19626597/
http://doi.org/10.1002/med.20174
http://doi.org/10.1530/ERC-15-0237
http://doi.org/10.1016/j.cbpa.2013.01.004
http://doi.org/10.1039/c3cc41143e
https://pubmed.ncbi.nlm.nih.gov/23760674/
https://pubmed.ncbi.nlm.nih.gov/23760674/
http://doi.org/10.1039/c3dt50524c
https://pubmed.ncbi.nlm.nih.gov/24233155/
http://doi.org/10.1007/s00775-013-1061-x
https://pubmed.ncbi.nlm.nih.gov/27175625/
http://doi.org/10.1039/C6MT00045B
http://doi.org/10.1016/S0162-0134(00)00060-X
http://www.ncbi.nlm.nih.gov/pubmed/11309362
http://doi.org/10.1016/S1040-8428(01)00221-9
https://pubmed.ncbi.nlm.nih.gov/30519799/
http://doi.org/10.1007/s12011-018-1597-2
https://pubmed.ncbi.nlm.nih.gov/24199985/
http://doi.org/10.1016/j.jinorgbio.2013.10.009
http://doi.org/10.1039/C9NJ02092F
https://pubmed.ncbi.nlm.nih.gov/23904789/
https://pubmed.ncbi.nlm.nih.gov/23904789/
http://doi.org/10.1002/ejic.201100898
https://pubmed.ncbi.nlm.nih.gov/9479013/
http://doi.org/10.1007/s004240050561
https://pubmed.ncbi.nlm.nih.gov/12459900/
https://pubmed.ncbi.nlm.nih.gov/12459900/
http://doi.org/10.1007/s00775-002-0388-5


Inorganics 2022, 10, 47 10 of 11

20. Cortizo, A.M.; Etcheverry, S.B. Vanadium derivatives act as growth factor–mimetic compounds upon differentiation and
proliferation of osteoblast-like UMR106 cells. Mol. Cell Biochem. 1995, 145, 97–102. Available online: https://pubmed.ncbi.nlm.
nih.gov/7675039/ (accessed on 25 February 2022). [CrossRef]

21. Barrio, D.A.; Etcheverry, S.B. Vanadium and bone development: Putative signaling pathways. Can. J. Physiol. Pharmacol. 2006, 84,
677–686. [CrossRef] [PubMed]

22. León, I.E.; Cadavid-Vargas, J.F.; Resasco, A.; Maschi, F.; Ayala, M.A.; Carbone, C.; Etcheverry, S.B. In vitro and in vivo antitumor
effects of the VO-chrysin complex on a new three-dimensional osteosarcoma spheroids model and a xenograft tumor in mice. J.
Biol. Inorg. Chem. 2016, 21, 1009–1020. [CrossRef] [PubMed]

23. Galluzzi, L.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, J.M.; Cecconi, F.; Choi, A.M.; Chu, C.T.; Codogno, P.;
Colombo, M.I.; et al. Molecular definitions of autophagy and related processes. EMBO J. 2017, 36, 1811–1836. [CrossRef]
[PubMed]

24. Kioseoglou, E.; Petanidis, S.; Gabriel, C.; Salifoglou, A. The chemistry and biology of vanadium compounds in cancer therapeutics.
Coord Chem. Rev. 2015, 301–302, 87–105. [CrossRef]

25. Nechay, B.R.; Saunders, J.P. Inhibition by vanadium of sodium and potassium dependent adenosinetriphosphatase derived from
animal and human tissues. J. Environ. Pathol. Toxicol. 1978, 2, 247–262. Available online: https://pubmed.ncbi.nlm.nih.gov/2167
60/ (accessed on 25 February 2022).

26. McLauchlan, C.C.; Hooker, J.D.; Jones, M.A.; Dymon, Z.; Backhus, E.A.; Greiner, B.A.; Dorner, N.A.; Youkhana, M.A.; Manus,
L.M. Inhibition of acid, alkaline, and tyrosine (PTP1B) phosphatases by novel vanadium complexes. J. Inorg. Biochem. 2010, 104,
274–281. Available online: https://pubmed.ncbi.nlm.nih.gov/20071031/ (accessed on 25 February 2022). [CrossRef]

27. García, Z.; Kumar, A.; Marqués, M.; Cortés, I.; Carrera, A.C. Phosphoinositide 3-kinase controls early and late events in
mammalian cell division. EMBO J. 2006, 25, 655–661. Available online: https://pubmed.ncbi.nlm.nih.gov/16437156/ (accessed
on 25 February 2022). [CrossRef]

28. Meloche, S.; Pouysségur, J. The ERK1/2 mitogen-activated protein kinase pathway as a master regulator of the G1- to S-phase
transition. Oncogene 2007, 26, 3227–3239. Available online: https://pubmed.ncbi.nlm.nih.gov/17496918/ (accessed on 25
February 2022). [CrossRef]

29. Wu, J.X.; Hong, Y.H.; Yang, X.G. Bis(acetylacetonato)-oxidovanadium(IV) and sodium metavanadate inhibit cell proliferation via
ROS-induced sustained MAPK/ERK activation but with elevated AKT activity in human pancreatic cancer AsPC-1 cells. J. Biol.
Inorg. Chem. 2016, 21, 919–929. [CrossRef]

30. Pisano, M.; Arru, C.; Serra, M.; Galleri, G.; Sanna, D.; Garribba, E.; Palmieri, G.; Rozzo, C. Antiproliferative activity of vanadium
compounds: Effects on the major malignant melanoma molecular pathways. Metallomics 2019, 11, 1687–1699. [CrossRef]

31. Srivastava, S.; Kumar, N.; Roy, P. Role of ERK/NFκB in vanadium (IV) oxide mediated osteoblast differentiation in
C3H10t1/2 cells. Biochimie 2014, 101, 132–144. Available online: https://pubmed.ncbi.nlm.nih.gov/24440756/ (accessed on 25
February 2022). [CrossRef] [PubMed]

32. Courtney, K.D.; Corcoran, R.B.; Engelman, J.A. The PI3K pathway as drug target in human cancer. J. Clin. Oncol. 2010, 28,
1075–1083. Available online: https://pubmed.ncbi.nlm.nih.gov/20085938/ (accessed on 25 February 2022). [CrossRef] [PubMed]

33. Yu, Q.; Jiang, W.; Li, D.; Gu, M.; Liu, K.; Dong, L.; Wang, C.; Jiang, H.; Dai, W. Sodium orthovanadate inhibits growth and triggers
apoptosis of human anaplastic thyroid carcinoma cells in vitro and in vivo. Oncol. Lett. 2019, 17, 4255–4262. Available online:
https://pubmed.ncbi.nlm.nih.gov/30944619/ (accessed on 25 February 2022). [CrossRef] [PubMed]

34. Gonçalves, A.P.; Videira, A.; Soares, P.; Máximo, V. Orthovanadate-induced cell death in RET/PTC1-harboring cancer cells
involves the activation of caspases and altered signaling through PI3K/Akt/mTOR. Life Sci. 2011, 89, 371–377. [CrossRef]

35. Petanidis, S.; Kioseoglou, E.; Hadzopoulou-Cladaras, M.; Salifoglou, A. Novel ternary vanadium-betaine-peroxido species
suppresses H-ras and matrix metalloproteinase-2 expression by increasing reactive oxygen species-mediated apoptosis in cancer
cells. Cancer Lett. 2013, 335, 387–396. [CrossRef]

36. Etcheverry, S.B.; Crans, D.C.; Keramidas, A.D.; Cortizo, A.M. Insulin-mimetic action of vanadium compounds on osteoblast-like
cells in culture. Arch. Biochem. Biophys. 1997, 338, 7–14. Available online: https://pubmed.ncbi.nlm.nih.gov/9015381/ (accessed
on 25 February 2022). [CrossRef]

37. Pandey, S.K.; Anand-Srivastava, M.B.; Srivastava, A.K. Vanadyl sulfate-stimulated glycogen synthesis is associated with activation
of phosphatidylinositol 3-kinase and is independent of insulin receptor tyrosine phosphorylation. Biochemistry 1998, 37, 7006–7014.
Available online: https://pubmed.ncbi.nlm.nih.gov/9578588/ (accessed on 25 February 2022). [CrossRef]

38. Khan, Z.; Bisen, P.S. Oncoapoptotic signaling and deregulated target genes in cancers: Special reference to oral cancer. Biochim.
Biophys. Acta 2013, 1836, 123–145. Available online: https://pubmed.ncbi.nlm.nih.gov/23602834/ (accessed on 25 February 2022).
[CrossRef]

39. León, I.E.; Cadavid-Vargas, J.F.; Tiscornia, I.; Porro, V.; Castelli, S.; Katkar, P.; Desideri, A.; Bollati-Fogolin, M.; Etcheverry, S.B.
Oxidovanadium(IV) complexes with chrysin and silibinin: Anticancer activity and mechanisms of action in a human colon
adenocarcinoma model. J. Biol. Inorg. Chem. 2015, 20, 1175–1191. Available online: https://pubmed.ncbi.nlm.nih.gov/26404080/
(accessed on 25 February 2022). [CrossRef]

40. Zhao, J.; Wu, J.X.; Yang, W. Expression of caspase-3, Bcl-2, and Bax in pentavalent vanadium-induced neuronal apoptosis.
Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi 2013, 31, 589–592. Available online: https://pubmed.ncbi.nlm.nih.gov/24053958/
(accessed on 25 February 2022).

https://pubmed.ncbi.nlm.nih.gov/7675039/
https://pubmed.ncbi.nlm.nih.gov/7675039/
http://doi.org/10.1007/BF00935481
http://doi.org/10.1139/y06-022
http://www.ncbi.nlm.nih.gov/pubmed/16998531
http://doi.org/10.1007/s00775-016-1397-0
http://www.ncbi.nlm.nih.gov/pubmed/27696106
http://doi.org/10.15252/embj.201796697
http://www.ncbi.nlm.nih.gov/pubmed/28596378
http://doi.org/10.1016/j.ccr.2015.03.010
https://pubmed.ncbi.nlm.nih.gov/216760/
https://pubmed.ncbi.nlm.nih.gov/216760/
https://pubmed.ncbi.nlm.nih.gov/20071031/
http://doi.org/10.1016/j.jinorgbio.2009.12.001
https://pubmed.ncbi.nlm.nih.gov/16437156/
http://doi.org/10.1038/sj.emboj.7600967
https://pubmed.ncbi.nlm.nih.gov/17496918/
http://doi.org/10.1038/sj.onc.1210414
http://doi.org/10.1007/s00775-016-1389-0
http://doi.org/10.1039/c9mt00174c
https://pubmed.ncbi.nlm.nih.gov/24440756/
http://doi.org/10.1016/j.biochi.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24440756
https://pubmed.ncbi.nlm.nih.gov/20085938/
http://doi.org/10.1200/JCO.2009.25.3641
http://www.ncbi.nlm.nih.gov/pubmed/20085938
https://pubmed.ncbi.nlm.nih.gov/30944619/
http://doi.org/10.3892/ol.2019.10090
http://www.ncbi.nlm.nih.gov/pubmed/30944619
http://doi.org/10.1016/j.lfs.2011.07.004
http://doi.org/10.1016/j.canlet.2013.02.052
https://pubmed.ncbi.nlm.nih.gov/9015381/
http://doi.org/10.1006/abbi.1996.9778
https://pubmed.ncbi.nlm.nih.gov/9578588/
http://doi.org/10.1021/bi9726786
https://pubmed.ncbi.nlm.nih.gov/23602834/
http://doi.org/10.1016/j.bbcan.2013.04.002
https://pubmed.ncbi.nlm.nih.gov/26404080/
http://doi.org/10.1007/s00775-015-1298-7
https://pubmed.ncbi.nlm.nih.gov/24053958/


Inorganics 2022, 10, 47 11 of 11

41. Zhao, J.; Wang, J.; Wu, J. Roles of cytochrome c, caspase-9, and caspase-3 in pentavalent vanadium-induced neuronal apoptosis.
Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za Zhi 2014, 32, 664–667. Available online: https://pubmed.ncbi.nlm.nih.gov/25511266/
(accessed on 25 February 2022). [PubMed]

42. Taddei, M.L.; Giannoni, E.; Fiaschi, T.; Chiarugi, P. Anoikis: An emerging hallmark in health and diseases. J. Pathol. 2012, 226,
380–393. Available online: https://pubmed.ncbi.nlm.nih.gov/21953325/ (accessed on 25 February 2022). [CrossRef] [PubMed]

43. González-Villalva, A.; Fortoul, T.I.; Avila-Costa, M.R.; Piñón-Zarate, G.; Rodriguez-Lara, V.; Martínez-Levy, G.; Rojas-Lemus, M.;
Bizarro-Nevarez, P.; Díaz-Bech, P.; Mussali-Galante, P.; et al. Thrombocytosis induced in mice after subacute and subchronic
V2O5 inhalation. Toxicol. Ind. Health 2006, 22, 113–116. Available online: https://pubmed.ncbi.nlm.nih.gov/16716040/ (accessed
on 25 February 2022). [CrossRef] [PubMed]

44. Gonzalez-Villalva, A.; Piñon-Zarate, G.; Falcon-Rodriguez, C.; Lopez-Valdez, N.; Bizarro-Nevares, P.; Rojas-Lemus, M.; Rendon-
Huerta, E.; Colin-Barenque, L.; Fortoul, T.I. Activation of Janus kinase/signal transducers and activators of transcription pathway
involved in megakaryocyte proliferation induced by vanadium resembles some aspects of essential thrombocythemia. Toxicol.
Ind. Health 2016, 32, 908–918. [CrossRef] [PubMed]

45. Basu, A.; Singha Roy, S.; Bhattacharjee, A.; Bhuniya, A.; Baral, R.; Biswas, J.; Bhattacharya, S. Vanadium(III)- L -cysteine protects
cisplatin-induced nephropathy through activation of Nrf2/HO-1 pathway. Free Radic. Res. 2016, 50, 39–55. [CrossRef] [PubMed]

46. León, I.E.; Díez, P.; Baran, E.J.; Etcheverry, S.B.; Fuentes, M. Decoding the anticancer activity of VO-clioquinol compound: The
mechanism of action and cell death pathways in human osteosarcoma cells. Metallomics 2017, 9, 891–901. Available online:
https://pubmed.ncbi.nlm.nih.gov/28581009/ (accessed on 25 February 2022). [CrossRef]

47. Balsa, L.M.; Quispe, P.; Baran, E.J.; Lavecchia, M.J.; León, I.E. In silico and in vitro analysis of FAK/MMP signaling axis
inhibition by VO-clioquinol in 2D and 3D human osteosarcoma cancer cells. Metallomics 2020, 12, 1931–1940. Available online:
https://pubmed.ncbi.nlm.nih.gov/33107537/ (accessed on 25 February 2022). [CrossRef]

48. Ciccimaro, E.; Hevko, J.; Blair, I.A. Analysis of phosphorylation sites on focal adhesion kinase using nanospray liquid chromatog-
raphy/multiple reaction monitoring mass spectrometry. Rapid Commun. Mass Spectrom. 2006, 20, 3681–3692. Available online:
https://pubmed.ncbi.nlm.nih.gov/17117420/ (accessed on 25 February 2022). [CrossRef]

49. Luo, M.; Fan, H.; Nagy, T.; Wei, H.; Wang, C.; Liu, S.; Wicha, M.S.; Guan, J.-L. Mammary epithelial-specific ablation of the focal
adhesion kinase suppresses mammary tumorigenesis by affecting mammary cancer stem/progenitor cells. Cancer Res. 2009, 69,
466–474. Available online: https://pubmed.ncbi.nlm.nih.gov/19147559/ (accessed on 25 February 2022). [CrossRef]

50. Golubovskaya, V.M. Targeting FAK in human cancer: From finding to first clinical trials. Front. Biosci. 2014, 19, 687–706. Available
online: https://pubmed.ncbi.nlm.nih.gov/24389213/ (accessed on 25 February 2022). [CrossRef]

51. McLean, G.W.; Avizienyte, E.; Frame, M.C. Focal adhesion kinase as a potential target in oncology. Expert Opin. Pharm. 2003, 4,
227–234. Available online: https://pubmed.ncbi.nlm.nih.gov/12562313/ (accessed on 25 February 2022). [CrossRef] [PubMed]

52. Wu, Y.; Ma, Y.; Xu, Z.; Wang, D.; Zhao, B.; Pan, H.; Wang, J.; Xu, D.; Zhao, X.; Pan, S.; et al. Sodium orthovanadate inhibits growth
of human hepatocellular carcinoma cells in vitro and in an orthotopic model in vivo. Cancer Lett. 2014, 351, 108–116. Available
online: https://pubmed.ncbi.nlm.nih.gov/24858025/ (accessed on 25 February 2022). [CrossRef] [PubMed]

53. Zhou, W.; Miao, Y.; Zhang, Y.; Liu, L.; Lin, J.; Yang, J.Y.; Xie, Y.; Wen, L. Induction of cyto-protective autophagy by paramontroseite
VO2 nanocrystals. Nanotechnology 2013, 24, 165102. Available online: https://pubmed.ncbi.nlm.nih.gov/23535229/ (accessed on
25 February 2022). [CrossRef]

54. Petanidis, S.; Kioseoglou, E.; Domvri, K.; Zarogoulidis, P.; Carthy, J.M.; Anestakis, D.; Moustakas, A.; Salifoglou, A. In vitro and
ex vivo vanadium antitumor activity in (TGF-β)-induced EMT. Synergistic activity with carboplatin and correlation with tumor
metastasis in cancer patients. Int. J. Biochem. Cell Biol. 2016, 74, 121–134. [CrossRef] [PubMed]

55. El-Shafey, E.S.; Elsherbiny, E.S. Possible Selective Cytotoxicity of Vanadium Complex on Breast Cancer Cells Involving Patho-
physiological Pathways. Anticancer Agents Med. Chem. 2019, 19, 2130–2139. Available online: https://pubmed.ncbi.nlm.nih.gov/
31696812/ (accessed on 25 February 2022). [CrossRef] [PubMed]

56. Kumar, R.; Juillerat-Jeanneret, L.; Golshayan, D. Notch Antagonists: Potential Modulators of Cancer and Inflammatory Dis-
eases. J. Med. Chem. 2016, 59, 7719–7737. Available online: https://pubmed.ncbi.nlm.nih.gov/27045975/ (accessed on 25
February 2022). [CrossRef]

57. Lim, J.S.; Ibaseta, A.; Fischer, M.M.; Cancilla, B.; O’Young, G.; Cristea, S.; Luca, V.C.; Yang, D.; Jahchan, N.S.; Hamard, C.; et al.
Intratumoural heterogeneity generated by Notch signalling promotes small-cell lung cancer. Nature 2017, 545, 360–364. Available
online: https://pubmed.ncbi.nlm.nih.gov/28489825/ (accessed on 25 February 2022). [CrossRef]

58. Shen, S.; Chen, X.; Hu, X.; Huo, J.; Luo, L.; Zhou, X. Predicting the immune landscape of invasive breast carcinoma based on the
novel signature of immune-related lncRNA. Cancer Med. 2021, 10, 6561–6575. [CrossRef]

59. Moellering, R.E.; Cornejo, M.; Davis, T.N.; Bianco, C.D.; Aster, J.C.; Blacklow, S.C.; Kung, A.L.; Gilliland, D.G.; Verdine,
G.L.; Bradner, J.E. Direct inhibition of the NOTCH transcription factor complex. Nature 2009, 462, 182–188. Available online:
https://pubmed.ncbi.nlm.nih.gov/19907488/ (accessed on 25 February 2022). [CrossRef]

https://pubmed.ncbi.nlm.nih.gov/25511266/
http://www.ncbi.nlm.nih.gov/pubmed/25511266
https://pubmed.ncbi.nlm.nih.gov/21953325/
http://doi.org/10.1002/path.3000
http://www.ncbi.nlm.nih.gov/pubmed/21953325
https://pubmed.ncbi.nlm.nih.gov/16716040/
http://doi.org/10.1191/0748233706th250oa
http://www.ncbi.nlm.nih.gov/pubmed/16716040
http://doi.org/10.1177/0748233713518600
http://www.ncbi.nlm.nih.gov/pubmed/24442345
http://doi.org/10.3109/10715762.2015.1102908
http://www.ncbi.nlm.nih.gov/pubmed/26573721
https://pubmed.ncbi.nlm.nih.gov/28581009/
http://doi.org/10.1039/C7MT00068E
https://pubmed.ncbi.nlm.nih.gov/33107537/
http://doi.org/10.1039/d0mt00176g
https://pubmed.ncbi.nlm.nih.gov/17117420/
http://doi.org/10.1002/rcm.2783
https://pubmed.ncbi.nlm.nih.gov/19147559/
http://doi.org/10.1158/0008-5472.CAN-08-3078
https://pubmed.ncbi.nlm.nih.gov/24389213/
http://doi.org/10.2741/4236
https://pubmed.ncbi.nlm.nih.gov/12562313/
http://doi.org/10.1517/14656566.4.2.227
http://www.ncbi.nlm.nih.gov/pubmed/12562313
https://pubmed.ncbi.nlm.nih.gov/24858025/
http://doi.org/10.1016/j.canlet.2014.05.018
http://www.ncbi.nlm.nih.gov/pubmed/24858025
https://pubmed.ncbi.nlm.nih.gov/23535229/
http://doi.org/10.1088/0957-4484/24/16/165102
http://doi.org/10.1016/j.biocel.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/26916505
https://pubmed.ncbi.nlm.nih.gov/31696812/
https://pubmed.ncbi.nlm.nih.gov/31696812/
http://doi.org/10.2174/1871520619666191024122117
http://www.ncbi.nlm.nih.gov/pubmed/31696812
https://pubmed.ncbi.nlm.nih.gov/27045975/
http://doi.org/10.1021/acs.jmedchem.5b01516
https://pubmed.ncbi.nlm.nih.gov/28489825/
http://doi.org/10.1038/nature22323
http://doi.org/10.1002/cam4.4189
https://pubmed.ncbi.nlm.nih.gov/19907488/
http://doi.org/10.1038/nature08543

	Introduction 
	Vanadium in Cancer Therapeutics 
	Cancer-Related Signaling Pathways Activated by Vanadium Complexes 
	MAPK (Mitogen-Activated Protein Kinases)/ERK (Extracellular Signal-Regulated Kinase) Signaling Pathway 
	PI3K (Phosphatidylinositol 3-Kinase)/AKT (Protein Kinase B) Signaling Pathway 
	Caspase Signaling Pathway 
	JAK (Janus Kinase Protein)/STAT (Signal Transducer and Activator of Transcription Proteins) Signaling Pathway 
	Nrf2 (Nuclear Factor Erythroid 2-Related Factor 2)/HO-1 (Heme Oxygenase-1) Signaling Pathway 

	Cancer-Related Signaling Pathways Inactivated by Vanadium Complexes 
	FAK Signaling Pathway 
	Autophagy Signaling Pathway 
	TGF (Transforming Growth Factor-)- EMT (Epithelial to Mesenchymal Transition) Signaling Pathway 
	Notch-1 Signaling Pathway 

	Conclusions 
	References

