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A B S T R A C T

Background: Vanadium (V) is an element with a wide range of effects on the mammalian organism. The ability of
this metal to form organometallic compounds has contributed to the increase in the number of studies on the
multidirectional biological activity of its various organic complexes in view of their application in medicine.
Objective: This review aims at summarizing the current state of knowledge of the pharmacological potential of V
and the mechanisms underlying its anti-viral, anti-bacterial, anti-parasitic, anti-fungal, anti-cancer, anti-diabetic,
anti-hypercholesterolemic, cardioprotective, and neuroprotective activity as well as the mechanisms of appetite
regulation related to the possibility of using this element in the treatment of obesity. The toxicological potential
of V and the mechanisms of its toxic action, which have not been sufficiently recognized yet, as well as key

https://doi.org/10.1016/j.jtemb.2020.126508
Received 5 November 2019; Received in revised form 25 February 2020; Accepted 19 March 2020

Abbreviations: AIDS, acquired immune deficiency syndrome; Akt, protein kinase B (PKB); ALB, albumin; ALP, alkaline phosphatase; AmD, Assoc American Dietetic
Association; Anti-B, anti-bacterial; Anti-C, anti-cancer; Anti-D, anti-diabetic; Anti−HC, anti-hypercholesterolemic; Anti-F, anti-fungal; Anti-P, anti-parasitic; Anti-O,
anti-obesity; Anti-V, anti-viral; ApoA-I, apolipoprotein A; ApoB, apolipoprotein B; AS, antioxidant status; B, bone; BCOV, bis(curcumino)oxavanadyl; BEOV, bis
(ethylmaltolato)oxovanadium; Bim, Blc-2 interacting mediator of cell death; BMOV, bis(maltolato)oxavanadium(IV); breakD, breakdown; BrOP, bromoperoxidase; C,
cholesterol; Cardio-P, cardioprotective; CD4, CD4 receptor; C/EBPα, CCAAT-enhancer-binding protein α; CH, cerebral hemisphere; CHO-K1, Chinese hamster ovary
cells; Citrate-T, citrate transporter; CoA, coenzyme A; CXCR-4, CXCR-4 chemokine co-receptor; Cyt c, cytochrome c; DM, diabetes mellitus; ELI, extra low interstitial;
eNOS, endothelial nitric oxide synthase; ERK, extracellular regulated kinase; FasL, Fas ligand, FER: ferritin; FHR, fructose hypertensive rats; FKHR/FKHR1/AFX, class
O members of the forkhead transcription factor family; FLIP, FLICE-inhibitory protein; FOXOs, forkhead box class O family member proteins; FPP, farnesyl-pyr-
ophosphate; GI, gastrointestinal; GLU, glucose; GLUT-4, glucose transporter type 4; GPP, geranyl-pyrophosphate; GPT, glutamate-pyruvate transaminase; GR, glu-
tathione reductase; GSH, reduced glutathione; GSSG, disulfide glutathione; Hb, hemoglobin; HbF, hemoglobin fraction; HDL, high-density lipoproteins; HDL-C, HDL
cholesterol; HIV, human immunodeficiency virus; 3-HMG-CoA, 3-hydroxy-3-methyl-glutaryl-CoA; HMMF, high molecular mass fraction; HOMA-IR, insulin resistance
index; Hyper-LEP, hyperleptynemia; IDDM, insulin-dependent diabetes mellitus; IGF-IR, insulin-like growth factor receptor; IgG, immunoglobulin G; INS, insulin;
INS-R, insulin resistance; INS-S, insulin sensitivity; IL, interleukin; IPP, isopentenyl-5-pyrophosphate; IRS, insulin receptor tyrosine kinase substrate; JAK2, Janus
kinase 2; K, kidney; L-AA, L-ascorbic acid; Lactate-T, lactate transporter; LDL, low-density lipoproteins; LDL-C, LDL cholesterol; LEP, leptin; LEP-R, leptin resistance;
LEP-S, leptin sensitivity; LEPS, the concentration of leptin in the serum; L, liver; LMMF, low molecular mass fraction; LPL, lipoprotein lipase; LPO, lipid peroxidation;
M, mitochondrion; MEK, ERK kinase activator; mo, months; MRC, mitochondrial respiratory chain; NAC, N-acetylcysteine; NaVO3, sodium metavanadate; NEP,
neutral endopeptidase; Neuro-P, neuroprotective; n-HA, nano-hydroxyapatite; NIDDM, noninsulin-dependent diabetes mellitus; NO, nitric oxide; NPY, neuropeptide
Y; Organic-AT, organic anion transporter; Over-W, over-weight; OXPHOS, oxidative phosphorylation; P, plasma; PANC-1, pancreatic ductal adenocarcinoma cells;
PARP, poly (ADP-ribose) polymerase; Pi3K, phosphoinositide 3-kinase (phosphatidylinositol 3-kinase); PLGA, (Poly)Lactide-co-Glycolide copolymer; PO43−, phos-
phate ion; PPARγ, peroxisome-activated receptor γ; pRb, retinoblastoma protein; PTK, tyrosine protein kinase; PTP, protein tyrosine phosphatase; PTP-1B, protein
tyrosine phosphatase 1B; RBC, erythrocytes; ROS, reactive oxygen species; RT, reverse transcriptase; Sa, mean roughness; SAcP, acid phosphatase secreted by
Leshmania; SARS, severe acute respiratory syndrome; SC-Ti-6Al-4V, surface-coated Ti-6Al-4V; SHR, spontaneously hypertensive rats; SOD, superoxide dismutase; Sq,
root mean square roughness; STAT3, signal transducer/activator of transcription 3; Sz, ten-point height; TC, total cholesterol; Tf, transferrin; TfF, transferrin fraction;
TiO2, nHA:Ag-Ti-6Al-4V: titanium oxide-based coating containing hydroxyapatite nanoparticle and silver particles; TG, triglycerides; Top-IB, IB type topoisomerase;
TS, transferrin saturation; V, vanadium; V5+/V4+, pentavalent/tetravalent vanadium; V-BrPO, vanadium bromoperoxidase; V-DLC, diamond-like layer with va-
nadium; VO4-/VO3-, vanadate anion; VO43-, vanadate ion; VO2+, vanadyl cation; VO2+-FER, vanadyl-ferritin complex; VS, vanadyl sulfate; WB, whole blood; wk,
weeks; ZDF rats, Zucker diabetic fatty rats; ZF rats, Zucker fatty rats

⁎ Corresponding author at: Laboratory of Oxidative Stress, Centre for Interdisciplinary Research, The John Paull II Catholic University of Lublin, Konstantynow Ave.
1J, 20-708 Lublin, Poland.

E-mail addresses: cellbiol@kul.lublin.pl (A. Ścibior), lukasz.pietrzyk@wp.pl (Ł. Pietrzyk), plewa_z@o2.pl (Z. Plewa), a.ski@vp.pl (A. Skiba).

Journal of Trace Elements in Medicine and Biology 61 (2020) 126508

0946-672X/ © 2020 Elsevier GmbH. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0946672X
https://www.elsevier.com/locate/jtemb
https://doi.org/10.1016/j.jtemb.2020.126508
https://doi.org/10.1016/j.jtemb.2020.126508
mailto:cellbiol@kul.lublin.pl
mailto:lukasz.pietrzyk@wp.pl
mailto:plewa_z@o2.pl
mailto:a.ski@vp.pl
https://doi.org/10.1016/j.jtemb.2020.126508
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtemb.2020.126508&domain=pdf


information about the essentiality of this metal, its physiological role, and metabolism with certain aspects on
the timeline is collected as well. The report also aims to review the use of V in the implantology and industrial
sectors emphasizing the human health hazard as well as collect data on the directions of further research on V
and its interactions with Mg along with their character.
Results and Conclusions: Multidirectional studies on V have shown that further analyses are still required for this
element to be used as a metallodrug in the fight against certain life-threatening diseases. Studies on interactions
of V with Mg, which showed that both elements are able to modulate the response in an interactive manner are
needed as well, as the results of such investigations may help not only in recognizing new markers of V toxicity
and clarify the underlying interactive mechanism between them, thus improving the medical application of the
metals against modern-age diseases, but also they may help in development of principles of effective protection
of humans against environmental/occupational V exposure.

1. Introduction

1.1. A general overview

With its unique features, vanadium (V) receives a great deal of at-
tention from chemists, biologists, biochemists, toxicologists, and phar-
macologists. The biological activity of this element has prompted in-
vestigations of many organic V complexes and its inorganic compounds
in terms of their potential use in the treatment of certain diseases in
humans. Studies carried out so far on V have shown that the bioactive
complexes/compounds of this metal can be therapeutically active at
low concentrations [1,2].

Taking into account the clear interest in the anti-viral, anti-bac-
terial, anti-parasitic, anti-fungal, anti-cancer, anti-diabetic, anti-hy-
percholesterolemic, cardioprotective, and neuroprotective activity of V
and in the possibility of using this element in the treatment of obesity,
the present review focuses on mechanisms underlying the pharmaco-
logical potential of this metal and obstacles to use it as a metallo-
pharmaceutical in the future. Key information about the mechanisms of
the toxicity, essentiality, physiological role, and metabolism of V is
collected as well along with selected aspects illustrated on the timeline.
The review paper also summarizes the available literature data on the
use of V in the tissue engineering and industrial sectors with a brief
description of the risk for human health. In addition, our report draws
attention to the directions of further research on V and to interactions
of this metal with other elements, especially those with antioxidant
potential. Comprehensive research on the interactions of V with anti-
oxidant elements (summarized graphically in a separate chapter of the
present report) is particularly important in view of minimization of the
adverse effects of V resulting from its strong toxicological/pro-oxidative
potential.

1.2. Vanadium – background

Vanadium (V) is a part of the 4th period, Group 5 (VB), of the
periodic table of elements. It is a transition element (with atomic
number 23 and relative atomic weight of 50.94) capable of forming
various compounds and functioning as an anion or a cation [3]. It exists
in +2, +3, +4, and +5 oxidation states, most commonly in the tet-
ravalent and pentavalent form [2] (Fig. 1). In body fluids and extra-
cellularly, V predominates in the pentavalent form, usually as a vana-
date anion (VO3−). Conversely, intracellularly, it exists mainly in the
tetravalent form, as a vanadyl cation (VO2+) (Fig. 1) associated, inter
alia, with proteins [4]. It is estimated that about 1% of intracellular
VO2+ occurs in an unbound form [5]. It is known that the form in
which V exists in the cell depends on the ratio of the total pool of re-
ducers to cellular oxidizers [4].

1.3. Vanadium – a brief historical outline with a Polish accent on the
timeline

As presented in Fig. 2, vanadium was first discovered at the

beginning of the 19th century, in 1801, by Spanish mineralogist Andrés
Manuel del Río, who named it “erythronium” from the red color of the
compound. However, the discovery was not attributed to him. Due to a
mistake made in 1805 by one of the members of the Commission of the
French National Institute in Paris, i.e. chemist Collet-Descostills, the
discovery was not accepted. This was followed by a rediscovery of the
element in 1830 by Swedish physician and chemist Nils Gabriel Sef-
ström, who named it „vanadium” [6]. In Polish chemical literature,
Radwański described this element for the first time in 1839 giving it a
Polish name "wanad", which is still used [7].

1.4. Vanadium: a summarizing note about biological/industrial importance
and pharmacological applications

Vanadium is ubiquitously detected in the environment - in soil,
water, and air [8]. It plays an important biological role [4] and has a
very wide area of applications, which are graphically summarized in
Fig. 3 and described in the further subsections of the present report.

2. Vanadium – industry

As illustrated in Fig. 3, vanadium (V) is commonly used in many
industries, especially in glass, paint, ceramic, photographic, chemical,
electrochemical, and refining industries. It is also used in metallurgical
industry for production of steel and non-ferrous alloys [1,9,10]. Vana-
dium-containing steel (with high hardness, strength, elasticity, and
abrasion resistance) has been widely used as spring steel, tool steel, and
high-speed steel. Currently, steel with the addition of V and V-con-
taining non-ferrous alloys are used to build jet engines, machine parts
(including construction equipment), as well as aircraft and automobile
components. Non-iron alloys containing V are also used in space tech-
nology and nuclear power industry. Moreover, steel with V was well
suited for production of armored fighting vehicles used during the
Second World War [11–16]. More details about V-containing steel and
alloys, which were and still are used to produce various structural
components of aircraft, weapon, rocket engines, etc., are summarized in
the following table (Table 1).

Fig. 1. Vanadium and its most common forms. Based on available literature
data cited in section 1.1.
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3. Vanadium – pharmacological aspect

As shown in Fig. 3, vanadium is also a potential candidate for
therapeutic applications. Its anti-viral, anti-bacterial, anti-parasitic,
anti-fungal, anti-cancer, anti-diabetic, and anti-hyper-cholesterolemic
activity and cardioprotective, neuroprotective, and anti-obesity effects
have been arousing interest of many research centers worldwide for
many years. It has been reported that in human beings, pharmacologic
amounts of V, i.e. 10 to 100 times higher than the normal intake, affect
cholesterol and triglyceride metabolism, influence the erythrocyte
shape, and stimulate hepatic glucose oxidation and glycogen synthesis
[21]. In addition, V (in certain conditions) has been found to act as an
antioxidant (Fig. 3), as evidenced in animal studies [22–25]. More
details about the mechanisms of the pharmacological activity of V are
graphically illustrated and summarized in another part of the present
report.

4. Vanadium – a physiological role: a summary of the most
important issues

The research on certain aspects of the biological activity of V
(presented in Fig. 4) has demonstrated an essential role of this element
in the metabolism of carbohydrates (through the effects on the glyco-
lysis, glycogenolysis, glycogenogenesis, and gluconeogenesis path-
ways), lipids (by stimulation of lipogenesis and inhibition of lipolysis),
phospholipids, and cholesterol. The influence of V on bone miner-
alization, thyroid and erythrocyte metabolism, accumulation and
transport of calcium in the cell, and the synthesis of secondary trans-
mitters mediating in the transduction of intracellular signals is known
as well. Furthermore, V also regulates the activity of key enzymes in-
volved in the phosphorylation and dephosphorylation of proteins, ki-
nases, and phosphatases, taking part not only in carbohydrate and lipid
metabolism but also in cell proliferation and differentiation
[1,2,4,26,27].

5. Vanadium – a biphasic effect

5.1. Summarizing note with certain aspects of essentiality of V on the
timeline

With its physiological duality, vanadium is essential in trace
amounts (0.05 μM) and toxic in excess (> 10 μM) [28,29] (Fig. 5). Its
deficit and excessive concentrations can lead to a range of pathologies
and cause irreversible damage to various tissues and organs.

At low concentrations, V has been found to exert a beneficial effect
on the growth and physiological functions of some microorganisms,
plants, and fungi. The essentiality of this element has been demon-
strated for bacteria (genus Azotobacter), cyanobacteria (genera Nostoc
and Anabaena), certain algae (genera Scenedesmus, Chlorella, Fucus, and
Bumilleriopsis), brown algae (Ascophyllum nodosum), fungi (genera

Fig. 2. Historical outline of vanadium discovery. V: vanadium. Based on
available literature data cited in section 1.2.

Fig. 3. Industrial, biological, and pharmacological importance of vanadium. V: vanadium, NI: normal intake.
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Table 1
Use of vanadium in certain industrial sectors.

Arm/military/other Chemical composition of steel/alloy References

Elements Content [%] Vanadium Content
[%]

Steel with vanadium addition
Armored fighting vehicles
PzKw V (Panther) tank (Panzerkampfwagen V Panter) C

Cr
0.50
2.13

V 0.14 [17]

PzKw V (Panther) tank (Panzerkampfwagen V Panter) C
Cr

0.44
1.72

V 0.10 [18]

Panzerkampfwagen II (PzKpfw II) C
Cr
Si
Mo
Cu
Ni

0.40
1.3
0.25
0.50
0.18
trace

V 0.17 [19]

Combat aircraft/parts for aircraft and rockets/other
Alloys with vanadium addition
Ti-6Al-4V
Components parts for weapons and aircraft (engine parts, fasteners) Ti

Al
90
5.5−6.76

V 3.5−4.5 [12,13,14,15]

Ti-13V-11Cr-3Al
SR-71 Blackbird

Component parts aircraft, missile applications
Ti
Cr
Al

∼75
10-12
2.5−3.5

V 12.5−14.5 [13,14,20]

Ti-3Al-2.5 V
Component parts for aircraft (pipes in hydraulic systems) Ti

Al
95.755-95.5
2.5−3.5

V 2−3 [13,14]

Ti-8Al-1Mo-1V
Component parts for aircraft (compressor blades) Ti

Al
Mo

90
7.35-8.35
0.75-1.25

V 0.75−1.75 [14]

Ti-6Al-6 V-2Sn
Component parts for aircraft (jet engines), rocket engine housings, weapon components Ti

Al
Sn

82.89-87.8
5−6
1.5-2.5

V 5−6 [14,20]

Ti-10V-2Fe-3Al
Component parts for aircraft (landing gear, parts responsible for take-off and landing) Ti

Al
Fe

82.8-86.8
2.6-3.4
1.6-2.2

V 9.0−11.0 [12,13,14,16]

Ti-15 V-3Cr-3Al-3Sn
Component parts for aircraft (hulls, wires) Ti

Al
Cr
Sn

76
2.5−3.5
2.5−3.5
2.5−3.5

V 14−16 [13,14,16]

Ti-3Al-8V-6Cr-4Mo-4Zr
Component parts for aircraft (fasteners) Ti

Al
Cr
Mo
Zr

75
3-4
5.5−6.5
3.5−4.5
3.5−4.5

V 7.5−8.5 [14,16]

Ti-3.5Al-5Mo-6 V-3Cr-2Sn-0.5Fe
Aerospace industry Ti

Al
Mo
Cr
Sn
Fe

∼86
3.5
5
3
2
0.5

V 6 [16]

Ti-5Al-5Mo-5 V-1Cr-1Fe
Aerospace industry Ti

Al
Mo
Cr
Fe

∼88
5
5
1
1

V 5 [16]

Ti-5Al-5 V-5Mo-3Cr-0.5Fe
Aerospace industry Ti

Al
Mo
Cr
Fe

∼86
5
5
3
0,5

V 5 [16]

Ti-5Al-5Mo-5 V-3Cr-1Zr
Aerospace industry Ti

Al
Mo

∼86
5
5

V 5 [16]

(continued on next page)
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Aspergillus, Culvularia, and Amanita), and lichens [35–37] (Fig. 5).
A positive effect of V on nitrogen (N) fixation (by Azotobacter) has

been suggested by Bortels in 1933 (Fig. 6). In 1984 and in 1986, V
turned out to be essential for the activity of certain enzymes [42–44]
such as bromoperoxidase (BrOP), nitrogenases, and chloroperoxidase
isolated from algae, nitrogen-fixing bacteria, and fungus Culvularia in-
aequalis, respectively [36,37,45] (Fig. 6).

Furthermore, vanadium has also been recognized as essential for
proper growth and development of certain animals [29,35]. The first
suggestion about the essentiality of V for animals appeared in 1949, i.e.
nearly 150 years after the first discovery of this metal [after 38] (Fig. 2).
About 22 years later, in 1971, Schwarz and Milne, Hopkins and Mohr,
and Strasia reported that V is necessary for rats and chicks (Fig. 6). In
turn, in 1989, Anke and co-authors also reported that V is essential for
goats (Fig. 6). In the meantime, in 1981, the first review about the
physiological and biochemical effects of V was published (Fig. 6).

To date, symptoms of V deficiency have been described, inter alia,
in birds, chickens, rats, guinea pigs, and goats [35,38,46]. The most
substantive evidence for V essentiality was found in rats and goats
[after 35]. On this basis, Nielsen and Uthus proposed considering va-
nadium as an essential trace element for proper growth and develop-
ment of higher animals [38] In contrast, the essentiality of this metal
for humans is unproven (Fig. 5), although some authors suggest that it
is an essential trace element for man [38], mostly because vanadium

Table 1 (continued)

Arm/military/other Chemical composition of steel/alloy References

Elements Content [%] Vanadium Content
[%]

Cr
Zr

3
1

Ti-5 V-5Mo-5Al-3Cr
Aerospace industry Ti

Mo
Al
Cr

∼87
5
5
3

V 5 [16]

Ti-3Al-8V-6Cr-4Zr-4Mo
Aerospace industry Ti

Al
Cr
Zr
Mo

∼83
3
6
4
4

V 8 [16,20]

Fig. 4. Role of vanadium in the mammalian organism. Based on available literature data cited in section 4.

Fig. 5. Summary of positive and negative aspects of vanadium. AmDAssoc:
American Dietetic Association. Based on available literature data cited in sec-
tion 5.1 and other reports [30–34].
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has broad pharmacological activity, which points to the biological
importance of this metal. The American Dietetic Association (Am-
DAssoc) considers V as essential in human nutrition [after 41] (Fig. 5).
Nevertheless, no symptoms of V deficiency in humans have been de-
scribed yet. The final proof for the essentiality of V for humans requires
confirmation of the specific function of this element, as in the case of
algae or fungi. However, it is definitely known that the high content of
V in the environment and diet is harmful to animals and humans [1].

5.2. Summarizing note with certain aspects of toxicity of V on the timeline

As generally accepted, the toxicity of V is dependent on many dif-
ferent factors, including the composition of the diet, type of the V
compound (inorganic/organic), nature of ligands attached to V com-
plexes, valence, dose, route of entry of this metal into the organism,
duration of action/exposure, and individual and species sensitivity
(Fig. 7).

The history of research on the adverse effects of action of this metal
dates back to 1876 when Priestly described toxicity of V in certain
animals (Fig. 6). As regards animals, rabbits and guinea pigs were found

to be more sensitive to this element than mice and rats [5,47,48]
(Fig. 7). In turn, a classic paper about the toxic and pharmacologic
action of vanadium was written in 1912 and analyses of the content of
V in various organisms were initiated 18 years later in 1930 (Fig. 6).

It is known that, in some conditions, V can act as a strong pro-
oxidant and interact synergistically with other oxidants enhancing
oxidative stress [2,31,49], which in turn can result in many negative
consequences including disintegration of cell membranes, denaturation
of proteins, and degradation of DNA [50] (Fig. 7). It may also weaken
the antioxidant barrier [49,51–53] and intensify lipid peroxidation
(LPO) [49,53–58] i.e. the free radical process underlying one of the
mechanisms of cell damage [50] (Fig. 7). In addition, V can reduce the
thiol status [49,59], release some transition metals [60], interact with
other elements [49,53,61], and accumulate in certain internal organs
including the liver and kidneys [46,56,62–64] evoking hepato- and
nephrotoxic effects, respectively (Fig. 7). In higher concentrations, V
can also act as a pro-apoptotic factor (by induction of oxidative stress)
and lead to programmed cell death (apoptosis) with damage to mi-
tochondrial membranes, cytochrome c (cyt c) outflow, and activation of
caspases and poly (ADP-ribose) polymerase (PARP) [5] (Fig. 7), which

Fig. 6. Summary of selected aspects of vanadium toxicity/essentiality on the timeline. V: vanadium, N: nitrogen, V-BrPO: vanadium bromoperoxidase. Based on
available literature data cited in section 5.1 and other reports; †after [33], **after [38], ††after [39], *after [40], ##after [41].

Fig. 7. Summary of the mechanisms and fac-
tors of vanadium toxicity: vanadium; LPO:
lipid peroxidation; ROS: reactive oxygen spe-
cies; MRC: mitochondrial respiratory chain;
OXPHOS: oxidative phosphorylation; M: mi-
tochondrion; Cyt c: cytochrome c; PARP: poly
(ADP-ribose) polymerase. Based on available
literature data cited in section 5.2.
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plays a role of a cell death promoting factor [65]. Disorders of the
electron transport chain and oxidative phosphorylation resulting in a
decrease in the level of ATP [1] are the other adverse effects of V action
(Fig. 7).

The mechanisms of toxicity of V require further experimental work,
as they have not been fully elucidated yet. Some of them have been
reported to be implicated in the adverse effects of V action. For

example, the mechanism by which V produces a reprotoxic effect is
believed to be linked to oxidative stress [66] and/or actin cytoskeleton
damage [67] (Fig. 7). It has been suggested that the hepatotoxic, ne-
phrotoxic [48,62,68–71], cardiotoxic [72], genotoxic [73,74], neuro-
toxic [72,75,76], and carcinogenic [48,77] effects of this metal as well
as inflammatory and fibrotic changes in the lungs [78] are associated
with the pro-oxidative potential of V and its ability to intensify LPO
(Fig. 7). It is known that LPO products can stimulate the expression of
oncogenes [79], which in turn can lead to transformation of normal
cells into cancerous cells (Fig. 7). Epidemiological studies suggest that
exposure to elevated levels of V may be a risk factor for cancer devel-
opment [80]. Studies on an animal model have revealed a positive
correlation between the frequency of neoplasia and susceptibility to V-
induced inflammation [80], which is involved in the pathogenesis of
many diseases (not only malignant diseases) and results from V-induced
oxidative stress. In turn, long-lasting oxidative stress with simultaneous
weakening of the antioxidant system (present in every living organism)
can lead to permanent cell/tissue damage and, consequently, to in-
itiation of the disease process. Therefore, the generation of reactive
oxygen species (ROS) under oxidative stress (one of the main factors
affecting morbidity) can lead to damage to DNA and, consequently, to
initiation of carcinogenesis.

Fig. 8. Major symptoms of vanadium poisoning via ingestion and inhalation.
Based on available literature data cited in section 6.2.

Fig. 9. Summary of metabolism of vanadium and species of this metal in physiological fluids and tissues. V: vanadium, V5+: pentavalent vanadium, V4+: tetravalent
vanadium, VO4−/VO3−: vanadate anion, VO2+: vanadyl cation, V*: exchangeable vanadium (‘free’), VO(OH)2: insoluble vanadyl hydroxide, GSH: reduced glu-
tathione, Hb: hemoglobin, RBC: erythrocytes, ALB: albumin, Tf: transferrin, IgG: immunoglobulin G, FER: ferritin, Citrate-T: citrate transporter, Lactate-T: lactate
transporter, Organic-AT: organic anion transporter, LMMF: low molecular mass fraction, HMMF: high molecular mass fraction, TfF: transferrin fraction, HbF:
hemoglobin fraction. Based on available literature data cited in section 7 and other reports [60,90,91].
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6. Vanadium – health hazards

6.1. Environmental/occupational exposure to V: the most important aspects

The risk for animal and human health related to exposure to V is
largely dependent on the degree of its oxidation state. It has been
highlighted that V at the highest oxidation state (+5) is the most toxic
vanadium form [9]. One of the compounds of this metal, vanadium
pentoxide (V2O5), which contains V at the highest oxidation state +5,
has been reported to easily reach the alveolar surface, subsequently
enter circulation directly, and diffuse in the entire organism inducing
diverse injuries [9]. The risk of poisoning with the pentavalent V form
is constantly growing due to its extensive release into the environment
by metallurgical industry, chemical plants, oil refineries, and coal and
mazut-fired heating plants [8,9,45,81]. Moreover, relatively high pol-
lution of the environment with V2O5 is also caused by dust derived from
the combustion of liquid and solid fuels as well as municipal waste
[10,81], resulting in an increased risk of exposure of anyone who lives
near such areas. Consequently, the level of this metal in the soil in-
creases. In turn, higher concentrations of V in the soil lead to more
intensive uptake of this metal being by plants due to the lack of a se-
lective mechanism protecting plants against excessive absorption of the
element. Thus, V can enter the animal and human organism via the food
chain. Additionally, the lack of proper industrial wastewater manage-
ment containing this metal can be another risk factor for animal and
human health [9,82].

In the case of occupational exposure, workers repairing thermal
power boilers and high-pressure combustion engines as well as those
responsible for production of V2O5 and replacement of V-based cata-
lytic converters are the most vulnerable to the most toxic pentavalent
form of this metal [9]. In the literature, occupational exposure to V2O5
is described as the etiological factor of the asthmatic syndrome known
as "boilermaker disease" [83].

6.2. Basic symptoms of exposure to V via inhalation and ingestion: a brief
note

The most important symptoms of exposure to V via the oral route
(presented in Fig. 8) include gastrointestinal disorders, abdominal pain,
nausea, vomiting, diarrhea, loss of appetite, weight reduction, and
green-black tongue. In turn, the symptoms of exposure to this metal
through inhalation (illustrated in the same Figure) include rhinitis,
chest pain, pharyngitis, bronchitis, pneumonia, bradycardia, cough,
dyspnoea, bronchial asthma, headache, dizziness, conjunctivitis,
blurred vision, apathy, and depression [9,31,81,84–86].

7. Vanadium - metabolism: a summary of key information

The most important issues of the metabolism of V and forms in
which this metal is present in physiological fluids/tissues are collected
in Fig. 9. As illustrated, V consumption, which depends on the diet, is
estimated to be around 15−20 μg/day (typical daily dose consumed by
humans) or 10−60 μg/day (daily dose ingested by the U.S. population)
[8,87]. After intake, vanadate (mainly as VO4−) reaches the gastro-
intestinal (GI) tract and, in the acidic environment of the stomach, most
of the anionic vanadate (absorbed more effectively than VO2+) is
transformed into vanadyl (VO2+), precipitated to insoluble vanadyl
hydroxides [VO(OH)2] in the slightly alkaline medium of the intestine,
and excreted with feces (∼94−98 %) [33,39]. In turn, resorbed V is

removed from the organism through kidneys [87,88] probably in the
form of unidentified complexes with high-(protein-bound) and low-
molecular-weight species (VO2+-complexes) [38,89]. The level of V in
urine is estimated to be around 12 % of the intake amount [87].

As reported, the absorption of V from the GI tract is mainly esti-
mated in the range of 0.2–2 %, although amounts greater than 10 %
have been indicated to be absorbed as well (Fig. 9) [21,46,92,93].
Additionally, Sanchez et al. [94] found an absorption rate of V at the
level of 52 % in rats treated with bis(maltolato)oxovanadium(IV)
(BMOV, 6.22 mg/day) in drinking water for five weeks. It has been
highlighted that such differences may be associated with several fac-
tors, inter alia, the diet composition and/or chemical form of ingested V
[38]. After entering the bloodstream, 80–90 % of V is bound by albumin
(ALB), which plays a pivotal role in the transport of various metals [95]
or transferrin (Tf) (preferably), which is the main V transporter in the
blood plasma [8,33]. Both Tf and ALB bind V in the 4+ and 5+ oxi-
dation state [96].

It has been reported that V in the form of vanadyl (VO2+, tetra-
valent V4+ state) binds to Tf at the same binding site as the Fe3+ ion
[97] and that V5+, for which the cationic form (dioxovanadium cation,
VO2+) has been indicated, also occupies the same pockets as Fe3+ [98].
Studies conducted by Azevedo et al. [99] have confirmed that both V4+

and V5+ can bind to apo-Tf and holo-Tf, thus they can be efficiently up-
taken by cells through receptor-mediated endocytosis of Tf. In addition,
Tf can bind VIII forming di-vanadium(III)-Tf [(VIII)2-Tf], which can be
up-taken by cells via receptor-mediated endocytosis as well [100]. It
has also been reported that V species can enter cells via membrane
citrate transporters, the lactate transporter, and the organic anion
transporter (Organic-AT) [101]. Additionally, VO2+ can be up-taken
via passive diffusion [102,103] and bound by immunoglobulin G (IgG)
or low-molecular components of plasma such as phosphate, citrate,
lactate, and oxalate [33,39,91,104,105]. In turn, V5+ ions such as
H2VO4−/HVO42- can enter cells through anion channels, i.e. phosphate
or sulfate channels [106]. In cells, V5+ is reduced to VO2+ by some
reducing substances such as ascorbic acid and thiol-containing cysteine
[107]. For instance, in erythrocytes (RBC), V5+ is principally reduced
by glutathione (GSH) to VO2+, which binds to hemoglobin (Hb)
[108,109] (Fig. 9).

The total content of V in the organism of adults is about 100−200
μg (equivalent to the mean tissue concentration of about 40 nM) [6].
Half of this amount is located in bones, which are the major storage
pool for long-term V accumulation and where vanadate can substitute
phosphate in the mineral hydroxyapatite [Ca10(PO4)6(OH)2]
[33,37,106] (Fig. 9). The other amount is mainly deposited in the liver,
kidney, and spleen [108] due to the importance of these organs in
detoxification of the organism and excretion of harmful substances.
Muscles, lungs, and brain are the other sites of V accumulation [108]
(Fig. 9). As regards V speciation, most of this metal in the liver is
present in the transferrin and low-molecular mass fraction (TfF and
LMMF, respectively) [108] as well as a vanadyl-ferritin [(VO2+)-FER]
complex [26]. The FER-V and LMMF-V fractions have also been iden-
tified in the spleen [108]. In kidneys, V was divided between a high
molecular mass fraction (HMMF) and LMMF; additionally, an ex-
changeable fraction of this metal has been indicated [108] (Fig. 7). In
turn, large amounts of V in the lungs have been identified in the he-
moglobin and Tf fraction (Hb-F and TfF, respectively) and in the readily
exchangeable fraction [108] (Fig. 9).
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8. Vanadium – medical aspect in a nutshell

8.1. Biomedical materials with vanadium

While discussing V in terms of its medical application, it has to be
mentioned that this metal is applied in tissue engineering to obtain
biomaterials that allow regeneration of damaged tissues/organs and
restoration of their lost functions [110]. As presented in another sub-
section of this paper, V is part of metallic biomaterials (mainly titanium
alloys), bioactive coatings (including polymeric coatings), and dia-
mond-like layers applied to the surface of some titanium alloys in order
to increase the bioactivity of implants and improve osseointegration
[11].

8.1.1. Metallic biomaterials and bioactive coatings with vanadium
Two titanium alloys with V such as Ti-6Al-4 V and Ti-6Al-4 V ELI

are used as biomedical materials, mainly in bone surgery, due to their
good mechanical properties, very high resistance to corrosion, and
biocompatibility [11] (Table 2). In addition, 2V-49Co-49Fe (named
Permendur) is another vanadium-containing alloy. 2V-49Co-49Fe with
2 % of V is mainly used for production of devices supporting the work
of the heart (Table 2) [11].

The presence of vanadium in biomedical materials requires our
additional comment. Since implants made of titanium alloys (con-
taining V) are exposed to body fluids, V may be released into sur-
rounding tissues, exerting adverse effects. The fact that the implant
surface has a significant impact on reactions that occur at the implant-
tissue interface should also be taken into account. Therefore, the sur-
face layer of the implant is often modified in order to induce a specific
reaction of the tissue to the implant. In the case of some implants (e.g.
orthopedic and dental implants), a surface with appropriate bioactivity
and roughness is created to achieve rapid osseointegration and a dur-
able connection between biomaterial and tissue [11].

As reported, layers with varied composition are often applied on the
surface of metallic alloys in order to improve the biological activity of
the implant and provide an additional barrier against the release of
metals from metallic biomaterials [11]. For example, titanium oxide

(TiO2)-based coating containing nano-hydroxyapatite (n-HA) and silver
particles (Ag) is applied on the Ti-6Al-4 V alloy (Table 2) [120]. The
TiO2: n-HA: Ag layers are used as bioactive coatings with antimicrobial
properties to increase biological activity, osseointegration, and bio-
chemical stability in implantable medical devices (Table 2).

Moreover, polymeric V-based coatings made of a (Poly)Lactide-co-
Glycolide copolymer (PLGA) with antimicrobial activity (Table 2)
[122] and a diamond-like layer including V (V-DLC) are also formed to
be used as implant materials [11] (Table 2).

8.2. Vanadium as a potential drug in the treatment of certain modern-age
diseases

Research on the pharmacological potential of V (in vitro and in vivo
experimental models) has shown that some compounds/complexes of
this element can be effective against: (a) viruses (including HIV-1 and
HIV-2 immunodeficiency virus, dengue virus, SARS virus, and influenza
virus) (Fig. 10) [33,123] responsible for acquired immune deficiency
syndrome (AIDS), dengue fever, severe acute respiratory syndrome
(SARS), and acute respiratory infection (influenza), respectively; (b)
parasitic protozoa of the genus Trypanosoma responsible for American
trypanosomiasis and African trypanosomiasis known as Chagas disease
and sleeping sickness, respectively; protozoan parasites of the genera
Leishmania and Entamoeba (Fig. 10) [39,45,123–129] responsible for
the development of leishmaniasis and amoebiasis, respectively; (c)
fungi from the genera Candida, Aspergillus, Trichophyton, and Micro-
scopus (Fig. 10) [130–135] responsible for the development of many
fungal infections, and (d) gram-negative and gram-positive bacteria
(Fig. 10) [26,123,124,131–133,136,137] causing e.g. food poisoning,
gastrointestinal and respiratory infections, typhoid fever, pneumonia,
strep throat, tuberculosis, and skin diseases. It was also shown that
certain V compounds/complexes may have anti-cancer, anti-diabetic,
and anti-hypercholesterolemic activity and can act as cardioprotective
and neuroprotective agents. More details about these issues along with
relevant literature data are provided in sections 8.2.2.5 (anti-cancer),
8.2.2.6 (anti-diabetic), 8.2.2.7 (cardioprotective), 8.2.2.8 (neuropro-
tective), and 8.2.2.10 (anti-hypercholesterolemic activity). Moreover,

Table 2
Vanadium-containing biomaterials and their use in medical devices.

Metallic biomaterials

Type of alloy Percentage composition [%] Application Reference
Ti-6Al-4V Ti 90 Al 6 V 4 hip joint replacement

knee joint replacement
dental implants (zygomatic implants), bridges/
crowns, dental bridges
orthodontic implants
spine stabilizers
trauma devices/bone fixation (intramedullary rods
and nails, surgical screws/bone plates)
encapsulation of cardiac pacemaker

[11,13,111,112,113,114,115,116,117,118,119]

Ti-6Al-4V ELI Ti 90 Al 6 V 4 medical implants [11,13]
Ti-3Al-2.5V Ti 92.755−95.5 Al 2.5−3.5 V 2−3 dental implants

hip and knee joint replacement (orthopedic implants)
trauma devices (intramedullary rods)

[11]

Magnetic alloys
2V-49Co-49Fe (Permendur) Co 49 Fe 49 V 2 devices supporting the work of the heart [11]
Biocompatible coatings applied on metallic alloys
TiO2:nHA:Ag-Ti-6Al-4V

SC-Ti-6Al-4V
V-DLC

Ti 90 Al 6 V 4
Ti 90 Al 6 V 4
–

orthopedic/dental implants
hip joint replacement
trauma/orthopedic surgery

[11,120,121]

Polymeric composite biomaterials
Composition of polymeric

coating
Properties Application Reference

V2O5/PLGA antimicrobial activity implant materials [122]

Ti: titanium; Al: aluminum; V: vanadium, ELI: extra low interstitial (max. Fe: 0.14 %, max. O: 0.13 %). TiO2:nHA:Ag-Ti-6Al-4V: titanium oxide-based coating
containing hydroxyapatite nanoparticle and silver particles, SC-Ti-6Al-4V: surface-coated Ti-6Al-4 V, V-DLC: diamond-like layer with vanadium (DLC type carbon
layer), V2O5: vanadium pentoxide; PLGA: (Poly)Lactide-co-Glycolide copolymer.
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the possibility of using this metal in prevention of obesity has been
suggested as well [138] (Fig. 11).

8.2.1. Mechanisms of the pharmacological potential of vanadium
8.2.1.1. Mechanisms of the anti-bacterial activity of vanadium: a
summarizing note. The mechanisms of antibacterial activity of V,
which have not been fully elucidated yet, include: (a) inhibition of
the activity of Na+/K+-ATPase (Fig. 11) [26,123,137,143], (b)
generation of ROS (Fig. 11), (c) impact on transport of substrates
(e.g. thymidine, uridine, leucine, glucose) into the cell through the
bacterial cell membrane (Fig. 11) along with induction of potassium
(K+) outflow from the cell [137], (d) interaction with topoisomerase
type II (gyrase) (Fig. 11), which is necessary for the proper functioning
of the genome and bacterial growth, with the ATP-binding site used as a
target for antibacterial drugs [144,145], (e) interaction with DNA in an
intercalative manner [133] resulting in modification of the DNA
structure (unwinding, stiffening, and elongation of the double helix)
with formation of an intercalative complex [146], (f) interaction with
components of the cytoskeleton, which results in morphological
alterations of bacterial cells thereby preventing proper division [137],
and (g) other nonspecific mechanisms of action (Fig. 11), with emphasis
on the better bioavailability of V complexes due to the presence of a

specific ligand allowing the complex to penetrate the hydrophobic
lipid-rich bacteria wall [acc. to 123, 124].

8.2.1.2. Mechanisms of the anti-viral activity of vanadium: a summarizing
note. Most data in this area were obtained in in vitro studies of the
influence of V on human immunodeficiency HIV-1/HIV-2 virus [33].
Some complexes of this element have been shown to inhibit the activity
of viral reverse transcriptase (RT) [after33,123], which is responsible
for the synthesis of DNA on the viral RNA matrix in the reverse
transcription process facilitating integration of the viral DNA into the
genome of the host cell. Thus, by inhibiting RT activity, vanadium
blocks viral replication. Furthermore, the binding of V complexes to the
CD4 molecule (present on the surface of T-helper cells) and the
chemokine CXCR-4 co-receptor has been suggested as well (Fig. 11).
This leads to blockage of the passage of the virus to the host cell [after
123], thereby preventing its multiplication and protecting against the
development of infection.

8.2.1.3. Mechanisms of the anti-fungal activity of vanadium: a
summarizing note. Among the mechanisms of the anti-fungal activity
of V complexes which, likewise the mechanisms of the anti-bacterial
and anti-viral activity of this metal have not been fully recognized yet,

Fig. 10. Vanadium against certain viruses, bacteria, parasites, and fungi. Based on available literature data [26,33,39,45,124–137].
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interactions with DNA by intercalation have been proposed [133].
Additionally, inhibition of biosynthesis of an important component of
the fungal cell membrane, i.e. ergosterol [134] (Fig. 11), by affecting
the expression of genes involved in the synthesis of this compound
[135] have been suggested.

8.2.1.4. Mechanisms of the anti-parasitic activity of vanadium: a
summarizing note. The mechanisms of the anti-parasitic activity of
vanadium (against trypanosomiasis, amoebiasis, and leishmaniasis)
mainly suggested in in vitro studies include: (a) intercalation of V
complexes into DNA (Fig. 11) [after 123] (anti-tryposomal and anti-
amoebiasis activity), (b) inhibition of the activity of phosphatases [125]
(Fig. 11) due to the structural similarity of vanadate to phosphate
[39,45]; these enzymes are involved in gluconeogenesis - a metabolic
pathway necessary for the growth of Leishmania spp. [126], (c)
inhibition of the activity of acid phosphatase (SAcP) (Fig. 11) [127],
which is a virulence factor most commonly secreted by Leishmania
during growth [128], and (d) activation of macrophage/Th1-type
response with the release of ROS and pro-inflammatory cytokines
(including IL-1β and IL-6) [129] capable of destroying intracellular
pathogens [147] (activity against Leishmania).

8.2.1.5. Mechanisms of the anti-neoplastic activity of vanadium: a
summarizing note. Among the mechanisms of the antitumor activity of
V compounds/complexes, which still require further studies, intensified
ROS generation (including iron-induced ROS following ferritin
disintegration due to V action) is suggested [33] (Fig. 11). ROS
production is commonly known to lead to disturbance in cellular
metabolism and damage to lysosomes and mitochondria (critical for
maintaining cellular homeostasis) [148], resulting in activation of
caspases and apoptosis [123,149,150]. Inhibition of the cell cycle by
hyperactivation of the Ras-Raf-MEK-ERK pathway is also proposed
[after 123] (Fig. 11). This pathway activates inhibitors of cyclin-
dependent kinases and thus maintains the retinoblastoma protein
(pRb) in the hypophosphorylated form capable of blocking the cell
cycle [151]. The involvement of V in suppressing neoplastic
transformation through apoptotic signaling and/or cell cycle arrest
has also been suggested by Chakraborty et al. [152] as based on
evidence from animal studies. Moreover, focus is placed on: (a)
interactions of V with the components of the spindle [123], (b)
intercalation with DNA [33] (Fig. 11), (c) potentiation of anti-
proliferative activity [136], (d) inhibition of the activity of IB
topoisomerase (Top-IB) [153] (Fig. 11) capable of relaxing highly

Fig. 11. Summary of the mechanisms of the
pharmacological activity of vanadium. Anti-V,
Anti-B, Anti-P, Anti-F, Anti-C, Anti-D, Cardio-
P, Neuro-P, Anti−HC, and Anti-O: anti-viral,
anti-bacterial, anti-parasitic, anti-fungal, anti-
cancer, anti-diabetic, cardioprotective, neuro-
protective, anti-hypercholesterolemic, and
anti-obesity, respectively, CD4: CD4 receptor,
CXCR-4: CXCR-4 chemokine co-receptor, RT:
reverse transcriptase, Na+/K+-ATPase: so-
dium-potassium pump, ROS: reactive oxygen
species, ERK: extracellular regulated kinase,
MEK: ERK kinase activator, SAcP: acid phos-
phatase secreted by Leshmania, pRb: retino-
blastoma protein, AS: antioxidant status, GSH:
reduced glutathione, GSSG: disulfide glu-
tathione, Top-IB: IB type topoisomerase, NEP:
neutral endopeptidase, VO43−: vanadate ion,
PO43−: phosphate ion, PTP: protein tyrosine
phosphatase, Pi3K: phosphoinositide 3-kinase
(phosphatidylinositol 3-kinase), Akt: protein
kinase B (PKB), GLUT-4: glucose transporter
type 4, PTK: tyrosine protein kinase, eNOS:
endothelial nitric oxide synthase, NO: nitric
oxide, FLIP: FLICE-inhibitory protein; Bim: Blc-
2 interacting mediator of cell death; FasL: Fas
ligand; breakD: breakdown; Ca: calcium; K:
potassium, FKHR/FKHR1/AFX: class O mem-
bers of the forkhead transcription factor fa-
mily, PTP-1B: protein tyrosine phosphatase 1B;
JAK2: Janus kinase 2; STAT3: signal trans-
ducer/activator of transcription 3; NPY: neu-
ropeptide Y; PPARγ: peroxisome-activated re-
ceptor γ; C/EBPα: CCAAT-enhancer-binding
protein α; LPL: lipoprotein lipase. ↓: decrease,
↑: increase, ↓: inhibition/inactivation, ↑: acti-
vation, ↑↑: hyperactivation, ⊣ blockade of ex-
pression,→: modulation. Based on available
literature data cited in section 8.2 and other
reports [139–142].
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twisted DNA molecules [154], (e) inhibition of the activity of neutral
endopeptidase (NEP) [155], which inactivates anticancer enkephalins
[156], (f) modulation of phase I and/or II xenobiotic metabolizing
enzymes [157–160], and (g) alteration of antioxidant status (AS)
[158,160,161] (Fig. 11). A reduction in the GSH/GSSG ratio [153]
(Fig. 11), which can lead to intensification of oxidative stress in the cell
[49], is highlighted as well. Additionally, some V compounds have been
reported to be able to counteract tumor metastasis [155].

Much attention is still focused on studies of the design of V com-
pounds for cancer treatment, as evidenced by recently published arti-
cles. However, all V compounds/complexes (used in these studies) were
mainly tested in different cell lines, not in vivo conditions (in an animal
model). For example, the results from a study conducted by Ni et al.
[162] showed that certain multidentate oxovanadium(IV) complexes
have promising anti-cancer activity against human HepG2 and SMMC-
7721 hepatocellular carcinoma cells. One of these compounds exhibited
much more potent anti-tumor properties and turned out to be less toxic
to normal human cells than the cisplatin complex. It suppressed tumor
cell proliferation by causing cell cycle arrest and directly induced
apoptosis in a dose-dependent manner. As emphasized by the authors,
structural elements (i.e. metal components, variations of the co-
ordination mode, labile water molecules, and chelated ligands) prob-
ably exert an essential cooperative effect on the anti-tumor activity.
Another in vitro study demonstrated that V as oxido-vanadium(IV)
complex [VOL(bipy)] was able to induce early apoptosis more effi-
ciently in the HepG2 cell line than in normal L929 cells [163]. More-
over, the authors revealed that the rates of necrosis/late apoptosis were
also induced in the HepG2 cells more potently than in the L929 cells.
Based on these results, they suggested that the VOL(bipy) complex can
be considered as a new strategy for treatment of hepatocellular carci-
noma. In addition, they hypothesized (on the basis of studies conducted
by other researchers) that the VOL(bipy) complex may be modified by
co-application with an antioxidant to be safer than the administration
thereof alone. In turn, a study reported by Kowalski et al. [164] re-
vealed that oxidovanadium(IV) coordination complexes containing a 2-
methylnitrilotriacetate ligand are good candidates for preclinical de-
velopment of novel anticancer drugs targeting pancreatic cancer. As
suggested, the molecular mechanisms of cytotoxicity of these com-
plexes were dependent on generation of ROS and cell cycle arrest in the
G2/M phase with simultaneous activation of the p53/p21 pathway. An
earlier study conducted by the same author [165] showed a selective
cytotoxic effect of V complexes containing phenanthroline and

quinoline as organic ligands against a human pancreatic ductal ade-
nocarcinoma cell line (PANC-1). The results from this work revealed
that V complexes caused cell cycle arrest in the G2/M phase and in-
duced a significant increase in ROS generation in a time- and con-
centration dependent manner. In addition, at a higher concentration, V
complexes induced a mixed type of cell death in PANC-1 cells, including
apoptotic and necroptotic processes [165]. The authors emphasize that
the type of cell death induced by V complexes is mainly determined by
ligands and recommend further studies supporting the therapeutic po-
tential of V in pancreatic cancer treatment. In turn, data from another
research group [166], who examined the effect of a substituent in the
hydrazone ligand of a family of μ-oxidodivanadium(v) hydrazone
complexes on the structure, DNA binding, and anticancer activity, have
revealed that V complexes exhibited promising anti-cancer activity
against SiHa cervical cancer cells. Their experiments demonstrated that
these complexes acted in an apoptotic mode and were non-toxic to the
normal T293 cell line [166]. More recently, the anticancer properties of
a family of vanadium(V) complexes with a diaminotris(phenolato)
chelating ligand have been explored by Reytman et al. [167], who
demonstrated their promising in vitro efficacy against HT-29, OVCAR-
3, A2780, A2780cis, and A2780adr cells. In addition, a new promising
effect of V compounds involving oncolytic viruses and their potential to
combat cancer has recently been suggested. The authors reported that
the infection of oncolityc viruses in resistant tumor cell lines was en-
hanced by V compounds [168]. As emphasized, this is of particular
interest because it offers new opportunities for the development of
strategies for the treatment of cancer.

8.2.1.6. Mechanisms of the anti-diabetic activity of vanadium with a
historical outline of issues related to its anti-diabetic effects: a
summarizing note. One of the mechanisms suggested for the insulin-
like effect of V is linked to the inhibitory action of this element on the
activity of protein tyrosine phosphatases (PTP) [123] (Fig. 11). This
effect results from the antagonism related to the structural similarity of
vanadate anions (VO43−) to phosphate anions (PO43−) [39,45]. By
inhibition of protein tyrosine phosphatase 1B (PTP-1B) responsible for
inactivation of the insulin receptor (INS-IR), which plays a key role in
glucose metabolism, vanadium contributes to activation of the receptor
presumably by preventing dephosphorylation of tyrosine
phosphorylated residues of the beta subunit of INS-IR [169]. This in
turn activates the PI3K-Akt pathway (3-phosphatidylinositol kinase
(PI3-K)/Akt protein kinase) responsible for the metabolism of

Fig. 12. Summary of the most important aspects related to vanadium anti-diabetic effects on the timeline. V: vanadium, DM: diabetes mellitus, GLU: glucose, INS:
insulin, BEOV: bis(ethylmaltolato)oxovanadium(IV). ↓: decrease. Based on available literature data cited in section 8.2.2.6 and other reports; **after [34], #after
[174].

A. Ścibior, et al. Journal of Trace Elements in Medicine and Biology 61 (2020) 126508

12



carbohydrates and lipids [2] and thus leads to potentiation of insulin-
induced signal transduction. In consequence, the transport of glucose
into cells increases [39] (Fig. 11). The inhibitory effect of ROS
(generated by V compounds) on the activity of PTP-1B is also
proposed [170] (Fig. 11). In addition, vanadium (a) causes an
increase in the number of glucose-type 4 (GLUT-4) transporters in the
cell membrane [171] (Fig. 11), which allows glucose molecules to be
transported to adipocytes and muscle cells [172], (b) affects the insulin-
like growth factor receptor (IGF-IR) by inactivation of associated PTP,
(c) activates receptor and non-receptor protein tyrosine kinases (PTK),
(d) stimulates glycogenogenesis, and (e) inhibits glycogenolysis and
gluconeogenesis [172,173] (Fig. 11). It has also been highlighted that
the interaction with membranes may be important in the stabilization
of V complexes, and structural changes in membrane proteins may
contribute to their insulin-mimetic mechanisms and toxicities [102].

As illustrated in Fig. 12, the first report describing certain effects of
V action in patients with diabetes mellitus (DM) appeared in 1899.
Some 80 years later, Tolman and co-workers [175] demonstrated that V
can directly influence glucose (GLU) metabolism and suggested that it
may play a role in the regulation of GLU in vitro. Over the same period,
other authors reported that V in the form of vanadate and vanadyl can
stimulate GLU oxidation in rat adipocytes [176,177]. In turn, in 1985,
Heyliger et al. [178] described the antidiabetic properties of V in vivo
for the first time. Since then, the number of experiments (in an animal
model) in which some V compounds (i.e. vanadyl sulfate - VOSO4, VS;
sodium metavanadate - NaVO3, SMV; sodium orthovanadate - Na3VO4)
were used as potential antidiabetic drugs has been constantly growing.
For example, in 1987, Meyerovitch and co-investigators [179] reported
that V is able to normalize the blood GLU level (in vivo model)
(Fig. 12). Besides, other authors described the use of V in diabetes
mellitus (DM) (Fig. 12). In 2000, one of the organic V compounds, i.e.
bis(ethylmaltolato)oxovanadium(IV) (BEOV) first synthesized in the
late 1990s [180] was used in the first phase I clinical trial in non-dia-
betic volunteers (Fig. 12). A few years later, in 2007/08, the same V
compound was used in a phase IIa trial in seven type 2 diabetic subjects
[180,181] (Fig. 12). However, in 2009, the diabetes program was
ceased (Fig. 12). Akesis Pharmaceuticals, Inc. (in January 21, 2009)
announced it has discontinued its sole clinical development program for

AKP-020, a Phase IIa drug candidate for the treatment of diabetes
mellitus [182]. As reported, the renal changes resulting from the doses
used in the preclinical safety program were the cause of this decision
[174] (Fig. 12). Vanadium is well-known to be nephrotoxic in vivo.
Data on the effects of this metal on the animal kidney are available in
the literature. For example, a study conducted by De la Tore et al. [183]
showed that certain markers of nephrotoxicity such as the serum
creatinine and urea levels as well as the urinary creatinine concentra-
tion increased and decreased, respectively after V administration,
compared to the V-untreated animals. The creatinine clearance was also
found to be lowered in the V-supplied rats [183]. Moreover, V-induced
morphologic changes in the kidney and a significant influence of age on
the renal effects of this metal were observed as well [183]. All those
findings gave rise to the following statement: “the obtained results can be
of concern if in the future, vanadium compounds can be administered in the
treatment of diabetic patients” [183]. In addition, another study in rats
demonstrated V-induced kidney fibrosis [184] at glomerular tuft,

Fig. 13. Summary of trials with inorganic vanadium compounds used in diabetic patients on the timeline. V: vanadium, VS: vanadyl sulfate, SMV: sodium meta-
vanadate, NIDDM: noninsulin-dependent diabetes mellitus, IDDM: insulin-dependent diabetes mellitus, Over-W: over-weight, wk: weeks, mo: months. Based on
available literature data cited in section 8.2.2.6.

Fig. 14. Vanadium doses in normalization of glucose in rodents and humans. V:
vanadium, GLU: glucose. Based on available literature data cited in section
8.2.2.6.
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preglomeruli, pretubules, and interstitium (cortex and medulla) [185].
In turn, an earlier study conducted by Boscolo et al. [186] also showed
alterations in the urinary excretion of certain electrolytes in rats
chronically treated with V.

Vanadium compounds/complexes are generally known to exhibit
INS-mimetic properties through which they are involved in the reg-
ulation of GLU metabolism. As illustrated on the timeline (Fig. 13),
vanadyl sulfate (VS) was one of the inorganic V forms most often used
in studies with diabetic patients. Overall, the history of these studies
dates back to 1995 when Cohen and co-workers [187] conducted the
first trials on the effects of VS in patients with non-insulin-dependent
diabetes mellitus (NIDDM). In 1996, Halberstam et al. [188] and Boden
et al. [189] also used VS in NIDDM patients (Fig. 13). In turn, sodium
metavanadate (SMV) was administered in patients with NIDDM and in
those with insulin-dependent diabetes mellitus (IDDM) by Goldfine
et al. [190,191]. The researchers used VS in studies with NIDDM pa-
tients in 2000 [192] (Fig. 13). In the subsequent years, i.e. in 2001
[193], 2008 [194], and 2013 [195], VS was applied in studies with
NIDDM, obese, and IDDM patients, respectively (Fig. 13).

It has been estimated that the dose of V capable of normalizing the
GLU level in the blood of rodents is about 100 mg V/kg/day (at the
level of V in the blood within the range of 10–20 μM). The same effect
in humans was achieved at a dose of 1.5 mg V/kg/day (at the level of V
in the blood within the range of 1–5 μM) [30] (Fig. 14).

To sum up, the highest scientific interest was devoted to studies on
the potential use of vanadium in the treatment of diabetes, which is
related to its antidiabetic properties. Positive results of administration
of V compounds were demonstrated both in diabetic animals and in
human patients. With regard to various animal models of diabetes,
many reports in this research area have been published and there are
ongoing studies focused on this issue, as evidenced by the works by
Adam et al. [196] and Krośniak et al. [197]. Briefly, Adam’s research
group focused on the synthesis of a new anti-diabetic complex con-
taining vanadium(IV) and vitamin A. The authors showed a reduced
blood glucose level, a lowered creatinine concentration, and a decrease

in the activity of glutamate-pyruvate transaminase (GPT) in the serum
of diabetic mice treated with a V(IV)-vitamin A complex, compared to
the untreated diabetic mice group. In turn, data from mouse studies
conducted by Krośniak et al. [197], in which the influence of eight new
V compounds on organs mass were tested, revealed that V complexes
had a remarkably different effect on organ weight despite the similar
composition and the same co-ligand. As stressed by the authors, this
may point to separate metabolic pathways of these compounds in the
body and a role of tridentate L Schiff base ligands. More recently, a
report has been published by Szklarzewicz et al. [198] showing studies
that compared V complexes with diverse structures and correlated them
with their properties. The investigators synthesized three new com-
plexes of this metal (at three different oxidation levels; III, IV, and V)
with Schiff base ligands showing differences in the coordination of the
metal with the ligand in order to compare their physicochemical and
spectroscopic properties as potential antidiabetic drugs.

As far as application of V in diabetic patients is concerned, this may
be a considerable problem and may pose a risk of toxicity, as this ele-
ment is highly toxic and is able to accumulate and interact with other
metals. A summary of its serious side effects, including tissue V accu-
mulation in experimental animals (in rats with diabetes) treated with
this metal orally, was reviewed in the work by Domingo et al. [62].
Other reports by Domingo [48,199] provided a summary of side effects
derived from the oral administration of V compounds observed in
diabetic patients. As known, such diseases as diabetes mellitus or cancer
are chronic diseases requiring chronic treatment; therefore, as empha-
sized by the author, the long-term/chronic administration of V may be
unavoidable and can lead to long-term side effects resulting from sig-
nificant tissue V accumulation. Thus, the toxicity of V that could derive
from the chronic treatment with this element is of particular concern.
Hence, researchers [174,199] question the legitimacy of the possible
application of V in oral diabetes therapy (Fig. 13). Moreover, as stressed
by some investigators [168], it also has to be kept in mind that diabetes
mellitus is sometimes characterized as a metabolic disease with which
patients live for many years; therefore, low toxicity of potential drugs

Fig. 15. Mechanism of vanadium-induced weight loss – in vivo studies. V: vanadium, LEP: leptin, LEPS: the concentration of leptin in the serum, LEP-R: leptin
resistance, Hyper-LEP: hyperleptynemia, LEP-S: leptin sensitivity, INS: insulin, INS-R: insulin resistance, INS-S: insulin sensitivity, NPY: neuropeptide Y, PTP-1B:
protein tyrosine phosphatase 1B, JAK2: Janus kinase 2, STAT3: signal transducer/transcription factor, IRS: insulin receptor tyrosine kinase substrate ↓: decrease, ↑:
increase, ↓: activity/pathway blockade, ↑: activation, ↓: signal blockade. Based on available literature data cited in section 8.2.2.8.
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should be of particular concern.

8.2.1.7. Mechanisms of the cardio-protective action of vanadium: a
summarizing note. The results of previous studies on both organic and
inorganic V compounds have shown that this element can act as a
cardioprotective agent. It may protect the heart against ischemia-
reperfusion injury, prevent hypertension and hypertrophy of
myocardium, and improve heart performance [200]. Inhibition of
PTP activity and activation of the 3-phosphatidylinositol kinase (PI3-
K)/Akt protein kinase signaling pathway (PI3K-Akt) have been
proposed as mechanisms responsible for V-induced cardioprotection
[200] (Fig. 11). Akt, known as protein kinase B (PKB), is responsible for
the phosphorylation of many different proteins involved in basic
cellular processes such as proliferation, growth, migration, and
metabolism [201] and plays an important role in the regulation of
myocardial hypertrophy and in angiogenesis [acc. to 33]. Activation of
the PI3K-Akt pathway results in the phosphorylation of endothelial
nitric oxide synthase (eNOS) responsible for catalyzing nitric oxide
(NO) production (Fig. 11). In turn, as an initiator and mediator of
cardioprotection, NO has anti-hypertrophic activity and plays an
important role in the regulation of vasorelaxation [202,203].
Diffusion of NO from the endothelium to vascular smooth muscle
activates cyclic guanosine monophosphate (cGMP), which inhibits the
influx of Ca2+ ions into the cell and/or the activity of the calcium pump
(Ca2+-ATPase) and activates potassium channels leading to
vasodilation [202]. Furthermore, stimulation of glucose transport by
the influence of V on the GLUT-4 glucose transporters (Fig. 11),
resulting in normalization of their level in myocardial cells [204], is
another mechanism of the V cardioprotective action [200] proposed in
studies conducted on rats with pharmacologically induced diabetes. In
addition, vanadium (as vanadate, which shows pro-hypertensive
properties) [186] can induce vascular smooth muscle contraction
(acting as a vasoconstrictive agent) by increasing the intracellular
calcium (Ca2+) concentration [205] (Fig. 11). In vivo studies carried
out on smooth muscle (isolated from guinea pig's airways) [206] have
shown that the inhibition of the activity of the sodium-potassium pump
(Na+/K+-ATPase) by this element [143] does not seem to be linked to
the mechanism responsible for smooth muscle contractility [206]. A
vasoconstrictive effect has also been demonstrated for vanadyl, for
which a different mechanism of action was suggested, compared to that
proposed for vanadate [207]. In addition, vanadium as vanadyl may
also have an anti-hypertensive effect, as demonstrated by studies
conducted on spontaneously hypertensive rats (SHR) and in those
with hypertension induced by a fructose-rich diet (FHR rats)
receiving vanadyl sulfate (VOSO4) or bis(maltolato)oxavanadium(IV)
(BMOV) [208–210].

8.2.1.8. Mechanisms of the neuro-protective action of vanadium: a
summarizing note. In terms of mechanisms underlying the
neuroprotective effects of V, it has been speculated that this element
activates the PI3K-Akt signaling pathway (survival signals) by
inhibiting PTP, thereby inactivating forkhead box class O (FOXOs)
family members (such as FKHR, FKHRL1, AFX) and finally resulting in
suppression of expression of apoptosis-inducing factors such as Bim and
Fas ligands (FasL). It has also been assumed to activate extracellular
signal-regulated kinase (ERK) [211–215] (Fig. 11)

8.2.1.9. Involvement of vanadium in the mechanisms of appetite regulation
in terms of anti-obesity effects: a summarizing note. In vivo studies in a
rodent model (on rats) have shown that V administered in the form of
BMOV leads to an increase in the intake of V and a decrease in the water
and food intake, body weight, and serum leptin (LEP) concentration
(LEPS) [216] (Fig. 15). The influence of this metal on the signaling
pathway through LEP (JAK2/STAT3 pathway) [217,218] was
suggested as a mechanism underlying these changes [216] (Fig. 15).

It is believed that the increase in the activity of PTP-1B blocks Janus

tyrosine kinase 2 (JAK2), i.e. a substrate for PTP-1B [219,220], re-
sulting in blockage of leptin signaling (JAK2/STAT3) and cascades of
phosphatidylinositol 3-kinase (PI3-K) involved in the signaling pathway
of both insulin (INS) and leptin (LEP) [220,221] (Fig. 15). Therefore,
the signal from INS and LEP is blocked (Fig. 15). In turn, by inhibition
of the activity of PTP-1B [222], vanadium leads to activation of the
JAK2/STAT3 leptin signaling pathway [217,218] (Fig. 15) and thus
inhibits the synthesis of neuropeptide Y (NPY) and its release in the
hypothalamus. Consequently, appetite, body fat mass, and body weight
are reduced [221,223] (Fig. 15). There is also an increase in leptin
(LEP-S) and insulin (INS-S) sensitivity and a decrease in insulin (INS-R)
and leptin (LEP-R) resistance [138,218,220,224] (Fig. 15). INS-R
(which causes disturbances in the synthesis of lipoproteins and their
changes in blood plasma) [225] along with LEP-R and LEP-R-related
hyperleptinemia (Hyper-LEP) have been reported to be significant risk
factors of hypertension, type II diabetes, dyslipidemia, atherosclerosis,

Fig. 16. Cholesterol biosynthesis pathway with probable sites of vanadium
action (I) along with changes in the lipid profile in humans occupationally
exposed to vanadium (II) and in diabetic patients receiving inorganic vanadium
salts (III). CoA: coenzyme A, 3-HMG-CoA: 3-hydroxy-3-methyl-glutaryl-CoA,
IPP: isopentenyl-5-pyrophosphate, GPP: geranyl-pyrophosphate, FPP: farnesyl-
pyrophosphate, C: cholesterol, HDL: high-density lipoproteins, LDL: low-density
lipoproteins, HDL-C: HDL cholesterol, ApoA-I: apolipoprotein A, TC: total
cholesterol, LDL-C: LDL cholesterol, ApoB: apolipoprotein B, VOSO4: vanadyl
sulfate, NaVO3: sodium metavanadate. Based on available literature data cited
in section 8.2.2.9.
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and cardiovascular diseases [138,226,227] (Fig. 15). Thus, by affecting
the activity of PTP-1B, V induces the JAK2/STAT3 signaling pathway,
which improves sensitivity to LEP and INS and makes this element (as
suggested) useful for treating obesity [138,217,218]. An increase in
INS-S was found in diabetic rats receiving vanadyl sulfate (VOSO4) for
30 days [228] and in type I and II diabetes patients after administration
of sodium metavanadate (NaVO3) for 2 weeks [190].

Noteworthy is also the fact that, through its direct influence on the
organization of membrane lipids and cholesterol/sphingolipid-rich
microdomains (where proteins involved in signal transduction are
concentrated, e.g. the INS receptor), V enhances the effects caused by
INS and, consequently, results in INS-R reduction [229]. A decrease in
INS-R was demonstrated in obese rats (fa/fa Zucker rats) receiving V in
the form of an organic derivative BMOV for 6 weeks [230] and in hy-
pertensive rats chronically treated with VOSO4 [209]. Both V com-
pounds were administered in drinking water.

8.2.1.10. Mechanisms of the anti-hypercholesterolemic activity of
vanadium: a summarizing note. The mechanism of the anti-
hypercholesterolemic action of V is related to the effect of this
element on the cholesterol biosynthesis pathway shown in Fig. 16. In
vitro studies have demonstrated that V can inhibit the synthesis of this
steroid [231] by blocking the utilization of mevalonate [232,233],
which is formed from 3-hydroxy-3-methyl-glutaryl-coenzyme A (3-
HMG-CoA) in a reaction catalyzed by HMG-CoA reductase and
further transformed into isopentenyl-5-pyrophosphate (IPP) in
phosphorylation/decarboxylation reactions [234] (Fig. 16I). An
increase in the catabolism of cholesterol by V is another possible
mechanism of action of this element [235] (Fig. 16I).

The impact of V on stimulation of the lipoprotein lipase (LPL) ac-
tivity has been highlighted as well [29,236]. The LPL enzyme controls
many metabolic processes, e.g. it participates in the metabolism of li-
pids and lipoproteins [237]. Thus, any disorders in its proper func-
tioning (during INS-R) [211] result in development of atherosclerosis,
obesity, and type II diabetes [237].

Unfavorable changes have been found in the lipid profile of in-
dividuals that are occupationally exposed to V (working in production
of V-containing steel) (Fig. 16II). There was an increase in the levels of
high-density lipoprotein cholesterol (HDL-C) and apolipoprotein A
(Apo-AI, main HDL apolipoprotein) in the serum and a decrease in such
atherogenic indices as TC/HDL-C, LDL-C/HDL-C, and ApoB/ApoA-I
[238] (Fig. 16II). A decrease in cholesterol and/or low-density lipo-
protein cholesterol (LDL-C) have also been found in the serum of type II
diabetes patients after 6 weeks of administration of VOSO4 [192,193]
and in type I and II diabetes mellitus patients after 2-week treatment
with sodium metavanadate (NaVO3) [191] (Fig. 16III).

A reduced cholesterol level has been demonstrated in the blood of
healthy rats receiving V2O5 (0.56 mg V2O5/kg) once a month for 12
months [78], in obese rats (fa/fa Zucker rats) treated with sodium or-
thovanadate (Na3VO4, 0.8 mg/mL) in drinking water for 4 months
[239], and in diabetic rats receiving VOSO4 (0.75 mg/mL, 1 mg/mL,
1.1 mg/mL or 0.5 mmol/kg/day) [240–243], sodium metavanadate
(NaVO3, 0.20 mg/mL), sodium orthovanadate (Na3VO4, 0.50 mg/mL)
[241], or organic V complexes such as V5dipic-NH2 (0.1 mg/mL) [244]
or bis(curcumino)oxavanadyl (BCOV, 0.05, 0.1 or 0.2 mmol/kg/day)
[243] in drinking water for different periods (20 days, 2, 4, and 10
weeks, or 5 months). In turn, a decrease in the level of triglycerides
(TG) in the blood was found: (a) in obese rats (fa/fa Zucker rats) re-
ceiving Na3VO4 (0.8 mg/mL) in drinking water for 4 months [239], (b)
in obese non-diabetic Zucker fatty rats (ZF) and diabetic Zucker fatty
rats (ZDF) after administration of organic (maltolic) vanadium deriva-
tives, i.e. bis(maltolato)oxovanadium(IV) (BMOV, 0.19 mmol/kg/day,
in drinking water) and bis(ethylmaltolato)oxovanadium(IV) (BEOV, 0.1
mmol/kg/day, with a probe), respectively, for 3 weeks [245], and (c) in
diabetic rats receiving VOSO4 [240,242–244], V5dipic-NH2 [244], or
BCOV [243]. BCOV has also been shown to reduce the serum LDL level

significantly in these animals [243].

9. Vanadium - important research trends

9.1. Research on non-elucidated mechanisms

Given the increasing practical application of V in medicine and the
fact that accumulation of this metal in certain internal organs/tissues
during the treatment of chronic diseases may be a significant problem,
it is still advisable to carry out studies on V toxicity and mechanisms of
its toxic action (Fig. 17). It is also necessary to study the pharmacolo-
gical activity of V as well as the mechanisms of absorption and excre-
tion thereof. Moreover, the mechanisms of transport of V to target or-
gans and its uptake by cells as well as the in vivo form of this metal and
its influence on the immune system deserve further exploration
(Fig. 17). The mechanisms of immune response upon V exposure should
also be better clarified. Additionally, comprehensive research on the
interactions of V with other elements is needed as well (Fig. 17).

9.2. Research on the interactions with elements having antioxidant
potential: magnesium

Metal interactions affecting the cell metabolism, action of organs
and, consequently, the function of the entire organism is still an im-
portant issue in toxicology, pharmacology, and medicine. Therefore,
examination of the consequences, character, and mechanisms of inter-
actions of V (which raises hopes for the use thereof in the treatment of
certain diseases in humans) with elements, especially those with anti-
oxidant potential, in an in vivo experimental model are still a current
and vital issue. Moreover, considering the well-known pro-oxidant
properties of V, the fact that the increased generation of ROS and oxi-
dative stress play a crucial role in V-induced toxicity, and the sugges-
tions of other authors that the hepatotoxic, nephrotoxic, cardiotoxic,
genotoxic, neurotoxic, and carcinogenic effects of this metal as well as
inflammatory and fibrotic changes in the lungs are associated with its
redox-active nature and ability to intensify LPO (see Fig. 7), detailed
investigations to evaluate the consequences of possible interactions of V
with antioxidant elements during combined chronic treatment are even
more desirable. This aspect is also important in the context of occu-
pational exposure and growing environmental pollution with V.

The results of studies conducted in a rodent model by Ścibior et al.
[57] showed protective action of Mg against the pro-oxidant activity of

Fig. 17. Vanadium-associated issues – deserving more in-depth investigations.
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V. They also provided evidence that the beneficial Mg-induced limita-
tion of the increase in the hepatic LPO during the administration of V
may result from the independent action of Mg and from the antagonistic
interaction with V. These effects were observed when healthy rats were
exposed to V (as SMV) at the concentration of 0.125 mg V/L with
supplementation with Mg (as MS at the concentration of 0.06 mg Mg/
mL) for 18 weeks. However, further studies are needed to explain the
exact mechanism(s) accounting for the protective effect of Mg (at the
dose used) against the V-induced oxidative stress in the liver. The other
findings reported by Ścibior et al. [52] demonstrated a markedly re-
duced level of LPO in the bone of healthy rats supplemented with Mg
(as MS) during the 12-week SMV exposure (0.125 mg V/mL). These
changes, as those mentioned previously for the liver, were also influ-
enced by the independent action of Mg and by its antagonistic inter-
action with V. Moreover, the distinct trend toward the antagonistic
interaction between V and Mg was revealed with regard to the level of

LPO in the erythrocytes of healthy rats exposed to SMV (0.125 mg V/
mL) during 12-week MS supplementation (0.06 mg Mg/mL) [53]. It
should be added that the concentration of V mentioned above was se-
lected based on earlier studies conducted by other researchers
[246–250] who tested similar V concentrations in a rat model as well as
reports of the levels of this metal in the blood and urine of occupa-
tionally exposed people [251,252], which were comparable with those
noted in SMV-exposed rats. Based on the results obtained, it can be
concluded that the issues related to the interactions of V with Mg (as
one of the elements with antioxidant potential) are important not only
for extending the knowledge of the mechanism of the effect of V on the
organism. They are also essential to improve the understanding of the
role of Mg in prevention of V toxicity and clarify the mechanisms un-
derlying the potential protective action of this bioelement in V poi-
soning. This is even more relevant in view of the fact that long-lasting
oxidative stress with simultaneous weakening of the antioxidant system

Fig. 18. Summary of vanadium-magnesium interactions – in vivo model: our studies (I) and studies of other authors (II). V: vanadium; Mg: magnesium, Fe: iron, Cu:
copper: P: phosphorus, RBC: erythrocytes, GR: glutathione reductase, LPO: lipid peroxidation, CH: cerebral hemisphere, B: bone, WB: whole blood, L: liver, K: kidney,
P: plasma, TS: transferrin saturation, L-AA: L-ascorbic acid, ALP: alkaline phosphatase, SOD: superoxide dismutase, Sa: mean roughness, Sq: root mean square
roughness, Sz: ten-point height, Ins: insulin, HOMA-IR: insulin resistance index. Based on available literature cited in section 9.2.
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can lead to permanent cell/tissue damage and, consequently, to in-
itiation of the disease process. In addition, the examination of the
combined V-Mg effects in mammalian organisms may also be helpful
for the future safe use of V in medicinal applications. Undisputed is the
fact that recognition of doses of elements showing synergistic/antag-
onistic action towards each other may play a role in both medicine and
pharmacology. However, although some studies cited above reveal that
supplementation with Mg during V exposure has beneficial effects re-
flected in reduction of the level of LPO in certain cells/tissues of healthy
rats, further studies (in other animal models) have to be conducted to
recognize whether the antagonistic effects of Mg on pharmacological
amounts of V will allow V to exert beneficial effects, or whether their
synergistic actions yield beneficial effects at lower amounts of V. Some
time ago, Matsuda et al. [253] demonstrated for the first time that V
and Mg administered in combination as SMV (0.3 mg/mL) and MS (0.3
mg/mL), respectively, to diabetic rats in drinking water for 3 weeks had
a synergistic effect, as they augmented whole-body insulin sensitivity
and glycogen synthesis. Based on these findings, the authors suggested
a potential role for combination therapy with trace elements in type 2
diabetes mellitus and other insulin-resistant states. Diabetes is accom-
panied by changes in the level of Mg in tissues [254] and by weakening
of the antioxidant barrier [255] and oxidative stress [256]. With regard
to this issue, Sanchez et al. [94] showed that treatment with V of Mg-
deficient rats corrected many alterations generated by Mg deficiency.
Subsequently, Bermúdez-Peña et al. [257] evaluated whether V treat-
ment might affect alterations in Mg metabolism associated with dia-
betes. The authors revealed the existence of interplay or other inter-
actions between both elements in diabetic rats. As they stressed, these
results might help to clarify the role of V as an anti-diabetic agent.

The existing literature comprises a few articles about the interac-
tions between V and Mg [51–53,57,63,94,253,257–260], which has
been reported to be able to protect against the harmful effects of ROS
[261–264]. A summary of data about the interactions between both
metals (demonstrated to date in relation to parameters investigated in a
rodent model) is presented in Fig. 18.

Antagonistic interactions between V and Mg have been demon-
strated for (a) the activity of glutathione reductase in erythrocytes
(GRRBC) and the concentration of vanadium (VRBC), iron (FeRBC), and
copper (CuRBC) in erythrocytes, (b) the level of lipid peroxidation in the

liver (LPOL) and bone (LPOB), and (c) the concentration of vanadium in
the kidney (VK) and cerebral hemisphere (VCH). In turn, a clear trend
towards the V-Mg antagonistic interaction has been observed for (a) the
concentration of magnesium in erythrocytes (MgRBC) and plasma (MgP),
(b) the level of lipid peroxidation in erythrocytes (LPORBC), (c) the
concentration of zinc (ZnB) and potassium (KB) in bone, (d) the level of
iron in the kidney (FeK), (e) the concentration of V in whole blood
(VWB), and (f) iron transferrin (Tf) saturation (TS) (Fig. 18I).

In contrast, synergistic interactions between V and Mg have been
revealed for (a) the concentration of L-ascorbic acid in bone (L-AAB),
(b) the activity of alkaline phosphatase (ALPB) and superoxide dis-
mutase (SODB) in bone, (c) the concentration of calcium in erythrocytes
(CaRBC) and in the liver (CaL). Synergy has also been determined for
such roughness parameters as (d) mean roughness (Sa) and (e) root
mean square roughness (Sq) (Fig. 18I), which were measured by optical
profilometry in a three-dimensional (3D) scale in morphological studies
of the femur of rats receiving V and Mg separately and in combination
[260]. In turn, a trend towards synergistic interactions between both
metals has been observed for (a) the level of sodium in erythrocytes
(NaRBC) and bone (NaB), (b) the concentration of calcium (CaK) in the
kidney, and (c) the ten-point height (Sz) defined as the arithmetic
average height of the sum of five local maxima and five local minima
(Fig. 18I).

The interactive effects between V and Mg (studied in an animal
model) have also been revealed for such parameters as V intake, V
absorption, urinary and fecal V excretion, serum Mg and insulin con-
centration, and insulin resistance index (HOMA-IR) (Fig. 18II).

As far as the historical outline of interactions is concerned, in 1970,
Hill and Matrone proposed the theory of mineral interactions (Fig. 19)
suggesting that metals with similar chemical and physical properties
would interact with each other biologically [after 265]. In 1982,
Georgievskii described synergistic and antagonistic interactions be-
tween certain elements, whereas O’ Del defined the term “interaction”
in 1997 [after 265] (Fig. 19).

Studies on the influence of combined administration of V and ele-
ments with antioxidant potential date back to 1966 when Berg [258]
described the effect of co-administration of V with Mg on the growth
and mortality in chicks (Fig. 19). In 1989, Yamaguchi et al. [266] re-
ported that Zn prevented the toxic effect of V (Fig. 19). In the late

Fig. 19. Historical outline of certain issues linked to mineral interactions and studies on the effects of combined administration of vanadium and elements with
antioxidant properties to animals (mainly to rats). Mg: magnesium, Zn: zinc, Se: selenium, Cr: chromium. *after [265].
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1990s, two reports described the effect of Se on V toxicity in different
regions of the rat brain [267] and a synergistic interaction between V
and Mg on glucose metabolism in diabetic rats [253]. Additionally, the
influence of combined administration of V with Zn or Se to rats [268]
has been described (Fig. 19). The research on the interactions of V with
antioxidant elements has been gaining popularity since 2005. Since that
time, more reports have appeared about the effects of co-application of
V with Cr(III) [59,269–272] or Mg [51–58,63,259,260] to rats (Fig. 19).
Moreover, there have also been reports on the effect of V administered
as BMOV on bioavailability, biochemical parameters in serum, excre-
tion and content of V and Mg in certain internal organs/tissues of
healthy rats receiving V-containing feed and varying levels of Mg
(magnesium oxide, MgO) [94], and the effect of V (BMOV) on the
metabolism and distribution of Mg and some biochemical blood para-
meters in diabetic rats receiving feed containing V and Mg (MgO)
[257].

It should also be added that more attention should be given to
studies on treatment with V in association with compounds with anti-
oxidant properties to optimize the therapeutic potential of V com-
pounds and minimize their possible side effects. This is even more re-
levant in view of the work conducted by Wang et al. [273], who showed
that the treatment with N-acetylcysteine (NAC), i.e. a thiol antioxidant
reducing the accumulation of ROS and oxidative damage [274], in-
hibited V-induced ROS generation in human normal liver L02 cells but
did not attenuate the antitumor activity of V in human hepatoma
HepG2 cells. As emphasized by the authors, these results may be helpful
in the therapeutic application of V compounds along with antioxidants
as synergistic agents in order to reduce their potential toxicities in
normal cells without affecting their antitumor activities in cancer cells.
In addition, the same researchers suggest that combined administration
of V with an antioxidant might be beneficial for diabetes therapy [273].
Recently, protective action of pyruvate against V-induced oxidative
stress and cytotoxicity has been demonstrated in Chinese hamster ovary
(CHO-K1) cells [275]. It has been suggested that the antioxidative ef-
fects of pyruvate, especially its ability to neutralize hydrogen peroxide,
may be involved in the observed mechanism of protection.

To sum up, comprehensive investigations in an animal model on the
interactions of V with antioxidant elements, such as Mg or certain
compounds with antioxidant properties or dietary/plant-derived anti-
oxidants, are particularly important. They would allow us not only to
recognize a potential antidote minimizing the adverse effects of V re-
sulting from its strong pro-oxidative activity but also to evaluate the
potential efficacy of combined V-Mg treatment in certain modern-age
diseases.

10. A brief summary and perspectives

Due to its multidirectional biological activity and a wide range of
effects on the mammalian organism, vanadium has been arousing in-
terest of many research centers worldwide for many years. The use of
this metal in medicine is of particular concern. Some V compounds/
complexes have been found to be promising for potential therapeutic
use. Their beneficial therapeutic properties have been reported and
diseases of interest against which they could be effective have been
suggested. The number of studies on the use of V in medicine is con-
stantly growing and its potential medical application remains an open
question. Given the recent progress in the research on the pharmaco-
logical activity of different V compounds/complexes, it can be assumed
that new V-based drugs will be available for therapeutic purposes in the
future. Recently, much attention has been focused on the design of V
compounds that can be useful for potential applications as anticancer
agents. There are also ongoing studies on different anti-diabetic V
complexes for their future safe use in the treatment of diabetes. On the
other hand, however, many multidirectional studies on V (which has a
narrow therapeutic index) have shown that further analyses are still
required for this element to be used as a metallodrug in the fight against

certain life-threatening modern-age diseases. It has been highlighted
that the ability of V to accumulate and its strong toxicological potential
are an important obstacle limiting the use of this metal in pharma-
cology. Therefore, it would be advisable to shift the balance towards the
beneficial action of V, whose pharmacological potential has repeatedly
been revealed, as evidenced by the results of many studies conducted in
a variety of different cell lines and in animal models. However, this is a
serious challenge and considerable research is still devoted to design V
complexes with low toxicity and sufficiently high efficacy.

Besides the issues mentioned above and those presented in section 9
titled ‘Vanadium - important research trends’ and the need to identify
the susceptibility of different cells/tissues to the effects of V, the fol-
lowing aspects draw researchers' attention: (a) identification of V spe-
cies as an important factor in the assessment of toxicity of this element
and its potential health risks to humans [276] (Fig. 20), (b) examination
of the well-defined forms of this metal in terms of their availability,
selectivity, and specificity [277] with recognition of key factors that
may affect the mode of V action (Fig. 20), (c) biotransformation of V
compounds in the organism and distribution between blood bioligands
as a relevant issue of the drug metabolism and mechanism of action
[103,109], (d) the role of the carrier ligand that may not be limited only
to facilitating the transport/absorption of V compounds [278] with
establishing the toxicity profiles of the ligand [167], (e) elucidation of
the role of V species in interactions with immune system modulators
and other transcription factors influencing immune signaling [277],
and (f) recognition of therapeutic targets, pharmacokinetics, and
pharmacodynamics in detail, which may help to design better and more
effective V-based drugs [101].
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