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Abstract: In Earth’s regions accessible for living organisms (Earth’s crust, crude oil, water sanctuaries
and lower atmosphere), vanadium is present in the oxidation states +III and—essentially—+IV
(cationic) and +V (cationic and anionic), with the redox interchange and biochemical recycling
often monitored by bacteria. Organisms having available vanadium-containing (bio)molecules
with essential functions for life include marine brown algae (haloperoxidases), ascidians and fan
worms, as well as terrestrial organisms, viz., nitrogen-fixing bacteria (associated with the roots of
legumes), and the fly agaric mushroom. The hypohalite generated by the algal haloperoxidases
in turn is involved in the emission of bromoform into the atmosphere. Nitrogen fixation (N2 ε

NH4
+) is a process of immanent importance for life on our planet. Other bacterial issues include the

reduction of vanadate to VO2+. Medicinal applications of vanadium coordination compounds are
directed towards the treatment of diabetes mellitus (vanadium complexes with hypoglycemic activity)
and cancer—although boundaries are set due to side effects such as oxidative damage elicited by
vanadium-induced hyperoxide formation. Physiological actions of vanadium are often invoked due
to the structural and physiological similarity between vanadate and phosphate. An additional field
of medicinal applications addresses the treatment of cancer, such as leukaemia, malignant melanoma
and bone cancer.

Keywords: halide oxidation; dinitrogen reduction; marine organisms; vanadate–phosphate antagonism;
diabetes; cancer

1. Introduction

On Earth, the crustal abundance of vanadium (0.019%; 20th most abundant element)
compares to that of zinc; however, vanadium is more dispersed than Zn. The common
redox states in the minerals of the Earth’s crust are +V, +IV and +III [1]. Crude oil (as-
phaltenes) can obtain up to 5 g V per litre; the high concentrations here originate from the
coordinative incorporation of vanadium (VO2+) into, essentially, porphinogens. The main
sources of atmospheric vanadium are marine aerosols and continental dust originating
from geological processes, and due to anthropogenic input, including emissions—VO2,
V2O5 and vanadium carbide—from combustion engines. In aqueous media, such as sea-
water, lakes and rivers, vanadium is present as H2VO4

−/HVO4
2− (depending on the pH);

common average concentrations in marine environments (pH~7; where the dominant
species is H2VO4

− (and HV2O7
3− at higher concentrations)) amount to 1.8 µg/L, in rivers

to 0.7 µg/L. The average amount of vanadium in sediments is 150 mg/kg [2]. In mining
areas, vanadium concentrations in aqueous environments can go up by a factor of 106. In
human blood plasma, vanadium concentrations are higher by a factor of ~10 with respect
to seawater, pointing towards a (possibly essential) role of vanadium in life: In living
organisms, vanadate H2VO4

− acts as an antagonist/competitor/enhancer of phosphate
but tends to be toxic at non-physiological concentrations. Vanadate also forms binary and
ternary compounds with carbonate, viz., HVO3CO3

2− and VO2(CO3)2
3−, with logK values

of 1.09 and 0.17, respectively. At higher concentrations, oligomers such as the dimeric
V2O7

4− can form; reducing conditions are responsible for the generation of VIVO2+·aq
(which precipitates to form VO(OH)2 or remains dissolved due to coordination to (organic)
substrates) and VIII·aq (present in, e.g., ascidians). The redox interconversion of vanadium
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(VV ↔ VIV ↔ VIII) in a natural environment is often monitored or exerted by specialised
bacteria, such as Pseudomonas vanadiumreducens (see also Section 4).

Besides various strains of bacteria, several multicellular organisms resort to vanadium
as an essential element, the latter occasionally also in cooperation with bacteria. Noteworthy
among these higher organisms are ascidians, marine brown algae and certain mosses,
amavadin in Amanita mushrooms and the nodules in the roots of legumes. The dual role of
vanadium (beneficial vs. harmful effects) [3] and its environmental implications have been
reviewed; see ref. [4] for a recent comprehensive survey.

2. Biogeochemical Cycling

Typically, vanadium is an accessory composite in minerals and rocks, in particular,
in basic igneous rocks. In natural water reservoirs, the predominant species is H2VO4

−.
The mean concentration of vanadium in the upper part of the Earth’s crust amounts to
97 mg·kg−1 [5] and thus compares to that of zinc. Fossil fuels (crude oil), and consequently
petroleum products as well, can hold VIV porphyrins; asphaltenes eventually contain up
to 4.5 g V per litre. Common oxidation states in environmental fields are +V and +IV;
the presence of H2S initiates the formation of VIII. Average vanadium concentrations
in peridotite amount to 275 mg/kg. Peridotite—comprising 40% and more of the min-
eral olivine (Mg,Fe)2SiO4—is an ultramafic rock forming an essential part of the Earth‘s
crust. An additional example is the coordination of vanadate to the iron centre in goethite
{O2V < (µ-O)2Fe}. Depending on the partial oxygen pressure (and oxidative/reductive
conditions), vanadium can attain the oxidation states +II, +III, +IV and +V, with VIV (VO2+)
and VV (VO3+, VO2

+, H2VO4
−) being the dominant ones in habitable environments. VO2+

absorbs to organic matter (carboxylate and phenolate groups, humic substances).
Biogeochemical cycling of vanadium, i.e., the transport of vanadium between solid

surface areas, water estuaries and the atmosphere, is a function of geological, biological and
climatological processes. Wind erosion in particular is a main source for the natural delivery
of vanadium oxides into the atmosphere. Important anthropogenic sources include coal
combustion and burning of fuels. Rainfall is a major source of precipitation. Biological
emissions on trend are the release of CHBr3 and CH3Br from seawater into the atmosphere,
initiated by H2VO4

− coordinated to a haloperoxidase present in brown algae (see ch. 3);
these bromomethanes contribute to the depletion of ozone. Emissions due to human activity,
in particular, into the atmosphere, exceed natural emissions by a factor of 1.7 [5]. The
emission often includes redox interconversion, essentially between VV (oxidovanadium and
vanadate, or VO(OH)+ in slightly acidic media) and VIV (VO2+). In anoxic environments,
VIII (V3+) can come in; the presence of H2S in particular initiates the formation of VIII, which
can become a constituent in minerals based on Fe3+. At higher vanadium concentrations,
oligonuclear species such as tetra- and decavanadate can form. The free cations are present
in hydrated form. The natural concentrations of vanadium in aqueous surroundings
(seawater) amount to 1.8 µg·L−1~40 mM; concentrations often are subject to pH, mining
activities and (industrially based) pollution. Leaching from industrial areas and agricultural
activities can locally increase vanadium concentrations; the vanadium flux originating
from chemical weathering has been estimated to ca. 21·109 g per year [5]. An important
component in vanadium cycling is its release—in the form of aerosols and continental dust
(including volcanic activity)—into the atmosphere. Additional sources for dust enriched
with vanadium oxides are industrial exhalation and vehicle exhaust emissions. The latter
is a consequence of the vanadium contents in fossil fuels. The biogeochemical cycling
of vanadium consequently possesses a significant anthropogenic component [1,6]. The
appropriateness of vanadium as a catalyst in naturally proceeding processes (nitrogen
fixation, halide oxidation) is paralleled by its significance in a variety of industrial catalytic
applications [7].
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3. Vanadium in Haloperoxidases, Nitrogenases, Amanita Mushrooms, Ascidians and
Fan Worms

Along with the potentiality of vanadium in many catalytic applications carried out in
the frame of industrial processes (examples are oxidation reactions, carbon–carbon bond
formation, hydrogenation and dehydrogenation and cyanation [7]), the role of vanadium in
naturally occurring catalytic processes is noteworthy. These functions include the oxidation
of halides catalysed by haloperoxidases (particularly in seawater estuaries) on the one hand,
and the reductive conversion of aerial dinitrogen into ammonia/ammonium ions (and
hence nitrogen in a form utilisable in bio-physiological processes), catalysed by nitrogenases
on the other hand. An additional naturally occurring vanadium compound is amavadin,
present in the fly agaric mushroom.

Specific brown and red algae, fungi and bacteria—such as the marine brown alga As-
cophyllum nodosum, the marine flavobacterium Zobiella galactanivorans [8] and the cyanobac-
terium Synechocosccus (associated with macroalgae and specialised in the oxidation of
iodide)—can have available vanadate-dependent haloperoxidases, one of the six known fam-
ilies of halogenating enzymes [9]. Actually, the VHPOs apparently derive from a species
closely related to bacterial acid phosphatase [8], well in agreement with the structural
similarity between phosphate and vanadate, and the competitive/comparable behaviour
of these two anions in life processes. Iodide, bromide, chloride and cyanide may be subject
to oxidation to hypohalite/hypohalous acid and cyanate, respectively. The halide speci-
ficity essentially reflects differences in hydrogen-bonding interaction between the active
centre and the extended (second) coordination sphere. The oxidising agent commonly is
H2O2/peroxide. Hypohalite in turn is involved in the biosynthesis of halogenated organic
compounds, such as bromoform, which is released into the atmosphere. Figure 1 (left)
shows the active centre of the vanadate-dependent iodo/bromoperoxidase of the marine
brown alga Ascophyllum nodosum (Figure 1, right) from which this enzyme had been origi-
nally isolated [10] and characterised with respect to its reactivity [11]. The active centres of
the enzyme present in other algal and bacterial species are essentially identical, i.e., they
only differ in the second sphere amino acid surroundings of the central penta-coordinated
{VO(OH)(O−)His} unit, and in H-bonding interaction between the first and the second
coordination sphere. In summary, halogenases are involved in the oxidation of halides
(to hypohalous acids) and, in such a way, in the halogenation of organic compounds and
the oxidative elimination of (invasive) bacteria via the intermediate formation of reactive
oxygen species [12].

Figure 1. The active centre (schematised (left)) of vanadate-dependent, bromo/iodoperoxidases
present in the brown alga Ascophyllum nodosum (right).

A second vanadium-based enzyme is the vanadium nitrogenase VNase (Figure 2),
which—along with the more prominent molybdenum variant and an additional “alter-
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native” nitrogenase based on iron only—is present in nitrogen-fixing (soil) bacteria, such
as the obligate anaerobic Azotobacter vinelandii [13], facultative anaerobes (e.g., Klebsiella
oxytoca) [13] and the cyanobacterium Anabaena variabilis [14]; VNase can also be expressed
in, e.g., symbionts of lichens [15]. In all of these diazotrophic organisms, V-Nases are pre-
dominantly activated under conditions of Mo limitation. The bacterium Rhodopseudomonas
palustris, present—inter alia—in marine coastal sediments, has available all three (Mo, V
and Fe-only) nitrogenases. Most N2-fixing bacteria are obligatory anaerobes. The dominant
function of this enzyme is the reductive conversion of inert dinitrogen to ammonium
ions, Equation (1), thus making nitrogen accessible for (alimentary) utilisation by plants.
The energy afforded for this reductive process, required to overcome a high activation
energy barrier, is provided by adenosine triphosphate, ATP. The reduction of N2 progresses
via HN=NH and H2N-NH2. In the absence of N2, H2 is generated. Other substrates,
such as carbon monoxide, are equally reduced, eventually forming alkenes and alkanes,
Equation (2) [16]. Furthermore, CO2 can be reduced to CH4, Equation (3) [17].

N2 + 8H+ + 6e− → 2NH4
+ (1)

(powered by: MgATP + H+
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Figure 2. The active centre of vanadium nitrogenase and the soil bacterium Azotobacter vinelandii.

The fly agaric mushroom Amanita muscaria (Figure 3) accumulates vanadium at concen-
trations of up to several hundred mg kg−1 dry mass [18], with a maximum concentration
found in the bulb. Other species of the genus Amanita can also store vanadium; examples
are A. regalis and A. velatipes. Vanadium is present as the non-oxido V(IV) coordination
compound amavadin (Figure 3) in the Λ and ∆ isomeric forms. Its biological function has
so far not yet been established with certainty. Due to the reversible oxidation/reduction
(VIV � VV + e−), a role for amavadin as a redox catalyst is assumed: Amavadin homo-
logues have been shown to mediate the reduction of NO2

− to N2O and the oxidation of
water to O2 [19].
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Figure 3. Amavadin present in the fly agaric (Amanita muscaria).

Sea dwellers such as ascidians (e.g., Ascidia sydneiensis samea) and polychaeta fan
worms (Pseudopotamilla [20], Perkinsiana [21]) accumulate vanadium from seawater. The
fan worm P. occelata (Figure 4, left) contains vanadium bound to a nucleoside diphosphate
kinase homolog, located in the epidermis of the branchial crown. The function of vanadium
may be associated with the suppression of the activity of a kinase by VIV (VO2+); the kinase
otherwise remains unaffected by VV (H2VO4

−) [20].

Figure 4. The fan worm Pseudopotamilla occelata (left) and the sea squirt Ascidia sydneiensis (right), the
latter with the branchial crown at the upper left.

Ascidians (also known as tunicates or sea squirts) such as Ascidia gemmata [21] and
A. sydneiensis samea [22] accumulate vanadium in blood cells (the so-called vanadocytes;
Figure 4, right). The actual vanadium concentration amounts to 350 mM, hence 107 times
that of vanadium (H2VO4

−) in seawater. Bacterial genera (Pseudomonas and Ralstonia) in
the branchial sac of the ascidia, and Treponema and Borelia in the intestinal content, appear to
contribute to vanadium accumulation by absorption of vanadium through the epithelium
of the branchial sac and reduction of vanadate to oxidovanadium(IV) and V3+ [23], the latter
being stored in the cytoplasm and vacuoles termed vanadocytes. Vanadium is thus also
involved in the redox interconversion of disulphide/dithiolate. In its non-oxido +IV state,
vanadium binds to proteins rich in cysteine residues, referred to as vanabins. Vanabins can
differ in the number of amino acids. For a biomimetic system modelling the reduction of
vanadate (V) and coordination of non-oxido-VIV to vanabin, see ref. [24].

4. Bacterial Issues

Matters concerning bacteria have already briefly been mentioned in ch. 3 in the con-
text of N2 fixation (see also cyanobacteria in rice fields [25]), haloperoxidases, amanita
mushrooms and ascidians. Other bacterial activities aiming at redox interconversion (es-



Inorganics 2023, 11, 256 6 of 11

sentially reduction of vanadium(V)) concern several strains of bacteria—belonging to the
eucarya—that are able to reduce vanadate H2VO4

− to oxidovanadium(IV) VO2+ (which
commonly precipitates in the form of VO(OH)2) and thus can contribute to the removal
of vanadate(V) from drinking water. Vanadate—being a phosphate antagonist—is toxic
at higher, non-physiological concentrations. Examples of these bacteria are Pseudomonas
vanadiumreductans, Shewanella oneidensis, Geobacter metallireducens and Saccharomyces cere-
visiae [26]. Reduction of vanadate to VO2+ can also be achieved by mesophilic bacteria (an
archaeal bacterial strain) such as Methanosarcina mazei, which is active at 37 ◦C, and the
thermophile Methanothermobacter termautropicus, which is thriving at an optimum tempera-
ture of 65 ◦C [27] and further—at concentrations < 5 mM, by Thiobacillus thiooxidans [25].
This bio-reduction of VV to VIV (VO(OH)2↓) in a special anoxic growth medium inhibits
methanogenesis (CO2/acetate→→ CH4, the reductant usually is H2), the otherwise com-
mon domain of activity for these bacteria.

5. Medicinal Applications

Vanadate and vanadium coordination compounds have attained long-standing atten-
tion in the therapy of various diseases, in particular, diabetes and cancer; more recently,
preliminary overviews of vanadium’s potentiality in the treatment of SARS-CoV-2 (COVID-
19) have been published [28].

Systematic therapeutic applications of vanadium compounds—in particular, the treat-
ment of diabetes (i.e., vanadium compounds with hypoglycemic activity)—date back to
the year 1899, when the—beneficial—effect of vanadate towards, inter alia, diabetes mel-
litus had been reported. Vanadate was administered orally in the form of NaVO3 [29]
(which, at a pH of 7 in aqueous media, essentially exists in the form of H2VO4

−). For
a recent overview of the medicinal potentiality of vanadium coordination compounds,
see ref. [30]; side effects such as oxidative damage provoked by the formation of hyper-
oxide O2

•− is addressed in, e.g., ref. [31]. For additional examples of early reports on the
mimesis/stimulation—by vanadate and/or VO2+—of insulin in the oxidation of glucose
see also refs. [32,33]. The latter is a detailed investigation of the speciation of VO(maltol)2
under physiological conditions, and hence a “precursor” study to the work carried out
by Orvig and Thomson that initiated the first clinical tests of the anti-diabetic potentiality
of this maltolato complex [34]. For a review on the anti-diabetic properties of organic
vanadates, see also ref. [34].

At physiological conditions, VO(maltol)2 (BMOV)—once absorbed intact—undergoes
biotransformation, i.e., the compound interacts with the body’s own biomolecules such as
haemoglobin [35] and adenosine triphosphate, 1 in Figure 5 [35]. Because of the structural
and functional similarity between vanadate and phosphate (H2VO4

− and H2PO4
− at about

neutral conditions—i.e., at a pH of 7 ± 0.5), vanadate can inhibit enzymes that depend
on phosphate (examples are alkaline and acid phosphatases, as well as protein tyrosine
phosphatase), or it can activate enzymes such as extracellular signal-regulated kinases. The
inhibitory effect of vanadate with regard to protein tyrosine phosphatase (where vanadate
can replace phosphate and thus deactivate the phosphatase) is a main functional aspect for
the anti-diabetic effect of vanadate in the case of type 2 diabetes mellitus, i.e., diabetes as a
result of ineffective insulin response: This deactivation of the phosphatase (via binding of
vanadate into the active site of the enzyme) prevents dephosphorylation of a membrane-
bound tyrosine in the proximity of the insulin receptor. In such a way, the input for the
entry of insulin into the cellular compartments is restored and, consequently, also the
degradation of intracellular glucose. Albumin and apo-transferrin commonly support the
transport of vanadate in the blood. Figure 5 provides a selection of vanadium coordination
compounds that have been shown to exhibit anti-diabetic potential. While the picolinato
complex 2 remains essentially intact in the gastrointestinal tract, VO(maltol)2 partially
dissociates [36].
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Figure 5. A selection of vanadium coordination compounds that have been shown to be effective
in the treatment of diabetes mellitus. 1: The compound VO(maltol){ATP} formed in the blood
from VO(maltol)2 and adenosine triphosphate (ATP) [37]. 2: A picolinato complex that triggers
glucose degradation by simian-virus-modified mice fibroblasts [38]. 3: A diamine complex with
insulin-enhancing activity [39]. The o-phenanthroline Schiff base complex 4 is involved in the insulin-
signalling pathway and thus related to diabetes [40].

The multiplicity of interactions (covalent and non-covalent binding) of VO(maltol)2
and VO·aq with proteins at physiological conditions has recently been modelled with
hen egg lysozyme [41]: Non-covalent binding is observed with cis-[VO(maltol)(H2O)]
and [VO(maltol)(H2O)3]+, covalent binding with [VO(H2O)3/4]2+ and cis-[VO(maltol)2].
Coordinating functions of the protein are the C-terminal carboxylates of glutamic acid,
aspartic acid and asparagine.

In addition to the potential of vanadium in the amelioration of diabetic symptoms,
vanadium coordination compounds are being studied intensively with respect to their
applicability in the treatment of cancer. Figure 6 represents a compilation of selected
cytotoxic oxidovanadium complexes that exert activity against, inter alia, osteosarcoma cell
lines, lymphoblastic leukaemia, hepatic carcinoma, colon, breast and cervical cancer and
malignant melanoma.

Figure 6. A selection of vanadium coordination compounds with anti-cancer activity. 1: VO(oda)phen
(oda = oxodiacetate, phen = phenanthroline) and 2: VO(crys)(C2H5OH) (crys = chrysine) are active
against human MG-63 osteosarcoma cell lines [42]. Compound 3—which transforms (at physiological
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conditions) to cis-[VO(Me2phen)2OH]+ and further to [VO(Me2phen)citrate/haemoglobin)]—is
effective against, inter alia, lymphoblastic leukaemia [43]. The dipicolinato complex 4 is toxic towards
cancer cells such as the hepatic carcinoma cell line Hep3B [44]. For compounds 5 and 6 (effective
against HeLa and HT-29 cancer cell lines), see refs. [45,46]. For compound 7, which is more active
than cisplatin in the treatment of melanoma and lung cancer cell lines, see ref. [47].

Hydrophobicity of the compound commonly is essential for high cytotoxicity (against
cancer cell lines such as colon HT-29, breast MCF-7 and cervical HeLa [48]). Consequently,
the activity (cytotoxicity) of maltol-based complexes is steered through its hydrophobic-
ity and thus hydrolytic stability. In addition, cell apoptosis appears to be related to the
formation of intracellular reactive oxygen species (ROS), induced by the vanadium com-
plexes [49]. The potentiality of vanadium coordination compound in the treatment of cancer
is thus—at least in part—due to the formation of DNA-hurtful ROS [50] in the physiologi-
cal broth—as depicted in Equation (4). The intracellular formation of ROS (and thus the
anti-cancer potentiality) is also activated by dinuclear complexes based on VV/Zn2+ and
VV/MoVI [51], while mixed VO2+/M complexes (M = Ni2+, Cu2+, Co3+) show antioxidant
as well as anti-cancer activity [52].

VO3+ + O2− → VO2+ + O2
•− (4)

Further (potential) health aspects concern the similarity/antagonistic behaviour (in
view to the potency as pro- and antioxidants) between VO2+ and Mg2+, and thus, the
potentiality of Mg2+ to act as an antagonist to oxidative damage implied by V2+/3+ [53]. As
an example of the potential outcome of the toxic impact of vanadium, prenatal exposure to
vanadium can go along with the risk of prenatal birth/low birth weight [54]. More generally,
vanadium compounds (and thus vanadate and oxidovanadium(IV/V)) employed in health
issues can impact intracellular signalling—due to, inter alia, its structural/functional
similarity to phosphate and, respectively, other di- and trivalent metal ions [55].

6. Conclusions

In conclusion, vanadium—in its oxidation states +V (VO2
+, H2VO4

−), +IV (VO2+) and
+III (V3+)—is a versatile transition metal employed in nature both as a free ion and incor-
porated into (coordinated to) sometimes complex organic matrices. The well-established
examples are haloperoxidase, nitrogenase and vanadium in amanita mushrooms, ascidians
and fan worms. The increasing research activities directed towards vanadium-based, natu-
rally active compounds have inspired explorations into (potential) medicinal applications,
in particular, in the treatment of diabetes and cancer, and in implications where bacterial is-
sues are involved. In this respect, the structural and functional similarity between vanadate
and phosphate appears to be a relevant if not crucial factor to be reckoned with.

7. Outlook and Perspectives

As far as the medicinal potentiality of vanadium (vanadate, vanadium coordination
compounds) is concerned, the response of the pharmaceutical industry so far is conservative
and reserved (or—to express the engagement of pharma free from value judgement—rather
cautious). This bearing possibly will change, as the importance and the impact of the
vanadate–phosphate antagonism in biological and bio-related issues (including medicinal
applications) progressively become implemented into standard knowledge, also in the
field of health aspects. A more direct involvement, participation and mutual entanglement
of/between academics (laboratory experience) and pharmacists (pharmaceutical exper-
tise) should help in establishing acceptance of the (potential) benefits of vanadium-based
(coordination) compounds in a medicinal context.

This notion is implemented by naturally occurring functional vanadium compounds
in living organisms, such as introduced and briefly surveyed in chs. 3 and 4, i.e., the
functional and essential role of vanadium in processes such as (i) reductive nitrogen
fixation by N2-fixing bacteria associated with the root nodules of legumes, (ii) halide
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oxidation by, inter alia, kelps such as the brown macroalga Ascophyllum nodosum, causing
the oxidative annihilation of invasive bacteria, (iii) the oxidative annihilation of low-
valent sulphur contaminants through vanadate accumulated in ascidians and (iv) the
reductive elimination of—potentially toxic—vanadate by certain bacterial strains (such as
Pseudomonas vanadiumreducens).
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