Chapter 5
Vanadium. Its Role for Humans

Dieter Rehder
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Abstract Vanadium is the 21st most abundant element in the Earth’s crust and the
2nd-to-most abundant transition metal in sea water. The element is ubiquitous also
in freshwater and nutrients. The average body load of a human individual amounts to
1 mg. The omnipresence of vanadium hampers checks directed towards its essentiality.
However, since vanadate can be considered a close blueprint of phosphate with
respect to its built-up, vanadate likely takes over a regulatory function in metabolic
processes depending on phosphate. At common concentrations, vanadium is non-toxic.
The main source for potentially toxic effects caused by vanadium is exposure to high
loads of vanadium oxides in the breathing air of vanadium processing industrial
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enterprises. Vanadium can enter the body via the lungs or, more commonly, the
stomach. Most of the dietary vanadium is excreted. The amount of vanadium
resorbed in the gastrointestinal tract is a function of its oxidation state (V¥ or VV)
and the coordination environment. Vanadium compounds that enter the blood stream
are subjected to speciation. The predominant vanadium species in blood are vana-
date and vanadyl bound to transferrin. From the blood stream, vanadium becomes
distributed to the body tissues and bones. Bones act as storage pool for vanadate.
The aqueous chemistry of vanadium(V) at concentration <10 pM is dominated by
vanadate. At higher concentrations, oligovanadates come in, decavanadate in par-
ticular, which is thermodynamically stable in the pH range 2.3-6.3, and can further
be stabilized at higher pH by interaction with proteins.

The similarity between vanadate and phosphate accounts for the interplay
between vanadate and phosphate-dependent enzymes: phosphatases can be inhib-
ited, kinases activated. As far as medicinal applications of vanadium compounds
are concerned, vanadium’s mode of action appears to be related to the phosphate-
vanadate antagonism, to the direct interaction of vanadium compounds or frag-
ments thereof with DNA, and to vanadium’s contribution to a balanced tissue level
of reactive oxygen species. So far vanadium compounds have not yet found
approval for medicinal applications. The antidiabetic (insulin-enhancing) effect,
however, of a singular vanadium complex, bis(ethylmaltolato)oxidovanadium(I'V)
(BEOV), has revealed encouraging results in phase IIa clinical tests. In addition,
in vitro studies with cell cultures and parasites, as well as in vivo studies with
animals, have revealed a broad potential spectrum for the application of vanadium
coordination compounds in the treatment of cardiac and neuronal disorders, malig-
nant tumors, viral and bacterial infections (such as influenza, HIV, and tuberculo-
sis), and tropical diseases caused by parasites, e.g., Chagas’ disease, leishmaniasis,
and amoebiasis.

Keywords antiparasitic vanadium compounds * antiviral potential ¢ cardiovascular
effects * essentiality of vanadium e insulin-enhancing action ¢ vanadate-phosphate
antagonism
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1 Introduction

Vanadium is a versatile and omnipresent element that can attain the oxidation states
—IIT to +V. Low-valent vanadium is stabilized by strongly n-accepting ligands, car-
bon monoxide in particular, high valent vanadium by o and & donors represented by
hard, oxygen and nitrogen functional ligands. Soft ligands such as thio-functional
ones are predominantly found in vanadium compounds with vanadium in interme-
diate oxidation states. Vanadium nitrogenase is an example for a naturally occurring
vanadium compound where vanadium switches in-between the oxidation states +II
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and +IV: In vanadium nitrogenase from nitrogen fixing bacteria such as Azotobacter,
vanadium — an integral constituent of the Fe, VS, M-cluster — is coordinated to three
sulfides, a histidine-N, and two oxygen functions of homocitrate. Vanadium(III)
coordinated to water molecules is present in the vanadocytes of sea squirts. The +IV
and +V oxidation states, which are the by far predominating ones in physiologically
relevant vanadium systems, typically contain the VIVO*, VYO* or VY03 ‘core’,
although there are exceptions. An example for a ‘bare’ vanadium(IV) complex is
the naturally occurring amavadin, where V# is coordinated to two tetradentate
N-oxyimino-2,2’-dipropionate ligands. Amavadin is found in mushrooms belonging
to the genus Amanita, such as the fly agaric. The oxidovanadium(V) core is present in
vanadate-dependent haloperoxidases from, infer alia, marine algae, with vanadate
H,VOy coordinatively linked to an active center histidine-N.

To date, vanadate-dependent haloperoxidases and vanadium nitrogenases have
remained the only identified naturally occurring vanadium-based enzymes. Whether
or not vanadium is an essential element for evolutionary younger organisms, includ-
ing vertebrates, remains to be verified. A functional role of simple vanadium
compounds (vanadate in particular) in vertebrates, and hence also in humans, is
likely, an assumption which is based on the similarity between vanadate and phos-
phate. In this context, the vanadate-dependent haloperoxidases are of particular
interest since they mimic, or model, enzymes involved in phosphate metabolism,
where the protein binding domain for phosphate is blocked by vanadate.

The competitive behavior of vanadate with respect to phosphate is likely also the
clue for the insulin-mimetic/insulin-enhancing potential of vanadium compounds,
and hence the surge in the design of antidiabetic vanadium complexes during the
past two decades. These auspicious developments have also initiated research
towards the design of biologically active vanadium complexes in the search of phar-
macological control of cancer, cardiovascular imbalances, and diseases caused by
viruses, bacteria, amoebae, and flagellate protozoan parasites. In several cases,
ligands have been employed that relate to original pharmacologically applied drugs,
with the aim to increase the efficacy of the drug, and to widen the spectrum of thera-
peutic use by exploiting the cooperative effect of the metal and the ligand. The
research into these medicinal applications includes functional alternatives to the
phosphate-vanadate antagonism, e.g., the direct interaction of the vanadium com-
pound with the DNA of a tumor cell or the pathogen.

The broad medicinal potential of vanadium will be extemporized in Section 4 of
this chapter. Section 2.1 is dedicated to vanadium’s distribution and speciation in
nature, and hence, its availability, potential inalienability, and occasional toxicity
for humans. Section 2.2 addresses resorption, speciation in the blood stream and in
the cytosol, tissue distribution, and excretion of vanadium within the human body,
and hence, vanadium’s gateways commonly referred to as pharmacokinetics and
pharmacodynamics. Given the importance of the similarities (and, to some extent,
also the dissimilarities) between vanadate and phosphate for the potentiality of
vanadium in toxic as well as in beneficial issues (such as regulatory function and
medicinal applications), an extra section, Section 3, is devoted to the vanadate-
phosphate antagonism.
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2 Distribution and Cycling of Vanadium

2.1 Vanadium in Nature

The Earth’s crust, including the aqua- and atmosphere, contains =130 ppm (by
mass) vanadium, making vanadium the 21st most abundant element in the outer-
most sphere of our home planet. The abundance of vanadium in the Earth’s crust
thus exceeds its occurrence in the Universe (=1 ppm) and in the Sun (=~ 0.4 ppm) by
about two orders of magnitude [1]. Volcanic areas with basaltic layers are particu-
larly rich in vanadium, as are hard coal (up to 0.34%) and some oil shales and crude
oil. Venezuelan crude oil can contain up to 0.12% V, mostly in the form of
oxidovanadium(IV) porphyrins (Figure 1a). VO** ions are strongly complexed by
porphyrins and related chelators, and the enrichment of crude oil with vanadium is
due to its extraction from vanadium-bearing rock by porphyrins present in oil that
had passed through rocky layers. Natural release of vanadium mainly goes back to
weathering of vanadium-containing rock and the erosion of soil.

Vanadium concentrations in seawater and freshwater are around 30 nM. At the
prevailing oxic conditions and about neutral to slightly alkaline pH, soluble
vanadate(V), H,VOy}, is the dominant species. The high Na* concentration in seawa-
ter implies that ion pairs Na*[H,VOj,] are formed. Under non-oxic conditions, spar-
ingly soluble oxidovanadium(IV) hydroxide ‘VO(OH),’ is generated, transported in
water in the form of colloids and absorbed to floating particulate sediment, or solu-
bilized by complexing ligands.

Vanadium is the second-to-most abundant transition metal in seawater, out-
classed only by molybdenum (MoOQ; ", ¢ = 100 nM). The nanomolar concentration
excludes the formation of vanadates of higher nuclearity otherwise typical for
vanadates (see below). Vanadate concentrations in potable water are around 10 nM.
In volcanic areas with basalt layers, the concentration of vanadium in underground
water, and consequently also in drinking water, can rise to 2.5 pM [2]. Where drinking
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Figure 1 (a) The porphinogenic vanadium compound oxidovanadium(IV)-deoxiphylloerythrin
from crude oil. (b) Amavadin, present in the fly agaric (Amanita muscaria), is a non-oxido vanadium
compound containing the ligand (S,S)-N-oxyimino-2,2’-diisopropionate(3-).
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water is supplied through lead water pipe systems, vanadate is removed through the
formation of deposits of sparingly soluble vanadinite, PbCl,-3Pb;[VO,],. A decrease
of pH and an increase of the phosphate concentration (e.g., by addition of phosphate-
based corrosion inhibitors to drinking water) can re-mobilize vanadate (eqns |1
and 2) and thus eventually increase vanadate concentrations beyond a tolerable
level [3].

PbCl,-3Pb,[VO, ], +12H" = 10Pb** +6H,VO] +2CI° (1)
PbCl,3Pb, [VO, ], +3HPO;” +H" — PbCl,-3Pb,[PO, |, 1 + 2H,VO; (2)

Vanadinite is a common mineral containing vanadium in the oxidation state +V.
Vanadium’s first discovery by the Spanish mineralogist Manuel del Rio y Ferndndez
in1801 goes back to this mineral. Vanadium-based minerals are otherwise compara-
tively rare, i.e., most of the vanadium in the Earth’s crust is dissipated in other
minerals, rocks, and sediments. Examples for defined minerals with vanadium in
oxidation states other than +V are minasragrite, VOSO,-5H,0, and patronite,
V(S,),, with vanadium(IV), and karelianite, V,05, with vanadium(IIl). Note that,
under oxic conditions, only the oxidation states +V and, to some extent, also +IV
are stable. Vanadium(II) has been found in forsterite (Mg,SiO4) and enstatite
(MgSi0;) in chondrules of meteorites such as the Vigarano meteorite [4]. Here, V2*
can partially occupy Mg?* and Ca** sites.

High contents of vanadium are found in various sea squirts (ascidians), in fan
worms, and in Amanita mushrooms such as the fly agaric [5]. In ascidians, vana-
dium concentrations in specialized blood cells, where the predominant form of
vanadium is [VI(H,0)sHSO,4]**, can go up to 0.3 M. The concentration of vanadium
in the fly agaric exceeds that in other plants by a factor of 102 In the fly agaric, also
known as toad stool, vanadium is present as amavadin, a low molecular mass non-
oxido V!V complex (Figure 1b).

Vanadium contents in food average 30 pg kg™', the daily intake via food and
beverages is 10 pg to 2 mg, only a minute proportion of which becomes resorbed.
The body pool of an average human being (70 kg body mass) amounts to ca. 1 mg
V, the average blood plasma concentration to 45 nM. Oral intake of vanadium is
somewhat increased for sportsmen and bodybuilders resorting to preparations con-
taining VOSO,. This ‘vanadyl fuel’ allegedly helps increasing the muscle mass.
Since almost all of the vanadium is excreted in the form of insoluble VO(OH), prior
to resorption, potential harm due to vanadium overload is not likely to occur.

Still another — and more critical — source of vanadium intake is breathable air
in urban and industrialized areas. Vanadium, in the form of vanadium(IV) and
vanadium(V) oxides, VO,, is present in air in particulate form or absorbed to tiny
dust particles and aerosols, and thus enters the lungs and the pulmonary system, from
where it becomes distributed in the body after solubilization. The main natural
sources for vanadium loads in the atmosphere are continental dust, marine aerosols,
and volcanic emissions [6]. In rural areas, the concentration of vanadium oxides is in
the range of 50 ng m=; pollution can go up to >10° ng m™ in urban settings, and in
industrial areas in particular [7], where combustion of petroleum and oil are the main
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contributors to aerial VO,. Potential toxic effects of vanadium overloads [8], in
particular irritations of the respiratory tract in workers exposed to high loads of
vanadium oxides at their working place, will briefly be addressed in the next section.

2.2 Pharmacokinetics and Pharmacodynamics

As noted, critical exposure to vanadium compounds, vanadium oxides in particular,
is confined to inhalation in the frame of occupational exposure, including mining
and milling of vanadium ores, metallurgical processing involving ferrovanadin, pro-
duction of catalysts, batteries and glass melt additives based on vanadium oxides,
and cleaning of oil-fired boilers. Inhaled vanadium oxides cause rhinitis, irritations
of the respiratory tract and — commonly transient — pulmonary malfunctions such as
bronchitis, pneumonia, and asthma. Whether or not vanadium oxides can promote
lung cancer has yet to be shown. In any case, the maximum allowable concentration
of V,05 at the working place, the MAC value, has been set by the World Health
Organisation to 0.05 mg m= (40-h week, 8-h time-weighted average).

Vanadium oxides are readily absorbed in the lungs and enter the blood stream
after solubilization in the form of vanadate, H,VO;. Skin does not appear to allow
for an appreciable import of vanadium. The main ‘natural’ source for the body’s
vanadium supply thus is dietary uptake, a comparatively ineffective process because
up to 99% of the dietary vanadium is usually excreted with the feces. The main
routes of vanadium uptake and distribution in the body are sketched in Figure 2.
Dietary forms of vanadium are either vanadate, H,VOy, present mainly in drinking
water, and oxidovanadium(IV) compounds { VOL}, where { VOL} represents any
ligand-stabilized VO**. Free VO?* is, as noted, essentially unavailable, since it forms
sparingly soluble oxidovanadium hydroxide, allowing for nanomolar concentration
of ‘free’ VO* (actually [VO(OH);]") at the best. H,VOy5 is more easily taken up in
the gastrointestinal tract. However, vanadate(V) is partially reduced in the stomach
and precipitated in the form of VO(OH), in the slightly alkaline medium of the
intestines. Vanadium can also enter the blood stream by injection or infusion, either
intentionally when injected intravenously (or intraperitoneally), or accidentally
when present as a ‘contaminant’ in infusion solutions [9].

Vanadium compounds ending up in the blood stream either after resorption in the
gastrointestinal tract, or via the lungs, or by infusion/injection, are subjected to
redox interconversion between VY and V¥, depending on the oxygen tension and the
presence of redox-active agents. The main transporter for both anionic vanadate(V),
cationic VO**, and neutral or charged {LV™VO} is transferrin [10]. Transferrin (Tf)
forms binary complexes {VO?-Tf} and ternary complexes {VOL-Tf} and
{VOL'-Tf}, where L is a ligand originally coordinated to VO*, and L’ a low molec-
ular mass (Imm) ligand provided by blood serum, such as lactate [11], the serum
Imm compound with the highest concentration, i.e., 1.5 mM. The VO? ion binds
into the same protein pocket as Fe**, and hence to two tyrosinates, an aspartate, and
the Ne of a histidine, plus a synergistic carbonate (Figure 3a). With increasing blood
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Figure 2 Uptake, distribution and excretion of vanadium compounds. Uptake routes are indicated
by broad arrows, excretion routes by broken arrows, and distribution routes by standard arrows
and equilibrium arrows, respectively. Main vanadium compounds are indicated. Abbreviations:
Tf = transferrin, L is any ligand provided by the nutritional matrix or in a medicinally applied
vanadium compound, L’ is a low molecular mass ligand present in blood serum, and {L/L'VO} is
the abbreviation for a VO** complex with L and/or L.
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Figure 3 Likely binding modes of VO** in (a) the ternary VO*-transferrin complex [12b], and
(b) in the ternary complexes LVO?*-albumin or LVO**-immunoglobulin (L = ethylmaltol), coordinating
through a histidine [12a]. In (a), the Tyr trans to the oxido ligands binds just weakly.

serum concentrations of vanadium, high-molecular mass transporters other than Tf
come in, namely serum albumin (Ab) and immunoglobulin G (Ig) [12]. These pro-
teins preferentially form ternary complexes, { VOL-Ab} and {VOL-Ig}. As shown
in Figure 3b, the protein binds to the VOL moiety via a histidine residue.

Plasma vanadium contents decline in three phases: The first phase is a rapid
decline with a half-life t,, of 1 hour, followed by a second intermediate decline



146 Rehder

(ti» & 26 hours) and a third slow decline with t;, & 10 days. Vanadium contents in
blood are thus reduced to about 30% within the first 24 hours [9]. Clearing occurs
directly via urinary excretion, and after distribution over tissues of the inner com-
partment (heart, liver, kidney, spleen), the outer compartment (brain, muscle, adi-
pose tissue), and bones. About 50% of the vanadium is recovered in urine after
12 days. The residence time of vanadium in bones, where it replaces phosphorus
in hydroxyapatite, Cas(PO,);OH, is ca. 1 month [13], corresponding to a half-life
of 4-5 days.

There are several alternative routes by which vanadium compounds can be trans-
ported from the blood plasma into blood and tissue cells. Vanadate is essentially
present, at pH ~ 7, in the form of dihydrogenvanadate, H,VOj (the pK, is 8.2), and
may use phosphate and sulfate channels: Vanadate and phosphate HPO;/
H,PO; (pK, = 7.2) are structurally very similar (see also the next section). Vanadate
and oxidovanadium(IV) bound to transferrin can enter the intracellular space by
endocytosis — analogously to Fe*, the main target ion for transferrin. An additional
conceivable path — for a stable vanadium coordination compound with a sufficiently
lipophilic coordination sphere — is diffusion across the cell membrane. The feasibil-
ity of this latter route of entry has been demonstrated for the uptake of the complex
[VO(pyridinone),H,O] by erythrocytes [14].

The low absorption rate of dietary vanadium and the rather efficient desorption
of excess vanadium that has entered the blood and body tissues diminish toxic
effects that contemporarily can emerge, such as irritations of the conjunctivae and
the respiratory system on exposure to vanadium oxides in the breathing air (see
above), or (mild) gastrointestinal and renal problems in the course of medicinal
applications of vanadium compounds. The no-effect level has been set to a daily
intake of 10 mg V per kg body mass. The respective limit values for intravenous
application is 7 mg kg, for breathing air 35 mg m=. Acute poisoning in animals
fed an about tenfold excess of vanadium compounds causes paralysis, convulsion,
and eventually death [5,15]. Vanadium compounds are considered potentially
genotoxic and thus mutagenic, teratogenic, and ‘suspected carcinogenic’.
Classification as a carcinogen is based on the fact that vanadium induces the for-
mation of tumor-associated antigens, and that it can directly and indirectly damage
DNA and affect DNA repair [1b,16]. ‘Indirectly’ here refers to the potentiality of
VO to effect the formation of reactive oxygen species (ROS) such as the OH radi-
cal in a Fenton-like reaction (eqn. 3a), and superoxide when directly interacting
with O, (eqn. 3b).

VO™ +H,0, +H" - VO’ +H,0+ "OH (3a)
VO’ +0, +3H,0 —» H,VO;, + "0 +4H" (3b)

Superoxide in turn can cause the release of iron from the iron storage protein ferritin
[17] and thus contributes to the disruption of iron homeostasis. In rat models, vana-
dium provokes neuro-toxicological effects in the brain, such as demyelination, i.e.,
damage of the myelin sheet of neurons. Myelin is a lipid-rich membrane of the
nerves, and vanadium apparently promotes its peroxidative destruction [8].
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While carcinogenic properties of vanadium compounds via ROS formation and
interference with phosphokinases [18] are well in the realm of possibility, it should
also be noted that vanadium compounds damage DNA in tumor cells more effec-
tively than in healthy cells. As elaborated in Section 4.2.1, many vanadium
compounds have an antitumor activity. Vanadium species can also annihilate reac-
tive oxygen species. This is demonstrated by the sequence in equation (4) for the
oxidation of peroxide to superoxide and further to O, [19].

[VVO]"+0r - [vVo(or)] +e
[vo(or)] = [vio('0;)] +e
[vio(r0;)] =[v"o] +0, @

In reference to Paracelsus, who noted that “All substances are poisons; it is solely
the dose that differentiates between a poison and a remedy” (“Alle Ding’ sind Gift, und
nichts ohn’ Gift; allein die Dosis macht, daf} ein Ding kein Gift ist”), there is so far no
solid basis for categorizing vanadium compounds as harmful when administered in
sensible amounts. Rather, as discussed in more detail in the oncoming sections, vanadium
is likely an essential element in as far as vanadate can interfere with phosphatases,
phosphorylases, and kinases and, more generally, is involved in regulating the
phosphate metabolism and phosphate-dependent energetic processes. In addition, the
participation of VIV and VV in levelling ROS suggests that vanadium can be beneficial
in the treatment of several diseases and malfunctions related to ROS imbalances.

Generally, vanadium(V), in particular when present as vanadate, is more toxic
than vanadium(IV). As noted, VO?** either forms a sparingly soluble hydroxide or is
‘masked’, through coordination, by a variety of physiologically available ligand sys-
tems. Biological detoxification of vanadate occurs via integration into the hydroxy-
apatite structure of the bones (vide supra) and by reduction to vanadium(IV) [20].
Glutathione, ascorbate, NADH, and NADPH are examples for agents that can reduce
vanadate. In ascidians, reduction equivalents for the reduction of H,VOj to VO** are
supposedly delivered by NADPH (generated in the pentose phosphate pathway) via
the redox couple 2GSH = GSSG + 2H* + 2e", where GSH and GSSG are the reduced
and oxidized forms of glutathione, respectively [21]. Vanadium(III) plays, if any, a
minor role only, since vanadium(IV) is not easily reduced to vanadium(III) at physi-
ological conditions — and if so, rapidly re-oxidized to vanadium(IV).

3 The Aqueous Chemistry of Vanadium
and the Vanadate-Phosphate Antagonism

At strongly acidic conditions (pH <2), cationic octahedral aqua complexes of VI,
VYO, and VYO; can be present in aqueous media, i.e., [V(H,0)¢]**, [VO(H,0)s]*,
and [VO,(H,0),]*. While [V(H,0)¢]** has O, symmetry, the structures of the aqua
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Figure 4 Cationic aqua complexes of vanadium(IIL, IV, and V) that can exist in strongly acidic
aqueous media. For structure data see ref. [22].

complexes of VO* and VOj are somewhat distorted due to the trans influence
exerted by the doubly bonded oxido ligand(s), giving rise to comparatively weakly
bonded water trans to the oxo group(s). In addition, there are distortions in the octa-
hedral arrangement as shown in Figure 4, reducing the local symmetry to C,, in
[VO(H,0)s]* and C,, in [VO,(H,0)4]* [22] (for the respective distances d(V-O) see
Figure 4). Strongly acidic conditions are provided in the stomach, but otherwise
physiologically irrelevant — with the exception of the vanadium sequestering blood
cells of ascidians, where V* mainly exists in the form of [V(H,0)sHSO,]*. In the
presence of a ligand L, partial or complete replacement of H,O provides stability of
the resulting complex(es) also in the less acidic, neutral, and slightly alkaline
regimes. If L is a bidentate, singly negatively charged ligand, such as lactate,
the composition of the resulting mono-ligand complexes is [VH(H,0),L]%,
[VIYO(H,0);L]*, and [VYO,(H,0),L]. Depending on the pH, mixed aqua-hydroxido
complexes can form, such as [VI(OH)(H,O);L]*, [VYO(OH)(H,0),L], and
[VYO,(OH)(H,O)L]". Further, monooxidovanadium(V) complexes come in, for
instance [VYO(H,0);L]* and [VYO(OH)(H,0),L]*. As the denticity and charge of
the ligands increases — an example is citrate [23] — the diversity of potential vana-
dium species present around pH 7 rises substantially.

Vanadium(I'V) and vanadium(V) are easily interconverted by physiologically rel-
evant redox agents such as NAD*/NADH, NADP*/NADPH, FAD*/FADH,, gluta-
thione, and ascorbate. Further, VIV and VV redox-interact with reactive oxygen
species. The redox potential for the couple H,VO;/VO?* (eqn. 5) at pH 7 is =0.34 V,
which compares to —0.32 V for the couple NAD*/NADH.

[H,VO,] +4H" +e- = VO’ +3H,0 )

The most prominent inorganic vanadium species present at micromolar concentra-
tions and pH 7 is dihydrogenvanadate, H,VO;: At the physiological ionic strength
of I = 0.15 M, the pK, for the protonation/deprotonation equilibrium (eqn. 6), is
8.2 [24].

[H,v0,] =[HVO,]” +H" (6)
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Figure 5 Vanadate(V) species that can be present in aqueous media, depending on concentration,
pH, and stabilization by electrostatic interaction with, e.g., proteins. The protonation grade of
decavanadate shown here corresponds to that at pH = 2.7.

With increasing concentration, condensed vanadate species form. In the slightly
acidic to alkaline regime (ca. pH 5-9), these are predominantly divanadate
[H,V,0,]%, cyclic tetravanadate [V,0y,]*, and cyclic pentavanadate [VsOys]>~. In
the pH range 2.3-6.3, decavanadate [H,V (0]~ (n = 3-0) comes in. For the
structural formulae of these oligovanadates see Figure 5. Commonly, physiological
vanadate concentrations at subtoxic levels are too low to allow for the formation of
oligovanadates. Locally, however, concentration enhancement or template-directed
nucleation [25] may occur, and the oligovanadate(s) then formed can interact with
proteins and DNA. An example is the incorporation of tetravanadate into Cu,Zn
superoxide dismutase [26a], and the promotion of the hydrolytic cleavage of the
ester bond in a phosphodiester RNA model by tetravanadate [26b]. Decavanadate is
thermodynamically unstable at pH values exceeding 6.3; its decay into vanadates of
lower nuclearity (including monovanadate) is, however, kinetically hampered,
allowing for half-lives at pH 7, and even somewhat above pH 7, of several hours.
Additional stabilization takes place by close interaction with proteins such as tubu-
lins [27] and myosin [28] as well as with mitochondria [29]. Tubulins are proteins
that assemble to structural elements (termed microtubules) of cytoskeletons. Myosin
is involved in muscle contraction. Myosin binds decavanadate with high affinity,
forming a myosin-MgATP-decavanadate complex that blocks the contractile cycle.
Decavanadate that targets mitochondrial proteins inhibits mitochondrial oxygen
consumption. Stabilization of decavanadate can also be achieved by its incorpora-
tion into tiny water pools of intracellular compartments — as suggested by model
experiments with reverse micelles with nanoscopically confined water in the
micelles’ cavities [30].

Vanadate and phosphate are structural analogues, and vanadate is only slightly
larger than phosphate: The geometrical diameters are 6.2 A for vanadate and 5.8 A
for phosphate, the volumes of the circumscribing spheres amount to 125 A3
for vanadate and 102 A3 for phosphate. These values are based on the following
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Figure 6 Top: The active sites of vanadate-substituted (and thus inhibited) rat acid phosphatase
(left) [32a], the Cys215Ser mutant of protein tyrosine phosphatase 1B (center) [32b], and bovine
phosphotyrosyl phosphatase (right) [32c]. Bottom: The mechanism of phosphate ester hydrolysis
as catalyzed by a phosphatase. The transition state {} is ‘fixed’ as vanadate becomes coordinated
into the active center.

structure parameters: #(O*) = 1.36 A, d(V-0)=1.72 A, d(P-O) = 1.54 A; V-O and
P-O distances for tetrahedral coordination geometry, where r(VY) = 0.36 and r(PY)
=0.17 A. From a geometrical point of view, the two anions are thus essentially
indistinguishable, making vanadate an efficient competitor for phosphate in binding
sites commonly targeted by phosphate. There are, however, also substantial differ-
ences: At pH = 7 and physiological ionic strength, vanadate is almost exclusively
present in the form of dihydrogenvanadate, H,VO,, while phosphate exists in
approximately equal amounts of mono- and dihydrogenphosphate, HPO;™ and
H,PO;. The higher average charge enables phosphate to interact more efficiently
than vanadate with dipoles (such as water) and anions (e.g., anionic amino acid resi-
dues in protein matrices). On the other hand, phosphorus can attain the coordination
number 5 in transitional states only, while the d-block element vanadium easily
extends its coordination number by forming stable penta- and hexa-coordinate
complexes. Hence, once incorporated in lieu of phosphate into the active site of a
phosphate-dependent enzyme, this enzyme is commonly deactivated with respect
to its original function.

Naturally occurring enzymes relying on vanadate in a penta-coordinate trigonal-
bipyramidal environment are the haloperoxidases in fungi, lichen, marine algae
[5,31a], and Streptomyces [31b]; an example for a vanadate-inhibited phosphate-
dependent enzyme is the vanadate variant of rat acid phosphatase [32] (Figure 6,
top left), with the same first coordination sphere environment for vanadium as in
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Figure 7 Proposed mechanism for the pyrovanadolysis of the DNA primer [36]: Divanadate
attacks the primer at the 3’ position, a process which affords mediation by Mn?*. The transiently
formed 3’-divanadophospho-nucleotide is hydrolytically split into divanadate and the phosphonu-
cleotide to which DNA polymerase falls back.

vanadate-dependent haloperoxidases. Interestingly, vanadate-inhibited phosphatases
do have some haloperoxidase activity [33], while vanadate-dependent haloperoxi-
dases can exhibit phosphatase activity [34]. In the lower part of Figure 6, the mecha-
nistic sequence of the phosphoester hydrolysis as catalyzed by phosphatases is
illustrated. Apart from vanadate, many complexes of VI, VIV and VY with organic
ligands that are related to or mimic physiologically available ligands, effectively
inhibit phosphatases [35], likely after off-dissociation of all or part of the ligands
and thus formation of vanadate or {VO,L} intermediates with an ‘open’ coordina-
tion site capable of interacting with, and thus blocking, the active site of the enzyme.

Vanadates can also activate biochemical processes. An example for the activa-
tion of an otherwise phosphate-dependent process is the linkage of divanadate
(‘pyrovanadate’, H,V,0;") to the 3’-end of the primer nucleotide sequence of DNA
[DNA primers serve as a starting point for DNA replication (and hence DNA syn-
thesis) through DNA polymerase]. This activates degradation (‘pyrovanadolysis’)
of the primer, making available nucleotides for DNA replication by DNA poly-
merase [36]. The proposed mechanism for pyrovanadolysis is shown in Figure 7.
Activation of kinases will be addressed in the context of the antidiabetic action of
vanadium compounds in Section 4.1.

In solutions containing vanadate and phosphate, phosphovanadates, [HVPO,]*-
and [H,VPO;]*, are present at pH 7 (the pK, is 7.2 at physiological ionic strength)
[37] (eqn. 7). This mixed anhydride is labile; the formation constant at pH 7 is
about 20 M™!, as compared to the formation constant of 350 M! for divanadate.
Phosphovanadate hence is less stable against hydrolysis than divanadate by an order
of magnitude, but more stable than diphosphate, [H,P,0;]*, by six orders of magni-
tude. Phosphate can also form mixed species with VO?* [38]: The dominant species
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Figure 8 Examples for physiologically potentially relevant peroxidovanadates, peroxidovanado-
phosphates, and vanadate esters (from left to right).

in the slightly acidic regime is ‘“VO(HPO,)’, where hydrogenphosphate is a ligand
for VO?* rather than a counter-ion. Stabilization against hydrolysis in the neutral to
slightly alkaline range is again achieved by nutritionally or physiologically avail-
able organic ligands.

[H,vO,] +[HPO,]” +H" =[H,VPO,]” +H,0 )

In view of the omnipresence of hydrogen peroxide which, at low concentration
levels, is an important signalling and regulatory molecule in many biological pro-
cesses, the potential formation of peroxidovanadates [39] and peroxidovanadophos-
phates [40] such as HVO;(0,)* and HVPOg(O,)*" is also to be considered, as is the
generation of vanadate esters according to equation (8). The monoesters of vanadate
and divanadate — analogues of the physiologically important phosphate and diphos-
phate esters — are, however, hydrolytically labile. Formation constants in the case of
aliphatic residues R are in the order of 0.1 M, for aromatic residues (phenyl esters)
around 1 M [41]. Figure 8 contains peroxidovanadates and vanadate esters of
potential importance.

[H,VO,] +ROH —[HVO, (OR)] +H,0 (8)

4 The Medicinal Potential of Vanadium

4.1 Diabetes Mellitus

Worldwide, about 10% of the population are suffering from diabetes mellitus —
knowingly and unknowingly. Approximately 90% of all diabetic cases are ascribed
to type 2 diabetes, the remaining 10% to type 1 diabetes [42a]. Type 1 diabetes
(“juvenile diabetes”) goes along with absent or only residual insulin supply by the
B cells in the Langerhans islets of the pancreas, commonly caused by degeneration
of the B cells in the frame of autoimmune reactions, or by accidental dysfunction or
loss of the pancreas. Type 2 diabetes (“adult onset diabetes™) is related, in its initial
stage, to insufficient response of the cellular insulin receptors to insulin. In its
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advanced stage, a feed-back mechanism comes in, provoking f cell failure caused
by de-differentiation of the P cells [43]. Type 2 diabetes typically concerns people
beyond the age of 50; its onset can be kept in check by physical exercise and reason-
able nutritional behavior. However, diabetes type 2 is nowadays increasingly diag-
nosed also with young people and even children; this juvenile onset type 2 diabetes
appears to be correlated to obesity [42b].

Intact f cells produce proinsulin, a peptide hormone consisting of an A-chain
with 21 amino acids (aa), a B-chain (30 aa), and a C-chain (31 aa) (for the role of
the C peptide see [86]), connecting the A- and B-chains. The C-chain is detached
in the final step of insulin synthesis; in genuine insulin, the A- and B-chains are
linked through two cystines. Insulin is stored as a C;-symmetric hexamer, with the
monomers linked through histidines via zinc ions [44]. The discharge of the active,
monomeric form of insulin is initiated by elevated blood glucose levels. Insulin
targets the cellular insulin receptor, triggering a complex mechanism by which
glucose becomes internalized into the cytosol, followed by glucose metabolism.
Further, insulin is involved in the inhibition of gluconeogenesis (the synthesis of
glucose from smaller building blocks, for example amino acids), and in glycogen-
esis (the synthesis of glycogen). Insulin is thus strongly involved in glucose
homeostasis. In addition, insulin stimulates lipogenesis and inhibits lipolysis, and
thus prevents ketoacidosis caused by the accumulation of ketonic bodies such as
acetyl acetic acid in the blood. Ketonic bodies are causative for the severe disease
patterns accompanied with progressive states of diabetes, such as retinopathy and
dying off of limbs.

Many inorganic (vanadate, vanadyl sulfate, peroxidovanadates) and organic
vanadium compounds have been tested positive with respect to effectuating cellular
glucose uptake and controlling free fatty acid levels. A selection of vanadium com-
plexes of the general composition {VOL}, where L represents an organic ligand
(system) in the coordination sphere, is provided in Figure 9; test conditions and
results are summarized in Table 1 [45-52]. The compounds have been successfully
tested in vitro (i.e., with cell cultures) and/or in vivo with diabetic rats or mice and,
in the case of the maltolato complex 1b, with human individuals. Complex 1b
(bis(ethylmaltolato)oxidovanadium(IV), BEOV), has passed clinical trials phase I
and Ila with type 2 diabetic volunteers, essentially with encouraging response [13].

The ligand L in {VOL} largely influences the efficacy of a vanadium compound
by steering resorption, transport, and stability of the complex, and thus the avail-
ability of the actual antidiabetic species, i.e., vanadate, at the locus operandi.
Commonly, vanadium complexes are clearly more effective than inorganic vana-
dium compounds, underlining the advantageous bioavailability and pharmaceutical
efficacy of organic vanadium compounds [13]. Where inorganic vanadium com-
pounds, vanadate (H,VO,") in particular, induce hypoglycemic effects, such as tea/
vanadate decoctions (last entry in Table 1) [52], this effect is likely due to the inter-
mittent formation of a coordination compound with tea ingredients.

Normal insulin supply and insulin ‘sensing’ provided, insulin docks to the car-
boxyterminal segment of the extracellular a-subunits, IRa, of the trans-membrane
insulin receptor (a tyrosine kinase), de-repressing the tyrosine kinase activity of the
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Figure 9 A selection of vanadium coordination compounds with antidiabetic in vitro and/or in
vivo potential. Compounds 2 and 8 contain VY, the other complexes V'V. See Table 1 and text for
details and references.

intracellular p subunit, IRP. In such a way, phosphorylation of the tyrosine residues
of IR is promoted and the cytosolic signal cascade initiated, ending up in the
activation of the glucose transporter (GLUT4). Once activated, GLUT 4 becomes
translocated to the cell membrane where it picks up glucose for delivery into, and
metabolism within, the cytosol. The basic signal transduction is illustrated in
Figure 10. Among the various interposed and branching steps [45], insulin receptor
substrates (IRS), phosphatidylinositol 3-kinase (PI3K, also known as Akt), and pro-
tein kinase B (PKB), have been considered.

IRS are cytosolic proteins with tyrosine residues, and PKBs are kinases which
have available serine and/or tyrosine residues for phosphorylation. PKB directly
targets the glucose transporter. In the case of missing insulin supply (type 1 diabe-
tes), or insufficient receptivity of the insulin receptor for insulin (type 2 diabetes),
IRp is dephosphorylated through the action of a protein tyrosine phosphatase
(PTPase, PTP-1B), annulling signalling for glucose intake by GLUT4 and thus pro-
voking hyperglycemia. A possible mechanism of action of antidiabetic vanadium
compounds in stimulating cellular glucose uptake in the case of hyperglycemia is
included in Figure 10. Accordingly, any vanadium compound {VOL} will be bro-
ken down in the extra- and/or intracellular space to generate vanadate. As noted in
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Figure 10 Signal cascade for the internalization of glucose by the glucose transporter GLUT4, as
triggered by the phosphorylated insulin receptor (IR). In the absence of insulin (diabetes 1) or
insufficient insulin response (diabetes 2), protein tyrosine phosphatase 1B (PTP) dephosphorylates
the IR, and the glucose intake is annulled. Vanadate can block PTP and thus restore the signalling
path. Several of the steps of the signal cascade are shown: IRS = insulin receptor substrate,
PI3K = phosphatidylinositol 3-kinase (which activates protein kinase B, also known as Akt),
PKB = protein kinase B.

Section 3, vanadate is an efficient phosphatase inhibitor. Consequently, inhibition
of PTP-1B by vanadate [53] prevents dephosphorylation of IRf and thus restores
the signalling path.

4.2 Activity in Health Hazards Other than Diabetes

4.2.1 Treatment of Cancer

Several animal and in vitro studies have revealed the virtue of inorganic and, more
pronounced, organic vanadium compounds in reducing or preventing neoplasia (the
malignant proliferation of cells), and thus tumors, including cancer and its meta-
static potential, in various target tissues (see [54] and [55] for comprehensive
reviews on cancer prevention and treatment with vanadium compounds). Selected
examples are collated in Figure 11, and specific test results are provided in Table 2
[56-59].

The vanadocene derivative 10 is a recent advancement of the more basic vana-
docene (1°-CsH;),VCl, (= Cp,VCl,; Cp = cyclopentadienyl), introduced a quarter
of a century ago by Kopf and Kopf-Maier, who demonstrated that the compound
effectively degenerates and kills Ehrlich ascites tumor cells [60]. Ehrlich ascites are
derived from breast tumors of female mice. The o-phenanthroline complex 11,
dubbed “metvan”, stands for another group of closely related ‘classical’ vanadium
coordination compounds that turned out to be particularly operant against various
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Figure 11 Vanadium(V) and vanadium(IV) coordination compounds with anticancer potential.
Simplistic names of the ligands are provided. 9b is a hydrolysis product of 9a. For details of the
mode of action see Table 2 and text.

Table 2 Selected vanadium coordination compounds with antitumor activity.

Complex
Target; no. (see
mode of application Figure 11) Effect Remarks Ref.
HeLa“ tumor cells 9a Sufficiently more Species present [56]
toxic (ICsy = 44 pM) atpH 7: 9a
towards tumor than (=[VO,L,]), 9b
towards non-tumor (= [VO,(L)OH]"),
cells vanadates
Human kidney cancer 10 IC50=0.55 uyM [57]
cells (CAKI-1)
CAKI-1 mice; 10 Loss of body weight, Maximum tolerable [57]
intraperitoneal deadly toxic in some dose: 20 mg kg™!
cases; reduced tumor d!
growth
Leukemia and myeloma 11 Effective at nM and Effective [58]
cells, cells derived low pM conc. Cell also against
from breast and apoptosis associated cisplatin-resistant
testicular cancer with the generation ovarian cancer
of ROS and depletion
of GSH
Colon cancer cells 12 Decrease of cell viability; More efficient than [59]

IC5, = 48 M

cisplatin

“HeLa tumor cells derive from cervical cancer (the cervix is the lower part of the uterus, connecting

to the vagina).
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cancer cell lines, including cisplatin-resistant ovarian and testicular cancer [58].
The oxidovanadium(V) pyrimidinone complex 9 and the oxidovanadium(IV)
complex 12 are examples for more recent developments in the search of vanadium-
based anticancer compounds.

The operating mode of anticancer vanadium compounds is still elusive. Modes
of action that have been proposed include

(i) Inhibition of protein tyrosine phosphatases and activation of protein kinases;

(i) Activation of tyrosine phosphorylases, with concomitant activation of signal
transduction pathways, followed by apoptosis and/or activation of tumor
suppressor genes;

(iii) Cleavage of, or intercalation into, DNA, resulting in cell cycle arrest;

(iv) Enhanced formation of reactive oxygen species (ROS);

(v) Down-regulation of ferritin expression and disruption of ferritin with concomi-
tant, iron-induced mediation of ROS.

As in the case of antidiabetic vanadium species, the ligand system mediates
the resorption and pharmacokinetics of the anticancer compound. In many cases,
the active species again is likely vanadate, formed by (partial) degradation of the
original drug: Speciation studies of the anionic pyrimidinone (L) complex,
[VO,L;]" (9a), have demonstrated that at pH 7 the complex 9a coexists with the
hydrolysis products, [VO,(OH)L]~ (9b), and mono-, di-, and tetravanadate [56].
Intervention of vanadate with phosphatases, phosphorylases, and kinases will
alter and eventually disrupt or enforce signalling paths involved in the regulation
of the proliferation of malignant cells. Inorganic vanadate generated under physi-
ological conditions from, for example, [VO(maltol),] (1a in Figure 9) has been
shown to discriminate between hepatocytes and hepatoma cells in as far as vana-
date significantly increases the generation of ROS (superoxide and hydrogen per-
oxide), and concomitantly causes cell cycle arrest in hepatoma but not in normal
liver cells (hepatocytes) [61]. Similarly, the formation of ROS by Fe?** — after
vanadium-induced disintegration of ferritin — may be responsible for the vulner-
ability of astrocytoma cells, while astrocytes (cells of the brain and spinal chord)
remain unaffected [62].

Vanadocenes, Cp’,VCI, (Cp’ stands for substituted Cp), such as complex 10 in
Figure 11 will become partially hydrolyzed under physiological conditions to form
[Cp,V(H,0),(OH), ]** (x = 0, 1, 2), and hence in a fashion comparable to the
hydrolysis of cisplatin, cis-[(NH;),PtCl,]. The { Pt(NH3)§+} moiety of cisplatin can
directly interact with DNA by coordinating to the N-bases of DNA. The harder
(with respect to Pt**) V# in the {Cp’,V*} moiety supposedly prefers coordination
to oxo functionalities of the phosphoester linkages (Figure 12a). Alternatively,
Cp’,V(OH), can interact with the phosphates via hydrogen bonds. In any case, the
resulting ‘kink’ in the DNA will counteract DNA’s replication. Compounds such as
metvan (11 in Figure 11), having an aromatic system strongly coordinated to vana-
dium, may interact with DNA, and thus deactivate DNA and cell proliferation, via
intercalation (n—m interaction) (Figure 12b).
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Figure 12 Possible interactions of stable (fragments of) vanadium compounds with DNA.
(a) The Cp,V?* moiety of vanadocene (e.g., compound 10) binds to two adjacent phosphates.
(b) The o-phenanthroline unit of compound 11 intercalates in-between two nucleobases. X can be
OH or H,0. The = stacking is indicated by broken lines.

4.2.2 Cardiovascular Effects; Bacterial and Viral Diseases

Interference of vanadium with protein tyrosine phosphatase (PTPase), in particular
the inhibition of PTPase discussed in the context of the insulin-enhancing properties
of vanadium compounds in the preceding section, appears to be a major mode of
action also in beneficial effects for the vascular system in general, and vanadium’s
cardio-protective effects in particular. The inhibition of PTPase by coordination of
vanadate to the active site cysteine, as well as oxidative inhibition (cysteine — cys-
tine) by vanadium-induced production of peroxide, result in an up-regulation of
protein kinase B (Akt). Akt plays an important role in the regulation of cardiac
hypertrophy and angiogenesis (the formation of new blood vessels from preformed
ones), and thus in the prevention of, and recovery after, myocardial infarction.
The up-regulation of Akt in turn enhances the expression of epithelial nitrogen
oxide synthase (NO synthase) and thus the release of the vasodilator NO [63].
The maltolato complex 1a in Figure 9 [64], the pyridinethiolato complex 13, and
the picolinato-bis(peroxido)vanadium(V) complex 14 in Figure 13 [65] perform
significant cardio-protection in test animals (Table 3) [63-71].

Several studies on vanadium’s potentiality in deactivating viral and bacterial
infections have appeared during the last decade, and selected compounds and results
are provided in Figure 13 and Table 3. The vanadium-substituted polyoxidotungstate
[(VIVO),(VYO)(SbW,033),]!~ exhibits antiviral activity against viruses causing
influenza and Dengue fever, and is also active against HIV-1 (human immune
deficiency virus) and SARS (severe acute respiratory syndrome) in vitro [67a]. The cluster
contains a linear {O=VO, }; core (with the vanadium centers in a tetragonal-pyramidal
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Figure 13 Vanadium complexes with cardio-protective effects (13 and 14) or operant against
viral (15, 16, and 17) and bacterial infections (17 and 18). The cut-out 17 is the active center of
vanadate-dependent haloperoxidase, e.g., from Corallina inaequalis (see text and Table 3).

environment), sandwiched by two {SbW;,0;;} halves in which the tungsten ions
are octahedrally coordinated [67b]. At physiological conditions, this so-called
‘Keggin sandwich’ likely decomposes into the genuinely active species vanadate(V)
and tungstate(VI). Anti-HIV activity has also been reported for the physiologically
stable, water-soluble oxidovanadium(IV)-porphyrin 15 [68]. Water solubility of
15 is provided by the aminosulfonyl substituent at the porphyrin skeleton. The
complex inhibits HIV-1 replication in virus infected Hut/CCRS5 cells, possibly
by targeting and deactivating the viral reverse transcriptase [Hut/CCRS cells are
derived from Hut78 cells, a human T cell line. Hut/CCRS5 cells express the chemo-
kine receptor CCRS, a protein on the surface of T lymphocytes (a group of white
blood cells)].

The oxidovanadium(IV) xylyl-bicyclam complex 16 is a further example for an
agent that is highly effective against strains of HIV-1 and HIV-2 [69], with ICs,
values of 0.1-0.3 pM (ICs, values denote the concentration of a drug or prodrug at
which the life function of 50% of the viable cells is inhibited). A possible mode of
action is through binding of the complex to the chemokine receptor type 4 (CXCR-4),
a receptor protein that HIV can use to infect T lymphocytes. Docking of compound
16 to CXCR-4 can occur via direct coordination of the metal center to aspartate and
glutamate residues of the protein, or via weak interaction of the oxidovanadium
moiety with tryptophan residues, and/or by hydrophobic interaction between
tryptophan residues and the bicyclam rings.

Antiviral and antibacterial activity has also been noted for vanadate-dependent
haloperoxidase isolated from the marine alga Corallina inaequalis, and its alkalophilic
mutant Pro395Asp/Leu241Val/Thr343Ala in particular [70]. The enzyme contains
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Table 3 Vanadium coordination compounds in the treatment of cardiovascular diseases, viral, and

bacterial infections.

Complex
Target; no. (see
mode of application Figure 13) Effect Mode of action Ref.
Female rats 13 Amelioration Activation of Akt [63]
of myocardial signalling —
injuries expression of NO
synthase
Rats; intravenously 1a Limitation of Inhibition of tyrosine  [64]
reperfusion phosphatase
injury
Rats; orally 14 Neuro-protection Enhancement of [65]
downstream Akt
Rat cardiac myocites 14 Amelioration of Increase of levels of [66]
cardio- NO synthase
dysfunction
Influenza virus, Dengue see text Antiviral activity (not reported) [67]
fever virus, HIV-1,
SARS; in vitro
HIV-1 15 Inhibition of HIV-1  Inhibitory activity [68]
replication in towards HIV-1
host cells reverse
transcriptase
HIV-1 and HIV-2 strains 16 Anti-HIV activity Binding to the [69]

receptor CXCR-4”

Herpes simplex, 17¢ Antiviral and Formation of HOBr [70]
Coxsackievirus B4, antimicrobial and 'O,
Staphylococcus aureus, activity
Pseudomonas aeruginosa;
pH 8, H,O, + Br-
Mpycobacterium tuberculosis 18 Growth inhibition (not reported) [71]

¢ The active center of the Pro395Asp/Leu241Val/Thr343Ala mutant of the vanadate-dependent
chloroperoxidase from the alga Corallina inaequalis.
b See text for details.

vanadate (H,VO}) coordinated to the Ne of a histidine residue in the active center
(17 in Figure 13). The native peroxidase catalyzes the oxidation of halides, for
example, bromide to hypobromous acid, HOBr (eq. 9a), and — in a side-reaction —
generates singlet oxygen 'O, (eq. 9b), commonly at slightly acidic conditions.
The mutant is active at pH ~ 8, allowing for the disinfection, through HOBr and 'O,,
of medicinal equipment under particularly mild and thus moderate conditions. Strong
microbial abatement was observed for both enveloped (Herpes simplex) and non-
enveloped viruses (Coxsackievirus B4), as well as for Gram-positive (Staphylococcus
aureus) and Gram-negative bacteria (Pseudomonas aeruginosa).

Br +H,0, +H* — HOBr+H,0 (9a)

HOBr+H,0, — '0, +Br +H,0+H" (9b)



162 Rehder

Antibacterial action has also been reported for complex 18 in Figure 13. The VV
thiosemicarbazone (tsc) complex [VOs(tsc)] and its VIV precursor [VO(acac)tsc]
(acac = acetylacetonate(1-)) inhibit the pathogen of tuberculosis, Mycobacterium
tuberculosis [71]. Minimal inhibitory concentrations (MIC values) of these vana-
dium complexes are lower than for the free tsc ligand, supporting a role of the vana-
dium center in these antituberculosis drugs.

4.2.3 Diseases Caused by Parasites

Vanadium coordination compounds have also been shown to exhibit potential in the
abatement of epidemic diseases caused by parasites (amoebae and flagellates)
predominantly in tropical and subtropical countries. Examples are amoebiasis,
Chagas’ disease (American trypanosomiasis), and leishmaniasis. As in the case of
antiviral and antibacterial vanadium compounds, none of these compounds has so
far achieved the status of clinical tests, and studies have thus been restricted to in
vitro tests with cultures of the parasites. In many cases, these studies reveal antipara-
sitic properties of the vanadium species, which are about comparable to or even
more effective than established medications. In this section, selected examples of
antiparasitic vanadium complexes are briefly described. For a recent overview see
also the review by D. Gambino [72]. Respective vanadium compounds are illus-
trated in Figure 14; selected results are summarized in Table 4 [73-77].

20

N /// o Salicyl-
O/V\ semicarbazone
N —
S
= N 5-Methyl-
\-0 salicyl H,CO
2-Furoyl- o-Phenan-
hydrazide OH throline
19 20
HO
Galactose
OH  VO™(LH_p), P
HO. HL =
. +
o Galactomannan o HsN NH,
ud ol O\ ” /O Glutaminate
0% B @
5 0 O / O\ O
0 o
d&)/ oH Mannose (Gln) 7 ~

21 22

Figure 14 Complexes and formulations that have been shown to exert antiparasitic potential
against parasites causing amoebiasis (19), Chagas’ disease (20), and leishmaniasis (20, 21, 22). For details
see text and Table 4.
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Table 4 Vanadium compounds that kill parasites causing (tropical) diseases.

Complex
no. (see
Target Figure 13) Effect Remarks Ref.
Tropozoites of 19 Amoebocidal More effective than [73]
Entamoeba Metronidazole; slightly
histolytica toxic against HeLa cells
(in vitro)
Epimastigotes of 20 Trypanocidal Causes conformational [75]
Trypanosomas changes in supercoiled
cruzi (in vitro) plasmid DNA
Promastigotes and 20 Leishmanicidal Cytotoxic against leukemia [74]
amastigotes HL-60 cells
of Leishmania
(in vitro)
Promastigotes and 21 Leishmanicidal on Diminishes also superoxide [76]
amastigotes amastigotes; growth production by macrophages
of Leishmania inhibition of
(in vitro) promastigotes
Leishmania-infected 22 Reduction in parasite Similar effects are brought [77]
mice (in vivo) burden; expansion about by [HVO,(0,),)]*
of antileishmanial
T-cells

According to the World Health Organisation, about 50 million people are affected
worldwide by amoebiasis, with infections clearly cumulating in tropical countries.
The etiologic agent of the disease is the amoeba Entamoeba histolytica, present in
contaminated food and water in particular in areas of low sanitary and hygiene stan-
dards. Transmission occurs mainly by the fecal-oral route and through direct con-
tact. 90% of the infected people are asymptomatic. For the remaining 10% the
symptoms include diarrhea and, in more serious cases, dysentery (an inflammatory
disorder mainly of the colon) with mucus and blood, the latter stemming from
amoebae that succeed to overcome the epithelium of the intestines and thus travel to
other organs, the liver in particular, where they cause deadly abscesses. The death
toll amounts to ca. 70,000 per year. The hydrazone complex 19 in Figure 14 is an
example for an efficient amoebocidal (pro)drug [73]. With an IC;5, = 0.36 pM, the
compound is more efficient than the standard drug Metronidazole (ICs, = 1.89 pM),
and somewhat more toxic than Metronidazole against human cervical HeLLa cancer
cell lines.

Chagas’ disease is caused by the flagellate protozoan parasite Trypanosomas
cruzi, transmitted by the feces of “kissing bugs”, blood-sucking bugs belonging to
the subfamily Triatominae. About 10 million people are infected, with ca. 10,000
deaths per year. The disease is mainly distributed in Latin America, but also increas-
ingly spreading into North America and Europe. Primary symptoms are skin lesions
and swelling of the eye lids; secondary symptoms include digestive and neurologi-
cal alteration, and cardiac disorder up to heart failure. The oxidovanadium complex
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20 [74] contains a salicylidene semicarbazone ligand and hence a ligand that has
also been shown to convey anticancer (compound 12) and antiamoebiasis activity
(19). The additional ligand in 20 is phenanthroline, capable of intercalating DNA
(Figure 12b). The metabolic pathways of parasites such as Trypanosoma and
Leishmania are similar to those in tumor cells, suggesting a similar mode of action
of anti-parasitic and anti-tumor drugs. Complexes such as compound 20, which are
about as trypanocidal against epimastigotes (a developmental state of the parasite in
the bug) of T. cruzi as the reference drug Nifurtimox, are in fact cytotoxic against
leukemia cells [74] and cause conformational changes in plasmid DNA [75].

Complex 20 is also active on the promastigote and amastigote forms (the flagel-
late and non-flagellate stages, respectively) of Leishmania parasites, responsible for
the tropical and subtropical disease leishmaniasis. The vectors for this disease,
which is associated with malnutrition and weakness of the immune system, are
sandflies of the subfamily Phlebotomina. About 12 million people are affected
worldwide. The most serious form of this disease is visceral leishmaniasis, which
goes along with high fever, weight loss, swelling of the spleen and liver, and anemia.
Visceral leishmaniasis is mainly distributed in Brazil, India, Bangladesh, and Sudan,
and accounts for 60,000 deaths each year.

Oxidovanadium complexes of galactomannan (21 in Figure 14) have been
shown to be leishmanicidal on amastigotes of L. amazonensis, and to inhibit the
growth of the promastigotes of this parasite [76]. Galactomannan is a polysaccha-
ride with a mannose backbone and galactose side groups, isolated from the lichen
Ramalina celastri, which is abundant in South Brazil. Antileishmanial effects have
further been noted, with infected mice, for bis(peroxido)vanadate, [HVO,(O,),]*,
and combinations of glutaminate and [HVO,(0,),]* (see 22 in Figure 14 for a
tentative formulation of a formula unit) [77]. Finally, decavanadate deters the
growth of the leishmania parasite, likely by interaction of decavanadate’s hydrolysis
product [H,VO,]~ with phosphatases [78], hence a mechanistic aspect which is
again reminiscent of the antidiabetic, insulin-enhancing action of vanadate and
(hydrolytically labile) vanadium complexes. For the molecular built-up of deca-
vanadate see Figure 5.

5 Concluding Remarks and Prospects

The element vanadium was discovered in 1801 by Andrés Manuel del Rio y
Fernandez in vanadinite from the district Zimapan in Mexico [5]. It was rediscovered
by Nils Gabriel Sefstrom in iron ore from the Taberg in Smaland (Sweden) in 1830
by treating a “black powder obtained from the manufacturing of bar iron”, and
in 1869/70 Sir Henry Enfield Roscoe in England was the first one who succeeded
to isolate (an impure form of) metallic vanadium by reduction of VCl, with H,
[79,87], nowadays widely employed in particularly tough and hard chromium-
vanadium-iron alloys. Along with metallic vanadium, vanadium oxides (“VO,”) are
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in use as catalysts in oxidation reactions (an example is the production of sulfuric
acid from SO,), as an UV-absorbing additive in glass ware, and in the form of lithium
and silver vanadates in lithium batteries [80]. The first indication for the presence
of vanadium in a living organism, i.e., the sugar beet, goes back to 1888 [81]; the
essentiality of vanadium for some life forms became established in 1982/83 by the
discovery of vanadate-dependent bromoperoxidase in the marine macro-alga
Ascophyllum nodosum [82].

Toxic effects of vanadium were first reported by John Priestley [15], who applied
large doses of sodium vanadate to animals, tediously describing their ailment and
final death. Exploratory medicinal applications of vanadium, again in the form of
vanadate, were carried out in Lyon (France) back in 1897-98 [83] on probands with
health problems as diverse as anemia, tuberculosis, rheumatism, neurasthenia, and
diabetes where, in the latter case, some decrease of blood glucose was observed.
The prospective use of vanadium compounds in the treatment of diabetes thus has a
long-standing tradition. The presently most advanced study of vanadium’s potential
in the treatment of human diabetics are clinical tests phase Ila, carried out in 2007/8
with bis(ethylmaltolato)oxidovanadium(IV), BEOV [13], a compound developed in
the group of Chris Orvig in Vancouver, Canada.

The successful application of vanadium compounds in low doses with diabetic
animals (streptozotozin-induced rats in particular) and with type 2 diabetic humans
has initiated research into medicinally active vanadium compounds for other
medicinal applications, among these tropical and subtropical diseases caused by
infectious parasites responsible for leishmaniasis, Chagas’ disease, and amoebiasis,
just as diseases caused by viruses (HIV, influenza), and bacteria (tuberculosis). In all
cases, in vitro tests with cell cultures or cultured parasites, as well as sporadic in
vivo tests with infected test animals, have provided results that should encourage
further investigations into the field of vanadium-based medications. Given that
classical pharmaceuticals tend to have, sometimes severe, side effects, and parasites
can develop resistance, the development of potential (pro-)drugs based on the
essentially non-toxic element vanadium certainly is a future challenge.

The possibly most important aspect in choosing vanadium as the central metal in
these coordination compounds is their (partial) rebuilt to vanadate(V) and
oxidovanadium(IV) in the physiological broth. Vanadate is an antagonist of phos-
phate — as demonstrated for the first time by Cantley in 1977 for the inhibition of the
Na,K-ATPase, the sodium-potassium pump [84]. Based on the interference of vana-
date with metabolic processes depending on phosphate in general, and on phos-
phate-regulated enzymatic activity in particular, vanadate has also been introduced
into the amelioration of cardiac dysfunctions, and in fighting malignant tumors. The
latter application, first investigated systematically by Kopf and Kopf-Maier [60], is
based, at least in part, on the direct interaction of stable vanadium-ligand fragments
with the DNA of cancer cells — and is thus reminiscent of the action of the well
established anticancer drug cisplatin. Stable fragments in vanadium compounds are
represented by the cyclopentadienide ligands in vanadocenes, and by N-functional,
oligodentate aromatic ligands such as ortho-phenanthroline and derivatives thereof.



166

Rehder

Last but not least, yet another functional aspect of vanadium compounds is the
ability of VO?* to interfere — in a Fenton-like reaction — with the tissue concentrations
of reactive oxygen species [85].

Abbreviations

Ab albumin

acac acetonylacetonate(1-)

Akt protein kinase

ATPase adenosine triphosphate cleaving enzyme

BEOV bis(ethylmaltolato)oxidovanadium

CAKI human renal carcinoma cell line

CCR5 chemokine receptor of T lymphocytes

Cp cyclopentadienide

CXCR-4 chemokine receptor type 4

FAD flavin adenine dinucleotide (oxidized form)

FADH, flavin adenine dinucleotide (reduced form)

GLUT glucose transporter

GSH glutathione

GSSG oxidized form of glutathione

HeLa cells cervical cancer cell line derived from Henrietta Lacks

HIV human immune deficiency virus

1Cs 50% inhibitory concentration; the values denote the concentration of
a drug or prodrug at which the life function of 50% of the viable cells
are inhibited

Ig immunoglobulin

IR insulin receptor

IRS insulin receptor substrate

Imm low molecular mass (ligand)

MAC maximum allowable concentration at the working place

MIC minimal inhibitory concentration

NAD nicotinamide adenine dinucleotide (oxidized form)

NADH nicotinamide adenine dinucleotide (reduced form)

NADP nicotinamide adenine dinucleotide phosphate (oxidized form)

NADPH nicotinamide adenine dinucleotide phosphate (reduced form)

PIK phosphatidyl-inositol kinase

PKB protein kinase B

PTPase protein tyrosine phosphatase

ROS reactive oxygen species

SARS severe acute respiratory syndrome

STZ streptozotocin

N Simian virus

Tf transferrin

tsc thiosemicarbazone
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