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Preface

Publishing the book “Vanadium: Biochemical and Molecular Biological
Approaches” is particularly timed. It becomes exactly 100 years since Professor
Martin Henze first reported high levels of vanadium in the blood cells of an ascidian
(tunicate) collected in the Gulf of Naples in 1911. Subsequently, his discovery had
a great influence not only on analytical, natural product, organic and inorganic
chemistry but also on physiology, biochemistry and molecular biology. Vanadium,
atomic number 23, is one of the most interesting transition elements. Average of its
crustal abundance is estimated to be 100 pg/g, which is approximately twice that
of copper, 10 times that of lead, and 100 times that of molybdenum (Nriagu 1998).
In seawater, vanadium is dissolved in the average concentration of approximately
35 nM in the 45 oxidation state (Cole et al. 1983, 1984). Vanadium is also known
to be present in crude oil, coal and tar sand. Western Venezuelan crude oil contains
approximately 257 mg/g of vanadium. Vanadium can be recovered as V,0s from
smoke dust after the combustion of oil (Nriagu 1998). Approximately 50% of the
vanadium in oil is in the form of a vanadyl (VVO) porphyrin complex, which
resembles chlorophyll and hemoglobin (Barbooti 1989).

As far as the biochemical aspects, in the 1930s many analytical chemists
analyzed the vanadium content of various organisms. In 1933, Hans Bortels
suggested that vanadium compounds substituting for molybdenum compounds
have a positive effect on nitrogen fixation by Azotobacter. In the 1970s, the
biological significance of vanadium was the focus of several reports. Schwarz
and Milne reported that vanadium is necessary for growing rats (1971). Bayer
and Khneifel isolated a pale-blue vanadium compound from the toadstool Amanita
muscaria and designated amavadin (1972). Cantley et al. determined that vana-
date acts as a potent inhibitor of the Nat-Kt-ATPase (1977). In the 1980s
the inhibition of the Na®T-KT-ATPase by quabain was also found to activate
glucose transport and glucose oxidation in rat adipocytes. Shechter and Karlish
(1980) found new inhibitors in the form of vanadium salts (vanadate and vanadyl)
that stimulated glucose oxidation in rat adipocytes. In 1985, Heyliger et al.
reported that vanadate appeared to have insulin-like effects. Meyerovitch et al.
(1987) showed that the oral administration of vanadate normalized blood glucose
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levels in streptozotocin-induced diabetic rats. The inorganic and organic vanadium-
containing compounds have been of interest as insulin mimics and have been
studied in clinical trials. Vanadium compounds have been further found to be
effective as anti-cancer agents in several variants of leukemia. In 1984, Vilter
first revealed the presence of vanadium bromoperoxidase in the marine macroalga
Ascophyllum nodosum. This finding triggered the discovery of various vanadate-
dependent haloperoxidases, including iodo-, bromo-, and chloro-peroxidases not
only in marine algae but also in terrestrial fungi and lichens, which harbor enzymes
that catalyze the halogenation of organic substrates by H,O, and halides. In 1986,
Robson et al. reported that the alternative nitrogenase of Azotobacter chroococcum
was a vanadium enzyme. Subsequent genetic and physiological studies showed that
V-nitrogenases are widely distributed but are only synthesized when molybdenum
is a limiting nutrient.

At the time, the inorganic and coordination chemistry of vanadium has been
investigated intenisively. The beautiful color changes depending on chemical
species of vanadium in aquous solutions have fascinated inorganic and coordination
chemists. Baes and Mesmer (1976) described diagram as a function of redox
potential and pH. Thereafter, speciation of various vanadium species in solution and
structures of many vanadium compounds have been reported by Chasteen (1983),
Petterson (1985), Rehder (2008), Crans et al. (2000) and many other investigators.
The reason why vanadium attracts scientists, covering such so extensive scientific
fields, fundamentally attributes to its wide range of oxidation states (from —2 to
+5), which can be converted by one-electron redox process. A variety of organic
reactions, in which vanadium plays as a Lewis acid and produces many vanadium
complexes, depend on the oxidation states of vanadium. Vanadium, in proteins such
as vanabins isolated from ascidians, is revealed to participate in the redox chemistry.
In addition, vanadium, included in enzymes such as haloperoxidases, is known to be
involved in an oxygen-transfer reaction. Vanadium compounds have been revealed
to induce or catalyze various potential organic reactions and polymerizations.

In the book, after you could learn the basics of vanadium by the first Part I
“Featuring Chemistry of Vanadium”, you would be filled with surprise on the
unusual phenomena “Hyper-Accumulators of Vanadium”. The skilful mechanism of
enzymes described in the Part III would satisfy your scientific interest. The Part I1I
“Enzymatic Roles of Vanadium” would show you the other side of vanadium
function. The last Part IV “Medicinal Functions of Vanadium” would be expected
for future practical use of vanadium.

Hiroshima University Hitoshi Michibata
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Part I
Featuring Chemistry of Vanadium



Chapter 1
Inorganic Chemistry of Vanadium

Kan Kanamori and Kiyoshi Tsuge

Abstract Stereochemistry and redox property are essential factors in considering
the roles of vanadium in biological systems. Coordination geometries adopted by
vanadium ions with oxidation numbers +3, +4, and +5 are summarized in this
chapter to provide a clue for determining the structure-function relationship of
biological vanadium species. Vanadium can have a variety of geometries and its
geometry is sometimes flexible. This property may be important for metals in
biological systems. The electrochemical properties of complexes in each oxidation
state are described by referring to typical mononuclear complexes. The redox
potentials of the complexes depend largely on the ligand combination. A comparison
of complexes with and without oxo ligands reveals that strong electron donation
from oxo ligands stabilizes vanadium ions in higher oxidation states. Additionally,
the proton-coupled equilibrium between oxo and aqua ligands imposes a significant
effect on the redox behavior of vanadium complexes. Chemical redox reactions
related to vanadium catalysts are also described.

Keywords Coordination stereochemistry ¢ Coordination number ¢ Redox
chemistry ¢ Redox potential

1.1 Introduction

Vanadium is a transition metal with a wide range of oxidation states (from —1 to
+5) and it can adopt a variety of coordination numbers (CN) and coordination
geometries. Among the oxidation states, the +3, +4, and +5 states have been
found in biological systems. In this chapter, the coordination stereochemistry of
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Fig. 1.1 Coordination geometries of CN 4 through 8

vanadium(III), —(IV), and —(V) complexes and their redox behaviors, including the
lower oxidation states, will be presented as the basis of the biological chemistry of
vanadium.

Ideal coordination polyhedra from CN 4 through 8 are presented in Fig. 1.1 [1].
Although the real coordination geometries adopted by most vanadium complexes
are distorted from the ideal polyhedron to some extent, each of the polyhedra,
except the square-plane and the square antiprism, has been found in vanadium
complexes. This property of vanadium, adopting versatile coordination geometries,
is distinct from other first-row transition metals: e.g., chromium(III) and cobalt(III)
give exclusively hexacoordinate octahedral complexes and the stereochemistry of
copper(Il) is dominated by square planar geometry.

Transition metals in biological systems are generally classified as having either
a structural role in stabilizing protein structure or a functional role, involved in
biological reactions [2]. However, these roles cannot be separated conclusively
because it is believed that the biological function of a transition metal depends
on its structure. Generally, coordinating groups of metals in biological systems are
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supplied by proteins surrounding the metal ion, and the arrangement of coordinating
groups in proteins does not always provide ideal coordination geometries for the
metal ions. Proteins sometimes fold in a specific manner that forces the metal ion
to adopt a largely distorted structure, far from the ideal geometry. This is termed an
entatic state, which is believed to be closer to a structure in the transition state of the
enzymatic reaction involving the transition metal, giving an energetically favorable
pathway for the reaction [2]. Thus, flexibility in coordination geometry should be a
key factor for metals in biological systems.

In the following sections, we will present the variety of coordination geometries
adopted by vanadium. Typical organometallic compounds and metal clusters of
vanadium will not be discussed here.

1.2 Structural Aspects of Vanadium

1.2.1 Coordination Number 4

Tetracoordination (CN =4) generally adopts tetrahedral or square planar geome-
tries. Square planar geometry is typically found for the d® metal complexes, such as
Pt(Il) and Pd(II), whereas, a square planar vanadium complex has not been found,
so far. Tetrahedral complexes are favored for complexes with small central ions
coordinated by large ligands, such as halogeno anions [1]; typical examples include
[FeCl4]*~ and [CoCl4]?~. However, this is not the case for vanadium complexes
because the vanadium atom has a large ionic radius among the first-row transition
metals. Another example of a tetrahedral complex is the oxoanion of d° metals
situated in the left side of the d block, such as [VO4]*~, [CrO4]*~, and [MnO4]~.

The electron-rich oxo (O?7) anion can donate its electrons to a metal center
through two 7 bonds between p orbitals of the oxo ion and d orbitals of the metal
ion, in addition to a normal coordination bond of o type, resulting in a bond order
of up to three (Fig. 1.2). This multiple donation of electrons (multiple bonds) results
in the stabilization of electron-poor d° metals.

The oxoanion of vanadium(V) (usually called “vanadate”) exhibits a complex
behavior in aqueous solution due to protonation equilibria, as well as oligomeriza-
tion. The simple vanadate [VO4]*~ ion can only exist at very alkaline pH (>12).
Below pH 12, various polyoxovanadium(V) species are formed, depending on the
total concentration of vanadium and the ionic medium concentration. Speciation
of the vanadium(V) oxoanion in aqueous solution has been studied thoroughly
using a combination of potentiometric and 'V NMR spectroscopic data [3]. 3!V
NMR spectroscopy is a powerful tool and has been widely used in the study of
vanadium(V) solution chemistry [4]. Formulations of the species in solution have
been presented with their formation constants [3]. Well-characterized structures
of the oligomeric species are shown in Fig. 1.3. The oligomerization of vanadate
occurs by sharing a corner of the tetrahedron of a VO, unit. As shown in Fig. 1.3,
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Fig. 1.3 Structures of vanadate species formed in solution

cyclic oligomers are formed in addition to linear ones. This behavior is distinct from
that of chromium (neighboring atom of vanadium in the periodic table), in which
only linear oligomers, such as Cr,072~ and Cr;0,0*, are recognized. Instead,
vanadate oligomerization more closely resembles that of phosphate, for which
the tetracyclo anion, P4O1,%~, has been found. This similarity in oligomerization
behavior between vanadate and phosphate may relate to a biological role of
vanadium because phosphate is an inorganic ion found commonly in living systems.

In contrast to polyoxovanadate species with nuclearity from 2 to 5, decavanadate
(Vo) formed in slightly or moderately acidic solutions, as well as monomeric
species formed in a very acidic solutions, consist of octahedral units.
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Fig. 1.4 Tetrahedral vanadium complexes

Tetrahedral vanadium complexes other than oxovanadium(V) species are very
rare. RyN™ ligands have been shown to give tetrahedral vanadium complexes
(Fig. 1.4; 1 and 2). Interestingly, the oxidation state of vanadium in 1 changes
depending on the R group: [V(V)(NEt)4]T [5], [VAV)(NMe»)4] [6], and [V(III)
(NPhy)4]™ [7], although the reason why is unclear. Although these species will
not relate directly to the biological chemistry of vanadium because they are fairly
unstable, it should be noted that the R,N™ ligand has a strong donating ability, like
the O%~ ligand.

A unusual trigonal monopyramidal structure for CN =4 has been found
(Fig. 1.4, 3) [8]. In this complex, [V(II)(SCsH3-2,6-(SiMes),)3(THF)], the vacant
site trans to the THF ligand is occupied by an agostic C—H bond from a SiMe group
of the thiolate ligand. Thus, the coordination geometry of this complex would be
better described as a trigonal bipyramid, by including the agostic interaction.

1.2.2 Coordination Number 5

Pentacoordinate vanadium is important with regard to the biological chemistry of
vanadium because the vanadium ion in the active center of vanadium-dependent
haloperoxidases (VHPOs) adopts pentacoordination. The ideal geometries of pen-
tacoordinate metal complexes are trigonal bipyramid and square pyramid [1].
The natural form of VHPO adopts a trigonal bipyramidal structure, whereas the
reaction intermediate coordinated by a peroxo ligand forms a square pyramidal
structure (Fig. 1.5, 4 [9], 5 [10]). Real complexes frequently take an intermediate
structure between the two ideal geometries. Distortion from the ideal geometries
can be evaluated using the 7 value, defined in Fig. 1.6 [11]. Because the energies
of the trigonal bipyramid and square pyramid differ little from one another,
pentacoordinate complexes are often fluxional, as illustrated by the observations
that two types of complexes have been obtained with the same ligand or closely
related ligands. Examples of such complexes are shown in Fig. 1.5.
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Two types of crystals (greenish-yellow and green) have been obtained by the
reaction of the tridentate salicylaldimine of 2-picolylamine with [V(IV)O(acac);]
(acac = acetylacetonate) in different solvents. The former crystal prepared in
methanol contains the trigonal bipyramidal complex, [V(V)(O)(L)] (HL =
CsH4(OH)CHNCH,CsH4N) (6: © =0.55), whereas the latter (7: v =0.20), pre-
pared in acetonitrile, contains the square pyramidal complex [12], indicating
solvent-specific dimorphs. Compounds 8, [V(IV)O(N-methylsalicylaldiminato),]
and 9, [VIV)O(N, N -ethylenebis(o-tert-butyl-p-methylsalicylaldiminato))] are an
example in which a bis(Schiff base) vanadium(IV) complex adopts a trigonal
bipyramidal structure, while a square pyramidal vanadium(IV) complex can be
obtained by linking the two azomethine groups with an ethylene group [13].

In solution, pentacoordinate complexes are often highly fluxional, resulting in
an interconversion between the axial ligand and the equatorial ligand within a short
period. This conversion may occur by Berry pseudorotation, via a square pyramidal
geometry as an intermediate species (Fig.1.7). This dynamic behavior is exemplified
by a model complex of VHPO, [V(V)O(OMe)(L)] (H,L =N(CHPhCH,OH),
(CH,COO(#-Bu)) [14] and = N(CH,CHMeOH),(CHPhMe)) [15]. Two 'V NMR
signals of comparable intensity were observed for the complexes [V(V)O(OR)L].
This was explained by assuming that the two trigonal bipyramidal complexes with
the oxo group mutually in the equatorial and axial positions are equilibrated in
solution (Fig. 1.8, 10 and 10").

Although a trigonal bipyramidal structure minimizes ligand-ligand repulsions
for pentacoordinate complexes, the stereochemistry of oxovanadium(IV) (usually
called “vanadyl”) complexes is dominated by square pyramidal geometry, as in
[VAV)O(acac),]. This preference is thought to be a result of the strong multi-
ple bonding induced by an oxo ligand (discussed in Sect. 1.2.1). In octahedral
complexes of oxovanadium(IV), the bond distances trans to the oxo group are
considerably longer than those cis to the oxo group. This phenomenon is called
“trans influence” (not to be confused with the kinetic “trans effect”), which is
considered to be a result of the strong V(IV)-O?~ bond. Because two ligands situated
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Fig. 1.9 Trigonal bipyramidal complexes

in trans positions with each other use common d orbitals for bonding with the central
metal ion, strong electron donating from O>~ makes an attachment of the ligand
trans to 0>~ unfavorable. Thus, the square pyramidal geometry adopted by vanadyl
complexes may be considered to be an extreme case of trans influence where a
weakly bound ligand trans to the O>~ group leaves the coordination sphere (e.g.,
in crystallization), making a vacant site. Thus, in a solution in which the solvent
molecule has a coordinating ability, it is plausible that the solvent molecule weakly
coordinates in the sixth position, trans to the O>~ group, even if the complex adopts
a square planar geometry in the solid state.

Square pyramidal and trigonal bipyramidal structures can be formed selectively
by designing the ligand structure. For example, tetradentate ligands with high
planarity, such as porphyrin, yield exclusively square pyramidal complexes. On the
other hand, tetradentate tripodal ligands tend to yield a trigonal bipyramidal geome-
try, as shown in Fig. 1.9, 11, [VAID)(P(C¢H4-2-S™)3)(1-methylimidazole)] [16], 12,
[VAID(N(CH2,CsH2R207)3)(THF)] and 13, [V(V)O(N(CH,CcH2R207)3)] [17].
Structural similarity among the complexes in different oxidation states (12 and 13) is
an important factor for constructing a readily accessible pathway in redox reactions.

Other examples of pentacoordinate vanadium complexes are shown in Fig. 1.10.
Compounds 14, [V(V)(O),(dipic)]™ [18] and 15, [V(V)(O)2((S)-N-salicylidene-3-
aminopyrrolidine)] [19] are examples showing that dioxovnadium(V) complexes
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Fig. 1.10 Other pentacoordinate vanadium complexes

with a tridentate ligand can adopt both trigonal bipyramidal and square pyramidal
structures. Compound 16, [VIV)O(OC¢H3(R)CNCHPhMe)] [20] has a structure
similar to 8. Compound 17, [V(IV)(N-2,6-i-Pr,C¢H3)(PMe,Ph)] [21] is a rare
example of an arylimido complex of vanadium(IV).

1.2.3 Coordination Number 6

A hexacoordinate octahedral arrangement is the most common structure for tran-
sition metal complexes. This structure is found for vanadium complexes in all
biologically relevant oxidation states, +3, +4, and +5. In contrast, trigonal pris-
matic geometry is unusual. However, dithiolene ligands (S,C2R,27) can specifically
constrain the complex into a trigonal prism. Gray et al. attributed the stability of
the trigonal prismatic structure to two types of w-bonding interactions between p
ligand orbitals and the metal d orbitals [22]. Vanadium compounds having a trigonal
prismatic structure are also seen in tris(dithiolene) complexes, as shown in Fig. 1.11.
Distortion from the regular trigonal prism to an octahedron can be characterized
by the twist angle, 6 between two triangle faces opposite each other (8 = 0° for
trigonal prism; 6 = 60° for an octahedron). [V(S2CyH3)s] [23], [V(S2C,Phy)s]
[24], and [V(DDDT);]~ (DDDT?~ = 5,6-dihydro-1,4-dithin-2,3-dithiolate) [25]
complexes adopt perfect or nearly perfect trigonal prismatic structures with 6 = 0°,
8.5°, and 3.7°, respectively, whereas [V(S,C2(CN),)31%>~ [26], [V(bdt);]*>~ (bdt*~
= 1,2-benzenedithiolate) and [V(tdt);]*>~ (tdt*>~ = 3,4-toluenedithiolate) [23] have
a structure distorted towards octahedral geometry.

For the dithiolene complexes, the oxidation state of the metal ion cannot be deter-
mined readily because the ligands themselves can be oxidized up to dithioketones,
as shown in Fig. 1.11. In [V(S,C;H;)s], the oxidation state of vanadium has been
determined to be 44 on the basis of an observed EPR spectrum characteristic of
vanadium(IV) [23]. Thus, it has been concluded that the negative charge of —4
could be delocalized equally over the three S;C,H, ligands; nevertheless, it can
be regarded formally that one ligand has a charge of —2 and two ligands have a
charge of —1.
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Fig. 1.12 Bare or non-oxo vanadium(IV) complexes

Although coordination compounds of vanadium(IV) are dominated by oxovana-
dium (vanadyl) species, several complexes without oxo ligands have been prepared
and structurally characterized. This type of complex is called “bare” or “non-oxo”
vanadium(IV). To obtain a bare vanadium(IV) complex, a ligand that can serve as
a strong 7 donors must be introduced to the coordination sphere to compensate
for the strong electron donation from the oxo group. Representative ligands with
such ability are catecholates. In fact, a hexacoordinate bare vanadium(IV) complex,
[V(IV)(cat);]>~ (cat = catecholate) has been obtained (Fig. 1.12, 19 [27, 28]).
Although, in general, vanadium(V) complexes also contain one or two 0xo groups,
3,5-di-tert-butylcatecholate yields a bare vanadium(V) complex Na[V(V)(DBcat)s]
[29]. Vanadium(V) complexes without strongly bound oxo ligands are quite rare. In
addition to the above vanadium(IV) and —(V) complexes, a vanadium(III) complex,
K;3[V(II)(cat);] has been obtained and their redox behaviors were examined [27].
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Fig. 1.13 Hexacoordinate pentagonal pyramidal complexes

The reaction of oxovanadium(IV) ion with two equivalents of N-(2-hydroxy-
phenyl)-N-(2-pyridylmethyl)amine (H,hppma) ligands yields another example of a
bare vanadium(IV) complex (Fig. 1.12, 20 [30]). In this complex, the amino group
of hppma is deprotonated and the ligand acts as a dianion. This N~ atom, in addition
to the phenolate oxygen atom, can act as strong 7 donors, like catecholates, resulting
in the formation of a bare vanadium(IV) complex. Compound 21 is an example of
a bare vanadium(IV) complex with a biologically relevant ligand, 1,3,5-triamino-
1,3,5-trideoxy-cis-inositol (taci) [31].

Some oxo(peroxo)vanadium(V) complexes adopt a geometry that can be best
described as a pentagonal pyramid (Fig. 1.13, 22 [32], 23 [33], 24 [34]). This
geometry is very unusual for hexacoordinate complexes. Thus, it may be better to
consider this geometry as a special case of the pentagonal bipyramidal structure,
which is found commonly in oxo(peroxo)vanadium(V) complexes. Specifically, the
seventh ligand opposite to the oxo group in the pentagonal bipyramidal structure
may leave the coordination sphere due to a strong trans influence of the oxo group
in crystallization, resulting in a pentagonal pyramidal geometry.

1.2.4 Coordination Number 7

A coordination number greater than six is encountered rarely in first-row transition
metal complexes because 3d metal ions do not have an ionic radius large enough to
accommodate more than six ligands. Recently, however, heptacoordinate vanadium
complexes have become less rare. This may be explained by considering that
vanadium ions (especially vanadium(IIl)) have a slightly larger ionic radius than
other first-row transition metal ions. The ideal geometries for heptacoordination
include a pentagonal bipyramid, capped octahedron, and capped trigonal prism;
these three geometries are, however, similar in energy to heptacoordination [1].
Thus, heptacoordinate vanadium complexes are often fluxional and most of them
adopt intermediate structures.

Because cyanide is a small ligand, vanadium(III) can accommodate seven
cyano ligands to yield the heptacoordinate vanadium(I1I) complex, [VIII)(CN 1P~
with pentagonal bipyramidal geometry, as shown in Fig. 1.14, 25 [35]. The bent
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25

Fig. 1.14 Heptacoordinate pentagonal bipyramidal complexes

coordination of cyanide found in 25 has been attributed to the interaction of the
ligand with the cations surrounding the complex. The pentagonal bipyramidal
geometry of this complex has been explained in terms of crystal field stabilization,
rather than the size of the vanadium(III) ion.

One strategy to obtain pentagonal bipyramidal complexes is to employ a ligand
in which five donor atoms are arranged in a pentagonal plane. Examples of this type
of complex are illustrated in Fig. 1.14, 26 and 27. Compounds 26, [V(IH)(teg)Brg]Jr
(H,teg = tetraethylene glycol) [36] and 27, [V(II),L(H,0),]** (H,L = 1,7,14,20-
tetramethyl-2,6,15,19-tetra-aza[7, 7](2,6)-pyridinophane-4,7-diol) [37] have a
highly planar structure with regard to the equatorial coordination. Preparation
of 26 is worth noting because it accompanied a unique redox reaction. Specif-
ically, compound 26 was prepared by the reaction of vanadium(V) species with
tetraglyme, CH3;O(CH,CH,0)4CH3 in the absence of dioxygen. This indicates that
the vanadium-catalyzed oxidation of hydrogen bromide to bromine,

2V (V) O + 4HBr — 2V (Il) + 2Br; + 2H,0 (V> /V?* redox couple)

occurred with scission of the terminal ether bond of the glyme by hydrogen
bromide. As discussed later, generally, a strong reducing agent is necessary to
reduce vanadium(IV) to vanadium(III). Thus, the above reaction is unique from the
viewpoint that a weak reducing agent can reduce vanadium(V) to vanadium(III) by
choosing a ligand to assist the reduction, and may relate to the reduction mechanism
used to yield vanadium(III) species in biological systems.

Although heptacoordinate pentagonal bipyramidal vanadium compounds are still
rare with conventional ligands, monoperoxo and diperoxo vanadium(V) complexes
with chelate ligand(s) usually adopt this structure, as illustrated in Fig. 1.15, 28
[V(V)O(0,)(oxalate),]*~ [38],29 [V(V)O(Oy)(picolinato)(picolinamide)] [39], and
30 (X =0) [V(V)O(0,)2(bpy)]~ [40]. Persulfide, S,>~ ligand also behaves in the
same manner as 0,27, 30 (X =1S) [V(V)O(S,)2(bpy)]™ [41], and 31 [V(V)O(S,),
(terpyridine)]~ [42]. The small bite angles of the three-membered chelate ring
formed by the side-on coordination of the peroxo or persulfido group (45° and 51°,
respectively) would enable the arrangement of five donor atoms in the equatorial
plane. Other examples in which ligands giving a small bite angle enable vanadium
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Fig. 1.16 Heptacoordinate complexes including ligands with small bite angles

to form a pentagonal equatorial plane are shown in Fig. 1.16. The bidentate
coordination of nitrate in 32, [V(V)O(NO3)3(CH3CN)] [43] and sulfate in 33,
[VI),(SOy4)3(N,N'-bis(2-pyridylmethyl)-1,2-ethanediamine),] [44] forming four-
membered chelate rings gives bite angles of ca. 61° and 66.6°, respectively. These
bite angles can be regarded as small enough to allow five donor atoms to arrange
in the equatorial plane. Compound 34, [V (IIT)(dipicolinato)(picolinato)(H,O),] [45]
is a unique example of a heptacoordinate complex that includes neither the three-
membered chelate ring nor the four-membered chelate ring; instead, the tridentate
meridional coordination of dipic is highly distorted from the ideal angle for
meridional coordination (180°), giving an O-V-O angle of 142.1°, and thus leaves
enough space to accommodate a normal bidentate ligand on the opposite side of the
dipicolinate (dipic).
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Fig. 1.17 Heptacoordinate complexes with tetradentate and hexadentate ligands

Among the three ideal geometries of seven-coordination, the capped octahe-
dron and capped trigonal prism are rare. Nonetheless, these geometries as well
as the pentagonal bipyramidal geometry, though distorted to some extent, have
been realized for vanadium(III) complexes using aminopolycarboxylates and its
analog with a pyridyl functionality (Fig. 1.17). The geometry of compound 35,
[V(III)(OH,)3(nta)] (nta = nitrilotriacetate) [46] can best be described as a capped
octahedron, with the amino nitrogen occupying the capping position, whereas
compound 36, [V(III)(edta)(H,O)]™ [47] has been shown to adopt a capped trigonal
prism with the water molecule occupying the capping position. A 4:3 piano stool
or tetragonal base-trigonal base geometry has been proposed as an alternative de-
scription for the geometry of 36. [V(III)(hedtra)(H,O)]™ (hedtra = N-hydroxyethyl-
N,N',N'-triacetate) [48] and [V(III)(Hedta)(H,0)] [49] have been found to adopt a
structure similar to that of 36. An edta-like hexadentate ligand, Hybpedda, in which
the two acetate groups of edta were substituted by two pyridyl methyl groups,
was prepared. This ligand also gives the heptacoordinate vanadium(IIl) complex
37, [V({III)(bpedda)(H,0)]* of which the structure is different from that of the
edta complex and has been described as a distorted pentagonal bipyramid [50].
The reason why such tetra- and hexadentate ligands afford the heptacoordinate
vanadium(III) complexes has been explained; these ligands would be too small
to encircle the vanadium(IIl) ion, leaving an additional coordination site for the
seventh ligand [51].

As shown above, the geometries of vanadium(IIl) complexes are flexible,
depending on the ligand structure and functional groups. This flexibility may
be an important property for metal ions in biological systems. An interesting
example illustrating the flexibility in coordination mode of vanadium(III) is pre-
sented in Fig. 1.18. Compounds 38, [V(III),(dpot)(m-hydroxybenzoato)(H,O)]
(Hsdpot = 2-hydroxy-1,3-diaminopropane-N,N, N, N -tetraacetic acid) [52] and 39,
[V(III)2(benzoate)(OH)(tphpn)(HZO)z]3_ (Htphpn = N,N,N',N'-tetrakis(2-pyridyl-
methyl)-2-hydroxy-propane-1,3-diamine) [53] both contain a heptadentate binucle-
ating ligand with a bridging alkoxo group (dpot or tphpn) and a bridging carboxylate
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Fig. 1.18 Various structures of vanadium(III) complexes consist of closely related ligands

group (m-hydroxybenzoate or benzoate). The frameworks of dpot and tphpn are
very similar, but the terminal coordinating groups of dpot are carboxylates, whereas
those of tphpn are pyridyl groups. Interestingly, compound 38 adopts a normal
hexacoordinate structure, whereas compound 39 forms a heptacoordinate structure
with an additional hydroxo bridging group. This hydroxo group would be introduced
to reduce the high positive charge not neutralized by the coordination of the neutral
pyridyl groups. On the other hand, the negative charge of dpot®~ in 38 would not
require an additional negative charge to the complex.

Dinuclear units that contain the carboxylato and oxo (or hydroxo) bridges have
been found in iron-containing biomolecules, such as hemerythrin, ribonucleotide
reductase (RR), and methane monooxygenase (MMO) [2]. That vanadium(III)
yields a similar dinuclear complex may indicate a potential role for vanadium(III)
in biological systems.

1.2.5 Coordination Number 8

Ideal geometries for octacoordination are the dodecahedron and square antiprism.
Although vanadium complexes with CN 8 are very rare, a natural vanadium(IV)
compound isolated from Amanita muscaria, named amavadin, has been shown to
adopt a unique octacoordinate structure. Figure 1.19, 40 illustrates the structure
of amavadin [54]. In 40, a fully deprotonated form of N-hydroxyimino-2,2’-
diisopropionic acid (Hshidpa) coordinates to a bare vanadium(IV) center as a
tetradentate ligand through three O and one N atoms. Although the eight donor
atoms coordinate to the vanadium(IV), the geometry of this compound would
better be described as a special case of octahedron if the side-on coordination
of the NO group is regarded to occupy one coordination site of the octahedron.
The monoanionic vanadium(V) compound with hidpa, [V(V)(hidpa),]™ [55] and the
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Fig. 1.19 Octacoordinate vanadium complexes

model compound with N-hydroxyiminodiacetatic acid (Hshida), [VAV)(hida),]*~
[56] adopt almost the same structure as amavadin. The structures of these com-
pounds are rare examples of bare vanadium(IV) and —(V) complexes and they
contributed very much to determining the structure of amavadin.

The tetraperoxovanadium(V) complex, [V(V)(0,)4]>~ (41) is the complex with
the highest number of peroxides among structurally well-characterized peroxovana-
dium(V) complexes and it adopts a dodecahedral structure [57]. Dithiocarboxylate
yields a dodecahedral vanadium complex, 42, [V(IV)(dithioacetato),] [58, 59].
Dithiobenzoate and phenyldithioacetate [60] also give vanadium(IV) complexes
with coordination geometry similar to that of 42. Another type of octacoordinate
vanadium complex surrounded by sulfur donors, 43, [V(IV)Z(u—nz—Sz)z(CS3)4]4_
[61] was prepared and characterized. Compound 43 and its analog, [V(IV)»(n—0>
—S,)2(S2CCH3)4] [62] have a direct bond between the two vanadium centers. If
this V-V bond is counted into the coordination number, the vanadium center can be
regarded as a nonacoordinate complex and its geometry can be described as a tri
capped trigonal prism.
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1.3 Redox Behaviors of Vanadium

1.3.1 Oxidation States of Vanadium

Vanadium is known as a redox-active element that assumes oxidation states from
—1 to +5 [63, 64]. Compounds with oxidation states of +2 or higher are more
common. Although vanadium compounds with an oxidation number less than +2
may not be relevant to biological systems, as mentioned in the previous section, we
will treat them in this chapter to present a complete view of the redox chemistry of
vanadium.

As shown in the following sections, the redox potentials of vanadium complexes
are largely affected by the ligands. Thus, V(III)-H,O species, V(IV)-oxo species,
and V(V)-dioxo species can exist in the same solution when the ligands are selected
appropriately, indicating that the redox reaction can proceed on ligand substitution.
The presence of the oxo ligand in the coordination sphere is especially important
in the case of V(IV) and V(V) species. The dianionic oxo ligand stabilizes the
vanadium ions in higher oxidation states by its strong electron-donating ability.
Additionally, acid-base equilibrium between the oxo and the aqua ligand plays
an important role in the redox behavior of the vanadium center. As shown by the
Pourbaix diagram (Fig. 1.20), the redox behavior of vanadium ions in aqueous
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Fig. 1.20 Pourbaix diagram of vanadium species
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solution is highly affected by pH. At around 0V, the V(III) species exist under acidic
conditions, whereas the V(IV) and V(V) species are dominant under neutral or basic
conditions, reflecting the protonation/deprotonation of oxo and aqua ligands. In the
following sections, the electrochemical and chemical redox behaviors of vanadium
complexes will be described by focusing primarily on the mononuclear complexes
studied by using electrochemical methods to show the characteristics of vanadium
ions in each oxidation state.

1.3.2 Redox Properties of Each Oxidation State

1.3.2.1 Ocxidation States Lower Than +I

Most vanadium complexes in lower oxidation states are organometallic ones
where the large electron density on the metal center is stabilized by a m-acidic
ligand, such as carbonyl or arenes. One of the interesting vanadium(—I) complexes
is [V(CO)g]~, which is reversibly oxidized to the neutral complex at —0.54 V
versus Fc/Fct [65]. Several bis(arene) vanadium complexes are known to undergo
reversible redox processes among —1, 0, and +1 charges. The redox potentials
of bis(benzene)vanadium are —2.71 and —0.35 V versus SCE for —/0 and 0/4,
respectively [66]. The redox potentials of this type of complex can be controlled by
the arene and its substitution groups [64]. As indicated by their redox potentials,
vanadium complexes in lower oxidation states are generally oxidized readily under
ambient conditions.

1.3.2.2 Oxidation State of 411

For the +2 oxidation state, an aqua complex cation [V(H,0)6]*T is known, the
oxidation potential of which is —0.26 V versus NHE under strongly acidic condi-
tions, demonstrating its strong reducing ability [63]. [V(H,0)6]*T is also susceptible
to oxygen even in the solid state, especially when it has moisture. An octahedral
V(II) complex with two 2,2":6”,2”-terpyridine (trpy) has also been reported [67].
It is reversibly oxidized to V(III) species at 0.46 V versus NHE, showing the
considerable stability of [V(II)(trpy),]>* under ambient conditions. The difference
in redox potentials between the hexa aqua complex and the terpyridine complex are
ascribed to the better w-acidity of the trpy ligand than the aqua ligand. The related
pyridine (py) complexes [V(II)X,(py)s] (X = Cl, Br, 1) are also oxidized at similar
potentials [68]. Differences in donating ability among halogeno ligands are reflected
in the redox potentials of —0.06, 0.15, and 0.27 V for chloro, bromo, and iodo
complexes, respectively. Vanadocene, [V(Cp),] is another typical V(II) complex,
being reduced to V(I) species at —2.74 V versus SCE and oxidized to V(III) species
at —0.55 V in THF [69]. The more negative oxidation potential for the +II/4-III
process indicates that the V(II) center in vanadocene is more electron-rich than that
in [VAD)(trpy)al**.
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1.3.2.3 Ocxidation State of +4III

As mentioned in the previous section, [V(II)(H,0)s]** is oxidized to [V(III)
(H,0)6]* at —0.26 V versus NHE, whereas the edta complex [V(III)(edta)(H,0)]~
is reduced to [V(IT)(edta)(H,0)]*~ at a more negative potential of —1.01 V versus
NHE [70]. Related V(III) complexes with tetra(carboxylate)diamine ligands display
similar reduction potentials, demonstrating the considerable electron donating
nature of carboxylate groups. The oxidation process of V(III) to V(IV) is not
simple when the complex has aqua ligands due to their deprotonation upon
oxidation. The V(III) aqua ion [V(III)(H,0)s]*" is oxidized at 0.34 V into the
oxovanadium(IV) species, [V(IV)O(H,0)s]*>" at pH =0, which manifests that
V(IV), a hard Lewis acid, requires strong donation from an aqua ligand, resulting
the release of protons. On the other hand, rigid chelating ligands can stabilize the
V(IV) and even V(V) centers without oxo ligands. The hexadentate ligand derived
from triazacyclononane (tacn) by adding three pendent hydroxybenzyl arms has
been used to produce an octahedral V(III) complex (Fig. 1.21, 44) [71]. In this
case, the complex shows reversible oxidation to the +4 and +5 states at —0.55
and 0.33 V versus Fc/Fct, respectively. An alcoholato bridged dinuclear V(III)
complex with hpnbpda (Hshpnbpda= N,N'-bis(2-pyridylmethyl)-2-hydorxy-1,3-
propanediamine-N, N'-diacetic acid), where each V(IIT) adopts a hepta coordination
environment with two chelating ligands (Fig. 1.22, 45), shows reversible oxidations
at 0.65 and 1.02 V versus Ag/AgCl, which corresponds to the redox process of
VAIDHVAIL/VAIDVAV) and VAIDVAV)/VAV)VIV) [52].
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1.3.2.4 Okcxidation States of +IV and +V

Vanadium ions in the +4 and +5 oxidation states widely adopt the oxo ligand(s), the
redox behavior of which will be discussed separately in Sects. 1.3.3.1 and 1.3.3.2.
Other than an oxo-ligand, anionic and/or strongly electron-donating ligands are
known to stabilize V(IV) complexes. The tris(catecholate) complex (19) has been
reported to show oxidation and reduction processes at —0.42 and —1.24 V versus
Fc/Fct [72]. A similar complex with mercaptophenolato, [V(mp)3]2_ is reversibly
oxidized at —0.27 V and irreversibly reduced at E,, =—1.08 V versus Ag/AgCl
[73]. A dithiol complex [V(mnt);]>~ (18, R = CN, mnt = maleonitriledithiolato)
is also known to show an oxidation and reduction at 0.17 and —0.87 V versus
Fc/Fct [74]. On the other hand, the tris(acetylacetonato)vanadium(IV) complex
[V(IV)(acac);]t is reduced to [V(IIT)(acac)3]° at a more positive potential of 0.76 V
versus SCE [75]. Thus, the electron-donating properties of the ligands are reflected
by the redox potentials of V(IV) species.

Electrochemical studies on vanadium(V) complexes without the oxo ligand
have been more limited, except for those produced by electrochemical oxidation.
Without the oxo ligand, highly charged anionic ligands are required to stabi-
lize a vanadium(V) ion. It has been reported that a vanadium(V) complex with
N3S,3~ [V(N3S,)(dtbe)(phen)] (Fig. 1.22, 46) (dtbc = 3,5-di-#-butylcatecholato) is
reversibly reduced to the V(IV) complex at 0.37 V versus NHE [76].

1.3.3 Redox Behaviors of Vanadium Complexes
with Oxo Ligands

Highly charged vanadium ions, such as V(IV) and V(V), being small hard ions,
prefer the oxo ligand, O?~, which provides lone pairs not only by o donation,
but also by 7 donation, to provide a V=0 double bond. Donation from the
oxo ligand is so prominent that the reduction potentials are almost comparable
among dioxo-vanadium(V), oxo-vanadium(IV), and vanadium(IIl) complexes with
the same ligand, in several cases. The redox behaviors of oxo-vanadium complexes
tend to be complex in the presence of H because the conversion of an oxo ligand
to an aqua ligand often triggers further change in the coordination sphere by ligand
substitution [77].

1.3.3.1 Oxovanadium(IV) Complexes

Vanadium(IV) complexes with an oxo ligand tend to assume square pyramidal co-
ordination geometry with the oxo ligand at the apical position because of its strong
trans influence. The reduction process of these complexes is usually irreversible and
is observed at relatively negative potentials because of the preference of the resulting
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Fig. 1.23 Oxovanadium(IV) complexes with salen (47), dicarboxypyridine (48) and tpa (49)

V(1) species for an octahedral coordination geometry, and because of the strong o-
and m-electron-donation from the oxo ligand. The acac complex [V(IV)(O)(acac),]
is irreversibly reduced to a V(III) species at E,. = —2.10 V versus Ag/AgClO4
in the presence of Hacac in an acetonitrile solution, whereas, under the same
conditions, the V(III) acac complex, [V(IIl)(acac);] is reversibly reduced at E;/, =
—1.78 V [78]. Similar behavior was observed in DMSO solution [75]. These results
demonstrate that V(IV) =0 species are more tolerant of reduction than V(III)
species, reflecting the large stabilization of the V(IV) state by the presence of an
oxo ligand.

The change in coordination geometry caused by protonation of the oxo ligand
is also important in the redox chemistry of oxo vanadium(IV) complexes. The
catechol complex [V(IV)O(cat),]™ itself does not show a reversible reduction
process, whereas, in the presence of excess catechol, it shows a reversible reduction
at —0.72 V versus SCE [27]. Addition of catechol leads to the formation of
H,0 and [V(IV)(cat);]*~, which is reversibly reduced to [V(IID)(cat)s]*~. In the
case of the salen complex [VO(salen)] (Fig. 1.23, 47), the proton-coupled redox
behavior is more complicated. The reversible oxidation of [V(IV)O(salen)] to
[V(V)O(salen)]t was observed at 0.55 V versus Ag/AgCl, and an irreversible
reduction of [V(IV)O(salen)] was observed below —1.6 V in the absence of acid
[79]. Under acidic conditions, the formation of [V(III)(salen)]™ was observed
by the reduction of [V(IV)O(salen)]. The reaction is formally represented as
[VAV)O(salen)]+2 HT + e~ — [V(II)(salen)]™ + H,O. However, a detailed
electrochemical study has indicated that this reaction actually proceeds via the
reduction of dimeric species. The key reaction is the protonation of [V(IV)O(salen)],
resulting in the formation of [{V(IV)(salen)}z(u—O)]H, which leads to the more
feasible reduction of vanadium centers [80].

On the other hand, several hexacoordinated oxovanadium(IV) complexes un-
dergo reversible reductions to vanadium(IIl) complexes. The oxovanadium(IV)
complex with dicarboxypyridine and bpy or phen (Fig. 1.23, 48) is reversibly
reduced at —1.08 V versus SCE in DMF [81]. Hexacoordinated oxovanadium
complexes with glutathione derivatives also show reversible reduction at around
—1.3 V versus NHE [82]. Thus, the reversibility of the reduction process of oxo
V(IV) complexes is strongly affected by the coordination geometry.
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Fig. 1.24 Oxovanadium(V) complexes showing reversible reduction

The effect of protonation upon redox potential has been evaluated for the
octahedral oxovanadium(I'V) complex with the tpa ligand (Fig. 1.23, 49) by varying
the proton concentration. [V(O)Cl(tpa)]™ was reversibly reduced at —1.59 V versus
Fc/Fct, whereas the reduction potential of the corresponding [V(HZO)Cl(tpa)]3+
was estimated to be —0.59 V, indicating a 1 V positive shift of reduction potential
by protonation [83].

1.3.3.2 Oxovanadium(V) Complexes

Most mono-oxovanadium(V) complexes undergo a reversible reduction process
when the coordination geometry is intact during the redox processes. The hex-
acoordinated oxovanadium(V) complexes with catecholato and tridentate Schiff
base ligands derived from aminoquinoline (Fig. 1.24, 50) are reversibly reduced
between —0.24 and —0.37 V [84]. Reversible reduction is also observed for the
oxovanadium(V) complexes with tetradentate Schiff base ligands derived from cy-
clohexanediamine and salicyladehyde derivatives (Fig. 1.24, 51). Although the oxo
ligand and tetradentate Schiff base afford square pyramidal coordination geometry,
octahedral coordination is accomplished by the ligation of the solvent molecule in
solution, leading to reversible reduction processes of these complexes. Their redox
potentials are observed in the range of —0.01 to 0.35 V and show a linear cor-
relation between the reduction potentials and the Hammet constant of substitution
groups on the salicylaldehyde moieties [85]. The pentacoordinated oxovanadium(V)
complexes with the ligands derived from tris(hydroxylmethyl)aminomethane and
salicylaldehyde derivatives (Fig. 1.24, 52) also show reversible reduction to V(IV)
complexes at —0.4 to —0.5 V versus Ag/AgCl [86].
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Due to the high affinity of V(V) for the oxo ligand, dioxovanadium(V) complexes
are also formed, which usually undergo irreversible reductions [83, 87, 88]. The
reduction potential (E.) of the dioxovanadium(V) complex is not much different
from that of the oxovanadium(IV) complex with the same ligand, indicating the
strong electron-donating ability of oxo ligands [83, 87]. The irreversible reduction
process should reflect the instability of dioxovanadium(IV) species where the
basicity of the oxo ligand becomes strong enough to cause the protonation and
successive ligand substitution reactions.

1.3.4 Chemical Redox Reactions of Vanadium Complexes

Vanadium complexes with high oxidation states are known to catalyze various oxi-
dation reactions, such as the dehydrogenation of O-H and C-H bonds, oxygenation
of aromatic compounds and sulfides, epoxidation, and oxidative coupling [89].
Recently, asymmetric oxidation reactions using complexes with chiral coordination
environments have been developed [85, 90, 91]. Additionally, vanadium plays an
important role in enzyme reactions. A characteristic, intriguing type of vanadium
enzyme is the haloperoxidases, which catalyze the halogenation reaction using
the halide and peroxo species. Generally, catalytic oxidations with vanadium
complexes employ hydrogen peroxide or peroxo species as oxidants [92]. Thus,
the redox reactions of peroxo species are at the center of the discussion of reaction
mechanisms. In the catalytic cycles, vanadium complexes undergo complex redox
reactions, including oxygen-transfer and hydrogen abstraction, as well as electron
transfer.

Various synthetic models for haloperoxidases have been prepared, among which,
the reaction mechanisms have been examined extensively using dioxovanadium(V)
complexes with tripodal ligands (Fig. 1.25, §3) [93]. Generally, the addition of
acid accelerates the reaction rate, indicating activation of peroxo-vanadium species
by protonation in the reaction. A simplified reaction mechanism is depicted in
Fig. 1.26. The true reaction mechanism is more complicated because the oxidation
of halide is oversimplified in this scheme, as well as the conversion of an oxo
ligand to a peroxo ligand. Additionally, the reaction mechanism may be more
complicated because several dioxovanadium(V) complexes have been reported to
perform dehydrogenation reactions, to produce V(IV) species, under similar con-
ditions. The dioxo- and oxoperoxovanadium(V) bpy complexes [VO,(bpy),]™ and
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[VO(O,)(bpy)2]T produce [V(IV)O(OH)(bpy),] ™ in the reaction of p-hydroquinone
by hydrogen abstraction, indicating the participation of vanadium(IV) complexes
in the catalytic reactions [94]. Additionally, the dioxovanadium(V) complexes are
known to undergo oxygen transfer reactions to triphenylphosphine, indicating that
even V(III) species may be included in the reaction mechanisms in some cases.
Clarification of such reaction mechanisms may enable the rational synthesis of
effective vanadium catalysts.
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Chapter 2
Amavadine, a Vanadium Compound
in Amanita Fungi

José A.L. da Silva, Joao J.R. Fraiisto da Silva, and Armando J.L. Pombeiro

Abstract This chapter is concerned with amavadine (also spelled as amavadin), a
natural vanadium complex without the V=O bond, present in the fungus Amanita
muscaria (L.:Fr.) Hook, which concentrates high levels of that metal (a capacity
that is also known for a few other close Amanita fungi). The isolation, chemical
synthesis and characterization of amavadine are reviewed, but its biological function
remains unknown. However, the high stability constant of the complex, its redox
behavior and ability to mediate the oxidation of some biological substrates support
the possibility of a particular role (eventually concerning an enzyme) in the fungi,
usually performed by other biomolecules, and biological functions of amavadine are
suggested. The application of amavadine as a catalyst in chemical synthesis has been
tested for some substrates, although under no biological conditions, and carboxylic
acids, alcohols, ketones and halogenated compounds are obtained from oxidations
of hydrocarbons catalyzed by very close models or a racemic mixture containing
amavadine.

Keywords Amavadine * Amanita fungi ¢ Catalase activity * Peroxidase activity ®
Oxidation of alkanes ¢ Oxidation of thiols ¢ Redox behavior ¢ Catalysis
* Electrocatalysis ®* Non-oxo vanadium(IV) complexes ® Vanadium accumulation

2.1 Introduction

The unusual concentration of vanadium in living organisms was firstly reported
100 years ago in ascidians [1], but the nature of components where this metal
occurs and their functions in some life forms (bacteria and eukaryotes) remained

J.A L. da Silva (J) * J.J.R. Fratsto da Silva * A.J.L. Pombeiro (<)

Centro de Quimica Estrutural, Complexo I, Instituto Superior Técnico,
Technical University of Lisbon, Av. Rovisco Pais, Lisbon 1049-001, Portugal
e-mail: pcd1950@ist.utl.pt; pcd1950@ist.utl.pt; pombeiro @ist.utl.pt

H. Michibata (ed.), Vanadium: Biochemical and Molecular Biological Approaches, 35
DOI 10.1007/978-94-007-0913-3_2, © Springer Science+Business Media B.V. 2012


pcd1950@ist.utl.pt
pcd1950@ist.utl.pt
pombeiro@ist.utl.pt

36 J.A.L da Silva et al.

Fig. 2.1 Amanita muscaria collected at Melides (Portugal) (Courtesy from M. Moura)

unknown for a long time and possible applications of vanadium-biomolecules and
their models are a matter of current interest.

Amavadine is a particular vanadium complex detected in a specific fungus named
Amanita muscaria (L.:Fr.) Hook., see Fig. 2.1. The name muscaria derived from the
word musca, fly in latin; this fungus is well-known as fly-agaric (it was used as an
insecticide). The A. muscaria is widespread and a wind-dispersed ectomycorrhizal
fungus with several distinct phylogenetic species. It was native from northern
hemisphere in the temperate and boreal regions and is found in many countries
of the southern hemisphere where it was introduced accidentally. Commonly is a
symbiont with pine plantations, but is a host-generalist and occurs in association
with various deciduous and coniferous trees [2].

The present review follows two others published on this specific subject. The
first, as a paper, in 1989, was from one of us [3] and 6 years later, a chapter [4]
appeared in a book on the bioinorganic chemistry of vanadium.

In the current text the main aspects to be commented concern the following
topics: the accumulation of vanadium by some Amanita fungi, isolation and
characterization of amavadine, its possible role and potential association with other
biological elements or compounds and its applications in chemical synthesis of
important industrial products, what has already generated some patents, such as [5].

The story of amavadine started in 1931 [6] found a remarkable accumulation of
vanadium (120 ppm dry weight) in A. muscaria. Twelve years later [7] expanded
Ter Meulen’s surveys to various types of fungi, mostly from the genus Amanita,
and concluded that A. muscaria was really exceptional among all the samples
investigated due to the fact that its vanadium content could exceed 400 times the
value normally detected in other species of the same genus. In a subsequent work it
was shown that A. muscaria is not unique and high contents of vanadium were also
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Fig. 2.2 Amavadine ligand (1) and related ones

found in a few other Amanita (this genus has about 600 different species), i.e. the
related Amanita regalis (Fr.:Fr.) Mich. [8] (or A. muscaria var. umbrina Fr. [9]), as
well as in Amanita velatipes Atkinson [8, 10] or Amanita gemmata f. amici (Gill.)
Gill., very close to A. pantherina (DC.:Fr.) Sécr. or to A. muscaria (L.:Fr.) Hook. [9].

The analyses of 22 chemical elements in 8 different species of Amanita, including
the A. muscaria, revealed an unusual variation in composition of some elements, but
mainly of vanadium [11]. The contents of this metal are similar in caps and stalks but
its distribution is not homogeneous in the whole fruiting body, with usually has the
highest concentration in the bulb [3, 12]. However, in environments richer in vana-
dium, an increase in this metal is apparently induced in A. muscaria specimens [12].

2.2 Isolation and Characterization of Amavadine
from Amanita muscaria Fungus

Once ascertained the accumulation of vanadium in this fungus species, the following
stage to appreciate the role of this metal in A. muscaria was the isolation and
characterization of the biological compound. In 1972 [13], it was extracted with
methanol from fresh samples of A. muscaria a vanadium containing compound
which it was purified by different chromatographic procedures. These authors
named that compound by amavadine, which was characterized by its stability
up to 220°C (decomposition without melting point), using UV, IR and EPR
spectroscopies, molecular weight and elemental composition. The EPR spectrum
indicated the presence of vanadium in the oxidation state four and the analyses
pointed to its natural ligand being the (S,S)-N-hydroxyimino-(2,2")-dipropionic acid
(1), see Fig. 2.2, (S,S-H3HIDPA) [13, 14].

2.3 Synthetic Approaches to the Ligand, Its Models,
the Complex Amavadine and Some Related Compounds

In 1973 [14] the ligand (in the protonated form), N-hydroxyimino-(2,2’)-dipropionic
acid (1), was synthesized by reacting N-hydroxylamine with 2-bromoproprionic
acid at basic pH. The obtained compound was converted to the acid form using
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cationic chromatography. In 1986 [15] the same reaction was carried out at neutral
pH and the ligand was precipitated by addition of a zinc acetate aqueous solution
at pH 4 before its purification by cationic chromatography. The above two authors
[16] proposed a procedure to isolate the ligand present in natural amavadine from
the isomers resulting of the synthetic process, using chromatographic techniques
and described in the same paper the preparation of the 2:1 vanadium(IV) complex
by addition of a vanadyl [oxovanadium(IV) ion VO?*] salt to the ligand in aqueous
solution.

More recently, in 2005 [17], it was reported the first enantioselective synthetic
approach of amavadine. The key-step is the synthesis of triflates (trifluoromethane
sulfonates) of R-lactic acid ester followed by addition of hydroxylamine at very low
temperatures. The last steps to obtain the ligand and the complex are similar to those
used previously [15, 16].

Some model complexes of amavadine have been prepared, namely with the lig-
ands (deprotonated forms) derived from N-hydroxyiminodiacetic acid (2) (H;HIDA)
[18], meso-N-hydroxyimino-2,2"-dipropionic acid (3) (R,S-H;HIDPA) [19], meso-
N-hydroxyimino-2,2’-dibutyric acid (R,S-H;HIDBA) [20], or containing either a
benzyl (4), a phenyl or an ethyl (5) instead the methyl group of the amavadine ligand,
monoesters of the N-hydroxyimino-2,2-dipropionic acid and three N-alkylated
N-hydroxy amino acids [21], see Fig. 2.2.

2.4 Structural Characteristics of Amavadine

The structure of amavadine proposed initially in 1986 was a normal 1:2 complex of
oxovanadium(IV) with 2,2’-(hydroxyimino)dipropionate, an hypothesis supported
by a band at 980 cm ™! in the IR spectrum [16].

In 1984 [22], a comparison of the EPR spectra of fragments of frozen A. muscaria
samples with those of the 2:1 oxovanadium(IV) complexes with some common
amino acids (L-alanine, serine and cysteine) showed that these complexes were
not appropriate amavadine models. Additionally, these authors observed that the
amavadine was present in every part of the fungus and the parameters g, g ,, A; and
A, , obtained from the EPR spectrum revealed that the natural complex had a distinct
vanadium environment when compared with typical oxovanadium(IV) compounds.

An equivalent observation concerning the accurate models of amavadine had
also been described in the studies [18, 23-25] of the oxovanadium(IV) complexes
of polyaminocarboxylates ligands. The logarithms of the stability constant of
the vanadium(IV) complexes with H;HIDPA and H;HIDA derived ligands (1:2)
are 23.4 and 21.9 respectively, values unusual for this metal with the common
polyaminocarboxylates ligands, as well as oddly higher than those of the complexes
of other transition metals with the ligand of amavadine or its model with the
H;HIDA derived ligand. As a result of these discrepancies, the presence of the
oxovanadium(IV) in amavadine became more and more doubtful and the structure
initially proposed for this complex was considered inadequate.
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Alternatively, an unusual octa-coordinate structure with a bare vanadium(IV)
complexed by two ligands was found out in 1987 [25] and 1988 [26], with the metal
in a coordination environment constituted by two nitrogen and six oxygen donor
atoms including two deprotonated hydroxyl groups of the hydroxyimino moieties
of each ligand with the oxygen atom directly bound to the metal center. In this
type of structure, supported by large-angle X-ray scattering (LAFS) experiments,
the shortest V-O distance in the complex is longer than the usual length in an
oxovanadium(IV) bond [25]. These results were independently confirmed on the
basis of the X-ray crystal structure determination of the amavadine model complex
with V(IV) coordinated by the synthetic ligand H3;HIDA in the deprotonated
form [26].

In 1993, it was synthesized the stereochemical equivalent of the amavadine
natural ligand and determined the structure of its vanadium(V) complex [27].
The optical, CD and 'H and '*C NMR spectra of the reduced form (with V4*)
of this complex and of the natural amavadine confirmed the identity of both
complexes [27].

The structure of natural amavadine disclosed by X-ray diffraction analysis is a
non-oxo vanadium(IV) complex with the basic form of the S,S-H;HIDPA ligand,
see Fig. 2.3, with a coordination sphere equivalent to that previously reported
[25, 26]. The amavadine and its adequate models are remarkable examples of first-
row transition metal complexes with a high coordination number [28].

Additionally, complexes of the ligands (in deprotonated forms) Hi;HIDA,
H;HIDPA and R,S-H3;HIDBA with some metal ions of the groups 4, 5 and 6 were
synthesized and analyzed by X-ray diffraction [19, 20, 29-34]. The V(IV) complex
with R,S-H3;HIDPA (also in a basic form) was also reported [19].

In the obtained structures, only if the metals are in oxidation state four or five
the hydroxyl of the hydroxyimino groups occur ionized and their oxygen atoms
coordinated to the metal with a coordination number eight or nine [19, 20, 29, 31—
34]. However, the Cr3" complex has an octahedral geometry without coordination
to the metal of the oxygen atom belonging to the hydroxyl group which in this case
remains in the protonated form [30]. Crystals adequate to the determination of the
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structure of vanadium complexes with other model ligands had not been achieved.
It was also confirmed [21] that the absence of hydroxyimino and two carboxylic
groups in the ligands leads to air-unstable vanadium(IV) complexes.

The complex of vanadium in the oxidation state four with metoxyiminodiacetate,
CH3;ON(CH,;COO7™), a ligand with a metoxy group (-OCH3) instead of the hydroxyl
(-OH) of the amavadine model with HIDA3~, is a common oxovanadium(IV)
compound [35] and not a deoxygenated vanadium(IV) as it occurs in ligands
with the hydroxyimino group. In 2004, it was indicated [28] that the ligands with
hydroxyimino and two carboxylate groups have hard donor N and O atoms that are
able to donate enough electron density (o and ) to the metal ion to neutralize its
positive charge and additionally stabilize the non-oxo hard acceptor center of V(IV).

Comparisons of structural aspects of amavadine with those of model complexes
have shown relevant similarities, except regarding the chiral characteristic of the
biological molecule. The natural complex contains five chirality centers, one at
vanadium and four at carbon atoms, and exhibits a S stereochemistry [36].

The oxidation of natural amavadine by a Ce(IV) salt results on a vanadium(V)
complex and its characterization by COSY, NOE, 'H, 3*C-NMR and CD spectro-
scopies confirmed an almost equal mixture of the A- and A-isomers of [V(S,S-
HIDPA),;]™ in the natural compound [37]. The analyses of amavadine by Shy
NMR spectroscopy present isotropic chemicals shifts less shielded than in other
vanadium complexes, what may be a result of the absence of the V=0 bond or
of the unusual metal coordination number. Molecular orbital calculations using the
discrete-variational-Xalpha method show a close similarity between the metal center
of the amavadine with vanadium(IV) and the complexes with the oxovanadium(I'V)
core. The comparable character of the frontier orbitals elucidates the resemblance of
these two types of complexes, which may explain why, for many years, amavadine
was mistakenly thought as containing a VO>T center [38—41].

2.5 Redox Behavior of Amavadine

The complexes [VL,]*~ (L =HIDPA3~ or HIDA?™ ) in aqueous medium at pH 7
undergo by cyclic voltammetry a single-electron reversible oxidation at ca. 0.8 V
versus the standard HT/H, electrode (a value close to that of the O,/H,O system);
the difference between the oxidation potentials of these complexes is less than 0.1 V
[42-45]. The reversibility of the oxidation process indicates that it does not affect
markedly the molecular structure of the complexes. They appear to present the
highest self-exchange rate constant to oxidation and reduction cross-reactions of
the tested vanadium complexes [46, 47].

Both complexes [42—-45] act as mediators in the oxidation in aqueous medium
of thiolic compounds with carboxylic or ester groups, some with biological
significance such as the cysteine (unique codified amino acid with a thiol group)
and glutathione (the most relevant endogenous antioxidant occurring in cells, with
various participations in metabolic reactions). The electrocatalytic behavior of
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amavadine is not detected under similar conditions if the thiol group of cysteine is
replaced by a hydroxyl or an alkylthioether, or if the carboxylic group is displaced by
an amine, a methyl, a methylenethiol, a sulfonate or a hydroxide [44, 45]. However,
the reactivity is maintained in the absence of the amino group of cysteine and
the corresponding compound, mercaptoacetic acid, undergoes an electrocatalytic
oxidation mediated by amavadine that is similar to that of the amino acid [44, 45].

Additionally, a Michaelis-Menten type of mechanism (usual for enzymes) was
established by digital simulation methods of cyclic voltammetry [45] (Scheme 2.1)
for the electrocatalytic oxidation reactions of these active thiolic compounds if
mediated by an adequate model of amavadine, providing the synthesis of the
corresponding disulfides. The mechanism involves a specific interaction between
the substrate and the oxidized form of the mediator rather than a simple outer-sphere
electron-transfer [45].

The electrochemical studies [42, 44] established also that the red vanadium(V)
complexes formed upon oxidation of the corresponding bright blue compounds
[VL,]*~ (L=HIDPA*" or HIDA") are stable in some non-aqueous organic
solvents, such as DMSO, DMF and acetone [44], but in aqueous solution they are
unstable and revert to the air stable vanadium(IV) complexes [44]. In the presence
of the biological oxidant H,O,, an acid solution (pH 2) of the blue complexes turns
red, but reverts slowly to the original color and its final visible spectrum is analogous
to the initial one [9]. The collection of the spectra discloses an isosbestic point
that indicates a simple interconversion of the two oxidation states of the complex.
This behavior can be repeated several times. At higher pH values (4.6 and 7) the
initial and final spectra are also analogous but the addition of the equivalent amount
of H,O, originates a violet color solution resultant from partial oxidation of the
V(IV) complex, which returns more rapidly to the original color than in more acidic
solution [9]. In all the experiments, evolution of small gaseous bubbles rich in
dioxygen was detected. These results suggest [9] a mechanism in which the V(IV)
complex is first oxidized by H,O, to the V(V) form, which then oxidizes water
and returns quantitatively to the original V(IV) state (Scheme 2.2 for the overall
catalyzed oxidation of hydrogen peroxide).
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Apparently, the maximum efficiency of O, evolution is for the 1:1 complex/H,0,
ratio, but at less acidic pH the efficiency becomes more significant for higher
proportions of H,O, to [V(HIDPA),]*~. It is noteworthy that slight acid soils
correspond to the pH values of the A. muscaria habitats [2, 9].

2.6 Applications of Amavadine and Its Models on Catalysis

Amavadine models have been used as catalysts for the hydroxylation, oxygenation,
peroxidative halogenation of alkanes and benzene [48], peroxidative oxygenation of
benzene and mesitylene [49], and carboxylation of alkanes, both gaseous (methane
[5, 50, 51], ethane [52] and propane [53]) and liquid (linear and cyclic C-5 and C-6)
[54] ones. These reactions proceed under mild or moderate experimental conditions,
to give the corresponding alcohols, ketones, organohalides or carboxylic acids (with
one more carbon atom in the case of carboxylations), by involvement of radical
mechanisms.

These reactions are not carried out in water, as the sole solvent, but the
peroxidative oxidations are typically performed in mixed water/acetonitrile solution,
using an aqueous H,O, solution as oxidant (reaction 2.1).

H,0,, HO/NCMe
RH —— "% ROH+Ry) = O .1)

Amavadine model

The best oxidant for the carboxylations is peroxydisulfate, S,0427, and the
reactions proceed in trifluoroacetic acid (TFA) at 80°C (reaction 2.2). However,
this solvent can be replaced by the much more convenient and environmentally
significant water/acetonitrile mixture, at a lower temperature (even 25°C) [55-58].
Nevertheless, the experimental constraints in these reactions concerning the oxidant
used, the temperature values or the type of solvents, may not take place in natural
biological environments of the fungi.

o

$,02~, TFA
RH + CO —— " RCOOH 2.2)

Amavadine model

The amavadine complex and its models, in the alkane carboxylation reactions,
appear to be the most effective catalyst precursors so far reported for any alkane
functionalization under mild/moderate conditions.

Additionally, the chiral properties of amavadine are expected to be valuable
on asymmetric catalysis [17]. Preliminary results have appeared concerning the
oxidation of thioanisole and alcohols, epoxidation of alcohols and cyanide addition
to aldehydes, mediated by amavadine and its models [59].
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2.7 Final Remarks — Possible Biological Role of Amavadine

The amounts of vanadium in the A. muscaria are determined by techniques which
do not quantify the concentration of amavadine, neither its eventual occurrence with
the metal in the oxidation state 4-5. These aspects still remain unknown and can be
an obstacle to clarify the role of the amavadine in A. muscaria.

Generally, the metal accumulation involving specific ligands may concern (i)
a protection against toxicity caused by the environmental conditions to the living
organisms without mobility (what can be a benefit for passive defense against
predators) or (ii) the synthesis of a transporter to a partner or to both species
participating in symbiotic associations (A. muscaria is involved in this kind of
partnership and its role could be supplying mineral salts and metabolites to host
trees). Curiously, the fungus has the tendency to accumulate more significant levels
of vanadium in the bulb [3, 12], the part of A. muscaria closer to its symbiotic
partner, and the ligand of amavadine forms a very high stability constant complex
with the vanadium(I'V), what is a necessary condition for an efficient uptake of the
metal from vanadium-poor environments [60]. Nevertheless, the anionic charge of
the complex, in both four and five oxidation states of the metal, does not favor the
crossing of the cellular membranes, in contrast with what occurs with another no-
proteinaceous ligand, the siderophores, so important in uptake of iron.

The capacity of amavadine to occur in two different metal oxidation states
supports other possible roles of this complex in A. muscaria. The minor structural
differences between the oxidized and reduced forms of amavadine [27, 36, 44, 45]
and the high value of the oxidation potential of this system can support a function
of a specific system for electron-transfer, equivalent to blue copper-proteins (their
values of redox potential are in some cases similar to that of the amavadine), as was
previously suggested [60].

The ability of amavadine to act as an electron-transfer mediator in the oxidation
of some biological thiols [42—45] can support a role of this biological molecule
as a cofactor of oxidoreductases, a function mainly performed by other transition
metals [61]. That electrocatalytic behavior of amavadine [45] and its reactivity
toward H,O, [9] suggest (see Scheme 2.3) that it can act either as a mediator
for the oxidations of e.g. thiols, if present, or as a reducer of HO, and oxidant
of the solvent, water, in fungi. The Michaelis-Menten type mechanism of the
electrocatalytic oxidation of thiolic biological compounds mediated by amavadine
also suggests that it can behave as an enzyme via an inner sphere process [45].
However, its action via an outer sphere type mechanism can not be ruled out in
other oxidation reactions [62].

The negative charge of amavadine and its affinity to ammonium ion (compare
with [26]) can suggest a strong interaction with amino acid residues with cationic
side chains (such as lysine or arginine) or with the N-terminus of proteins, eventually
interacting as a cofactor.

Peroxidases [9] are able to perform cross-linking of thiol groups in side chains
of proteins in some higher plants as a defensive strategy in self-regeneration of
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Schen.le 23 Doubl.e VIV 4 H,0, + JH+—» 2VV + H,0
behavior of amavadine (the

ligand is absent for clearness)
(Adapted from [9])

2RSH i) (i)

v

2VIV + R-S-S-R + H,0 + 2H* 2VIV 4 120, + H,0 + 2H*

(peroxidase action) (Catalase action)

(1) Adequate biological thiol

(i1) In absence of biological thiols

damaged tissues [63], thus providing a supplementary protection against external
microbial pathogens. This type of role is also admissible for amavadine [9].

Moreover, oxidative injury may be caused by excess of H,O,, and that effect can
be deeply attenuated by the behavior of amavadine as a catalase (Scheme 2.3). This
process, undertaken only by a simple complex, is not expected to be so efficient as
in the case of an enzyme namely using ferric ion [64]. The relatively low level
of iron in the fungus [65], usual metal in catalases and peroxidases [61], may
justify the double behavior of amavadine presented in Scheme 2.3. Although these
properties may be just coincidences, amavadine can have those roles, although not
so efficiently as the iron based peroxidases and catalases [66], having into account
its scarce occurrence in living organisms.

However, each ligated hydroxyimino group in amavadine is isoelectronic with
the peroxo group and their possible analogies deserve to be further explored
[50], namely concerning the reactivity of amavadine as a peroxidase [9] and
a possible relationship with another relevant case of vanadium in biology, the
V-haloperoxidases, occurring in several fungi and seaweeds [67]. The ability of
amavadine and its models to catalyze the peroxidative halogenation of some organic
substrates [48] needs also further investigation.

In 1993 we have suggested the possibility of the catecholic amino acid
L-dopa (L-3,4-dihydroxyphenylalanine) behaving as a substrate of amavadine in an
oxidative reaction [44] and it is known [68] the importance of that organic substrate
in the biosynthesis of betalains (a pigment found in some plants which protects from
destructive oxidative damage caused by radicals and occurs also in some higher
fungi, such as A. muscaria). The enzymes involved in that synthesis were studied
for this fungi, but the participation of amavadine as a biocatalyst in this reaction is
not plausible since it is not active with similar compounds (such as catechol, gallic
acid, phenol, thiophenol and tiron) [44].

Other issues, such as the following ones, also require answers to understand
the role of amavadine. Why this complex occurs in A. muscaria or probably in
a few other Amanita species? Which advantage gives that complex to these fungi



2 Amavadine, a Vanadium Compound in Amanita Fungi 45

compared to others? The A. muscaria has a large habitat spreading and a relatively
long standing life compared with other fungal species [69], and in its lamellae
(where is present the genetic material necessary to the new generation of fungi)
the concentration of vanadium appears to be relevant [70-72]. Is amavadine a
contributor to these specificities?

The A. muscaria, including the var. umbrina (see above, Introduction), has a low
iron amount [65] and concentrates significant levels of selenium [65, 71, 73] in
contrast with other species in the Amanita genus. Iron has fundamental functions
in biological systems, e.g. in electron-transfer and as a cofactor of enzymes
(peroxidases, catalases) [61], which eventually can be performed by vanadium in
specific cases. Selenium belongs to the same group of sulphur in the Periodic
Table and its highest amounts in A. muscaria are in the lamellae [73], which also
contain significant levels of vanadium. Are vanadium and selenium associated in the
metabolism of this fungus? The analogies of the elements of the same periodic group
suggest the possibility of selenium compounds, such as selenocysteine (the unique
amino acid of selenium codified and structurally related with the also codified
cysteine), to be activated by amavadine as an electron-transfer mediator in a process
related to the abovementioned amavadine-mediated oxidation of thiols.

Another species of Amanita, in spite of belonging to a different section
(at the immediate lower level of the subgenus in the taxonomic rank) of the A.
muscaria [74], that contains low levels of iron and concentrates significant amounts
of selenium [65], is the Amanita lividopallescens (Secr. ex Boud.) Kiihner &
Romagn. (1953) [or Amanita malleata (Piane ex Bon) Contu]. Is this fungus also
an accumulator of vanadium? This is another matter that still needs further studies.

Hence, the biological role of amavadine is still a rather intriguing subject,
although a number of attractive, but debatable, hypotheses can be put forward,
such as those we are suggesting above, aiming to inspire further studies toward the
eventual recognition of any of those (or other) possible functions of that fascinating
natural bare vanadium complex.
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Chapter 3
High Levels of Vanadium in Ascidians

Hitoshi Michibata and Tatsuya Ueki

Abstract Henze’s discovery of high levels of vanadium in an ascidian was not
only a trigger for research in vanadium science, but also aroused great interest
in the question of how such extraordinarily high levels of vanadium could be
accumulated and what the role of vanadium in ascidians could possibly be.
Many investigators, including inorganic, catalytic, and applied chemists, as well as
physiological, molecular, and pharmaceutical biologists have been involved in this
interdisciplinary problem. In this review, we not only trace the history of vanadium
research, but also describe recent advances in our understanding of the field from
several viewpoints: the determination of high levels of vanadium, the identification
of vanadium-accumulating blood cells, the energetics of vanadium accumulation,
the sulfate transport system, the redox mechanism of vanadium, and the possible
physiological roles of vanadium in ascidians.

Keywords Ascidian * Vanadium ¢ Hyper-accumulation ¢ Redox ¢ Metal-binding
proteins

3.1 Introduction

The discovery of vanadium compounds in ascidian blood cells dates back to 1911
when the German physiologist Martin Henze discovered high levels of vanadium
in an ascidian collected from the Bay of Naples [1]. It is no exaggeration to say
that Henze’s discovery was a catalyst for research in vanadium science, which has
involved not only inorganic, catalytic, and applied chemistry, but also physiological,
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molecular, and pharmaceutical biology. From 1903 to 1921, Henze was the head of
the chemistry department at the Stazione Zoologica di Napoli, which was founded
in March 1872 by Anton Dohrn, a fervent defender of Darwin’s theory of evolution
by natural selection. Dohrn dedicated his life to collecting facts and ideas in support
of Darwinism [2].

Henze’s discovery concerning ascidians attracted considerable interest because
of the extraordinarily high levels of vanadium, which had not been reported in any
other organism, and the possible role of vanadium as an oxygen carrier, it possibly
being a third prosthetic group in respiratory pigments, the others being iron and
copper. Although it was later demonstrated that vanadium does not play such a role,
interest continued in the ascidians because of their evolutionary position between
vertebrates and invertebrates, in the subphylum Urochordata. Ascidian juveniles
have a notochord during the larval stage prior to metamorphosis, during which
they accumulate high levels of vanadium. Following a series of Henze’s studies
[1, 3-5], Callifano & Caselli isolated from ascidian blood cells a vanadium-
complex that they designated “haemovanadin” [6]. Bielig et al. [7], examining
the biochemistry of haemovanadin, reported that haemovanadin was a complicated
complex consisting of vanadium, sulfuric acid, protein and organic ligands, with a
gross composition of [C;gH9N30,]VO.

3.2 Thermal Neutron Activation Analysis

Many analytical chemists and physiologists looked for not only vanadium, but
also niobium, chromium, tantalum, tungsten, and titanium, employing a variety of
analytical methods such as spectrocolorimetry, emission spectrometry, and atomic
absorption spectrometry. However, direct comparisons could not be made with the
data obtained because of varying sensitivity and precision of the methods used and
because the data were reported variously, in terms of dry weight, wet weight, ash
weight, and protein amount.

The most sensitive method for determining vanadium in those days was thermal
neutron activation analysis, which is the method we used at the start of our studies.
Seven species belonging to the suborder Phlebobranchia and eight species belonging
to the suborder Stolidobranchia were analyzed for vanadium content. Samples were
irradiated with thermal neutrons in the TRIGA MARK II nuclear reactor at Rikkyo
University. Species belonging to the suborder Phlebobranchia were shown to have a
higher vanadium content than those in the suborder Stolidobranchia. Of the ascidian
tissues examined, blood cells contained the highest amounts of vanadium [8]. The
highest concentration of vanadium (350 mM) was found in the blood cells of
Ascidia gemmata, belonging to the suborder Phlebobranchia [9]. Levels of iron and
manganese, determined simultaneously, did not vary much between the members of
the two suborders (Table 3.1).
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Table 3.1 Concentrations of vanadium in the tissues of several ascidians (mM)

Species Tunic Mantle Branchial sac  Serum  Blood cells
Phlebobranchia
Ascidia gemmata N.D. N.D. N.D. N.D. 347.2
A. ahodori 24 11.2 12.9 1.0 59.9
A. sydneiensis 0.06 0.7 1.4 0.05 12.8
Phallusia mammillata  0.03 0.9 2.9 N.D. 19.3
Ciona intestinalis 0.003 0.7 0.7 0.008 0.6
Stolidobranchia
Styela plicata 0.005 0.001 0.001 0.003 0.003
Halocynthia roretzi 0.01 0.001 0.004 0.001 0.007
H. aurantium 0.002 0.002 0.002 N.D. 0.004

The vanadium content in each tissue was quantitatively determined mainly by neutron-
activation analysis [8, 9]
N.D. not determined

3.3 Identification of Vanadocytes

Ascidian blood cells (coelomic cells) are morphologically classified into 9-11
different types, grouped into six categories: hemoblasts, lymphocytes, leukocytes,
vacuolated cells, pigment cells, and nephrocytes [10]. The vacuolated cells are
classified into at least four types: morula cells, signet ring cells, compartment cells,
and small compartment cells. Among them, morula cells had been thought to be the
vanadium-accumulating cells, the so-called “vanadocytes” [11-15].

At the end of the 1970s, with the increasing availability of scanning transmission
electron microscopes equipped with an energy-dispersing X-ray detector, it became
possible to determine which cell type was the true vanadocyte. An Italian group
first reported that it was not the morula cells, but rather the granular amoebocytes,
signet ring cells, and compartment cells that emitted the X-rays characteristic of
vanadium. Thus, identification of the true vanadocytes became a high priority matter
to researchers concerned with the mechanism by which vanadium was accumulated
in ascidians. Using density gradient centrifugation to isolate specific types of blood
cells and using thermal neutron activation analysis to quantify vanadium in isolated
subpopulations of blood cells, we showed that vanadium was accumulated in the
signet ring cells of Ascidia ahodori [16]. In Phallusia mammillata, analysis with
the chelating reagent 2,2-bipyridine, which is known to complex with vanadium in
the 43 oxidation state, revealed that many types of blood cells, including signet
ring cells, vacuolated amoebocytes, bivacuolated cells, and type-II compartment
cells, were stained brown, indicating the presence of vanadium [17]. We also found
evidence of vanadium in the signet ring cells of Phallusia nigra by transmission
X-ray microscopy at the Synchrotron Radiation Center of Ritsumeikan University,
Kyoto, Japan [18].

However, using the above methods it was not possible to obtain direct evidence
of vanadium localization in vanadocytes. What could provide direct evidence for
the location of vanadium was the scanning X-ray microscope installed at the
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Fig. 3.1 Phallusia mammillata blood cells observed by differential interference contrast optical
microscopy (a, d) and X-ray microscopy in the transmission mode (b, €) and fluorescence mode for
vanadium (c, f). Photographs a—c are from the same field of view; photographs d—f are from another
field. Vanadium is accumulated in signet ring cells (SRC, shown by arrows) and a vacuolated
amoebocyte (VA, shown by arrowheads in d—f), but not in morula cells (MC, shown by arrowheads
in a—c). Each scale bar = 10 mm (Reproduced from reference [21]. Copyright 2002 Zoological
Society of Japan)

ESREF in the ID 21 beam line. This microscope is dedicated to X-ray imaging and
spectromicroscopy in the 0.2-7 keV range, in both absorption and fluorescence
modes [19, 20]. Because X-ray microscopy in this energy range is useful for
observing hydrated specimens up to 10 pm thick, we used this technology to
successfully visualize vanadium in living ascidian blood cells. The vanadium image
obtained by integrating the fluorescence signal in only the vanadium window clearly
showed that the signet ring cells and vacuolated amoebocytes contained vanadium,
but the morula cells and compartment cells did not [21]. This study provided
conclusive evidence that the true vanadocytes were the signet ring cells (Fig. 3.1).

3.4 Oxidation State of Vanadium

In seawater, the average concentration of vanadium is approximately 35 nM and
the oxidation state of vanadium ions dissolved in seawater is the +5 oxidation
state [22, 23]. When vanadium ions are taken in by ascidians, most of them are
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reduced to the +3 oxidation state (V') via the 4+4 oxidation state (V). Henze [1]
first suggested that the blood cells of P. mammillata contained vanadium in the +5
oxidation state (VV). Later, Lybing [24], Bielig et al. [25], Boeri and Ehrenberg [26]
and Webb [27] reported the +3 oxidation state of vanadium in ascidians. Thereafter,
studies using noninvasive physical methods, such as EPR, EXAFS, XAS, NMR, and
SQUID, revealed that the intracellular oxidation state of vanadium is predominantly
in the +3 oxidation state, with a small amount in the 4+4 oxidation state [28-31].
However, as mentioned above, ascidians have at least 9—11 different types of blood
cells. The above physical methods were applied to whole blood cells, but not to
isolated vanadocytes. Thus, we reexamined, using noninvasive EPR, the oxidation
state of vanadium in fractionated vanadocytes of Ascidia gemmata under a reducing
atmosphere. The results confirmed that 97.6% of the vanadium ions were in the +3
oxidation state with small amounts (2.4%) of V'Y ions [32].

3.5 Vanadium Reducing Agents

When vanadium ions are reduced to V', some reducing agent(s) must participate
in the process. Several candidates for the reduction of vanadium in ascidian blood
cells were proposed: tunichromes, a class of hydroxy-DOPA containing tripeptides
[33], GSH, H,S, NADPH, DTT [34], and thiols, such as cysteine [35].

As described later in detail, it is highly probable that NADPH and glutathione
act as intrinsic reducing agents in ascidian blood cells. The enzymes of the pentose
phosphate pathway, which is known to produce two molecules of NADPH per cycle,
were identified in ascidian blood cells and shown to localize exclusively to the
vanadocytes [36—39]. The enzymes identified were 6-PGDH (EC1.1.1.44), G6PDH
(ECI1.1.1.49), TKL (EC2.2.1.1), and GP (EC2.4.1.1). Glutathione was also reported
to be localized in the vanadocytes, with a concentration estimated to be in the mM
range [40]. Based on their redox potentials, these agents can reduce VY to V!V
but cannot reduce V'V to VI, Thus, other agents are required for the reduction
of VIV to VI,

Several reducing agents that may be involved in the reduction of VIV to VI
have been discussed [41]. Among the biologically relevant molecules that may
be reducing agents are cysteine complexes. Ascidian blood cells contain aliphatic
sulfonic acids, such as cysteic acid, an oxidation product of cysteine [35], and
cysteine methyl ester has been reported to reduce VIV to V!I! with the assistance
of EDTA and EDTA-like ligands of aminopolycarboxylate in water [41, 42]. The
reduction of VIV to VI by cysteine methyl ester was found to be aided by
glycylhistidine and glycylaspartic acid [41]. Additionally, cleavage of the disulfide
bonds of Vanabin2 resulted in the reduction of V¥ to VIV [40]. Thus, cysteine
complexes are likely to participate in the reduction. To completely elucidate the
electron transfer cascade from NADPH to vanadium ions, the unknown reductant
involved in the reduction of VIV to VI must be clarified (Fig. 3.2).
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Fig. 3.2 Schematic representation of vanadium accumulation and reduction in ascidians. The
concentration of vanadium in the +5 oxidation state is only 35 nM in seawater; in contrast, the
highest concentration of vanadium in ascidian blood cells is 350 mM [9], and the concentration
of sulfate is 500 mM [62]. The vacuole interior is maintained at an extremely low pH (1.9) by
Ht-ATPases [9, 48]. In this environment, almost all of the vanadium accumulated is reduced to
VI via VIV [32]. The first step in vanadium uptake may occur at a branchial sac or digestive
organ (intestine), where glutathione-S-transferase was identified as a major vanadium carrier
protein [91]. We discovered vanadium-binding proteins, designated Vanabins, in the blood plasma
and cytoplasm of vanadocytes [68—69, 73, 75]. The pentose phosphate pathway, which produces
NADPH, was shown to be localized in the cytoplasm by in vitro experiments, and NADPH has
been found to reduce VY to V!V [36-39]. A metal-ATPase that might be involved in vanadium
transport has been found in the vacuolar membrane

3.6 Energetics of Accumulation

In addition to reporting a high level of vanadium, Henze [1] also reported extreme
acidity in ascidian blood cells. The mysterious fact that the cells containing high
levels of vanadium show extremely low pH has attracted the interest of investigators.
The chemical species of vanadium are dependent on pH and the redox potential
[43]. Thus, the pH values in ascidian blood cells are of interest to researchers in the
vanadium sciences. In the 1980s, it became controversial whether ascidian blood
cells have a low pH; some investigators insisted that the intracellular pH was neutral
on the basis of measurements made by an improved transmembrane equilibrium
using '#C-labeled methylamine and on the basis of the 3'P chemical shift observed
using NMR [44]. Nevertheless, this unusual phenomenon has attracted the interest
of investigators because of the possible role of a highly acidic environment in
changing or maintaining the redox potential.
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Table 3.2 Correlation between the vanadium concentration
and pH in ascidian blood cells

Species Vanadium concentration (mM) pH

A. gemmata 350 1.86
A. ahodori 60 2.67
A. sydneiensis samea 13 4.20

The vanadium content in each tissue was quantitatively deter-
mined mainly by neutron-activation analysis [8, 9]. pH values
were measured by both a microelectrode and ESR under anaer-
obic conditions and converted into [HT] [9]

In our studies, we focused on this phenomenon from the perspective of the
energetics of vanadium accumulation. In Ascidia gemmata, in which the signet ring
cells contain the highest concentration of vanadium known (350 mM), the vacuolar
pH (1.86) is also the lowest [9]. In A. ahodori, in which the signet ring cells contain
60 mM vanadium, the vacuolar pH is 2.67, and in A. sydneiensis samea, in which
the signet ring cells contain 13 mM vanadium, the vacuolar pH is 4.20 [9]. Thus,
a comparative analysis of the intracellular levels of vanadium versus pH values in
the signet ring cells (vanadocytes) of three different species suggests a correlation
between a high level of vanadium and a low pH (i.e., a higher concentration of
protons) (Table 3.2).

V-ATPases are proton pumps that play an important role in pH homeostasis
in various intracellular organelles, including clathrin-coated vesicles, endosomes,
lysosomes, Golgi-derived vesicles, multivesicular bodies, and chromaffin granules,
which belong to the central vacuolar system [45-47]. V-ATPases create electro-
chemical gradients between the plasma and vacuolar membranes. These proton
gradients are used to drive secondary transport processes. In ascidian blood cells,
the steep proton gradient is thought to be the energy source for the accumulation of
vanadium ions, which, at maximum accumulation, exhibit a 10”-fold concentration
gradient across the membrane.

Immunocytological analysis revealed that V-ATPases are localized in the vac-
uolar membranes of vanadocytes. Additionally, a specific inhibitor of V-ATPases,
bafilomycin Aj, inhibits the proton pump in vanadocyte vacuoles, resulting in
neutralization of the vacuolar contents [48]. Thus, V-ATPases were ascertained
to function in vanadocytes. V-ATPases are composed of many subunits that are
clustered into a membrane-associated domain (Vy domain) and a peripherally
associated domain (V; domain). Subunit C of the V-ATPases was reported to play
an important role in the regulation of V-ATPases; when isolated cDNA encoding
subunit C was expressed in the corresponding pH-sensitive budding yeast mutant
vmal, which is normally viable only in a low pH medium, the transformed yeast
mutant could grow in a neutral pH medium [49], suggesting it may have acquired the
ability to acidify its intracellular contents. As a follow-up to this study, a functional
assay to examine whether protons concentrated by V-ATPases are linked to the
accumulation of vanadium should be conducted.
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In the vacuoles of vanadocytes, almost all vanadium ions are reduced to V!
[32]. In such an environment, the possibility cannot be excluded that hydrolysis of
the coordinating water molecules contributes to the extremely low pH.

3.7 Sulfate Ions

The co-existence of high levels of both vanadium and sulfate ions has attracted in-
vestigators since Henze first discovered this unusual phenomenon [1]. Considerable
amounts of sulfate and sulfur compounds have been reported to be associated with
vanadium in ascidian blood cells [5, 30, 35, 50-61]. We reported that the blood cells
of the most vanadium-rich ascidian, A. gemmata, contain 350 mM vanadium, and
that 97% of this vanadium is reduced to V! [32]. Raman spectroscopy revealed that
the ratio of the levels of sulfate and vanadium in blood cells from A. gemmata is
approximately 1.5, which is the expected value if sulfate ions are present as the
counterions of vanadium ions in the +3 oxidation state [62]. In A. sydneiensis
samea, the ratio was 2.2 (86 mM sulfate vs. 38 mM V) in the blood cell fraction
without giant cells [63]. This value is within an appropriate range for the existence
of sulfate as counter ions, although the ratio is beyond the expected ratio of 1.5. In
another ascidian, A. ceratodes, X-ray absorption spectrometry of whole blood cells
in comparison with inorganic models revealed the V!: sulfate ratios to be 1.0:1.1
and 1.9:1.0 in two specimens; however, the combined concentration of sulfate and
sulfonate (SO3 ™) ions was sufficient to balance the ionic charge [30]. Together, these
results support the hypothesis that sulfate ions are actively accumulated in ascidian
blood cells and their concentration is sufficient to balance the charges in the vacuoles
of vanadocytes.

Kinetic studies of sulfate transport and the metabolic pathways of sulfate
incorporation have been examined in various living organisms [64], and several
genes involved in these processes, including SULI, SUL2, MET3, MET4, and
MET6, have been isolated. Assimilated sulfate is first reduced to sulfite using
reducing equivalents produced by the oxidation of NADPH and is then used in
the synthesis of organic sulfur metabolites (mostly cysteine, methionine, and S-
adenosylmethionine) in a process that requires considerable amounts of NADPH.
The reduction of sulfate to sulfide proceeds via adenylation, which lowers the
electropotential of sulfate so that it can be reduced to sulfite and sulfide by means
of NADPH oxidation [65, 66]. The correlation between high levels of sulfate ions
assimilated in the vacuole and the expression of enzymes involved in the pentose-
phosphate pathway in the cytoplasm of vanadocytes is noteworthy [67].

To identify cDNA encoding a sulfate transporter from blood cells of
A. sydneiensis samea, a PCR using degenerate primers corresponding to the
conserved region among known sulfate transporters was performed. The deduced
amino acid sequence of one of the representative cDNAs encoding a putative
sulfate transporter had striking similarities to Slc13-type sulfate transporters from
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Fig. 3.3 AsSULI expression in Xenopus oocytes. (a) Nat dependency of sulfate uptake by
AsSULLI. The initial sulfate concentration was 1 mM. (b) Kinetic properties of AsSUL1. Sulfate
uptake was measured with increasing concentrations of sulfate in the presence of (**S) sulfate in
uptake buffer containing 100 mM NaCl. The K, and V,,x of AsSUL1 were 1.75 mM and 2,500
pmol/oocyte/h, respectively (Reproduced from reference [63]. Copyright 2009 Elsevier B.V.)

various organisms [63]. The putative protein product was calculated to possess
12 transmembrane domains and a C-terminal signature sequence, which are also
common characteristics of the Slc13 family. Thus, the corresponding gene was
designated A. sydneiensis samea sulfate transporter 1 (AsSULIL). The isolated
AsSUL1 cDNA was used for a transport assay using the Xenopus oocyte expression
system. The Xenopus oocyte expressing AsSUL1 was observed to take up about
threefold higher amounts of SO4%~ in the presence of Na™ than that of the control
[63]. Thus, it was concluded that AsSULI encoded a protein of the Slc13 family
of Na™-dependent sulfate transporters. The significance of the co-existence of high
levels of vanadium and sulfate ions in the vacuoles of ascidian vanadocytes should
be clarified as a next step (Fig. 3.3).

3.8 Vanabins: Vanadium-Binding Proteins

Although it stands to reason that some proteins must participate in the accumulation
process of vanadium in ascidians, no protein had been reported until we first identi-
fied a vanadium-associated protein from the vanadium-rich ascidian, A. sydneiensis
samea [68]. When a homogenate of blood cells was applied to a DEAE-Sephacel
anion-exchange column, one major peak containing both vanadium and proteins was
obtained. Resolved by SDS-PAGE, the peak included at least two major proteins
with apparent molecular masses of 12.5 and 15 kDa, and a minor 16-kDa protein.
Using immunoscreening or PCR, cDNAs encoding 12.5 and 15 kDa proteins were
identified [69]. Recombinant proteins, designated as Vanabinl and Vanabin2, of
these two independent but related cDNAs, were shown to bind, respectively, 10
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and 20 V'V jons, with dissociation constants (Kg) of 2.1 x 107 and 2.3 x 107> M
[69]. The binding of VIV (VO?1) to these Vanabins was inhibited by the addition of
Cu?* ions, but not by Mg?™ or MoO4>~ ions. The conserved motif of the Vanabins
can be described as the consensus sequence {C}—{X2-5}—{C}. The minor 16-kDa
protein band was revealed to correspond to sequence variants of Vanabin2 [70].
Vanabins are rich in charged residues, such as arginine (3/87 and 5/91 in Vanabinl
and Vanabin2, respectively), aspartate (6/87 and 6/91), glutamate (2/87 and 7/91),
and lysine (12/87 and 14/91), whereas metallothioneins are rich in serine and lysine.
By a mutagenesis study, two regions where positively charged amino acids are
gathered have recently been reveled to be responsible for VIV binding [71]. The
mechanism of metal selectivity in Vanabins has not been determined, although the
effects of acidic pH on selective metal binding and on the secondary structure of
Vanabin2 was studied so far [72]. Vanabin2 was shown to selectively bind VIV,
Fe3t, and Cu?™ ions under acidic conditions. In contrast, Co*™, Ni?*, and Zn%*
ions were bound at pH 6.5 but not at pH 4.5. Changes in pH had no detectable
effect on the secondary structure of Vanabin2 under acidic conditions, as determined
by CD spectroscopy [72]. Additionally, EST analysis of vanadocytes revealed that
two other novel Vanabins, designated as Vanabin3 and Vanabin4, have primary
structures that are similar to those of Vanabinl and Vanabin2, bind qualitatively to
VIV jons, and are expressed in vanadocytes [73, 74]. These Vanabins, Vanabinl-4,
were shown to be localized in the cytoplasm of vanadocytes (Fig. 3.4).

Although vanadium ions are supposedly taken up from seawater through the
branchial sac or alimentary canal, transferred to the coelom, and concentrated in
vanadocytes, it is not known if carrier proteins are involved in the transport of
vanadium from the coelomic fluid (blood plasma) into the vanadocytes. Using
IMAC, we identified several vanadium-associated proteins in the coelomic fluid
(blood plasma) and cloned the cDNA for the major protein. Sequence analysis
indicates that this protein is a novel Vanabin, which we have designated ‘“VanabinP”
(Vanabin in plasma) [75]. RT-PCR analysis and in sifu hybridization indicated
that the VanabinP gene was transcribed in some cell types localized to peripheral
connective tissues of the alimentary canal, muscle, blood cells, and a portion
of the branchial sac. Recombinant VanabinP bound a maximum of 13 V'V ions
per molecule with a Ky of 2.8 x 107> M. These results suggest that VanabinP is
produced in several types of cell, including blood cells, and is immediately secreted
into the blood plasma, where it functions as a VIV carrier.

A better understanding of the functions of Vanabins and the mechanism of
vanadium accumulation in ascidians requires high-quality 3D structures of the
proteins in the presence and absence of vanadium ions. We reported the solution
structure of Vanabin2 by multidimensional NMR experiments [75]. Vanabin?2 is
composed of 91 amino acids, including 18 cysteines. The electrospray ionization
(ESI) mass spectrum of Vanabin2 showed a deconvoluted molecular mass of
10,467 Da, which is 18 mass units lower than the expected molecular mass of
the protein in which all of the cysteine residues are reduced. Indeed, the complete
reduction of Vanabin2 by DTT caused the molecular weight (at 10,485 Da) to
increase by 18 mass units, indicating that all 18 cysteine residues of Vanabin2
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Fig. 3.4 Structure of Vanabin2 from a. sydneiensis samea. (a) Amino acid sequence of Vanabin2.
The amino-terminal tag is italicized. Disulfide bond pairings, as determined by the CYANA
calculation, are indicated at the fop of the sequence. The secondary structure elements of Vanabin2
are indicated at the bottom of the sequence and are colored correspondingly in all panels. (b)
The final ten structures superposed over the backbone heavy atoms of residues 18-70. The side
chains of the half-cysteine residues are shown as yellow lines. (¢) Ribbon representation of a single
structure in the same orientation as in panel b (Reproduced from reference [76]. Copyright 2005
American Chemical Society)

are involved in intramolecular disulfide bonds [76]. Thus, the NMR study was
carried out under nonreducing conditions. The structural analysis revealed a novel
bow-shaped conformation, with four a-helices connected by nine disulfide bonds.
No structural homolog has been reported to date. The '’N-HSQC perturbation
experiments of Vanabin2 indicate that VIV ions, which are exclusively localized
on the same face of the molecule, are coordinated by amine nitrogens derived from
amino acid residues, such as lysines, arginines, and histidines, as suggested by the
EPR results [77].

Structural modeling of Vanabins 1, 3, and 4, based on the NMR data of Vanabin2,
resulted in fairly homologous structures, whereas the modeled structure of VanabinP
differed from that of Vanabin2, especially in the long loop domain between
the third and fourth helices. Generally, metal-binding proteins can interact with
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other metal-binding proteins and proteins, such as membrane metal transporters,
membrane anchor proteins, or metal-reducing/oxidizing proteins [78]. Thus, using
the Far Western blotting method, several proteins that interact with Vanabins were
obtained. Among these, Vanabin interacting protein 1 (VIP1) was shown to be
localized in the cytoplasm of vanadocytes and to clearly interact with Vanabins
1-4, but not with VanabinP, based on two hybrid analyses [79]. To determine
whether ascidian species other than A. sydneiensis samea have Vanabin-like genes,
we searched for the genes in a database and found five groups of cDNAs that
encoded Vanabin-like proteins in another ascidian, Ciona intestinalis [80]. The
genes encoding C. intestinalis Vanabins, CiVanabinl to CiVanabin5, were clustered
in an 8.4-kb genomic region. All the C. intestinalis Vanabins were cysteine-rich,
and the repetitive pattern of cysteines closely resembled that of A. sydneiensis
samea Vanabins. Using immobilized metal ion affinity chromatography (IMAC),
we found that a recombinant protein of at least one of the C. intestinalis Vanabins
(CiVanabin5) bound to V' ions [80].

3.9 Vanabin as Vanadium Reductase

Vanabin?2 is a rare protein with nine disulfide bonds per molecule. The fully oxidized
disulfide bonds were observed on polyacrylamide gels at a position corresponding
to 14 kDa. When exposed to concentrations of more than 0.6 mM DTT and 10 mM
2-ME, Vanabin2 migrated to a position corresponding to 20 kDa with a concomitant
disappearance of the isoellipticity points in the CD spectra, suggesting that the
disulfide bonds of Vanabin2 were reduced and cleaved [40]. The treatment of
Vanabin2 with an intrinsic reducing reagent, 1-4 mM GSH, which corresponds to
the intrinsic concentrations in vanadocytes, resulted in mild migration, indicating
that Vanabin2 was partially reduced.

On the other hand, thiol-disulfide exchange reactions are known to be involved
in many cellular activities, such as protein folding and unfolding [81], regulation
of transcription factor activity [82], activity of ribonucleotide reductase [83],
maintenance of redox potentials [84], responses against oxidative stress caused
by metal ions [85], and metal transfer from metalloproteins to metal-depleted
enzymes (metallochaperone activity) [86] in a manner analogous to phosphoryla-
tion/dephosphorylation reactions catalyzed by protein kinases and phosphatases.

We examined whether thiol-disulfide exchange reactions in Vanabin2 were
involved in reduction of VY to VIV [40]. EPR spectrometry was performed to
detect VO** (V!V) species, which exhibit a typical signal consisting of eight-line
manifolds. Within 24 h after addition of 10 uM Vanabin2 to a reaction mixture
containing 10 mM VY and 2 mM GSH at room temperature, a large signal due to
VIV was observed. In contrast, when 2 mM GSH was added to a 10 mM V" solution
without Vanabin2, only a slight increase in EPR signal intensity was observed after
a 24 h incubation. Based on these results, we concluded that Vanabin2 acts as a
vanadium reductase.
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Fig. 3.5 A possible cascade for the thiol-disulfide exchange reactions conjugated with NADPH,
GR (glutathione reductase), GSH, Vanabin2, and vanadium ions (Reproduced from reference [40].
Copyright 2009 Elsevier B.V.)

Due to the inherent difficulty of rapidly monitoring by EPR the reduction of
VV by Vanabin2, activity of the reductase was instead measured using a coupled
NADPH oxidation assay with reduction of GSSG catalyzed by glutathione reductase
(GR) [40]. As a negative control, the first assay determined that little NADPH
was oxidized by 2 mM GSH and 0.25 U/mL GR in the absence of Vanabin2
and VV ions. When 4 pM Vanabin2 was added to the assay system, NADPH
was slightly oxidized. When 0.1-2.5 mM V" was added to 2 mM GSH and 0.25
U/mL GR, the levels of oxidized NADPH increased slightly with increasing VV
concentration. Finally, addition of both Vanabin2 and VY to 2 mM GSH and 0.25
U/mL GR increased the amount of oxidized NADPH markedly with increasing VV
concentration, reaching saturation at 1.5 mM VV. The Vapp and Ky, values for
Vanabin2-catalyzed VY reduction were 1.15 mol-NADPH/min/mol-Vanabin2 and
0.51 mM, respectively. Thus, Vanabin2 is a novel vanadium reductase, because
partial cleavage of its disulfide bonds by GSH results in the reduction of V¥ to VIV,

Vanabin2 forms a possible electron transfer cascade from the electron donor,
NADPH, via GR, GSH, and Vanabin2 to the acceptor vanadium ions conjugated
through thiol-disulfide exchange reactions [40] (Fig. 3.5). In this cascade, electrons
are ultimately transferred from the donor NADPH to the acceptor vanadium ions. In
this model, reduction of V¥ to V!V occurs via thiol-disulfide exchange reactions of
Vanabin2. The resulting disulfides are converted to thiols by reduced GSH and the
oxidized GSSG is then re-reduced by GR [87, 88]. The resulting disulfides of GR are
reduced to thiols by NADPH [87, 88], which may be linked to the pentose-phosphate
pathway. We are currently in the process of confirming the intrinsic existence of
the components, such as glutaredoxin. The situation in ascidians is complicated,
however, by the fact that V!V is further reduced to VI,

3.10 Other Proteins Involved in Vanadium Accumulation

Several proteins that are probably involved in vanadium accumulation and the redox
process have already been isolated from a vanadium-rich ascidian, A. sydneiensis
samea, including a V-ATPase [48, 49, 89], chloride channel [90], enzymes of the
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pentose-phosphate pathway [36-39], glutathione transferase [91, 92], VBP-129
[93], and AsNramp [94]. In this section we briefly describe the last three proteins
recently isolated.

Seawater containing plankton as food is taken by ascidians through their
branchial siphon and branchial sac into the digestive tract, which consists of a
narrow tube commencing with the opening of the esophagus at the base of the
branchial sac. The molecular mechanisms underlying the uptake of vanadium from
seawater in the ascidian digestive system had not been investigated. Thus, using
a VV_chelating column, we investigated whether there were vanadium-binding
proteins in the ascidian digestive system. Consequently, vanadium-binding proteins
with striking homology to GSTs, designated AsGST-1 and AsGST-1I, were isolated
[91]. The recombinant AsGST-I formed a dimer, exhibited GST activity, and was
able to bind both VIV (VO?T) and VV (VO,*7). AsGST-I bound approximately
16 vanadium ions per dimer as either VIV or VV, with Ky values of 1.8 x 10™*
and 1.2 x10™* M, respectively. AsGST-I also bound Fe’™ and Cu?* with high
affinity, in the order Cu’* > VO?>* > Fe**, and it bound Co®>*, Ni’*, and Zn>*
with low affinity [92]. The expression levels of AsGSTs are exceptionally high in
the digestive system relative to the other major organs and tissues, as determined by
immunoblotting. Because AsGSTs may be among the first molecules involved in the
influx of vanadium ions through the digestive system, it is important to understand
them in analyzing the first step of the ten million-fold vanadium-accumulating
process in ascidians.

Vanadium ions taken in through the branchial sac and digestive tract must
be discharged into the body cavity where the blood plasma is filled. At least
two vanadium-binding proteins, VanabinP [75] and VBP-129 [93], have been
isolated from ascidian plasma. VBP-129, designated as a vanadium-binding protein
consisting of 129 amino acid residues, was identified in blood plasma of the
vanadium-rich ascidian A. sydneiensis samea. Although VBP-129 mRNA was
transcribed in all tissues examined, the VBP-129 protein was exclusively localized
in the blood plasma and muscle cells of this ascidian. It bound not only VO**
but also Fe3t, Co*t, Cu?™, and Zn%Tt; on the other hand, a truncated form of
VBP-129, designated VBP-88, bound only Co?>*, Cu?>* and Zn?*. In a pull-down
assay, an interaction between VanabinP and VBP-129 occurred both in the presence
and absence of VO*>*. These results suggest that VBP-129 and VanabinP function
cooperatively as metallochaperones in ascidian blood plasma [93].

As previously mentioned, Vanabinsl-4 were shown to be localized in the
cytoplasm of vanadocytes. Thus, some membrane metal transporter(s) seem to be
necessary to transport vanadium ions into the cytoplasm through the membrane.
Because the Nramp/DCT family of membrane metal transporters is known to
transport a broad range of divalent cations (Fe>*, Cu?*, Zn?>*, Mn?*, Cd**, Co?™*,
Ni2*, Pb>*) across the membrane using a proton gradient as the motive force,
localization of a homolog of the Nramp/DCT family in the membrane of ascidian
vanadocytes was examined, using immunological methods. Consequently, a cDNA
encoding a protein closely related to the Nramp family of proteins was cloned from
the cDNA library of A. sydneiensis samea blood cells. We found that the product
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of this gene, AsNramp, was localized on the vacuolar membrane and operated as an
antiporter of VO** ions and H' ions. In contrast, a rat homolog of Nramp/DCT,
rDCT1, could not transport VO** under any of the conditions examined [94]. The
results of this study indicated that AsNramp was a VO**- H* antiporter expressed
on the vacuolar membrane of vanadocytes. These findings support the proposed
model, holding that a proton electrochemical gradient generated by V-ATPase is the
driving force for V!V transport from the cytoplasm into the vacuole. These results
will be reported in detail as an original paper.

Several other pathways may exist that function together. Another possible
mechanism for VO** transport into the vacuole is a Pig-type ATPase, AsHMALI,
which we have already cloned from blood cells of A. sydneiensis samea and the
metal selectivity and transport activity of which we have examined (Ueki et al.
unpublished data).

3.11 Possible Role of Vanadium in Ascidians

Our final objective is to clarify the physiological function of vanadium in ascid-
ian blood cells. As described in Sect. 3.9, thiol-disulfide exchange reactions in
Vanabin2 are involved in the reduction of VY to V!V. Vanabin2 may act as an
electron carrier in an electron transfer cascade from the electron donor, NADPH,
to the acceptor vanadium ions, via GR, GSH, and Vanabin2, which both conjugates
and reduces the vanadium ions through thiol-disulfide exchange reactions. Thus,
ascidians may accumulate the metal ions as a source of oxidizing energy that can
drive redox reactions in blood cells or in other tissues.

One approach to identifying the physiological function of vanadium is the
comprehensive study of the effect of vanadium on gene expression. A draft
genome of the ascidian species Ciona intestinalis has been read and inferred to
contain approximately 16,000 protein-coding genes [95]. This species accumulates
vanadium to a concentration of 0.6 mM in its blood cells [8] and is a model organism
for the study of vanadium accumulation. cDNAs for transcripts of 13,464 genes
have been characterized and compiled as the “Ciona intestinalis Gene Collection
Release I’ [96, 97], and a custom oligo-based DNA microarray is available [98]. We
have performed a study to identify genes regulated by excess vanadium ions, using
DNA microarrays (Kume et al. unpublished data). Among 39,523 gene-specific
probes on the microarray slide, 550 spots were up-regulated and 820 spots were
down-regulated by treatment with 1 mM V'V or VV ions for 24 h, suggesting
that the overall change in gene expression was similar between V!V- and VV-
treated individuals. Vanabins, subunits of V-ATPase, and several metal transporters
were up-regulated. Among the major metabolic pathways, expression of enzymes
in the glutathione-related pathway, such as glutaredoxin, thioredoxin reductase,
peroxiredoxin, and sulfiredoxin was affected by treatment with V¥ or VIV, The
results will be reported in detail as an original paper.
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Another comprehensive approach to identify the function of vanadium in
ascidians could be a mutational analysis to find a mutant strain that cannot
accumulate vanadium. In C. intestinalis, such an approach is available by using
transposon mutagenesis [99-101].

3.12 Outlook

It has been a century since the first finding that ascidian species contain high levels
of vanadium and sulfate ions by Henze [1, 3-5]. Since then, various hypotheses
about the functional role of vanadium have been proposed, but most of them are
not supported by sufficient evidence. From the middle of the 1990s, many genes
and proteins have been shown to be involved in the process of accumulating and
reducing vanadium in ascidians. Vanabins are one family of such genes and proteins
found only in vanadium-rich ascidians and are thought to be the key molecule in this
process. In our model, Vanabins participate in an electron transfer cascade, in which
electrons are transferred from the donor (NADPH) to the acceptor (vanadium ions),
via GR, GSH, and Vanabin2, which acts as a vanadium-reducing enzyme via thiol-
disulfide exchange reactions, which, in turn, may accelerate the accumulation of
vanadium (Fig. 3.5). Our recent comprehensive studies, such as DNA microarray
experiments, have suggested that various genes and proteins participate in redox
systems via thiol-disulfide exchange reactions (submitted). We hope that the role of
vanadium in ascidians will be clarified in the near future.
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Chapter 4
Hyper-Accumulation of Vanadium
in Polychaetes

Daniele Fattorini and Francesco Regoli

Abstract The present chapter summarizes our current knowledge on vanadium
accumulation in polychaetes, with special emphasis on tube-dwelling fan worms
of the Sabellidae family. Some of these species exhibit the unusual capability to
hyperaccumulate vanadium at levels several order of magnitude higher than those
commonly found in most aquatic organisms. Concentrations higher than 5,000
and 10,000 pg/g were measured in branchial crowns of Pseudopotamilla occelata
and Perkinsiana littoralis respectively, stored in vacuoles of the epithelial cells.
These tissues appear as feather-like filaments, typically expanded for filter-feeding
and respiration activities, while the rest of the body remain protected inside the
tube. Feeding trials suggested that the elevated levels of vanadium in branchial
filaments of sabellids can act as chemical deterrents against predation in more
exposed tissues. A similar function, recently proposed also for the elevated levels of
arsenic in branchial crowns of Sabella spallanzanii suggest that hyperaccumulation
of toxic metals is a common antipredatory strategy for branchial crowns of sabellid
polychaetes, which often results unpalatable for consumers.

Keywords Vanadium ¢ Marine organisms ¢ Polychaetes ¢ Sabellidae * Branchial
crowns * Hyper-accumulation ¢ Subcellular distribution ¢ Biological functions
* Chemical defenses ¢ Anti-predatory strategy

4.1 Introduction

Vanadium constitutes more than 0.01% of the earth’s crust, but its accumulation
in form of ores or minerals is considered generally rare; inorganic compounds
with oxidation states III, IV and V are largely dispersed in various environmental
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matrices like soils, water basins and atmosphere [1, 2]. Mean levels of vanadium
in the oceans usually range between 1 and 3 pg/L, corresponding to an average
vanadate concentration of about 30 nM, which makes this element one of the more
distributed in water column, only lower than molybdenum (about 100 nM), but
largely more abundant than iron (less than 1 nM). Concentrations of vanadium in
seawater can vary widely rising up to about 30 wg/L [3], and vent-derived iron
oxides have been shown to scavenge vanadium, thus contributing to modulate its
concentration and cycling in the ocean [4].

Despite the environmental relevance of vanadium in aquatic systems, the bioac-
cumulation dynamics of this metal have been not intensively investigated. Data on
tissue concentrations are available only for a limited number of species around the
world and the potential biological function of this element has been often debated.
With the notable exception of tunicates (see Chap. 3), vanadium concentrations in
tissues of marine organisms are generally in the order of ng/g, rarely up to the
Lg/g. Nonetheless, an unusual variability to accumulate vanadium has been reported
for polychaetes with levels ranging from less than one to thousands of jLg/g in some
species [5—7]. Particularly high concentrations of vanadium in specific tissues of cer-
tain polychaetes may reflect a more general feature to hyperaccumulate toxic metals
[6, 8—10]. In this light, the present chapter reviews our knowledge on vanadium
concentrations in marine organisms (excluding tunicates), with particular emphasis
to polychaetes and the potential biological role of this element in such species.

4.2 Vanadium Bioaccumulation in Marine Organisms

Various authors agree that vanadium is one of the less investigated metals in
tissues of living, especially marine, animals [7, 11-13]. During the last 30 years,
concentrations of vanadium have been characterized in approximately 100 organ-
isms distributed among algae, bivalves, cephalopods, crustaceans, echinoderms,
fishes and cetaceans (Table 4.1). A similar lack of data could be partly due to
the limited interaction of this element with biological functions [2, 14, 15]; beside
the typical vanadium containing proteins (vanabins) of tunicates [15-22], this
element is required by the vanadate-dependent haloperoxidases, which catalyse the
halogenation of organic substrates in the presence of inorganic halide by peroxide
via specific intermediates [2, 14]. In addition, tissue concentrations of vanadium in
aquatic species are often close to detection limits of most conventionally adopted
analytical methods making this element not always suitable for routine analyses [7,
12,13, 23].

Among available data, vanadium content in several green and brown algae from
the Red Sea ranged from about 0.1 to 1 pg/g, and up to 3 pg/g only in the
phaeophyceae Padina boryana [24]. Higher values were reported in the Antarctic
red algae Phyllophora antarctica, where vanadium concentration ranged from about
5 to 10 pg/g in different sampling areas (Table 4.1) [12].
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Table 4.1 Vanadium concentrations reported in tissues of various marine organisms including
algae, bivalves, cephalopods, crustaceans, echinoderms, fishes and cetaceans

Taxa Location Species Tissue V pg/g (d.w.) Ref.
Algae Red Sea, Saudi Acanthophora Whole algae 1.06 [24]
Arabia najadiformis
Caulerpa racemosa ~ Whole algae 0.65
Cladophora Whole algae 0.43
heteronema
Cystoseira myrica Whole algae 0.99
Digenea simplex Whole algae 1.37
Enteromorpha Whole algae 0.90
clathrata

Halimeda opuntia Whole algae 0.54
Hypnea musciformis ~ Whole algae 0.32

Laurencia obtusa Whole algae 0.32
Padina boryana Whole algae 2.96
Sargassum Whole algae 0.11
subrepandum
Turbinaria triquetra ~ Whole algae 0.16
Cape Evans Phyllophora Whole algae 544 +0.11 [12]
(Antarctica) antarctica
Terra Nova Bay Phyllophora Whole algae 10.0 £0.1
(Antarctica) antarctica
Bivalves Oganawa Bay, Mpytilus coruscus Soft tissues 0.12£0.01 [11]
Japan
Tanesashi Bay, Mytilus Soft tissues 0.20 £0.30
Aomori, Japan galloprovincialis
Tona Bay, Miyagi,  Mytilus Soft tissues 0.62 +0.20
Japan galloprovincialis
Galicia, Spain Cardium edule Soft tissues 5.14£0.14 [25]
Ensis ensis Soft tissues 3.75£0.22
Mytilus Soft tissues 2.73£0.12
galloprovincialis
Venerupis Soft tissues 2.93+£0.03
rhomboides
Poland Mpytilus edulis Soft tissues 0.96-1.36 [26]
French seashore Crassostrea gigas Soft tissues 0.50-2.70 [27]
Mytilus edulis Soft tissues 0.60—4.10
Terra Nova Bay Adamussium Soft tissues 1.00 £0.30 [23]
(Antarctica) colbecki
Terra Nova Bay Adamussium Soft tissues 1434023 [7]
(Antarctica) colbecki
Yoldia eightsii Soft tissues 2.5140.18
Cape Evans Laternula elliptica Digestive gland  17.5£0.11 [12]
(Antarctica)
Soft tissues 1.71 £ 0.11
Terra Nova Bay Laternula elliptica Digestive gland  6.63 £0.11
(Antarctica)
Soft tissues 224 +0.11

(continued)
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Taxa Location Species Tissue V pg/g (d.w.) Ref.
Venezuelan coasts Tivela mactroides Soft tissues 0.50-6.13 [28]
Adriatic sea Mytilus Soft tissues 0.50-7.47 [29]

(Mediter- galloprovincialis
ranean)
Cephalopods French coast, Eledone cirrhosa Digestive gland 3.3 +0.5 [32]
English
Channel
Whole tissues 1.0 0.2
French coast, Octopus vulgaris Digestive gland 4.5 £ 1.0 [31]
English
Channel
Whole tissues 0.7 £ 0.1
Galicia, Spain Sepia officinalis Whole tissues  0.95 £ 0.12 [25]
French coast, Sepia officinalis Digestive gland 5.0£ 1.3 [32]
English
Channel
Whole tissues 0.7 0.2
Seine river Bay, Sepia officinalis Digestive gland 3.3 +0.1 [33]
France
Whole tissues 0.5 0.2
New Caledonia Nautilus Digestive gland 8.8 2.0 [34]
macromphalus
Crustaceans  Al-Saflyah, Qatar Penaeus Soft tissues 0.071 £0.009 [35]
semisulcatus
Messaied, Qatar Penaeus Soft tissues 0.531 £ 0.104
semisulcatus
Ras Laffan, Qatar Penaeus Soft tissues 0.114 £0.017
semisulcatus
Kuwait Macrophthalmus soft tissues 0.52-2.30 [36]
depressus
Baffin Bay Calanus Soft tissues 0.11 +0.02 [37]
(Greenland) hyperboreus
Mysis oculata Soft tissues 0.14 £0.05
Themisto libellula  Soft tissues 0.1240.05
Mekong Delta, Macrobrachium Soft tissues 0.72£0.43 [38]
South Vietnam equidens
Macrobrachium Soft tissues 0.37£0.19
rosenbergii
Macrobrachium sp.  Soft tissues 0.54 £0.37
Metapenaeus tenuis  Soft tissues 0.11
Galicia, Spain Cancer pagurus Soft tissues 3.54+0.12 [25]
Palaemon elegans Soft tissues 2.14£0.16
Panaeus kerathurus  Soft tissues 2.04+£0.12

(continued)
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Table 4.1 (continued)
Taxa Location Species Tissue V pg/g (d.w.) Ref.
Echinoderms Cape Evans Odontaster validus Soft tissues  1.87 +0.11 [12]
(Antarctica)
Odontaster validus Arms 0.52+£0.01
Cape Evans Sterechinus Soft tissues  2.25 £ 0.11
(Antarctica) neumayeri
Odontaster validus Soft tissues  1.88 +=0.11
Odontaster validus ~ Arms 0.47 £0.01
Sterechinus Soft tissues  2.41 +0.11
neumayeri
Fish Al-Saflyah, Qatar Sphyraena jello Muscle 0.032£0.003 [35]
Siganus Muscle 0.024 £ 0.004
canaliculatus
Rhabdosargus Muscle 0.029 £ 0.006
sarbo
Platycephalus Muscle 0.011 £0.003
indicus
Nematalosa nasus Muscle 0.023 £ 0.006
Lethrinus nebulosus ~ Muscle 0.021 £ 0.004
Gnathanodon Muscle 0.042 £ 0.007
speciosus
Epinephelus tauvina Muscle 0.014 £ 0.004
Crenidens crenidens Muscle 0.031 £ 0.005
Siganus Muscle 0.083 £0.011
canaliculatus
Scomberoides com-  Muscle 0.087 £ 0.022
mersonnianus
Rhabdosargus Muscle 0.073 £0.019
sarbo
Platycephalus Muscle 0.069 £ 0.017
indicus
Lethrinus nebulosus ~ Muscle 0.135£0.026
Gnathanodon Muscle 0.077 £0.023
speciosus
Gerres oyena Muscle 0.091 £0.014
Epinephelus tauvina  Muscle 0.232 +0.043
Crenidens crenidens Muscle 0.091 £0.013
Ras Laffan, Qatar Sphyraena jello Muscle 0.039+0.014
Spleen 0.74 £ 0.01
Scomberoides com-  Muscle 0.041 £ 0.009
mersonnianus
Nematalosa nasus Muscle 0.036 £0.011
Lethrinus nebulosus ~ Muscle 0.053 £0.011
Gnathanodon Muscle 0.031 £ 0.006
speciosus
Gerres oyena Muscle 0.047 £ 0.009
Epinephelus tauvina  Muscle 0.064 £ 0.006

(continued)
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Taxa Location Species Tissue V nglg (d.w.) Ref.
Fish Azerbaijan, Neogobius Muscle  0.048 £ 0.027 [39]
Caspian Sea melanostomus
Clupeonella Muscle  0.064 £ 0.031
delicatula
Iran, Caspian Sea Rutilus frisii Muscle  0.012 £ 0.005
Rutilus caspicus Muscle  0.016 £ 0.008
Clupeonella Muscle  0.012 &£ 0.006
delicatula
Kazakhstan, Rutilus caspicus Muscle 0.025+0.014
Caspian Sea
Neogobius fluviatilis ~ Muscle  0.026 &£ 0.006
Turkmenistan, Rutilus caspicus Muscle 0.019 £ 0.002
Caspian Sea
Neogobius sp. Muscle  0.017 £ 0.009
Mekong Delta, Puntioplites Muscle  0.36 [38]
South Vietnam proctozysron
Polynemus Muscle  0.39+0.11
paradiseus
Pisodonophis boro Muscle  0.23
Parambassis wollfii Muscle  0.20
Glossogobius Muscle  0.98 £0.33
aureus
Eleotris Muscle  0.95
melanosoma
Cynoglossus sp. Muscle  0.85
Cyclocheilichthys Muscle  0.57
armatus
Clupeoides sp. Muscle  0.38
Galicia, Spain Solea solea Muscle 1.17 £0.06 [25]
Merluccius Muscle  0.82 £0.05
merluccius
Lepidorhombus Muscle  1.25+0.08
whiffiagonis
Cape Evans Trematomus Muscle  0.05 +0.01 [12]
(Antarctica) bernacchii
Terra Nova Bay Trematomus Muscle  1.16 £0.11
(Antarctica) bernacchii
Gonad 1.594+0.11
Liver 1.234+0.11
Cetaceans  Adriatic Sea, Italy Grampus griseus Kidney  0.10 [13]
Liver 0.09
Muscle  0.04
Tursiops truncatus Kidney  0.04-0.23
Liver 0.44-0.53
Muscle  0.04
Ligurian Sea, Italy Ziphius cavirostris Kidney  3.71
Liver 0.04
Muscle  0.03

(continued)
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Table 4.1 (continued)
Taxa Location Species Tissue Vpg/g (d.w.)  Ref.
Sicily Channel, Grampus griseus Heart 0.09
Italy
Kidney  0.15
Liver 0.12
Lung 0.09
Physeter Heart 0.67
macrocephalus
Kidney  0.25
Liver 0.35
Lung 0.31
Muscle  0.09
Stenella Heart 0.08-0.23
coeruleoalba
Kidney  0.12-0.28
Liver 0.07-0.86
Lung 0.15-1.28
Muscle  0.06-0.61
Cetaceans Sicily Channel, Tursiops truncatus Heart 0.14-0.28 [13]
Italy
Kidney  0.13-0.92
Liver 0.25-0.52
Lung 0.09-0.28
Muscle  0.12-0.36
Ziphius cavirostris Kidney 10.83
Lung 5.65
Muscle  0.97
Tyrrhenian Sea, Physeter Kidney  0.09
Italy macrocephalus
Liver 0.13
Muscle  0.07
Stenella Kidney  6.71
coeruleoalba
Liver 0.16-0.50
Muscle  0.04-2.02
Tursiops truncatus Kidney  0.06-0.12
Liver 0.03-0.41
Muscle  0.05-0.20
Ziphius cavirostris Kidney  0.02
Muscle  0.05
Arctic Sea, Alaska Balaena mysticetus Liver 0.32-4.80 [40]
Delphinapterus Liver 0.12-0.76
leucas
Atlantic Ocean Delphinapterus Liver 0.04-0.08 [41]
leucas
Lagenorhynchus Liver 0.04-0.24
acutus
Phocoena phocoena Liver 0.04-0.08

(continued)
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Table 4.1 (continued)

Taxa Location Species Tissue V nglg (d.w.) Ref.
Brazilian coasts Pontoporia Liver 0.04-0.22 [42]
blainvillei
Stenella attenuata Liver 0.20-0.27
Japanese costs Stenella Liver 0.01-0.28 [43]
coeruleoalba

Concentrations are expressed as pg/g dry weight (single values or mean values & standard
deviations, as given in original references)

Levels measured in tissues of various bivalves from temperate areas, were
generally between 0.5 and 5 pg/g [7, 11, 23, 25, 26] with limited increases
observed in oysters and mussels from French coast after restricted contamination
episodes (about 0.5-4 pg/g) [27]. Similar ranges were measured in the Antarctic
species Adamussium colbecki and Yoldia eightsii [7], while in the soft-shelled
clam Laternula elliptica the vanadium concentrations were higher, especially in
the digestive gland, from about 6 to 17 pg/g (Table 4.1) [12]. The absence of an
extended database on vanadium in bivalve tissues and the limited knowledge on
the influence of both temporal or geographical variability, preclude a mechanistic
or environmental interpretation of the differences between various species. In
this respect natural oscillations were shown to drastically modulate the vanadium
concentrations in the soft tissues of the clam Tivela mactroidea from the Venezuelan
coast, with values seasonally ranging from 0.5 to more than 6 pwg/g [28]. Similarly,
marked seasonal fluctuations of vanadium content were also observed in tissues of
the Mediterranean mussel, Mytilus galloprovincialis, from the Adriatic sea (from
about 0.5 to 7.5 ng/g) [29]; such changes could be ascribed to both environmental
and biological factors, including the phytoplanctonic bloom in late winter, which
has an important role in transferring metals from the water column to filter-feeding
organisms, and the phase of reproductive cycle with development of gonadic tissues
which have a lower accumulation capability [29, 30].

Vanadium in whole tissues of cephalopods, including Octopus vulgaris, Elodone
cirrhosa and Sepia officinalis is usually lower than 1 pg/g, while more elevated
levels (3 pg/g) have been observed in Nautilus macromphalus from the New
Caledonia [25, 31-34]. All these species exhibited higher concentrations in digestive
tissues (approximately 3-9 |g/g), suggesting the diet and trophic transfer as
probably the more important source for vanadium in these marine organisms.

Also crustaceans generally exhibited low levels of vanadium in their tissues,
from less than 0.1 to 0.5 pg/g in various species from Qatar, Kuwait, Vietnam
and Greenland [35-38]; levels of approximately 2-3 pg/g were measured in the
soft tissues of crab (Cancer pagurus) and shrimps (Palaemon elegans and Panaeus
kerathurus) from the Galician coasts in Spain [25].

The only available data for vanadium in echinoderms have been reported by
Grotti et al. [12]: approximately 2 ng/g were detected in the soft tissues of the
Antarctic species Odontaster validus and Sterechinus neumayeri from Cape Evans
and Terra Nova Bay, and lower concentrations (about 0.5 pg/g) in their arms.
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In general these results seems to confirm a certain tendency of some Antarctic
marine invertebrates to concentrate slightly higher levels of vanadium compared
to temperate organisms [7, 12, 23].

Overall the review of literature data on invertebrates highlight a variability of
vanadium concentrations distributed in three orders of magnitude (from about 0.1
to more than 10 pg/g). However, our actual knowledge is still too limited to clarify
if this variability is related to species-specific or biological features, environmental
and climate conditions, geographical characteristics or geochemical anomalies, to
cite a few. All the investigated taxonomic groups are represented by a very little
sample size (a dozen of species as maximum), and a more extended database
would be necessary to characterize biological and environmental factors affecting
vanadium bioavailability and accumulation in aquatic organisms.

Among aquatic vertebrates, approximately 40 different fish species from Qatar
and the Caspian Sea exhibited values not exceeding 0.1 pg/g in the muscle fillets,
with a median value of approximately 0.05 pg/g (Table 4.1) [35, 39]. Slightly more
elevated levels of vanadium have been measured in muscle of fish from the Mekond
Delta in the Southern Vietnam, with values ranging from approximately 0.2 to
1.0 pg/g [38]; this area is characterized by increasing population and agricultural
activities which might have influenced trace metal bioavailability for organisms
inhabiting these areas [38]. However, values of approximately 1 pg/g were also
measured in muscle of Lepidorhombus whiffiagonis, Merluccius merluccius and
Solea solea from unpolluted areas of Galicia (Spain) [25], suggesting that the
specific regional characteristics can modulate vanadium bioavailability in fish tissue.
Vanadium content in other fish tissues were available for liver and gonads of the
Antarctic T. bernacchii [12] and for the spleen of Sphyraena jello from the Qatar
[35], representing a too limited dataset for any comparison (Table 4.1).

An interesting historical report of trace metal concentrations, including vana-
dium, has been reported for several organs (heart, kidney, liver, lung and muscle) of
various cetacean specimens accidentally stranded along the Italian coasts (Table 4.1)
[13]. The overall results did not reveal any significant differences as a function of
the geographical area, the species or the analyzed organ; concentrations in muscle
and liver tissue, (the most abundant sampled organs), ranged from about 0.04 to
1.3 ng/g, while slightly more elevated concentrations were observed in the kidney
of several specimens of Ziphius cavirostris and Stenella coeruleoalba (4-10 Lg/g),
and in the lung of a single individual of Z. cavirostris from the Sicily Channel
(about 5 g/g). These results were generally in agreement with those reported for
other cetaceans in open oceans with mean vanadium liver content from 0.01 to
4.80 ng/g [40-43].

4.3 Vanadium Bioaccumulation in Polychaetes

The characterization of vanadium content in polychaetes tissues is limited to
a few species around the world (Fig. 4.1). The overall data reveal an elevated
variability with values distributed among six order of magnitude, from less than 0.1
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Fig. 4.1 Vanadium concentrations in tissues of various polychaete species. Values are given as
g/g (d.w.) and represent the highest levels measured in each species as given in original reference
[5-7]. The y-axis was log transformed to better show the great variability of data (br branchial
crown, bp body portion, wo whole organism)

to more than 10,000 pg/g. Polychaetes from the Mediterranean, including species
from the family Eunicidae (Lysidice collaris, Nematonereis unicornis), Lum-
brineridae (Lumbrineris impatient), Nereididae (Platynereis dumerilii), Sabellidae
(Branchiomma luctuosum, S. spallanzanii) and Serpulidae (Pomatoceros triqueter),
exhibited concentrations ranging between 0.5 and 7 pg/g [7], while values from 10
to 15 pg/g have been measured in the Mediterranean sabellid Branchiomma sp.,
and in Sabellastarte japonica and the serpulid Hydroides ezoensis from Japan [6].
Nonetheless, contrasting with the generally limited bioaccumulation of vanadium
in marine organisms, some polychaetes contain unusually elevated tissue levels of
this element, which appear a widespread, but not constant feature within sabellid
species [7].

The sabellid Eudistylia vancouveri was the first marine worm characterized
in terms of capability to accumulate vanadium from the environment [5]. This
polychaete is a tube dwelling species of approximately 25-30 cm in length,
generally forming large colonies attached to rocks or to other hard substrates, in
shallow waters and up to 20 m depth [44, 45]; it is a very common species from
South California to the British Columbia, Vancouver Island and Alaska. In the early
1980s this species was proposed as potential bioindicator of trace metal pollution
due its ability to concentrate elements such as copper, titanium and, especially,
vanadium at a significantly higher rate than observed in mussels, Mytilus edulis,
from the same areas [5, 44, 45]. In particular, concentrations of vanadium ranged
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Fig. 4.2 (a) schematic representation of a generic sabellid polychaete without its self-constructed
muddy or sandy tube. This marine worms possess branchial crown (bc) representing feather-
like filaments involved in filter-feeding and respiration activities; the body portion (bp) is a well
separated anatomical structure protected inside the tube. Branchial filaments are constituted by a
series of radioles (b) with an internal cartilaginous structure (ca) covered by an outer epithelial
layer (ep); the latter is formed by a single layer of cylindrical cells (¢) with large vacuoles (vac) in
apical position in the cytoplasm (cyt) and oval-shaped nucleus (nc) in the base of the cell

from about 90 to almost 800 wg/g in the whole tissues of E. vancouveri collected
along a pollution gradient [5]. These results, much higher than those normally
observed in marine species (with the exception of tunicates), allowed to indicate
E. vancouveri as the first reported vanadium hyperaccumulator organism, although
mechanisms and sites of storages remained to be elucidated.

Similar characteristics of vanadium hyperaccumulation have been then reported
in another sabellid polychaete, Pseudopotamilla occelata [6, 46]. This is a widely
distributed species in the Pacific Ocean, mainly inhabiting shallow coastal waters of
the East Sea from Russia to China and Japan, commonly found in numerous colonies
aggregated to hard substrates [47]. Specimens of 15 cm in length live inside a self
constructed tube, formed by sand particles and mucus, that provide protection to
body tissues, while the branchial crowns, composed by two opposing half circles
of bipinnate radioles, are typically expanded outside the tube for filter-feeding
and respiration activities (Fig. 4.2). Specimens of P. occelata from Sanriku coast,
North-eastern Japan, were show to concentrate extremely high levels of vanadium
in branchial crowns, ranging from 3,000 to over 7,000 pg/g, values approximately
100 fold higher than those measured in the rest of body tissues (up to 50 pg/g) [46].

The analyses of subcellular distribution revealed that 90% of vanadium body
burden was concentrated into the bipinnate radioles, which represent only the
7% of the whole polychaete weight. The metal was mainly localized in the
epithelial layer covering the internal cartilaginous-like structures of the branchial
filaments which contain fibrous proteins, sulfonated mucopolysaccharides, and
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matrix components [48]; it occurred with an ionic trivalent (IIT) state in a highly
symmetrical octahedral coordination, and soluble form [46]. An additional in-
vestigation combining transmission and scanning electron microscopy techniques,
with X-ray microanalysis on epithelial cells of branchial filaments highlighted the
presence of large vacuoles in the apical portion of the cytoplasm opposite to oval-
shaped nuclei (Fig. 4.2) [6]. The X-ray microanalyses indicated the highest content
of vanadium inside the vacuole formations, although the metal did not appear to
be uniformly distributed in the epithelium; concentrations inside the vacuoles were
estimated to be more than 6,000 pg/g on a wet weight basis, corresponding to about
30,000 pg/g dry weight [6].

This intracellular distribution of vanadium has homologies with that reported
for ascidians, where this element is concentrated mainly within vacuoles of the
signet ring cells, the so-called vanadocytes [17, 19-21]. The accumulation and
storage of vanadium in ascidians is modulated by a group of vanadium-associated
proteins (now vanabins), initially identified in blood cells of Ascidia sydneiensis
samea as two major proteins of 12.5 and 15.0 kDa and a minor peptide of 16 kDa
[21]. The family of vanabins now includes five closely related small proteins, and
novel vanadium-binding proteins, not homologous to vanabins have been isolated
in ascidian blood cells including VBP129, AsGST-I and AsGST-II with a striking
homology to glutathione S-transferases [15, 49]. These proteins have been shown to
bind vanadium accumulated from seawaters and to reduce it in the cytosol from
V(V) to V(IV) in the presence of glutathione (GSH), glutathione reductase and
an electron transfer cascade from NADPH [15, 20, 22]. The V(IV) would thus be
transported into vacuoles and further reduced to V(III) by unknown reductants. A
similar mechanism for vanadium reduction and accumulation within vacuoles could
be suggested also for sabellid polychaetes. In fact polyclonal antibodies against
ascidian vanadium binding proteins, recognized the same antigen in the epithelial
cells of branchial crowns of P. occelata; the presence a group of vanadium binding
proteins in the polychaete tissues could also explain the storage of this element in
the +3 oxidation state within vacuoles by P. occelata [6, 46, 50].

Hyperaccumulation of vanadium has been recently reported in another sabellid
polychaete, Perkinsiana littoralis. This fan worm (about 15 cm in length) is a typical
species in the Antarctic and sub-Antarctic areas and, as the previously described
sabellids (Fig. 4.2), it lives on hard substrates inside a self produced muddy tube
protecting the body tissues, while the filter feeding branchial crowns are extended
outside [51]. This species has been characterized for the content of several trace
metals in body tissues and branchial crowns [7]. With the exception of As, Cd and
V, concentrations of trace elements in tissues of P. [ittoralis were similar to those
measured in other sabellid species including E. vancouveri, P. occelata, P. littoralis
and the Mediterranean Sabella spallanzanii (Table 4.2) [5-7, 46, 52-54]. Significant
differences were found in the distribution of trace metals levels between tissues of
P. littoralis, with most of the analyzed elements, including Ag, Al, Co, Cr, Cu, Hg,
Pb, Se and V being higher in branchial crowns than in the body tissue (Table 4.2).
The elevated levels of cadmium in body tissue of P. littoralis (up to 30 g/g) were
associated to the naturally enhanced bioavailability of this metal in the Antarctic
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Table 4.3 Subcellular distribution of vanadium in branchial crowns of the Antarctic fan worm
P. littoralis [7]

Fraction Distribution (%) Tissue Distribution (%)
Subcellular H 52.1+£3.4% —  Epithelium 95.7 £0.6% Enzymatic
Fractions ML 8.8+ 1.4% Cartilage  4.4+0.3% Digestion of H
m 234+0.4%
cyt 36.7 £ 2%
"

Cytosolic <3 kDa 21.24+1.4%
Fractions 3-10kDa 453 +2.9%
10-30 kDa 16.2+1.8%
>30kDa 17.1£0.9%
Values are given as percentage contribution of various fractions to the total content of vanadium.
Fractions include the heavy pellet (H); mitochondria and lysosomes (ML); microsomes (m);
and cytosol (cyt). The latter fraction was subdivided according to molecular weight of proteins.
The heavy fraction (H) was enzymatically digested and subdivided in the epithelium and the
cartilaginous-likes structure (see text for further details)

region of Terra Nova Bay, characterized by local upwelling phenomena which are
responsible for the high concentrations of cadmium in tissues of marine organisms
[55]. In general, the different tissue distribution of trace elements in P. littoralis was
similar to that obtained in P. ocellata, with higher concentrations in the radioles
[6], while more limited differences between branchial crowns and the body portions
were observed in S. spallanzanii [52].

Particularly elevated concentrations of vanadium were measured in branchial
crowns of P. littoralis, with mean levels raising up to 10,000 pg/g, 30 fold
higher than in the thoracic portion of the organism (>300 wg/g) [7]. Similarly to
P. occelata, more than 80% of the total vanadium body burden was concentrated
in tissues which represent less than 10% of the weight of the animals. Additional
similarities between P. occelata and P. littoralis were shown in the intracellular
localization of the vanadium within branchial filaments. Differential centrifugation
on homogenates of P. littoralis branchial crowns allowed to separate four different
fractions [7]: the heavy pellet (H), containing heterogeneous components, inorganic
granular concretions, nuclei, cellular debris, and undisrupted tissues; the mitochon-
dria and lysosomes (ML) enriched fraction; the microsomes (m); and the cytosol
(cyt). The latter fraction was further separated in soluble and protein components
by microconcentration devices with molecular cut-off at 3, 10, and 30 kDa, while
the H pellet was subjected to an enzymatic digestion to separate the cartilaginous-
like structures from the epithelium (Fig. 4.2) of branched feeding tentacles [7].

More than 50% of vanadium was associated to the heavy pellet (H), 35%
to cytosol (cyt), and 10% to mitochondria and lysosomes (ML). Within the
H fraction, the separation of the cartilaginous-like structures by the enzymatic
digestion allowed to demonstrate that the metal was mostly present (>95%) in
epithelial tissues (Table 4.3), in agreement with results obtained in P. occelata
concentrating vanadium in vacuoles of the epithelial cells [6, 7]. In the cytosolic
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fraction of P. littoralis, 45% of vanadium was bound to proteins with a molecular
weight interval of 3—10 kDa, the remaining being uniformly distributed between
soluble compounds (<3 kDa), and in proteins with molecular weight of 10-30
and >30 kDa. (Table 4.3) [7]. These results could corroborate the hypothesis
that low molecular weight vanadium binding proteins, similar to those described
for ascidians, modulate transport, biotransformation and storage of vanadium in
polychaete tissues.

4.4 Potential Biological Function of Vanadium in Polychaetes

The presence of extremely elevated levels of vanadium in specific tissues or cells
of some polychaetes may suggest a biological role for this element. Several poly-
chaetes have been shown to accumulate elevated concentrations of different metals
in their tissues [6, 8, 9] and various hypotheses have been made, still representing a
stimulating field of investigation. Since the early 1980s, an antipredatory mechanism
was hypothesized for the presence of elevated copper levels (600-1,100 pg/g) in the
gills of the terebellid Melinna palmata [8], while copper or zinc halogens observed
in jaws of some nereids, have been related to both a structural function and a first
defence against bacteria [56, 57]. An antibacterial activity has been also proposed
for the capability of some polychaete species to concentrate cadmium by specific
binding proteins [10, 58].

The hyperaccumulation of vanadium in branchial crowns of the sabellid
P. ocellata has been interpreted as a mechanism to facilitate the oxygen absorption
on the surface of bipinnate radioles, or to maintain it when the worm is withdrawn
into the tube [6, 46]. This hypothesis was supported by the similarity of P. occelata
with ascidians in terms of vanadium chemical speciation and presence of antigens
for the same vanadium binding protein isolated in A. sydneiensys samea [50]. How-
ever, an oxygen binding function of vanadium is less convincing to explain the ele-
vated concentrations in branchial crowns of P. littoralis; the high levels of dissolved
oxygen in cold Antarctic seawater guarantee an elevated adsorption for tissues
through diffusion, as also indicated by the loss of haemoglobin in several Antarctic
fish species [55]. In addition, data for other sabellids from both the Mediterranean
and Japan clearly demonstrate that not all these organisms possess the capability to
concentrate vanadium in the filter-feeding branchial filaments [6, 7].

On the other hand, sabellids commonly occur in areas of high consumer activity
playing a critical role in several trophic interactions [59-61]. Although chemical
defences against consumers have been poorly investigated in sabellid worms, these
organisms likely rely on both deterrence and avoidance to persist in predator-
rich environments [62, 63]. A recent investigation on defensive traits of several
polychaetes species revealed that various sabellids from Caribbean and temperate
western Atlantic, including Bispira brunnea, Bispira variegata, Anamobaea orste-
dii, Branchiomma nigromaculata, Branchiomma sp., Megalomma sp., Sabellastarte
magnifica and Sabella sp., all had unpalatable branchial crowns, and two of these
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species also had unpalatable bodies [62]. The compounds potentially responsible
for these effects were not identified, but the different palatability of branchial
crowns and body portions would indicate that most sabellids possess more efficient
antipredatory defences in tissues exposed to consumers, a characteristic reported
only for a limited number of marine invertebrates which, through the differential
allocation of chemical deterrents, are able to change the palatability of exposed and
protected tissues [63].

A chemical antipredatory strategy has been associated to the elevated concen-
trations of arsenic reported as a quite typical characteristic for several polychaetes,
and often associated with the presence of moderately toxic compounds, quite
unusual for the majority of marine organisms which accumulate this element
as organic, nontoxic molecules like arsenobetaine or arsenocholine [64—66]. The
Mediterranean fan worm S. spallanzanii, was shown to contain exceptionally
high levels of arsenic in branchial crowns (up to 1,500 pg/g), approximately
20-fold greater than in body portions [9, 53, 54, 66] representing an interesting
similitude with the distribution of vanadium in tissues of P. occelata and P. littoralis
[6, 7]. The predominant chemical form of arsenic observed in S. spallanzanii was
dimethylarsinic acid (DMA), a moderately toxic compound which the sabellid can
synthesize by methylation of inorganic arsenic accumulated from abiotic matrices
(i.e. sediments and the water column), or demethylating more complex arseno-
compounds normally assumed from phytoplankton through diet [67]. The deterring
function of arsenic in more vulnerable tissues of S. spallanzanii was corroborated
by the evidence that the branchial crowns of this polychaete were unpalatable for
the white seabream Diplodus sargus sargus which consumed without hesitation the
body tissues of the sabellid [54, 67].

A similar defensive role was proposed also for the marked accumulation of
vanadium in branchial crowns of P, littoralis which were always vigorously rejected
by the Antarctic emerald rock cod T. bernacchii after tasting the tissues [7];
this effect was not observed in the same fish which, immediately after branchial
crowns, were offered a new control food or body tissues of the polychaetes.
Investigations on Antarctic ecology demonstrated that chemical defences have
evolved in numerous species, and more than 300 natural products, usually produced
as secondary metabolites, have been isolated primarily from sponges, cnidarians,
molluscs, ascidians, and, to a lesser extent, from other invertebrates and seaweeds
[59, 68]. In addition to the high incidence of predation, the Antarctic benthos is
mostly exposed to the pressure of mobile macroinvertebrates which reduce the
deterrent relevance of physical devices, like structural skeletal elements, well known
in tropical environments where fish grazing predominates.

Although several Antarctic marine invertebrates use natural products as chemical
defences against predation, fouling, overgrowth, and bacteria [60], such metabolites
seem quite uncommon in polychaetes; besides mycosporine-like amino acids with
ultraviolet protection, only a bromophenolic compound has been described in two
species of the genus Thelepus (Terebellidae) [68, 69]. In this respect, sabellid
worms might have the ability to hyperaccumulate trace elements (like As and V)
instead of natural products as chemical defences against predation in more exposed
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tissues, an hypothesis strongly supported by the similitude between S. spallanzanii
and P. littoralis. The future characterization of trace metals content (including
vanadium) in branchial crowns of other unpalatable sabellids would be useful
to evaluate whether such capability can be considered a typical feature of these
worms. Certainly, the reasons behind the possibility for different sabellid species
to hyperaccumulate different metals is actually unknown, remaining a stimulating
hypothesis for future investigations.
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Chapter 5
Structure and Function of Vanadium
Haloperoxidases

Ron Wever

Abstract Vanadium haloperoxidases contain the bare metal oxide vanadate as
a prosthetic group and differ strongly from the heme peroxidases in substrate
specificity and molecular properties. The substrates of these enzymes are limited
to halides and sulfides, which in the presence of hydrogen peroxide are converted
into hypohalous acids or sulfoxides, respectively. Several seaweeds contain iodo-
and bromoperoxidases and their direct or indirect involvement in the production of
the huge amounts of brominated, iodinated compounds and the formation of I, in
the marine environment will be reviewed. Vanadium chloroperoxidases occur in a
group of common terrestrial fungi and are probably involved in the degradation of
plant cell walls and breakdown of the leaf cuticle. The natural presence of high-
molecular-weight chloro-aromatics in the environment is probably be due to the
activity of these enzymes. Based upon several X-ray structures of the enzymes and
detailed kinetics a molecular mechanism is proposed and discussed in detail. As
will be shown the metal oxide in the active site binds hydrogen peroxide in a side-
on fashion and acts as a Lewis acid allowing nucleophilic attack of an incoming
halide and formation of HOX. The surprising evolutionary relationship between the
bacterial and mammalian acid phosphatases that hydrolyze phosphate monoesters
and the vanadium haloperoxidases will be shown.
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5.1 Introduction

Vanadium is the second most abundant metal in seawater at a concentration of about
35 nM [1] and universally [2] distributed in the soil. The metal oxide is the prosthetic
group in the vanadium haloperoxidases from seaweeds and in a group of fungi, the
dematiaceous hyphomycetes. Vilter [3] was the first to demonstrate evidence for the
involvement of vanadium in the vanadium-dependent haloperoxidase. He showed
that the bromoperoxidase isolated from Ascophyllum nodosum was inactivated by
dialysis at pH 3.8 in phosphate buffer containing EDTA and that the enzyme
was reactivated by vanadate in suitable buffers. Subsequently it was demonstrated
[4, 5] that vanadate was the prosthetic group in the bromoperoxidase and that since
phosphate is a structural and electronic analogue of vanadate it replaces vanadate in
the enzyme [5, 6]. The vanadium chloroperoxidases with similar enzymatic and
kinetic properties as the bromoperoxidases were detected a few years later in a
family of terrestrial fungi [7, 8]. The oxidation state of the metal in the native
form of the haloperoxidases is vanadium V that upon reduction is converted into the
catalytically inactive IV state. As a d' metal ion, vanadium IV has a single electron
that is strongly coupled to the 3!V nucleus (I = 7/2). This redox state of the metal
can easily be detected by EPR since it gives rise to an EPR signal of either 8 or
2 sets of 8 overlapping lines. This technique allows the detection of relatively low
concentrations of these enzymes [9]. Unfortunately at this redox state the enzyme is
inactive. Unlike heme peroxidases the UV-VIS spectra of these vanadium enzymes
show only a modest absorption in the optical spectra around 315 nm due to the
bound cofactor.

Haloperoxidases catalyze the two-electron oxidation of halides (C1™, Br—,17) by
H,0; to hypohalous acids:

H,0, + H" + X~ — HOX + H,0 (5.1)

In fact this reaction can be regarded as an oxygen-transfer reaction from
the peroxide to the halide ion. These hypohalous acids or related halogenating
intermediates, such as OX~, X3~ and X are released from the active site during
turnover and they may act nonspecifically on a variety of organic compounds (RH)
that are susceptible for electrophilic attack resulting in the production of a diversity
of halogenated compounds (RX).

HOX + R — H — RX + H,0 (5.2)

In the absence of a nucleophilic acceptor a reaction may also occur between HOX
and H, O, resulting in the formation of singlet oxygen.

HOX + H,0,—'0, + H,0 + HX (5.3)
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The historical nomenclature convention of the vanadium haloperoxidases is
based on the most electronegative halide oxidized by these enzymes. Chloroperox-
idases catalyze the oxidation of CI™ and Br~ and I™, bromoperoxidases catalyze
only the oxidation of Br~ and I™ and iodoperoxidases [10] are specific for
iodide oxidation. However the distinction between the haloperoxidases is somewhat
arbitrary since a bromoperoxidase may also oxidize chloride albeit with a low
specificity constant.

5.2 Occurrence, Biological Function of Vanadium
Iodo- and Bromoperoxidases and Impact
of the Halogenated Products on the Environment

A striking array of iodinated and brominated products produced by natural sources
is found in the biosphere and in particular the marine environment is a rich
source. A majority of these products are probably formed by the enzymatic
activity of the enzyme family of vanadium bromo- and iodoperoxidases. Iodo- and
bromoperoxidases have been found in red and brown macro-algae from all over the
world [11-13] and also in marine diatom cultures [14]. In the green macro-alga
Ulvella lens probably also a vanadium dependent enzyme is present [15].

5.2.1 Brominated Compounds

Macro-algae and phytoplankton produce huge amounts of bromoform and other
volatile brominated compounds [16] and oxidative stress as well as UV light result
in the release of these compounds by seaweeds. Estimates [16] give a global
annual source strength of 2.2 10'' ¢ CHBr3 by macro-algae. The brominated
compounds are ventilated to the atmosphere and may reach the lower region
of the stratosphere in which they may play a natural role in the regulation of
the ozone concentration [17] and references therein]. Thus, macro-algae have a
dominant role in producing bromoform and other volatile brominated compounds
that plays a role in the breakdown of ozone in tropo- and lower stratosphere [18,
19]. However, there are other natural sources of these halogenated compounds as
well as evidenced [19] by halogen mediated ozone destruction over the biological
active tropical Atlantic Ocean. Halogenated compounds are produced as shown [14]
by marine diatoms that occur in all oceans. Also bromoform in the Artic Ocean
[20, 21] appears to originate from phytoplankton. In some seaweed species the
iodo- and bromoperoxidases are extracellularly located [22-25]. When these and
other seaweeds are triggered by changes in the environment such as stress and light
they produce not only HOBr [22, 25, 26] but also a variety of volatile brominated
compounds [27-30]. It is well documented [31] that plant when exposed to stress
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such as wounding, pathogenic attack and light generate reactive oxygen species and
H,0;. The vanadium bromoperoxidase will convert this rapidly into HOBr.

HOBTr has a direct antimicrobial and virucidal effect [32, 33] and as shown [26]
the oxidized halogen species produced by the marine alga L. digitata deactivate
homoserine lactones. These lactones are important communication signals between
bacteria and as a result of deactivation biofilm formation and fouling by bacteria and
fungi of the surface of the seaweeds is prevented. Thus, oxidized halogens produced
by the extra cellular peroxidase not only control biofouling by a bactericidal
mechanism but also interfere with bacterial signaling systems.

A question that has not yet clearly been answered is how formation of HOBr
by bromoperoxidases is linked to the formation of these volatile halogenated
compounds. At least two mechanisms are operational. Theiler et al. [34] have
proposed that HOBr generated by seaweeds reacts with ketoacids in the seaweeds.
These compounds are susceptible to halogenation; the halogenated ketoacids
formed are unstable and decay via the haloform reaction to a mixture of mono-,
di-, and tribrominated compounds. Indeed as shown [15] incubation of oxaloacetate
with BPO/hydrogen peroxide/Br~ leads to formation of CHBr; and CH;Br;.
Alternatively it has been proposed [22] that HOBr produced by these seaweeds and
which diffuses into the seawater reacts in an abiotic process with dissolved organic
matter naturally present in seawater. The brominated compounds are unstable and
decay again leading to the formation of bromoform and other compounds. This
process occurs also when drinking water containing organic matter is exposed to
HOCI or HOBr [35].

5.2.2 Iodine and lodinated Compounds

The brown seaweeds of the genus Laminaria (kelp) are the most efficient iodine
accumulators among all living species and accumulate up to 1% of their dry weight
of this halogen. In coastal regions Laminariales are the major contributor to the
iodine flux from the oceans through the production of volatile iodocarbons. The
iodoperoxidases that are found in these seaweed species play not only a prime
role in the production of iodine and iodocarbons [36] but also in the accumulation
of iodide. Phylogenetic analyses [37] indicate that these vanadium IPO’s shares a
close common ancestor with brown algal vanadium-dependent bromoperoxidases.
As discussed in more detail later the most striking difference in the active site of
vanadium IPO is the presence of an alanine, instead of an invariant serine that is
present in both in vanadium CPO and vanadium BPO.

Exposure to UV light and stress of L. digitata induces an efflux of volatile
iodocarbons and bursts of molecular iodine I [38—40] and there is a strong relation
to the H,O, released by this alga as well. It is likely that the observed bursts are a
consequence of the known stress-induced production of H,O; in L. digitata. These
results strongly support the model [41] that direct biogenic emission of I, by algae
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Fig. 5.1 Events occurring when seaweed is exposed to stress or light. An oxidase is triggered
by stress signals e.g. low tide, rain or damage of the seaweed and produces hydrogen peroxide.
Apparently during photosynthesis also hydrogen peroxide is generated. The iodoperoxidase
converts this into reactive HOI, which is either converted into I, or it reacts directly with
organic matter in seawater. The formed iodinated compounds ventilate to the atmosphere, are
photolyzed by UV light and iodine radicals I~ are generated. The iodine radicals react further
in the atmosphere and lead to particle formation that acts as condensation nuclei for coastal cloud
formation. A major emission flux of I, from the algae to the atmosphere also, which are directly
photolysed leading iodine radicals

is a very important natural process in the marine boundary layer, that impacts the
tropospheric photochemistry both on regional and global scales. Iodine mediated
coastal particle formation also occurs which is driven by emission of molecular io-
dine I, by macro algal species under stress conditions at low tide. Particle formation
strongly correlates with 10 produced at high concentrations following photolysis
of I, and subsequent rapid reaction with O3. These particles grow to larger size
and these particles should be able to act as cloud condensation nuclei at reasonable
atmospheric super saturations. Indeed, iodocarbons and iodine containing particles
produced in coastal areas by seaweeds provide condensation nuclei for coastal cloud
formation [42—44]. A recent study [45] shows that other seaweed species also emit I,
when stressed for example by low tide. Further this study confirms that condensable
particle forming gases derive from the photochemical oxidation of I, emitted by
these plants. Figure 5.1 gives a simplified picture of the processes that may occur
and are triggered by the activity of the seaweeds.

The physiological function of the production of these iodinated compounds by
these seaweeds is not clear and here is considerable debate as to the role of the
iodoperoxidases in the Laminaria species and the involvement in iodide accumu-
lation. Kupper et al. proposed [46] that iodide accumulation in kelp constitutes an
extra cellular protection against oxidative stress such as O3 in air or H,O, [47]
generated under stress conditions by these plants. However, the O3 concentrations
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Fig. 5.2 Mechanism of iodine uptake according to [48] and adapted. Iodide in seawater (0.3 nwM)
diffuses into the peripheral tissue were it is oxidized by the vanadium iodoperoxidases to I,
This inorganic species becomes bound to apoplastic macromolecules and accumulates. These
macromolecules are conceivably charged polysaccharides, which are abundant in these seaweeds

in air are likely to be low. It is also possible that by using the hydrogen peroxide
generated the vanadium iodoperoxidases act as a chemical defense system against
invading (micro) organisms.

The accumulation and distribution of iodine in these brown algae has been
the subject of many studies [46] and references therein] and has led to various
mechanisms and considerable debate. Micro chemical imaging studies of iodine
distribution in L. digitata and careful fixation procedures have recently shown [48]
that the distribution of iodine shows a huge, decreasing gradient from the meris-
toderm to the apoplasm with very high levels in the external cell layers. The
meristoderm contains about 80% of the total iodine content and the peripheral tissue
is therefore the main storage compartment of iodine and means that iodine is easily
accessible and can be mobilized for potential antioxidant activities and chemical
defense. Interestingly also the highest contents of bromine are also detected in the
peripheral tissue. The results also suggested that iodine is mainly chelated as labile
inorganic species by apoplastic molecules e.g. sulfated polysaccharides or protein
like molecules. On the basis of these results a modified hypothesis (Fig. 5.2) for the
mechanism of iodine uptake was proposed.

An apolastic oxidase which is activated by light or stress produces hydrogen
peroxide which oxidizes iodide from seawater to a yet undefined oxidation state
and after which the iodine species become bound to apolastic macromolecules or
alternatively diffuse into seawater and the environment. It would have been nice to
have data as well about the distribution of the vanadium iodoperoxidase. This could
have led to a better understanding of the role of the iodoperoxidases and maybe also
of the systems that are involved in the generation of hydrogen peroxide.
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5.3 Presence and Biological Function of Vanadium
Chloroperoxidases

Fungi belonging to the dematiaceous hyphomycetes that were isolated from plant
material and soils collected in Death Valley were shown to contain haloperoxidase
activity that could function at more elevated pH and temperature [49, 50]. Some
years later it was shown [7] that the non-heme chloroperoxidase produced by the
fungus Curvularia inaequealis also contains vanadate as the prosthetic group in
the enzyme. The vanadium enzyme is produced in the secondary growth phase,
when nutrients become limiting. In the group of the dematiaceous hyphomycetes
several species produce vanadium haloperoxidases (e.g. Drechslera biseptata,
D. subpapendorfii, Embellisia didymospora, Ulocladium chartarum [8, 51] and
Botrytis cinera [52]). Many of these hyphomycetes are phytopathogenic and/or
grow on decaying plant material. To date no halogenated metabolites have been
reported to be formed by these organisms directly and it has been proposed
that physiological role of the vanadium chloroperoxidase is an oxidative attack
mechanism on the lignocellulose in cell walls of plants or the cuticle layer on the
leaves of plant [53]. The oxidative degradation will facilitate penetration of the
fungal hyphen into the host to reach nutrients in the cell. It is very likely that
HOCI generated by fungal species in soils reacts with organic matter resulting
in the formation of organohalogens. Since chloroperoxidase-producing fungi are
ubiquitous in decaying lignocellulose and plant debris and occur widely in nature
these enzymes are responsible in the natural production of high-molecular-weight
chloro-aromatics and in lignin breakdown [54]. Because lignin is the earth’s most
abundant aromatic substance chlorolignin produced by this route and humus derived
from it are probably significant components of the global chlorine cycle [55].

Recently it has become clear that haloperoxidases are not the only class of
enzymes that are able to incorporate halogens in complex organic molecules. The
iron (II)- and a-oxoglutarate -dependent halogenases [56] are able to specifically
chlorinate specific compounds by a Cl-Fe(IV)-oxo species through ‘rebound’ of a
chloride radical, analogous to the hydroxyl radical rebound mechanism postulated
for heme and non-heme hydroxylases. The FADH?2 halogenases chlorinate specific
compounds by formation of an enzyme-bound chloronium intermediate that is
targeted via a protein tunnel to the region of the bound substrate. These classes
of enzymes will not be discussed here but see [57] for details.

5.4 Haloperoxidase Activity Assays

Classical heme peroxidase substrates such as guaiacol, o-dianisidine and benzidine
are not oxidized by haloperoxidases and other non-standard assays should be used.
The activity of the bromo- and chloroperoxidases is routinely determined using
scavengers reacting with the very reactive intermediates HOCI or HOBr [58] and
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Fig. 5.3 Bromination of iodination of thymol blue (1). At pH 8 there is marked color change due
a shift in the pKa upon halogenation of the dye, the dihalogenated compound (2) has a deep blue
color with an absorbance maximum at 620 nm

that result in marked changes in absorbance. A quantitative assay to determine
the halogenating activity of these enzymes is the bromination or chlorination of
monochlorodimedone [59]. This compound is a 1,3 diketone with an activated
carbon atom that is brominated or chlorinated by HOX or X to the dihalogenated
compound. This reaction is monitored spectrophotometrically at 290 nm and the
loss of absorbance of monochlorodimedone (e = 20,000 M~! cm™') is recorded.
This assay can not be used to measure iodoperoxidase activity due to the poor
reactivity of oxidized iodine species towards monochlorodimedone, high instability
of the iodinated product and formation of Iz — that also strongly absorbs in the
UV region. In general iodoperoxidase activity is measured by spectrophotometric
detection of triiodide.

The MCD formation is quantitative with respect to HyO, consumption but only
at neutral or slightly alkaline pH values. At higher pH values a competing reaction
with hydrogen peroxide occurs resulting in the formation of dioxygen Eq. 5.3. This
competing reaction results in singlet oxygen formation and a decrease in the rate
of bromination or chlorination of monochlorodimedone [60]. This decrease in rate
should be taken into account when the activity measurements are carried at higher
pH values. In fact the vanadium chloroperoxidase has been used as a highly efficient
catalyst for the production of singlet oxygen and the enzyme is 10°~10* times faster
than the molybdate- peroxide system [61]. The halogenation of phenol red is an
alternative assay. This test may only been used for qualitative purpose due to poly-
halogenation of the dye [62]. However the bromination of the dye results in a marked
color change, which also allows visual screening of haloperoxidase activity of large
numbers of samples. This assay has been used in high-throughput screening of mu-
tant libraries of vanadium chloroperoxidase [63]. Also the dye thymol blue may acts
as a scavenger for HOBr. The kinetic parameters obtained [58] are essentially the
same as that reported [59] using monochlorodimedone. Thymol blue has also a high
reactivity towards HOI formed and it has been used in the steady-state kinetic anal-
ysis [58] of the oxidation of I” by vanadium bromoperoxidase from A. nodosum.

Figure 5.3 illustrates the reaction and the results show that this method is
quantitative and superior to the standard I3~ assay.
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The vanadium iodoperoxidases oxidize iodide to HOI according to Eq. 5.4 and
the HOI formed reacts further to I (Eq. 5.5).

H,0, + I~ — HOI + H,0 (5.4)
HOI+I" +H" - L, + H,0 (5.5)
L+ <13~ (5.6)

The triiode formation is the result of reversible complexation of I, with I™ ac-
cording to Eq. 5.6. This method when used [36] in an assay is not free from intrinsic
problems and due the value of the equilibrium constant of Eq. 5.6 iodoperoxidase
activity can only be measured quantitatively at iodide concentrations higher than
20 mM. Also a reaction occurs between HOI and H,O, at pH values > 6.5 [58]
and thus reported values for K,, and V,,,, should be treated with caution. To date
the synthesis of iodinated organic compounds by vanadium iodoperoxidases has not
been reported.

5.4.1 Steady-State Kinetics of Bromoperoxidases

Detailed steady-state kinetic studies on the oxidation of bromide by vanadium
bromoperoxidases have been carried out, which suggested a bi-bi ping-pong two
substrate mechanism in which hydrogen peroxide first binds to the active site
followed by halide oxidation. The kinetic mechanisms for the bromoperoxidases
from various sources appear to be very similar [59, 60]. Only slight inhibition of
these enzymes by high concentrations of HO, (120-400 mM) was observed [60].
Thus vanadium bromoperoxidases are very resistant towards oxidative inactivation
[61]. By contrast most heme peroxidases would be completely destroyed by these
concentrations of H,O,.

Evidence that hydrogen peroxide reacts only with a deprotonated group in the en-
zyme with a pKa of 5.7-6.7 was obtained from measurement of the log K,,, value for
H,0, as a function of pH. This log K,,, decreased linearly with increasing pH but lev-
els off above pH 6. The second-order rate constant that was derived for the binding
of hydrogen peroxide to the bromoperoxidase from the specificity constant [62] is
2.5x 105M~! s~ at pH > 6. In contrast the Km for bromide is hardly affected by pH
[59]. Table 5.1 gives values of the kinetic constants of the various haloperoxidases.

5.4.2 Steady State Kinetics of the Iodide Oxidation
by Iodo- and Bromoperoxidases

A careful analysis carried out by [58] showed that the oxidation of I” by the vana-
dium bromoperoxidase from A. nodosum occurs also by an ordered two-substrate
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Scheme 5.1 Simplified
reaction mechanism of the
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mechanism. The K, value for I” of 0.18 mM is about 100-fold smaller than that
found for bromide oxidation by the same enzyme and conditions. The k., value of
75 s~! for iodide oxidation is similar to that found for bromide oxidation at the same
pH.

Table 5.1 gives a summary of some of the kinetic constants of the iodo-, bromo-
and of the chloroperoxidase that will be discussed later.

These early kinetic studies suggested the presence of a peroxo-intermediate.
The primary reaction products of the enzyme-mediated peroxidation of bromide
appear to be Br;, Br, or HOBr. Although HOBr is probably the first oxidized
identity this is difficult to prove since different bromine species may be present that
are in rapid equilibrium [59]. It was not possible to demonstrate specificity with
regard to bromination of various organic nucleophilic acceptors for the enzyme
from the brown seaweed A. nodosum. This suggests a mechanism in which the
enzyme releases a diffusible halogen intermediate into the seawater. This brown
seaweed produces simple halohydrocarbons such as CH;Br, and CHBr3 that are
probably the result of the enzymatically generated HOBr with organic matter in
seawater or ketoacids in the seaweed. A brominated surface tryptophane is found
in the enzyme from A. nodosum that is the result from free diffusion of the HOBr
species generated by the enzyme during turnover [67]. Single molecule fluorescence
microscopy also gave evidence for a specific bromination. By this technique it
was possible to study the diffusion behavior of bromonium species produced by a
vanadium peroxidase from the fungus Curvularia verruculosa [68]. Under steady-
state conditions hypobromite was able to diffuse over 800 nm in the bulk solution
before it reacted with organic substrates. Scheme 5.1 gives a simplified model for
the reaction mechanism of the enzyme.

In addition to the simple volatile brominated compounds produced mostly
by brown seaweed other seaweed species contain more elaborate and complex
brominated compounds such as halogenated sequiterpenes. In this case there may
be a more specific interaction between organic substrate and an enzyme bound
halogenating intermediate. Vanadium bromoperoxidases isolated from marine red
algae (species of Laurencia, Plocamium, Corallina) convincingly catalyze [69, 70]
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the asymmetric bromination and cyclization of a terpenoid precursor (E)-(+) —
nerolidol, producing single diastereoisomers that are also found in red algae. These
vanadium bromoperoxidases produce bromonium ions or equivalents in the active
site that brominates one face of the terminal olefin that docks within the active
site cavity in a specific orientation. Surprisingly cyclic terpenes are only formed
in mixtures of water and organic solvents. When the organic solvent is deleted only
halohydrines are formed due to a competing reaction with water. This raises the
question as to the formation of the cyclic terpenes under physiological conditions.

As will be discussed bromoperoxidases from A. nodosum and Corallina offic-
inalis catalyze sulfoxidation of aromatic sulfides enantioselectively. This suggests
specific binding of organic molecules possibly close to or at the active site of this
enzyme as well.

5.4.3 Properties of the Prosthetic Group in Bromoperoxidase

When the vanadium bromoperoxidase from A. nodosum is exposed to phosphate
buffers containing EDTA at low pH the enzymatic activity is rapidly lost. In
phosphate buffers at neutral pH the enzyme also inactivates but more slowly,
however, in Tris buffers the enzyme remains active for months. Complete recovery
of the enzymatic activity is possible by incubation of the apo-enzyme at neutral
pH with orthovanadate (HVO4%7) [3]. This reconstitution by vanadate was taken as
early evidence that vanadate is present in the active site. Indeed the X-ray structures
of vanadium bromoperoxidases confirmed that vanadate is indeed the prosthetic
group in these enzymes [71, 72]. Vanadate binds strongly to apo-bromoperoxidase
with K,; values of 35-55 nM. These values are close to the concentration of
vanadate in seawater of 35 nM [1]. Thus, no additional enzyme system is required
to incorporate vanadate in the enzyme. Also molybdate may be incorporated in
the active site of the bromoperoxidase, however, the enzyme reconstituted with
molybdate is inactive [9]. The purified enzyme only displays weak bands at 300—
330 nm in the optical absorption spectrum [73]. These bands diminish in intensity
when H,0; is added and the original intensity is restored by addition of bromide.
This was taken as the first direct indication for the existence of an enzyme-peroxide
intermediate in line with the steady state kinetic studies.

When substrates are added to the bromoperoxidase or during turnover the
vanadium (IV) or (III) states are not observed by EPR [9] or by K-edge X-ray
absorption studies [74]. Thus and since also the reduced enzyme is inactive, the
redox state of the metal during turnover remains vanadium (V). Hence it has been
proposed that vanadium binds and activated hydrogen peroxide by acting as a Lewis
acid [9]. In this metal-assisted mechanism electron density from the bound peroxide
is withdrawn in such a way that the nucleophilic halide reacts with this activated
peroxide intermediate to yield hypohalous acid. These spectroscopic methods have
not only yielded insight into the mechanism but also valuable structural data were
obtained. EXAFS studies [74, 75] showed that the geometry of the metal oxide
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bound in the active site was five-coordinate. The multiple scattering effects from
outer atoms of a group pointed to a histidine ligated to the vanadate. An ESEEM
study [76] of the reduced enzyme showed the presence of nitrogen atoms in the
direct coordination sphere of the metal oxide. The X-ray structure of the vanadium
bromoperoxidase from A. nodosum [71] confirmed these findings.

5.4.4 Kinetic and Optical Properties of Vanadium
Chloroperoxidases

Although expression of active recombinant bromoperoxidases has been reported it
is not straightforward due to the formation of inactive inclusion bodies that have
to be solubilized and subsequent activation of the enzyme [77, 78]. In contrast
cloning and expression of vanadium chloroperoxidase is fairly easy. The enzyme
has both been expressed in the yeast Saccharomyces cerevisiae [79] and in E.coli
[63]. Activation of the recombinant apo-form of the enzyme is easily achieved by
addition of vanadate to either the growth medium or the isolated apo-enzymes. Most
soils contain a high concentration (100 ppm) of vanadium is and since the affinity
of the apochloroperoxidase for vanadate is high the amount of vanadium is not a
limiting factor in the conversion of the apo-enzyme into the holo-enzyme. Further
low concentrations of H,O; increase the affinity of the apo-enzyme for vanadate at
least 200-fold. This is due to the formation of pervanadate that binds the active site
with a dissociation constant of less than 5 nM [80].

The substrate inhibited Bi Bi ping-pong mechanism of the chloroperoxidase [7,
65, 66] resembles those of the vanadium bromoperoxidases . The chloroperoxidase
exhibits a pH profile similar to vanadium bromoperoxidases although the optimal
pH of 4.5-5.0 is at a lower pH value. The enzyme is inhibited at lower pH values
by chloride in a competitive way whereas at higher pH values normal Michaelis-
Menten kinetics is observed. As in the bromoperoxidases the log K, for hydrogen
peroxide decreases with increasing pH and very low values of less than 5 pM are
observed. In contrast as shown in Fig. 5.4 the log K,, for chloride increases linearly
with pH.

This demonstrates that protons are involved in binding and activation of sub-
strates [66, 81]. The enzyme reacts first with peroxide to form a peroxo-intermediate
after which a chloride ion and a proton react resulting in the formation of an enzyme-
HOCI intermediate. This intermediate decays in a rate-determining step to enzyme
and free HOCI. The linear dependency of the log K,, for hydrogen peroxide on
pH suggests that like the bromoperoxidase an ionizable group is involved in the
binding of hydrogen peroxide. Hydrogen peroxide is unable to bind when this
group is protonated. The linear dependence of the log K, for chloride on pH shows
that for binding of chloride to occur, protonation of a group is essential. However
protonation of this group is clearly not essential for bromide oxidation. Both the K,
for bromide of the native bromoperoxidase from A. nodosum and the vanadium
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chloroperoxidase oxidizing bromide are hardly dependent upon pH. Thus it has
been proposed [66, 81] that chloride oxidation requires protonation of the peroxo-
complex in the active site as confirmed by model studies [82] and DFT calculations
[83] that suggested the necessity of protonation of the peroxo- state for chloride
oxidation on each turnover. Scheme 5.2 illustrates the proposal.

A similar band in the near UV (316 nm) as observed in the optical spectrum
of vanadium bromoperoxidase [73] is present in the chloroperoxidase [80], which
is not found in the apo-enzyme. The intensity of the band at 316 nm decreases
upon addition of hydrogen peroxide but a weak band is formed at 480 nm. Chloride
restores the original spectrum. This has allowed monitoring the pre-steady state
binding of peroxide to the enzyme and made it also possible to study the reaction of
the peroxo-intermediate with the second substrate chloride.
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His-404 Asp-292

Phe-397
His-411

Ser-402
Ser-416

His-496 Lys-341

Fig. 5.5 Active sites of VCPO from C. inaequalis (grey) and VBPO from A. nodosum (pink) have
been superimposed to demonstrate the similar geometries. Active site residue labels correspond
to VCPO (top) and VBPO (bottom) (From [84]. Reproduced with permission of the American
Chemical Society)

The first order rate constant for the binding of hydrogen peroxide to the enzyme
at pH 5 was 0.8 x 10° M~ s™!. At higher pH values the reaction between enzyme
and peroxide was too fast to be measured. This increase in rate constant may relate
to the decrease in K, for peroxide at higher pH values (see Fig. 5.5). It was also
possible to study the rate of chloride oxidation by the peroxo-intermediate using a
sequential stopped flow [80]. The first-order rate constant of 7.0 s~! is similar in
magnitude to the k., obtained from steady-state kinetics.

The UV-VIS spectra of several mutants have been obtained [80, 81] and the UV
spectra together with the known X-ray data [85] confirm that amino acid residue in
the active site contribute to the optical spectrum in the near UV. The crystal structure
of the His496Ala mutant shows that tetrahedral vanadate is present in the active
site but not bound to this histidine [85]. The optical spectrum [81] of this mutant
lacks the feature at 315 nm indicating that the V-N bond is crucial for the observed
spectrum.

The optical absorption spectra including the effect of peroxide addition, change
of pH and mutation of active site residues are in line with TD-DFT and quantum
mechanical calculations [86]. In the native enzyme a His496 p — V 3d transition
dominates, whereas in the peroxide form a peroxide p* —V 3d CT transition
found at 480 nm is most intense. On the basis of analogy to well-studied inorganic
imidazole-peroxovanadate complexes this band was already attributed [80] to a
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peroxo- to vanadium charge-transfer band. Thus by using reliable models of
active sites in chloroperoxidase the observed spectral features can be calculated
theoretically.

The bromoperoxidase activity of chloroperoxidase has also been studied [64].
The chloroperoxidase has much larger very oxidation efficiency for bromide (K,
about 10 pM) than the bromoperoxidase, which has a K,, for bromide at pH
5.2 of 5.1 mM. The k. at pH 5 is about 250 s~!. This value is similar to
that of the bromoperoxidase from A. nodosum. The chloroperoxidase is strongly
inhibited by excess bromide and hardly any activity is observed at 100 mM
bromide. Interestingly the vanadium peroxidase that was isolated [87] from the
lichen Xanthoria parietina that grows on rocks and stones also has a very small
value (28 uM) for the K, for bromide. This enzyme was also inhibited strongly
by excess bromide. It is conceivable therefore that this enzyme is also a vanadium
chloroperoxidase. However, chloroperoxidase activity has not been tested.

Table 5.1 shows that the specificity constants for the reaction of hydrogen
peroxide with the peroxidases and mutants are nearly the same in all cases and
not affected by pH. These specificity constants correspond [59] to the lower limits
of the bimolecular rate constant of the binding of peroxide to the vanadate and this
means that the protein environment in the active site does not control the reaction
of peroxide with vanadate. In contrast the specificity constants for the reaction with
the halides vary 1000-fold. This suggests that in line with the oxidation-reduction
potentials of the halides the halide reactivity is driven by chemical reactivity of
the peroxo-vanadium intermediate rather than molecular recognition in a binding
pocket [58].

5.5 Sulfoxidation and Other Oxidation Reactions

In the absence of halide the vanadium haloperoxidases are capable of catalyzing
the enantioselective sulfoxidation of organic sulfides [88, 89]. The bromoperox-
idase from the red seaweed C. pilulifera produces the S-enantiomer of methyl
phenyl sulfoxide (55% e.e.) whereas the bromoperoxidase from the brown seaweed
A. nodosum produces the R-enantiomer of this sulfide (96% e.e.) [89, 90]. Organic
sulfides that structurally resemble indenes and also small sulfides, possessing
a cis- positioned carboxyl group with respect to the sulfur atom, are rapidly
converted to the corresponding sulfoxides with selectivities exceeding 95% e.e. The
oxygen of the peroxide is directly transferred to the sulfide in a selective manner,
strongly suggesting that the aromatic sulfide binds near or at the active site with a
relatively high K, value > 1.5 mM [89]. Compared to the brominating activity of the
bromoperoxidase from A. nodosum (166 s1). The k. value for the sulfoxidation
reactions (1 min~!) is low. This enzyme also catalyzes the sulfoxidation of racemic
non-aromatic cyclic thioethers with kinetic resolution [91]. In contrast to the
vanadium bromoperoxidases the chloroperoxidase was observed to mediate the
formation of only racemic sulfoxides [90]. The highly reactive chloroperoxidase
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peroxo intermediate probably directly abstracts an electron from the substrate. A
positively charged sulfur radical is subsequently formed which migrates from the
enzyme and is subsequently non-enzymatically converted into a sulfoxide.
Surprisingly, the recombinant vanadium chloroperoxidase from the fungus
Curvularia inaequalis catalyzes the oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) (ABTS), a classical chromogenic heme peroxidase substrate. The
enzyme mediates the oxidation of ABTS in the presence of hydrogen peroxide with
a turnover frequency of 11 s~! at pH 4.0 and has a K,,, for ABTS of approximately
35 uM [92]. Also the industrial sulfonated azo dye Chicago Sky Blue 6B was
bleached by recombinant vanadium chloroperoxidase in the presence of hydrogen
peroxide. No further studies on this bleaching reaction have been reported.

5.6 Stability of Bromo and Chloroperoxidases

The bromo and chloroperoxidases are remarkable stable [23, 73, 87, 93-95]. In
particular the chloroperoxidase is highly resistant towards elevated temperatures;
the midpoint temperatures determined from thermal denaturation curves of the
chloroperoxidase range from 82°C to 90°C [65]. Detergents such as SDS or water
miscible organic solvents e.g. ethanol or dioxane have little effect on activity.
The vanadium chloroperoxidase also remains fully active and is stable in micro-
emulsions containing 10% non-ionic surfactant [96]. Oxidative agents such as H,O,
at concentrations in the M range, HOCI and singlet oxygen have little effect on
the activity of the chloroperoxidase [61]. In comparison to heme peroxidases the
vanadium haloperoxidases are unique and the ability of the enzymes to handle the
oxidative substrate and product are related to the nature of the active site. This
stability is a requirement for the potential application of the vanadium peroxidase
as (industrial) biocatalyst in organic synthesis, their use in disinfection formulations
[33,97] and as bleaching enzymes [63].

5.7 X-Ray Structures of Vanadium Bromoperoxidases

Three X-ray structures of bromoperoxidases have been determined, the homod-
imeric structure of the enzyme from the brown seaweed A. nodosum [71] and
those of the red seaweeds Corallina pilulifera and C. officinalis [72]. The enzymes
from the red seaweeds crystallize as dodecamers and the structures are made up
of 6 homo-dimers. The subunit in the bromoperoxidases from Cor. officinalis [98]
measures approximately 85 x 56 x 55 A in size. Twelve subunits are arranged within
a 23 cubic point group symmetry. The vanadate-binding site is located at the bottom
of the active site cleft, which is about 20 A deep and 14 A wide. The active site cleft
is formed predominantly from residues of two different subunits in the dimer. These
subunits are intertwined and this suggests that the subunit by itself will show no
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activity and that reconstitution of activity of a recombinant enzyme is a difficult
process. It is possible to superimpose the secondary structure of the vanadium
chloroperoxidase [99] from the fungus Curvularia inaequalis on the Corallina
bromoperoxidase dimer. Many of the a-helices of each chloroperoxidase domain
are structurally equivalent [98] to the a-helices in the Corallina bromoperoxidase
dimer.

5.8 Active Site of Vanadium Bromoperoxidase
from A. Nodosum and Chloroperoxidase
from Curvularia inaqualis

Most of the amino acid residues in the active site of the haloperoxidases are
conserved. Figure 5.5 illustrates the active site in the bromoperoxidase from
A. nodosum [71] in pink and also that of the vanadium chloroperoxidase from
Curvularia inaequalis [99] in grey.

In the bromoperoxidase from A. nodosum vanadium is bound as orthovanadate
on the N-terminal side of a four-helix bundle and the vanadium metal is the center
of a trigonal bipyramid with three equatorial oxo ligands, one oxygen in the axial
position and a covalent linkage to the N*2 of His486. The positively charged amino
acids, including Lys341, Arg349 and Arg480 form a kind of a positively charged
cage, which compensates the negative charge of the oxygen atoms in the equatorial
plane. There are hydrogen bonds of the Ser416 and Gly417 to the bound vanadate.
The axial oxygen atom forms a hydrogen bond with the N*' of the distal His418,
which is a conserved catalytic residue in vanadium peroxidases. As in the enzyme
from Cor. officinalis amino acid residues from both monomers contribute to the
substrate access channel of each active center.

Both a 2.1 A crystal structure of native chloroperoxidase and of recombinant
chloroperoxidase at 1.66 A resolution has been reported [85, 99, 100]. The enzyme
molecule crystallizes as a monomer and has an overall cylindrical shape (not shown)
with a length of about 80 A and a diameter of 55A. The protein fold is mainly
a-helical with two four-helix bundles as the main structural motifs. In contrast to
the vanadium bromoperoxidase from A. nodosum there are no disulfide bridges
in the chloroperoxidase. The vanadium-binding center is located on top of the
second four-helix bundle and orthovanadate is bound in the same way as in the
bromoperoxidases. Three oxygen atoms form a plane and the fourth oxygen is
found at the apex. It is hydrogen bonded to the nitrogen N°' of His404. The N*
atom from His496 ligates directly to the metal. Again the negative charge of the
vanadate group is compensated by hydrogen bonds to three positively charged
residues (Arg360, Arg490, Lys353). Further, the vanadate forms hydrogen bonds
with a glycine (Gly403) and a serine residue (Ser402). There is also a histidine
residue (His404) close to and hydrogen bonded to the apical hydroxyl moiety of
the vanadate that may act as an acid/base group in catalysis. Two water molecule
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Native Peroxo

His496 His496

Fig. 5.6 Suggested location of the V-O and V-N distances obtained from the vanadium
K-edge EXAFS recorded for native VCPO (left) after the addition of H,O, (peroxo- intermediate)
(right), on the basis of the coordination numbers determined by protein crystallography for
crystals obtained at pH 8.0 [99]. PDB VCPO (Wildtype): 1idg, resolution 2.03 A at pH 8.0. PDB
PeroxoVCPO (wildtype): lidu, resolution 2.24 A and pH 8.0. The vanadium centre (V) is shown
in grey and the oxygens (red, labeled 1, 2, 3 and 4) and nitrogens (blue) are labeled based on [99]
(Reproduced with permission from [101])

hydrogen bonded to the His 404 are also present in the chloroperoxidase [99]. As
Fig. 5.6 shows the active sites of the two enzymes are structurally nearly super-
imposable.

X-ray structures are not yet available for a vanadium iodoperoxidase. How-
ever, the full-length cDNA has been obtained [37] for the iodoperoxidase from
L. digitata and phylogenetic analyses indicated that this iodoperoxidase shares a
close common ancestor with brown algal vanadium-dependent bromoperoxidases.
A three-dimensional structure model of the iodoperoxidase active site and com-
parisons with those of other vanadium- dependent haloperoxidases revealed [37] a
striking difference in the catalytic region of iodoperoxidase. Instead of an invariant
serine in vanadium bromo- and chloroperoxidase an alanine residue (Ala481) is
present at the same position (Fig. 5.6). This substitution results in the loss of one of
the hydrogen bonds involving the negatively charged oxygen atoms of the vanadate
cofactor in vanadium chloro and bromoperoxidase.

Recently [101] vanadium K-edge X-ray Absorption Spectra were reported for the
native and peroxo-forms of vanadium chloroperoxidase from Curvularia inaequalis
at pH 6.0. The Extended X-ray Absorption Fine Structure (EXAFS) regions
provided a refinement of crystallographic data. As shown in Fig. 5.6 vanadium is
coordinated in the native enzyme to two oxygen atoms at 1.69 A, another oxygen
atom at 1.93 A and the nitrogen of an imidazole group at 2.02 A. Further one short
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V-O bond (1.54 A) is present. In addition to H bonds oxygen atom 1 and 2 have
electrostatic interaction with the positively charged residues Arg360 and Arg489
and Lys353 (O2). The EXAFS data [74] on the vanadium bromoperoxidase from
A. nodosum and the X ray structure of this enzyme [71] also show one short V=0
bond. Reduction of the chloroperoxidase with dithionite has a clear influence on the
spectrum, showing a change from vanadium (V) to vanadium (IV).

5.9 Structure of the Peroxo-Intermediate of Vanadium
Chloroperoxidase

By incubating native crystals in mother liquor containing peroxide and shock
freezing these in cryobuffer it was possible to obtain the X-ray structure of the
important catalytic peroxo-intermediate [99]. The peroxide is bound side-on with a
distance of 1.47 A between the two peroxide oxygen atoms O2 and O4. The resulting
coordination geometry is that of a distorted tetragonal pyramid with only four
oxygen atoms and one nitrogen atom. According to the X-ray data there are several
changes in the hydrogen-bonding network when peroxide is bound. His404 is no
longer bonded to any of the vanadate oxygens, but there are still two water molecules
in the active site. Lys353 forms a hydrogen bond to one of the peroxide oxygens. The
EXAFS study [102] gives a refinement of the X-ray structure, although it should be
kept in mind that the X-rays structure was obtained at pH 8 and the EXAFS study
was carried out at pH 6. As Fig. 5.6 shows a short V=0 bond of 1.54 A is still
present, another V-O bond at 1.67 A and the side-on bound peroxide involves V-O
bonds of 1.67 and 1.88 A to oxygen atoms 2 and 4, respectively. Oxygen atom 2 is
more exposed to the solvent, whereas oxygen 4 is more buried in the protein cavity
[63] and is hydrogen bonded to Lys 353. This Lys 353 polarizes the oxygen-oxygen
bond and is very important in catalysis. Indeed mutation to an alanine [81] has a
profound effect on the catalytic activity. Considering the location of oxygen 2 in
the active site it is likely that at this atom nucleophilic attack by halide occurs. The
shorter V-N bond observed in the peroxo-form with respect to the native enzyme is
in line with the previously reported [80] stronger binding of peroxo vanadate to the
enzyme.

5.10 Molecular Mechanism of Vanadium Haloperoxidases
and Difference in Reactivity Between Iodo-, Bromo-,
and Chloroperoxidase

Based on the effect of mutations of the active site residues and kinetic data the
following mechanism arises for the chloroperoxidase. By the Lewis acid properties
of the metal ion electron density is withdrawn from the bound peroxide assisted by
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the two positively charged arginine residues (Arg490 and Arg360). The conserved
Lys353 that forms a hydrogen bond to one of the oxygen atoms further polarizes
and activates the bound peroxide. One of the oxygen atoms of the peroxide is
protonated to allow oxidation chloride ion (c.f. Fig. 5.4). After formation of the
peroxide intermediate the next step in catalysis is the nucleophilic attack of the
halide on the electrophilic hydrogen peroxide (oxygen 2 in Fig. 5.6) and breaking
the peroxide bond, resulting in formation of HOX or XO™. All mutations of the
active site residues result in kinetically crippled [64, 66, 80, 81] mutants. Most
or all of the chloroperoxidase activity is lost, however, some mutants retain some
bromoperoxidase activity.

Detailed structural data are available now and in principle it should be possible
to explain the difference in reactivity between the vanadium iodo-, bromo- and
chloroperoxidases and the effects of mutations on the activity. A prominent
difference in the active site architecture of the chloroperoxidase and the iodo- and
bromoperoxidases is the presence of a second histidine in the iodo- and bromoper-
oxidase, a residue that in chloroperoxidase is a phenylalanine. Since chloride is
more easily oxidized than bromide and bromide more easily oxidized than iodide
it has been suggested [63, 71, 81] that the histidine in bromoperoxidase accepts the
proton from the bound peroxide and in this way reduces the oxidative strength of
the bound peroxide and the reactivity of the peroxidase. This decrease in reactivity
may also explain why vanadium chloroperoxidase is strongly inhibited [103] by the
nucleophilic inhibitor azide whereas the bromoperoxidase is only weakly inhibited
by azide. When by site-directed mutagenesis the Phe397 in chloroperoxidase was
replaced by a histidine it was observed [66] that the specificity constant for the
oxidation of chloride decreases 100-fold. However, the specificity constant for
bromide oxidation decreased also10-fold and further the mutant rapidly inactivated
during turnover. Thus the difference in oxidizing ability between the two enzymes
is not simply due to a single residue but apparently more factors are involved. An
attempt was also made to induce chlorinating activity in the bromoperoxidase from
C. pulilifera by mutating the Arg397 in this bromoperoxidase to a tryptophane that
is present in chloroperoxidase. Indeed chlorinating activity was observed [104],
however, the reported K, value for chloride of about 700 mM is 100-fold higher
than that of native chloroperoxidase. No satisfactory explanations have been offered
for these observations and the factors that are important in tuning the reactivity of
the haloperoxidases are not fully understood.

The active site of bromoperoxidase differs from the iodoperoxidase by the
presence of serine instead of an alanine residue. The absence of the polar serine
residue in the iodoperoxidase from L. digitata lowers the charge neutraliza-
tion of the vanadate cofactor in its peroxo state and this may be the reason
[37, 58] why the peroxo-vanadate in the iodoperoxidase is less capable of oxidizing
highly electronegative halides. In this context the observation is important that a
significant decrease in the chloride oxidation occurs when the Ser402 in vanadium
chloroperoxidase is mutated to an alanine residue [66]. This mutation abolishes
oxidation of the most electronegative halide, i.e. chloride, while maintaining still
20% oxidizing activity of bromide. Finally it should be noted the access cavity in
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vanadium iodoperoxidase is wide and open compared to the small deep channel
to the active site in chloroperoxidase. This feature may affect the reactivity of
the peroxo-intermediate to halides [105] as well. This exposed site may also
explain why an acid phosphatase that has essentially the same active site as
the chloroperoxidase [79] and in which vanadate is substituted has only a very
low brominating activity [106]. This phosphatase has a very accessible active
site [107, 108].

Driven by potential application of the chloroperoxidase in antifouling paints a
directed evolution study [63] was carried out to improve the brominating activity
of the vanadium chloroperoxidase from C. inaequalis at mildly alkaline pH. Two
rounds of random mutagenesis were carried out, followed by saturation mutagenesis
at a hot-spot position. A triple mutant was created by rational combination of
positive mutants. This final triple mutant had an activity that was the highest ever
measured for vanadium haloperoxidases. At pH 8 it showed an increase in the k4,
from 1 to 100 s~ and at pH 5 a fivefold higher brominating activity was found (k..
575s™1). Also the chlorinating activity at pH 5 was doubled to 36 s~!. The K,,, values
for the substrates increased somewhat but overall the specificity constants k.,/K,,
for bromide and chloride were increased (Table 5.1). The mutants were in the first
and second coordination sphere of the vanadate cofactor and the effect on the steady-
state kinetic parameters confirm that fine-tuning of residues Lys353 and Phe397 and
changes in the electrostatic potential in the active site are very important.

5.10.1 Theoretical Calculations on the Nature
of the Vanadate Cofactor

A detailed molecular picture of the catalytic mechanism of the haloperoxidases
requires understanding of the structure of the vanadate cofactor, its protonation
state, protonation state of the peroxo intermediate and the relevant interactions
between vanadate and surrounding amino acids. The present accuracy of the
X-ray data does not allow an assignment of these protonation states and hydrogen
bonding networks. Several theoretical investigations have therefore been performed
on vanadium complexes that model the native VCPO and on the enzyme itself.
However, it should be kept in mind that the theoretical calculations up to now are
based upon the X-ray data and the more accurate distances obtained by EXAFS
have not been taken into account yet.

DFT calculations [109] resulted in a doubly protonated vanadate with an axial
hydroxo ligand and one hydroxo group in the equatorial plane. The same conclusion
was reached in a time-dependent DFT study [110] as well as in a QM/MM
study [111]. A solid-state >' V-NMR study on VCPO in combination with DFT
calculations of the NMR observables using a series of small models [84] concluded
this picture. The importance of including the protein environment into the QM
models was also shown [107] which again led to a minimum with two protons, but
now in the form of an axially bound water ligand. The >' V-NMR chemical shifts
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[101] were remodeled [112] using QM/MM-optimized models of the complete
protein and systematically increasing the size of the QM region. It was concluded
that the resting state of the cofactor is either the proposed doubly protonated
vanadate or a triply protonated state in which there is an axially bound water
and an equatorial hydroxide. These studies converge on the scenario in which
the resting state of the enzyme can be described as doubly protonated trigonal
bipyramidal vanadate with at least one hydroxyl group in the apical position. The
second proton can be assigned to any of the equatorial oxygen atoms or to the
apical oxygen forming a bound water molecule. According to [113] and based on
quantum mechanics/molecular mechanics evaluations of ground state properties,
UV-VIS spectra and NMR chemical shifts the most likely ground state configuration
of vanadate in vanadium chloroperoxidase is an axially bound water molecule that
is stabilized by a hydrogen bond to His404. Mutation experiments already showed
that the mutant His404Ala was strongly impaired in its activity and ability to bind
vanadate. Further water molecules that are present in the crystallographic structure
are very important in explaining the spectral and NMR data. These computational
studies and the studies of the effect of mutations on the enzymatic activity and
structure show clearly that the enzyme has a very complex hydrogen-bonding
network around the cofactor. Two water molecules also participate in this but
whether they have a possible role in tuning the activity is not clear. Thus the
factors that are important in tuning the reactivity are not fully understood but it
is unlikely that halide specificity is due to a selective halide binding effect. In this
respect it should be noted that the existence of halide binding pocket is doubtful.
Haloperoxidases are inhibited by excess halide and if a halide is found in the
active site of these enzymes [114] it may present binding to an inhibitory site. The
ability to oxidize halides most likely relates to the action of amino acid residues on
the peroxo-intermediate in or in close vicinity of the active site and the resulting
hydrogen bonding network.

5.11 Bacterial Vanadium Enzymes

Thus far vanadium haloperoxidases have only been found in eukaryotes but they
may also be present in prokaryotes. Three putative homologous genes that are
present in the 43-kb napyradiomycin biosynthetic cluster found in marine sediment
derived actinomycetes [115] show sequences that correspond to the active site
residues of the vanadium haloperoxidases but also to the acid phosphatases.
Heterologous expression of this biosynthetic cluster in bacterial host resulted in the
synthesis of chlorinated meroterpenoids. This observation was taken as evidence
that bacteria also contain vanadium enzymes. However, an alignment (Fig. 5.7) of
the active site region of the vanadium chloroperoxidase with corresponding parts
in the NapH1, NapH3 en NapH4 region show clearly that the active site residue
His404 is lacking and replaced by either a serine residue (NapH1 and NapH4) or a
phenylalanine at this position.
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NapH1 ATFEPLIAAWEEKRIYDAVRPVTAVREVYGNRKIRAWGGVGMGTVDDIRASEWSSYLPVG 419
NapH4 ATFDTLIAAWGYKRKYEAVRPITAVREVYGNRKIRAWGGVGMGTVDDIRANEWAGYLPVG 414
NapH3 ARFDSLIAAWHHKRAYDTVRPFSAVRHVYGSKPVTAWGGPGKGTVESTPADEWTGYLPVG 332
VCPO ACTDAGIFSWKEKWEFEFWRPLSGVRDDGRPD-——-— HGDPFWLTLGAPATNTNDIPFKP 395
* *
NapH1 DHPEYPSGSTSLCSATSQAARRYFESDELDWT INYKAGSTVVEPGITPGKDLSIHIPTWT 479
NapH4 DHPEYPSGSTTVGSAASQAARRFFDSDDLNWEFDFEVGKSIVEPGITPVENVRVSFPTHT 474
NapH3 NHPEYPSGFTTLIARQAQAARSFLGDDVLNWTHAFPAGSGQREPGAVPASDLELTWATWT 392
VCPO PFPAYPSGHATFGGAVFQMVRRY YNGRVGTWKDDEPDNIAIDMMISEELNGVNRDLRQPY 455
% %k
NapH1 DFTR-—=—=======———————————— e TCGNSRVWGGVHFQTTVDRT-——————-=-== 503
NapH4 DENK-==—====—————————————mm RCAYSRVDGGVHFKKTVERS—————==---— 498
NapH3 DFEN-———===—===———— === DCATSRVWAGAHFTKTAETS——————————~ 416
VCPO DPTAPIEDQPGIVRTRIVRHFDSAWELMFENAISRIFLGVHWRFDAAAARDILIPTTTKD 515
* *

Fig. 5.7 Alignment of the sequences of NapH1, NapH4, NapH3 and vanadium chloroperoxidase.
Conserved residues in bold. *, Active site residues involved in hydrogen bonds and binding the
vanadate cofactor. Clustal W was used for the phylogenic analysis

Considering the importance of this residue in catalysis [81] it is unlikely that all
these genes code for an active haloperoxidase and may have another function e.g. as
discussed below as phosphatases.

5.12 Active Site Similarity of Haloperoxidases and Acid
Phosphatases

The three regions providing the metal-anion binding site in the vanadium enzymes
show [116-118] a high similarity to stretches that are present in a large group
of acid phosphatases that were previously considered unrelated. Based on this
sequence similarity and the structural and electronic homology with phosphate, it
was concluded that the architecture of the active sites in the two classes of enzymes
is very similar. Indeed the X-ray structure of the acid phosphatase [107] from
Escherichia blattae and that [108] of Salmonella enterica confirmed the remarkable
similarity of the residues binding vanadate in the vanadium enzymes and phosphate
in the phosphatases. Not only the phosphatases from bacteria contain this motif for
the active site but it is wide spread in nature and include for example the membrane-
bound glucose-6-phosphatase, an enzyme involved in regulation of glucose levels
in the blood of mammals and the large family of lipid phosphohydrolases [118].
Since the same supra-molecular environment is present in the two classes of
enzymes, it is likely that they exhibit dual enzymatic activities. Indeed when
vanadate was removed from the active site of the vanadium chloroperoxidase from
C. inaequalis it exhibited phosphatase activity [79]. However, the phosphatase ac-
tivity with p-nitrophenyl phosphate (pINPP) is low probably due to the deeply buried
active site in the protein that is not easily accessible for substrates. The low turnover
allowed pre-steady state-studies on the phosphatase activity of both on both native
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chloroperoxidase and mutants [81] and to obtain details of the mechanism. A rather
stable phospho-intermediate is formed in which His496 acting as a nucleophile
reacts with the phosphate group. By incubating apo-chloroperoxidase crystals with
p-nitrophenylphosphate and subsequent flash cooling of the crystals it was possible
to trap the phospho-intermediate intermediate and obtain a high resolution X-ray
structure [119]. It consists of a metaphosphate anion PO3;™ covalently bound via
its phosphorous atom to the N*> atom of the His 496 with a water molecule in the
position for a nucleophilic attack on the phosphorus.

When vanadate is substituted in the active site of acid phosphates they exhibit
bromoperoxidase activity and enantioselective sulfoxidation activity. Thus, the
analogy between these classes of enzymes includes both structural and catalytic
aspect. However, the turnover values of 3-30 min~! are much lower than of
native bromoperoxidase from A. nodosum. When vanadate is substituted in the
phosphatase phytase sulfoxidation and bromoperoxidase activity is observed also
[120]. However, phytase does not belong to the class of acid phosphatases and
active site of phytase has an architecture that differs from the acid phosphatases. The
phosphatases have very different physiological functions and are found in species
varying from E. coli to humans. Since phosphate and phosphate metabolizing
enzymes entered evolution at an early stage and in which oxygen and hydrogen
peroxide were not yet present, it seems likely that vanadate was coined by nature to
become the prosthetic group in the vanadium enzymes in a more recent period and
thus these enzymes have evolved from the phosphatases.
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Chapter 6
Bioinspired Catalytic Bromination Systems
for Bromoperoxidase

Toshiyuki Moriuchi and Toshikazu Hirao

Abstract The oxidative bromination of arenes is induced by a vanadium catalyst
in the presence of a bromide salt and a Brgnsted acid or a Lewis acid under
molecular oxygen, which provides an eco-friendly bromination method as compared
with a conventional bromination one with bromine. This catalytic bromination can
be applied to the bromination of alkenes and alkynes to give the corresponding
vic-dibromides. Use of aluminium halide as a Lewis acid in place of a Brgnsted acid
is demonstrated to provide a more practical protocol for the oxidative bromination.
From ketones, a-bromination products are obtained. AlBr3 is found to serve as both
a bromide source and a Lewis acid for the smooth bromination reaction.

Keywords Vanadium bromoperoxidase ¢ Vanadium catalyst ¢ Oxidative
bromination * Molecular oxygen ¢ Brgnsted acid ¢ Lewis acid

6.1 Introduction

The bromination of organic compounds is regarded as one of the most funda-
mental reactions in organic synthesis, providing important precursors for various
transformations. Conventional bromination reaction requires hazardous and toxic
elemental bromine. To avoid this, an alternative environmentally friendly method is
a necessary requirement. Considerable efforts have been focused on developing an
efficient bromination method by using a bromide ion as a bromide source instead of
bromine [1, 2]. In these methods, the bromination reaction proceeds by utilizing
generation of a bromonium-like species through total two-electron oxidation of
a bromide ion. As an oxidant, hydrogen peroxide [3], oxone® [4], cerium(IV)
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ammonium nitrate (CAN) [5], sodium periodate [6], lead tetraacetate [7], and
Selectfluor® [8] have been shown to induce oxidative bromination of alkenes and
alkynes in the presence of bromide salts such as alkali metal bromide or BuyNBr
(Scheme 6.1a).

conventional method

arenes Br, bromination
alkenes

>
roducts
alkynes ( P
1] Br+”
(a) stoichiometric strong oxidant
HTOBI’ (H,0,, Oxone ®, CAN, NalO,, Pb(OAc),, Selectfluor® ...)
|

Br, (b) mimicking VBrPO

1 cat. M (V, Mo, W), H,O,

Brg - X (c) cat. NaNO,, HsPMo,,V,0,,, Cu, ’

Br acid, O,

Scheme 6.1 Development of synthetic methods for bromination

On the other hand, the biochemical roles of vanadium have gained growing
interest from both biological and chemical perspectives, which is related to the
insulinnomimetic ability of vanadium compounds and the presence of vanadium
as an essential constituent in certain haloperoxidases and nitrogenases [9-17].
Haloperoxidases are enzymes that catalyze the oxidation of halide ions by using
H,0, as the oxidant [18-22]. Haloperoxidases have received much attention
because of their capability to halogenate a range of organic compounds. These
enzymes are classified into three groups as Fe Heme containing, vanadium con-
taining, and metal free haloperoxidases. Vanadium bromoperoxidase (VBrPO)
[23-26], a naturally occurring enzyme found in marine algae, catalyzes two-electron
oxidation of the bromide ion in the presence of H,O,, leading to a bromonium-
like species. VBrPO has been demonstrated to induce the catalytic bromination
of organic compounds [10, 25-28]. In the reaction path, an oxo-peroxo species
generated from a dioxo vanadium and hydrogen peroxide is considered to be an
active species [14, 16]. The oxidative bromination reaction induced by a vanadium
catalyst and H,O,, mimicking the catalytic activity of VBrPO has attracted much
attention (Scheme 6.1b) [27, 29-42]. Other metals including tungsten [43] or
molybdenum [44] complexes have been found to work as a bromination catalyst in
the presence of stoichiometric hydrogen peroxide. These systems, however, require
a stoichiometric amount of a strong oxidant to generate the bromonium-like species.
From the view point of green chemistry perspective, molecular oxygen is regarded
as the best candidate for oxidants. Some oxidative bromination reactions under
molecular oxygen as a terminal oxidant in place of a strong oxidant have been
reported, developing the more advanced catalytic systems rather than the enzyme
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(Scheme 6.1c). NaNO, has been shown to serve as a catalyst in the presence of
aqueous HBr to induce the bromination of arenes and aryl ketones under molecular
oxygen (by Liu and Liang et al.) [45], alkenes and alkynes under air (by Iskra et al.)
[46]. This chapter summarizes the catalytic oxidative bromination reaction by using
a vanadium catalyst, a bromide salt, and a Brgnsted acid or a Lewis acid under
molecular oxygen.

6.2 Vanadium-Catalyzed Oxidative Bromination Promoted
by Brgnsted Acid with Molecular Oxygen

To develop an efficient catalytic system for the bromination reaction, oxidation
of the bromide ion based on vanadium redox ability has been focused on. A
high valent vanadium is expected to oxidize the bromide ion to a bromonium-
like species in the presence of an acid because the vanadium is known to have the
stronger oxidation capability in the presence of an acid. A low valent vanadium thus
formed could be reoxidized by molecular oxygen. The combination of the redox
properties of a vanadium catalyst and molecular oxygen is envisioned to provide an
environmentally acceptable catalytic system in oxidative bromination. On the basis
of this concept, the oxidative bromination reaction induced by vanadium catalyst,
bromide ion, and Brgnsted acid under molecular oxygen has been investigated.

The oxidative bromination reaction of 1,3,5-trimethoxybenzene with 5 mol% of
NH4 VO3, 300 mol% of BuyNBr, and 300 mol% of trifluoroacetic acid (TFA) in 1,4-
dioxane under atmospheric oxygen proceeds at 80 °C to allow the formation of the
monobromination product (Table 6.1, entry 1) [47]. The use of p-toluenesulfonic
acid monohydrate (PTS-H,0) instead of TFA under the identical conditions shows
a 20% decrease in the yield (entry 2). The similar yield is observed with NaVOs3
as compared with the ammonium counterpart (entry 3). V,0Os is found to be
less effective than NH4VOs3 (entry 4). VO(acac), and VOSSO, give the similar
NMR yields to NH4VO; (entries 5 and 6). WO3, which is known to catalyze the
oxidative bromination with H,O, [43], does not serve as a catalyst (entry 7). The
oxo metal complexes including TiO(acac),, MoO,(acac),, and MnO,, display no
promising results (entries 8—10). Acetonitrile, dimethylformamide, acetic acid, and
dimethoxyethane are found to be less effective than 1,4-dioxane. Among various
conditions examined, the reaction with 5 mol% of NH4VO3, BusNBr (300 mol%),
and TFA (300 mol%) in 1,4-dioxane at 80 °C is superior (method A).

The oxidative bromination reaction of a variety of arenes, alkenes, and alkynes
undergoes smoothly by using this catalytic system [47]. Some selected results are
listed in Table 6.2. The bromination reaction of the phenol derivatives, such as
2,6-xylenol and resorcinol, using method A leads to the monobrominated com-
pounds regioselectively in the similar yields (entries 1 and 2). This bromination
reaction can be applied to the bromination of alkenes. In the case of styrene, the
reaction proceeds smoothly at a high conversion rate, even at room temperature, in
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Table 6.1 Bromination reaction under atmospheric oxygen®

metal salt 5 mol%

OMe Bu,NBr 300 mol% OMe
CF;COOH 300 mol% Br

MeO OMe 1,4-dioxane, O,, 80 °C, 18 h MeO OMe
entry metal salt NMR yield (%)

1 NH,VO, 80P

2¢ NH4VO; 62

3 NaVoO, 77

4 V5,05 53

5 VO(acac), 74

6 VOSO,4 75

7 WO; 0

8 TiO(acac), 0

9 MoO,(acac), 2

10 MnO, 5

2Conditions: 0.4 mmol of 1,3,5-trimethoxybenzene, 5 mol% NH4VOs3,
300 mol% BuyNBr, 300 mol% TFA, 1.5 mL of solvent, under O,

"Tsolated yield

°PTS-H,0 was used in place of TFA

the presence of 1 mol% of NH4VO3; and 200 mol% of PTS-H,O and BuyNBr in
acetonitrile (method C). The bromination reaction of a-methylstyrene gives 33%
of the dibromide and 62% of the bromohydrin regioselectively (entry 4). On the
other hand, using 5 mol% NH4VO3, 900 mol% BusNBr, and 900 mol% TFA in
1,4-dioxane at 80 °C (method B), only the bromohydrin is produced in 60% yield
(entry 3). In the case of trans-p-methylstyrene, the ketone is obtained in addition
to the erythro-dibromo and bromohydrin compounds (entry 5). The bromination
reaction of cis-B-methylstyrene leads to the threo-dibromide together with small
amounts of the erythro isomer, bromohydrin, and ketone (entry 6). Starting from the
styrene derivatives, the regioisomeric bromohydrins and ketones are not formed.
Dibromides are produced in the reaction of aliphatic alkenes by using method B.
Allylbenzene and 1-decene are converted to the dibromides in 94% and 97% yields,
respectively (entries 7 and 8). In the case of 5-hexene-1-ol, the dibromide is obtained
in 94% yield, with the hydroxyl group intact (entry 9). Moreover, the present
catalytic system can be applied to the bromination of alkynes. The bromination
reaction of 1-phenylpropyne and 1,4-dimethoxy-2-butyne provides only the trans-
1,2-dibromoalkenes in 98% and 77% yields, respectively (entries 10 and 11).
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Table 6.2 Bromination reaction of arenes, alkenes, and alkynes

entry  substrate method products, isolated yields (%)

OH OH
1 A 73
Br
OH OH
2 ©/ A Br/©/ 72

OH OH
3 B Br 0 OH ¢
) ol A Ph Ph

4 C Br 33 B 62
Br OH O

5b Ph C P 59 P 18 Ph)KK 15

Br Br Br

Br OH o)

e PN C PO SIS Py 17 PR

Br Br

Br
1 S B MeOVTOMe 77
Me r

Method A: 0.4 mmol of substrate, 5 mol% NH;VO3, 300 mol% BusNBr, 300 mol% TFA, 1.5 mL
of 1,4-dioxane, under O,, 80 °C, 18 h. Method B: 0.4 mmol of substrate, 5 mol% NH;VOs,
900 mol% BuyNBr, 900 mol% TFA, 1.5 mL of 1,4-dioxane, under O,, 80 °C, 12 h. Method C:
0.4 mmol of substrate, 1 mol% NH,VOj3, 200 mol% BuyNBr, 200 mol% PTS-H,0, 1.5 mL of
acetonitrile, under O, room temperature, 6 h

“NMR yield

bTogether with the erythro isomer (9%)

The amount of the catalyst can be successfully reduced to 1 mol%, although
a longer reaction time is required (Table 6.3, entry 1) [47]. Furthermore, the
bromination reaction proceeds well, even under air, in the presence of 600 mol%
of BuyNBr and TFA to give 70% of the bromination compound la (entry 2).
The bromination depends on the amounts of the bromide source and acid. Use
of 900 mol% of the bromide source and acid leads to the dibromide 1b in 70%
yield with the concomitant monobromo compound 1a in 28% yield (entry 3). When
a catalytic amount of TFA is used, the bromination yield is reduced significantly
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Table 6.3 Bromination reaction using alternative conditions

NH4VO;, x mol%
OMe Bu,NBr y mol% OMe - OMe
CF,COOH 7z mol% Br B Br
+
1,4-dioxane, atmosphere MeO OM MeO OM.
MeO OMe 80 °C, 40 h e n e e o e

entry X (mol%) Y (mol%) Z (mol%) atmosphere NMR yields (%)

1a 1b
1 1 300 300 (0)) 65
2 5 600 600 air 70
3 5 900 900 ()] 28 70
4 5 300 30 0] 14
5 5 300 300 Ar 7 0
6 300 900 900 Ar quant. 0

(entry 4). Moreover, this bromination is not effectively performed under argon
conditions (entry 5), although the desired compound is obtained quantitatively
by using of excess amounts of NH4VO3;, BuyNBr, and TFA, even under argon
atmosphere (entry 6). These results indicate that the presence of acid and molecular
oxygen is essential for an efficient catalytic bromination reaction.

In the case of a-methylstyrene, the catalyst loading can be successfully reduced
to 0.01 mol% in the gram-scale reaction, as shown in Scheme 6.2, indicating an
extremely high efficiency of the catalyst and versatility of the reaction [47].

NH,VO3 0.01 mol%
Bu,NBr 200 mol%

)\ PTS-H,0 200 mol% OH B
PR > |Ph + Ph

MeCN, O,, t, 12 h

4.73 g Br Br
purification OH
on silica gel
_— Ph + Ph
Br Br
TON = 9,500 6.91g 1149
80% 15%

Scheme 6.2 Gram-scale catalytic bromination reaction

Oxidative bromination reactions induced by metal catalysts under molecular oxy-
gen as a terminal oxidant have been reported by few groups (Scheme 6.1). Newmann
et al. have performed the bromination reaction by using cat. HsPMo;oV,040 with
tetraglyme under HBr and air bubbling Eq. 6.1 [48]. Copper-catalyzed bromination
through one-electron oxidation of substrates has been reported, although adapt-
able substrates are limited (by Gusevskaya et al., Eq. 6.2) [49]. Regioselective
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copper-catalyzed bromination of arenes with molecular oxygen has been demon-
strated by Stahl et al. Eq. 6.3 [50].

HsPMo1gV2040 0.5 mol%

tetraglyme 25 mol%
o Jou
air, dichloroethane Br

99% ©.1)

Cu(OAc), 12.5 mol%

©/0H LiBr 200 mol% o -OH
0,, AcOH N

92% 6.2)

CuBr, 25 mol%

@\ LiBr = 100 mol% @[Br
O,, AcOH OM

OMe MeO e
84% (6.3)

MeO

6.3 Vanadium-Catalyzed Oxidative Bromination Promoted
by Lewis Acid with Molecular Oxygen

6.3.1 Vanadium-Catalyzed Oxidative Bromination Promoted
by AICl; with Molecular Oxygen

In the previous section, oxidative bromination reaction by using a combination of
ligand-free inexpensive NH4 VO3 with BuysNBr and a Brgnsted acid such as TFA or
PTS-H,O under molecular oxygen is demonstrated. In this system, excess amounts
of protic acid are required to obtain the bromination compound efficiently. The
use of a Lewis acid in place of a Brgnsted acid is considered to provide the more
practical bromination reaction system as follows: (1) Expanding of the substrate
adaptability without using protic acid. (2) Improvement of reactivity by controlling
the Lewis acidity. (3) Enantioselective bromination induced by chiral Lewis acid. In
this section, the development of the catalytic oxidative bromination system by using
NH4VOs; catalyst, BuyNBr, and AICl; as a Lewis acid under molecular oxygen is
described.

The bromination reaction of 1,3,5-trimethoxybenzene in the presence of 5 mol%
of NH4VO3, 120 mol% of BuyNBr, and 120 mol% of AICl; as a Lewis acid in
1,4-dioxane at 80 °C for 18 h under molecular oxygen proceeds well to give the
monobromide 1a in 92% yield (Table 6.4, entry 1) [51, 52]. The bromination in
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Table 6.4 Bromination reaction by using various conditions®

NH4VO3 5 mol%

OMe Bu,NBr 120 mol% OMe OMe
acid 120 mol% /@EBV BVIEEBV
Me OMe  SONV O, temp., 18h MeO OMe | MeO OMe
1a 1b
entry acid solvent temp. (°C) —NMR yields (%)
1a 1b
1 AICl, 1,4-dioxane 80 92° 0
2 AICl3 1,4-dioxane 25 45 0
3 AICl3 toluene 25 54 0
4 CuCl, 1,4-dioxane 80 87 0
5 ZnCl, 1,4-dioxane 80 12 0
6 FeCly 1,4-dioxane 80 0 0
7 CoClj 1,4-dioxane 80 0 0
8 BF5-OEt, 1,4-dioxane 80 48 0
9¢ AICI, 1,4-dioxane 80 0 quant.?
10¢ TFA 1,4-dioxane 80 80P 0

4Conditions: 0.5 mmol of 1,3,5-trimethoxybenzene, 5 mol% NH4VO3;, acid, BuyNBr, 1.5 mL of
solvent, under O,, 18 h

"Isolated yield

€300 mol% BuyNBr and acid were used

other solvents, such as toluene, acetonitrile, dimethoxyehane, and dichloroethane
results in a slightly decreased yield. Using 1,4-dioxane or toluene as a solvent,
the bromination reaction undergoes even at room temperature in a moderate yield
(entries 2 and 3). When CuCl, or BF3°OEt; is used instead of AICl3, the bromination
product 1a is obtained in a lower yield (entries 4 and 8). ZnCl,, FeCls, and CoCl,
are less or not effective as a Lewis acid (entries 5—7). In the presence of 300 mol%
of BuyNBr and 300 mol% of AlCls, the dibromide 1b is obtained in a quantitative
yield (entry 9). The use of 300 mol% of TFA instead of AlCl; leads to the formation
of only 80% of the monobromide 1a (entry 10), indicating that AICls exhibits the
higher efficiency than TFA.

The bromination reaction of other substrates by using the cat. NH4VO3/BusNBr/
AlCl3/0; system in 1,4-dioxane at 80 °C for 18 h under molecular oxygen (method A)
is shown in Table 6.5 [51, 52]. The monobromination of 2,6-dimethylphenol
proceeds without the formation of the benzyl bromide (entry 1). 3-Hydroxyphenol
undergoes mono- or dibromination reaction to give 3a or 3b in a high yield in the
presence of 120 or 400 mol% of AlICl; and BusNBr, respectively (entries 2 and 3).
The bromination reaction of alkenes by using 1,2-dimethoxyethane as a solvent at
a lower temperature (method B) provides only the desired vic-dibromide in a high
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Table 6.5 Bromination reaction by using cat. NH;VO3/AICl3/BuyNB1/O, sys-

tem
entry substrate conditions®? product, isolated yield (%)
1 CKOH A, 120 /@OH 2a, 95
Br
H H HO OH
2 O\@(O A 120 j@f 3a, 95
Br
HO OH
3 A, 400 :@: 3b, 98
Br Br
4 sl B, 400 AN B 4c, 99
Br
Z
s O/\/ B. 400 mBr 5¢, 95
Br
Br
S
6 ©/ A, 400 @2\/ 6d, quant.
Br
Br
7 MO ome A 400 MeO~ OMe  7d, 86
Br

“Method, amount of BuyNBr and AICl3 (mol%)

"Method A: 0.5 mmol of substrate, 5 mol% NH, VO3, BusNB and AICl3, 1.5 mL
of 1,4-dioxane, under O,, 80 °C, 18 h. Method B: 0.5 mmol of substrate, 5 mol%
NH,VO;, BuyNBrand AICl3, 1.5 mL of dimethoxyethane, under O,, 50 °C, 18 h

yield. 1-Decene or allylbenzene is converted to the corresponding dibromide 4c¢ or
Sc in 99% or 95% yield, respectively (entries 4 and 5). Both aromatic and aliphatic
alkynes undergo the selective vic-dibromination by using method A, as exemplified
by the conversion of 1-phenyl-1-propyne and 1,4-dimethoxy-2-butyne to the trans-
dibromides 6d and 7d in quantitative and 86% yields, respectively (entries 6 and 7).
This stereoselectivity suggests the involvement of a bromonium-like species as an
intermediate for anti-bromination.

6.3.2 Vanadium-Catalyzed Oxidative Bromination Promoted
by AlBrs3 with Molecular Oxygen

On the basis of the above-mentioned results in the Sect. 3.1, AlBr; is expected to
serve as both a bromide source and a Lewis acid. Actually, the bromination reaction
of 1,3,5-trimethoxybenzene with 5 mol% of NH4VO3; and 120 mol% of AlBr3
under molecular oxygen leads to the quantitative formation of the dibromide 1b
(Table 6.6, entry 1) [52]. This result indicates that two bromides of AlBr3 are able to
participate as a bromide source. When the amount of AlBr; is reduced to 50 mol%,
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Table 6.6 Bromination of 1,3,5-trimethoxybenzene by using cat.
NH4VO;3/AlBr3/O; system?

OMe NH,VO; 5 mol% OMe OMs
/@\ AlBry /C[Br BrjjBr
+
MeO OMe SOlV, Oz temp. o5 OMe MeO OMe
1a 1b
o . NMR yields (%)
entry  AlBr; (mol%) solvent temp. (C), time (h) ——————
3 1a 1b
1 120 1.4-dioxane 80, 4 0 quant.b
2 50 1,4-dioxane 80, 4 92b 0
3 50 cther 25, 18 99b 0
4 120 ether 25, 18 0 9gb
5¢ 50 cther 25, 18 0 0
6d 50 ether 25, 18 3 0

#Conditions: 0.5 mmol of 1,3,5-trimethoxybenzene, 5 mol% NH4VO;3, AlBr3,
1.5 mL of solvent, under O,

"Isolated yield

¢Absence of NH;VO;

dReaction under argon

the monobromide 1a is selectively obtained in a high yield (entry 2). The effects
of solvent, reaction temperature, and time are screened. Although 1,4-dioxane,
dimethoxyethane, and MeCN are found to require heating for the bromination
reaction, the high reactivity is observed in ether even at room temperature. Under
these conditions, the use of 50 or 120 mol% of AlBr; give the mono- or dibromide
in almost quantitative yield, respectively (entries 3 and 4). The results obtained
from the reaction in the absence of NH4VO3 or molecular oxygen indicate that the
vanadium catalyst and molecular oxygen are essential for the transformation (entries
5 and 6).

The applicability for the bromination reaction is investigated by using NH4VO;
catalyst and AlBr; under molecular oxygen either in 1,4-dioxane at 80 °C (method
C) or in ether at room temperature (method D), as shown in Table 6.7 [52]. In
both conditions, the bromination of phenol derivative proceeds well to afford the
mono- or dibromide in a high yield by selecting appropriate conditions. With the
present bromination system, a simple aromatic compound like anisole is subjected
to the monobromination to afford 10a. Moreover, phenol derivatives bearing the
electron-withdrawing groups are brominated smoothly in high yields. Starting from
4-halophenols, dihalogenated products 11a and 12a are obtained. The bromination
of phenol derivatives bearing the formyl or methoxycarbonyl group results in the
formation of the monobromide 13a or 14a. In these cases, the further oxidation of
the aldehyde moiety or decomposition of the ester moiety is not observed. In the
bromination of TBS-protected o-cresol, the TBS group is survived to give only the
4-brominated product 15a. This oxidative bromination of alkenes and alkynes leads
to the formation of the corresponding dibromides by using 5 mol% of NH4VO;
together with AlBr; (method E), although the presence of the additional bromide
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substrate conditions®®  product, isolated yield (%)
OH C, 60, 8 OH 2a, 94
D, 60, 18 95
OH Br OH
>(© C, 60, 8 }/C[Br 8a, 98
OH OH
@%< D, 110, 18 Br% 9a, 99
HO OH HO OH
\©/ C, 40,8 :@ 3a, 80
Br
HO OH
C, 80, 8 :@[ 3b, 66
Br Br
OMe OMe
@f C. 120, 8 /@ 10a, 96
Br
OH OH
O C. 120, 8 /C[ 11a, 95
E F Br
OH OH
/(j D, 110, 18 /C[ 12a, 97
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“Method, amount of AlBr3 (mol%), time (h)

"Method C: 0.5 mmol of substrate, 5 mol% NH,VO;, AlBr3, 1.5 mL of
1,4-dioxane, under O,, 80°C. Method D: 0.5 mmol of substrate, 5 mol%
NH;VO;, AlBr3, 1.5 mL of ether, under O,, rt. Method E: 0.5 mmol of
substrate, 5 mol% NH4VOs3, 120 mol% AlBr3;, 1.5 mL of MeCN, under O,,
80°C

“Together with 3-bromosalicylaldehyde (11%)

4120 mol% BusNBr was used as an additive

°Reaction was conducted at 50 °C. f 1,000 mol% KBr was used as an additive
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Table 6.8 Bromination of ketones by using cat. NH;VO3/AlIBr3/O, system®

substrate AlBr3 (mol%) product, yield (%)
o O
55 WOB 16e, 95
Br
O O
OEt 16f, 98

O O
©)\)koa
O O O O
OEt 55 OEt
Br
o) 0
o s o)
MeO MeO Br
o} o}
cl cl '
o} 0
/@)\Am w cl
F F Br

17e, 96

18e, 52°°

55 20e, 72°

2Conditions: 0.5 mmol of substrate, 5 mol% NH4 VO3, AlBr3, 1.5 mL of MeCN, under
0,,80°C, 18 h

"NMR yield

“Together with dibromide (45%)

dTogether with dibromide (27%)

salt is required. The bromination reaction of 1-decene proceeds well to afford the
dibromide 4¢ in 99% yield at 50°C. The less expensive KBr can be effective as
a bromide source. Allylbenzene undergoes the selective vic-dibromination to give
1,2-dibromo-3-phenylpropane Sc¢ in 93% yield, without formation of the benzyl
bromide. The selective anti-dibromination of aromatic and aliphatic alkynes such
as 1-phenylpropyne and 1,4-dimethoxy-2-butyne is observed by using method E at
80 °C to give the trans-dibromides 6d and 7d in high yields, respectively.

Moreover, the oxidative bromination using cat. NH4VO3/AlBr3/O, system can
be applied to the a-bromination of ketones by method E (Table 6.8) [52]. B-Keto
esters such as ethyl benzoylacetate undergo the bromination reaction to mono- or
dibromination products 16e and 16f depending on the amount of AlBr3. Substitution
at a-position leads to the formation of the monobromination product 17e. The
a-bromination of monoketones is also carried out. 4’-Methoxyacetophenone is
brominated to give the monobromide 18e together with the dibromide. Bromination
of 4’-chloroacetophenone affords the monobromide 19e as a major product. Starting
from 3-chloro-4’-fluoropropiophenone, the trihalide 20e is obtained.
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Scheme 6.3 Gram-scale NH,VO3 5 mol%

catalytic bromination reaction OH AlBr3 55 mol% OH
1,4-dioxane, O,, 80 °C, 8 h
150g 2 Br
2.15 g, 94%

Notably, a gram-scale practical reaction is successfully carried out to give the
bromination product in a high yield, as exemplified by the monobromination of
4-tert-butylphenol to the monobromide in 94% isolated yield (Scheme 6.3) [52].

6.4 Conclusions

The bromination reaction of various arenes, alkenes, alkynes, and ketones without
use of a strong oxidant is performed by a vanadium catalyst in the presence of a
bromide salt and a Brgnsted acid or a Lewis acid under molecular oxygen. Use
of aluminium halide as a Lewis acid in place of a Brgnsted acid is demonstrated
to provide a more versatile and practical method for selective bromination of
wide ranging substrates. AlBr3; is found to serve as both a bromide source and a
Lewis acid to induce the smooth bromination. The oxidation of a bromide anion is
considered to proceed to generate a bromonium-like species by the combination
of vanadium catalyst and a Lewis acid without using a stoichiometric strong
oxidant or protic acid. This methodology is more advantageous as a catalytic
system than vanadium bromoperoxidase (VBrPO) requiring hydrogen peroxide
as an oxidant. Through these studies, the present catalytic oxidative bromination
reaction system based on vanadium redox properties is found to provide a new
synthetic methodology for the bromination. This methodology has many advantages
such as use of a commercially available inexpensive ligand-free vanadium catalyst
and molecular oxygen as a terminal oxidant, which provides environmentally
acceptability.
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Chapter 7
Vanadium Effects on Bone Metabolism

Susana B. Etcheverry, Ana L. Di Virgilio, and Daniel A. Barrio

Abstract Vanadium compounds are present in trace amounts in living organisms.
In mammals, once absorbed from the gastrointestinal tract, they distribute among
tissues and storage mainly in liver, kidney and bone. Vanadium compounds in
pharmacological doses exert interesting effects as insulin enhancers, antitumoral
and osteogenic agents. This review deals with the more relevant information about
the osteogenic effects of vanadium compounds. Their actions on the different
components of hard tissue and bone related cells in culture are summarized. Besides,
the putative mechanism of action and the effects on in vivo models are also
discussed.

Keywords Vanadium e Osteoblasts ¢ Mechanism of action ¢ Cytotoxicity
* Genotoxicity

7.1 Introduction

Vanadium is a trace element present in biological systems, both in plants and ani-
mals. In vertebrates, it enters the organism mainly by the digestive and respiratory
tracts through food and inhalation, respectively [1, 2]. Once absorbed, it distributes
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among tissues and accumulates in different organs, being the greater quantities of
vanadium detected in liver, kidney and especially in bone [2].

While vanadium essentiality has been established in lower forms of life and also
in higher plants, convincing evidence to support an essential role for this element in
humans is still lacking [3].

Although ubiquitous in air, soil, water, and food supply, vanadium is generally
found in nanogram or microgram quantities, which makes it difficult to measure.
Its role as an essential element in humans remains uncertain due in part to the
lack of symptoms associated to its deficiency in man and to the scarce methods
strictly suitable to assure the absolute absence of this trace element in vanadium
free diets for experimental animal models. However, there is scientific consensus on
the putative biochemical role for vanadium compounds in living organisms [4].

In animal models and human beings, pharmacologic amounts of vanadium
(i.e., 10-100 times normal intake) affect cholesterol and triglyceride metabolism,
stimulate glucose oxidation and glycogen synthesis in the liver [5].

Vanadium’s primary mode of action is as a cofactor that enhances or inhibits
enzymes. The inhibition of the activity of Na™-K*-ATPase by vanadate was the
first effect of vanadium thoroughly investigated and reported in the literature [6], but
currently, many other biological and pharmacological actions have been described
for vanadium derivatives [7]. The role of vanadium in regulation of intracellular
signaling pathways converts it in a possible therapeutic agent to be use in the
treatments of a number of diseases. Different metabolic alterations for carbohy-
drates, lipids and proteins are markers for Diabetes mellitus. Besides, the disease is
also characterized for a group of chronic complications which diminish the quality
of life of diabetic patients and, finally, cause their death. Patients with Diabetes
mellitus, mainly type 1 diabetic patients develop higher rates of bone resorption
and turnover which convey to a decrease bone mineral density compared with
healthy controls. Recently, Diabetes mellitus has been shown to be associated with
osteoporosis [8, 9]. Several mechanisms seem to underlay bone alteration process
in diabetic patients. Both, micro and macro angiopathies cause a decrease of blood
flow especially in highly vascularised tissues. As a consequence, different metabolic
changes take place in these tissues, including bone. For instance, it is probably
that the synthesis and function of anabolic factors for bone development would
decrease and, also highly concentrations of advanced glycation end (AGE) products
can be formed in the constituents of the extracellular matrix (ECM). Among these
components, collagen is one of the more affected proteins which cause a great
impact in bone formation and functions [10]. Recently, some vanadium compounds
have been reported in the literature as osteogenic agents due to their actions on bone
related cells and on collagen formation. Besides, from a chemical point of view, it
is well known the possible replacement of phosphorous by vanadium in the apatite
lattice of bone tissue [11-14]. This review addresses and summarizes the osteogenic
effects of vanadium compounds both in vitro and in vivo models as well as on cell
regulatory processes that can be considered as putative mechanisms of action for
these compounds. Besides, the possible mechanisms of adverse side effects derived
from the vanadium administration are also briefly commented.
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7.2 Hard Tissue

Bone is a dynamic tissue that is constantly being reshaped by osteoblasts, which
build bone, and osteoclasts, which resorb bone. Osteoclasts and osteoblasts are
instrumental cells in controlling the amount of bone tissue in vertebrates.
Osteoblasts are mononucleate cells responsible for bone formation. The origin
of these cells is depicted in Fig. 7.1. Osteoblasts derive from osteoprogenitor cells
located in the periosteum and the bone marrow. Progenitor osteoblastic cells are
immature cells that express the crucial regulatory transcription factor Cbfal/Runx?2.
Osteoprogenitors differentiate under the influence of growth factors, in particular
the bone morphogenetic proteins (BMPs) [15]. Moreover, other growth factors
including fibroblast growth factor (FGF), platelet-derived growth factor (PDGF) and
transforming growth factor beta (TGF-f) may promote the proliferation and differ-
entiation of osteoblast precursors and potentially induce the mineralization process
(osteogenesis). Mature osteoblasts are highly specialized cells which synthesize the
major constituents of the osteoid, that is the unmineralized, organic extracellular
matrix (ECM), which is composed mainly of Type I collagen and noncollagenous
proteins. Osteoblasts are also responsible for mineralization of the osteoid. In fact,
the mature osteoblasts promote the formation of the biological hydroxyapatite, the
main hard tissue mineral phase component. These cells also regulate their content of
mineral ions through the activity of different enzymes such as alkaline phosphatase
(ALP) which is anchored in the osteoblastic membranes and plays a key role in the
mineralization process. Aside from ALP, the organic matrix exerts a great degree
of crystallographic control over the nucleation and growth of mineral particles.

a
S -—p 53 —

Mesenchymal Preosteoblast Osteoblast Osteocyte
Stem cell

Hematopoietic Monocyte/
Stem cell Macrophage Preosteoclast Osteoclast

Fig. 7.1 Schematic origin of osteoblasts and osteoclasts
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In the different steps of mineralization, type I collagen, the predominant protein
in the ECM of bone and teeth, plays a key role [16]. Osteoblasts that are trapped in
the bone matrix become osteocytes. They cease to generate osteoid and mineralized
matrix, and instead act in a paracrine manner on active osteoblasts.

The other relevant cells in hard tissues are the osteoclasts. They remove bone
tissue through a process known as bone resorption. Osteoclasts are multinucleate
cells formed by the fusion of cells of the monocyte-macrophage cell line (Fig. 7.1).

Osteoclasts are characterized by high expression of tartrate resistant acid phos-
phatase (TRAP) and cathepsin K [17].

7.3 Vanadium Compounds Interactions with Hard Tissue
Components

7.3.1 With Hydroxyapatite

Hydroxyapatite is the major mineral component of the mineral phase of bones and
hard tissues in mammals. It is thermodynamically more stable than other minerals
which form during the development of the mineralization process. Hydroxyapatite
is synthesized via intermediate precursors such as amorphous calcium phosphate
(ACP), octacalcium phosphate, or dicalcium phosphate dehydrate [18-20].

The chemical nature and the open lattice of hydroxyapatite promote substitution
events both for cations and anions (Fig. 7.2, Taken from reference [21]).

The most common substitutions involve carbonate, fluoride and chloride for
hydroxyl groups, while defects can also exist resulting in deficient hydroxyapatite.
The substitution and the vacancy effects are very important since these processes in
the apatite lattice contribute to a greater solubility of this phase and in consequence,
favor its behavior as an ion reservoir. Physiologically, the mineralization process
takes place with a non random distribution. It occurs inside matrix vesicles (MVs)
which are extracellular, membrane-invested particles selectively located at sites of
initial calcification in cartilage, bone, and predentin [22].

Matrix vesicle biogenesis occurs by polarized budding and pinching-off of
vesicles from specific regions of the outer plasma membranes of differentiating
growth plate chondrocytes. The first crystals of apatite bone mineral are formed
within the MVs [16]. This is followed by propagation of hydroxyapatite into the
ECM and its deposition between collagen fibrils.

When vanadium is absorbed in vertebrates, it distributes among different tissues
and is storage mainly in bone [23].

The skeletal retention and bone effects of vanadium are of particular research
interest [24]. Vanadate ions can be incorporated into hydroxyapatite lattice possibly
for its analogy to phosphate [25, 26]. For these reasons, special attention was
focused on the interaction of vanadium species with hydroxyapatite and with some
components of the ECM such as chondroitin sulfate A, N-acetyl-D-galactosamine



7 Vanadium Effects on Bone Metabolism 149

Sdvifevies
ke RAeh
SRS

Fig. 7.2 Hydroxyapatite lattice. Taken from reference [21]

and D-Glucuronic acid. The structural and spectroscopic effects of the incorporation
of VO4*~ in the hydroxyapatite lattice were investigated as a model for the process
of incorporation of vanadium in bone [27]. The substitution of PO,>~ by VO,*~
is facilitated for the structural behavior of the hydroxyapatite lattice which lends
itself for substitution. Nevertheless, it is required that the apatite would be in an
amorphous form for the incorporation of vanadate to be accomplished since it could
not be observed when the apatite lattice is in the crystalline state. The incorporation
of small quantities of VO,>~ in the PO4*~ sites produces only slight distortions
in the macroscopic and microscopic structure of the mineral phase of bones. This
fact could be determined by X-ray diffraction studies of substituted hydroxyapatite
powder samples. Based on these results, it can be assumed that bone has an active
role in the detoxification process when the organisms are exposed to high vanadium
concentrations, comparable to that known for other toxic trace elements that can be
also incorporated in bone. On the contrary, the substitution of calcium by other
cations in the hydroxyapatite lattice affects these bonds more strongly [28, 29].
Besides, it was also demonstrated that VO>* could not be incorporated into the
apatite lattice although it is strongly adsorbed on its surface [30]. All together these
studies showed that hydroxyapatite is a good model to study the incorporation of
vanadium in bone.
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7.3.2 With ECM Components

To continue with the understanding of the effects of vanadium species on hard
tissues we investigated the interactions of vanadium with chondroitin sulfate
A (CSA), an acid mucopolysaccharide present in connective tissue and other
mineralized systems [31]. Results from different spectroscopic determinations
suggested the coordination of oxovanadium(IV) to the carboxylate group and the
glycosidic oxygen of the D-glucuronate moieties [32]. These results are relevant
for the interaction of VO®T with collagen, a system in which interactions of
oxovanadium(IV) with nitrogen has been clearly established [33, 34].

7.3.3 With Bone Cells in Culture

The relevance of vanadium in bone tissue arises from the studies performed to
establish the essentiality of this element in animals and human beings [23, 35].

As bone is quantitatively the main tissue for vanadium storage bone accumulation
is twice than the accumulation in kidney and tenfold the liver accumulation [36] it
is worthy to try to understand the effects of vanadium compounds in bone related
cells. Cells in culture are a useful system to investigate many different biological
events. In particular, considering the biology and biochemistry of hard tissues, it
is interesting to thoroughly study events such as cell proliferation, differentiation
and mineralization, as well as the intracellular mechanisms by which vanadium
derivatives exert their biological actions.

In particular, we have studied the effects of vanadium compounds in two
osteoblast-cell lines of murine origin Fig. 7.3. [37-40].

MC3T3El osteoblasts are derived from mouse calvaria. These cells display the
features of typical fibroblasts [41].

MC3T3EI1 cell line is a model of preosteoblasts that can differentiate to mature
osteoblasts in culture. The different maturation stages of this cell line in vitro
resemble that of the physiological process in vivo (proliferation, differentiation and
mineralization), providing an adequate system for biological studies referred to bone
tissues.

In the proliferative stage, MC3T3EI cells do not express a great level of alkaline
phosphatase (ALP) specific activity. After 10 days of culture in the presence of
ascorbic acid and B glycerophosphate, they expressed specific markers of mature
osteoblast phenotype. The differentiation step correlates with the expression of
different proteins such as ALP and collagen accumulation in the ECM. The
mineralization of ECM begins approximately at 15-20 days of culture. After that,
the cells programme their death by apoptosis [42].

UMRI106 osteoblast-like cells are derived from a rat osteosarcoma induced by
32P. This immortalized cell line exhibits the characteristic osteoblast phenotype.
The cells express high levels of specific ALP activity and produce type I collagen
but they are unable to synthesize bone mineral phase in culture [39].



7 Vanadium Effects on Bone Metabolism 151

Fig. 7.3 MC3T3El osteoblast-like cells. The osteoblasts were cultured in DMEM at 37°C for
24 h, fixed and stained with Giemsa for microscopy observation (Magnification: 100X) (Left
panel). UMR106 osteoblast-like cells. Osteoblasts were cultured in DMEM 37°C, 24 h, fixed and
stained with Giemsa for microscopy observation (Magnification: 100X) (Right panel)

Fig. 7.4 Effect of TreVO long-term treatment on the mineralization of MC3T3E1 cells. Control
cells (Left panel). Long-term treatment with 5 pM TreVO (Right panel)

This simple model of osteoblast-like cells in culture allows the investigation
of pharmacological effects of many vanadium compounds. Specially, complexes
of vanadyl(IV) cation with simple sugars (mono- and disaccharides, and related
compounds such as polyhols and acids) were investigated [43, 44].

Practically all the vanadyl(IV)-sugar complexes synthesized in our laboratory
were evaluated for their bioactivity on osteoblast cell lines in culture. This approach
has allowed us to find an outstanding compound among this series: the complex of
vanadyl(IV) cation with the disaccharide trehalose (TreVO) which displayed insulin
mimetic activity [45]. Besides, in long term cultures carried out with the MC3T3E1
cell line [40], this complex revealed as a good osteogenic compound since it
promoted type I collagen production and the mineralization of the ECM in the
cultures (See Fig. 7.4) [40]. Moreover, it could also be established the mechanism of
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action of this compound which exerted its mitogenic effect, at low doses, through the
activation of the extracellular regulated kinase (ERK) pathway. On the other hand,
it was demonstrated the participation of oxidative stress in the cytotoxic actions of
this complex at high concentrations [39, 40].

Moreover, the bioactivity of vanadyl(IV) derivatives with flavonoids and related
compounds have been also investigated with the aid of this cellular in vitro model to
assess their osteogenic ability. In this context, a complex of vanadyl(IV) cation with
the flavonoid Quercetin, also showed promissory osteogenic activity in osteoblasts
in culture. Flavonoids are polyphenolic compounds obtained from plants. Recently
they have aroused a great scientist interest due to their broad pharmacological
activity. They present antioxidant, antitumoral and antibacterial properties [46—49].

The complex of Quercetin and vanadyl(IV) cation, QuerVO, was studied in
cultures of MC3T3E1 and UMRI106 cells. Cell proliferation was evaluated by
the crystal violet bioassay. For studying cellular differentiation, two markers of
osteoblast phenotype (ALP and collagen production) were analyzed. Finally, to
get an insight into the putative mechanisms of action, studies on the effect of this
complex on the activation of ERK pathway were performed and reported [50].
QuerVO displayed interesting osteogenic actions such as induction of the synthesis
of collagen type I. The complex caused stimulation of ERK phosphorylation and
this activation seems to be one of the possible mechanisms used by the complex to
exert its biological effects.

Another interesting osteogenic oxovanadium (IV) derivative thoroughly studied
for our group was the vanadyl(IV) complex with ascorbic acid (VOAsc) [51].
This complex significantly stimulated collagen production in osteoblasts and in-
hibited ALP activity in UMR106 cells. Besides, after 3 weeks of culture, VOAsc
(5-25 pM) increases the formation of mineralization nodules in the ECM of
MC3T3El1 cultures. At higher concentrations this complex stimulated cellular
apoptosis in osteoblast cell lines.

On the other hand, the effects of vanadium(V) compounds such as metavanadate
and decavanadate in bone fish cells have been investigated by Aureliano Alves and
his group [52]. Short- and long-term studies were performed in VSal3, a fish bone-
derived cell line. Metavanadate in short periods was less toxic than decavanadate.
In long term studies the effects of both vanadium derivatives were similar. They
stimulated cell proliferation but strongly impaired the mineralization process.

The reported results suggest that vanadium(IV) complexes display more effec-
tive osteogenic properties in osteoblasts in culture than vanadium(V) derivatives,
although more research is required in this sense to get a deeper insight into the
osteogenic properties of vanadium.

As bone homeostasis is the result of the balance between bone resorption and
bone formation, we have studied the activation of macrophages because these
cells are related with bone resorption. We investigated the effect of a complex of
vanadyl(IV) cation with the non steroideal anti-inflammatory drug Aspirin, VOAspi,
on a culture of murine macrophage RAW 264.7. VOAspi caused the activation
of macrophages by a mechanism dependent on L-type calcium channel and the
generation of nitric oxide. On the contrary, free vanadyl(IV) cation exerted cytoxic
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effects by a mechanism independent of calcium channel and nitric oxide generation
[53]. The studies on vanadium actions in osteoclasts and related cells are very scarce
and merits more attention in the future.

7.4 Mechanism of Action

The putative mechanisms for the osteogenic actions of vanadium compounds are
currently under exhaustive investigation. In fact, we have carried out different ex-
periments in osteoblasts in culture to achieve this aim [37, 40, 54]. As an overview,
at low concentrations, most vanadium derivatives behave as weak mitogens and
promote osteoblast differentiation in a way similar to the insulin. Vanadium deriva-
tives regulate osteoblastic proliferation, differentiation and stimulated the glucose
consumption [55, 56]. Extracellular regulated kinases-1,2 (ERKs) and phosphatidyl
inosytol-3 kinase (PI3-K) are the main intracellular transduction pathways used by
vanadium to exert its biological effects. These pathways are stimulated as a result of
the inhibition that vanadium derivatives cause on the protein tyrosine phosphatases
(PTPases) [57, 58].

The model of osteoblastic cells in culture has allowed us to demonstrate the
ability of low doses of TreVO to promote cell proliferation and to stimulate ERK
phosphorylation in the MC3T3E1 osteoblastic cell line. This effect was totally
abrogated by an inhibitor of MEK (PD98059) and wortmannin (an inhibitor of
the PI3-K), but not by a mixture of free radical scavengers (vitamins E and C)
[45]. These results suggest that low doses of the complex, which are mitogenic
for MC3T3ELl cells, could act though the PI3K-MEK-ERK pathway and by a
mechanism independent of free radicals. On the contrary, at higher doses, the
vanadium complex inhibited cell proliferation of MC3T3E1 osteoblasts and the
osteosarcoma UMR106 cell line. This effect was not blocked by neither wort-
mannin, nor PD98059 or by the mixture of vitamins C and E. However, high
concentrations of the complex strongly increased ERK phosphorylation, an effect
that was partially blocked by wortmannin, PD98059 or a mixture of vitamins E
and C. In addition, the combination of these inhibitors showed an additive effect
over the inhibition of ERK activation but not over the inhibition of cell proliferation
[45]. Altogether these results indicate that, although high doses of vanadium
stimulate ERK phosphorylation through the PI3K-MEK-dependent pathway and
also through an oxidative mechanism, the inhibition of cell proliferation does not
seem to be associated with the activation of these pathways.

On the other hand, there are some other mechanisms that may be involved in the
osteogenic effects of vanadium such as the direct activation of a cytosolic protein
tyrosine kinase [55, 59]. Results reported by our laboratory are in agreement with
the latter observations. Insulin and TreVO stimulated the glucose consumption in
osteoblast-like cells, but the PI3-K inhibitor wortmannin did not abrogate this effect.
In addition, staurosporine at concentrations that do not affect PKC, was a potent
inhibitor of the glucose consumption simulated by this vanadium(IV) complex.
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[45]. In addition, the inhibition of glycogen synthase kinase-3 (GSK-3) is important
for the activation of glycogen synthase [60]. Vanadium(IV) complexes inhibit
GSK-3 through phosphorylation and in turn activate glycogen synthase promoting
glucose consumption on osteoblats. In the presence of staurosporine, the vanadium
derivatives failed to stimulate GSK-3 phosphorylation [44]. Altogether these results
suggest that the cytosolic tyrosine protein kinase and GSK-3 may be involved in the
insulin mimetic activity of the vanadyl(IV) compounds on osteoblast cell in culture.

7.5 In Vivo Osteogenic Effects of Vanadium

Several studies suggest that vanadium compounds ameliorate diabetic-related bone
disorders, primarily by improving the diabetic state [61, 62].

Treatment in control and streptozotocin-induced diabetic female Wistar rats
with bis(ethylmaltolato)oxovanadium(IV) (BEOV), was effective in incorporating
vanadium into bone. In all treated groups, BEOV increased osteoid volume. In non-
diabetic rats, BEOV increased cortical bone toughness, mineralization and bone
formation [61] (Fig.7.5).

Osteogenic effects of vanadium compounds:
Signalling transduction and ionic exchange

Cytozkeleton
proteins

B C e )

Fig. 7.5 In this figure it can be observed two of the most important signaling transduction
pathways of insulin as well as the sites used by vanadium as an insulin enhancer. Both pathways
regulate the expression of genes related to bone cell proliferation and differentiation as well
as their action on proteins of the cytoskeleton which are related to cellular morphological
changes. Moreover, vanadium compounds participate in ionic exchange with phosphate favoring
its accumulation in bone tissue and potentiate effects on this tissue
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Following the long-term administration of vanadyl acetylacetonate, trabecular
thickness, mineral apposition rate and plasma osteoclacin in diabetic rats were
either improved or normalized, however reduced bone mineral density was not
increased [62].

In higher animals, vanadium has been demonstrated to be essential. After
their mothers had been fed carefully formulated vanadium-deficient diets, second-
generation goat kids suffered skeletal damage and died within 3 days of par-
turition [5]. In human beings vanadium essentiality has not been proven yet.
Pharmacologic amounts of vanadium (i.e., 10-100 times normal intake) affect
cholesterol and triglyceride metabolism, influence the shape of erythrocytes, and
stimulate glucose oxidation and glycogen synthesis in the liver [S]. Moreover,
clinical studies carried out in normal or diabetic patients indicated that orally
administered vanadium(I'V) showed low or no toxicity [63—65].

7.6 Risk Assessment for the Use of Vanadium Compounds
as Potential Therapeutics Drugs: Cytotoxicity
and Genotoxicity Studies

Despite the potential use of vanadium compounds either as insulinomimetic,
osteogenic or anticancer drugs, its possible harmful effects argue against its clinical
use. Understanding of the mechanisms underlying vanadium compounds toxicity is
important in evaluating its use as a therapeutic drug.

The toxic effects of vanadium are related to the dose, cell line and vanadium
nature (oxidation state, free or complexed). Studies concerning the mechanisms of
action of vanadate showed that this compound induces gene expression, oxidative
burst, changes in cytosolic calcium, tyrosine phosphorylation, enzyme activation or
inhibition and also, morphological changes and cytoskeletal alterations [6, 66—71].

Several studies suggest that hydrogen peroxide is involved in vanadate-induced
cell growth arrest and cell death [72-75].

However, a more recently study suggested that vanadate toxicity occurs by two
distinct pathways, one dependent on and one independent of H,O, production [76].
Vanadate concentrations that reduced cellular viability to approximately 60-70%
of the control (10 pmol/L) did not induce H,O, formation. A second hypothesis
raised by these authors proposed that peroxovanadium compounds, produced once
vanadate enters into the cells, are responsible for the cytotoxicity.

On the other hand, decreased cell viability induced by vanadyl sulphate in tumor-
ogenic and non-carcinogenic cells has been also previously reported [77]. Moreover,
we have also previously reported the cytotoxicity of a vanadium(V) derivative with
salicylaldehyde semicarbaxone in osteoblasts in culture [78]. This complex caused
cytotoxicity in the osteoblastic cells mainly through oxidative stress and through
the activation of ERK pathways which, although it is classically recognized as a key
transducer in the signal cascade mediating the cell proliferation, and differentiation
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Fig. 7.6 Genotoxicity of VO(oda) in UMRI106 cells (a) and MC3T3E1 osteoblasts (b). This
picture shows the induction of micronucleus in binucleated cells stained with Giemsa (Magnifi-
cation: 40X)

[79], some investigations have shown that the activation of ERK pathway can
mediate cell cycle arrest and apoptotic and non apoptotic cell death [80].

On the other hand, even though vanadyl(IV) is less toxic than vanadium(V), it
is always crucial to investigate the toxicity of vanadium(IV) derivatives intended
to be used in therapeutics. Recently, we have reported an exhaustive study on
a vanadyl(IV) complex with a multidentate oxygen donor oda=oxodiacetate,
VO(oda) in osteoblast cell lines in culture [81]. The complex increased the level
of ROS which correlated with a decreased in GSH/GSSG ratio, dissipation of
the mitochondria membrane potential and promoted an increase in ERK cascade
phosphorylation, which is involved in the regulation of cellular death and survival.

Considerable attention has attracted the assessment of the genotoxicity of
vanadium compounds in recent years. Adverse effects of pentavalent and tetravalent
vanadium compounds on chromosome integrity and segregation have been observed
in vitro. In particular, we have studied the genotoxic effect of VO(oda) in two os-
teoblast cell lines (UMR106 and MC3T3E1) that revealed a twofold increase in the
micronucleus frequency at 25 wM compared with control in UMR106 and at 10 uM
in MC3T3E1. An example of a binucleated osteoblastic cell containing a micronu-
cleus is depicted in Fig. 7.6 for both cell lines. Besides we have recently reported
preliminary results on the increase in DNA strand breaks in a human colon adeno-
carcinoma cell line (Caco-2 cells) induced by VO(oda) [82]. In agreement with our
results, vanadium(I'V) compounds proved to be genotoxic in several in vitro systems,
inducing micronuclei and chromosomal aberrations in human peripheral blood cells
[83—85], and DNA strand breaks through the generation of free radicals [86, 87].

Pentavalent vanadium compounds have been also reported to induce genotoxic
actions stimulating the increase in micronucleus frequency, DNA strand breaks,
sister chromatid exchanges (SCE) and chromosomal aberrations in different in vitro
systems [83, 84, 88-91].
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These positive findings were confirmed in some in vivo studies in mice using
acute intraperitoneal or intragastric administrations [92-94].

Moreover, the genotoxic potential in vivo by a subacute oral exposure of vanadyl
sulphate has been evaluated. Effects on chromosome integrity and segregation,
visualized as micronuclei, and primary DNA lesions detectable by comet assay, have
been assessed in somatic and germ cells [95]. In summary, taken in consideration the
multiple biological activities exerted by vanadium on critical cell mechanisms, even
in the very low dose range [96, 97], it is suggested to maintain a cautious approach
in the safety evaluation of vanadium compounds.

7.7 Concluding Remarks

The potential therapeutics actions of vanadium compounds at hard tissues have
attracted the attention of scientists in the field of diabetes mellitus, bone disease,
aging and cancer since vanadium compounds are store mainly in bones. The use of
osteogenic primary or cloned lines in culture is a useful strategy to investigate the os-
teogenic properties of vanadium compounds. Although in vitro experiments showed
that the toxicity actions of vanadium compounds seem to be related to the oxidation
state of the element as well as the nature of the ligands in the coordination sphere and
also, on the cell type in culture, in vivo reports show little, if any, toxicity in long-
term administration. Vanadium compounds have demonstrated several interesting
effects on biological processes such as cell proliferation, differentiation and mineral-
ization of the ECM in bone cells. These effects convey to vanadium consideration as
a potential therapeutic agent for several diseases. Finally, it is worthy to mention that
further investigations are needed to completely elucidate the osteogenic mechanism
of action of vanadium compounds, even though, currently most evidence point to
the role of ERK pathway activation through the inhibitory effect on Protein tyrosine
phosphatase (PTPase) activity, calcium channel and the expression of genes related
to osteoblast differentiation. Moreover, although there are very few experimental
works on this topic in vivo, some studies recently develop suggest the potential
relevance of vanadium derivatives in the treatment of bone diseases.
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Chapter 8
Vanadium in Cancer Prevention
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Abstract The pharmacological role of vanadium in health and disease remains one
of the fascinating stories in biology. Recent studies have established vanadium as
a novel regulator in assessing physiological and biochemical states of the animals.
Vanadium exhibits biphasic effect, essentiality at low concentrations (0.05 wM) and
toxicity at high doses (>10 wM). Vanadium inhibits growth of transformed cancer
cells in culture. Various laboratories have confirmed the antitumorigenic potential
of vanadium in liver, breast and colon cancer in vivo and various human cancer
epithelial cell lines in vitro. Antiproliferative and induction of apoptosis may be the
major mechanism of vanadium mediated inhibitions of cancer. Vanadium can play a
central role in modulating phosphorylation states of various proteins in the cell and
can affect many cellular processes regulated by cyclic AMP. In human vanadium is
of interest pharmacologically but confirmation to its essentiality will require more
significant information from experimental, clinical and epidemiological studies.
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8.1 Introduction

In present times, cancer is considered as one of the most fatal threats against
civilization. At the late period of nineteenth century, a venture was pioneered by
Dr. Stephen Paget in order to understand the underlying mechanism of metastasis [1]
so as to develop a therapeutic to be used against cancer. From that very date,
researchers and scientists have been engaged in enriching our machineries against
cancer. Studies undertaken in the last three decades suggest that the dietary mi-
cronutrient vanadium could be a promising arsenal against cancer. At the beginning
of nineteenth century the soft, ductile, silver-grey, nonplatinum group transition
metal was introduced to us by Andres Del Rio and Nils Sefstorm separately [2].
Almost after 200 years of its discovery, it was found that various marine species
have this metal as essential micronutrient [3]. This fact influenced nutritionists
to consider vanadium as a dietary micronutrient. Vanadium has been documented
in the list of 40 essential micronutrients and is required in trace amount for
normal metabolism, proper growth and development of mammals [4]. Vanadium
deficiency in nutrition results in growth inhibition, metabolism of thyroid and
bones, disorders of generative function, disturbances of lipids and carbohydrate
metabolic pathways [3-5]. Increased abortion and peritoneal death rates, growth
impairment of tooth, bone and cartilage, decreased milk production during lactation
[6], hepatic lipid and phospholipid changes [7], nutritional oedema [8] are usual
physiological consequences of vanadium deficiency. Various dietary sources have
been considered as the major source of exposure to vanadium for human population
though it is present in very low concentration in diets (<1ng/g) [9]. Vegetables
like mushroom, dill seed, parsley, black pepper and foods like cereals, fresh
fruits, shellfish are the common dietary sources enriched in vanadium [9-11].
Its intracellular concentration is approximately 20-200 nM. Vanadium is mostly
accumulated in bone, kidney, spleen, liver, lung and blood [12]. Though this widely
distributed but low abundant element is available in six oxidation states (—1, 0,
+2, +3, +4 and +5); only +4 (vanadyl; VO*T) and +5 (vanadate; H,VO, ™) are
physiologically relevant [13, 14]. The pharmacological potentiality of this dietary
micronutrient was initially exploited in the treatment of diabetes. Most of the
vanadium salts like sodium metavanadate, sodium orthovanadate, vanadyl sulphate
are orally administered to the individuals in insulin therapy which give them
advantages over their predecessors [15]. Among the other pharmacological activities
diuretic action, antiobesity, antihypertension, antihyperlipidemia, enhancement of
oxygen affinity are needed to be mentioned [2]. Almost 50 years earlier the first
attempt to exploit the pharmacological potentiality of vanadium in anticancer
research was made [16]. This was just the opening of an avenue in cancer
research. Later on, Thompson and his co-workers studied the chemopreventive
effect of vanadium on 1-methyl-1-nitrosourea induced mammary cancer model in
rats [17]. Antineoplastic effects of vanadium salts were established against rat liver
tumors [18], fluid and solid Ehrlich ascites tumors [19], TA3Ha murine mammary
carcinoma [20]. Some peroxovanadates have shown their inhibitory effects against
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certain forms of leukemia. But we have to remember that the role of vanadium
is not throughout beneficiary in cancer research, it has some detrimental role in
the modulation of carcinogenesis. Being accumulated in considerably high amount
vanadium may be responsible for haematological and biochemical alteration, renal
toxicity, immunotoxicology and reproductive effect. The story of vanadium in the
last three decades has shown its positive and negative sides, and thus gives rise
to apparent controversies whether the dietary micronutrient could be a promising
therapeutic against cancer. The story has its ups and downs and could be named as
“The rise and fall of vanadium”.

8.2 Physicochemical Properties of Vanadium

Vanadium, chemically classified as transition element, was placed in the fourth
period of the VB group in the periodic table. The element is available in six oxida-
tion states, namely —1, 0, +2, 43, +4, +5. Among these oxidation states, vanadic
form (+3), vanadyl form (+4) and vanadate form (+5) are the most common
[21]. Vanadium mainly occurs in uranium mines and is a constituent of titaniferous
magnetites [22, 23]. In fossil fuels such as crude oil, coal, carbonaceous fossils
vanadium present as a major trace element [21, 24]. Among the physiologically
relevant form of vanadium, +4 (vanadyl) is the most stable form. But in presence
of oxidizing agents, i.e. in oxygenated blood vanadium preferably exhibits its +5
oxidation state [25]. Vanadium can inhibit a number of enzymes. There are also
a variety of enzymes which are stimulated by vanadium [26, 27]. The enzymes
inhibited by vanadium include Na-K-ATPase, H-K-ATPase, phosphoenzyme ion-
transport ATPase, myosine ATPase, dynein, adenylate kinase, phosphofructokinase,
choline esterase. On the other side, glyceraldehyde-3-phosphate dehydrogenase,
lipoprotein lipase, tyrosine phosphorylase, glucose-6-phosphate dehydrogenase,
glycogen synthase, adenylate cyclase, cytochrome oxidase [28, 29] are stimulated
by its action.

8.3 Pharmacology of Vanadium

At the turn of nineteenth century, some French physicians employed vanadium
as a cure-all for ailments such as anaemia, diabetes, tuberculosis and chronic
rheumatism [4]. Pharmacological exploitations have since been experiencing a
current resurgence in these areas of research. Vanadium as vanadate in the cell has
been proven to have specific role in the regulation of many enzymatic activities
[30, 31], in generation of free radicals [32, 33], phosphorylation and dephosphoryla-
tion of proteins [34, 35]. Vanadium, the well-known prooxidant oxidises NADH and
other intracellular reducing agents and generates active reducing form [36]. Tyrosine
phosphorylation of a variety of cellular proteins is likely modulated by vanadium
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through inhibition of protein tyrosine phosphatases. It also inhibits dephosphory-
lation of inositol phosphatases [37]. On the basis of its nutritional significance,
physicochemical properties, distribution in tissues, it has been considered as a potent
physiological regulator of the Na™-K™* pump [38, 39]. Vanadium as vanadate can
mimic and potentiate the effect of growth factors like insulin [40], epidermal growth
factor (EGF) on intact cells [41, 42]. Its insulinomimetic properties and its possible
role in the alleviation of diabetic symptoms is one of the most prominent research
interests. Vanadium, in vivo has been shown to exert insulin-like effects on transport,
glucose oxidation, potassium uptake as well as on the activity of glycogen synthase
in an isolated rat adipocytes and skeletal muscle [43]. By regulating the activity of
secondary messengers, it can affect signal transduction in the cell. By activating
PLC-coupled G-protein, vanadate stimulates consequently IP3 synthesis in different
cells [44, 45]. Increase in IPs levels leads to mobilization of Ca?* from intracellular
stores and the subsequent increase in intracellular Ca?>* level. This phenomenon
is important in the stimulation of many cellular processes but excess Ca’" can
also be toxic [46]. Activation of adenylate cyclase by vanadium leads to increased
cAMP level [47] but inhibition of cAMP production by vanadate and absence
of effect on cAMP level were also described [48]. Thus vanadium can modulate
many cAMP regulated cellular processes. On carbohydrate metabolism the effect
of vanadium can be related to the reduction of the plasmatic glucose concentration.
The vanadate ion stimulates 2,6-biphosphate fructose formation which influences
the hormonal regulation of glycolysis and gluconeogenesis in liver [49]. The most
important pharmacological significance of vanadium lies in glucose metabolism
[50], lipoprotein lipase (LPL) activity [51], vanadate-dependent NADH oxidations-
reductions [52], growth of red blood cells, adenylate cyclase activity and amino
acid transport [53]. Vanadium at a low concentration takes a significant role in the
modification of DNA synthesis and repair, but it appears cytotoxic at higher doses
[21, 54]. The finding of unique properties of this inorganic micronutrient and its
complexes may contribute in the maintenance of human health and development of
therapy for the prevention of cancer.

8.4 In Vivo and In Vitro Studies

8.4.1 Breast

Fluid Ehrlich ascites tumor (EAT) appears as a spontaneous breast carcinoma in
mice. Kopf-Maier and his group have established, among a group of metallocene
dichloride, vanadocene dichloride (VDC) is capable of significant reduction of cell
proliferation at very low concentration (5-10x 10™° mol/l) [55]. The antitumor
activity of VDC against fluid EAT is reflected by accumulation in the nuclear
heterochromatin [56], induction of mitotic aberration [57], transient suppression of
mitosis, reversible cell accumulation in the late S and G, phase [58]. Vanadium
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(IV) complex of 2-methylaminopyridine have been found to have similar activities
on EAC cells like superoxide dismutase (SOD). M. M. El-Nagger et al. studied
the antineoplastic effects of these complexes by intraperitonally administering them
to Swiss albino mice infected with EAC cells. The value of EAC cells and EAC
cell viability were found to be effectively decreased. Not only that, but activities
of glutathione peroxide (GSH-Px) and glutathione reductase (GSH-R) also lowered
along with significant elevation in the activities of SOD and glucose-6-phosphate
dehydrogenase (G6PD) in Vanadium (IV) complex-treated mice [59]. A series of
bisperoxovanadium compounds has been tested against DA3 murine mammary
tumor model, in vivo. These compounds have also shown their efficacy against a
panel of cell lines like MCF-7, NIH ADR, MB-231, MB-468 in vitro [60]. Metavan
[bis(4,7-dimethyl-1,10-phenanthroline)sulfatooxovanadium] has been employed in
the treatment of severe combined immunodeficient mouse xenograft models of
human malignant glioblastoma and breast cancer and has been found to delay
tumor progression, exhibit significant antitumor activity and prolong survival time
[61]. In another study, it has been observed that vanadocene dichloride (VDC) and
vanadocene acetylacetonate (VDacac) are effective chemical therapeutics against
proliferation of glioblastoma cell lines and human mammary cancer cell lines. In
a dose-dependent study VDC has been found to inhibit cell proliferation of BT-
20 (breast cancer cell line), U373 (glioblastoma cell lines). The mechanistic study
revealed that human cancer cell division is blocked by this organometallics through
disruption of bipolar spindle formation [62].

In our laboratory, we have established the fact that the dietary supplementa-
tion of ammonium monovanadate in drinking water (0.5 ppm) causes significant
reduction in tumor incidence, total number, multiplicity, size of the tumor cells
in DMBA induced rat mammary carcinogenesis model [63]. Liver is the major
organ for DMBA activation and detoxification [64]. This earlier information helps
us to understand the underlying mechanism of anticarcinogenicity of vanadium.
It acts through elevation of glutathione (GSH), glutathione-S-transferase (GST),
cytochrome P450 (CYP) as well as inhibition of superoxide dismutase (SOD)
and hepatic lipid peroxidation, indicating alteration of hepatic antioxidants along
with phase I and phase II drug metabolizing enzymes. Later, in another study we
have showed that only the mammary preneoplastic cells are sensitive to vanadium
treatment, rather than the normal proliferating cells [65]. The additional information
provided by this study was in connection with DNA repair through reduction of
DNA protein cross-links, cell proliferation and induction of apoptosis. In a similar
study, reduced metallothionein expression was observed immunohistochemically.
Vanadium treatment slows down the hyperplasia occurrence and thus due to
increased latency period delays the tumor appearance [66]. In another similar
type of experiments, the effect of vanadium on DNA chain break was studied.
In compare to DMBA control group, the DMBA+vanadium treated one gives
almost 61% protection against single strand breaks. Vanadium (6.25 wM) imparts
62.9% protection against chromosomal aberration to DMBA induced cells [67]. The
apoptogenicity of vanadium (100, 175, 250 wM) against human cancer cell line
MCEF-7 was studied by Chatterjee et al. through TUNEL assay and they confirmed
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Fig. 8.1 Immunofluorescent
localization of p53 in the
mammary tissue of rats. p53
antibody was used at 1:100
dilution. (a) DMBA control
(i.e., group B) stains very
weakly for p53 and (b)
DMBA with vanadium

(i.e., group C) stains strongly
for p53. Original
magnification, X 100

S. Das et al.

that MCF-7 cells on vanadium treatment was likely to be apoptotic, rather than
necrotic due to the presence of prominent apoptotic bodies [68]. Downregulation
of Bcl2 and upregulation of p53 (Fig. 8.1), Bax are responsible for inhibition of
cell proliferation and induction of apoptosis in vanadium treated DMBA induced

rat mammary carcinogenesis (Fig. 8.2) [69].

8.4.2 Liver

The idea of considering vanadium as an effective chemopreventive agent against
chemically induced hepatocellular carcinogenesis came from several studies. In our
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Fig. 8.2 Cumulative incidence of palpable mammary tumors (adenocarcinomas) in DMBA
control (group B) as well as vanadium supplemented DMBA group (group C). DMBA was given
to rats at 50 days of age at a dose of 0.5 mg per 100 g body weight via the tail vein. Ten animals
were sacrificed for each time point following DMBA injection. Supplementation of vanadium
in drinking water was started immediately after the carcinogen treatment and it continued for
35 weeks. Op <0.001 and p < 0.05 compared with the DMBA control (group B) by Fischer’s
exact probability test

laboratory we have studied the enhancement of activity of glutathione-s-transferase
on oral administration of vanadium in a dose depended manner (100, 200, 400 nM
for 30 days) in rat liver, kidney, small and large intestine mucosa. Moreover, this
enhancement of enzyme activity is not associated with hepatic or renal toxicity as
evidenced by glutamic pyruvic transaminase, serum glutamic oxaloacetate transam-
inase [70]. Some peroxovanadium compounds [bpv(Me,Phen), bpv(OHpic)] have
shown to be effective PTP inhibitors by Barry et al. [71]. In diethylnitrosamine
induced hepatocarcinogenesis model of male Sprague-Dawley rats, supplementary
vanadium (ammonium monovanadate) was given (0.5 ppm) to study its anticarcino-
genicity. The vanadium treated group was found to have reduced incidence, number,
multiplicity of hepatocytic nodules with respect to carcinogen induced group. Vana-
dium treated group also found to contain decreased number of altered liver cell foci
(Table 8.1) [72]. In a phenobarbital promoted DENA induced hepatocarcinogenesis
model of rats, supplementary vanadium has been proved to be potential therapeutic.
The treatment group was appeared to have a decreased number of surface area
of GGT-positive hepatocellular foci along with altered size distribution of visible
persistent nodules [18]. In a similar study, it has been observed that DENA has
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Table 8.1 Effect of vanadium supplementation (0.5 ppm) on the development persistent nodules
in livers of rat initiated with DENA and promoted by PB

Average no. of nodules

No. of rats with per nodule — bearing
nodules per Nodule Total no. liver (nodule
Group total no. of rats incidence (%) of nodules  multiplicity)
A (carcinogen 10/10 100 383 383+5.8
control)
C (carcinogen + 5/12 41.6° 52 104 £2.7¢
vanadium for
20 weeks)
E (vanadium 7/12 58.3 136 19.443.8¢
treatment for
4 weeks before
initiation)
G (vanadium 8/11 72.7 241 30.1£4.7
supplementation
1 week after

initiation and
continued upto
20 weeks)

#Each value represents the mean =+ s.e.

®P < 0.01 as compared with group A by Fischer’s exact probability test
¢P <0.001 as compared with group A

4P <0.02

affected hematocrit value, RBC count, total WBC count, haemoglobin content
with respect to normal. This adverse effect was found to be reversed in vanadium
supplemented group. It also lowered plasma globulin content, prevented depletion of
the plasma albumin concentration and thereby increased albumin to globulin ratio
[73]. In order to find out a plausible mechanism of anticarcinogenic property of
vanadium, it has been found that though it is not capable of altering the activities
of hepatic phase I enzymes but of phase II ones like hydrocarbon hydroxylase,
cytochrome P45062E1 (CYP2E1), UDP-glucoronyl transferase (UDPGT) [74, 75].
Chatterjee et al. further investigated the chemopreventive effects of vanadium in
combination with vitamin D3 against DENA — induced rat hepatocarcinogenesis
model. Vitamin D3 and vanadium in combination have been found to impart
maximum protection against DENA-induced chromosomal aberrations and DNA
strand breaks [76]. In another study their combinatorial effects reduced the number
and area of placental glutathione-s-transferase positive altered hepatocyte foci
(AHF) and nodules [77]. In the elevation of hepatic microsomal cytochrome
P-450(Cyt. P-450), the combinatorial effect of vitamin D3 and vanadium was found
to be more efficient in contrast to their single effect. Furthermore, the combination
also found to have significant role in reduction of GGT positive foci, cytosolic
glutathione and glutathione-s-transferase (GST) [78]. A group of scientist from
Poland synthesized V3" complexes of cysteine, alanine and aspartic acid and
exploited against hepatoma Morris 5123 cell lines. The probable route to cancer
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cell death was assumed to be apoptotic [79, 80]. In a study conducted by our
laboratory indicated sister chromatid co-efficient has significantly been reduced
on vanadium supplementation through drinking water in a 2-acetylaminofluorene
(2-AAF) induced rat hepatocarcinogenesis model [81]. The combined effect of
vanadium and B-carotene has also been studied on DENA-PB induced rat liver
carcinogenesis. In combination they imparted an additive effect in reduction of
the expression of GST-positive AHF, the no. and size of hyperplastic nodules
[82]. Vanadium has shown its anticlastogenic potentiality through inhibition of
early hepatic cells. In addition, the GGT and PCNA expression were significantly
reduced [83]. Later studies confirmed that the rise in the level of DNA base
8-OHdG, metallothionein, and trace elements in DENA-PB induced carcinogenesis
and their significant reduction in vanadium supplemented group [84]. In another
study from our laboratory, the elevation in the level of biomarkers like GGT
positive foci, glycogen foci, PCNA, genotoxic DNA damage were investigated in
chemically induced rat hepatocarcinogenesis and were found to be significantly
lowered on vanadium treatment [85]. The anticlastogenic potential of this dietary
micronutrient was established in a study where the formation of CA, SSB, DPC and
tissue specific 8-OHdG are found to be inhibited by this dietary supplement [86].
The chemopreventive role of vanadium at the initiation stage of chemically induced
hepatocarcinogenesis was investigated by the same author from our laboratory. The
study confirmed that vanadium is capable of in limiting early molecular events and
preneoplastic lesions through inhibition of DNA adduct and prevention of oxidative
DNA damage in early stage of neoplasia [87]. In the expression of premalignant
phenotype of the cell, metallothionein overexpression, DNA-protein crosses links,
cell proliferation are found to have implicative role in rat liver preneoplasia.
Vanadium as a chemopreventive agent has been found to have noteworthy impact on
reduction of DPCs, CAs and MT immunoreactivity [88]. Dietary supplementation
of vanadium is studied to have significant role on inhibition of formation 8-OHdG,
DNA chain break along with in limiting cell proliferation in the initiation stage of
neoplastic development in a two-stage (DENA-PB induced) hepatocarcinogenesis
models [89]. In an in vitro study Na, VO3 has been established most effective against
progressive growth of rat hepatoma H35-19 cells [90].

8.4.3 Colon

Colon cancer is one of most common type of epithelial malignancies [91]. Chem-
ically induced rat colon carcinogenesis model has been studied several times in
order to understand the chemopreventive effect of vanadium in this regard. In
an earlier study vanadate, the potent mitogen was fed to 1,2-dimethylhydrazine
induced mice colon carcinogenesis model. Vanadate at a concentration manner
(10 or 20 ppm) was observed to elevate thymidine incorporation. But, it remains
surprising non-influential in the development of large bowel tumors in DMH-treated
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mice [92]. In our laboratory, we have carried out an investigation to establish
the chemopreventive role of vanadium on DMH-treated colon carcinogenesis
model in rats. We have observed that vanadium supplemented group (ammonium
monovanadate, 0.5 ppm) contained reduced number of aberrant crypt foci (ACF),
few colonic carcinomas and adenomas in contrast to only DMH-treated individuals.
In addition, vanadium on one hand, elevated cyt p-450, liver GST activities, on other
hand lowered PCNA index in ACF [93]. The study was further extended where
we have seen the inhibitory effect of vanadium on the overexpression of GST-P
positive foci. Additionally SOD activities in both liver and colon were found to be
elevated upon vanadium treatment [94]. In another study it has been shown that
the vanadium supplementation in drinking water significantly reduced the extent of
DNA damage and chromosomal aberrations in colon cells, along with the activities
of glutathione reductase and catalase [95]. The inhibitory effect of vanadium on
DNA-protein cross-link and surface levels changes of ACF was well established in
an in vivo study from our laboratory [96].

The individual PTP inhibitors orthovanadate and bpV(Phen) completely abro-
gated both the adenosine suppression of ERK1/2 activation and downregulation
of cells surface DPPIV on HT-29 colon cancer cells [97]. In an in vitro study,
synthesized VOHesp complex has exhibited its anticarcinogenicity against human
colon carcinoma cell line Caco-2. The antioxidant activity of hesperidin complex
has been enhanced in VOHesp as it became a better SOD mimic [98]. The fact that
vanadium is an effective chemopreventive agent against DMH-induced rat colon
carcinogenesis model is well established. Further studies have been performed to
investigate the mechanism of its action of chemoprevention. O° — methylguanine
(0°-Meg) is a potent mutagen in DMH-induced colon cancer. Upon treatment with
vanadium, the DNA adducts, O%-Meg formation has significantly been lowered in
contrast to the DMH-treated rats. Nuclear immunoexpression of p53 in vanadium
treated group in compare to the extranuclear, random, irregular overexpression of
p53 in DMH-control group supports for inhibitory effects of vanadium. Moreover
an effective positive correlation between Al & p53 expression was observed in
vanadium treated group rather than DMH-control one and iNOS mRNA expression
has also significantly been reduced (Fig. 8.3) in vanadium supplemented group [99].
Vitamin D3 is a well studied carcinogen inhibitor. Investigation was carried out
in our laboratory to study the combinatorial effect of vitamin D3 and vanadium
in carcinogen induced rat colon cancer model. Fewer BrdU positive cells in
vitamin D3 and vanadium treated group (Group B, C and D) shows (Fig. 8.4)
reduced BrdU immunopositivity when their carcinogen assaulted counterpart come
in comparison. Vanadium and vitamin D3 in combination has been established
as effective inhibitor of colonic O° -Meg formation (HPLC fluorescence assay).
Their combinatorial effect against DNA strand break also needs to be mentioned.
The duo on one hand inhibits cell proliferation by downregulating antiapoptotic
protein Bcl2 (Fig. 8.5) on the other hand it triggers apoptosis via elevation of p53
immunoexpression [100].
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Fig. 8.3 RT-PCR analysis of iNOS mRNA expression in colon tumors. (a) RTPCR analysis of
30 cycles showing the representative blots of iNOS mRNA transcripts (upper bands) and _-actin
mRNA transcripts (lower bands) in colonic tumor tissues from DMH control (lane 1) and vanadium
treated (lane 2) animals. (b) Densitometric quantitaions of the agarose gel band is presented as a bar
diagram, and the band intensities represented in the form of ratio of densitomentric scores (iNOS/_-
actin). Mean ratio and S.E. were calculated from the signal obtained from ten different samples
in each group. iNOS mRNA levels (iNOS mRNA/_-actin mRNA) were significantly lowered in
vanadium treated group (group C) than that of DMH controls (group B) (P <0.001)

8.4.4 Prostate

Metavan, a most potent anticancer, multitargated vanadium complex, has been
passed successfully against tumor cells derived from prostate cancer patients
[61] Sodium orthovanadate (Na3VOs3) and vanadylsulphate (VOSO,4) have been
exploited successfully against human prostate (DU145) cancer cell line in a dose
dependent manner. It has been suggested that vanadium as a pro-apoptotic factor
affects the protein kinase activities through inhibition of phosphatases [101, 102].

8.4.5 Lung

Inhibitory effect of sodium orthovanadate against human epithelial A549 cancer cell
line has been established by Klein et al. in an in vitro study [102]. Vanadium (IIT) -L-
cysteine compound like [VIII(Heys)s]. 2HCL.2.5H,0 has been studied by a group
of scientist in order to evaluate its antimetastatic effect against 3,4-benzopyrene
treated Wistar rats [103].
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Fig. 8.4 Representative immunohistochemistry pictures of BrdU labeled cell proliferation and
TUNEL positive apoptotic cells in colon tissues of rats in presence or absence of Vanadium (V)
and/or 1, 25-dihydroxy-vitamin D3 (Vitamin D3). Brown-stained (arrow) cells are undergoing cell
proliferation (a, b, ¢, d) or apoptosis (e, f, g, h). Approximately 50 crypt columns per site per
animal were randomly chosen and 10 rats were examined per group. (a) (100x) represents DMH
control group. Highly proliferative zones are marked by arrowhead; (b, ¢, d) (100X) respectively
represents V-treated (Group B), vitamin Dj treated (Group C) and V4 Vitamin Dj treated (Group
D) DMH group. (e) (40X ) represents DMH control group with few TUNEL positive cells in colonic
crypts. (f, g) (40x) and (h) (150%) respectively show colonic crypts with TUNEL positive cells
from V, Vitamin D3 and V+Vitamin D5 treated group

8.4.6 Pancreas

Vanadate with somatostatin causes dephosphorylation of membrane proteins through
inhibition of epidermal growth factor(EGF). This may be the probable mechanism
of inhibitory effect of human pancreatic cancer cell as evidenced in MIA PaCa-2
cell line [104].

8.4.7 Bone

Most of the vanadium we intake is accumulated in our bone which generate a
concept of using vanadium in the treatment of bone tumor metastasis. Vanadium(I'V)
being complexed with aspirin using poly(B-propiolactone) as delivery system has
been successfully used against UMRI106 osteosarcoma cells to investigate its
antineoplasticity [105]. Cytotoxity of other vanadyl and pervanadate has been
evaluated against osteoblast (MC3T3El) and osteosarcoma (UMR106) cell line
in vitro [106]. Vanadium in a dose dependent manner induces ROS formation,
cytotoxicity and thiobarbituric acid reactive substances (TBARS) formation in the
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Bcl-2
Immunofluroscent score

Group

Fig. 8.5 Bcl-2 immunofluorescence in colon tissues of rats. (a, b, ¢, d) Immunofluorescent
localization of Bcl-2. Bcl-2 antibody was used at 1:400 dilutions. (a) DMH control (Group A)
stains very strongly for Bcl-2 and (b, ¢, d) DMH with vanadium (V) and/or 1, 25- dihydroxy-
vitamin D3 (Vitamin D3) (Group B, C, D) stains weakly for Bcl-2 with a gradual decrease of
expression in V+DMH (b), Vitamin D3 +DMH (c¢) and V+Vitamin D3 + DMH (d) treated
group respectively. Original magnification, X200. (e) Graph represents Bcl-2 immunofluorescent
score in DMH challenged colon tissues in presence or absence of vanadium and/or vitamin D3.
Each bar represents the mean value % S.E calculated from 8 slides/rat and 10 rats/group. #Pb0.001
when compared to DMH control group
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concerned cells. In a recent study, the fact has been established that the key events
of tumorigenesis, cell adhesion, migration and clonogenicity have been inhibited by
TreVo, GluVo in UMR106 osteosarcoma cells [107].

8.5 Epidemiological Study

Fallico et al. carried out a longitudinal retrospective case-control study on the
populations of the Etna massif as a consequence of vanadium assimilation through
diet and its effects on diabetes mellitus, heart arrhythmia, renal lithiasis and arterial
hypertension. They hypothesized that vanadium has a protective role on the men-
tioned pathologies. It was observed in this study that the healthy controls have turned
out to have higher concentrations of V in the blood and urine compared to the cases.
Further and more longitudinal studies are needed on representative groups to verify
and confirm their hypothesis [108]. A team led by Jaroslav Lener have performed a
3-year follow-up of some indicators like hematological and cytogenetic status, cellu-
lar and specific immunity, sperm lipids level in some school children (10-12 years)
exposed to vanadium pentoxide emission from metallurgical plant in their vicinity.
The finding is long-term exposure to vanadium emissions had no negative impact on
their health. Furthermore, significant higher values of T-lymphocyte mitotic activity
in children from immediate proximity of the plant producing vanadium indicated
that vanadium have an elevated activity of cellular immunity [109].

8.6 Mechanisms of Action

Micronutrients like vitamin D, lycopene, folate, calcium are currently undergoing
clinical trials to investigate their pharmacological potentiality [110]. Selenium is
the most evidenced inorganic nutrient which has happened to be a promising
chemopreventive agent. Although, less known than selenium, vanadium is gaining
importance for its potential chemopreventive effects [111]. Cancer morbidity and
mortality were reduced when vanadium in its various forms placed in the diets of
the experimental model [17, 72, 73]. Daily supplementation of VOSOy4 (25 ppm)
in diet inhibited induction of mammary carcinogenesis in experimental model and
reduced both the number of cancer incidences and average number of tumors [72].
Further studies have shown its inhibitory effect on DMBA, DENA and DMH
induced carcinogenesis. But, very scanty mechanistic data of its chemopreventive
properties against cancer over a large population area is available. The well-known
biochemical effect of vanadium elevation is decreased lipid peroxidation leading
to an increase in oxidative protection processes [63]. The other mentionable bio-
chemical activities are elevated cytochrome P450 expression, increased glutathione
level and glutathione-S-transferase activity, lowered superoxide dismutase activity
and last but not the least, elevation of Phase II conjugated enzymes; UDP-glucose
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dehydrogenase, UDP-glucoronyl transferase [63, 74, 112]. Possibly, it also elevated
the detoxifying enzyme activities. Due to presence of structural similarity to PO4>~,
VO,>~ interacted with phosphate processing enzymes and participated in metabolic
pathways of carbohydrates and lipids. All these together highlighted the beneficial
activity of vanadium.

Vanadium supplementation in diets of chemically induced carcinogenesis model
is a result of minimized DNA instability — evidenced from a number of studies. But,
no suggested mechanisms account for the decreased DNA alkylation. Vanadium
predominates as oxoanions (VO4*7) in aqueous solution [113-115] and thus
exhibit nucleophilic character which in turn attack the electrophilic alkylating
agent. The ability of vanadium salts in the inhibition of DNA damage, when
subjected to an alkylating assault was demonstrated by Wilker et al. The fact
that oxospecies such as V309~ detoxified alkylating agent through hydrolysis to
yield corresponding alcohols was revealed from NMR-spectroscopic analysis. For
example, vanadates transformed ethyl iodide (CH3CH,I) and (CH3CH,0)SO, to
ethanol (CH;CH,OH) [115].

It is evidenced that Na;VO, gives greater protection to DNA alkylation than
Na3SeOQy. This is because VO,°~ is a better nucleophile than SeO4*~ due to
presence of greater charge density. Vanadate brings equilibrium between various
species, depending upon concentration, solution pH and oxygenation levels. We
cannot say conclusively that this “carcinogen interception” mechanism exactly
occur within cells. Only a significant interaction between inorganic species and
alkylating carcinogens is discussed here.

Some other possible mechanisms proposed by the scientists are increased activity
of phosphodiesterase [116], inhibition of protein phosphatases [117], or generation
of reactive oxygen species and oxidative stress [118].

8.7 Toxicity vs. Beneficiary Action

Toxicity of vanadium compounds to the exposed groups depends on its dose,
route of administration, time span of exposure and nature of the compound itself
[2, 111]. A series of toxicity and pharmacokinetic studies have been performed on
experimental animal models, but very scanty data are available on clinical studies
and long-term effect on humans. In a clinical trial, the effect of VOSOy4 was studied
in 31 weight training athletes. There was no significant effect of treatment on blood
viscosity, hematological indices and biochemistry [119]. Oral administration of
NaVOs; has shown minimal side-effects like mild gastrointestinal intolerance [120].
Twelve healthy adults were orally administered vanadium (125 mg/day) in the form
of diammonium vanadotartarate to investigate its effect on serum cholesterol effect.
But, no changes in levels of serum cholesterol, lipoprotein pattern, haemoglobin,
blood urea were observed [121]. Another study was performed to investigate the
toxicity of ammonium vanadyltartarate administered orally to human subjects. Only
cramps and diarrhea were observed where high-doses (4,325, 4,225 mg) were
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given to them. No statistical changes occurred in triglycerides, cholesterol, blood
lipids, phospholipids which is indicative of the absence of toxicity. Unpredictable
vanadium absorption is suggested by varying amounts of vanadium excretion [122].
Oxytartarovanadate was administered at a level of 4.5 mg V/day for 16 months
to patient, who showed no sign of toxicity throughout the study [123]. Vanadium
is appeared to be more toxic when inhaled rather ingested. Vanadium pentoxide
fume from several industries was proved to be causative agents of acute chemical
pneumonitis, pulmonary oedema to acute tracheobronchitis [124]. In an epidemio-
logical study, it has been established that inhalative exposure to vanadium pentoxide
was responsible for DNA instability in workers from a vanadium pentoxide factory
[125]. As an additional note, toxicity of vanadate and vanadyl salts was observed
only at remarkably higher doses in compare to the usual amount ingested through
diets. So it is evident, that under normal environmental and nutritional condition
of exposure vanadium would not be hazardous to human health [5]. The effect
of this transition metal on animal physiology and their individual response to the
treatment might be influenced by plasma and cellular binding proteins (including
catecholamines and glutathione), severity of diseases (including gastrointestinal
and renal function), exercise, stress and genetic predisposition [126]. These factors
would be accounted in determining proper dose, route and time of exposure of
vanadium compounds in cancer treatment. Therapeutic advantage of oral admin-
istration, and available options for lessening toxicities warrant development of safe
and effective pharmacological formulations.

8.8 Conclusions

An objective of this review has been to provide comprehensive picture of current
biological, chemical and clinical research on vanadium. There is heightened need
to draw together the numerous threads and present a coherent picture of the various
research endeavors.

The present study demonstrates vanadium mediated inhibition of different
forms of cancer and illustrates an emerging concept of chemoprevention through
inhibition. Vanadium functions as an inhibitor of cancer through modulation of cell
proliferation and apoptosis. Authors suggest that by induction of oxidative stress or
inhibition of phosphatases. Ortho or metavanadates affects the activities of protein
kinase which are adjusted during cell growth. An additional question is whether
the antiproliferative effect of vanadium will allow employing such compounds as
auxiliary drugs in certain types of cancer. The extensive use of this element together
with its complex chemistry and the narrow threshold between essential and toxic
doses makes it crucial to understand as much as possible about vanadium. Ultimate
determination of essentiality for human will depend on the greater understanding of
the fundamental biochemical roles of vanadium.

There is however no studies or reports on the pharmacokinetics of vanadium
metabolism in human subject and thus additional studies are warranted to determine
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the optimum effective dose of vanadium in inhibiting cancer in human. The need of
the moment is to improve the experimental design, interpret the observed effect and
encourage their use as templates for further development of more effective and safe
chemopreventive compound.

The data summed up here add another layer to the already highly complex word
of vanadium that could prove to have a stronger antitumor activity.

However we need to collect significant information from experimental, clinical,
and epidemiological result before we support any public health recommendation.
To do this we need more research and more exchanges within the scientific
communities of basic and applied research disciplines.
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Chapter 9
Cardiovascular Protection with Vanadium
Compounds
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Abstract Protein kinase B/Akt plays a critical role in the regulation of cardiac
hypertrophy, angiogenesis and apoptosis. The evidences that elevation of Akt in car-
diomyocytes in vivo and in vitro protects against apoptosis after ischemia/reperfusion
injury provide possibility that agents targeting Akt activation become a novel
therapeutic strategy for limiting myocardial injury following ischemia. Vanadium
compounds inhibiting protein tyrosine phosphatases are potent activator of the Akt
signaling pathways and elicit cardioprotection in heart ischemia/reperfusion injury
along with cardiac functional recovery in rats. In addition, vanadium compounds has
strong anti-hypertrophic in the pressure overload-induced hypertrophy in ovariec-
tomized and aortic-banded rats. The elevation of Akt activity and Akt-dependent
eNOS phosphorylation are central roles on vanadium compound-induced anti-
hypertrophy and heart failure in the ovariectomized and aortic-banded rats. Taken
together, vanadium compounds are potential therapeutics for ischemia/reperfusion-
induced myocardial injury and heart failure associated with hypertension in the
postmenopausal women.
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9.1 Introduction

In the cardiovascular system, protein kinase B (PKB)/Akt plays an important role
in the regulation of cardiac hypertrophy, angiogenesis, and apoptosis [1-5]. The
Akt subfamily comprises three mammalian isoforms, PKBa/Aktl, PKBB/Akt2
and PKBy/Akt3, which are products of distinct genes and share a conserved
structure that includes three functional domains: an N-terminal pleckstrin homology
domain, a central kinase domain, and a C-terminal regulatory domain containing
the hydrophobic motif phosphorylation site [FxxF(S/T)Y] [6]. Among the three
Akt genes, only Aktl and Akt2 are highly expressed in the heart. Consistent with
the general trophic function of Akt, the Aktl whole-genome-knockout mice weigh
approximately 20% less than wild-type littermates and have a proportional reduction
in size of all somatic tissues, including the heart [7, 8]. In contrast, Akt2-knockout
mice have only a modest reduction in organ size [9]. Thus, data from Akt-knockout
mice support a critical role specifically for Aktl in normal growth of the heart [10].
The observation that acute activation of Akt in cardiomyocytes in vivo and in vitro
protects against apoptosis after ischemia/reperfusion injury provide possibility that
agents targeting Akt activation become a novel therapeutic strategy for limiting
myocardial injury following ischemia [11].

9.2 Cardioprotection with Vanadium Compound
in Myocardial Infarction

9.2.1 Vanadium Compounds as Akt Activator

Vanadium compounds are potent activator of the Akt signaling pathways
[12-15] and elicit cardioprotection in heart ischemia/reperfusion injury along with
cardiac functional recovery in rats [1, 2, 15, 16]. Vanadium compounds inhibit
protein tyrosine phosphatases [12, 13] and promote an increase in protein tyrosine
phosphorylation, leading to the upregulation of Akt [12, 14]. An increase in
tyrosine phosphorylation in the heart via increased tyrosine kinase activity has
been implicated in the signal transduction pathway of cardioprotection by ischemic
preconditioning [17-19] which is the most potent endogenous mechanism to limit
myocardial infarct size. Among several oxidation states of vanadium II to V,
vanadium ion in living cells exists exclusively as vanadyl (IV) cation and a small
amount as vanadate (V) anion [20]. Furthermore, vanadyl (VO*h) compounds,
of oxidation state IV, under physiological conditions are subject to oxidation by
a variety of oxidants, including molecular oxidant and vanadate compounds, of
oxidation state V are thought to undergo reduction to state IV in the cell [21-24].
To develop a novel therapeutic drug to protect cardiomyocytes from heart diseases,
we selected a novel vanadyl (IV) compound having the VO>T chelate, bis(1-oxy-2-
pyridinethiolato) oxovanadium(IV), [VO(OPT)], which is a potent activator of the
Akt signaling pathway both in vivo and in vitro [12-14, 25].



9 Cardiovascular Protection with Vanadium Compounds 189
9.2.2 Pharmacotoxicity of Vanadium Compounds

The toxicity of vanadium compounds is low. The most common toxic effects
reported for inorganic vanadium compounds are diarrhea, decreased food uptake,
dehydration and reduced body weight gain [14] which can, however, be corrected
by adding sodium chloride to drinking water, adjusting the pH of the solution to
neutrality and by gradually increasing the dose of vanadium [26, 27]. Organic
vanadium compounds were much safer than inorganic vanadium salts and do not
cause any gastrointestinal discomfort, hepatic or renal toxicity [25, 28]. Along with
the previous studies, we also did not found any gastrointestinal, hepatic or renal
toxicity in the VO(OPT) treated rats [29, 30].

Recent work has demonstrated that vanadium compounds inhibited serum- and
growth factor-stimulated mitogenesis [31, 32] and possess anti-tumor activity [33,
34]. Many other studies have, however, failed to detect any change in the levels of
urea, creatinine, glutamic oxaloacetic transaminase and glutamic pyruvic transam-
inase, indices of kidney and liver functions [35-37]. Moreover, no significant
changes in the histopathology of several tissues, including the liver, spleen, stomach,
heart and lung, have been observed among control and vanadyl sulfate-treated
animals [38]. Electron microscopic examination of 0b/ob mice treated with vanadate
for 47 days revealed no sign of hepatotoxicity [27].

In patients treated with vanadium salts, gastrointestinal discomfort was the most
common toxic effect, which could be corrected by decreasing the dose level [39].
Moreover, clinical studies have been of short duration (up to 6 weeks) and utilized
lower doses than those administered in animal experiments; thus, the long-term
toxicity of vanadium in humans remains to be explored. Clearly, at present, there
is no consensus on the toxic effects of vanadium compounds, and detailed and
systematic investigations are needed to evaluate the toxicity of various vanadium
compounds before undertaking long-term clinical trials in humans. It should be
noted that use of chelating agents and organo-vanadium compounds, such as
VO(OPT), have shown significantly reduced vanadium toxicity and may serve as
more potent cardioprotective agents than inorganic vanadium salts.

9.2.3 Cardioprotection of VO(OPT) in Ischemia/Reperfusion
Injury

We tested whether VO(OPT) treatment has cardioprotective effect against myocar-
dial ischemia/reperfusion injuries in rats. Rats were subjected to 30 min ischemia
followed by 24 h reperfusion to define the cytoprotective effect of VO(OPT) (0.5
and 1.25 mg V/kg) on myocardial infarct size. The infarct sizes in the VO(OPT)
treated group (53 & 7% and 37 2% in 0.5 and 1.25 mg V/kg, respectively) were
significantly smaller than that in the vehicle group (67 &= 4%) [1]. This observation
indicated that VO(OPT) has cardioprotective effect on ischemia/reperfusion induced
myocardial infarction.
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Sodium orthovanadate restores ischemia-induced decrease in Akt phospho-
rylation on Ser-473 in the gerbil hippocampus, thereby rescuing hippocampal
neurons from ischemia-induced cell death [40]. Akt activation has been shown
to reduce cardiomyocyte apoptosis, thereby preventing myocardial injury after
transient ischemia [11]. We confirmed that post-treatment with VO(OPT) signifi-
cantly rescues decreased Akt activity after myocardial ischemia/reperfusion and the
preserved Akt activity possibly accounts for the VO(OPT)-induced cytoprotective
action in cardiomyocytes. Activated Akt is believed to suppress apoptosis through
phosphorylation of several substrates, including the Bcl-2 family member, Bad [41]
and Forkhead transcription factors (FOXO) [42, 43]. We confirmed downstream
targets of Akt to mediate anti-apoptotic signaling in cardiomyocytes. Significant
decrease in phosphorylation of Bad and Forkhead transcription factors (FKHR and
FKHRL1) are closely correlated with decreased Akt activity following myocardial
ischemia/reperfusion injury. Phosphorylation of Bad and Forkhead transcription
factors were markedly potentiated in cardiomyocytes by treatment with VO(OPT),
similar to its response to Akt activity. These results suggest that both Bad and
FOXOs are Akt targets and mediate cardioprotective action by inhibiting them
following treatment with VO(OPT). Like FKHR, FKHRL1 has been shown to
induce apoptosis in the brain [44] and fibroblasts through up-regulation of the Fas
ligand expression and activation of the death receptor pathway [45]. We also found
significantly increased expression of both Fas ligand and Bim after myocardial
ischemia/reperfusion and significant inhibition by treatment with VO(OPT) [1].

Recent findings showed that FKHRLI is regulated by Akt activity in endothe-
lial cells and that FKHRL1 dephosphorylation promotes apoptosis by negatively
regulating FLIP expression [46]. Moreover, Akt was found to rescue endothelial
cells from Fas/Fas ligand-mediated cell death through up-regulation of FLIP level
[47]. Similar with the previous studies, we found significant FLIP degradation after
ischemia/reperfusion [48, 49] and treatment with VO(OPT) significantly increased
FLIP expression in cardiomyocytes. The increased FLIP expression was correlated
with decreased Fas ligand expression in VO(OPT)-treated group compared with
vehicle-treated group. Taken together, inactivation of FKHR and FKHRLI by
treatment with VO(OPT) after ischemia/reperfusion likely promotes expression of
FLIP, thereby inhibiting cardiomyocyte [1] apoptosis

Cardiomyocyte apoptosis is one of the major contributors in the development
of myocardial infarct [50], which is related to the pathogenesis of heart failure
after ischemia. Accumulating evidences indicate that apoptosis, different type
of cell death form necrosis, plays essential role in cardiomyocyte death after
ischemia/reperfusion [50]. Therefore, we examined whether VO(OPT) has anti-
apoptotic effects in cardiomyocytes by measuring Caspase 3, Caspase 7 and
Caspase 9 processing as a marker of apoptosis. Interestingly, short-term infusion of
VO(OPT) significantly reduced cardiomyocyte apoptosis after ischemia/reperfusion
as indicated by dose-dependent inhibition of Caspase-3, -7 and -9 processing
[3]. The results confirm anti-apoptotic effects of VO(OPT) against myocardial
ischemia/reperfusion injury.
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Fig. 9.1 Putative mechanism of myocardial protection by VO(OPT). Binding of trophic/survival
factors to tyrosine kinase receptors activate Akt through PI3K and phosphatidylinositol-dependent
kinase-1(PDK1) activation. Ischemia/reperfusion caused inactivation of Akt, thereby promoting
apoptotic pathways including the Bad, Forkhead transcription factors (FOXO; FKHR and FKHRL-
1) and FLIP via the Fas pathways. Treatment with VO(OPT) activates and/or preserves Akt
activity after ischemia-reperfusion leading to the phosphorylation and thereby inactivation of Bad
and Forkhead transcription factors thus preventing apoptosis by Fas ligand and Bim. VO(OPT)
treatment also preserves ischemia-reperfusion induced breakdown of FLIP and thereby preventing
cell death via Fas pathways. Therefore, the cytoprotective action of VO(OPT) is mediated by the
Akt-Forkhead transcription factor-FLIP mediated pathway

VO(OPT) treatment protects the heart form ischemia/reperfusion-induced car-
diac injury, thereby improving cardiac contractile dysfunction in rats. VO(OPT)
induced cardioprotection is mainly elicited by Akt activation after myocardial
ischemia/reperfusion. Akt activation induces phosphorylation of proapoptotic pro-
tein Bad, thereby reducing mitochondria-dependent apoptosis. Moreover, VO(OPT)
treatment abolished dephosphorylation of forkhead transcription factors after is-
chemia/reperfusion injury, thereby inhibiting expression of Fas ligand and Bim.
Furthermore, VO(OPT) treatment after ischemia/reperfusion promoted expression
of FLIP through Akt activation, thereby further inhibiting activation of Fas/Fas-
ligand intracellular signal. Taken together, VO(OPT) treatment at reperfusion is
likely beneficial as a cardioprotective drug in subjects undergoing reperfusion
therapy following a myocardial infarction (Fig. 9.1).
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9.3 Cardioprotection of Vanadium Compounds
in the Postmenopause

9.3.1 Cardiovascular Diseases in the Postmenopausal Women

Menopause is the permanent cessation of menstruation and ovarian follicular
production of estrogens and progesterone. The mean age at menopause is 51 years,
and 95% of women reach menopause between the ages of 45 and 55 [51]. Over
the past 20 years, numerous observational, retrospective, interventional, and meta-
analytic studies [52] as well as studies using animal models have supported the
hypothesis that ovarian steroids exert important protective actions in women and
the absence of sex hormones after menopause makes postmenopausal women
more vulnerable than younger premenopausal women to cardiovascular diseases
(CVD). Indeed, CVD is the leading cause of morbidity and mortality among
postmenopausal women in westernized societies [53] and accounts for nearly half
of all deaths in women [54]. The Framingham study showed that the incidence
of CVD is higher among postmenopausal than in premenopausal women, even
among women of the same age [55]. Women who also experience early menopause,
both naturally and surgically (bilateral oophorectomy), also have increased risk of
coronary events [56].

Approximately 1 in 8 women above age 55 years has undergone bilateral
oophorectomy before reaching natural menopause [56, 57]. Bilateral oophorectomy
may be performed for a benign disease or for prophylaxis against ovarian cancer,
and is usually performed along with hysterectomy (in nearly 90% of cases)
[58]. Of the more than 600,000 hysterectomies performed annually in the United
States, approximately half include bilateral oophorectomy [59]. In addition, the
practice of prophylactic oophorectomy has increased over time and became more
than doubled between 1965 and 1990 [60]. Meanwhile, reports now link pre-
menopausal oophorectomy with serious health consequences including premature
death, cardiovascular and neurologic disease, and osteoporosis in addition to
menopausal symptoms, psychiatric symptoms, and impaired sexual function [61].
The preponderance of evidence suggests that bilateral oophorectomy is associ-
ated with increased cardiovascular risk and premature death, and that oophorec-
tomy at a young age further increases this risk [62]. Estrogen therapy started
early after surgical or natural menopause at a young age appears to reduce this
risk [62-65].

Clinical and experimental studies have established that sex influences the patterns
of LV hypertrophy [66]. In response to pressure overload, such as hypertension or
aortic stenosis, human male hearts exhibit LV dilatation or eccentric hypertrophy,
whereas female hearts tend to maintain normal chamber size but develop increased
wall thickness, consistent more with concentric hypertrophy [67]. Evidences of
sex hormones influence on the patterns of hypertrophy is revealed from studies
demonstrating that physiological replacement of 17f-estradiol, the main circulating
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form of estrogen in premenopausal women, to ovariectomized female mice limits
pressure overload—induced LV hypertrophy [68, 69].

Despite well established models of myocardial hypertrophy and heart failure
using rodents, there has been lack of suitable animal models to study post-
menopausal hypertension and hypertrophic cardiac remodeling. Although nonhu-
man primates, sheep, rabbits, mice and rats have all been used as models of various
menopausal changes [70], progress in elucidating the mechanisms responsible for
postmenopausal hypertension and hypertrophic remodeling has been hampered
by the lack of a suitable animal model. Therefore, despite impressive progress
in the diagnosis and treatment of hypertrophy, more research on postmenopausal
cardiac decompensation under stress is absolutely needed, and adequate animal
models are critical to fill the gap between basic science discovery and clinics.
An ideal model of postmenopausal cardiac hypertrophy and heart failure should
meet various requirements to mimic a complex syndrome characterized by cardiac,
hemodynamic and neurohumoral alterations as close as possible. We focused on
the molecular mechanisms that contribute to cardioprotective effects of estrogen on
LV hypertrophy in response to pressure overload in a rat model of postmenopausal
phenotypes to develop novel therapeutic strategy instead of hormone replacement
therapy in the postmenopausal women.

9.3.2 Development of Postmenopausal Cardiac
Hypertrophy Models

There have been attempts to elucidate the cardioprotective effect of estrogen in
pressure overload induced hypertrophy by using ovariectomized animals [71, 72],
however, these have rarely taken into account the effect of menopause on cardiac
adverse remodeling and the transition to heart failure. In any case, there is no
normotensive animal model that exhibits hypertrophy and decompensation with
postmenopausal phenotypes. Female spontaneously hypertensive rats (SHR) rep-
resent some postmenopausal phenotypes as they stop cycling at age 10—12 months
and have low estradiol levels comparable to postmenopausal women [73]. However,
the sex difference in blood pressure no longer exists because of the increase in blood
pressure in old females, whereas blood pressure in male SHR remains fairly stable
after age 8 months [73]. Dahl salt-sensitive (DS) hypertensive rats also represent
some characteristics of postmenopause as they exhibit increases in blood pressure
with aging [74]. When the young female DS rats are ovariectomized and fed a high-
salt diet, the blood pressure increases to higher levels than in intact females [74].
Still it is not known at what age these animals cease cycling and what happens
to their blood pressure after cessation of cycling. In addition to the rat models,
the follicular-stimulating hormone receptor knockout mouse also exhibits some of
the characteristics of postmenopausal women [75]. These mice have low plasma
estradiol levels, have functionally active estrogen receptors, increased testosterone



194 K. Fukunaga and M.S. Bhuiyan

levels, hypertension, hypercholesterolemia, and weight gain when compared with
their wild-type counterparts [75]. However, these animals did not exhibit increased
oxidative stress or endothelial dysfunction at age of 14—16 weeks, factors common
to postmenopausal women [75].

To produce left ventricular pressure overload in the ovariectomized rats, we
introduced a model of transverse aortic constriction in the abdominal aorta be-
tween the right and left renal arteries [2, 4, 76]. Serum estrogen level was
significantly decreased following ovariectomy (OVX) compared with the sham
rats (sham: 56.6 £ 8.3 pg/ml; OVX: 3.6 & 2.3 pg/ml). Pressure overload (PO)-
induced hypertrophy had no effect on the serum estrogen level as seen both in
the PO (60.8 & 13.6 pg/ml) and OVX-PO (3.4 + 1.2 pg/ml) group rats. Following
ovariectomy, body weight (BW) was significantly increased compared to sham
animals. Significant increases in LV weight were also seen in the OVX-PO group
compared to sham, OVX and PO groups without significant changes in right
ventricle weight.

9.3.3 Anti-hypertrophic Effect of VO(OPT)

Consistent with my previous observation, LV weight and LW significantly increased
in the ovariectomized pressure overloaded (OVX-PO) group compared with the
OVX group, without significant changes in right ventricle weight [2]. VO(OPT)
(2.5 mgV/kg, p.o.) treatment on the sham and OVX rats have no effect on the mor-
phometric parameters [4]. VO(OPT) treatment significantly and dose-dependently
decreased the elevated LV weights and lung weight (LW). Notably, the ratio of
HW to BW markedly increased in OVX-PO group compared with OVX group.
VO(OPT) (2.5 mg/kg) treatment significantly inhibited the elevated the HW/BW
ratio (P <0.01 vs. OVX-PO) (Fig. 9.2). The LW/BW ratio was also significantly
increased in OVX-PO group compared with OVX group. VO(OPT) treatment dose-
dependently decreased the elevated LW/BW ratio. Moreover, oral treatment with
VO(OPT) (2.5 mg V/kg) for 14 days have no effect on HW/BW ratio and HW/LW
ratio in sham-operated animals [4].

Since treatment with VO(OPT) (1.25 and 2.5 mg V/kg) restored HR and MABP,
we evaluated LV functions in OVX-PO heart with or without treatment of VO(OPT).
Consistent with my previous observation [2], left ventricular end diastolic pressure
(LVEDP) was significantly increased in the OVX-PO group compared with OVX
group. VO(OPT) treatment dose-dependently restored elevated LVEDP. Similarly,
left ventricular developed pressure (LVDP) significantly increased in OVX-PO
group and VO(OPT) treatment dose-dependently restored elevated LVDP. The rate
of LV contraction (+dp/dt) and relaxation (—dp/dt) also significantly increased in
OVX-PO [2] and VO(OPT) treatment dose-dependently restored the elevated LV
contraction (+dp/dt) and relaxation (—dp/dt). In agreement with earlier studies [29,
30], the treatment with VO(OPT) containing 2.5 mg V/kg resulted in slight decrease
in body weight and food intake compared to vehicle treated rats but these changes
are not significant [4].
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Fig. 9.2 Effect of VO(OPT) on heart weight (HW)/body weight (BW) (a) and lung weight (LW)/
body weight BW (b) ratio. Each bar represents the mean = S.E.M.*, P <0.05 and ***, P <0.001
versus OVX group; #, P < 0.05 and ##, P < 0.01 versus OVX-PO-vehicle treated group (Modified
from [4])

9.3.4 Impaired Cardiac Akt/eNOS Signaling in Postmenopause

Akt phosphorylation at Ser-473 was significantly reduced in the hearts of OVX-
PO rats compared with the OVX group, indicating that Akt signaling is markedly
impaired in pressure overload-induced heart failure concomitant with severe cardiac
hypertrophy. Akt Thr-308 phosphorylation also decreases only in the OVX-PO
group. To define the role of Akt activity in cardiac hypertrophy and heart failure,
we evaluated the time course of cardiac hypertrophy, heart failure, and the left ven-
tricular Akt activity. Heart weigh/body weight ratio is increased time dependently
from 1 to 4 weeks following PO in OVX rats [4]. LV Akt phosphorylation at Ser
473 was increased 1 week after PO, thereafter decreased time dependently with
significant decreased level observer 4 weeks after PO in OVX rats. On the contrary,
no significant change was observed in the total Akt level [4]. Importantly, VO(OPT)
treatment markedly and dose-dependently increased Akt activity as assessed by
increased phosphorylation at Ser 473 and at Thr 308 (Fig. 9.3).
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Fig. 9.3 Effects of VO(OPT) on Akt and eNOS phosphorylation in the left ventricle. Repre-
sentative Western blot analysis using cell extracts from OVX (n =8), OVX-PO-vehicle (n = 8),
OVX-PO-VO(OPT) containing 1.25 mg/kg vanadium (V 1.25) (n = 8) and OVX-PO-VO(OPT)
containing 2.5 mg/kg vanadium (V 2.5) (n = 8) treated hearts probed with phospho-Akt (Ser-473)
and phospho-Akt (Thr-308) (a) and eNOS and phospho-eNOS (Ser 1179) (b). Data are expressed
as percentages of the value of OVX rats. Each column represents the mean &= S.E.M. **, P <0.01
versus the OVX group; ## P < 0.01 and ### P <0.001 versus the OVX-PO-vehicle treated group
(Modified from [4])

Since eNOS is physiological substrate for Akt in human vascular endothelial
cells [77], we determine whether VO(OPT)-induced Akt activation results in
increased eNOS phosphorylation and its activity. The time course studies revealed
that both eNOS and Akt mediated eNOS phosphorylation at Ser 1179 decreased
time dependently following PO-treatment with significant decreased level observed
4 weeks after PO in OVX rats [4]. Consistent with our previous observation [2], we
also observed severe impairment of eNOS expression following OVX-PO treatment.
I here found a slight but not significant reduction of eNOS phosphorylation at Ser
1179. Notably, VO(OPT) treatment dose-dependently increased eNOS phosphory-
lation (Fig. 9.3). VO(OPT) also significantly increased eNOS expression.

9.3.5 Prevention of B-Adrenergic Induced Heart Attack
with VO(OPT)

B-adrenoceptor (B-AR) agonists differently affect heart rate during the estrous cycle
in female rats and in ovariectomized rats with or without estrogen replacement
[78]. Ovariectomy also increases susceptibility to the effects of B-AR agonists
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Fig. 9.4 Kaplan-Meier survival analysis following chronic isoproterenol treatment. Five mg/kg
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versus the sham group; ##, P < 0.01 and ###, P <0.001 versus the OVX-PO-vehicle treated group
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[79]. Importantly, Kam et al. [80] demonstrated that B-AR stimulation with iso-
proterenol led to a significantly greater increase in electrical stimulation-induced
Ca’*t elevation, Ca>*-uptake through cardiac L-type Ca’>* channels, heart rate
and contractility in hearts of ovariectomized rats compared to sham rats. These
responses were rescued by estrogen replacement. Several studies hypothesized that
excessive adrenergic activation could initiate the progression from compensated LV
hypertrophy in hypertension to cardiac dysfunction and that this effect is primarily
through adverse LV remodeling.

Similar with aortic banding [2], chronic administration of B-AR agonist to rats
led to adverse cardiac injury through impaired Akt-eNOS signaling pathways and
ovariectomy further aggravated the cardiac injury suggesting the cardioprotective
role of ovarian hormones [4]. Kaplan-Meier survival data in indicate that chronic
B-adrenergic stimulation with isoproterenol has no effect of the survival of sham and
pressure overloaded female rats (Fig. 9.4). Remarkably, treatment with isoproterenol
on the ovariectomized rats tended to increase mortality with a survival rate of
84% at 28 days. Interestingly, the most significant mortality occurred in the OVX-
PO rats with a survival rate of 0% at 21 days following chronic P-adrenergic
stimulation (Fig. 9.4) [4]. These observations indicate that decompensation against
cardiac stress such as isoproterenol treatment occurs only in OVX and OVX-
PO rats. Treatment with the Akt activator VO(OPT) dose dependently increased
survival following acute cardiac stress caused by chronic B-adrenergic stimulation
[1, 3], suggesting that cardiac remodeling and recovered cardiac functions by
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VO(OPT) treatment contributes the reduced mortality (Fig. 9.4). Thus, simulta-
neous impairment of Akt-eNOS signaling by ovariectomy contributed to cardiac
decompensation during PO-induced hypertrophy, deteriorated heart functions and
thereby increased mortality during chronic B-adrenergic stimulation. Potentiation
of the Akt and eNOS signaling pathways by treatment with VO(OPT) after OVX-
PO likely contributes to increased survival following acute cardiac stress caused by
chronic B-adrenergic stimulation. These results contribute to our understanding of
the mechanisms underlying increased cardiac injuries in postmenopausal women by
chronic B-adrenergic activation and bear relevance to further clinical management
strategies to prevent adverse cardiac remodeling.

9.4 Crosstalk of Estrogen Receptor and Akt/eNOS Signaling

9.4.1 Cardioprotection Through Estrogen Receptor

Both in vivo and in vitro studies indicates that estrogen have cardioprotective
effects. However, despite these positive results, hormone replacement therapy has
not been shown to consistently lower blood pressure in postmenopausal women.
Moreover, in women who have experienced surgical menopause, estrogen replace-
ment therapy also did not result in significant sustained reductions in blood pressure.
The mechanisms responsible for increased prevalence of cardiovascular diseases
in postmenopausal women are complex and multifaceted. They are not nearly
so simple as a reduction in estradiol. We focused on evaluating the molecular
mechanisms responsible cardiac injuries in postmenopausal women and character-
ized the postmenopausal OVX-PO model to provide a suitable animal model to
quantitatively evaluate some of the mechanisms and hoped that the information
could be extrapolated to women.

Ovarian hormones are believed to possess cardiovascular protective effects, and
they seem to play a role in the gender-related differences in the development of
hypertension in experimental models [81, 82]. Naturally, ovariectomy causes a
significant reduction in estradiol and progesterone levels [74, 83]. Comparison of
estradiol levels with MABP in DS rats suggests that the OVX-induced increase in
MABP is associated with decreased levels of plasma estrogen because estradiol
replacement was able to prevent the OVX-induced hypertension [74]. Moreover,
estradiol supplementation did not markedly alter circulating progesterone levels
in both young and aged DS rats [74]. Furthermore, progesterone levels did not
correlate with the difference in MABP between the OVX and OVX-estrogen groups
in DS rats [74]. This lack of effect of progesterone supports previous reports in
deoxycorticosterone salt hypertension showing that progesterone had no effect on
the development of hypertension in OVX rats [82].
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9.4.2 Stimulation of Akt/eNOS Signaling Through
Estrogen Receptor

Signaling through phosphatidylinositol 3-kinase (PI3K)/Akt pathway is important
for the physiological growth and inhibition of pathological hypertrophy [11, 84, 85].
Moreover, physiological hypertrophy induced by exercise training also requires the
activation of myocardial Akt. By contrast, pathological hypertrophies induced by
pressure overload cause an inactivation of Akt signaling pathway [86]. It is evident
that the E2-activated PI3K/Akt pathway functions as one of the acute nongenomic
actions of E2 in various types of cells [87]. Studies indicate that young women
possess higher levels of nuclear-localized phospho-Akt (Serine 473) relative to
comparably aged men or postmenopausal women [88] and Phospho-Akt (Serine
473) is also localized to the nucleus of cultured cardiomyocytes after exposure
to E2 [88]. Previous studies have demonstrated that OVX-reduced Akt activation
occurs with decreased myocyte contractile function and impaired intracellular
calcium handling, whereas E2-upregulated Akt is associated with restored cardiac
contractility and intracellular calcium homeostasis [89]. Moreover, activation of
the PI3K/Akt pathway is required for E2-suppressed apoptosis and E2-protected
myocardial function in the heart following ischemia [68]. Estrogen receptor a
mediates increased activation of PI3K/Akt signaling and improved myocardial
function in female hearts following acute ischemia [90]. Recent study also suggests
that E2-mediated improvement in cardiac function following trauma-hemorrhage
is mediated by an increase in cardiac Akt activation [91]. In endothelial cells,
estrogen receptors localize to caveolae and their stimulation activate eNOS activity
via PI3K/AKkt signaling [92, 93]. Strikingly, Grasselli et al. [94] demonstrated that
estrogen receptor alpha and eNOS form a complex and translocate to nucleus
to bind to the estrogen response element in the promoter region of telomerase
catalytic subunit gene, thereby leading to the increase telomerase activity. Since
the telomerase activity is critical to determine the lifespan of a cell. This is the first
report to define enhancement of telomerase activity by eNOS activation and NO
production.

9.4.3 Stimulation of Nitric Oxide Production Through
Estrogen Receptor

Men and postmenopausal women may have less endogenous nitric oxide (NO)
production, shown by less vasoconstriction following inhibition of NO synthase
by L-N-monomethyl-arginine (L-NMMA), than premenopausal women. After es-
trogen therapy, L-NMMA resulted in greater constriction consistent with estrogen
restoring vascular NO activity to levels seen in premenopausal women [95]. Other
studies have shown improvement in endothelial function with estrogen therapy
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with a greater improvement in hypertensive postmenopausal women [96]. Acute
estrogen deprivation after oophorectomy in healthy women results in impaired
endothelium-dependent vasodilatation as a result of reduced NO availability [97].
Estrogen therapy improves endothelium-dependent vasodilatation after oophorec-
tomy and also natural menopause [98]. However, among a broader sample of
postmenopausal women, HRT results in improved flow-mediated dilation only
among women with no cardiovascular risk factors [99, 100]. Studies indicate that
estrogen activates eNOS activity through Akt pathway, thereby promoting NO
production in heart [87]. Moreover, estrogen mediated Akt activation results in
eNOS activation in cultured human endothelial cells [77] and in intact elastic
and muscular arteries in vivo [101]. Upregulation of PI3K/Akt by administration
of E2 results in endothelial nitric oxide synthase activation via a transcription-
independent mechanism [77]. Localization and activity of eNOS are regulated by
making a complex with a chaperone protein, heat shock protein 90 and caveolin-3
in cardiomyocytes, especially in caveolae [102]. I also found significantly increased
expression of the eNOS regulatory proteins like HSP-90 and caveolin-3 in the
hearts of the OVX rats and pressure overload downregulated their expression on
the OVX-PO rats [2]. More extensive studies are required to determine tempo-
ral changes and immunohistochemical localization of HSP-90 and eNOS after
OVX-PO.

Under physiological conditions, myosin light chain (MLC) phosphorylation
correlates with increased maximum tension or dp/dt values [103]. In the post-
menopausal hypertrophy rat model, I found that phosphorylation was markedly
increased only in OVX-PO rats. By contrast, total MLC content was significantly
decreased in OVX-PO rats. The increased MLC phosphorylation/total MLC ratio
was likely associated in part with an increase in & dP/dty,,x in heart contractile
function [2]. Nitric oxide in vascular smooth muscle activates soluble guanylyl
cyclase (sGC) to increase cGMP formation, thereby leading to a decrease in [Ca®t];
with subsequent inhibition of myosin light chain phosphorylation and contraction
[104, 105]. My data suggest that ovariectomy followed by pressure overload
subsequently increases MLC phosphorylation accompanied by increased cardiac
contractility, as observed particularly in OVX-PO rats (Fig. 9.5).

Detailed in vivo and in vitro studies suggest that underlying mechanisms of
estrogen mediated cardioprotection against myocardial hypertrophy are multi-
fold. Estradiol-mediated activation of PI3K signaling blocks angiotensin II- or
endothelin-1-initiated cardiomyocyte hypertrophy in vitro via upregulation of the
gene encoding modulatory calcineurin-interacting protein (MCIP), a calcineurin
antagonist. 17b-estradiol stimulates both the transcriptional transactivation and
mRNA stability of the MCIP gene. Interestingly, Estradiol-induced PI3K signaling
to MCIP up-regulation does not occur through AKT, as indicated by silencing
Akt [106]. As the MCIP1 gene utilizes four different promoters, in a cell context-
specific fashion, and so a detailed in vivo analysis is required to further clarify this
effect.
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Fig. 9.5 Putative mechanism of VO(OPT) mediated cardioprotection. In normal female heart,
eNOS is localized to the caveolae through its interaction with caveolin 3 and compartmentalized
with L-type Ca2t channel and b-aderenergic receptor. Activation of Akt signaling ultimately
leads to eNOS phosphorylation, eNOS activation and thereby activates nitric oxide signaling
pathways. The resulting combination of these effects subsequently confers ventricular dilation and
cardioprotection. Pressure overload-induced hypertrophy severely impairs eNOS and Akt signaling
pathways, thereby imbalances the NO mediated cardioprotective action. Treatment with VO(OPT)
activate the Akt activity and enhances Akt mediated eNOS activity and subsequently confers
cardioprotection against myocardial hypertrophy

9.5 Conclusion

Despite numerous studies on postmenopausal cardiac remodeling in hypertension
and hypertrophy, we are just beginning to understand the pathophysiology of
postmenopausal cardiovascular diseases. Particularly in light of the disappointing
cardioprotective results obtained in several clinical trials with hormone replacement
therapy, the mechanisms underlying estrogen-mediated cardioprotective action
merit further study. In normal female heart, estrogen-mediated increased Akt-eNOS
signaling restores the impaired nitric oxide signaling pathways and subsequently
confers cardioprotection. In our postmenopausal model of cardiac hypertrophy by
ovariectomy and pressure overload, impaired Akt-eNOS signaling imbalances the
physiological protective mechanism by nitric oxide. Therefore, menopause likely
accounts for cardiac decompensation against chronic stress through impairment of
functions of eNOS and Akt signaling, and showed increased mortality following
acute cardiac stress caused by chronic p-adrenergic stimulation. The novel model
of postmenopausal cardiac decompensation using OVX-PO rats and elucidation
of the mechanisms of detrimental cardiac remodeling are attractive for testing
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cardioprotective drugs in hypertension-induced cardiac injury in postmenopausal
women. Furthermore, Akt/eNOS signaling is central dogma of cardiac remodeling
following ischemia and hypertension and vanadium compound therapy instead of
HRT is clinically relevant for cardioprotection not only in ischemic injury but also
postmenopausal heart disease.
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Chapter 10
Inhalation Toxicity of Vanadium

Farida Louise Assem and Leonard Stephen Levy

Abstract This section presents an overview of the toxicology of vanadium and
inorganic vanadium compounds following inhalation. The well known respiratory
effects associated with inhalation of vanadium compounds are the main focus,
since they have been found to be the most sensitive endpoint following exposure
to vanadium compounds in a number of occupational settings. We will also take
a brief look at the possible mechanisms underlying these respiratory effects and
how health standard-setting bodies have interpreted the current dataset in relation
to human health risk assessment and setting of occupational and general population
standards.

Keywords Occupational ¢ Environmental ¢ Toxicology ¢ Respiratory ¢ Mecha-
nisms * Mode of action ¢ Genotoxicity ¢ Inflammation ¢ Carcinogenicity

10.1 Occupational and Environmental Sources and Routes
of Exposure to Vanadium Compounds

Vanadium is a naturally occurring element, present in many different mineral forms
in the earth’s crust. Natural release of vanadium to the environment occurs from
weathering of soil and rock, continental dusts, marine aerosols and volcanic activity.
However anthropogenic activity contributes to environmental vanadium levels to
a greater extent than natural sources. Anthropogenic input of vanadium to the

FL. Assem
ICF International, 9300 Lee highway, Fairfax, VA 22031, USA
e-mail: IAssem @icfi.com

L.S. Levy (34)

Institute of Environment and Health, Cranfield University, Cranfield, Bedfordshire
MK43 0AL, UK

e-mail: len.levy @cranfield.ac.uk

H. Michibata (ed.), Vanadium: Biochemical and Molecular Biological Approaches, 209
DOI 10.1007/978-94-007-0913-3_10, © Springer Science+Business Media B.V. 2012


lAssem@icfi.com
len.levy@cranfield.ac.uk

210 FL. Assem and L.S. Levy

atmosphere arises primarily from industrial sources involved in fuel combustion
e.g. power plants and oil refineries.

In humans, inhalation and oral exposure routes are the most important; dermal is
not considered to be a significant route of vanadium exposure and unlike certain
other metals such as nickel and cobalt, vanadium has not been associated with
dermal sensitisation.

For the general population, ingestion is the major exposure route with food
being the major source of vanadium (mainly in the form of VO** (vanadyl, V(IV))
or HVO4?~ (vanadate, V(V)). Dietary intakes range from 0.01 to 0.02 mg/day;
average intake from drinking water is approximately 5—10-fold less [1]. Daily
intakes of vanadium (i.e. vanadyl sulphate and sodium metavanadate) from dietary
supplements may exceed intake levels from food and water, although vanadium as
an essential element in humans has not been confirmed. General population intake
of vanadium from the air is relatively low compared to intake from food, although
smokers may be exposed to higher levels of vanadium contained in cigarette smoke.

Occupational exposure to vanadium oxide-containing particles may arise during
the production of certain steels, handling of vanadium pentoxide (V,0s)-containing
catalysts and pigments or colouring agents where vanadium is used. Exposure to
vanadium may also occur during the cleaning of oil-fired boilers and furnaces, since
organically-complexed vanadium contained in crude oil and coal can in part be
converted into V,0s during combustion.

10.2 Some Current Classifications and Health Standards
for Vanadium

A summary of some current and draft occupational and general population health
standards and classifications for carcinogenicity is given in Table 10.1. Irritation
of the eyes and respiratory tract and other effects on the lungs as a result of over-
exposure to vanadium metal and its compounds in occupational settings has been
well documented [6] and health standards have generally been recommended based
on respiratory tract irritation effects in humans [3, 4] or in experimental animals [5].

10.3 Respiratory Tract Irritation Effects of Inorganic
Vanadium

Respiratory tract irritation effects in workers exposed to vanadium compounds for
short or longer durations are well known. Similar irritation effects are found in
studies with experimental animal, although evidence of lung tumours seen in mice
exposed to V,0s in a long-term cancer bioassay has not been reported in workers
exposed long-term to vanadium or its inorganic compounds in the workplace.
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10.3.1 Respiratory Tract Irritation in Vanadium-Exposed
Workers

Studies in humans have demonstrated that acute and long-term exposure to vana-
dium dust in the form of vanadyl or vanadate results in eye and/or respiratory tract
irritation in workers sometimes coupled with a green discolouration of the tongue,
a typical sign of vanadium exposure, but with an absence of adverse effects on
pulmonary function [7-11].

In a volunteer study, nine volunteers were exposed to respirable V,05 (<5 pm)
at a nominal concentration of 1 mg/m3 (n=2), 0.25 mg/m3 (n=5)or 0.1 mg/m3
(n=2), for 8 h [10]. Toward the end of exposure to 1 mg/m?, coughing was evident
in the volunteers, while delayed onset of this symptom manifest in volunteers
exposed to lower concentrations of V,0s. No other symptoms or changes in
pulmonary function were found.

Levy et al. [9] reported respiratory irritation in male boiler workers exposed to
high levels of V,05 (0.05-5.3 mg/m?) during the conversion of an oil power plant to
coal. Shifts lasted for approximately 10 h/6 days per week, and the conversion job
took approximately 4-6 weeks. Exposure to other metals, (chromium, iron, nickel
and copper) metal fume and respiratory tract irritants (carbon monoxide, nitrogen
dioxide, hydrogen sulphide, sulphur dioxide and ozone) were either undetected or
present at low or transient levels (within the OSHA permissible exposure limits
at the time). The major symptoms reported by questionnaire (n = 55) were: cough
with sputum, sore throat, dyspnoea on exertion, chest pain or discomfort, headache,
runny nose or sneezing eye irritation and wheezing. Wheezing was also recorded
in 27/70 (39%) workers upon examination by a physician. Bronchitis was the most
common clinical diagnosis in the 70/100 workers seen by a physician. The median
latency period was 1 week.

Longer-term exposure i.e. several months to several years to vanadium com-
pounds can result in similar respiratory effects such as cough or wheezing [7, 11].
Bronchial hyper-responsiveness to inhaled histamine or exercise challenge has also
been reported in 12/40 vanadium plant workers exposed to typical TWA concentra-
tions (assessed over a 1 week period) of <0.05-1.53 soluble vanadium mg/m?, with
persistent respiratory symptoms [11]; workers were exposed to vanadium in ore and
in the vanadate and vanadyl form, in addition to SO,, and NH; other respiratory
tract irritants. Wheezing was also more common among male workers exposed to
vanadium compared to matched controls (typical TWA concentration during time
of study: <0.03 mg total V/m?; 20% particles <5 pwm; typical concentrations over
several years: <0.5 mg total V/m?; higher exposures evident during dustier tasks),
while no clinically relevant differences in lung function [7] or haematological or
clinical parameters were found [12].

Lung function tests following both short-term and long-term exposure, appeared
to be unchanged [7, 10, 11]. In summary, acute and/or sub-acute occupational
exposure to vanadium compounds results in symptoms of respiratory tract irritation
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(e.g. cough, wheezing, dyspnoea, sore throat, epiphora (excessive tear production));
longer-term exposure may also result in similar respiratory tract irritation effects.
Recovery is generally evident, following removal from exposure [8, 11, 13].

10.3.2 Respiratory Tract Irritation in Vanadium-Exposed
Experimental Animals

Respiratory effects in animals exposed to vanadium compounds support the findings
in workers and also show that compound solubility (and thus bioavailability)
influences the timing of the onset of effects. Knecht et al. [14] illustrated this in an
acute exposure study in cynomolgus monkeys exposed to either V,0s or a soluble
solution of vanadate aerosol. Delayed impaired lung air-flow (assessed 1 day after
exposure) was associated with an increase in neutrophils in bronchoalveolar lavage
fluid (BAL) in monkeys exposed to a single nominal V,0Os aerosol concentration
of 5 mg/m? for 6 h. This compares to an immediate impairment of lung function
in monkeys exposed by intrabronchial aerosolisation to a single dose of soluble
vanadium (vanadate solution, 0.38 or 0.76 M vanadium) [14]. This finding is
supported by the results of Pierce et al. [15], who reported pulmonary inflammation,
characterised by an influx of neutrophils into the lungs of female CD rats, following
single exposures to NaVOs, VOSO4 or V,0s5 by intratracheal instillation. The
authors noted that the onset and magnitude of the response was dependent on
compound solubility; influx was highest in VOSOy-treated rats and double the
concentration of vanadium in the form of V,0s5 compared to the more soluble
NaVO3 or VOSO4 was required to elicit a response. Similarly, male BALB/cJ]
mice (n = 4/group), given a single dose of NaVO3 (50 pg/mouse) by intratracheal
instillation exhibited a time-dependent increase in neutrophils, macrophages and
apoptotic lung cells in BAL fluid [16].

Sub-acute inhalation (full body) exposure of rats and mice to V,05 (2-32 mg/m3)
for 6 h/day, 5 days/week for 16 days demonstrated increases in relative lung weights
associated with pulmonary inflammation i.e. increased total cell number, protein,
neutrophils, and lysozyme in BAL, without evidence of immunological effects
[5]. Fibrosis was also found in rats exposed for 13 days to 4 mg/m?, but only
in mice exposed for 2 years. In mice pulmonary lesions were both duration and
concentration-related. Knecht et al. [17] demonstrated a similar response in sub-
chronically exposed cynomolgus monkeys (n =8 per group), given up to 0.5 mg
V,0s/m?* (6 h/day 5 days/week for 26 weeks) and noted that repeated exposure
did not lead to a cellular immune response, enhanced bronchial reactivity, or an
exacerbation of the acute responsivity reported by Knecht et al. [14], suggesting
that the animals developed some measure of tolerance as a result of repeated
exposure [17]. However, the series of studies conducted by the NTP, found a
progressive worsening of effects over time and in relation to exposure concentration.
Increased relative lung weights associated with inflammation or fibrosis (rats only)
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were also seen in rats and mice exposed to V,0s for 3 months, >2 mg/m3
(males) and >4 mg/m? (females), in addition to epithelial hyperplasia in the distal
airways and alveolar ducts and alveoli at>2 mg/m’. Epithelial cells appeared
morphologically similar to bronchioles and were larger and rounded in appearance.
Inflammation (accumulation of macrophages with abundant foamy cytoplasm) was
apparent in rat alveoli adjacent to the epithelial hyperplasia. These changes were
similar to those seen in the 16 day NTP study [5]. Squamous metaplasia located
in an area of hyperplasia was observed in a female rat exposed at the highest
concentration (16 mg V,0s/m?). At higher exposure levels than those resulting in
pulmonary effects in rats (>4 mg/m? in females, >8 mg/m® in males) hyperplasia
and metaplasia of the nasal respiratory epithelium was seen, and inflammation
(influx of lymphocytes and neutrophils) at the highest concentration. Exposure-
related changes in lung function were evident at >4 mg/m?, which were indicative
of restrictive disease.

In terms of chronic exposure, the only available study is the 2 year NTP [5]
cancer bioassay in groups of F334/N rats and B6C3F; mice (50/sex). Exposure to
particulate aerosols of V,0s (mean mass median aerodynamic diameter: 1.2 and
1.3 pm in the chambers of rats and mice, respectively) at concentrations of 0,
0.5, 1 or 2 mg/m? (rats) 0, 1, 2 or 4 mg/m* (mice) for 6 h per day, 5 days per
week, for 104 weeks caused a range of lung and respiratory tract non-neoplastic
effects, somewhat similar to those observed following shorter exposure durations.
The findings of the study have been well documented and discussed in the literature
[18-21]. Respiratory effects included concentration-related chronic inflammation
and interstitial fibrosis in the lungs of both species at all except the lowest exposure.
Upper and lower respiratory tract pathology, including alveolar and bronchiolar
epithelial hyperplasia, was observed at all treatment exposures and of particular
interest was the finding of squamous metaplasia associated with keratin production
in the alveoli of male and to a lesser extent female rats at 2 mg V,0s5/m?, extending
occasionally to the distal airways in males. Nasal epithelial changes of varying
intensity were also observed in both species at some exposures. This study is of
particular relevance as the pathological changes in the lungs and respiratory tract
are generally consistent with the reported changes in exposed humans and, therefore,
provide a convincing base for standard setting in the absence of reliable human data.

10.4 Lung Cancer

There are currently no epidemiological studies available that have assessed the
potential for inorganic vanadium compounds to cause occupational lung cancer.
One of the reasons for this is probably the difficulty in finding well-defined
cohorts exposed to specific vanadium compounds. Another issue is the need to
address co-exposures to other known lung carcinogens, such as tobacco smoke,
asbestos, crystalline silica, and metals (chromium (VI) and nickel), which would
confound results. In addition, although a number of positive in vitro studies have
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demonstrated the genotoxic potential of vanadium compounds, there are limited
studies available in humans. Indeed only two are currently available, one of which
reported negative results [22], the other reported positive results for increases in
markers of DNA damage in vanadium-exposed workers [23]. Overall the weight of
evidence for the genotoxic potential for vanadium in vivo in animals and humans
is equivocal; nonetheless the positive findings in vitro remain indicating a potential
for carcinogenic effects in occupationally-exposed workers that needs exploration.
These data are discussed in more detail later on in the section. The limited dataset on
carcinogenicity has led to a understandable reliance by standard and classification-
setting agencies on the 2 year NTP [5] study in rats and mice.

In the NTP study [5], alveolar/bronchiolar neoplasms were seen in all male rat
groups (including controls) at levels that exceeded historic controls (4/50 (8%),
10/49 (20%), 6/48 (13%), and 9/50 (18%) in the 0, 0.5, 1, and 2 mg/m3 groups
respectively). The numbers of tumours in V,Os-treated male rats were not statisti-
cally greater than control levels, although surprisingly, they were still considered
by the study authors to be treatment-related. The tumours, alveolar/bronchiolar
adenomas, were described as distinct masses, typical of spontaneously occurring
tumours, while alveolar/bronchiolar carcinomas were larger with, in some cases,
local invasion or metastasis. In contrast to the concentration-related non-neoplastic
inflammatory lesions that were seen in the lung, larynx and nasal passages of
all V,0s-exposed groups, there was no exposure-response relationship in the
occurrence of these tumours. Similar, though less frequent, lung tumours were
also seen in female rats; 3/49 (6%; adenomas) in the 0.5 mg/m3 group, 1/50
(2%; adenoma) in the 1 mg/m? group and 1/50 (2%; carcinoma) in the 2 mg/m?
group, compared to none in controls. In mice the incidences of alveolar/bronchiolar
neoplasms (adenomas and carcinomas) were significantly increased in all treated
groups (males: 22/50 (44%), 42/50 (84%), 43/50 (86%), 43/50 (86%); females
1/50 (2%) 32/50 (64%) 35/50 (70%) 32/50 (64%)), but surprisingly, there was no
concentration-response relationship.

These tumours arose from a background of widespread and marked inflammatory
changes which affected the whole of the lung and respiratory tract. Furthermore, the
numbers of lung tumours in rats were relatively few, not concentration-related as one
would expect for a causal relationship, and not remarkable compared to historical
controls (0-6% for the NTP-2000 diet) for this strain [20]. These findings, coupled
with the lack of observed mutagenicity of V,0s in vivo in mice [5] do not suggest
that V,0Os is a classical genotoxic carcinogen. Rather, it might be interpreted as a
weak and local (to the lung) carcinogen acting through a secondary (non-genotoxic)
mechanism. A typical “lung particle overload” response from an inert insoluble
particle would normally evoke a dose-related increase in lung tumours (alveolar/
bronchiolar and carcinomas) in rats, and a negative response in mice, although there
would have been dose-related inflammatory responses in both species. This was not
the case for the NTP [5] studies and it is difficult to assess what contribution the
particle overload effect might have made to the overall pathological outcome, as the
particle size would have guaranteed penetration to the deep lung (including alveoli)
and V,Os is described as sparingly soluble in water (0.1-0.8 g/100 cm?; [2]).
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10.5 Genotoxicity of Inorganic Vanadium

To date, there are no studies available in humans or experimental animals which
have assessed genotoxic effects in the lung following inhalation exposure to
inorganic vanadium compounds. Investigations on genotoxicity have been limited to
non point-of-contact organs/systems such as the blood and male reproductive cells.
Nonetheless, these studies provide in vivo and in vitro evidence of the potential
for genotoxic effects of certain inorganic vanadium compounds in some cells,
raising the possibility of potential genotoxic effects of V,0Os in the lung. However,
experimental evidence of such effects still in the lung remains to be demonstrated.

10.5.1 Evidence of Genotoxic Effects in Vanadium
Pentoxide-Exposed Workers

To date, there are only two studies available on the genotoxic effects of vanadium in
workers [22, 23]. Both studies investigated systemic genotoxicity in cells isolated
from blood; genotoxic effects in lung cells have not been investigated. A study
by Ehrlich et al. [23] on DNA damage in vanadium production workers found
no increase in the frequency of DNA strand breaks in leucocytes isolated from
52 exposed workers compared to non-exposed controls (n=352), but reported
changes in a number of genotoxic markers of chromosomal instability; increased
frequency of DNA base oxidation, micronuclei (MN), nucleoplasmic bridge and
nuclear bud formation, necrosis and a reduction in DNA repair in lymphocytes from
exposed workers (n = 23) compared with matched controls (n = 24). Findings were
associated with a seven-fold higher median plasma vanadium levels in exposed
workers (2.2 pg/L) compared with matched controls (0.3 pg/L). The lack of
evidence of DNA strand breaks in leucocytes of exposed workers supports similar
negative findings in a study by Ivancsits et al. [22] in V,Os-exposed factory
workers (n = 49); no differences in DNA strand-breaks, oxidative damage (§-OHdG
assay) or SCE were observed in leukocytes of occupationally-exposed compared to
unexposed controls (n=12). Median serum vanadium concentrations in exposed
individuals (5.38 pg/L) and controls (2.54 pg/L) in this study [22] were higher than
in the study by [23]. These two studies suggest that some cell types may be more
susceptible than others to the genotoxic effects of V,0Os.

10.5.2 Evidence of Genotoxic Effects of Vanadium
in Experimental Animals and In Vitro

Conflicting evidence of genotoxic effects is also reported in studies on experimental
animals exposed to inorganic vanadium compounds. The NTP 2002 study on V,0s
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found no increase in the frequency of MN in normochromatic erythrocytes (NCEs)
in the peripheral blood of male and female B6C3F1 mice exposed to V,05 (at 1,
2, 3, 8 or 16 mg/m?, equivalent to 0.6, 1.1, 1.7, 4.5 or 9 mg V/m?, for 6 h/day
for 3 months) in the absence of signs of bone marrow toxicity measured using
the difference in the ratio of PCEs to NCEs [5]. Vanadium blood concentrations
in female mice (n=4 or 5) exposed to 4 mg/m® V,05 measured as part of the
NTP (2002) study, were approximately 1 pg/g blood (equivalent to ~1 mg/L)
on day 26 and 54, which were several-fold lower than vanadium concentrations
in the lungs [21]. In several studies on more soluble forms of inorganic vanadium
administered via oral or intraperitoneal (i.p.) routes, single exposure (or for NazVO4
also repeated exposure) of experimental animals to VOSO,, Na3; VO, or NH4 VO3
induced an increase in MN in bone marrow PCEs and the number of hypo- and/or
hyperploid BMCs [24-26] with some evidence of a dose-dependent increase in
aneuploidy [26]. Chromosomal aberrations in BMCs were only reported following
a single exposure to VOSO4 [24]. Attia et al. [27] reported negative results for MN
in bone marrow PCEs of male mice given Naz VO, (1.4,4.2 and 6.9 mg V/kg bw) by
i.p. injection, although a dose-dependent increase in the frequency of hyperhaploid
sperm was observed. Treatment of rats with 0.5 ppm vanadium (NH4VO3;) in
drinking water for 28 or 103 days did not result in an increase in hepatic DNA
damage (oxidative, strand breaks, DNA-protein cross-links) or in the frequency of
hepatocytes with structural chromosomal aberrations or aneuploidy [28, 29]. These
in vivo studies may indicate a potential for V(IV) and V(V) compounds to induce
MN and aneuploidy in some cells, although the data are inconsistent. However,
the results emphasize the importance of exposure route in determining the target
dose at which genotoxic effects may be apparent, show differences in the response
of various cell types and are suggestive of differences in the types of potential
genotoxic effects of V(IV) and V(V) compounds.

Overall the findings from in vitro studies support positive findings in vivo.
While vanadium compounds have generally been found to be negative in bacterial
gene mutation assays, which is not uncommon for metal compounds (e.g. Mn,
Co, Ni), in some cell systems vanadium compounds have been shown to cause
DNA-damage, clastogenicity and aneugenicity. In vitro experiments by Ivancsits
et al. [22], in support of investigations of genotoxic effects in V,0Os-exposed
workers, showed a significant increase in DNA strand breaks in cultured fibroblasts
at occupationally-relevant concentrations, while similar effects in whole blood
leukocytes and lymphocytes we found only at concentrations of vanadium >50 g/l
which equates to the upper end of the range of serum vanadium concentrations
determined for V,0Os-exposed workers. Several studies have also shown induction
of DNA single strand breaks to varying degrees in some human cells (lymphocytes,
fibroblasts, leukocytes; HeLa cancer cells) exposed to either V,05, VOSOy, or
Na3; VO, but not others (mucosal cells) [30-32]. Evidence of DNA double strand
breaks, possibly via vanadyl-mediated radical formation, was reported in cells
exposed to vanadyl (VOSOy,) [31].

Data on clastogenic effects in vitro are similarly mixed with regards to the
cell system used. V,0Os was positive in an in vitro V79 micronucleus assay but
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failed to induce MN in Syrian hamster embryos [33]. While a concentration-related
increase in the frequency of hyperdiploid cultured human lymphocyte cells (from
three donors), treated with V,0s (0.01-1 g V/ml for 24 h) has been reported,
although variability in the individual response was observed [34]. V,0s (0.05 and
0.5 pg V/ml) induced persistent and transmissible genomic instability (dicentric
chromosomes, nucleoplasmic bridges, MN and aneuploidy) in telomerase reverse
transcriptase-negative (W'TERT—, wild type), but not A TERT+, human BJ fibroblasts,
and tetraploidy in hTERT+, but not hTERT- cells, which suggests that the type of
genomic instability in human cells may depend on expression of telomerase [35].

In summary, vanadium (IV) and (V) compounds are potentially genotoxic to
some cells; however, there is currently a lack of data on the genotoxic effects of
V;,0s5 and other vanadium compounds on lung cells and given the variability in
response of various cell systems, it is unclear whether genotoxic effects in the lung
would occur. The genotoxic response is also dependent on the internal dose and is
therefore related to exposure route. It is difficult to make direct comparisons on the
potency of vanadium compounds and the valency between these studies, since the
routes of administration differ and the internal dose is not known for most of these
studies. However, the in vitro data suggest differences in effects following treatment
with V(IV) and V(V) compounds i.e. V(IV) appears to induce double strand DNA
breaks, whereas V(V) compounds do not. The overall weight of evidence from
all genotoxic studies suggests a possible genotoxic potential for V(IV) and V(V)
compounds.

10.6 Potential Mechanisms of Genotoxicity, Respiratory
Effects and Cancer

The mechanisms underlying vanadium-induced in vivo genotoxicity and carcino-
genicity observed in mice have not been established, however in vitro studies
are available that have investigated the role of vanadium-induced reactive oxygen
species (ROS) and various vanadium species formed in vivo.

10.6.1 Mechanisms of Genotoxicity

In cell-free systems, vanadium appears to induce DNA-damage by generating ROS,
which then react with DNA. In particular VOSO4, V(IV) has been shown to mediate
DNA damage by generation of hydroxyl radicals (OH) via a Fenton-like reaction
involving reaction of V(IV) with generated H,O, [36-38].

In cellular systems, however, the mechanisms appear to be somewhat more
complicated. Investigations into the mechanism of action of vanadate (Na3VOy)-
mediated increase in DNA single strand breaks in human fibroblasts showed no
coincidental increase in oxidative damage (8-OHdG adducts) or double strand
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breaks suggesting a mechanism other than one mediated by ROS [22]. Indeed,
it has been suggested that generation of peroxovanadium species from vanadyl
and peroxide may be responsible for the some of the observed biological effects
of V(IV and V) [39, 40]. Although the exact mechanisms of vanadium-mediated
genotoxicity are not clear, HO, may play a major role in certain toxic endpoints,
since several studies that have shown an increase in effects of V(IV and V) with the
addition of super oxide dismutase (SOD), perhaps due to the generation of H,O,
during the dismutation of 02~ [36, 37, 39].

Ramirez et al. [34] investigated the effects of V,0Os-treatment on spindle
formation. Immunofluorescence analysis using anti-B-tubulin antibody showed
that V,0Os treatment disrupted microtubule assembly, indicating that V(V), V,0s
interacts directly with tubulin. Further experiments by the same authors with
purified tubulin revealed that V,0Os inhibited tubulin polymerisation and stimulated
depolymerisation, suggesting that the aneuploidy observed in V,Os-treated cultured
human lymphocyte may be caused by inhibition of microtubule assembly leading to
disruption of spindle formation [34]. The exact mechanism of this interaction has
not been elucidated, although the authors speculated that V(V) interacts directly
with sulthydryl-containing amino acid residues within tubulin [34]. Based on these
data International Agency for Research on Cancer (IARC) [2] considered that the
aneugenic effects may be explained by inhibition of microtubule polymerization,
but noted that it is not clear whether these effects are related to oxidative damage
or to direct interaction with vanadium ions. IARC also noted that indirect inhibitory
effects of V,0s on enzymes involved in DNA synthesis and repair also contribute
to genotoxicity [2].

10.6.2 Pathways for Respiratory Irritation and Inflammation

The underlying mechanisms of the respiratory effects following inhalation exposure
of humans and experimental animals have been investigated in cell culture in a
number of different studies. These studies have focused on effects of vanadium
exposure on expression of various inflammatory cytokines and transcription factors.
In one such study, sodium vanadate (NaVO3) induced a concentration-dependent
increase in tumour necrosis factor o (TNF-a) mRNA and protein levels in murine
macrophage Raw264.7 cells, via ROS generation and the activation and subsequent
binding of nuclear factor-kB (NF-kB) to the TNF-a promoter [41]. Activation
of NF-kB has been shown to promote cell proliferation and has been linked to
carcinogenesis [42]. In an in vivo study, Pierce et al. [15] reported that TNF-o was
not detected in BAL fluid taken 10 days after a single exposure of female rats to
NaVOs;, VOSO;4 or V,05, however mRNA expression of chemokines macrophage
inflammatory protein 2 (MIP-2) and KC, primary mediators of pulmonary inflam-
matory response in rats, were found [15].

In bronchial epithelial cells or perfused lung, VOSOy treatment has been found
to induce protein or mRNA expression of several inflammatory cytokines such as



220 FL. Assem and L.S. Levy

interleukin (IL)-1P, IL-8 and IL-1a [43, 44] and a zinc finger protein (which is
induced by TNF-a) that inhibits NF-«kB activity and TNF-mediated apoptosis, [43].
The mRNA expression of some other genes involved in inflammatory responses
were also found to be up-regulated; these include prostaglandin-endoperoxide
synthase 2 (cyclooxygenase-2, COX-2), chemokine ligand 1 and 3 [43].

In a study by Wang et al. [16] on NaVOs3-exposed mice, addition of the H,O,
scavenger, catalase reduced the inflammatory response (influx of neutrophils and
increase in apoptotic lung cells) to control levels; addition of SOD (O, ™ scavenger)
or deferoxamine (inhibitor of 'OH generated by Fenton-like reactions) only slightly
diminished the response. The authors suggested that NADPH oxidase and the
mitochondrial electron transport (MET) chain are involved in vanadium-induced
ROS generation, a hypothesis which is supported by a reduction in -OH generation
in the presence of the MET-inhibitor rotenone and NADPH-inhibitor [16].

10.6.3 Proposed Modes of Action for Lung Cancers in Mice

IARC in the Monograph on V,0s [2], acknowledged the lack of a clear mode
of action (MOA) for the development of tumours observed in mice following
inhalation exposure to V,0s, and concluded that the induction of dominant lethal
mutations in mice may result from one, or a combination, of genotoxic MOAs
[2]. The draft ATSDR toxicological assessment for vanadium [1] concluded that
redox cycling occurs between V(IV) and V(V) species and that vanadium acts as a
phosphate analogue, interacting with a number of enzymes, a possible mechanism
to explain various toxicological effects associated with vanadium exposure. The au-
thors acknowledged that there is a lack of information to fully explain effects in vivo.

These and other potential MOAs are described by the general schematic in
Fig. 10.1.

In one permutation, inhaled V,05 (V(V)) may interact directly with tubulin,
inhibiting microtubule assembly leading to disruption of spindle formation [34].
In another permutation, ROS generated by V(V) may induce genetic damage
rather than direct interaction of vanadium species with nuclear targets. Based
on the available data IARC [2] considered that the aneugenic effects may be
explained by inhibition of microtubule polymerization, but noted that it is not
clear whether these effects are related to oxidative damage or to direct interaction
with vanadium ions. IARC also noted that indirect inhibitory effects of V,0s on
enzymes involved in DNA synthesis and repair also contribute to genotoxicity
[2]. Following induction of genotoxic effects, ROS generated by inflammation or
vanadium species (derived from V,0s) may then activate cell signalling cascades
[45] involved in cell proliferation and growth, fixing genetic damage and leading
ultimately to tumour formation. Data from a recent in vivo study in three different
strains of mice also suggested a tumour promotion role for V,0Os which was
associated with susceptibility to V,0Os-induced pulmonary inflammation [45]. There
is limited in vivo evidence to fully support a proposed MOA, however in vitro
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Fig. 10.1 Simple schematic of proposed possible mode of actions for lung tumours in mice
following inhalation of V,0s5 (ROS; reactive oxygen species)

data are available indicating potential for the various steps in these pathways.
Findings from a number of in vitro studies suggest that V(IV) and V(V) compounds
activate cell signalling cascades involved in cell differentiation and proliferation
[46—49]. For example, in mouse epidermal C141 cells, vanadate was found to act
on or upstream of phosphatidylinositol-3 kinase (PI3-K), activating a number of
downstream proteins involved in control of cell cycle regulation [47, 48] including
mitogen-activated protein kinases (MAPKs) ERK1&2 (mammalian extracellular
signal-regulated kinases 1 and 2), which are involved in cell proliferation in response
to growth factors, and p38, which is involved in cell differentiation, cell cycle
regulation, cell death and inflammation [49]. More recently, ERK1&2 activation
have been demonstrated in vivo in lung tissue from mice exposed to inhaled V,0s
[45]. V(IV) (as VOSO,) was demonstrated to active MAPK signalling pathways via
PI3-K [46]. Other studies have demonstrated a role for p53 tumour-suppressor gene
in vanadate-induced apoptosis [50] and cell cycle (S phase) arrest [51]. Capella
et al. [39] hypothesised that Na;VOy-induced cell death is related to induction of
p21 Ras proteins, which are involved in signal transduction to the MAPK cascade.
Indeed, evidence suggests that p21 K-ras gene may play a tumour suppressive role
in mouse lung tumours as a high frequency of Ras mutations have been identified in
human and mouse tumours, and elevated MAPK signalling in alveolar bronchiolar
carcinomas (6/7) taken from B6C3F1 mice exposed to V,0s, correlated with K-ras
mutation and loss of heterozygosity (loss of wild type K-ras allele) [52].

Vanadium species also appear to be involved in activation of a different PI3-K
pathway involving vascular endothelial growth factor (VEGF), a potent mitogen
involved in tumour progression and activation of angiogenesis in several cancer
types [53].
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Many of these studies have demonstrated that activation of the MAPK pathway is
attenuated by the presence of antioxidants indicating ROS-initiated phosphorylation
of protein targets as a potential mechanism [54, 55]. However, several other
studies have shown that V(V) species (vanadate and the pervanadate species diper-
oxovanadate and monoperoxovanadate) are able to interact directly with certain
phosphatases such as recombinant protein tyrosine phosphatase (PTP) 1B, [40, 56].
Huyer et al. [40] suggested that vanadium (IV) is likely to be a less potent inhibitor
of PTP since it does not form a structure analogous to phosphate and does not mimic
the transition state of PTP; they have cited publications that have reported V (IV)
as being a less effective inhibitor of Na, K-ATPases than V (V). The relevance in
in vivo systems is unclear since previous studies in cellular systems have confirmed
that V (V) is quickly reduced to V (IV) in the presence of NADPH [42] although
whether continual inter-conversion between the two states takes place has not been
fully demonstrated.

Clearly, the situation is complex and there are a number of critical data gaps that,
if filled, would help to clarify the MOA for the lung tumours in V,0s-exposed mice
and whether these induced tumours have any relevance for human risk assessment.
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