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Abstract

Very few in vivo animal studies involving vanadium consider
the contribution of decavanadate (Vi) to vanadium
biological effects. Recently, it is been suggested that
decameric vanadate may not completely fall apart into other
vanadate oligomers before induces changes in cdl
homeostasis, namely in several stress markers. An acute
exposure of different fish species (Halobactrachus didactilus,
Lusitanian toadfish, and Sparus aurata, gilthead seabream)
to decavanadate, but not to other vanadate oligomers,
induced different effects than vanadate in catalase activity,
glutathione content, lipid peroxidation, mitochondrial
superoxide anion production and vanadium accumulation,
whereas both solutions seem to equally depress reactive
oxygen species (ROS) production as well as total
intracellular reducing power. Vanadium is accumulated in
Sparus aurata mitochondria in particular when decavanadate
is administrated. Moreover, exposure to different vanadate
oligomers induced morphological changes in fish cardiac,
hepatic and renal tissues causing tissues lesions in the liver
and kidney, but not cardiac tissue. Nevertheless, the results
highlight that different vanadate oligomers seem to follow,
not only in vitro but also in vivo, different pathways, with
different targets and effects. These recent findings, that are
now summarized, point out the decameric vanadate species
contributions to in vivo effects induced by vanadium in
biological systems.
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1. INTRODUCTION

Vanadium is a heavy metal with increased enviroriadeirculation, resulting from
various anthropogenic activities [1-3] and it is great concern due to its toxicity and
accumulative behaviour at specific target organshsas the liver and kidney, inducing
oxidative damage, lipid peroxidation and changeshaematological, reproductive and
respiratory systems [4-9]. The formation of ROSuiced by vanadium in biological
systems may involve Fenton-like reactions [7], \d&ta bioreduction mediated by reduced
glutathione (GSH), flavoenzymes or nicotinamide rigke dinucleotide, reduced form
(NADH), and nicotinamide adenine dinucleotide phwgp, reduced form (NADPH),
oxidases [10-12] or interaction with mitochondri&].



Vanadate oligomers are often not taken in accounhost biological studies, in
spite that at the concentrations normally usedvdredate solutions also contains several
vanadate oligomers besides the monomeric vanadafe $uch as dimeric (Y and
tetrameric (M) vanadate species. Furthermore, it is recognikatthe individual species
may differently influence enzyme activities [14-1Blecameric vanadate speciesdyfor
instance, are well known to affect the activitysafveral enzymes [18-20]. The probably
reason whyn vivo toxicological studies of vanadate oligomers effemte scarce is that, it
is considered that almost 98% of vanadium in cellpresent as vanadyl (+4 oxidation
state), being the intracellular concentration ohadium (+5, vanadate) very low to
vanadate oligomers be formed. However, it has Ipeeposed that once formed the rate of
decavanadate decomposition is slow (half-life tiohéaours) enough to allow to study its
effects not onlyin vitro, but alsoin vivo [15-16, 21-28]. More recently, it was described
that decameric vanadate can be stabilized uporractten with cytoskeleton and
membrane proteins [29]. It is believed that, duatdcstability at physiologic conditions,
decavanadate is not completely disintegrated ittterovanadate oligomers before induces
changes in several stress markers [24].

The pioneer studies on the interaction between @eealate and proteins were
performed with ribonucleases, in 1973 [30]. Thesd ather studies demonstrated the
decavanadate species as potentially responsiblethireffects promoted in enzyme
activities [14]. Since that, one thing is becomatgar, decavanadate seems to follow, not
only in vitro but alsoin vivo, different pathways, with different targets andeefs than
other vanadate oligomers. The intracellular fornvafadium depends on the ratio of the
whole pool of reductans to cell oxidants [31].sltwell known that, in the cell, vanadate is
reduced to vanadyl, preventing the toxic effectgarfadium. However, vanadate reduction
may not occur if the vanadate oligomers are pred@etameric species may eventually
occur upon muscle cells acidification, becomingeasble to specific protein binding sites
and inaccessible to reduction, thus inducing différcellular responses that the other
vanadate species (Fig. 1). Therefore, a role ofamecic vanadate species in the
toxicological effects of vanadate in biological &8yas may be suggested.
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It is becoming apparent the interest and usefuloéggscine models to oxidative
stress studies [32], which are more exposed toremviental pollutants. In fact, several
works have reported that some fish species arentae sensitive to heavy metals toxic
effects than mammals. Fish species, which has lbsed as preferential experimental
models in toxicology studies, are very easy to iobtaaintain and to handle. Therefore,
and besides the interest of piscine models to tivelatress studies, our knowledge show
us to be very useful to study decavanadate toxiicitfish species, since at the fish
physiological temperature decameric vanadate spéistable enough to induce different
effects than vanadate itself.

Since 1999, our research group has performedvivo administration of
decavanadate in order to understand the contribatialecameric vanadate species to the
toxic effects of vanadate [21-27]. Among the difietr experimental conditions, it was
included different: (i) mode of decavanadate adstiation (intraperitoneal, i.p. versus
intravenous, i.v.); (ii) fish specie#iélobatrachus didactylus — Lusitanian toadfish — and
Sparus aurata — gilthead seabream); (iii) vanadate concentratloand 5 mM); (iv) tissues
(cardiac, hepatic, renal, blood); (v) subcellulactions (cytosol, mitochondria, red blood
cells, blood plasma); and (vi) exposure time (1,18, 24 hours, 2 and 7 days). A
metavanadate solution, not containing decameric adat® species, was always
administered as a comparison group of study andil mow, following in vivo
administration of decavanadate, several parameters analysed such us: (i) vanadium
subcellular distribution [21, 25-27]; (ii) histolmgl changes on cardiac, hepatic and renal
tissues [22]; (iii) effects on sarcoplasmic retioul C&"-pump; (iv) lipid peroxidation; and
(v) antioxidants enzymes activities besides seweralative stress markers in heart [21, 24,
27] and liver [24-25]. These previous reports iatkd a differentn vivo metabolic pattern
for decameric vanadate species, pointing out thortance of vanadate speciation on the
evaluation of vanadium toxicity in biology. Recgnteported studies demonstrated timat
vivo administration of different vanadate species iedddferent effects on vanadium
subcellular distribution, tissue damage in liveldriey and heart, lipid peroxidation and
antioxidant enzymes [21-27].

Therefore, it cannot be excluded the hypothesit deaavanadate once formed at
physiological conditions, it may live for long ergiuto induce different biological effects
than the ones observed for vanadate alone. Theofallecameric vanadate in biological
systems is still to be clarified and to our knovgedn vivo toxicological studies of these
species are scarce. In this sense, in the presgoitt iit is presented a summarised review of
the effects following decavanadabe vivo administration on: vanadium accumulation;
methaemoglobin reductase and*Gaump activities; cardiac, hepatic and renal hiziy|
and on overall oxidative stress markers such pseduced GSH content; (ii) overall rate of
ROS production; (iii) mitochondrial superoxide amicadical (@) production and (iv)
lipid peroxidation propagation.

2. STABILITY OF DECAMERIC VANADATE SPECIES

Only a few studies consider the hypothesis of asiptes effect of decameric
vanadate (Vo) at physiological conditions since, in these ctinds, vanadate (+5
oxidation state) is considered to be almost totatjuced to vanadyl (+4) and decavanadate
concentration is very low or is not present forg@nough to induce any effects [33-36]. In
order to correlate the effects observedivo with the decameric vanadate species present



in solution, it has been determined its stabilitythe injected solution, estimating the half-
life time of decameric vanadate species on decalaeaolution.

2.1 Decameric speciesin vanadate solutions: NMR signals

Since most of the vanadate species can be deteégtedv Nuclear Magnetic
Resonance (RMN) spectroscopy, this techniqgue ha&m lwéten used to evaluate the
compositions of vanadate solutions. As appraiset\WNMR spectroscopy, decavanadate
stock solution pH 4.0, 50 mM in total vanadium, @ans only decameric species since
only signals from decameric vanadate species aerobd: o at -515 ppm, Yos at -500
ppm and \oc at -424 ppm [27]. Conversely to decavanadate ssotktion, that contains
only decameric vanadate species, metavanadate sokkion contains ortho- and
metavanadate species. However, after dilution enitfjection medium containing 0.9%
NaCl the NMR spectrum of the denominated decavdaatdution (containing presumably
only decameric species) are also often contaminaiéid monomeric vanadate species,
showing besides the decameric NMR signals, a signal562 ppm with a half-line
broadening of 55 Hz (Fig. 2A). In fact, the spectfadecavanadate solution used in
injections, 5 mM total vanadium in 0.9% NaCl at gt0, contained mainly decameric
species once the three signals from decameric @dmagpecies, ascribed to the three
vanadium atoms of the decavanadate structure angifidd [37]. On the other hand, in the
metavanadate injected solution, 5 mM total vanadaamcentration in 0.9% NaCl at pH
6.98, were detected monomerigMdimeric (\%), tetrameric (M) and also pentameric £y
species, respectively, at -561 ppm, -575 ppm, 3 and at -587 ppm, as described
elsewhere [15] (Fig. 2).
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Figure 2. 105.2 MHz®V NMR spectra, at room temperature, of decavanadpt¢ 7.0) (A and B) and
metavanadate (pH 7.0) (C and D) (5 mM total vanajliitn 0.9% NacCl, in the absence (A and C) or in the
presence (B and D) of 5% blood plasma fr8naurata. All spectra were acquired in the presence of 10%
D,0. Vioa V1o and Vioc are signals of vanadium atoms from the decamétigQbs’) species. Y and \
NMR signals correspond, respectively, to monom@rio,>, HvVO,* and HVO,) and dimeric (HYO;> and
H,V,0;%) vanadate regardless of the protonation statereslse\; and \k correspond to cyclic tetrameric
(V401,") and pentameric (;5>) vanadate species, respectively.

Vanadate studies in biological systems can be coabfa to the iceberg
phenomena: there is an invisible part, probablymast interesting, but certainly the major



[24]. For this reason, it is of extreme importanaevell characterize the vanadate species
presence and the interactions with the systemuidysbefore attempting to understand the
promoted effects. Therefore, the NMR studies mespérformed in order to certify the
presence of the vanadate species responsible &peeific effect. For instance, it was
verified that in the presence of 5% blood plasmahe dilution medium, neither the
concentration of the different vanadate speciestmoratio between vanadate oligomers in
both solutions are drastically changed pointing toutanadate/protein interactions (Table
1). Moreover, it is possible to deduce specificagate/protein interactions by analyzing
the half-width broadening in the presence of thegin, as it is observed for the decameric
signals that increase up to 1.5§)}, at Table I, in the presence of blood plasma (B).
Furthermore, after dilution of the decavanadatetswi into the injection medium
(NaCl 0.9%), in the concentrations normally usedhiea present studies (1 and 5 mM in
vanadium), the concentration of decameric vanaitateases linearly with total vanadate
concentration whereas monomeric vanadate doessidescribed recently [27, 29].

2.2. Decavanadate char acterization and stability

UV/visible spectroscopic characterization of theeated vanadate solutions showed
that the decavanadate solution present a chamstatespectrum (Fig. 3A) with visible
absorbance up to 500 nm due to decameric vanagatges that absorbs at 360 and 400
nm, while metavanadate solutions spectra almost doeabsorb at 400 nm.

Conversely to metavanadate, the decavanadateolgtiunstable in the injection
medium (NaCl 0.9%) as analysed by UV/visible spestiopy [26]. In contrast to the labile
oxovanadates present in the metavanadate solutitig) interconvert on the time scale of
milliseconds to seconds, decameric vanadate hasskew decomposition kinetics upon
dilution. Decameric vanadate present in decavaeadailutions decomposes into
monomeric vanadate species 1 Vwhich solutions are colourless. The kinetics of
decomposition of decameric species followed by UBfhe spectroscopy, at 25 °C, in the
saline solution used fon vivo administration, assessed by measurements of Swepion
at 400 nm has confirmed a first-order kinetic psscewith an half-time of 16 hours
(measured with 1 mM total vanadate concentratiom, 100 UM decameric vanadate
species) (Fig. 3B).

After this time, the NMR spectra contain not ongcdmeric vanadate species but
also the others species present in metavanadaigiossl in agreement to described
elsewhere [15, 19, 24]. Therefore, this complexamon remains relatively stable at room
temperature, allowing studying its effects not omyvitro but alsoin vivo. Moreover,
decameric vanadate is stabilized upon interactidh wytoskeletal and membrane-bound
proteins [29].

At pH 7, decameric vanadate might not be presesbiation depending on several
parameters such as vanadium concentration, ioreagth or temperature [14]. However,
once formed at pH 4 and upon the pH adjusted toyaiplogical value, it decomposes very
slowly with a half-time that can reach up to 16 to{R1, 23, 27-28, 38]. This is an
important feature, since decavanadate maintainstrit€ture in an aqueous solution for a
significant amount of time, allowing it to inducexic effects in biological systems
different from the ones promoted by vanadate itself



Table 1. °V NMR spectral parameters, at room temperaturethef vanadate species
present in decavanadate (pH 7.0) (A and B) andvartalate (pH 7.0) (C and D) (5 mM
total vanadium) in 0.9% NacCl, in the absence (A @har in the presence (B and D) of 5%
fish blood plasma, namely chemical shd}, (half line width Av.,) and concentration of the
respective vanadate oligomeric species (C). Thadawoing factor of half line width (F) is
defined as the coefficient betweén., value in the absence and presence of 5% plasma.
The concentration (C) of the vanadate species presedecavanadate and metavanadate
solutions was determined from the fractions of theegrated areas observed in the
corresponding spectrum (see Soates. [27]).

Vi Vs \2 Vs Vioa Vs Vioc
(A) o (ppm) -561.7 - - - -516.6 -500.8  -425.6
AV (1) 55 - - - 206 318 393
C (um) 126 - - - 214 195 79
(B) o (ppm) -561.1 - - - -516.1 -500.0 -4235
AV (H2) 55 - - - 318 581 807
C (M) 181 - - - 213 189 81
F (relative to A) (1.0) - - - (1.5) (1.8 (2.1)
© 3 (ppm) -561.2 -574.5 -578.8 -587.2 - - -
AV (1) 93 130 55 130 - - -
C (um) 443 389 903 33 - - -
(D) o (ppm) -560.8 -574.4 -578.8 -587.4 - - -
AV (1) 93 130 55 93 - - -
C (M) 878 332 865 nd - - -

F (relative to C) (1.0 (1.0) (1.0) (0.7) - - -
Av,,values have a STD a0 Hz; nd: not determined.
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Figure 3. UV/visible spectra (A), at 25 °C, of decavanada@id) and metavanadate (dash) (1 mM total
vanadium) solutions, in the injection dilution meai containing 0.9% NaCl, pH 8.0 and variation of th
absorbance (B) of decavanadate solution (1 mM t@ahdium) in 0.9% NacCl, at 400 nm, in functiortiofe
(adapted from Soaresal. [28]).



3. VANADIUM SUBCELLULAR DISTRIBUTION FOLLOWING
DECAVANADATE ADMINISTRATION

The uptake of vanadium depends on the animal speaid age, with the larger
guantities of vanadium being found in bones, kigriegr, spleen, plasma, muscle and fat,
whereas the smallest amounts can be found in larhother organs [39-41Toxicity
studies with vanadium often disregard the contrdsuof vanadate oligomers, although
recent studies demonstrated that the amount ofdwamafound in blood plasma, red blood
cells (RBC) and cardiac muscle subcellular fractjoafter anin vivo acute exposure to
sublethal vanadate concentrations, is affected wlg@americ vanadate administration [21,
24-27]. Nevertheless in acute exposure experim@rdasn 1 hour to 7 days) following
exposures to sublethal concentrations of both dewate or metavanadate (1 and 5 mM
total vanadium), it is found that independentlytia# form of vanadium administrated it can
penetrate into internal organs of the fidhdidactylus and S. aurata with the following
order of concentration: blood > heart > liver >rlé¢ > muscle [21, 25-27, 42-43].

3.1. Blood and Heart

Following an acute exposure of two vanadate saistiec decavanadate and
metavanadate — containing different vanadate olegemdifferent patterns of vanadium
subcellular distribution in fish blood plasma, reldod cells (RBC) and cardiac muscle
subcellular fractions was described.

Indeed, upon an intravenous (i.v.) injection ofr5onM vanadate (total vanadium)
in S aurata, the highest amount of vanadium is found in blg@dsma 1 hour after
administration of both decavanadate and metavaaaatdtitions, being 80- to 1,000-fold
higher than in RBC, respectively, if 5 or 1 mM lot@nadium is administrated [26-27].
Regarding cardiac mitochondria and cytosol, lowaoants of vanadium are found upon 1
mM vanadate (total vanadiun) vivo administration, not changing with exposure time in
cytosol (about 50 ng/g dry tissue) for both solugiowhile in mitochondria the amount of
vanadium after the first hour (about 45 ng/g dssuie) is about half of the vanadium
content at 6 and 12 hours, for both solutions [2pparently, 1 mM decavanadate does not
affect vanadium distribution at the earlier timéssce similar values were observed for
metavanadate. Previous works done with higher \ateadoncentration (5 mM) with the
same fish species and exposure time show a tendensynadium accumulation in
mitochondria upon decavanadate i.v. administrationcomparison to cytosol, being
accumulated 2-fold higher in cardiac mitochond#@][(Fig. 4).

The amount of vanadium in cardiac mitochondria higber than in cytosol, earlier
for metavanadate (6 hours) than for decavanada®e hdurs). After 12 hours of
administration, the amount of vanadium in plasnsaywall as in cardiac cytosol, decrease
about 50% for both vanadate solutions, whereaserihains almost unchanged in
mitochondria [26] (Fig. 4). In fact, it has beersdébed that the binding of vanadium to
plasma proteins is of special interest, as the diana binding proteins can play a role in
the transport of vanadium in blood. Transferrin aidumin have been reported to be
binding proteins for vanadium in human plasma [Bisides mitochondria, it has been
suggested that, at a subcellular level, the mgjofitvanadium is found in the nucleus [41,
44-45]. When decavanadate is administered a different daténtracellular vanadium



accumulation was observed in blood plasma and RB{®g vanadium mainly distributed
in plasma, before accumulated into the mitochohthaation [26].

Decavanadate Metavanadate
Blood Heart Blood Heart
(Mg V/g dry tissue) (ng Vig dry tissue) (Mg V/ dry tissue) (ng V/dry tissue)
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Figure 4. Vanadium concentration on red blood cells (RBG@pot plasma and cardiac mitochondria and

cytosol ofSparus aurata individuals (n = 4) intravenously injected with Svh{total vanadium) decavanadate
or metavanadate, 1 and 12 hours after exposuret@ditom Soarest al. [26]).
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On contrary, for the same concentration (5 mM) atifferent mode of
administration (intraperitoneal, i.p.), it was nabserved the tendency of vanadium to
accumulate in cardiac mitochondria upon decavaeadatadministration ifd. didactylus
[21].

In conclusion, in fish cardiac muscle, the vanaddlistribution is dependent on the
administration of decameric vanadate, with vanadngimg mainly distributed in plasma,
before being accumulated into the mitochondria.

3.2.Liver

In hepatic tissue, it has also been describedviir@dium accumulation is favoured
in mitochondria (2-fold higher than in cytosol), Bdurs upon 5 mM decavanadate (total
vanadium) i.v. injection irH. didactylus [25] (Fig. 5). Moreover, decavanadate solution
promotes a 5-fold increase (0.138§ V/g dry tissuep <0.05) in the vanadium content of
the mitochondrial fraction 7 days after exposurbgmeas no effects were observed after
metavanadate solution administration [25] (Fig.®)e general tendency is that both liver
and cardiac mitochondria may be a vanadium inthaleel target. Apparently, for both
tissues, the vanadium accumulation in mitochondsiafavoured upon decavanadate
administration.



As decavanadate is eventually less permeant thrthagglanionic channel than the
other vanadate oligomers (due to its molecular)sirel likely to be bound with high
affinity to proteins, therefore preventing its digigration to vanadate oligomers and
reduction to vanadyl, it has been suggested tleaaticumulation of vanadium in liver after
decavanadate administration is a consequence igharievel of exposure of liver to total
vanadium. It is known that decavanadate binds kigh affinity with proteins [18-20].
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Figure 5. Vanadium amountgug V/g dry tissue) in mitochondrial (A) and cytoso(B) subcellular fractions
of hepatic tissue frorialobatrachus didactylus individuals (n = 5) intravenously injected withn@M (total
vanadium) decavanadate or metavanadate, 1 ands7aftay exposure (meanSTD); *significantly different
from control,p <0.05 (adapted from Gandaatzal. [25]).

Furthermore, resembling heart tissue, vanadiumrmatation in liver is dependent
on the way of administration. The subcellular dsttion of vanadium in liver appears to
be different than in heart, since mitochondrial aytosolic fractions of hepatic tissue
accumulate 10% of total vanadium, while in cardiasue the same fractions accumulate
20% [21, 26-27].

3.3. Kidney

Also in renal tissue, mitochondria present moreadiuim than cytosol, indicating
that mitochondria were the main subcellular tarffeea short-term exposure study [43], in
renal mitochondria fromH. didactylus intraperitoneally injected with 5 mM (total
vanadium) decavanadate, vanadium concentratiorased § <0.05) by 424% 1 day post-
exposure, whereas a 98% increase was reported tavamadate-treated fish. This
experiment reveals that, even 7 days upon vanaadmeinistration high amounts of
vanadium were detected in the kidney of both detadate- and metavanadate-treated fish
(+153% and +231% following decavanadate or metad@esadministration, respectively).
Conversely, in kidney cytosol, metal concentraiimreased only upon 1 day of exposure,

10



being vanadate more abundant in cytosolic fractfter decavanadate exposure (+336%)
than after treatment with metavanadate (+251%)|enihiwere not observed a significant

increase f§ >0.05) 7 days post-treatment. In conclusion, aftecavanadate exposure

vanadium tends to accumulate in subcellular compants, such as mitochondria [43].
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Figure 6. Vanadium concentratioqug V/g dry tissue) in renal mitochondria (A) andagal (B) from
Halobatrachus didactylus (n = 5) intraperitoneously injected with 5 mM (totanadium) decavanadate or
metavanadate, 1 and 7 days after exposure (adfiptedSoarest al. [43]).

3.4. Muscle

Skeletal muscle is one of the tissues with theektwwanadium accumulation
described [45]. However, Sousa [42] reported thab iaurata specimens, intravenously
injected with 5 mM (total vanadium) decavanadale, highest percentage of vanadium
was found in muscle 1 hour after exposition (+9@&atively to control fish; 126 + 12 ng/g
dry tissue;p <0.05), whereas the maximum amount of vanadiuneated in skeletal
muscle following metavanadate administration waguaed 12 hours after treatment
(+94% relatively to non-treated fish; 135 + 27 ndfg tissuep <0.05) (Fig. 7), suggesting
that in this tissue decameric vanadate may be adeted prior than other vanadates. A
study withH. didactylus intraperitoneally injected with the same amounvafadate, also
revealed that the highest amount of vanadium inclaus detected 24 hours upon exposure
to decavanadate (+186% relatively to control).

Besides vanadium is more rapidly accumulated incheushen administered in the
form of decavanadate, nevertheless, converselypserged in vanadium-target organs, in
fish skeletal muscle it is not observed a preféatrsiccumulation of vanadium upon the
administration of a specific vanadate oligomeriedes, being the accumulation of
vanadium, administered as decavanadate or metaat@yaery similarg >0.05).
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Figure 7. Variation of vanadium amoun¥) relatively to control (non-treated fish) 8parus aurata skeletal
muscle (n = 4) intravenously injected with 5 mMtédovanadium) decavanadate or metavanadate, 1d 6é2n
hours after exposure (adapted from Sousa [42]).

4. DECAVANADATE TOXICITY

Several haematological changes, compromising oxygarsport efficacy, namely
cell destruction, haemolytic anemia and methaentaggmia — oxyhaemoglobin oxidation
to methaemoglobin — have been described upon vamagitoxication [5-7, 31, 46-53].
Moreover, in vanadium intoxication, besides therease of red blood cells (RBC)
breakdown, an increase on methaemoglobin levelsbbas reported [48, 54-56]. In the
human erythrocyte, under normal conditions, a snm@ibportion (about 1%) of
haemoglobin exists as methaemoglobin [57-58]. Qutraogy, in fish species, haemoglobin
in the form of methaemoglobin is ten fold greateart in humans [59]. Therefore, studies
of toxic metals-induced methaemoglobinemia in pisehodels are of extreme relevance.

Cardiovascular effects of heavy metals such asdramaare also known, namely
alterations of heart rate, cardiac inotropism aedpberal vascular resistance [60-61],
although histopathological effects in cardiac tesawe not completely understood. There is
a strict relationship between cardiac tissue mdggyintegrity and the maintenance of
heart functional efficiency [62]. Therefore, chdmization of the myocardial tissue may be
important in evaluating the degree of cellular dgenaaused by exposure to toxic agents.
To analysed Y, contribution to vanadate toxicity in haematologjiaad cardiovascular
systems, following an acute exposure to decavaeastaltition, \{¢-induced changes in
methaemoglobin reductase and“Gaump activities were determined in intraperitoheal
injected fish.

4.1. M ethaemoglobin reductase activity

Following a short-term exposure (7 days), methadofagy reductase activity is
affected differently after then vivo administration of decavanadate or metavanadate
solutions, metavanadate induced an increased ofm&tic activity by 67% [ <0.05),
while in the presence of decavanadate no significaanges were observed (Fig. 8) [23].
Soares and colleagues [23] injected intraperitdpéab vanadate 5 mM (total vanadium)
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solutions, as decavanadate and metavanadatd, didactylus, in order to evaluate the
effects of oligomeric vanadate species on methahogreductase activity from fish red
blood cells (RBC). Althoughn vivo decameric vanadate did not induces changes in the
methaemoglobin reductase activiiy, vitro studies indicated that decavanadate besides
strongly decreases methaemoglobin reductase gctivit  (1Csp

50 uM), also interact with haemoglobin, promoting hagiobin oxidation to
methaemoglobin, in concentrations as low aspB0 [23], suggesting that decameric
vanadate is important to evaluatevivo andin vitro vanadate effects on methaemoglobin
reductase activity.

4.2. Decavanadate effects on the activity of sar coplasmic reticulum Ca**-pump

Interaction of species present in vanadate solsitwith ionic pumps has been
described [15-16, 63]. In these studies, it is ghdhat, in non damage native vesicles
decameric vanadate clearly differs from other atigdc species in inhibiting Gauptake
by sarcoplasmic reticulum (SR) coupled to ATP hiysis, C&" efflux coupled with
ATPase reversed activity (ATP synthesis) andefection promoted by the SR ATPase
[15-16, 19].
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Figure 8. Halobatrachus didactylus methaemoglobin reductase activifyr{ol NAD*/min/g Hb) 1 and 7 days
after 5 mM (total vanadium) decavanadate or metadatein vivo administration (n = 4); *significantly
different from controlp <0.05 (adapted from Soareal. [23]).

In vivo measurements of SR calcium pump activityHirdidactylus skeletal muscle
(70.4 + 6.65 nmol Pi/min/mg SRV) reflect that ATRdmolysis by C&-ATPase is
significantly increased (+52%p <0.05) 48 hours upom vivo administration of 5 mM
(total vanadium) decavanadate, whereas only mesaled@ solution decreased it by -15 %
(p <0.05) 24 hours post-injection (Fig. 9); conveyséb the observeth vitro [64], where
only decavanadatmhibits the calcium pump (coupled uptake). Therefore, dacadate
exert noticeable effects on physiological calciunmieostasis, in particular when coupled
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with ATP synthesis [64], having reactivity cleartjfferent from the one observed for
vanadate.

Different responses obtained am vivo andin vitro studies prove tham vivo
metabolism is very complex and great care mustakent on extrapolation fronm vitro
conditions. Biochemical aspects related with degadate effects on SR calcium pump
structure and function are being reviewed in Chaptaf this book.

4.3. Histological changeson heart, liver and kidney

Borges and colleagues [22] analysed the contributiovanadate oligomers io
vivo acute histological effects of vanadium in the hearer and kidney oH. didactylus
intraperitoneally injected with a sublethal vanadidose (5 mM total vanadium, 1 mg/kg)
in the form of decavanadate or metavanadatee and seven days post injection, stained
sections of heart ventricle, renal and hepaticiéggveal vanadium-induced tissue injuries.
Both vanadate solutions produced similar effectsthe renal tissue. Morphological
alterations included damaged renal tubules showdisprganized epithelial cells in
different states of necrosis. Reabsorbed renallésband hyperchromatic interstitial tissue
were also observed. The hepatic tissue presenteeldtyomatic and hypertrophied nuclei,
along with necrosis and hypertrophied hepatocyet) more severe changes observed
upon exposure to decavanadate. Vanadate oligomamsoped evident tissue lesions in the
kidney and liver, but not in the heart. Howeverrdeac tissue structural changes were
produced. For instance, decavanadate induces atlogiey of the ventricle due to a
decrease in the percentage of myocardium occupietlagen fibres [22].
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Figure 9. Sarcoplasmic reticulum vesicles (SRV)*GATPase activity (nmol Pi/min/mg SRV) from
Halobatrachus didactylus skeletal muscle (n = 3), at 25 °C, in a reactiomlioma containing 0.1 M KCI, 25
mM HEPES (pH 7.0), 5 mM Mgg|l 50 uM CaCl, and 0.285 mg protein/ml (meanSTD); *significantly
different from controlp <0.05.

Vanadate treatment (either decavanadate or metdasr)ahas no effect on the
fractional area of the subepicardial and subendialacardiac tissues that was occupied by
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various tissues components and no evidence oktiesions was found in any of the tissue
layers. However, vanadate treatment induces changése fractional area of myocardium
that consisted of the different cardiac tissue comepts (collagen type |, collagen type llI,
muscle tissue and lacunae). Exposure to decavanadstificantly decreaseg (<0.05)
area fractions of collagen | (-69%, one day aftenadium exposure) and collagen Ill (-
37% and -42%, 1 and 7 days after exposure, respdoti(Fig. 10). In contrast, the area
occupied by muscle cells increased significanily.05) by +11% and +8%, 1 and 7 days
upon exposure, respectively. Furthermore, the expo metavanadate also decregse (
<0.05) the percentage of myocardial area occupiec¢diagen | (-21%, one day after
exposure to metavanadate) and collagen Il (-18% &4%, 1 and 7 days following
vanadate treatment), whereas there was a sigrificarease [f <0.05) in the area of
muscle fibres (+13%, one day upon exposure to rmetate) (Fig. 10).

Moreover, decavanadate-treated toadfish showsaaased in relative cardiac and
ventricular masses, in simultaneous — but oppositeith the changes in the fractional
myocardial area composed of collagen (decrease) muscle fibres (increase) [22].
Further, because these effects are more pronowpmeddecavanadate intoxication, versus
metavanadate-treated fish, it is suggested thaéxpesure to decameric vanadate species
might interfere with collagen metabolism and indueatricular remodelling.
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Figure 10. Variation of the fractional area (%) of myocardiabages which is composed by the various tissue
components: collagen type | (A), collagen type(B) and muscle tissue (C) (n = 5); *significantlifferent
from control,p <0.05 (adapted from Borgesal. [22]).

5. LIPID PEROXIDATION AND OXIDATIVE STRESS MARKERS UPON
DECAVANADATE in vivo ADMINISTRATION

Intracellularly vanadate (vanadium 5+) is reducedvanadyl (vanadium 4+) by
several antioxidant compounds, preventing vanatiate effects [9]. Severaln vivo
animal studies associate vanadate with oxidatikesstand lipid peroxidation [7]. It was
recently demonstrated that the acute exposuredavdeadate induce stronger effects than
metavanadate increasing oxidative stress, by depgethe activity of antioxidant enzymes
(catalase, superoxide dismutase and glutathionexigase) and increasing the lipid
peroxidation in cardiac, hepatic and renal tis§a&s24-25, 27, 42-43].
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5.1. Glutathione (GSH) content

Reduced glutathione (GSH) is known to be one ofntlest important intracellular
anti-oxidants, being considered the largest compooé an endogenous cellular “redox
buffer” [34, 65] and, since GSH was found to beoined in vanadate bioreduction [10-12,
66-68], it is expected that the levels of GSH sHobk affected when vanadate is
administered. Several works has reported that 8 @ool is enhanced in the presence of
vanadate [69-70]. More recently, Soares and cadlieagobserved a 135% 0.001)
increased in cardiac GSH levels 24 hours upon 5 (val vanadium) decavanadate
intravenously (i.v.) administration and an enhaneenof 171% and 120% 12 and 24 hours
after metavanadate injection, respectivelyHindidactylus species (Fig. 11). The simplest
explanation for this is that the decomposition etalvanadate will produce a delayed
exposure of heart to metavanadate, although ndasiobservation can be made regarding
other oxidative stress parameters.

On the other and, in hepatic tissue the GSH stetudifferently affected upon
administration of both decavanadate and metavaaaddttions (5 mM total vanadium) in
H. didactylus [25]. Whereas basal GSH content (7.8 + 3.0 nmolpmagein) did not shows
significant changes after decavanadate solutianadwinistration, metavanadate solution
administration increased GSH status up to 20 afd, 3fter 12 and 24 hours, respectively.
Therefore, cardiac muscle is considered to be mensitive to oligovanadates oxidative
stress than hepatic tissue. Once more, differegans show different sensitivities to
decavanadate in comparison to other vanadate oigom

— 10 1 == control
-% mmmm Decavanadate
5 1 Metavanadate *
o 81
o *
(@)
E *
= 6
)
€
S
AR
= [
o
o 2
T
0
O]

0 .

0 12 24
Exposure time (hours)

Figure 11. Reduced glutathione content (nmol GSH/mg prot@injhe cardiac tissue dflalobatrachus
didactylus (n = 5) intravenously injected with decavanadate or metadate (5 mM total vanadium; 1
mg/kg), 12 and 24 hours post-exposure (me&TD); *significantly different from controfy <0.05.

16



5.2. Reactive Oxygen Species (ROS) production

As well as other toxic metals, vanadium is knowrextiibit the ability to produce
ROS, resulting in lipid peroxidation and antioxit@mzyme alterations [9]. Vanadium can
induce the formation of ROS in biological systemsotigh: (i) Fenton-like reactions [7];
(i) vanadate bioreduction mediated by GSH, flawyenes or NAD(P)H oxidases with
ROS as a by-product [10-12, 66-68]; and (iii) reécewidences point out to and indirect
promotion of ROS production, probably by interagtiwith mitochondria redox centres
[13]. Moreover, vanadium toxicological effects ieveral cell types have been related with
ROS production [13, 71-73]. Several suggestionsvanadate relation with ROS were
made so far; nonetheless more work is needed tdyclahether vanadate speciation
Vivo, its reduction, its action mechanisms and pathwaydd have different physiologic
roles.

The overall pro-oxidant activity upomn vivo vanadate exposure has been
determined by quantitative analysis of ROS productand shows that, in fish heart
mitochondria, only metavanadate induces a sigmfieand delayed increasp €0.05) in
ROS production. The basal value for pro-oxidanivdgtin cardiac tissue 384 = 140
a.u./min/mg protein increased above 198f0 <0.05), 12 hours after metavanadate
administration, whereas no significant effects webserved for decavanadate [27] (Fig.
12A). In liver tissue, both vanadate oligomers clffeifferently pro-oxidant activity:
decavanadate enhances by about 80% the rate ofpRgdi8ction for the duration of the
exposure (12 hours), whereas metavanadate indut®3% increase upon the first hour of
exposure, being its pro-oxidant ability blockedotighout the 12 hours of exposure (40%
and almost zero, 6 and 12 hours after vanadiumsxporespectively) (Fig. 12B).

Therefore, differential effects of decavanadate ameétavanadate on ROS
production should be expected on the light of trevipus data. However, another similar
in vivo study [25] reports an antioxidant action promoted doth vanadates in liver.
Decavanadate-administereid didactylus have a weak enhancement of ROS production 12
hours after exposition (about 15% increase), bubh@drs after ROS production decreased
nearly 30%. On contrary, metavanadate-administerdigiduals showed a decrease of up
to 40% in the overall rate of ROS production (12 &4 hours), which is consistent with
the observed increase in GSH content. Once magesithplest explanation for the fact that
decameric vanadate mimics the behaviour observéld mvetavanadate solution is that
decomposition of decavanadate will produce a delaggposure of the liver to
metavanadate. In fact, this effect is also obseregdrding the GSH content, described in
the same conditions for the same organ.

Even though vanadium may participate in Fenton-figactions [7], together with
the proposed mechanisms of vanadate action thativies its bioreduction and ROS
production [12, 72-74], results point out to a damgion in the overall rate of ROS
production. This observation is in good agreemeith y@revious reports showing that
vanadate supplementation diminished oxidative stnescertain experimental conditions,
such as in rat-induced hepatocarcinogenesisdf@lin rat diabetic tissues [75]. Regarding
superoxide anion radical ¢Q production in hepatic mitochondrial fraction, enagain it
was observed that metavanadate and decavanada®tpd opposite effects: 12 hours
after exposition, the rate of,Oproduction decreased 35% in decavanadate-adnmgiste
individuals, while metavanadate administrationuiced an up to 45% increased in the rate.
On other hand, 24 hours after the results are tededecavanadate promoted a 30%
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increase, and metavanadate decreasedpf@duction in 40%. Thus, decameric vanadate
species induced changes ig @itochondrial production opposite to those produiog the
oligomeric vanadate species that are present iavaeadate solution, from which it can be
suggested again different pathways of biologicéibador the different oligomers. Several
proposed vanadate action pathways within cells lu@g G~ production mediated by
NADPH oxido-reductases from the respiratory chai, [72-74]. If it is consider the action
and detoxification mechanism proposed for vanaddtere vanadate is reduced to vanadyl
with production of @, it is possible that decavanadate participatesuch reactions in a
different manner. Note also that after 24 hourg itcrease in @ in decavanadate-
administered individuals correlated with the inseaf vanadium concentration in the
mitochondrial fraction.
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Figure 12. Overall rate of reactive oxygen species (ROSHpetion variation in cardiac (A) and hepatic (B)
mitochondria ofSparus aurata (n = 6) intravenously injected with decavanadatmetavanadate (1 mM total
vanadium; 1 mg/kg); *significantly different fronootrol, p <0.05 (adapted from Soaretsal. [27]).

5.3. Antioxidant enzymes activities

Several biological studies associate vanadium with ability to produce ROS,
resulting in lipid peroxidation and antioxidant gnes alterations, leading to oxidative
stress [7, 9-10, 12, 66, 67-68, 74].

In agreement with the increase in ROS producti@vipusly reported (see section
6.2.), 1 mM metavanadate induces an increase (+LlB%mitocondrial superoxide
dismutase (SOD) activityp(<0.05), 12 hours after exposure, while decavaraitareases
about 30% [§ <0.05) (at 1 and 12 hours after intravenous, administration) [27] (Table
2). It is known that SOD activity may increase wiltle need of protection against oxidant
agents, such as vanadate. Apparently, only metdadmaact as a pro-oxidant since
decavanadate does not induce the same overall n®spprobably due to different
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reactivities that can result from different meclsam. Concerning mitochondrial catalase
(CAT) activity, the basal CAT activity in mitochond (1.63 £ 0.51 nmol/min/mg protein)
decrease by -55%p(<0.05) 12 hours after decavanadate exposure, atenetavanadate
induced no significant effects [27] (Table 2). ingtit all together, 1 mM decavanadate
vivo administration differs from metavanadate in natuicing cardiac mitochondrial ROS
production and SOD activity besides decreasing @gfivity. Therefore, more pronounced
pro-oxidant effects occur in cardiac mitochondmédicwing i.v. metavanadate exposure
whereas decavanadate administration seems to prénereffect, probably by binding to
target proteins that prevent its decomposition doadate that induces the producing of
ROS or due to different reactivities. In conclusionce formed decameric vanadate species
has a different reactivity than vanadate, thusnioog out that the differential contribution
of vanadium oligomers should be taken into accéanationalizein vivo vanadate toxicity.

The decrease on the activity of CAT by decamericadate, is in agreement to
previous results from the same laboratory, whighoreed that decavanadate induce a
decrease in cardiac mitochondrial CAT activity @90 7 days following 5 mM
decavanadate intraperitoneal (i.p.) administraitoH. didactylus [21] (Table 2). Cytosolic
CAT activity decreased (15-20%) for both contanmedagroups, upon vanadium exposure.
However, in the metavanadate-contaminated gro@pC#aT activity decreased after 1 day
of exposure (-19%) while the decavanadate groupvstidhe strongest decrease (p <0.05)
of CAT cytosolic activity, observed after 7 days adcavanadate intoxication (-56%).
Mitochondrial CAT activity showed less evident \aions, with a slight increase after 1
and 7 days of metavanadate exposition and a meanedse during the same period upon
decavanadate exposure. The same group reporteda&®ity decrease, in cytosol, after
vanadium intoxication, for both groups, with a sgest inhibition observed in
decavanadate-treated group, 7 days after of expoBor the mitochondrial SOD activity,
also no significant responses were observed, athdbhe decavanadate-treated group
showed an increase of 23% after 1 days of expossRx activity was not significant
affected by vanadate. However, metavanadate indacddcreased in total-GPx, after 7
days of exposure (-35%), whereas the decreasevelosier the decavanadate-treated group,
observed upon 1 day (-20%), fades out 7 days eftposition. Conversely, both vanadate
solutions intoxication decreased the Se-GPx agfiViteing the effects depressed or
stimulated upon 1 or 7 days of metavanadate orvéeealate exposition, respectively. The
activities of cytosolic SOD and CAT, exposed to Y/kg of vanadium, registered a
decrease immediately after 24 hours of exposuggesiing an early cellular response to
vanadium intoxication for both vanadate solutions.

Reduction of CAT activity was also described irhfexposure to cadmium [76] and
silver [77]. On the other hand, a previous stud¥] [2oncluded that there are not any
significant changes in mitochondrial SOD activityH. didactylus, 1 and 7 days following
i.p. exposure to 5 mM decavanadate or metavandéd@abde 2). In heart, more pronounced
pro-oxidant effects occur in cardiac mitochondmdldwing i.v. metavanadate exposure
whereas decavanadate administration seems to priéwereffect. In hepatic tissue, it was
described that decavanadate and metavanadate attation clearly induce different
changes in oxidative stress markers [25]. Therettie antioxidants responses induced by
vanadate may depend on the total vanadium contemntradministered, on the way of
exposure and/or vary between fish species, besidevanadate species composition of
vanadate solutions.
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Table 2. Decavanadate and metavanadate effettefhancementy, decrease) on cardiac
mitochondria antioxidant enzymes activities (SODpesoxide dismutase: CAT, catalase;
total GPx, total glutathione peroxidases; Se-GPglersum-dependent glutathione
peroxidases) fronal obatrachus didactylus and Sparus aurata injected with two different
vanadate doses (1 and 5 mM total vanadium).

Halobatrachus didactylus (5 mM total vanadium intraperitoneally injected)

Heart Decavanadate SOD A +23%
Toi:a?\-(l—BPx g 2822 Aurelianoet al. [21]
Se-GPx N -14%
Metavanadate SOD =
To?a'?‘-g;Px N _;5% Aurelianoet al. [21]
Se-GPx N -18%
Sparusaurata (1 mM total vanadium intravenously injected)
Heart Decavanadate c :_?D 3 +535(3;f) Soarest al. [27]
Metavanadate Ci'(r)D 2 +:115% Soarest al. [27]

5.4. Lipid peroxidation

Lipid peroxidation is commonly observed followinghenced ROS production in
the cellular medium. Without specifying which vaatel species were present, it has been
shown that vanadate can attenuate hepatic lipid oxmiation in induced
hepatocarcinogenesis [69nd in 7,12-dimethylbenz(a)anthracene (DMBA) indlice
mammary carcinogenesis [78hd that vanadate does not change lipid peroxitatio
control subjects [78].

Earlier cellular responses induced by decamemadate are currently being carried
out looking for shorten times of exposition suchlas? and 6 hours. However, it was
observed that 1 hour upon intravenous (i.v.) adstiaiion both decavanadate and
metavanadate (1 mM total vanadium) increase cattisge lipid peroxidation in the same
extent (about 20%) [27]. Obviously, for higher vdate concentration (5 mM total
vanadium), but different mode of administrationtr@peritoneal, i.p.) — longer exposure
times, different fish specie#d( didactylus), but for the same tissue — it was described a
significant increasep(<0.05) in cardiac tissue lipid peroxidation progtgn only 7 days
after i.p. administration irH. didactylus (about 80% and 60% upon decavanadate and
metavanadate, respectively) [21]. Recently, it waemonstrated that for higher vanadate
concentration (5 mM), different longer exposuregdmbut for the same tissue (heart) and
fish specie ofH. didactylus, a significant increasep(<0.05) in cardiac tissue lipid
peroxidation propagation was observed after 1 ardhys after decavanadate exposure
whereas no effects where observed for metavané@éigtel 3) [64].
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Figure 13. Lipid peroxidation propagation variation iHalobatrachus didactylus heart, 1 and 7 days
following decavanadate and metavanadate (5 mM teémladate)in vivo administration. Variation is
calculated based on basal values. Values are prasemeans + SD (n = 6); *significantly differembrin
control,p <0.05 (adapted from Aureliare al. [64]).

In fish liver tissue K. didactylus) a 80% increasep(<0.05) in lipid peroxidation
was observed 24 hours after intravenous (i.v.) athtnation of both decavanadate or
metavanadate solutions (5 mM total vanadium) [Ebjhat study, decameric vanadate does
not promotes significant changes 12 hours afterimdtration, in agreement to recently
obtained inS aurata individuals, i.v. injected with 1 mM total vanadiumvhere
metavanadate increased lipid peroxidation prodogtabout 55%{ <0.05). As previously
referred elsewhere [21, 79], decavanadate intadritatid not induce changes in the rate of
lipid peroxidation till 12 hours, but later incress80%, which is similar to the increase
observed in metavanadate-administered individuéds 24 hours. Therefore, for higher (5
mM) decavanadate concentrations a delayed timetefielipid peroxidation is observed
for decavanadate in comparison to metavanadatehaplp due to its stability at
physiological pH.

For lower concentrations of vanadate (1 mM) bothutsmns induced lipid
peroxidation, but once again the effects reveadbddifferent and dependent on the time
after administration. It is suggested that decamneainadate species induce peroxidation
due to a different reactivity or even prevent tffeas promoted by metavanadate since it
does not maintain the levels exhibited by metavatead and 12 hours after exposure.
Eventually, after administration, the total decowsipon of decameric species into
metavanadate would not induce the same effectavadabéor the latter solution. Probably,
the interactions promoted by the labile oxovanalate different from the ones induced by
decameric vanadate. Moreover, by the time thatwdewate would totally decompose
into other vanadate oligomers the targets may adhb same in order to induce the same
effects as before.
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Clearly, the decameric species are the promoterdipal peroxidation since
metavanadate solution, that also contains mononsgécies, has a lower effect. This
peroxidative injury seems to be related to the c&dn of the antioxidant enzyme activity.

6. MITOCHONDRIA ASA TARGET FOR DECAVANADATE TOXICITY

Mitochondria tend to be concentrated in tissueshich the energy demand is high.
Thus, a compound that inhibits mitochondrial oxiaphosphorylation can therefore have
a profound effect on the metabolism of importargams like the heart, kidney, liver and
brain. Several reports have pointed out that ma@adnia are one of the target organelles
for vanadium [33, 80]. In fact, vanadium subceltuthstribution results (see section 4)
showed that the mitochondrial fraction tends touamdlate more vanadium after
decavanadate solution administration [26-27] th@onuvanadate exposure. Moreover,
decavanadate vivo administration points out to specific effects irtonhondrial activity
[28] besides affecting mitochondrial antioxidantszyme activities [21, 25, 27]. These
results suggested that decavanadate is not behavitige same way as other vanadate
oligomers and indicated that, apparently, the rhiboclria seem to be a target for
decavanadate. All the above data support the hgpmsththat mitochondria is might be a
target for decameric vanadate species. This hypistikas been further explored and recent
evidences [28, 81] report that decameric vanad#iéiis mitochondrial respiration and
induces mitochondrial membrane depolarization vitro in a larger extent that
metavanadate, in both rat liver and fish heart chibmdria [28, 64, 81]. For instance,
decavanadate concentration as low asu®5inhibits by about 50% oxygen consumption
in intact cardiac mitochondria, while a 50-fold Iy concentration of metavanadate (25
H1M) is needed to induce the same effect (Fig. J@#gting out mitochondria as a potential
cellular target for decavanadate toxicity [81]. Mover, decameric vanadate also induced
cardiac mitochondrial depolarization ¢(0.5 uM) strongly than metavanadate {50
puM) (Fig. 14B) [81]. In intact mitochondria both oygn consumption and membrane
potential decreases with increasing concentrabdi®th vanadate solutions.

Decavanadate inhibits both mitochondrial oxygen scomption and membrane
potential strongly than vanadate, acting as a pot=piratory chain inhibitor probably by
affecting complex Il [28].

7. CONCLUDING REMARKS

Although decameric vanadate is not frequently takém consideration to account
for the effect of vanadium in most biological stesliit is to be noted that due to its unusual
long stability at physiological pH, it may not coleiely decompose into monomeric
vanadate before inducing changes in several celitass markers, thus allowing to study
its effects not onlyin vitro but alsoin vivo. Recent studies about the contribution of
decameric vanadate to vanadate toxicity are usefghin a deeper knowledge in vanadium
biochemical effects. Moreover, piscine models séefine adequate to study the effects of
the administration of decavanadate in antioxiddress markers, lipid peroxidation and
vanadium subcellular distribution, not only duethe physiological temperature but also
due to their sensitivity the metal toxicity.
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Figure 14. Decavanadate (solid circles) and metavanadatn(ocjpcles)n vitro inhibitory effect (up to 25
MM total vanadium) on fish heart mitochondrial (2 prgtein/ml) oxygen consumption (%), measured with
an oxygen electrode (A); and, mitochondrial membrdepolarization (%) by decavanadate (solid tries)gl
and metavanadate (open triangles) on fish carditachondria (1519 protein/ml), at 25 °C, in the presence
of 5 mM GSH (B); meas STD (adapted from Soaretsal. [81]).

Decameric vanadate promotes tissue lesions in dirdrkidney, but not in the heart.
However, cardiac muscle structural changes werdyaed, like a ventricular hypertrophy
due to a decrease in the percentage of myocamlialgen fibres occupancy. However, the
in vivo mechanisms involved in the described morphologattarations need to be further
explored.

Vanadium subcellular distribution in cardiac, hé&pand renal mitochondria is
dependent on total vanadium concentration and moidedministration. Moreover,
mitochondria seem to be an intracellular target fanadium accumulation following
decameric vanadatan vivo administration. In fact, major alterations in netondrial
antioxidant enzymes have been described upon espasudecameric vanadate. Recent
evidences reveal mitochondria as a target for dedamanadate, reporting that decameric
vanadate species inhibits mitochondrial respiragod induces mitochondrial membrane
depolarization in a larger extent than vanadatbpih hepatic and cardiac mitochondria.

These results point out to the importance of takiig account decameric vanadate
in the evaluation of vanadium biological effects.id believed that the progress in
understanding the role and the contribution of dasadate to vanadium biological effects
may be useful to gain a deeper knowledge in vamadiiochemistry. Therefore, based on
the results of our experiments, in the presentysiuts proposed that decameric vanadate
exhibits pro-oxidant activity through the promotiohsuperoxide anion formation £0;
this burst is followed by a concomitant increasesuperoxide dismutase (SOD) activity;
the hydrogen peroxide ¢B,) thus produces will enhances the activity of ghitane
peroxidases; leading to a raise in reduced gluath{GSH) content; whereas ©Oby its
turn, will induce lipid peroxidation through Hab®reiss reaction (Fig. 15). It seems that
the oxidant decavanadate activity does not followough the direct induction of J@,
production, as well as catalase antioxidant agtiviay not be related to the oxidative stress
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responses against decameric vanadate toxic eftbots; the observed peroxidation of lipid
membranes upomn vivo administration of decavanadate is likely to be hioked to
stimulation of Fenton reactions (Fig. 15). Howewayeral questions remain to be address,
such as: (i) Which are the subcellular and molect#agets of decavanadate with
physiological relevance? (ii) Is decavanadate-ieducoxidative stress due to its
decomposition?

free radical generation GS-electrophile
Vly/superomdx\ 10
. dlsmutas electrophile / glutathione
O + Hr e S-transferase
catalase
GSH NADP*
H,O + 0, glutathione
selenium? reductase
Fenton GSSG NADPH

dependent

reaction -
cactio glutathione

Fe2+\ peroxidase

H,0 + 0O,

v
Fe3*+ OH +-OH

B peroxidation

Haber-Weiss reaction ‘ Vi =

v

i Fe salt catalyst i ;
O, +H,0,— > 0,+0OH +-OH

Figure 15. Summary of the proposed decavanadate pathwayhdogeneration of reactive oxygen species
and of the actions in some of the enzymes invoivedntioxidant defences in cells (adapted from &tor
[65]).

Putting it all together, it is proposed that onoerfed decameric vanadate species
clearly induce differential biological responseartHabile oxovanadates, probably due to
different reactivities that can result from diffatemechanisms, thus pointing out the
importance of taking in account the decavanadatdribotion to the evaluation and
rationalization ofn vivo vanadate toxicity effects.
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