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Abstract Vanadium (V) is a transition metal that presents in multiple oxidation
states and numerous inorganic compounds and is also an ultra-trace element consid-
ered to be essential for most living organisms. Despite being one of the lightest
metals, V offers high structural strength and good corrosion resistance and thus has
been widely adopted for high-strength steel manufacturing. High doses of V expo-
sure are toxic, and inhalation exposure to V adversely affects the respiratory system.
The neurotoxicological properties of V are just beginning to be identified. Recent
studies by our group and others demonstrate the neurotoxic potential of this metal
in the nigrostriatal system and other parts of the central nervous system (CNS). The
neurotoxic effects of V have been mainly attributed to its ability to induce the gen-
eration of reactive oxygen species (ROS). It is noteworthy that the neurotoxicity
induced by occupational V exposure commonly occurs with co-exposure to other
metals, especially manganese (Mn). This review focuses on the chemistry, pharma-
cology, toxicology, and neurotoxicity of V.
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Introduction

Vanadium (V) is a transition metal which belongs to Group VB of the periodic table,
with an atomic weight of 50.9415, an atomic number of 23, and oxidizing states
ranging from —1 to +5. Vanadium has many industrial uses, and its contribution to
environmental contamination has been steadily growing in recent years. Vanadium
is widely distributed in the earth’s crust but occurs in low abundance. Vanadium is
an essential trace element for normal cell growth but can be toxic when present at
higher concentration. It can exist in many oxidation states with many oxyanions and
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oxycations, which form in solution. The multiple oxidation states, ready hydrolysis,
and polymerization confer a level of complexity to the chemistry of vanadium well
above that of many metals. Vanadium dissolves in natural waters as the vanadyl ion
V(IV) and the vanadate ion V(V). Both species have different nutritional and toxic
properties. Studies carried out on yeast cells, for example, have demonstrated that
V(V) is a strong inhibitor of the enzyme Na and K-ATPase, while V(IV) appears to
be a weaker inhibitor (Patel et al. 1990).

Vanadium is among the list of essential micronutrients required in small quanti-
ties for normal metabolism (Ray et al. 2006). It has therefore been incorporated in
the formulations and preparations of many multinational pharmaceutical companies
(Nutrition Dynamics Inc., Texas, USA; All Nature Pharmaceuticals Inc., USA; and
Ranbaxy Pvt. Ltd., Mumbai, India) along with vitamins and other essential trace
elements for maintenance of normal health. Although the micronutrients lack phar-
macological potencies, they assume a repair function for the essential critical mol-
ecules of the cell, such as DNA and proteins (Fenech and Ferguson 2001).

Uses of Vanadium and Its Compounds

Vanadium is used widely in industrial processes, including the production of special
steels, temperature-resistant alloys, glass, pigments, and paints, for lining arc weld-
ing electrodes and as a catalyst. Its use with nonferrous metals is of particular
importance in aircraft construction, atomic energy industry, and space technology
(ChemIDPlus, 2016). Vanadium is preferred in the rising production of special
steels and temperature-resistant alloys, namely, HSL-A, which is a high-strength,
lightweight, and low-cost micro-alloyed steel, because it is one of the lightest met-
als with an inherent high strength. The characterization of metals in welding fumes
by ICP-MS revealed that the V concentration is about 2.5% of whole transition
metal content.

Vanadium is a chemical intermediate principally for V alloys and compounds.
Vanadium is used (1) as a catalyst for many organic reactions; (2) as an oxidation
catalyst in many industrial synthesis processes like automobile catalytic converters;
(3) as a catalyst in the production of phthalic anhydride from naphthalene or
2-xylene, maleic anhydride from benzene or n-butane/butene, adipic acid from
cyclohexanol/cyclohexanone, and acrylic acid from propane; (4) as a catalyst (fer-
rovanadium) to oxidize sulfur dioxide in sulfuric acid manufacturing; (5) as a depo-
larizer to manufacture yellow glass; (6) to manufacture ceramic coloring material,
vanadium salts (YVO4), and pesticides; (7) in the inhibition or absorbance of UV
transmission in glass; (8) as a photographic developer; (9) in dyeing textiles; and
(10) in manufacturing a high capacity battery, namely, the vanadium redox battery,
that uses vanadium ions in different oxidation states to store chemical potential
energy.

Minor amounts of V are used to produce oxalic acid from cellulose and anthra-
quinone from anthracene. V is also used to lower the melting point of enamel frits
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for the coating of aluminum substrates. Further uses are in the making of supercon-
ductor magnets, as a corrosion inhibitor in carbon dioxide scrubbing solutions of the
Benfield and related processes for the production of hydrogen from hydrocarbons,
and as the cathode in primary and secondary (rechargeable) lithium batteries
(ChemIDPIlus 2016).

Chemistry of Vanadium

Vanadium usually occurs in aqueous solution as vanadate ions, often as polymer-
ized isopolyvanadates, with the exact composition dependent on the protonation
and condensation equilibria (Greenwood and Earnshaw 1997). Monomeric V ions
are found only in very dilute solutions, since increases in the concentrations of these
ions lead to polymerization, especially if the solution is acidic, reducing their bio-
availability and associated toxicity (Duffus 2007). In industrial processes catalyzed
by vanadium pentoxide (V,0s), V is involved in the oxidation of many organic com-
pounds, forming reactive intermediates, some of which are ROS and may be carci-
nogenic (Hussain et al. 2003; Valko et al. 2006).

Vanadium occurs in various oxidative states with the ability to participate in
reactions involving the formation of free radicals (Crans et al. 2004). V is quickly
reduced to V(IV) in plasma by enzymatic (e.g., NADPH) and nonenzymatic (ascor-
bic acid) plasmatic antioxidants and is then transported and bound to plasma pro-
teins. The equations below show a few such reactions which may occur inside the
cell (Liochev and Fridovich 1990), forming peroxovanadyl radicals {V(IV) — OO-}
and vanadyl hydroperoxide { V(IV) — OH-} (Evangelou 2002).

V(V)+NADPH — V(IV)+NADP"' +H".
V(IV)+0, > V(V)+0,-.
V(V)+0,” = {V(IV)-00+.

The generated superoxide undergoes further conversion by a dismutation reaction
with SOD to H,0,. Some studies have shown that a one-electron reduction of V(V)
to V(IV), which is mediated by nonenzymatic ascorbate and phosphate, may be an
important V(V) reduction pathway in vivo (Ding et al. 1994). The resulting ROS
formed by V(IV) from H,0, and lipid hydroperoxide through the Fenton-like reac-
tion might be critically significant in the mechanisms of V(V)-induced cellular
injury during physiological conditions (Ding et al. 1994; Zhang et al. 2001):

V(IV)+H,0, - V(V)+OH" +OH.
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Vanadium compounds even in signal transduction studies point to their ability to
induce oxidative stress and mitochondrial permeability transition pore opening
related to oxidative stress (Afeseh Ngwa et al. 2009; Zhao et al. 2010). Vanadium
produces ROS-like hydroxyl free radicals by different ways (Cortizo et al. 2000;
Gandara et al. 2005), initiating the peroxidative decomposition of cellular mem-
brane phospholipids. This radical was also shown to damage the inner mitochon-
drial membrane, triggering a sequence of events leading to the loss of cell viability
upon mitochondrial deenergization.

Vanadium Toxicology and Pharmacology

Vanadium has been reported in the blood, feces, and urine of workers following
occupational exposure to V,0;5 dust, demonstrating absorption as a consequence of
V,0s inhalation (Sjoberg 1954). Vanadium compounds released in large quantities,
mainly by burning fossil fuels and also from various industrial processes, can be
precipitated on the soil and drained by rain and groundwater which may be directly
absorbed by plants (Pyrzynska and Wierzbicki 2004), eventually reaching those
who consume these plants. The major anthropogenic point sources of atmospheric
emission are metallurgical plants (30 kg V per ton), followed by the burning of
crude or residual oil and coal (0.2-2 kg V per 1000 tons and 30-300 kg V per 10°L).
By-products containing V,0s include dust, soot, boiler scale, and fly ash. The pro-
cessing of V slag (about 120 g V,0s per kg) is characterized by the formation of
dust, with V concentrations ranging from 5 to 120 mg/m?* (IARC 2006b). Crude oil
from Venezuela is believed to have the highest V concentrations of 1400 mg/kg.
Elevated levels of airborne V (4.7 mg/m?) have been found in the breathing zone of
steel industry workers (Kiviluoto et al. 1979). The toxicity of V compounds increases
with its valency, making V,0s the most toxic form and therefore warranting the full
characterization of its toxicological properties. Studies have shown that inhaled
V,0s causes occupational lung diseases (bronchitis and airway fibrosis) commonly
referred to as pneumoconiosis. The consequences of environmental exposure to
lower levels of V,05 on human health remain unclear, in part because air pollution
particulates are a complex mixture of many organic and inorganic components,
including a variety of metals [5].

The TARC classifies V,05 as a Group 2B (possible) human carcinogen (IARC
2006a). Acute cases of V poisoning have been reported in man with sequelae of
anemia, weakness, vomiting, anorexia, nausea, tinnitus, headache, dizziness, palpi-
tations, transient coronary insufficiency, bradycardia with extra systoles, dermatitis,
green discoloration of the tongue, leucopenia, leukocyte granulation, and lower
cholesterol levels (Friberg et al. 1986). Epidemiological studies have reported an
association between decreased birthweight and V exposure estimated from particu-
late matter (Jiang et al. 2016). Exposure to geogenic particulate matter (PM) com-
prising mineral particles has been linked to human health effects. Vanadium
exposure in humans has been shown to induce motor deficits and neurobehavioral
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changes (Jiang et al. 2016; Li et al. 2013; Zhu et al. 2016). However, very little data
exist on the neurological health effects associated with occupational dust exposure
in natural settings. ICP-MS analyses of roadside dust samples revealed Al
(55,090 pg/g), V (70 pg/g), Mn (511 pg/g), and Fe (21,600 pg/g). The ratio of V to
Mn in inhaled dust during occupational exposures can vary from 1:1 to 1:8. People
with V concentrations around 14.2 mg/L in their urine demonstrated neurobehav-
ioral deficits, especially in visuospatial abilities and attention (Barth et al. 2002;
SIMRAC 2000). Vanadium alters the viability of macrophages isolated from dogs,
rabbits, and rats exposed to V,Os in vitro for 20 h (Sheridan et al. 1978). The i.p.
administration of V,0s altered phospholipid content and induced significant
increasesinthelevelsof glucose-6-phosphatedehydrogenase and 6-phosphogluconate
dehydrogenase in rats (Kacew et al. 1982). In animal studies, intranasal delivery of
geogenic dust containing Mn and V (0.01-100 mg/kg dust) into adult mice via oro-
pharyngeal aspiration induced a neuroinflammatory response (DeWitt et al. 2016;
Keil et al. 2016). Very recently, Azeez et al. (2016) demonstrated that chronic post-
natal V exposure in mice led to a functional deficit and region-dependent myelin
damage associated with glial cell activation and proinflammatory cytokine induc-
tion. Rats experienced a significant spatial memory deficit in the Morris water maze
(MWM) 3-12 months after V exposure (Folarin et al. 2016). Additional studies
showed that exposure to dust containing elevated concentrations of metals can cause
neuroinflammation and neurodegeneration (Calderon-Garciduenas et al. 2016;
Jiang et al. 2016; Reis et al. 2014).

The cytotoxicity caused by compounds of V has been documented (Cortizo et al.
2000; Sabbioni et al. 1991). Various V compounds are known to impede the activi-
ties of ribonuclease (Lau et al. 1993), protein kinases (Bollen et al. 1990; Stankiewicz
and Tracey 1995), ATPases (Sabbioni et al. 1991), and phosphatases (Tracey 2000).
Some V compounds either inhibit or stimulate the activity of DNA or RNA enzymes
eliciting mutagenic and genotoxic responses (Stemmler and Burrows 2001). Single-
stranded DNA breaks in cells of mouse testes were observed 24 h after one intra-
peritoneal (i.p.) injection of V,0s (5.75, 11.5, and 23 mg/kg) (Altamirano-Lozano
et al. 1996), indicating an ability to cross the blood-testis barrier. Vanadium has also
been reported to cross the blood-brain barrier, inducing neurochemical changes in
the brain (Witkowska and Brzezinski 1979). Vanadium-containing substances alter
blood levels of thyroid hormone with higher triiodothyronine plasma levels in
V-treated rats (Badmaev et al. 1999; Mukherjee et al. 2004). Vanadium-containing
compounds can also change the metabolism of sugars and lipids (Nakai et al. 1995).
The ability of V-containing compounds to alter gene expression has generated inter-
est among biological scientists for such compounds. In insulin receptor-
overexpressing cells, greater levels of Ras, MAPK, p70s6k, and c-raf-1 have been
observed following V exposure (Pandey et al. 1999). Increased levels of macro-
phage inflammatory protein (MIP)-2 mRNA triggered by vanadates are accompa-
nied by increased NFkB DNA-binding activity in bronchoalveolar lavage (BAL)
cells (Chong et al. 2000). Vanadate exposure has also been shown to induce gene
expression of tumor necrosis factor-alpha (TNF-a), activator protein-1 (AP-1), and
interleukin-8 (IL-8) (Ding et al. 1999; Jaspers et al. 1999; Ye et al. 1999).
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Fig. 1 A postulated mechanism of inhibiting phosphatases by vanadate and peroxovanadium
complexes (Morinville et al. 1998). Vanadate acts as a transition state analogue and forms a revers-
ible bond, thus inhibiting protein tyrosine phosphatases (PTPs). On the other hand, peroxovana-
dium complexes oxidize the cysteine residue in the catalytic domain of PTPs to irreversibly inhibit
PTPs

Mechanistically, vanadate activates TNF-a gene promoter through NFxB (Jaspers
et al. 2000; Ouellet et al. 1999).

The ability of V compounds to be potent inhibitors of protein tyrosine phospha-
tases (PTPs) appears to be the underlying mechanism of some of its effects (Fig. 1).
Examples include neurite outgrowth in human neuroblastoma SH-SY5Y cells and
the differentiation and neurite outgrowth of rat pheochromocytoma cells (PC12
cells) after treatment with sodium orthovanadate (Rogers et al. 1994). This is dis-
tinct from the kind of differentiation signaling induced by nerve growth factor
(Rogers et al. 1994). However, a reduced rate of proliferation in the presence of a
couple of peroxovanadium complexes has been reported in neuroblastoma NB41
and glioma C6 (Faure et al. 1995). Faure et al. demonstrated that the mechanism
responsible for this is the reversible block at the G2—M transition of the cell cycle
and that removal of the peroxovanadium complex restored normalcy to cell cycling.
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Using apoptotic neuronal models, Farinelli and Greene (1996) have shown that sub-
stances which cause a cell-cycle block in the S, G2, and M phases don’t prevent cell
death, whereas substances which block cell-cycle progression before the G1-S tran-
sition prevent apoptosis. The peroxovanadium-induced cell-cycle block at G2-M
therefore might be linked to apoptotic cell death.

Vanadium compounds can show antineoplastic effects in vivo (Thompson et al.
1984). In vitro, sodium orthovanadate displayed a time- and dose-dependent cyto-
toxicity in proliferating primary cultures and tumor cell lines, while non-proliferating
cells were found to be less susceptible to vanadate-induced cytotoxicity (Cruz et al.
1995).

Since V species like vanadates and peroxovanadium complexes alter intracellu-
lar phosphorylation levels in a nonselective manner through the inhibition of protein
phosphatases, it is unsurprising that they have profound effects on intracellular sig-
naling cascades. A good example is the MAPK cascade consisting of ERK, the
c-Jun N-terminal protein kinases (JNKs), and p38 (Kyriakis and Avruch 1996;
Marshall 1995; Whitmarsh and Davis 1996), which are implicated in the tight regu-
lation of some intracellular pathways and connected to both cell survival and apop-
totic responses (Kummer et al. 1997; Xia et al. 1995). Interference with the MAPK
signaling cascade by V compounds could explain some of the observed insulin-
mimicking effects of V compounds since they can activate the MAPK signaling
cascade and since the insulin-mediated activation of IRK causes the activation of
ERKSs and the protein kinases p70s6k and p90rsk (Pandey et al. 1995). In addition,
sodium orthovanadate, vanadyl sulfate, and sodium metavanadate stimulate ERK-1,
ERK-2, p70s6k and p90rsk in CHO cells (Pandey et al. 1995), while peroxovana-
dates activate ERK in HeLa cells (Zhao et al. 1996). Given that MAPK links to cell
survival and apoptosis, the ability of V to modulate the activity of its members is
possibly responsible for V-induced toxicity, although the role of the MAPKSs in
mediating peroxovanadium complex-induced cell death has yet to be fully eluci-
dated (Fig. 2) (Morinville et al. 1998).

The extent of V’s involvement in modulating various cell death pathways has yet
to be explored. In one of the programmed cell death paradigms, extracellular ligands
like TNF-a can bind to a death receptor (DR) spanning the cell membrane
(Haunstetter and Izumo 1998). As previously mentioned, NFxB activity and JNK
can be potentially altered by V complexes (Barbeau et al. 1997; Gopalbhai and
Meloche 1998), with a real potential to modify cell death signal sites or routes
(Morinville et al. 1998). The inhibition of PTPs can affect the transduction signals
arising from DRs. Apoptotic signals from DRs involve caspase activation. The pre-
cise regulation of each caspase has yet to be fully elucidated even though it is known
that these caspases are activated by cleavage at a specific aspartate residue. Also,
peroxovanadium complexes can activate caspases (Morinville et al. 1998).

Vanadium compounds might not only cause apoptotic cell death but also death
through necrosis. Despite evidence suggesting that the mechanism underlying V
toxicity is independent of its ability to inhibit PTPs, the relationship between V
exposure and necrosis needs to be extensively probed as very little is known of the
players involved in this distinct necrotic cell death (Morinville et al. 1998).
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Fig. 2 A simplified diagram of the apoptotic signaling pathways modified by vanadium (V) com-
pounds (Morinville et al. 1998). Vanadium has been shown to modulate multiple signaling path-
ways including the MAPK and NFxB signaling cascades that contribute to apoptotic cell death.
The proteins that can be modulated by V are marked with an asterisk. Dotted lines indicate putative
connections

Vanadium-Induced Neurotoxicity and its Relevance
to Neurodegeneration

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders,
affecting over one million Americans and about 2% worldwide of those over the age
of 60 years (Bergareche et al. 2004; Elbaz et al. 2002). Since most PD cases are
sporadic, enormous interest has emerged in understanding the role of environmental
factors in various Parkinsonian disorders (Hanna et al. 1999; Kumar et al. 2004).
Many occupational exposures have been linked to the etiology and progression of
PD, including farming, steel/alloy manufacturing, mining, wood/pulp processing,
carpentry, planer milling, cleaning, forestry/logging, orchard farming, as well as
certain occupations comprising body and fender repair, working in oil and gas
fields, auto painting, and railroad and auto mechanics. These occupational expo-
sures are often related to environmental exposure to certain metals, fuel oil, pesti-
cides, herbicides, well water, magnetic fields, and rural living (Fall et al. 1999;
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Gorell et al. 2004; Jankovic 2005; Noonan et al. 2002). Some reports have sug-
gested that welders may be at a higher risk of developing Parkinsonism and welding
is a risk factor for PD pathogenesis (Racette et al. 2001, 2005). In a mortality study
of occupational information reported on US death certificates, a significantly higher
proportion of PD fatality cases correlated with likely exposure to Mn through
welding-related jobs (Park et al. Park et al. 2005a, b). On the other hand, some occu-
pational studies did not find any statistically significant association between PD and
welding (Gorell et al. 1999, 2004).

Sundin (1998) estimated that more than one million people were employed as
welders worldwide, and millions around the world are exposed to welding aerosols
on a daily basis (Antonini et al. 2009a; Antonini et al. 2009b). The American weld-
ing association (http://www.aws.org/w/a/research/outlook.html), Mclnerny
et al. 2009) expects that the number of welders will continue to grow to meet the
increasing demand for steel and metal products around the world as developing
countries continue to modernize. In 1991, it was also reported that more than three
million people performed welding as a part of their work at least intermittently
(Sferlazza and Beckett 1991). Welding fumes comprise a complex mixture of
gases with fine and ultrafine particles of different metals and their oxides, which
form during welding by metal vaporization and oxidation (McNeilly et al. 2004;
Yu et al. 2000). The fumes from welding have also been found to contain silicates
and fluorides of metals like chromium, Mn, V, titanium, molybdenum, cobalt,
nickel, copper, and zinc (Sanderson 1968). These fumes, which also produce gases
such as hydrogen fluoride, carbon monoxide, nitrogen oxide, fluorine, and ozone,
can adversely affect the health of welders as well as the health of those in the
immediate area (American society of safety engineers, http://www.asse.org/prac-
ticespecialties/articles/weldingfumes.php). The exact nature of the welding fumes
is largely dependent on the composition of the electrode, the filler wire, and the
type of welding being performed (Antonini et al. 1996; Sferlazza and Beckett
1991). More than 90% of V goes into steelmaking, and the dominant market driver
of V production in recent years has been the rapid growth in worldwide steel pro-
duction (Bunting 20006).

Individuals exposed to V have manifested neurological symptoms like tremor
and CNS depression (Done 1979). Inhaled V,0s has induced significant dopaminer-
gic neuronal loss in the substantia nigra of mice, accompanied by morphological
alterations of striatal medium spiny neurons (Avila-Costa et al. 2004). The same
group also reported in their animal studies that V inhalation produced necrotic-like
cell death, a loss of dendritic spines, and notorious alterations in the neuropile,
resulting in the impairment of spatial memory as evaluated by the Morris water
maze (Avila-Costa et al. 2004, 2006).

Our laboratory recently probed the cell death signaling mechanisms leading to the
loss of dopaminergic neuronal cells following exposure to V (Afeseh Ngwa et al.
2009). Vanadium (V,0s) was found to be neurotoxic to rat dopaminergic neuronal
(N27) cells, with an ECs, of 37 pM. ICP-MS analysis determined that a time-
dependent uptake of V into the cells accompanied the neurotoxic effects. Also, the
metal transporter proteins transferrin (Tf) and divalent metal transporter 1 (DMT1)
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were upregulated. We further showed that V exposure generated up to a threefold
increase in ROS, which was accompanied by the release of mitochondrial cyto-
chrome c into the cytoplasm with consequential activation of initiator caspase-9 and
activator caspase-3. Interestingly, we also observed that V exposure further induced
the caspase-mediated proteolytic cleavage of a pro-apoptotic kinase, protein kinase
C delta (PKC9), resulting in persistently increased kinase activity. Co-treating V
with the pan-caspase inhibitor Z-VAD-FMK significantly blocked V-induced PKCS
proteolytic activation and increases in DNA fragmentation, hence supporting the role
of caspase-mediated PKC9 cleavage in V-induced neurotoxicity. Importantly, V was
also highly neurotoxic to murine primary mesencephalic dopaminergic neurons.

In another animal model study (Ngwa et al. 2014), we examined the neurotoxic
effects of V on the olfactory bulb since anosmia is considered an early symptom of
neurological diseases, including PD. C57 black mice were exposed intranasally to an
environmentally relevant exposure dose of 182 pg V,Os three times a week for up to
1 month. Behavioral, neurochemical, and histological studies were performed follow-
ing the intranasal exposure. When compared to controls, the treatment group experi-
enced dramatic decreases in olfactory bulb weights, tyrosine hydroxylase levels, as
well as dopamine and DOPAC levels. The severe neurotoxic effect of V in the olfac-
tory system had a neuroinflammatory component, as evidenced by the accumulation
of astroglia in the glomerular layer of the olfactory bulb where dopaminergic neurons
were degenerating. Neurobiological changes in response to intranasal V exposure
were severe enough to be manifested at the behavioral level as impaired olfaction and
significant locomotor deficits. These results suggest exposure to V is toxic to dopami-
nergic neurons and impairs olfaction in mouse models. However, more evidence is
needed to prove a cause-and-effect relationship between PD and V exposure.

Conclusions

This review has covered the evidence supporting the idea that V and its compounds
may interfere with various cellular functions including neuronal functions, leading
to changes through the generation of ROS and interactions with protein tyrosine
phosphatases (PTP) that affect cell signaling pathways, which may in turn produce
or inhibit cell death depending on V’s oxidation state and the type of V compound.
Much research on V and its compounds has been on its respiratory effects, as well
as some on its effects on the kidney and liver, whereas comparatively little has been
done on its possible neurotoxic effects. Vanadium and its compounds, often in syn-
ergy with other neurotoxic compounds like Mn that co-occur in occupational fumes,
are likely neurotoxic. Manganese, which has been linked with Parkinson-like symp-
toms, has garnered almost all the attention for its association with welding fumes
and neurotoxicity, while V and its compounds have thus far been largely neglected.
Based on this review, much more work is warranted to explore how mixed metals,
and their individual components like V, potentiate the neurotoxic effects caused by
welding fumes.
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