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Abstract
Environmental exposure to neurotoxic metals through various sources including exposure to welding
fumes has been linked to an increased incidence of Parkinson's disease (PD). Welding fumes contain
many different metals including vanadium typically present as particulates containing vanadium
pentoxide (V2O5). However, possible neurotoxic effects of this metal oxide on dopaminergic
neuronal cells are not well studied. In the present study, we characterized vanadium-induced
oxidative stress-dependent cellular events in cell culture models of PD. V2O5 was neurotoxic to
dopaminergic neuronal cells including primary nigral dopaminergic neurons and the EC50 was
determined to be 37 μM in N27 dopaminergic neuronal cell model. The neurotoxic effect was
accompanied by a time-dependent uptake of vanadium and upregulation of metal transporter proteins
Tf and DMT1 in N27 cells. Additionally, vanadium resulted in a threefold increase in reactive oxygen
species generation, followed by release of mitochondrial cytochrome c into cytoplasm and
subsequent activation of caspase-9 (>fourfold) and caspase-3 (>ninefold). Interestingly, vanadium
exposure induced proteolytic cleavage of native protein kinase Cdelta (PKCδ, 72-74 kDa) to yield a
41 kDa catalytically active fragment resulting in a persistent increase in PKCδ kinase activity. Co-
treatment with pan-caspase inhibitor ZVAD-FMK significantly blocked vanadium-induced PKCδ
proteolytic activation, indicating that caspases mediate PKCδ cleavage. Also, co-treatment with Z-
VAD-FMK almost completely inhibited V2O5-induced DNA fragmentation. Furthermore, PKCδ
knockdown using siRNA protected N27 cells from V2O5-induced apoptotic cell death. Collectively,
these results demonstrate vanadium can exert neurotoxic effects in dopaminergic neuronal cells via
caspase-3-dependent PKCδ cleavage, suggesting that metal exposure may promote nigral
dopaminergic degeneration.
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Introduction
Parkinson's disease (PD) is a multifactorial chronic neurodegenerative disorder associated with
progressive degeneration of nigral dopaminergic neurons in the mesencephalic midbrain region
resulting in substantial loss of dopaminergic neurotransmission to the striatal region (Anglade
et al., 1997). The etiopathogenesis of PD is still poorly understood; however, chronic exposure
to certain metals such as manganese (Mn) has been implicated in PD pathogenesis (Dobson et
al., 2004). Epidemiological and case-control studies conducted in the United States as well as
other countries have linked heavy metal exposure to an increased incidence of PD (Gorell et
al., 1997; Fleming, 1994; Schulte, 1996; Liou, 1997; Marder, 1998; Smargiassi, 1998; Taylor,
1999; Priyadarshi, 2000; Tuchsen, 2000; Ritz, 2000). Subtle preclinical neurological effects
have recently been documented following exposure to very low levels of Mn in occupational
settings (Mergler, 1999; Crossgrove and Zheng, 2004). Since Mn elimination from the central
nervous system (CNS) typically occurs very slowly, delayed neurotoxic effects may occur later
in life resulting in an increased frequency of Parkinsonian diseases in the geriatric population
(Alessio and Lucchini, 1996; Cranmer et al., 1999; Lucchini et al., 1995; Lucchini et al.,
1997). Early life exposure to heavy metals such as lead has been shown to produce Alzheimer's-
like pathology in rodents as well as in primate models (Wu et al., 2008). Two studies have
shown that welders are at an increased risk for the development of PD (Racette et al., 2001;
Park et al., 2005), while another study did not find such an association between welding and
a risk for developing Parkinsonism (Goldman et al., 2005; Ellingsen et al., 2008). Welding
fumes contain many different metals including manganese, iron, and vanadium, typically
present as vanadium pentoxide (V2O5). However, the neurotoxic effects of V2O5 are not well
understood.

Vanadium continues to be widely used in various industrial applications including steelmaking;
arc welding; temperature-resistant alloy production; and glass, pigment and paint
manufacturing (Hazardous Substance Database, ChemIDPlus, 2006; Bunting, 2006; McNeilly
et al., 2004). Vanadium is a preferred metal for the production of special steels and temperature-
resistant alloys because it is one of the lightest high-strength metals. More than 90% of
industrial vanadium is used in steel making. The dominant market driver for vanadium over
the past three years has been an increased worldwide demand for higher strength steel, most
notably in China (Bunting, 2006). This increased demand for vanadium is not expected to
decline as the worldwide demand for high quality steel continues. Welding and the associated
exposure of workers to welding fumes have increased along with steel production. Among nine
metals (Co, Cr, Cu, Fe, Mn, Ni, Ti, V and Zn) characterized in welding fumes by use of
inductively coupled plasma mass spectroscopy (ICP-MS), vanadium was present at about half
the concentration of Mn (McNeilly et al., 2004). The use of vanadium with non-ferrous metals
is of particular importance in the atomic energy industry, aircraft construction and space
technology (Hazardous Substance Database, ChemIDPlus, 2006). Notably, vanadium
compounds are released into the environment in large quantities, mainly by burning fossil fuels.
Vanadium is usually found to be the most abundant trace metal in petroleum samples and can
be found in concentrations reaching 1500 mg kg−1 depending on the source of the crude oil
(Amorim et al., 2007). Vanadium accumulates in the soil, groundwater, and plants that may
be consumed by animals and humans (Pyrzynska and Weirzbicki, 2004).

Despite these widespread use of vanadium, the health effects of the metal, in particular the
CNS effects, are not well characterized. While earlier studies have shown vanadium exposure
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in humans may cause CNS deparession, tremor, neurasthesia and other severe motor deficits
including vegetative symptoms (WHO, 2000; Done, 1979), the neurotoxic effects of vanadium
and its potential to induce chronic neurological diseases are not well understood. Another recent
study showed that inhaled V2O5 can damage the nigrostriatal dopaminergic system in rodent
models (Avila-Costa et al., 2004), but the mechanism of vanadium-induced dopaminergic
neurotoxicity is yet to be defined.

Oxidative stress and apoptosis are regarded as key mediators of neurodegenerative processes
in PD (Hartmann et al., 2000; Dawson and Dawson, 1996; Olanow et al., 2004; Olanow and
Tatton, 1999; Olanow, 2004) and are neurotoxic sequelae resulting from metal exposure
(Kanthasamy et al., 2003; Kitazawa et al., 2003; Hamai and Bondy, 2004; Latchoumycandane
et al., 2005). Our lab previously reported that increased oxidative stress during exposure to
Parkinsonian neurotoxicants, as well as pesticides and metals, can activate the proapoptotic
kinase PKCδ by caspase-3-dependent proteolysis in cell culture models of PD (Kitazawa et
al., 2003; Kaul et al., 2003, 2005(a), 2005(b); Latchoumycandane et al., 2005). Proteolytic
cleavage of PKCδ (74 kDa) by caspase-3 results in a 41 kDa catalytic subunit and a 38 kDa
regulatory subunit, leading to a persistent activation of the kinase (Kaul et al., 2003; Kitazawa
et al., 2003; Anantharam et al., 2004; Yang et al., 2004). Blockade of proteolytic activation of
PKCδ by overexpression of the kinase-dominant negative mutant, cleavage-resistant mutant,
or siRNA directed against PKCδ almost completely prevented dopaminergic cell death (Kaul
et al., 2003; Kitazawa et al., 2003, 2005; Anantharam et al., 2004; Yang et al., 2004),
demonstrating that PKCδ is a key proapoptotic and oxidative stress sensitive kinase in
dopaminergic neurons. In the present study, we examined the effect of V2O5 on oxidative
signaling in a dopaminergic cell model of PD.

Methods
Chemicals

Vanadium pentoxide (V2O5) and MTT were purchased from Sigma (St. Louis, MO); Sytox
green nucleic dye and COX IV antibody were purchased from Molecular Probes (Eugene, OR).
Ac-DEVDAFC (Acetyl-Asp-Glu-Val-Asp-7-amido-4-trifluoromethylcoumarin), Ac-LEHD-
AFC (Acetyl-Leu-Glu-His-Asp-7-amido-4-trifluoromethylcoumarin), and Z-VAD-FMK (Z-
Val-Ala-Aspfluoromethyl ketone) were purchased from MP Biomedicals (Aurora, OH). Cell
Death Detection ELISA plus Assay Kit was purchased from Roche Molecular Biochemicals
(Indianapolis, IN). Bradford protein assay kit was purchased from Bio-Rad Laboratories
(Hercules, CA). RPMI 1640, B27 supplement, fetal bovine serum, L-glutamine, penicillin, and
streptomycin were purchased from Invitrogen (Gaithersburg, MD). Nitric acid was purchased
from Fisher Scientific (Pittsburgh, PA). Anti-mouse DMT-1 (1μg/ml) and anti-mouse
transferrin (Tf) (1μg/ml) were purchased from Alpha Diagnostic International, San Antonio,
TX. Protease cocktail, phosphatase inhibitors, ATP, Protein ASepharose, protein-G-Sepharose
and anti-β-actin antibody were obtained from Sigma-Aldrich (St. Louis, MO); rabbit PKCδ
antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); cytochrome
c antibody was purchased from BD Biosciences, anti-mouse and anti-rabbit secondary
antibodies (Alexa Flour 680 conjugated anti-mouse IgG and Rabbit IgG IR800 Conjugate)
were purchased from Invitrogen and Rockland Inc., respectively. [γ-32P]ATP and 3H-DA were
purchased from Perkin Elmer Life Science (Boston, MA).

Cell culture
We used the rat mesencephalic dopaminergic cell line referred to as N27 cells, which was a
gift from Dr. Kedar N. Prasad (University of Colorado Health Sciences Center, Denver, CO).
N27 cells have been used extensively to study the neurotoxic mechanisms pertaining to
Parkinson's disease (Clarkson et al., 1999; Kaul et al., 2003; Kaul et al., 2005a; Kaul et al.,
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2005b; Miranda et al., 2004; Peng et al., 2005). N27 cells were grown and treated in RPMI
1640 medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 units of
penicillin, and 50 μg/ml of streptomycin in a humidified atmosphere of 5% CO2 at 37°C as
described previously (Kaul et al., 2003; Yang et al., 2004). For antioxidant studies, N27 cells
were treated in RPMI 1640 medium supplemented with 2% B27 supplement with or without
antioxidants instead of 10% fetal bovine serum.

We also used mouse fetal primary mesencephalic cultures to determine the effect of vanadium
on dopaminergic neurons. We prepared nigral primary mesencephalic neuronal cultures from
the ventral mesencephalon of gestational 14-d-old mice embryos as described previously
(Yang et al., 2004, Zhang et al., 2007). The mesencephalic tissues from mice were dissected,
maintained in ice-cold Ca2+-free HBSS and then dissociated in HBSS solution containing
trypsin-EDTA (0.25%) for 20 min at 37°C. The dissociated cells were then plated at equal
density (0.5 × 106 cells) in 30-mm-diameter tissue culture wells which had been precoated with
poly-D-lysine (1 mg/ml). The primary cultures were maintained in a chemically defined medium
consisting of neurobasal medium fortified with B-27 supplements, L-glutamine (500 μM),
penicillin (100 IU/ml), and streptomycin (100 μg/ml) (Invitrogen). The cells were maintained
in a humidified CO2 incubator (5% CO2, 37°C) and half of the culture medium was replaced
every 2 d. Approximately 5- to 7-d-old cultures were used for experiments.

Treatment paradigm
For the purpose of this study, vanadium interchangeably refers to vanadium pentoxide
(V2O5) dissolved in water (moles of V2O5/L). N27 cells were treated with different
concentrations of vanadium for the duration of the experiments using diluted stock solution
in culture media. After treatment, cells were collected by trypsinization or scraping, spun
down at 200g for 5 min, and washed with ice-cold phosphate-buffered saline (PBS). The lysates
from the cell pellets were used for various assays including caspase-3 activity, Western
blotting, and measurement of DNA fragmentation.

Assessment of cell death by Sytox Green assay
The assessment of cytotoxicity was conducted using Sytox Green, a membrane-impermeable
DNA dye that enters dead cells as a result of altered membrane permeability and intercalates
into the nucleic acid, as described previously (Kaul et al., 2005; Latchoumycandane et al.,
2005). DNA-bound Sytox Green can be detected at an excitation wavelength of 485 nm and
an emission wavelength of 538 nm using a fluorescence microplate reader (Bio-Tek microplate
reader). The intensity of fluorescence is directly proportional to the number of dead cells; this
method is known to be more efficient and sensitive than other cytotoxicity measurements
(Kitazawa et al., 2004). Equal numbers of subconfluent N27 cells grown in 24-well plates were
co-incubated with 1 μM Sytox Green and with appropriate concentrations of vanadium or
RPMI medium as a control. To quantify cell death, fluorescence intensity was monitored after
the experiments were conducted and fluorescence pictures were taken using a Nikon inverted
fluorescence microscope equipped with a SPOT digital camera (Diagnostic Instruments,
Sterling Heights, MI).

3-(4,5-dimethylthiazol-3-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay
This assay has been widely used to assess cell viability by measuring the activity of
mitochondrial dehydrogenase enzymes that cleave the tetrazolium ring to produce formazan
(Brown et al., 1994; Kitazawa et al., 2001; Choi et al., 2007). After vanadium treatment, cells
were washed once and further incubated in serum-free DMEM containing 0.25 mg/ml MTT
for 1 h at 37°C. Supernatant was removed, and MTT crystals were solubilized in 200 μl
dimethyl sulfoxide. The mitochondrial activity was measured with the SpectraMax
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spectrophotometer (Molecular Devices Corporation, San Diego, CA) at 570 nm, with the
reference wavelength at 630 nm.

Determination of intracellular vanadium concentration
N27 cells were treated with 40 μM vanadium for 0, 4.5 and 9 h and washed three times with
PBS. Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the
concentrations of V at m/z 51 in each sample. The ICP-MS device (ELEMENT 1, Thermo
Finnigan) was a high-resolution double focusing instrument operated in medium resolution
(m/Δm = 4,000) in order to resolve the isotopes of interest from any interferences (Shum et
al., 1992). Each sample was placed in an acid-washed 5 ml Teflon vial and digested in 150
μl high purity nitric acid (Ultrex II, J.T. Baker). Following digestion, the samples were diluted
to 5 ml with 18.2 MΩ deionized water to give a final acid concentration of approximately 3%
nitric acid. The supernatant was analyzed with the ICP-MS.

An internal standard method was used for quantification. Gallium was chosen as the internal
standard because its m/z ratio is similar to that of the elements of interest, and it has no major
spectroscopic interferences. A small spike of Ga standard solution was added to each sample
for a final Ga concentration of 10 ppb. A 10 ppb multi-element standard (V, Mn, Fe, Cu, Zn,
Ga) was prepared. The nitric acid blank, the multi-element standard, and each of the samples
were introduced into the ICP-MS via a 100 μl/min self-aspirating PFA nebulizer (Elemental
Scientific, Inc.). The nitric acid blank was used to rinse the nebulizer between each sample.

The results for each sample were calculated using the integrated average background-
subtracted peak intensities from 20 consecutive scans. To correct for differences in elemental
ionization efficiency in the ICP, the multi-element standard was used to derive normalization
factors for V, Mn and Cu. Concentrations for V, Mn and Cu were then calculated for each
sample.

Determination of vanadium-induced H2O2 production by polarography
N27 cells (~ 10,000 per well) were grown in 96 well plates 12-18 h prior to treatments and
then exposed to vanadium under serum free conditions for 4 h. H2O2 production in N27 cells
was measured using an Apollo 4000 Free Radical Analyzer (WPI, Sarasota, FL) equipped with
a 100-μm H2O2 sensor following a 4 h vanadium exposure. Before the experiment, the
electrode was calibrated using serial dilutions of H2O2, and the current recorded from the serum
free RPMI media over the cells was then calculated as concentration of H2O2. The APOLLO
4000 Free-Radical Analyzer (World Precision Instruments, Inc., Sarasota, FL, USA), which
is increasingly being used (Mastore et al., 2005; Castello et al., 2007), was used to monitor in
real-time the production of H2O2 during vanadium treatment. A pulse voltage (+400 mV)
maintained on a sensitive and selective H2O2 sensor (ISO-HOP2) ensured that the
electrochemical responses (redox current) generated at the working electrode were derived
only from the oxidation of any H2O2 formed, and that these responses were proportional to the
concentration of the reactive molecule. Quantitative determinations were made following the
establishment of calibration curves for the H2O2 electrode prior to all tests. The latter was
obtained by plotting changes in current (pA) against changes in H2O2 concentration. Test
conditions, such as temperature and pH, were identical to those under which the instrument
was calibrated (Mastore et al., 2005). To assess H2O2 production, the electrode was allowed
to equilibrate for 1–3 min in treatment media on cells in the wells of the 96 well plate.

Measurement of caspase-3 and caspase-9
Caspase-3 and caspase-9 activities were measured as previously described in our lab
publications (Anantharam et al., 2002; Kaul et al., 2003; Kitazawa et al., 2003; Kitazawa et
al., 2002). After exposure to vanadium, the cells were washed with PBS, resuspended in lysis
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buffer containing 50 mM Tris/HCl (pH 7.4), 1 mM EDTA, 10 mM EGTA, and 10 μM digitonin,
and incubated at 37°C for 20 min. Lysates were centrifuged at 132,000 g, and the cell-free
supernatants were incubated with 50 μM Ac-DEVD-AFC (fluorometric caspase-3 substrate)
or 50 μM Ac-LEHD-AFC (fluorometric caspase-9 substrate) at 37°C for 1 h. Formation of 7-
amido-4-trifluoromethylcoumarin (AFC) resulting from caspase cleavage was measured using
a fluorescence plate reader (excitation 400 nm, emission 505 nm). All the fluorescence signals
from the samples were normalized to protein concentration, as determined with the Bradford
protein assay.

DNA fragmentation assay
DNA fragmentation assays were performed using a Cell Death Detection ELISA plus Assay
Kit, which is fast, highly sensitive and reliable for the detection of early changes in cells
undergoing apoptotic cell death. The assay analyzed DNA fragmentation by quantification of
histone-associated low molecular weight DNA in the cytoplasm of cells (Anantharam et al.,
2002; Kaul et al., 2003; Kitazawa et al., 2002). DNA fragmentation was measured in N27 cells
exposed to vanadium at time points correlating with maximum caspase-3 activation. In
inhibitor studies, pan-caspase inhibitor ZVAD-FMK (100 μM) was co-treated (after a 30 min
pretreatment with the inhibitors alone) with 40 μM vanadium for 9 h. After treatment, 20 μl of
cell lysate was prepared according to the manufacturer's protocol, as previously described
(Choi et al., 2007). Briefly, vanadium-treated cells were washed with PBS, and the cell pellets
were then resuspended with the lysis buffer provided in the assay kit. The lysate was spun
down at 200g, and 20 μl of supernatant was incubated for 2 h with the mixture of HRP-
conjugated antibody that recognizes histones and single- and double-stranded DNA. After
washing away the unbound components, the final reaction product was measured
colorimetrically with 2,2′-azino-di-[3-ethylbenz-thiazoline sulfonate] as an HRP substrate
using a spectrophotometer at 405 nm and 490 nm. The difference in absorbance between 405
and 490 nm was used to determine the amount of DNA fragmentation in each sample. All
sample concentrations were normalized to protein concentration using the Bradford protein
assay.

PKCδ knockdown by siRNA in N27 cells
PKCδ-siRNA was prepared by an in vitro transcription method, as described previously (Yang
et al., 2004). Initially, siRNA target sites specific to rat PKCδ mRNA (gene identifier:
18959249), as determined by blast analysis, were chosen. One nonspecific siRNA (NS-siRNA)
was also chosen based on random sequence. For each siRNA, sense and antisense templates
were designed based on each target sequence and partial T7 promoter sequence (Donze and
Picard, 2002): for PKCδ-siRNA, sense, 5′-AACTGTTTGTGAATTTGCCTTCCTGT CTC-3′;
antisense, 5′-AAAAGGCAAATTCACAAACAGCCTGTCTC-3′ with the target site located
at nucleotide 2142 to 2162 in rat PKCδ mRNA with a GC content of 47.6%; for NS-siRNA,
sense, 5′-AATTCTCACACTTCGGAGAACCTGTCTC-3′; antisense, 5′-AAGTTCTCCG
AAGTGTGAGAACCTGTCTC-3′. All template oligonucleotides were chemically
synthesized and PAGE purified. In vitro transcription, annealing, and purification of siRNA
duplexes were performed using the protocol supplied with the silencer siRNA construction kit
(Ambion, Austin, TX). Briefly, ~2 μg of each single-strand (ss) transcription template was first
annealed with the T7 promoter and filled in by Klenow DNA polymerase to form double-strand
transcription templates. For preparation of each siRNA duplex, transcription reactions were
first performed with separated antisense and sense templates using the T7 RNA polymerase
provided with the kit and then annealed to form siRNA duplexes. The siRNA duplex was then
treated with DNase and RNase to remove the extra nucleotides of transcribed siRNA to meet
the structural 3′UU overhang and 5′ phosphate requirement (Elbashir et al., 2001). Previously,
we showed that PKCδ-siRNA effectively suppresses >80% of PKCδ protein expression levels
within 24 h post-transfection (Yang et al., 2004). N27 cells (50–70% confluence) were
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transfected with siRNA duplexes by using an AMAXA Nucleofector kit (AMAXA), as
described in our lab's previous study (Yang et al., 2004).

Protein kinase Cδ activity
PKCδ enzymatic activity was determined using immunoprecipitation, as described previously
(Kitazawa et al., 2003; Kaul et al., 2005). The cells were exposed to 40 μM vanadium for 9 h,
with or without a pan-caspase inhibitor (Z-VAD-FMK), and cell lysates were collected. After
immunoprecipitation with anti-PKCδ antibody, 25 μl samples containing PKCδ bound to
Sepharose-A beads were incubated with 25 μl of reaction buffer containing 0.4 mg of histone
H1 and 5 μCi of [γ-32P]ATP (4500 Ci/mM) for 10 min at 30°C. The reaction was terminated
by the addition of 2x SDS gel loading buffer and boiled for 5 min. The samples were separated
on 12% SDS-PAGE and histone phosphorylated bands were detected using a PhosphoImager
(Personal Molecular Imager FX, Bio-Rad) and quantified using Quantity One 4.2.0 Software
(Bio-Rad).

Western blotting
N27 neuronal cells were exposed to 40 μM V2O5 with or without the pan-caspase inhibitor
(ZVAD-FMK) at 37°C for appropriate time points. N27 cells were lysed, homogenized,
sonicated, and centrifuged as described previously (Kaul et al., 2003; Kitazawa et al., 2002).
The supernatants were collected as cell lysates, and protein concentrations were determined
and used for SDS-gel electrophoresis according to standard procedure. Whole cell lysates and
cytoplasmic and mitochondrial fractions, as appropriate, containing equal amounts of protein
were loaded in each lane and separated on a 10-15% SDS-PAGE gel, as described previously
(Kaul et al., 2003; Kitazawa et al., 2002). Proteins were then transferred to nitrocellulose
membrane, and non-specific binding sites were blocked by incubation for 1 h in Licor buffer.
The membranes were then treated with the appropriate primary antibodies, PKCδ polyclonal
antibody (1:2000), cytochrome c (1:500), COX IV(1:500), Tf (1:500), and DMT1 (1:500)
followed by treatment with secondary anti-mouse or anti-rabbit antibodies, as appropriate. To
confirm equal protein in each lane, membranes were probed with β-actin antibody (1:5000
dilution). Western blot was performed using IR dye-800 conjugated anti-rabbit dye and Alexa
Flour 680 conjugated anti-mouse IgG as secondary antibodies. Western blot images were
captured and analyzed with an Odyssey IR Imaging system (LICOR).

Dopaminergic Neuronal Viability by 3H-Dopamine (3H-DA) Uptake Assay
The neurotoxic effect of V2O5 on dopaminergic neurons in fetal mouse mesencephalic cultures
were quantified using 3H-DA uptake assay described in detail elsewhere (Michel et al.,
1990; Vaglini et al., 2008). In our experience, we noted that 3H-DA uptake assay was more
robust and quantitative than tyrosine hydroxylase (TH) positive cell counts by
immunohistochemical method. Briefly, mouse primary mesencephalic neuronal cultures were
treated with 10, 20, 40 or 60 μM V2O5 for 12 h and then cells were washed once with assay
incubation (Kreb's Ringer) buffer (5.6mM glucose, 1.3mM EDTA, 1.2mM magnesium sulfate,
1.8mM calcium chloride, 4.7mM potassium chloride, 120mM sodium chloride, 16mM sodium
phosphate). Cells were incubated with 10μM 3H-DA (30Ci/mol) for 30 min at 37°C. The
dopamine reuptake blocker Mazindol (1nM) was used as a positive control to assess the
efficiency of 3H-DA uptake. The uptake was stopped by removing the reaction mixture and
followed by a three-time wash with fresh Kreb's Ringer buffer. Cells were then collected with
1N sodium hydroxide and the radioactivity was measured by liquid scintillation counter after
the addition of a 4mL scintillation cocktail to each vial.
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Statistical analysis
Data were analyzed with Prism 3.0 software (GraphPad Software, San Diego, CA). Tukey's
multiple comparison testing was used to compare differences between treatment groups of N27
cells. For the cell viability assay, a nonlinear regression curve was fit onto the data, and
EC50 concentrations were extrapolated (Choi et al., 2007). For comparison between two
samples, Student's T-test was performed to examine the differences. Differences with * p<0.05,
**p<0.01, and ***p<0.001 were considered significant and are indicated by asterisks.
Presented data typically represent results from at least two separate experiments with triplicate
samples where appropriate, and are expressed as mean ± S.E.M.

Results
Vanadium exposure induces dose-dependent increase in cytotoxicity

In order to determine the optimal dose for a detailed mechanistic investigation of vanadium
neurotoxicity, we first performed a dose-response cytotoxicity analysis. N27 cells were
exposed to 3-300 M vanadium (V2O5) for 12 h, and a dose-dependent effect of vanadium on
cytotoxic cell death was determined by MTT assay. As shown in Fig. 1A, a dose-dependent
decrease in cell viability was observed. An EC50 of 37 ± 3.47 μM for vanadium was deduced
by three-parameter nonlinear regression from the dose-response curve. The dose-dependent
effect of vanadium-induced cell death was further confirmed by Sytox Green fluorescence
assay, which labels green only dead/dying cells both qualitatively and quantitatively. N27 cells
were exposed to 10-300 μM vanadium for 12 h. Fig. 1B is representative of untreated and
vanadium-treated N27 cells at the end of a 12 h treatment in phase-contrast (left panels) and
Sytox FITC fluorescence imaging (right panels). An increase in the number of Sytox-positive
green cells indicates an increase in cell death because the Sytox Green dye permeates
compromised cell membranes to stain nuclear chromatin. The number of Sytox-positive cells
increased dose-dependently in vanadium-treated cells compared to untreated controls.
Quantitative analysis of Sytox fluorescence using a fluorescence plate reader also revealed that
vanadium treatment induced cytotoxic cell death in N27 cells. As shown in Fig. 1C, vanadium
increased cell death in a dose-dependent manner. Exposure to 10, 30, 100 and 300 μM
vanadium over 12 h resulted in a one to sixfold increase in the number of Sytox-positive cells
compared to untreated control cells.

Time-dependent uptake of vanadium in N27 dopaminergic cells
Since vanadium induced cytotoxic cell death in a dose-dependent manner, we measured the
amount of vanadium entering the cell over time. Previously, we and others have shown that
metal ions, Mn, Fe, Zn, Cu, Co, Cd, Al, and V, can be transported by Tf and divalent metal
ion transporter (DMT1) (Aschner and Aschner, 1991; Choi et al., 2007; Erikson et al., 2004).
Using ICP-MS, we observed a time-dependent uptake of vanadium (Fig. 2A). Exposure to 40
M vanadium to N27 cells resulted in a 7- and 11-fold increase in intracellular levels of vanadium
following exposure for 4.5 and 9 h, respectively. In addition, we also observed a significant
upregulation of transport proteins Tf (Fig. 2B) and DMT1 (Fig. 2C) over time, suggesting that
these transport proteins may play a role in the time-dependent uptake of vanadium by the
dopaminergic neurons. We also found vanadium treatment altered concentrations of other
essential metals including Mn and Cu in the cells. As shown in Fig 2D, intracellular Mn
increased by 1.4-fold at 4.5 h of 40 M V2O5 treatment whereas the level decreased by 2.7-fold
at longer time V2O5 exposure (Fig 2D). The intracellular copper increased by 3- and 3.7-fold
at 4.5 h and 9 h, respectively, following V2O5 exposure (Fig 2E).
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Vanadium induces oxidative stress in N27 mesencephalic neuronal cells
Based on the cytotoxicity data and uptake studies, we chose an optimal dose of 40 μM vanadium
(V2O5) for all subsequent experiments. Several studies, including ours, have shown that
dopaminergic neurotoxicants including MPP+, Mn, dieldrin, and MMT induce oxidative stress,
alter mitochondrial function and mediate the release of a number of proapoptotic factors
including cytochrome c into the cytosol (Kitazawa et al., 2001; Anantharam et al., 2002; Kaul
et al., 2003; Kanthasamy et al., 2005) to initiate the apoptotic cascade. Therefore, we examined
whether vanadium exposure induces ROS production in dopaminergic cells. In this experiment,
we used a very sensitive APOLLO 4000 Free-Radical Analyzer for measurement of H2O2
generation. Fig. 3A shows the standard curve for H2O2 with R2 0.999. N27 cells were exposed
to 40 μM vanadium for 4 h and then H2O2 levels were measured. As shown in Fig. 3B,
vanadium exposure induced a threefold significant increase in H2O2 production compared with
the control, indicating that vanadium can promote oxidative stress in dopaminergic cells.

Next we examined whether vanadium-induced oxidative stress plays a role in the neurotoxicity
of vanadium. An antioxidant cocktail (AO) consisting of vitamin E, glutathione, superoxide
dismutase (SOD), and catalase was used in the study. N27 cells were exposed to 40 μM
vanadium with or without an AO for 12 h and then cytotoxicity was measured by Sytox green
fluorescence assay. Co-treatment with AO almost completely protected vanadium-induced
neurotoxicity, as seen in phase-contrast (Fig. 3C right panels) and Sytox green fluorescence
imaging (Fig. 3C left panels). Quantitative analysis of Sytox fluorescence revealed that AO
treatment blocks the threefold increase in neurotoxicity induced by vanadium. These results
demonstrate that vanadium-induced oxidative stress plays a key role in mediating the
neurotoxicity in dopaminergic cells.

Vanadium exposure promotes mitochondrial cytochrome c release
Previously we showed that exposure to dopaminergic neurotoxins alters mitochondrial
function, which can result in the release of a number of proapoptotic factors, including
cytochrome c, into the cytosol to initiate the apoptotic cascade in neuronal cells (Kitazawa et
al., 2001; Anantharam et al., 2002; Kaul et al., 2003). In the present study, N27 cells were
exposed to 40 μM vanadium for 3 and 6 h and the release of cytochrome c into the cytosol was
measured by Western blot analysis using antibodies directed against cytochrome c. As shown
in Fig. 4, treatment of N27 cells with 40 μM vanadium for 3 and 6 h resulted in a significant
increase in cytosolic cytochrome c compared to untreated controls. The mitochondrial marker
COX-IV (15-17 kDa) was used for testing the purity of the cytosolic fractions, and no
mitochondrial contamination was noted. Nitrocellulose membranes were reprobed with β-actin
antibody to confirm equal protein loading.

Vanadium induces a time-dependent activation of caspase-9 and caspase-3
Cytosolic cytochrome c release has been shown to activate multiple caspases, including
caspase-9 and caspase-3 (Dawson and Dawson, 2003; Kanthasamy et al., 2003). Caspase-9
and caspase-3 play an important role in the execution of mitochondrial-dependent apoptotic
cell death. Since vanadium increased cytochrome c release, we examined the effect of
vanadium on the activities of caspase-9 and caspase-3 in N27 cells. Exposure to 40 μM
vanadium induced time-dependent increases in caspase-9 (Fig. 5A) and caspase-3 (Fig. 5B)
activities compared to untreated controls. Relative to untreated control cells we observed
greater than fourfold and ninefold increases in caspase activities for caspase-9 and caspase-3,
respectively. Furthermore, co-treatment with 100 μM Z-VAD-FMK, a pan-caspase inhibitor,
significantly blocked 40 μM vanadium-induced caspase-9 (Fig. 5C) and caspase-3 (Fig. 5D)
enzymatic activities at a level nearly equal to untreated control levels, demonstrating the
specificity of caspase activation during vanadium exposure.
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Caspase-3 mediates proteolytic cleavage of PKCδ in vanadium exposed N27 cells
Recently, we demonstrated that PKCδ is a prominent endogenous substrate for caspase-3 in
dopaminergic cells undergoing apoptotic cell death (Kikkawa et al., 2002; Brodie and
Blumberg, 2003; Kanthasamy et al., 2003). Caspase-3 cleaves PKCδ to yield a 41 kDa
catalytically active subunit and a 38 kDa regulatory subunit. Proteolytic cleavage of PKCδ
results in the permanent dissociation of the regulatory domain from the catalytic fragment,
resulting in persistently active kinase. Previously, we showed that Mn and other dopaminergic
toxicants induced proteolytic cleavage of PKCδ, but not of PKCα, β, or γ in an isoform specific
and caspase-3 dependent manner (Latchoumycandane et al., 2005). Since vanadium exposure
resulted in caspase-3 activation in N27 cells (Fig. 5), we examined the proteolytic cleavage of
PKCδ in vanadium-treated N27 cells. A 9 h vanadium treatment induced PKCδ cleavage (Fig.
6A), while no cleavage of PKCδ was observed in untreated control cells. In subsequent
experiments, we used the cell-permeable caspase inhibitor Z-VAD-FMK to confirm that
PKCδ cleavage is mediated by caspase-3. Co-treatment with 100 μM Z-VAD-FMK almost
completely blocked vanadium-induced PKCδ cleavage (Fig. 6A), suggesting that the cleavage
is indeed mediated by caspase-3. Nitrocellulose membranes were reprobed with β-actin
antibody to confirm equal protein loading.

Vanadium induces increases in PKC kinase activity in a caspase-dependent manner
To determine if the vanadium-induced PKCδ cleavage also leads to an increase in PKCδ
enzyme activity, we performed immunoprecipitation kinase assays by examining the ability
of immunoprecipitated PKCδ to phosphorylate histone H1 using [32P]ATP. We performed the
kinase assay in the absence of lipids to measure the increased kinase activity resulting from
the persistently active PKCδ catalytic fragment due to proteolytic cleavage, but not by the
activation of full-length PKCδ due to membrane translocation. A 9 h treatment with 40 μM
vanadium in N27 dopaminergic cells induced a very significant increase in PKCδ kinase
activity compared to the control (Fig. 6B). The vanadium-induced PKCδ kinase activity was
significantly attenuated in cells co-treated with 100 μM of the pan-caspase inhibitor Z-VAD-
FMK. Exposure to 40 μM vanadium for 9 h resulted in increases of 50% and 10% in PKCδ
kinase activity in vanadium- and V2O5+ Z-VAD-FMK-treated samples, respectively, when
compared to untreated control cells, as revealed by densitometric analysis of phosphorylated
histone H1 bands (Fig. 6B). These results suggest that proteolytic cleavage of PKCδ mediated
by caspase-9 and -3 increases the kinase activity.

Caspases mediate vanadium-induced apoptotic and cytotoxic cell death in N27 cells
Chromatin condensation and DNA fragmentation are hallmarks of apoptosis during metal
neurotoxicity (Kanthasamy et al., 2003; 2005). To understand the functional consequence of
activation of ROS production, cytochrome c release, and caspase-9, caspase-3 and PKCδ
activation, we tested whether vanadium induces apoptosis by using a quantitative DNA
fragmentation ELISA assay. Fig. 7A shows that the vanadium-induced DNA fragmentation in
N27 cells is significantly attenuated in cells co-treated with the pan-caspase inhibitor Z-VAD-
FMK. Exposure to 40 μM vanadium for 9 h caused a fourfold increase in DNA fragmentation
compared to untreated control cells, while co-treatment with 100 μM Z-VAD-FMK blocked
vanadium-induced DNA fragmentation by more than 60%. Further, we also show that Z-VAD-
FMK suppressed vanadium-induced cytotoxic cell death, as measured by Sytox assay (Fig.
7B). Co-treatment with Z-VAD-FMK very significantly attenuated vanadium-induced
increases in the number of Sytox-positive cells at the end of a 9 h treatment, as seen in phase-
contrast (right panels) and Sytox FITC fluorescence imaging (left panels). Together, these data
suggest that both caspases-9 and -3 contribute to vanadium-induced DNA fragmentation.
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Suppression of PKCδ by PKCδ siRNA rescues N27 cells from vanadium-induced apoptotic
cell death

To further substantiate the functional role of PKCδ in vanadium-induced apoptotic cell death,
we examined the effect of PKCδ siRNA on vanadium-induced DNA fragmentation. Our lab
has developed PKCδ siRNAs that specifically suppress PKCδ expression without producing
any cytotoxic effect in dopaminergic neurons (Yang et al., 2004). Western blot analysis
revealed that the protein levels of PKCδ were significantly suppressed in PKCδ-siRNA-
transfected cells, whereas PKCδ expression levels were unaltered in non-specific-siRNA
(siRNA-NS) or untreated control cells (Fig. 8A). We have shown in our lab that suppression
of PKCδ may regulate upstream caspases via a positive feedback amplification loop resulting
in the persistent activation of the protein (Kaul, 2003; Kitazawa, 2003). Vanadium-induced
caspase-3 activity was significantly blocked in PKCδ-siRNA transfected N27 cells (Fig. 8B).
Importantly, PKCδ-siRNA knockdown almost completely blocked vanadium-induced DNA
fragmentation, demonstrating a key proapoptotic function of PKCδ in vanadium-induced
dopaminergic cell death.

Vanadium induces neurotoxic responses to primary dopaminergic neurons
To determine if vanadium was toxic to nigral dopaminergic neurons, we exposed mouse
primary mesencephalic neuronal cultures to various doses of V2O5 for 12 h and then assessed
the viability of dopaminergic neurons using 3H-DA assay. Mazindol, a dopamine reuptake
inhibitor, was used as positive control for the assay. A 12-h treatment with 10, 20, 40, and 60
μM vanadium in nigral primary neuronal cells induced a dose-dependent decrease in dopamine
uptake (Fig. 9), indicative of loss of nigral dopaminergic neurons. Forty and 60 μM V2O5
produced a significant dopaminergic neuronal degeneration as compared to untreated control
cells following at 12 h exposure. These results indicate that vanadium can induce a neurotoxic
effect to dopaminergic neurons at low micromolar concentrations.

Discussion
In this study, for the first time to the best of our knowledge, we demonstrate that vanadium can
induce oxidative stress and apoptosis in mesencephalic dopamine-producing neuronal (N27)
cells through the activation of a series of oxidative stress mediated specific cell death signaling
events, including release of cytochrome c from the mitochondria into the cytosol, activation
of caspase-9 and caspase-3, proteolytic cleavage of PKCδ, and nuclear DNA breakdown. Using
the pharmacological pan-caspase inhibitor Z-VAD-FMK and siRNA against PKCδ, we
established that PKCδ is a key downstream mediator of an oxidative stress-caspase-mediated
signaling cascade during vanadium-induced apoptosis in dopaminergic neuronal cells. Our
results also show that metal transporter proteins Tf and DMT1 may play a key role in the time-
dependent uptake and transport of vanadium in dopaminergic neuronal cells. The results from
the primary mesencephalic cultures suggest that vanadium can induce degeneration of nigral
dopaminergic neurons at low micromolar concentrations.

Acute exposure to vanadium pentoxide has been shown to have major patho-physiological
manifestations on the nervous system in humans (WHO, 2000). Severe chronic exposure in
humans produces CNS symptomatology including nervous disturbances and neurasthenic or
vegetative symptoms (WHO, 2000). Another report showed that individuals exposed to
vanadium manifest some neurological disorders such as tremor and CNS depression (Done,
1979). Despite these data on the potential neurotoxic effect of vanadium in humans, only very
limited neurotoxicological studies are available to date. Inhalation of vanadium pentoxide in
rodent models produces a time-dependent loss of dendritic spines, necrotic-like cell death and
considerable alterations of the hippocampus CA1 neurophile, all of which are associated with
spatial memory impairment (Avila-Costa et al., 2006). Within the ependymal epithelium, cilia
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loss, cell sloughing and cell layer detachment occur after vanadium pentoxide inhalation in
rodents (Avila-Costa et al., 2005). This damage disrupts the permeability of the epithelium and
promotes access of inflammatory mediators to the underlying neuronal tissue, causing injury
and neuronal death (Avila-Costa et al., 2005). Results from a rat study provide evidence that
postnatal vanadium exposure through lactation may have an adverse impact upon the physical
and neural development of the offspring and on CNS myelination (Soazo and Graciela,
2007). A decreased number of tyrosine hydroxylase immunoreactive neurons in the substantia
nigra pars compacta and loss of dendritic spine in the corpus striatum following exposure to
vanadium were recently reported in a rat model (Avila-Costa et al., 2004). In the present study,
we show that vanadium is neurotoxic in a dopaminergic neuronal model, with an EC50 of 37
± 3.47 μM. In comparison, the EC50 of manganese in the same dopaminergic neuronal model
was 345 μM (Latchoumycandane et al., 2005), indicating that vanadium is more toxic than
manganese in dopaminergic neuronal cells. Cytotoxicity induced by vanadium compounds has
been reported in non-neuronal cells (Cortizo et al., 2000; Sabbioni et al., 1991, 1981), and the
toxicity of vanadium compounds increases as the valence increases (Barceloux, 1999).

Tf and DMT-1 are major metal transport proteins in CNS. Tf binds several metals including
Fe, Mn, Zn, and Cr as well as Cu, Co, Cd, V, and Al and mediates the transport of these metals
(Aschner and Aschner, 1991). Another study showed that Mn and Fe are transported by Tf-
dependent and -independent pathways, both involving DMT-1 as the transport protein (Erikson
et al., 2004). In this study, we saw increased protein levels of Tf and DMT-1, suggesting that
they play a role in the time-dependent uptake of vanadium by the dopaminergic neurons. Our
results also suggest that the uptake of vanadium by dopaminergic neurons is accompanied by
changes in the concentration of other essential metals such as Mn and Cu. Future studies are
needed to clarify the mechanisms of vanadium transport in the dopaminergic system.

We have previously shown that exposure to Mn and Mn-containing MMT leads to ROS
generation as well as depolarization of the mitochondrial membrane potential in dopaminergic
neuronal cells (Anantharam et al., 2002; Kitazawa et al., 2002). We also reported that
dopaminergic neuronal cells are more vulnerable to Mn-induced ROS generation and apoptotic
cell death than non-dopaminergic cells (Kitazawa et al., 2002), suggesting an increased
sensitivity of dopaminergic neurons to metal neurotoxic insult. The literature suggests that
metals in an ROS-rich environment may augment the oxidative insult by forming dopamine-
derived highly cytotoxic radicals (Junn and Mouradian, 2001; Kitazawa et al., 2001;
Kanthasamy et al., 2002) which may contribute to the enhanced susceptibility of dopaminergic
neurons to metal-induced neurotoxicity. Vanadium reportedly produces ROS such as hydroxyl
free radicals (Cortizo et al., 2000; Gandara et al., 2005) and superoxide, which are further
converted to H2O2 (Ding et al., 1994). Excessive ROS generation initiates the peroxidative
decomposition of the phospholipids of cellular membranes, leading to the propagation of
cellular injury. In the present study, we observed that exposure to vanadium increased the
generation of H2O2 in N27 dopaminergic cells and that an antioxidant cocktail consisting of
vitamin E, catalase, superoxide dismutase (SOD) and glutathione can completely prevent
vanadium-induced neurotoxicity. Together, our results suggest that oxidative stress plays a
major role in the neurotoxic effect of vanadium in dopaminergic neuronal cells.

ROS has been shown to induce cytochrome c release from the mitochondria to cytosol through
opening of the mitochondrial transition pore (Liu et al., 1996; Lee and Wei, 2000), and the
released cytochrome c serves as a trigger for activation of the caspase-dependent apoptotic cell
death cascade (Kaul et al., 2003; Kanthasamy et al., 2005). We observed an accumulation of
cytochrome c in the cytosol of vanadium treated N27 cells within 3 h of metal exposure,
suggesting that ROS generation, together with the release of cytochrome c from mitochondria
may be early events in the vanadium-induced apoptotic cascade. We and others have shown
that the initiator caspase-9 and effector caspase-3 play a critical role in the regulation and
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execution of apoptosis in dopaminergic neuronal cells (Anantharam et al., 2001; Kaul et al.,
2003; Kanthasamy et al., 2003; Cassarino et al., 1999; Dodel et al., 1999). We observed that
vanadium exposure dramatically increased both caspase-9 and caspase-3 in a time-dependent
manner. Importantly, the caspase inhibitor Z-VAD-FMK significantly protected against
vanadium-induced cell death, emphasizing the critical role of caspase activation in this cell
death pathway. In terms of PD pathogenesis, caspase-3 activation is a key contributor to
apoptosis in dopaminergic neurons in human PD patients as well as in animal models of PD
(Hartmann et al., 2000).

Our lab previously established that proteolytic activation of PKCδ by caspase-3 is an important
event in the apoptotic cell death of dopaminergic cells following neurotoxic insults
(Kanthasamy et al., 2003; Kanthasamy et al., 2005; Kaul et al., 2005). We showed that Mn
treatment induces caspase-3-dependent proteolytic cleavage of PKCδ but not of other isoforms,
including PKCα or PKCβ, suggesting that the cleavage is isoform-specific (Latchoumycandane
et al., 2005). In this study, we showed that vanadium treatment resulted in PKCδ proteolytic
cleavage and kinase activation. Co-treatment with the caspase inhibitor Z-VAD-FMK
significantly blocked vanadium-induced PKCδ proteolytic cleavage as well as the kinase
activity, demonstrating caspase-3 dependent PKCδ activation during vanadium exposure in
dopaminergic neuronal cells. The caspase inhibitor also blocked vanadium-induced DNA
fragmentation, indicating a role for a caspase-dependent apoptotic cascade in vanadium-
induced apoptosis. Furthermore, the knockdown of PKCδ by siRNA completely suppressed
vanadium-induced DNA fragmentation, suggesting that PKCδ has a proapoptotic function in
vanadium-induced dopaminergic neurotoxicity. The events downstream of PKCδ activation
that lead to apoptotic cell death are still unclear. We recently showed that PKCδ translocates
to the mitochondria and nucleus following proteolytic activation of the kinase (Sun et al.,
2007; 2009). Mn has been reported to inhibit dopamine uptake in striatal synaptosomes (Chen
et al., 2006) suggesting that Mn may affect the presynaptic dopaminergic neuronal terminal.
We also further showed that vanadium inhibits in a dose-dependent manner the uptake of
dopamine in nigral primary neurons indicating that vanadium may also be neurotoxic to
dopaminergic neurons in primary nigral cultures. Future studies will focus on identifying key
downstream signaling molecules in vanadium-induced dopaminergic degeneration using both
cell culture and animal models.

In conclusion, this study demonstrates for the first time that exposure to vanadium induces
dopaminergic degeneration by a novel apoptotic pathway mediated by caspase-3-dependent
proteolytic activation of PKCδ (Fig. 10). Our current study not only establishes caspase-
mediated PKCδ cleavage as a key downstream event of vanadium-induced apoptosis but also
emphasizes that blocking ROS, blocking caspase activity and selective targeting of the
proapoptotic kinase PKCδ by siRNA can rescue dopaminergic neurons from vanadium-
induced dopaminergic degeneration. These findings support the hypothesis that environmental
exposure to metals may play an important role in the etiopathogenesis of Parkinsons disease.
To further strengthen these findings, a systematic analysis of the vanadium neurotoxic response
in the nigrostriatal dopaminergic system in animal models of vanadium neurotoxicity is still
warranted.
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Fig. 1.
Vanadium induces a dose-dependent neurotoxic effect on N27 dopaminergic neuronal cells.
(A) Effect of vanadium on cell viability in N27 dopaminergic neuronal cells. The cells were
exposed to 0-300 μM V2O5 and then cell viability was measured using the MTT assay. The
value of vanadium neurotoxicity in N27 dopaminergic cells was EC50 = 37 ± 3.47 μM. Data
represent results from at least eight individual measurements. (B) Visualization of vanadium-
induced neurotoxicity by Sytox green fluorescence assay. N27 dopaminergic neuronal cells
were exposed to 40 μM V2O5 for 12 h and then cells were loaded with Sytox green and observed
under a Nikon inverted fluorescence microscope and pictures were captured with a SPOT
digital camera (Diagnostic Instruments, Sterling Heights, MI). (C) Quantitative analysis of
vanadium-induced neurotoxicity was measured by the Sytox green cytotoxicity fluorescence
assay. The Sytox fluorescence was measured by Bio-Tek fluorescence microplate reader. Data
represent results from at least eight individual measurements and are expressed as mean ±
S.E.M. The values are expressed as a percentage of untreated control cells. **p<0.001 indicates
significant difference with each of the other groups.
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Fig. 2.
Intracellular vanadium uptake and upregulation of metal transport proteins following vanadium
exposure in N27 dopaminergic neuronal cells. (A) Vanadium uptake in N27 dopaminergic
neuronal cells. N27 dopaminergic neuronal cells were exposed to 40 μM vanadium for 4.5 and
9 h and the vanadium content of the cells was measured using the ICP-MS technique. Data
represent results from three individual measurements and are expressed as mean ± S.E.M.
**p<0.01 and ***p<0.001. Upregulation of Tf (B) and DMT1 (C). N27 cells were treated with
40 μM vanadium for 3, 6, and 9 h and then DMT and Tf immunoblot was performed as
described in the Methods. To confirm equal protein loading in each lane, the membranes were
reprobed with β-actin antibody. Mouse liver lysates were used as a positive control. Data
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represent results from at least two separate experiments. Mouse liver lysates were used as a
positive control. Data represent results from at least two separate measurements. Data represent
results from at least two individual measurements and are expressed as mean ± S.E.M. *p<0.05,
**p<0.01 and ***p<0.001 indicates significant difference with control. Vanadium uptake
alters intracellular manganese (Mn) concentration (D) and intracellular copper (Cu)
concentration (E) in N27 dopaminergic neuronal cells. N27 dopaminergic neuronal cells were
exposed to 40 μM vanadium for 4.5 and 9 h and the intracellular Mn and Cu content of the
cells was measured using the ICP-MS technique. Data represent results from three individual
measurements and are expressed as mean ± S.E.M. *p<0.05, **p<0.01 and ***p<0.001.
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Fig. 3.
Role of oxidative stress in vanadium-induced neurotoxicity in N27 dopaminergic neuronal
cells. (A) Calibration curve of H2O2 production by polarography: H2O2 production was
measured using an Apollo 4000 Free Radical Analyzer (WPI, Sarasota, FL) equipped with a
100-μm H2O2 sensor. The 100-μm H2O2 sensor probe was calibrated using various doses of
H2O2 according to the manufacturer's instructions. The calibration curve was used to calculate
the H2O2 in the control and treatment groups. (B) Vanadium induced H2O2 generation in N27
cells. The measurements were conducted in a 96 well plate containing N27 cells exposed to
40 μM vanadium for 4 h. Each measurement was started by insertion of the 100-μm H2O2
sensor probe into wells containing cells. The output signal was recorded and compared to the
standard curve. (C) Effect of antioxidants on vanadium-induced neurotoxicity. N27
dopaminergic neuronal cells were co-treated with vanadium and an antioxidant solution
cocktail (AO) of vitamin E, glutathione, superoxide dismutase, and catalase. The Sytox green
was added to cells and then cells were observed under a Nikon inverted fluorescence
microscope. The pictures were captured with a SPOT digital camera (Diagnostic Instruments,
Sterling Heights, MI). (D) Quantitative analysis of the protective effect of AO on vanadium-
induced neurotoxicity was measured by the Sytox green cytotoxicity fluorescence assay. Data
represent results from four individual measurements and are expressed as mean ± S.E.M.
**p<0.001 and ***p<0.01.
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Fig. 4.
Mitochondrial release of cytochrome c in vanadium-treated N27 dopaminergic neuronal cells.
The cells were treated with 40 μM vanadium for 3 and 6 h, cytosolic fractions were isolated,
and cytochrome c was measured by Western blot. To confirm equal protein loading in each
lane, the membranes were reprobed with β-actin antibody. The membranes were reprobed with
COX-IV antibody to ensure purity of the cytosolic fraction and the mitochondrial fraction was
used as a positive control. Data represent results from at least two separate measurements.
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Fig. 5.
Activation of caspases-9 and -3 in vanadium-treated N27 cells. N27 dopaminergic cells were
treated with 40 μM vanadium for 3, 6, 9 and 12 h. Caspase-9 (A) and caspase-3 (B) enzyme
activities were assayed using caspase-9 and caspase-3 substrates, respectively. Effect of Z-
VAD-FMK on caspase-9 (C) and caspase-3 (D) was tested following co-treatment with
vanadium and the caspase inhibitor for 9 h. Data represent results from at least six individual
measurements and are expressed as mean ± S.E.M. **p<0.01.
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Fig. 6.
Caspase-dependent proteolytic cleavage of PKCδ in vanadium-induced neurotoxicity. (A)
Vanadium-induced caspase-mediated PKCδ cleavage. PKCδ was immunoblotted after 40 μM
vanadium treatment in N27 dopaminergic neuronal cells with or without the addition of 100
μM Z-VAD-FMK for 9 h. Proteins were separated from lysates by 12% SDS-PAGE and the
immunoblot was probed with PKCδ antibody to observe both native (72–74 kDa) and cleaved
(38–41 kDa) PKCδ bands. To confirm equal protein loading in each lane, the membranes were
reprobed with β-actin antibody. Data represent results from at least two individual
measurements. (B) Vanadium-induced PKCδ cleavage increases the kinase activity. N27
dopaminergic cells were harvested 9 h after treatment with 40 μM vanadium in the presence
or absence of 100 μM Z-VAD-FMK. Cell lysates were isolated and PKCδ was
immunoprecipitated from treated cell lysates and the enzyme activity was measured by 32P
phosphorylation. The values are expressed as a percentage of untreated control cells. Data
represent results from at least three individual measurements and are expressed as mean ±
S.E.M. *p<0.05 and **p<0.01.

Afeseh Ngwa et al. Page 26

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2010 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
(A) Effect of Z-VAD-FMK on vanadium-induced DNA fragmentation in N27 dopaminergic
neuronal cells. N27 cells were harvested 9 h after treatment with 40 μM vanadium in the
presence or absence of 100 μM Z-VAD-FMK. DNA fragmentation was quantified using
ELISA. The data are expressed as percentage of DNA fragmentation compared to untreated
control cells. Data represent results from three individual measurements and are expressed as
mean ± S.E.M. *p<0.05 and **p<0.01. (B) Visualization of the protective effect of the pan-
caspase inhibitor Z-VAD-FMK on vanadium-induced cytotoxicity. Data represent results from
three individual measurements. Sytox green positive cells were observed under a Nikon
inverted fluorescence microscope and pictures were captured with a SPOT digital camera
(Diagnostic Instruments, Sterling Heights, MI).
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Fig. 8.
Effect of PKCδ knockdown by PKCδ-siRNA on vanadium-induced neurotoxicity. (A)
PKCδ-siRNA suppresses PKCδ protein expression. N27 cells were transfected with PKCδ-
siRNA (25 nM) or non-specific (NS)-siRNA for 24 h and PKCδ expression was determined
by Western blotting. Membranes were reprobed with β-actin (43 kDa) antibody to confirm
equal protein loading. Effect of PKCδ knockdown on vanadium-induced caspase-3 activity
(B) and DNA fragmentation (C). siRNA transfected N27 cells were exposed to 40 μM V2O5
for 9 h. Caspase-3 activity and DNA fragmentation were measured as described in the Methods.
Data represent results from three individual measurements and are expressed as mean ± S.E.M.
*p<0.05 and **p<0.01.
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Fig. 9.
Neurotoxic effect of vanadium on primary nigral dopaminergic neurons. Mouse primary
mesencephalic cultures were exposed to 10, 20, 40 and 60 μM vanadium for 12 h and the
viability of dopaminergic neurons was measured by 3H-DA uptake assay. Data represent results
from two to six individual measurements and are expressed as mean ± S.E.M. **p<0.01 and
***p<0.001.
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Fig. 10.
A model describing the sequence of cell death signaling events in vanadium-induced apoptosis.
Vanadium treatment impairs mitochondrial function with an increase in ROS generation,
resulting in cytochrome c release into the cytosol; cytosolic cytochrome c activates the caspase
cascade; caspase-3 mediates proteolytic cleavage of PKCδ; proteolytically activated PKCδ
mediates DNA fragmentation and apoptosis. Effect of pharmacological inhibitors and genetic
modulators on vanadium-induced apoptosis: a, co-treatment with antioxidants prevents cell
death; b and c, co-treatment with the pan-caspase inhibitor Z-VAD-FMK prevents proteolytic
activation of PKCδ and vanadium-induced DNA fragmentation; d and e, RNAi-mediated
knockdown of PKCδ with siRNA- PKCδ rescues N27 cells from vanadium-induced apoptotic
cell death.
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