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There is increasing evidence that metals have a role in the etiology of diverse neurological diseases. This
study used PC12 cells as an in vitro model to examine the toxicity of tungsten alloys that have important
military applications. Initially, the relative concentrations of tungsten (W), nickel (Ni), and cobalt (Co)
mobilized from pellets of a weapons-grade tungsten alloy incubated in physiologically relevant solutions
were determined. Dosing solutions of soluble metal salts that were equivalent in ratio to those mobilized

Keywords: from these alloy pellets were used to treat nerve growth factor (NGF) differentiated PC12 cells. Treatments
E‘;ﬁf?ﬁloy consisted of single (W, Ni or Co), paired (W/Ni, W/Co or Ni/Co) or complete (W/Ni/Co) metal exposures for
Tungstate 24 h followed by measurement of cytotoxicity, viability, and microarray analysis to examine their impact
Microarray on survival and viability, global gene expression, and biological processes. Gene expression changed
Metal mixture dramatically with addition of NGF. Addition of Ni or Co either singly or in combination further impacted
Cobalt gene expression. An observed additive effect of Ni and Co on gene expression was unaffected by the

addition of W. The work showed that tungsten, as found in this tungsten alloy, had minimal relative

toxicity as compared to the other alloy components when used either alone or in combination.
Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tungsten (W) has numerous consumer, industrial, and military
applications; its high melting point, density, and hardness making
it useful in products ranging from tungsten carbide (machinery and
tools) to alloys of tungsten used in armor piercing weaponry [14].
Naturally occurring tungsten is most often found as tungsten oxide
insoil or as tungstate (WO42~) in water. In addition, WO42~ in water
aggregates into polymeric forms under acidic conditions, with the
formation of paratungstate (HWg0O,1°~) at pH <6 [6], making the
underlying chemistry of tungsten an important variable in expo-
sure studies.

The Department of Defense has an interest in the potential toxic-
ity of tungsten alloys relating to Soldier exposure during combat [4]
as well as occupational exposure during manufacture. In a chronic
rodent study, a tungsten alloy pellet formulation containing nickel
and cobalt (WNiCo) caused a 100% incidence of sarcoma when
implanted into the leg muscles of Fischer rats [11]. Further work
showed that tungsten alloy containing iron (WNiFe) as a replace-
ment for cobalt [19] was not carcinogenic in the same animal
model. In rat leg muscle, WNiFe pellets were resistant to corro-
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sion and did not cause tumors; by contrast, WNiCo was extensively
corroded, with aggressively metastasizing tumors seen within six
months [17,19]. In these studies, the impact of high serum levels
of W, Ni, and Co [13] on the brain was not assessed. However,
it has recently been hypothesized that translocation of metals to
the brain could potentially exacerbate pre-existing traumatic brain
injury [12]. In addition, metals have been proposed to contribute
to chronic neurodegenerative disease [3,15]. Tungsten has been
detected in rat brain tissue following intravenous or intraperitoneal
injection [1,26] indicating systemic delivery to the brain is possible
under certain conditions. However, the toxicity of tungsten alloys
or their component metals to neuronal tissue or in vitro neuronal
cell culture models has not been assessed. Exposure of PC12 cells to
NiCls, chlorpyrifos, diazinon, and dieldrin resulted in changes to the
expression profile; however, NiCl, induced changes were separable
from other tested substances [21]. As there are considerable data
on PC12 cell responses to CoCl, and NiCl,, the in vitro PC12 cell-line
model was selected to explore the toxicology and transcriptional
profile of cells exposed to tungsten alloy surrogates containing salts
of W, Niand Co. When induced with nerve growth factor (NGF) PC12
cells differentiate, form neurite projections, and are phenotypically
similar to acetylcholinesterase and catecholamine neurons [7,25].

In this work, the effect of single tungsten alloy metals W, Ni
and Co, the complete mixture (W-Ni-Co) and metal combina-
tions (W-Ni, W-Co, and Ni-Co) on NGF stimulated PC12 cell gene
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expression was investigated. All test conditions were performed
at physiological pH and in buffered media with soluble salts of W
(NazWO0y), Ni (Ni(CH3C03),) and Co (Co(CH3CO5);,). The concen-
trations of soluble metal ions released from tungsten alloy pellets
incubated in media were used to set the doses for the for exposure
studies. By using metal concentrations that leached from the alloy
pellets, arealistic tissue level exposure scenario was created, result-
ing in better estimates of toxicity. Prior to microarray analysis, pilot
dose-ranging experiments identified the maximum tolerated con-
centration of the soluble metal salts. Metal concentrations were
maintained at sufficiently low levels to avoid overt cytotoxicity.
The results indicated little or no measureable toxicity was associ-
ated with acute exposure to tungstate, while nickel and cobalt had
varying degrees of toxicity.

2. Materials and methods
2.1. Reagents/chemicals

Metal salts were purchased from Sigma, (St. Louis, MO, USA):
10x PBS (D1408), sodium tungstate (379751), sodium acetate
(59929), nickel acetate (379883), and cobalt acetate (399973).
Test kits were purchased from Promega (Madison, WI, USA):
Multitox Cytotoxicity Assay (G9270), and Caspase Glo 3/7 Assay
(G8091). Tissue culture supplies (unless otherwise noted) were
purchased from Fisher Scientific (Pittsburg, PA, USA): Hyclone
molecular biology grade water (SH30538), Roswell Park Memo-
rial Institute (RPMI-1640) cell culture medium supplemented with
L-glutamine (SH30027FS), Neuronal Growth Factor (NGF) 2.5S
natural mouse (356004), rat tail Collagen I (CB-40236), 100x peni-
cillin/streptomycin solution (SV30010), equine serum (donor herd
defined and heat inactivated, SH3007403HI), fetal bovine serum
(FBS-heat inactivated, SH3008803HI), and nitric acid (PN A467-1
Optima grade). Buffer RLT (PN-79216) was purchased from Qiagen
(Germantown, MD, USA).

2.2. Mass spectrocopy

Tungsten alloy pellets (3 pellets in 3 mL of solution) were incu-
bated in distilled water, RPMI 1640 medium, or complete culture
medium (RPMI + glutamine, 10% equine serum, 5% FBS, 1x peni-
cillin/ streptomycin), for a total of 11 days at 5% CO5/37 °C. Aliquots
for analysis were taken on days 3 and 11 and stabilized in 2%
nitric acid prior to analysis. The concentrations of the metal salts in
the media used for the PC12 exposure experiments were sampled
before and after PC12 cell incubation. Analytical reference stan-
dards containing the elements of interest were purchased from
Spex Certiprep (Metuchen, NJ, USA). Samples were analyzed using
an Agilent 7500ce Inductively coupled Plasma-Mass Spectrome-
ter (ICP-MS). The Agilent ICP-MS was operated using the Octopole
Reaction System (ORS) in the Helium collision mode. The instru-
ment was calibrated using standards prepared in 2% nitric acid at
concentrations near the expected concentration range of the sam-
ples. Internal standards were added using a mixing tee prior to the
introduction of sample into the plasma. Continuing check standards
and blanks were run at a 10% frequency during the run. The lowest
analyzed calibration standard was 0.5 pg/L, which was defined as
the detection limit.

2.3. Cell culture

PC12 cell (a rat pheochromocytoma cell-line) stocks were a gift
from the laboratory of Fred Seidler (Duke University, NC, USA).
Cells were maintained according to previously published methods
[16,21,23]. Briefly, a frozen aliquot of cells was thawed and immedi-
ately transferred drop-wise to a collagen treated T-75 tissue culture

flask containing 25 mL of 37 °C complete media (RPMI + glutamine,
10% equine serum, 5% FBS, 1x penicillin/ streptomycin) and incu-
bated for 5 daysat 5% CO,/37 °C/100% humidity. The manufacturer’s
recommended coating procedure was used to treat the plates and
flasks with collagen. Adherent cells were collected, centrifuged for
5 min (300 RCF), washed via resuspension in RPMI, and centrifuged
as described above. The subsequent pellet of cells was resuspended
in complete media to a stock density of either 1 x 10° cells/mL for
experiments performed in 96-well plates or 2 x 106 cells/mL for
experiments performed in 12 well plates. Where appropriate, cells
were allowed to adhere to the plate surface in complete media prior
to inducing differentiation by replacing the complete media with
low serum supplemented medium (RPMI 1640 + glutamine, 1.4%
equine serum, 0.7% FBS, 1x penicillin/streptomycin) and adding
2.5 S NGF (60 ng/mL, final concentration). The negative controls for
differentiation were cultured in low serum medium without NGF.

2.4. Viability/cytotoxicity

For this study, the ratio of the individual metals used were equiv-
alent to the ratio of solubilized metals that were mobilized from
manufactured pellets (1 mm diameter x 2 mm) of weapons grade
tungsten alloy as measured by mass spectroscopy. The manufac-
turer specified the concentrations of W (91%), Ni (6%), and Co (3%).
The soluble ionic forms of the metal species were selected based
on the predominant oxidation state, and the acetate species were
selected for convenience: Tungsten as tungstate W042~ (sodium
tungstate), nickel as NiZ* (nickel acetate), and cobalt as Co* (cobalt
acetate). The non-toxic cation/anion was used as a parallel negative
control (i.e., sodium acetate).

PC12 cells were plated onto collagen coated 96 well plates at a
density of 2 x 10* cells/well and allowed to adhere overnight prior
to metal salt exposure in low serum-supplemented media. Cells
were incubated with metal salts (W =20 and 100 uM; Ni=10 uM;
Co=20 and 100 wM) or negative controls for 18 h. Hydrogen per-
oxide (H,0,, 1mM) was the positive control for cytotoxicity and
was added to specified wells for the final 4 h of the 18 h incubation.
The assays were performed in duplicate wells. The manufacturer’s
protocols for the detection of cytotoxicity using a luminescent end-
point (AAF-Glo™) and viability using a fluorescent endpoint (AFC)
were followed. Luminescence and fluorescence were detected
using a Synergy™ HT instrument. (AAF-Glo™ is a trademark of
Promega Corporation; Synergy™ HT is a trademark of BioTek
Instruments, Inc.).

2.5. Microarray expriment

The exposure experiment was performed on four independent
occasions to generate four replicates (N =4 for each condition) for
the microarray experiments. For each replicate, PC12 cells were
plated at a density of 2 x 10° cells/well in collagen treated 12
well plates and incubated for 24 h to allow for attachment in high
serum (10% equine/5% FBS) supplemented complete medium. The
complete media was then aspirated and replaced with low serum
medium containing the appropriate metal(s). NGF (60 ng/mL final)
was added to all wells except the negative control wells. The neg-
ative and positive control wells received sodium acetate (100 uM
final). Each test condition was performed in triplicate wells, which
were then pooled for microarray analysis. Cells were incubated for
24h (37°C/5% CO,) before collection of the cells. Adherent cells
were harvested by first chilling the plate on ice then aspirating the
media away from the attached cells. Adherent cells were dislodged
by adding 400 L of Buffer RLT to each well and incubating the plate
onice for 5 min followed by gently pipetting the cell/buffer mixture
across the well attachment surface three times. The cell mixture
was then transferred to a chilled microcentrifuge tube with tripli-
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a b
90 1
" C.Obalt Microgram per milliliter (ug/mL) metal concentration in microarray experiment dosing solutions.
80 1 Nickel Pre-incubation (+/- S.E.M.) Post-incubation (+/- S.E.M.)
70 | Tungsten Treatment W Ni Co W Ni Co
+NGF - - - 0.00 (0.00) | 0.03(0.01) | 0.01(0.00)
60 4 i -NGF - - - 0.00 (0.00) | 0.03(0.01) | 0.00 (0.00)
3 Eigﬁgiate 0.00 (0.01) | 0.04(0.02) | 0.00(0.00)
E l Ni 0.00(0.01) | 2.09(0.07) | 0.00(0.01) | 0.01(0.01) | 1.96(0.05) | 0.00 (0.00)
E 40 1 Co 0.00 (0.01) | 0.05(0.02) | 1.12(0.03) | 0.00 (0.00) | 0.03(0.00) | 1.01(0.01)
2 W 3.52(0.28) | 0.06(0.03) | 0.00(0.00) | 3.26 (0.05) | 0.09(0.03) | 0.00 (0.00)
30 1 Ni/Co -0.01 (0.01) [ 1.96 (0.05) | 1.02(0.02) | 0.00 (0.00) | 1.92(0.02) | 1.02(0.01)
20 | ! I Ni/w 3.47(0.07) | 2.20(0.05) | 0.00(0.00) | 3.30(0.07) | 2.08(0.03) | -0.01(0.00)
I Co/W 3.41(0.02) | 0.13(0.05) | 1.10(0.01) | 3.27(0.05) | 0.08 (0.03) | 1.05(0.01)
10 - [ Ni/Co/W 3.39(0.03) | 2.16 (0.06) | 1.06(0.01) | 3.25(0.05) | 2.06(0.04) | 1.03(0.01)
J . * NaAcetate was used as control solution for both Na and acetate ions in the NGF+ and NGF-
0 treatments. Thus the pre-incubation metal analyses were performed on the NaAcetate solution and the

Day 3 RPMI Day 3 Media Day 11 RPMI Day 11 Media

post-incubation equivilents were the NGF+ and NGF- samples.

Fig. 1. Metal analysis. (a) Leachate analysis from alloy pellets. The mean concentration (+SD) of leached soluble metals from three tungsten alloy pellets incubated for either
3 or 11 days in either RPMI or complete culture medium (Media). (b) Pre and post treatment concentration verification of metals (microarray experiment). The concentration
of metals in the treatment media before and after the 24 h PC12 cell incubation was measured. The nominal (calculated) concentrations were 1, 2 and 3 pg/mL Co:Ni:W, and
the averaged measured concentrations were 1, 2.1 and 3.4 pg/mL Co:Ni:W. In the text, the nominal exposures are used for consistency.

cate wells pooled into a single tube for each condition (final volume
approximately 1.2 mL per tube). The samples were stored at —80°C
until RNA extraction.

2.6. Microarray hybridization and scanning

40 Affymetrix GeneChip® Rat Genome 230 2.0 chips were
used for the experiment. As described above, each test condi-
tion (metal treatment) was performed in triplicate wells and the
cells from these triplicate wells were pooled at the time of col-
lection. For biological replicates, experiments were carried out on
four independent occasions, resulting in four Affymetrix chips per
test condition. RNA extraction and microarray processing were
conducted by Expression Analysis Inc. (Durham, NC, USA). Total
RNA was isolated from the cells using RNeasy (Qiagen) and the
quality of the RNA was assessed by an Agilent 2100 Bioanalyzer
(260/280 ratios >2.0), measuring the RIN score, and other inter-
nal metrics. cRNA was synthesized and subsequently hybridized to
the Affymetrix GeneChip Rat Genome 230 v.2.0 containing 31,042
probe sets using protocols that were previously established by
Expression Analysis Inc. (GeneChip® is a registered trademark of
Affymetrix, Inc.).

2.7. Microarray and probe set analysis

Raw “cell” data files were imported into JMP® Genomics 4.1,
log base 2 (log,) transformed, and merged with an experimental
design file for analysis. Interquartile (IQR) normalization was fol-
lowed by one-way analysis of variance (ANOVA) analysis (p=0.05)
using a False Discovery Rate (FDR) of 0.05. An ANOVA was first run
to compare the positive (ContP) and the negative (ContN) controls
only. A second ANOVA model was then run using the positive con-
trols (ContP) alone and the metal treatment combinations. Volcano
plots, showing the fold-change vs. the statistical significance of the
change for each probe, were generated by comparing treatments to
positive control. All volcano plots (with the exception of ContP vs.
ContN) were plotted on identical X and Y-axis scales for clarity. Lists
of significant genes from the ANOVA analysis were first saved as SAS
files, then exported to Excel as saved “.txt” files and finally imported
into Ingenuity® Pathway Analysis (IPA®) (Ingenuity Systems, Red-
wood City, CA, USA). Standard IPA analysis was applied to these
genes to generate the analytical reports shown. Asterisks indicate
genes that had more than one probe contributing to the analysis.

(JMP® is a registered trademark of SAS Institute, Inc.; Ingenuity®
and IPA® is a registered trademark of Ingenuity Systems, Inc.).

3. Results
3.1. Assessment of metal composition in alloy leachate

The data for the pellet leaching experiment are presented in
Fig. 1a. Over the experimental period of 11 days, the metals were
recovered from the physiological buffer (RPMI) or the complete
PC12 cell medium at an approximate ratio of 3:2:1 W/Ni/Co. Based
on our findings, the incubation ratios of metal ions for the microar-
ray were selected at 3:2:1. Although the percentage composition
of the alloy is 91:6:3 for W, Ni, and Co respectively, solubiliza-
tion is influenced by the two-phase composition of the alloy such
that the matrix is the main contributor of solubilized metals. Prior
work has established that the alloy used here has a matrix ratio
of 43:38:19—values that are more aligned to the measured 3:2:1
ratio found in animal models [19]. The concentrations of metals
in the treatments used for the microarray experiment were eval-
uated at the beginning and end of the incubation period to verify
the intended concentrations. The results of the treatment concen-
tration verification in the PC12 exposure media are presented in
Fig. 1b.

Cytotoxicity and viability screening for PC12 Cells Exposed to
Soluble Alloy Surrogates: commercially available cytotoxicity and
viability assays were used to screen the response of PC12 cells to
the metal treatments; the results are shown in Fig. 2(a and b.) The
endpoint measured with the cytotoxicity assay was compromised
membrane permeability (i.e., non-viable cells). The endpoint mea-
sured with the viability assay was intact cell membranes (i.e., viable
cells). Assessment of cell health uses both endpoints to determine
viability. When compared to the positive control (i.e., H>0,), the
data presented in Fig. 2 are consistent with the published findings
that cobalt acetate concentrations below 100 wM are not overtly
cytotoxic and nickel acetate at or below 10 wM is not overtly cyto-
toxic after an 18 h incubation. Additionally, the data show that
Na,WO4 was not cytotoxic at or below 100 wM. Reductions in cell
viability (Fig. 2b) were observed in PC12 cells treated with cobalt
above 20 wM (either with or without NGF) and tungstate at 100 M
(NGF treated cells only).

Based on the cytotoxicity and viability observations, a cobalt
concentration less than 20 wM was identified as suitable for the
microarray experiment since cytotoxicity was minimal (i.e., less
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Fig. 2. Cytotoxicity and viability screen of PC12 cells exposed to alloy surrogates. (a) Cytotoxicity. PC12 cells treated with and without NGF were exposed to selected
concentrations of soluble metal ions and incubated for 18 h in duplicate. The luminescent is reported as relative luminance units (RLU & SD). Negative control was 200 uM
sodium acetate. (b) Viability. PC12 cells treated with or without NGF were exposed to soluble metalions for 18 h in duplicate wells. The fluorescent signal was measured using
a plate reader and is reported as mean relative fluorescence units (RFU £ SD). In cells treated with NGF to stimulate differentiation, the cytotoxicity of PC12 cells exposed
to the metals was similar to the cells not treated with NGF. Exposure conditions that resulted in a greater than 20% loss in viability are indicated with an open diamond;
treatments that resulted in a greater than 60% loss in viability are indicated with closed diamonds.

than 20% non-viable cells and >80% viable cells) within the first 24 h
of exposure—the relevant time-frame for the microarray exper-
iment. The 3:2:1 wg/mL ratio W:Ni:Co identified in the leachate
experiment was used to set the Co value. The W and Ni concen-
trations were then defined as 3 and 2 pg/mL, respectively. These
wg/mL concentrations are equivalent to molarities of 16 uM W>*,
34 M Ni?* and 17 wM Co?*.

3.2. Microarray analysis

To capture transcriptional changes early in the differentiation
process, cells were exposed to the soluble metal surrogates for
24 h. Microarray results provided information on the global gene
response to exposure (using ANOVA). The list of the significant
genes (76) found in all treatments (ANOVA) is provided in Sup-
plementary Table 1. The differential expression of genes between
treatment groups (after False Discovery correction) was visualized
by volcano plots (Fig. 3a-h). At the 24h time-point, there were
1028 significant probes due to NGF treatment (ContP) as com-
pared to naive controls (ContN) while the additional change in gene
expression due to the presence of Ni, W, or W/Ni in cells exposed
to NGF (Fig.3b-d) was significantly less (76 probes) as compared
to the response due to NGF alone. The expression profile in cells
exposed to Co was marked by an increased expression of heme
oxygenase (HMOX1), which is a gene response biomarker to Co
[18] that remained a consistently high responder when Co was in
the mixture (Fig.3e and f, blue arrow). Significantly, cells exposed to
the combination of Ni/Co up- and down-regulated the same groups
of transcripts as did the triple metal exposed cells (Fig.3g and h),
indicating that W contributes little to the signature gene expression
profiles that were generated by Ni and Co. Increased expression of
metallothionein 1a (Mt1a) was observed as well.

3.3. IPA analysis

IPA uses a database of biological interactions and functional
annotations that are created from millions of modeled or exper-

Table 1
Top IPA identified genes and functions following NGF treatment for 24 h.

Log 2 ratio values of genes with largest change in expression compared to control

Up-regulated Down-regulated

EGR1 1.731 C50RF13 —0.835
DUSP6 1.378 NCALD -0.721
VGF 1.234 CA12 -0.617
CRH 1.227 RAMP1 —0.566
MMP10 1.203 ULK1 —0.529
SPRR1A 1.188 MT1F —0.525
MMP3 1.184 DIXDC1 -0.507
CGA 1.112 SCTR —0.501
SCN7A 1.097 PPP2R2B —0.491
S100A4 1.089 CXCR4 —0.486

imentally described molecular relationships to infer connectivity
and linkages (i.e., functional pathways). We examined the affected
pathways and systems due to NGF treatment (Tables 1 and 2). The
pathways identified were consistent with early changes in PC12
cell differentiation. Any additional changes due to specific metal
treatments could not be analyzed with IPA due to the low number
of significant probes in the metal treated cells. It should be noted
that IPA analysis depends on a large pool of genes (i.e., 100’s) for
robust interpretation of pathways; in this experiment, low num-
bers of significant genes (<100) may have somewhat weakened
interpretation of the pathway results.

The list of significant genes (77) that were found in all treat-
ments (ANOVA) is shown in Supplementary Table 1. The gene
lists were sorted for log2 fold-change and the relative profile of
fold expression is shown in Fig. 4. Treatments containing Ni and
Co caused the highest range of differential changes in expression
(with HMOX-1 being the highest). Tungsten treatments showed
little or no departure from baseline while Ni and Ni/W treatments
were similar to each other, indicating the response to Ni was not
affected by the presence of W. Cobalt or Co/W showed relatively
higher changes in expression than did Ni combinations. The largest
impacts were from treatments that contained Co combined with
Ni, while W had no impact either alone or in any combination with
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cutoff for the False Discovery Rate (FDR) analysis. Transcripts that are shared between the treatment scenarios are labeled green (down regulated) and red (up-regulated).
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Table 2

IPA functional and system assignments for PC12 cell response to NGF for 24 h.
Top molecular and cellular functions P-value # Molecules
Cellular assembly and organization 8.16 x 1076 —4.94 x 102 38
Cellular movement 9.71 x 10 6 -4.94 x 102 32
Cell-to-cell signaling and interaction 1.18x 1075 -4.94 x 102 28
Cell morphology 442 x 107> -3.91 x 102 31
Cell death 218 x 1074 -4.44 x 102 41
Top physiological system development and function P-value # Molecules
Nervous system 8.16 x 10°6-4.61x 1072 40
Renal/urological 128 x1074-3.39x 102 9
Tumor morphology 6.73 x 1074 -4.52 x 102 8
Hematological system 7.81x1074-4.52 x 1072 20
Immune cell trafficking 7.81x1074-3.58 x 102 11

Log , Fold-Change Relative to Control

Co

ssssss Nj

-0.8

Significant Gene Sorted List from Highestto Lowest

Fig. 4. Nickel and cobalt have additive effects on PC12 cell gene expression. 77 genes were identified as up or down regulated by alloy exposure. These data were plotted (left
to right) from high (increased expression) to low (decreased expression). No significant changes in expression were identified in the W (tungstate) only exposure while all
significant changes were identified in exposures containing Co (cobalt acetate). In co-exposures containing Co and Ni the expression pattern shifts in a manner that suggests

additivity.

the other metals. Overall, these data show an interaction between
Ni and Co that result in increased registry of significant genes.

4. Discussion

The goal of this study was to investigate the toxic and transcrip-
tional responses of PC12 cells in a manner that recapitulates an
in vivo exposure where alloy fragments would release constituent
metals. As such, the soluble ionic forms of the alloy were used and
the ratio of the constituents in physiological solutions was iden-
tified experimentally by incubating the solid alloy in media and
measuring the concentration of released metals over several days.
While the alloy consists of 90% tungsten by weight, the matrix,
from which almost all of the metals are leached, consists of 43%
tungsten [19] and this was reflected in the relative concentrations
of tungsten, cobalt, and nickel that leached from the pellets.

To test physiologically relevant responses, these leached con-
centrations were then used to derive the exposure conditions for
the microarray experiment. Additionally, prior to the microarray

experiments, the sensitivity of PC12 cells to the individual metal
ions were explored to avoid exposure of cells to metal ion concen-
trations that were acutely toxic. Although high levels of cobalt and
nickel were found in the serum of animals implanted with alloy pel-
lets [13], areview of the literature indicated that acceptable in vitro
exposure conditions were in the low micromolar range for both
cobalt and nickel [8,10,21,22,24,28]. In our dose-ranging experi-
ments, the low micromolar range was suitable, as it did not provoke
a strong cytotoxic response—an effect we wished to minimize as we
did not want apoptotic signals to overwhelm the transcriptional
profile. Additionally, we used mixtures of the alloy constituents to
examine the collective effect of Co, Ni, and W exposure.

Similar to other reports, our findings showed that Co and Ni
decreased cell viability [8,21] but had minimal acute cytotoxicity at
the concentrations used for the microarray study. For the microar-
ray experiment, the addition of NGF to the culture medium was
necessary to initiate neuritogenesis and, as expected, resulted in
dramatic increases and decreases in global gene expression. The
molecular pathways and cellular functions that were identified
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using IPA (e.g., cellular assembly, morphology and movement) were
consistent with the early changes involved in PC12 cells that were
stimulated to differentiate and undergo neuritogenesis. Further,
the top IPA pathway was nervous system development and func-
tion. Taken together, these results show that the PC12 cell model
was behaving as expected after NGF exposure.

While changes in gene expression due to the presence of the
metals were minimal when controlled for NGF, it was clear that
treatments that contained Co provoked more changes in gene
expression as compared to treatments that did not contain Co.
Cobalt, as cobalt chloride (CoCl,) is a known hypoxia-mimetic and
induces apoptosis in numerous cell types including rat glioma cells
[27]. Indeed, CoCl, is used as a positive control reagent for cel-
lular oxidative stress. Likewise, nickel exposure as NiCl, generates
intracellular reactive oxygen species that results in cytotoxicity [9].

The 77 significant transcriptional changes in the alloy treat-
ments were compared (Fig. 4). Nickel and Co might have had at
least an additive effect when dosed in combination as evidenced by
the fold-change shift in the Ni/Co treatment compared to the Ni and
Co treatments (Fig. 4). By comparison, W had a minimal effect on
PC12 cell gene expression at the time-point tested. Additionally, the
expression pattern of mixtures that included W (i.e., W/Co, W/Ni,
and W/Ni/Co) overlaid the expression pattern of the treatments that
did not contain W (i.e., W/Co = Co, W/Ni=Niand W/Ni/Co = Ni/Co). A
report by Bardack et al. [2] examined the transcriptional responses
to W/Ni/Co and W/Ni/Fe (iron) alloys in rodent myoblast cell lines
(L6 (rat) and C2C12 (mouse)). There were no correlations in the
expression profiles between the Bardack study and the results
reported here; however, there were substantial differences in the
concentrations used for the experiments. Principally, the dosing
design used here represented the ratio of alloy constituents that
solubilize from the pellet in aqueous solution (i.e., 3:2:1 W/Ni/Co),
while the study design reported by Bardack et al. represented the
ratio of alloy constituents, by weight (i.e., 91:6:3 W/Ni/Co), of the
pellet.

This study was designed to investigate early changes in neu-
ronal function as a result of alloy exposure; however, the results
have implications for the alloy’s potential to initiate tumors as well.
Although the gene set is small (76 genes), the coordinated changes
between treatments containing Co and/or Ni suggest that the PC12
cell response to metal cations (e.g., oxidative stress response) is at
least additive. Although the mechanisms of Co and Ni toxicity are
presumed independent —Co ions can stabilize the transcription fac-
tor hypoxia-inducible factor (HIF) and thereby mimic hypoxia [20]
while divalent Ni has been demonstrated to inactivate iron-and 2-
oxoglutarate dioxygenases involved in epigenetic regulation and
DNA repair [5]. When combined, both mechanisms may contribute
to tumorigenesis because of increased oxidative DNA damage and
areduced capacity to repair damaged DNA.

Tungsten alloys are used in such a manner that inhalation of
alloy dust or an embedment of alloy fragments is possible. Sub-
sequently, ionic species of the constituents may dissolve into the
surrounding tissues. These results suggest that the adverse effects
observed in tissues because of embedded tungsten alloy fragments,
will most likely occur from the Ni and/or Co content of the frag-
ments, whereas W will have minimal impact at these doses.
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