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1. Introduction
The chemical intermediate 1,3-dinitrobenzene (1,3-DNB) serves as a model toxicant for
acute energy deprivation syndromes that affect the central nervous system and lead to the
development of clinical symptoms dependent on the exposure amount and duration (Cody et
al., 1981; Philbert et al., 2000). Exposure to 1, 3-DNB causes symmetrical, bilateral
gliovascular lesions distinctive of the brainstem regions affected in other chemical-induced
mitochondrial encephalopathies, Leigh’s syndrome, and Wernicke’s encephalopathy
(Philbert et al., 1987). The primary cellular target in the initial phase of 1,3-DNB
intoxication are type 1 astrocytes found within the affected brainstem nuclei (Philbert et al.,
1987; Romero et al., 1996). Although the molecular mechanism that underlies the selective
nature of 1,3-DNB neurotoxicity is still undetermined, research findings support a
mechanism that includes, but is not limited to, metabolic perturbation through the inhibition
of pyruvate dehydrogenase and adenosine deaminase that could contribute to increased
reactive oxygen species (ROS) production, loss of the mitochondrial membrane potential
(ΔΨm) and induction of the mitochondrial permeability transition (MPT) (Romero et al.,
1995; Tjalkens et al., 2000; Miller et al., 2011; Wang et al., 2012). 1,3-DNB-induced
oxidative stress and mitochondrial dysfunction has also been linked to the oxidative
carbonylation of specific proteins distributed within different intracellular locations (Steiner
and Philbert 2011). Overall, these findings suggest that oxidative stress and altered enzyme
function, meditated through structural alteration, early in 1,3-DNB neurotoxicity may be
indicative of downstream metabolic derangement and the development of cellular
dysfunction.

The accumulation of proteins damaged by oxidative carbonylation is an established hallmark
of pathology observed within the nervous system, the detection of which has been routinely
used as an indication of increased oxidative stress within the cellular environment (Smith et
al.,1998; Aksenov et al., 2001; Castegna et al., 2002; Choi et al., 2003; Madian and Regnier
2011). Oxidative carbonylation alters protein structure and function through the irreversible,
selective modification of specific amino acid residues (Dalle-Donne et al., 2006; Nyström
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2005). Oxidative stress overwhelms cellular mechanisms of ROS scavenging which
increases the likelihood that susceptible proteins become structurally damaged by oxidative
carbonylation. Another factor that determines protein susceptibility to carbonylation is the
intracellular localization of a specific protein. Proteins located in close proximity to ROS-
generating mechanisms, such as the mitochondrial protein complexes that mediate aerobic
respiration, are prone to oxidative damage when metabolic disturbances lead to increased
mitochondrial ROS production (Gibson 2005; Sas et al., 2007). 1,3-DNB exposure
stimulates increased superoxide anion production that occurs prior to functional loss of the
ΔΨm (Steiner and Philbert 2011). This study demonstrated that exposure to 1,3-DNB
resulted in the oxidative carbonylation of specific protein targets prior to the development of
cellular manifestations of toxicity. The array of proteins oxidized during exposure to 1,3-
DNB demonstrate how neurotoxicity may develop through a pathway that includes, but is
not solely limited to, oxidation of mitochondrial proteins.

The purpose of the current study is to determine whether the pattern of 1,3-DNB-induced
protein carbonylation is unique to the mechanism of1,3-DNB neurotoxicity. This study was
designed as a comparative analysis using other neurotoxicants that disrupt energy production
through mechanisms that involve oxidative stress. Identifying whether protein carbonylation
exists in other chemical-induced mechanisms of cellular toxicity may help elucidate 1)
specific targets of protein carbonylation that drive the development of 1,3-DNB
neurotoxicity or 2) if protein carbonylation exists as a nonspecific outcome related to
increased ROS production. The other neurotoxicants included in this study are 3-
chloropropanediol (3-CPD) and 3-nitropropionic acid (3-NPA). 3-CPD is a metabolite of α-
chlorohydrin and has been used as a model of chemical-induced energy deprivation
syndromes (Cavanagh and Nolan 1993; Willis et al., 2004; Brown et al., 2011). 3-CPD
targets Type 1 brainstem astrocytes and likely disrupts cellular function through alterations
in redox state that promote increased oxidative stress (Skamarauskas et al., 2007). 3-NPA
disrupts mitochondrial function through the suicide inhibition of succinate dehydogenase
and increased formation of ROS, in addition to promoting the formation of protein
carbonylation in vivo (La Fontaine et al., 2000; Phelka et al., 2003; Huang et al., 2006;
Sandhir et al., 2010).

We identified and implemented the use of subtoxic concentrations of each chemical that did
not induce significant reductions in cellular viability, but would result in perturbations of
mitochondrial function. By using subtoxic concentrations of each toxicant, our goal was to
increase the likelihood of successfully identifying specific molecular targets of oxidative
carbonylation that could potentially be masked during the onset of terminal pathological
mechanisms that incorporate substantial increases in oxidative stress, leading to widespread
protein oxidation (Bizzozero et al., 2006; Dasgupta et al., 2012). Identifying the ideal
subtoxic concentrations for use in this study was performed by conducting concentration-
dependent analyses over a 48 hour exposure period using a MTS-based cellular viability
assay. Analysis of mitochondrial function was performed using the fluorescent probe,
TMRM. 2D PAGE followed by immunodetection was used to detect protein carbonylation
in response to toxicant exposure. Carbonylated proteins were then identified using tandem
mass spectrometry. The results of this study demonstrated that exposure to subtoxic
concentrations of 1,3-DNB, 3-CPD, and 3-NPA toxicant resulted not only in concentration-
dependent mitochondrial dysfunction, but also identified patterns of protein carbonylation
that contained targets of oxidative carbonylation conserved among each treatment group
along with specific proteins identified only within certain treatment groups.
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2. Materials and Methods
2.1. Chemicals

Cell culture media and additional cell culture materials were obtained from Gibco
(Invitrogen, Carlsbad, CA). The CellTiter 96 MTS assay was obtained from Promega
(Madison, WI). The flurorescent probe, TMRM, was obtained from Molecular Probes
(Invitrogen Eugene, OR). Oxyblot immunodetection materials were obtained from
Chemicon (Millipore, Billerica, MA). Secondary antibodies, 2D Clean-Up kits, and
Destreak rehydration buffer were obtained from GE Healthcare (Piscataway, NJ). IPG
Readystrips and 12% Tris-HCl Readygels were obtained from Bio-Rad (Hercules, CA). The
BCA protein quantification reagents were obtained from Pierce (Thermo Scientific,
Rockford, IL). PVDF membranes used for immunoblotting were obtained from Millipore
(Billerica, MA). All remaining reagents were of analytical grade and were obtained from
Sigma-Aldrich (St. Louis, MO).

2.2. Cell Culture
DI TNC1 cells were obtained from the American Type Culture Collection (ATCC). The DI
TNC1 cell line was established from cultured, type 1 astrocytes originating from 1-day old
rat brain diencephalon tissue (Radany EH et al., 1992). Cells were maintained in a
humidified incubator at 37°C in an atmosphere of 5% CO2. DMEM containing 4.5 g/L D-
glucose, L-glutamine, 10% fetal bovine serum, and 1% penicillin-streptomycin-glutamine
mixture was the media used for maintenance of cell growth. Cell culture passages 5 through
25 were used for all experiments.

2.3. MTS assay
The CellTiter 96 cell proliferation assay was used to measure concentration-dependent
deficits in metabolic activity of DI TNC1 cells exposed to concentrations of 1,3-DNB, 3-
NPA, and 3-CPD within a 48-hour time period. The CellTiter 96 quantifies cellular
proliferation, via colorimetric measurement, using a solution that contains a tetrazolium salt
which is converted into formazan by cellular dehydrogenases within viable cells. DI TNC1
cells were cultured at a density of approximately 5000 cells/well in a 96-well tissue culture
plate. Cultures were allowed to proliferate for 48 hrs, without reaching full confluence,
before addition of 1 µM, 10 µM, 100 µM, 500 µM, and 1 mM concentrations of 1,3-DNB, 3-
NPA, and 3-CPD in DMEM containing 10% FBS and 1% PSG. After each 48 hr exposure
period, the media from each well was replaced with equivalent volumes of serum-free,
phenol-free DMEM containing 20 µL MTS/PMS solution/ well. After 1.5 hr of incubation,
formazan production was measured at an absorbance of 490 nm in a Gemini SpectraMax
spectrophotometer (Molecular Devices, Sunnyvale, CA). The mean absorbance
measurements from four independent experiments per exposure group were graphed as
percentages ± SEM of the DMSO (v/v) control.

2.4. Laser Scanning Confocal Microscopy
Confocal microscopy was used to study the effect exposure to either 1,3-DNB, 3-NPA, and
3-CPD had on DI NTC1 mitochondrial function. DI TNC1 cells were grown on 22 mm
round, glass coverslips and treated with 1 µM, 10 µM, and 100 µM concentration of each
chemical for 48 hrs, using DMSO (%0.05 v/v) as a vehicle control. Subsequent to each
exposure period, ΔΨm was measured by incubating the cells in 20 mM HBSS/HEPES
buffer containing 500 nM TMRM for 15 min at 37°C. To determine whether limiting
oxidative stress could prevent loss of ΔΨm, DI TNC1 cells were pretreated with 600 µM
deferoxamine for 20 minutes before incubation with each toxicant. After individual groups
of treated cells were incubated in buffer solution containing TMRM, the coverslips were
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placed in a heated stage for live-cell imaging analysis. Confocal analysis was conducted
using an Olympus Fluoview/FV300 in combination with an inverted Olympus IX-70
microscope. The confocal microscope was fitted with an arrangement of Argon and HeNe
lasers (Melles Griot) with parameters for the TMRM probe set for excitation at 543 nm and
peak emission at 576 nm. Images were captured using a 60x oil immersion lens at an
exposure rate of 2.41s/scan in order to limit photobleaching of the dyes. Approximately 2%
of the maximum laser intensity was used for analyzing TMRM fluorescence. Mean
fluorescence intensities from three independent experiments, ∼ 8–10 cells per experiment,
were measured using Adobe Photoshop and graphed using Microsoft Excel.

2.5. Protein Sample Preparation
DI TNC1 cells were grown to <90% confluence in 75 cm² flasks and exposed to 100 µM
concentrations of 1,3-DNB, 3-NPA, and 3-CPD for 48 hrs. After exposure, protein samples
were isolated from each exposure group using a protocol based upon the MITOISO1
isolation kit (Sigma-Aldrich). Oxyblot analysis was conducted using three separate
biological replicates per treatment group, consisting of protein isolated from pooled cells
derived from 6–7 flasks/treatment. Cells were homogenized using a teflon tissue grinder and
glass pestle in 10 volumes of extraction buffer that contained 2 mg/ml bovine serum
albumin. The extraction buffer used was composed of 220 mM mannitol, 70 mM sucrose,
0.5 mM EGTA, and 2 mM HEPES at a final pH of 7.4. The homogenate was transferred to a
15 ml conical tube and centrifuged at 500 × g for 5 minutes. The supernatant was then
removed, centrifuged at 11000 × g, and the pellet resuspended in extraction buffer.
Resuspension in extraction buffer occurred two more times so as to thoroughly wash the
pellet. Once the protein pellet was resuspended in storage buffer containing 10 mM, HEPES,
250 mM sucrose, 1 mM ATP, 0.08 mM ADP, 5 mM sodium succinate, 2 mM K2HPO4, and
1mM DTT, a protease inhibitor cocktail was added to each sample before protein
concentrations were quantified using the BCA Protein Assay kit. Fresh protein samples were
used for each experiment presented in this study. The remaining protein samples were
placed in storage at −80°C.

2.6. Two-dimensional (2D) gel electrophoresis
Aliquots of sample containing approximately 70 µg of protein were prepared for both
SYPRO ruby staining and detection of protein carbonyls through Oxyblot analysis. Protein
samples designated for Oxyblot analysis were derivatized for approximately 15 minutes at
room temperature in a 1x dinitrophenylhydrazine (DNPH) solution freshly prepared each
time from a stock solution provided for in each Oxyblot immunodetection kit. This reaction
occurs when the carbonyl groups found on protein side chains react with DNPH form 2,4-
dinitrophenylhydrazone, the chemical derivative that is detected using subsequent
immunoblot analysis. Excess salts and other impurities were removed from each set of
samples using a 2-D Clean-Up kit. Protein precipitates were incubated in wash buffer for
approximately an hour prior to centrifugation at 12,000 × g for 5 min. Once the wash buffer
was removed, 200 µl Destreak rehydration buffer containing 2.5 µL/mL IPG buffer, pH 3–
10, was added to the protein pellet. The pellet was centrifuged at 12,000 × g in order to
remove residual insoluble material that might hinder isoelectric focusing. Each sample was
then added to a ReadyStrip IPG Strip 7 cm, pH 3–10. The IPG gel strips were actively
rehydrated, overnight, in the IEF focusing tray of the Protean IEF cell at an electric current
of 50 µA/IPG strip at a temperature of 20°C. Isoelectric focusing was performed, also
overnight, using a voltage of 4000 V for a minimum of 20,000 Vh at 20°C. Prior to second
dimension separation, the IPG strips were equilibrated for approximately 30 min in 0.375 m
Tris-HCl (pH 8.8) buffer containing 6 M urea, 2% SDS, 20% glycerol, and 2% (w/v)
dithiothreitol. The IPG strips were then placed on ReadyGels 12% Tris-HCl in Mini-Protean
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III systems for electrophoresis. For the second dimension separation, the gels were run at a
constant voltage of 100 V for approximately 1.45 h.

2.7. SYPRO Ruby staining
Gels were fixed in 50% methanol and 7% acetic acid twice, each for 30 min. Approximately
60 ml of SYPRO stain was added after the fixative was removed and the gels were stained
overnight at room temperature. The gels were then washed in 10% methanol and 7% acetic
acid and visualized in a Fujifilm FLA-5000 imaging system using Image Reader software.

2.8. Western Blot Analysis
2D gels designated for Oxyblot analysis were transferred to PVDF membranes. The PVDF
membranes were exposed to blocking buffer for 45 min and subsequently incubated
overnight at 4°C in rabbit primary antibody specific to 2,4-dinitrophenylhydrazone (1:150).
After removal of the primary antibody, the membranes were then washed 4 times, using
TBS-T each time for a total for 5 minutes/wash. Membranes were then incubated in TBS-T
containing an anti-rabbit, alkaline phophatase-labeled secondary antibody (1:10000), used
for ECF-based immunodetection for approximately 1 hour at room temperature. After
incubating the membranes in buffer containing secondary antibody, the membranes were
again washed for a period of at least 2 hours prior to visualization. Images of the membranes
were captured using the Fujifilm FLA-5000 imaging system and Image Reader software.

2.9. Tandem Mass Spectrometry
LC/MS/MS analysis and protocol were provided by the Michigan Proteome Consortium
(www.proteomeconsortium.org). Images of both the SYPRO Ruby stained 2D gels and 2D
Oxyblots were overlaid on one another and carbonylated proteins were matched with protein
spots from the 2D gels for excision followed by mass spectrometric analysis. Serum albumin
(2 mg/ml) was added to the protein isolation in order to remove excess lipids from the
isolate and act as a reference protein marker, in order to aid in spot matching which was
performed manually with aid of our colleagues at the Michigan Proteome Consortium.
Electrophoretically separated proteins contained within gel plugs excised from each gel
using the MassPrep robot were digested with trypsin. Target peptides were extracted from
the gel plugs with 30 µl of 2% acetonitrile 0.1% TFA. 5 µL of MALDI matrix was added to
each extract and the extracts were dried using a Speed Vac. The peptides were dissolved in 5
µl of 60% ACN 0.1% TFA. An aliquot of each sample was spotted onto a MALDI target for
MS/MS analysis. Protein identification was accomplished by our colleagues at the Michigan
Proteome Consortium using the ProteinPilot search engine (Applied Biosystems),
incorporating the use of the MASCOT search engine, along with the aid of the ProGroup
algorithm and the International Protein Index (IPI) database. Each table contains identified
protein is accompanied by an Unused ProtScore and a confidence value, expressed as a
percentage, representing the confidence with which a peptide was identified. The Unused
ProtScore is directly related to the confidence value of protein identification and is
calculated using the number of identified peptide sequences that have not been assigned to
other, higher scored proteins. The utility of this is that once a peptide spectrum has been
used to support a particular protein’s identification, that particular peptide spectrum can no
longer be used to support the identification of any other proteins.

2.10. Statistical Analysis
MTS reduction data was expressed as mean ±SEM % DMSO control and compared using
one-way ANOVA followed by a post-hoc Dunnett’s test, with p < 0.05 representing
significance difference between means. Confocal microscopy data was expressed as the
mean of the observed fluorescence intensity ±SEM. Data from fluorescent images was also
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compared using one-way ANOVA followed by a post-hoc Dunnett’s test, with p < 0.05
representing a significant difference between the means. Statistical analysis was conducted
using Graphpad Instat software (Version 3.05).

3. Results
3.1. Concentration-dependent analysis of metabolic activity in DI TNC1 cells exposed to
1,3-DNB, 3-NPA, and 3-CPD

Concentration-dependent metabolic activity in DI TNC1 cells exposed to each toxicant for
48 hours was analyzed according to MTS reduction (Figure 1). Cells exposed to 1,3-DNB
for 48 hrs exhibited a concentration-dependent loss in metabolic activity, culminating at the
1 mM concentration (∼48% DMSO control). Although a concentration-dependent trend was
not observed, some loss in metabolic activity occurred in DI TNC1 cells exposed to 10 µM,
500 µM, and 1mM 3-NPA. The largest decrease in metabolic activity was observed in the
1mM 3-NPA treatment group (∼78% DMSO control). However, the decreases in metabolic
activity observed after exposure to each of these concentrations were not statistically
significant. Cells exposed to 3-CPD for 48 hours exhibited no change in metabolic activity.

3.2. Concentration-dependent analysis of mitochondrial function in DI TNC1 cells exposed
to 1,3-DNB, 3-NPA, and 3-CPD

Maintenance of the ΔΨm in DI TNC1 cells exposed to 1,3-DNB, 3-NPA, and 3-CPD over
48 hour periods was assessed using the fluorescent dye, TMRM. In order to study
concentration-based thresholds of mitochondrial dysfunction using subtoxic concentrations
of each toxicant, the concentration of each toxicant used in this portion of the analysis
represent values below the cutoff concentration required to induce statistically significant
metabolic deficits and changes in cellular morphology (unpublished data) over an exposure
period of 48 hours. The concentrations used during this portion of the study were 1 µM, 10
µM, and 100 µM of each neurotoxicant. Statistically significant, concentration-dependent
loss of TMRM fluorescence occurred in all treatment groups during the 48 hr exposure
period when compared to the DMSO control (Figure 2). Deferoxamine (600 µM) was used
to determine if antioxidant pretreatment could protect cells against oxidative stress-induced
mitochondrial dysfunction and was shown to protect against statistically significant loss of
TMRM fluorescence in each treatment group, except cells treated with 100 µM of either
toxicant and 10 µM of 1,3-DNB (Figure 3).

3.3. Immunodetection and tandem mass spectrometric detection of protein carbonyls in DI
TNC1 cells exposed to 1,3-DNB, 3-NPA and 3-CPD

We previously demonstrated that exposure to 1,3-DNB resulted in the carbonylation of
specific DI TNC1 proteins (Steiner and Philbert 2011). As was our approach in the previous
study, 2D Oxyblot analysis followed by tandem mass spectrometry was the method used to
identify targets of protein carbonylation in toxicant-treated DI TNC1 cells. The
concentration selected for analysis of protein carbonylation was 100 µM of each toxicant
since cells exposed to this particular concentration for 48 hours resulted in statistically
significant perturbation of mitochondrial function without complete loss of the ΔΨm and no
significant disruption in metabolic capacity.

2D Oxyblot analysis revealed that specific proteins were sensitive to 100 µM 1,3-DNB, 100
µM 3-CPD, and 100 µM 3-NPA-induced carbonylation after 48 hours of exposure (Table 1,
Table 2, Table 3, respectively). In addition, Oxyblot analysis for each treatment group
revealed that not all proteins within a 2D gel exhibit anti-2,4-dinitrophenylhydrazone
immunoreactivity, emphasizing the selective nature of protein carbonylation within each
1,3-DNB, 3-CPD, and 3-NPA treatment. The carbonylation patterns observed in each
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treatment group were similar to each other with respect to the region of the gel within which
each carbonylated proteins migrated. Most of the carbonylated proteins appeared within a PI
range of approximately 4–7 and a mass range of 50–70 kDa. However, there were
differences in the number of carbonylated proteins identified within each separate treatment.
LC/MS/MS analysis revealed that calreticulin precursor, reticulocalbin-3, actin, and the
serum albumin marker were carbonylated in the 1,3-DNB and 3-CPD treatment groups.
Carbonylated proteins also identified in the 1,3-DNB exposure group included F1-ATP
synthase beta-subunit and protein disulfide isomerase. Additional carbonylated proteins
identified in the 3-NPA exposure group included Grp78 glucose-regulated protein, tumor
rejection antigen gp96, 40S ribosomal protein SA, and a member of the pumilio-family
RNA-binding proteins, D19Bwg1357e (Kuo et al., 2009).

4. Discussion
This study demonstrated how exposure to each of the three neurotoxicants tested led to the
formation of specific carbonylated proteins in DI TNC1 cells. DI TNC1 cells exposed to
1,3-DNB and 3-NPA exhibited concentration- dependent decreases in metabolic activity
over a 48-hour exposure period and cells exposed to subtoxic concentrations of each of the
three toxicants for 48 hours induced concentration-dependent decreases in TMRM
fluorescence, signifying partial loss of Δψm. Pretreatment with the antioxidant,
deferoxamine, provided some protection against loss of TMRM fluorescence in cells
exposed to the lowest concentrations of each toxicant and in the treatment groups exposed to
midrange (10 µM) concentrations of 3-NPA and 3-CPD. Exposure to 1,3-DNB, 3-NPA, and
3-CPD each resulted in a somewhat conserved pattern of protein carbonylation, suggesting
that some proteins are inherently susceptible to oxidative carbonylation regardless of the
oxidizing mechanism. However, additional proteins carbonylated during exposure to 1,3-
DNB and 3-NPA suggest that downstream cellular toxicity may develop through alternative
molecular pathways mediated by oxidative stress in situations involving specific toxic
insults.

The MTS cellular viability assay granted us the means by which subtoxic concentrations of
each toxicant could be identified and used in subsequent analyses of mitochondrial function
and protein carbonylation. Unlike the concentration-dependent analyses of 1,3-DNB and 3-
NPA, exposure to increasing concentrations of 3-CPD for 48-hours did not result in either
statistically significant or non-significant loss of metabolic activity. This particular finding
may be explained by the concentration of toxicant and model cell line used in this study.
Skamarauskas et al., 2007 demonstrated that the regional susceptibility of astrocytes to 3-
CPD intoxication is at least, in part, due to the bioactivation of 3-CPD to a reactive
monoaldehyde occurring in vulnerable brainstem nuclei. This study demonstrated that
proliferating astrocytes, of neocortical and brainstem origin, and differentiated brainstem
astrocytes are the most sensitive to 3-CPD intoxication. One implication from this work is
that the relative resistance to 3-CPD-induced toxicity demonstrated by DI TNC1 cells may
result from a cell-specific lack of the necessary enzymatic capacity for bioactivating 3-CPD
to its toxic monoaldehyde intermediate. In addition, the cell viability studies conducted by
Skamarauskas et al., 2007 demonstrated that significant loss within susceptible astrocyte
populations did not occur until cells were exposed to concentrations of 3-CPD that exceeded
1mM for greater than 24 hours. It is possible that although the 48 hr exposure period used in
our analysis was an appropriate time point for inducing outright toxicity, the concentrations
of 3-CPD implemented were likely not enough to induce outright loss of cellular viability.
Of note, a burst of formazan production was observed in the treatment groups exposed to
100 µM 3-NPA. Considering this increase was not statistically significant, it represents a
possible increase or no change in metabolic activity when compared to the vehicle control.
This is, however, an anomalous finding since the 10 µM and 500 µM 3-NPA treatment

Steiner et al. Page 7

Neurotoxicology. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



groups both demonstrated loss in metabolic activity. It is especially intriguing considering
that 1 µM , 10 µM , and 100 µM of 3-NPA caused a concentration-dependent loss of Δψm,
as demonstrated by decreasing TMRM fluorescence in exposed DI TNC1 cells (Figure 2).
Review of the data from each individual MTS trial at this particular 100 µM 3-NPA
concentration revealed no obvious outliers that might have otherwise skewed the mean.
Given that the observed decreases in MTS reduction upon exposure to 3-NPA at any
concentration were not statistically significant, future MTS analysis will include more trials
for each concentration in order to confirm whether a statistically significant concentration-
dependent decrease in function exists at these concentrations and whether the burst of
formazan production observed at 100 µM 3-NPA is truly an anomaly.

We observed that treatment with 1 µM, 10 µM, or 100 µM of either 1,3-DNB, 3-NPA, or 3-
CPD over the course of 48 hours did not cause any significant reductions in cell viability.
However, these concentrations were capable of inducing partial, yet statistically significant,
loss of TMRM fluorescence in a concentration-dependent manner for each chemical tested
during a 48 hr exposure period when compared to the vehicle control. Mitochondrial
function can be disrupted at subtoxic concentrations of each neurotoxicant without affecting
cell viability. This lends credence to the idea that constant exposure to low concentrations of
these toxicants can ultimately result in cellular injury mediated through mechanisms that
cause a breakdown in cellular energy by causing disruption of mitochondrial function. In
order to determine whether oxidative stress contributed to loss of the ΔΨm, the antioxidant,
deferoxamine, was administered to DI TNC1 cells prior to the addition of each toxicant.
Pretreatment with deferoxamine prevented loss of TMRM fluorescence in almost all of the
treatment groups except those in which the highest concentration of each toxicant was
applied. These findings lend support to the conclusion that increased ROS production play a
mechanistic role in the development of mitochondrial dysfunction upon exposure to each
neurotoxicant. Additionally, it is likely that ROS production increases in concentration-
dependent manner given that deferoxamine exerted its protective effect only when the
smallest and midrange concentrations of each toxicant were used. Previous work from our
lab demonstrated that a higher concentration (1 mM) of 1,3-DNB resulted in oxidative
stress-mediated mitochondrial injury after only a few hours of exposure, in a time-dependent
manner (Steiner and Philbert 2011). Coupled with the results from the present study, 1,3-
DNB’s deleterious effect on DI TNC1 mitochondria appear to be both concentration and
time-dependent given that smaller concentions of 1,3-DNB also led to mitochondrial
dysfunction, but that these effects were appreciated after 48 hours of exposure to 1,3-DNB
rather than after only a few hours. An interesting finding within the current study is how
exposure to subtoxic concentrations of1,3-DNB, 3-NPA, and 3-CPD all led to a similar
concentration-dependent loss of the ΔΨm. What this may represent is that each manner of
chemical-induced toxicity represented in this study may indirectly affect normal
mitochondrial function through a mechanism that involves enhanced ROS production, even
though distinct mechanisms of toxic action cannot be ruled out.

Certain proteins were identified as common targets of oxidative carbonylation within each
group of cells exposed to either 1,3-DNB, 3-CPD, or 3-NPA. Calreticulin, reticulocalbin-3,
actin, and serum albumin were the only carbonylated proteins identified within the 3-CPD
treatment group. In addition to the aforementioned proteins, the F1-ATP synthase beta-
subunit and protein disulfide isomerase were carbonylated after exposure to 1,3-DNB and 3-
NPA. Exposure to 3-NPA also resulted in the carbonylation of Grp78, tumor rejection
antigen gp 96, and D19Bwg1357e. The results presented in this study are the first to offer a
comparison between the 1,3-DNB-induced pattern of oxidative carbonylation with patterns
of oxidative carbonylation resultant from exposure to other neurotoxicants. Several of the
proteins identified were previously identified as targets of oxidative carbonylation resulting
from oxidative damage associated with various forms of neuropathology including
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Alzheimer’s disease, age-associated oxidation, and experimental autoimmune
encephalomyelitis (Bizzozero et al., Choi et al., 2003; 2008; Prokai et al., 2007; Rabek et al.,
2003; Smerjac et al., 2008; Temple et al., 2006). In addition, all of the carbonylated proteins,
with the exception of D19Bwg1357e, reticulocalbin-3, and the 40S ribosomal protein SA,
were identified in a previous analysis of 1,3-DNB-induced protein carbonylation (Steiner
and Philbert 2011). This group of proteins includes proteins that are integral to the ER stress
response, cytoskeletal structure, and mitochondrial function. These results suggest that this
particular collection of carbonylated proteins carry an inherent susceptibility to increased
levels of oxidative stress, regardless of the toxic insult. Though this study was designed to
address patterns of toxicant-induced protein oxidation, the next logical series of experiments
should not only include determining the amount of ROS produced from exposure to each
toxicant, but also the level of carbonylation that each toxicant induces on individual proteins
so that protein carbonylation can be analyzed from a quantifiable standpoint rather than
solely a qualitative one. Future studies designed to quantify toxicant-induced ROS
production and protein-specific carbonylation levels may identify a relationship between
specific toxicants that lead to more robust generation of ROS and greater levels of protein
carbonylation.

That carbonylation of these rather small, yet select, groups of proteins suggestively implies
how a shared pathway to cellular injury may involve a mechanism of non-specific damage
mediated by increased levels of ROS. For example, one particular protein that was a focus of
discussion in our previous study and was again identified in this study as a target of protein
carbonylation is the F1-ATP synthase beta-chain subunit. Not only is the beta-subunit a
known target of protein carbonylation, but this is the second time that our lab has been able
to report how 1,3-DNB exposure leads to the oxidative carbonylation of this particular
mitochondrial protein (Dihazi et al., 2005; Prokai et al., 2007; Je et al., 2008; Steiner and
Philbert 2011). The F1-ATP synthase beta-subunit’s susceptibility to oxidative modification
is further enhanced in this study by appreciating how the beta-subunit was also identified as
a target of 3-NPA-mediated protein carbonylation. The identification of the F1-ATP
synthase beta-subunit as a common target of both 1,3-DNB and 3-NPA-induced protein
carbonylation illustrates how a common pathway to cellular injury may be mediated by non-
specific oxidative damage to select proteins. This finding is even more intriguing when one
considers that the toxicity elicited by 3-NPA and 1,3-DNB are thought to be, at least in part,
due to mitochondrial injury, whereas recent evidence has demonstrated that 3-CPD likely
exerts its neurotoxic effect by disrupting redox status in susceptible cells by depleting
glutathione reserves and inhibiting glutathione-S-transferase (Skamarauskas et al., 2007). A
potential shared mechanism by which both 1,3-DNB and 3-NPA disrupt mitochondrial
function is through the inhibition of succinate dehydrogenase. 3-NPA is a recognized
inhibitor of succinate dehydrogenase that causes electron chain dysfunction, loss of ΔΨm,
ROS production and protein carbonyl formation (Gould et al., 1985; Brouillet et al., 1998;
La Fontaine et al., 2000; Sandhir et al., 2010). Phelka et al., 2003 demonstrated that
exposure to 1,3-DNB also inhibited succinate dehydrogenase activity in cortical and
brainstem mitochondria in a side-by-side comparison with 3-NPA.This does not, however,
rule out the presence of other toxicant-specific molecular targets that are involved in the
cascade of events that ultimately leads to cellular injury.

An observation to note is how exposure to each toxicant resulted in specific patterns of
carbonylation that included some, but not all, of these previously identified proteins. Our
previous study demonstrated that exposure to the vehicle control alone and negative control
samples that lacked the proper epitope for primary antibody binding resulted in some
background signal intensity (vehicle control) or a complete lack of carbonylation signal
(negative control) (Steiner and Philbert 2011). This finding supports the assertion that any
observed differences regarding the presence or absence of certain carbonylated proteins may
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be due to the particular toxicant exposure itself. Another important consideration regarding
the results of this study that was initially discussed in previous work is how relatively few
proteins were identified as targets of oxidative carbonylation when compared to the overall
number of proteins present in a DI TNC1 cell’s proteome; an observation made apparent by
simply comparing an immunoblot with its corresponding 2D gel. This consistent finding
might be explained by one of multiple reasons that include how only the most
oxidationsensitive proteins are carbonylated at the toxicant concentrations used, that
carbonylation stimulates proteasomal degradation of oxidized proteins, or that protein
carbonyl formation may be dependent on molecular weight given that the majority of the
carbonylated proteins identified in the current study were distributed among a mass range of
50–70 kDa (Floor and Wetzel 1998; Ceccarini et al., 2007; Tengowski et al., 2007). A recent
study surveying current methods of detecting carbonylated proteins using immunoblotting
discussed how derivatizing proteins with DNPH after electrophoresis resulted in the
detection of more carbonyl-modified proteins than if one were to derivatize proteins prior to
electrophoresis (Linares et al., 2011). Though this alternative technique may enhance
detection of carbonylated proteins, in situ derivatization within the gel may result in more
background artifact that could muddle reproducibility between replicate gels. Still, given
that all of our analyses up to this point have implemented derivatization of protein samples
prior to electrophoresis, it might be worth exploring this method as an alternative
immunoblotting technique in order to optimize detection sensitivity. In addition, future
experiments will also incorporate the use of a fluorescent tracking dye, such as SYPRO
Tangerine, in order to confirm the efficacy with which individual proteins were transferred
from the 2-D gel to the PVDF membrane.

In summary, this study provides important new insight into how protein carbonylation may
mediate the neurotoxicity of 1,3-DNB and other neurotoxicants that target mitochondrial
function through oxidative stress. This report is the first to compare the macromolecular
targets of oxidative carbonylation between 1,3-DNB-induced neurotoxitcity and other forms
of chemical-induced neurotoxicity. These findings provide evidence supporting the notion
that although different forms of chemical-induced neurotoxicity may share common
molecular pathways that lead to similar pathology within the nervous system, such as
alterations within the structure of key proteins, cellular toxicity is likely dictated by a
collection of different molecular changes occurring within specific cellular subtypes. Future
studies intent on testing how protein function is altered when the structures of these specific
proteins are modified through carbonylation need to be designed in order to assess whether
the oxidative modification of individual proteins, select group of proteins, or some other as
of yet undetermined mechanism not related to oxidation-induced structural changes
contribute to the mitochondrial dysfunction and cellular injury observed in chemical-
induced models of energy deprivation.
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• Subtoxic concentrations caused mitochondrial dysfunction without affecting
viability

• Each neurotoxicant led to concentration-dependent decreases in TMRM
fluorescence

• The antioxidant, deferoxamine, protected against loss of TMRM fluorescence

• Exposure to 100µM of each toxicant led to similar patterns of protein
carbonylation

Steiner et al. Page 14

Neurotoxicology. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Steiner et al. Page 15

Neurotoxicology. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Concentration-dependent decrease in MTS reductive capability of DI TNC1 cells exposed to
1,3-DNB, 3-CPD, and 3-NPA over a 48 hr period. Data is expressed as % DMSO control ±
SEM (n=4) with statistical significance (*) if p < 0.05.
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Figure 2.
Concentration-dependent loss of ΔΨm in DI TNC1 cells measured over a 48 hr period using
confocal microscopy. DI TNC1 cells were loaded with TMRM for 15 minutes after
exposure to DMSO vehicle control and 1 µM, 10 µM, or 100 µM concentrations of 1,3-
DNB, 3-NPA, or 3-CPD. Changes in TMRM fluorescence after a 48 hr exposure to each
toxicant were measured and graphed as linear arbitrary units (LAU) in three independent
experiments (8–10 cells per experiment). Values are expressed as mean ± SEM with
statistical significance if p < 0.05 when compared to DMSO vehicle control (*).
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Figure 3.
Concentration-dependent loss of ΔΨm in DI TNC1 cells measured over a 48 hr period using
confocal microscopy. DI TNC1 cells were loaded with TMRM for 15 minutes after being
pretreated with 600 µM deferoxamine and then exposed to either 1 µM, 10 µM, or 100 µM
concentrations of 1,3-DNB, 3-NPA, or 3-CPD. Changes in TMRM fluorescence after a 48
hr exposure to each toxicant were measured and graphed as linear arbitrary units (LAU) in
three independent experiments (8–10 cells per experiment). Values are expressed as mean ±
SEM with statistical significance if p < 0.05 when compared to DMSO vehicle control (*).
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