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Abstract
Mitochondrial dysfunction and subsequent energy failure is a contributing factor to degeneration
of the substantia nigra pars compacta associated with Parkinson’s disease (PD). In this study, we
investigate molecular events trigger by 1-methyl-4-phenylpyridine (MPP+) using whole genome-
expression microarray, western blot and HPLC quantification of metabolites. The data show that
MPP+ (500μM) evokes obstruction of mitochondrial respiration/oxidative phosphorylation
(OXPHOS) in mouse neuroblastoma Neuro-2a cells, juxtapose to accelerated glucose
consumption and production of lactic acid. While additional glucose concentrations restored
viability at MPP+ (500μM), loss of OXPHOS was sustained suggesting that compensatory
anaerobic metabolic systems were fulfilling required energy needs. Under these conditions, MPP+
initiated significant changes to the transcription of 799 genes (596 up-regulated and 203 down-
regulated) of which 612 David IDS were applied and 136 functional annotation clusters were
identified. Prominent changes were as follows; MPP+ initiated loss of mRNA for mitochondrial
encoded NADH dehydrogenase 4, 5 genes, cytochrome b and NADH dehydrogenase (ubiquinone)
flavoprotein 3, concomitant to rise in a mitochondrial fission gene; ganglioside-induced
differentiation-associated-protein 1 (GDAP1). These negative changes to OXPHOS components
were accompanied by a number of protective forces to the mitochondria including elevated ratio
of mitochondrial anti/pro-apoptotic processes including a loss of apoptotic Bcl-2/adenovirus E1B
19-kDa-interacting protein (BNIP3) and family with sequence similarity 162, member A
(FAM162a) and rise of heat shock protein 1 and Lon peptidase 1. There were no changes
indicative of free radical damage (e.g. SOD, GSH-Px), rather MPP+ initiated a large number of
significant G protein signaling components (which trigger catabolic processes) and anaerobic
metabolic systems involving carboxylic acid/ transamination reactions (e.g. glutamate
oxaloacetate transaminase 1 (GOT1), glutamic pyruvate-alanine transaminase 2 (GPT2),
cystathionase and redox proteins such as cytochrome b5 reductase 1 and ferredoxin reductase.
Counter-intuitively, the data show reduction of mRNA in glycolytic processes [DAVID
enrichment score 9.96 p value 1.90E-19], some corroborated by western blot, bringing in to
question the sources of lactate observed in the presence of MPP+. Examining this aspect, the data
show that diverse carboxylic acids (succinate, oxaloacetate and a-ketoglutarate) are capable of
contributing to the lactate pool in addition to phosph(enolpyruvate) or pyruvate in the absence of
glucose by this cell line. In conclusion, these findings show that MPP+ negatively affects the
transcriptome involved with complex I, but evoked elevation in G protein signaling and anaerobic
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metabolic systems involved with nitrogen/carboxylic acid metabolism and redox reactions.
Anaerobic survival systems appear to be far more complex than previously believed, and future
research will be required to elucidate the survival pathways that drive anaerobic substrate level
phosphorylation, and define functional ramification to the loss of mitochondrial FAM162a and
BNIP3 proteins.
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1.0 Introduction
Parkinsons disease (PD) is a chronic degenerative disorder of dopaminergic neurons within
the substantia nigra pars compacta (SNc). Pathological features of PD involve mitochondrial
insufficiencies (Burch and Sheerin, 2005, Lin et al., 2009a, Nishioka et al., 2010), anomalies
in autophagolysosome function (Levy et al., 2009, Nagatsu, 2002, Tofaris and Spillantini,
2005), gene aberrations of DJ-1, PTEN-induced kinase 1, leucine-rich repeat kinase 2,
park-1/Synuclein, ATP13A2, β-glucocerebrosidase and mitochondrial proteins (park 13
Omi/Htra2, Complex I).(Bertram and Tanzi, 2005, Hyun et al., 2005, Lesage and Brice,
2009, Mortiboys et al., 2010) One of the key pathological features of PD, involve damaged
or dysfunctional mitochondria that contribute to bioenergetic crisis and subsequent
neurodegeneration.(Winklhofer and Haass, 2010) Mitochondria use O2 to drive cellular
respiration in order to generate energy in the form of adenosine triphosphate (ATP), by the
process of oxidative phosphorylation (OXPHOS). If damaged, a loss of ATP can precipitate
adverse affects on vital systems ranging from cell signaling, neurotransmission, osmotic
balance and biosynthetic processes.

In vitro chemical models used to investigate mitochondrial dysfunction include examining
the effects of 1-methyl-4-phenylpyridinium (MPP+), paraquat, rotenone or endogenous
isoquinolines on diverse cell lines such as murine N2a, rat PC-12 or human SH-SY5Y cells.
(Del Zompo et al., 1993, Kotake and Ohta, 2003b, Mazzio and Soliman, 2004b, Nagatsu,
1997) While a variety of cell lines are available, N2a cells are of neuronal phenotype,
originally derived from a spontaneous brain tumor and demonstrate greater sensitivity to the
lethal effects of MPP+ than human SH-SY5Y cells (LC50~10x lower) and rat PC-12 cells
(LC50~2xlower) (Mazzio et al., 2010b). The difference in vulnerability amongst cell lines is
unrelated to dopaminergic phenotype, but rather a function of metabolic rate differences that
establish velocity of glucose consumption at baseline and are inherent to cell line specie
origin. Because MPP+ obstructs OXPHOS, accelerated anaerobic metabolism contributes to
rapid depletion of glucose, which then indirectly evokes neuronal death. For this reason,
high levels of glucose are known to be protective against MPP+ in vitro, regardless of the
type of cell line used. (Akashi et al., 2011, Chalmers-Redman et al., 1999, Di Monte et al.,
1988, Maruoka et al., 2007, Mazzio, Soliman, 2010b) N2a cells are particularly vulnerable
to mitochondrial toxins, not only to MPP+, but also rotenone (Swarnkar et al., 2012) and
isoquinoline derivatives structurally related to MPTP/MPP+, making them a suitable model
to evaluate mitochondrial toxins on bioenergetic processes, as in this study. (Storch et al.,
2002)

Other factors to consider when studying the effects of MPP+ in vitro, are that immortal cell
lines are of malignant origin, and tend to have a higher baseline conversion rate of glucose
to lactate relative to normal tissue, even in the presence of O2 (Serganova et al., 2011)
known as the Warburg effect. (Minchenko et al., 2002) While glycolytic rates between
normal brain tissue and neuroblastoma cell lines may differ, the effects of mitochondrial
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toxins or loss of O2 are similar; resulting in acceleration of glycolysis (Mazzio and Soliman,
2003b), reduction in OXPHOS, a rise in lactate (Asgari et al., 2011, Chen et al., 2012, Stein
et al., 2012) higher lactate/pyruvate ratio and reduction of glucose surrounding hypoxic or
damaged tissue relative to baseline. (Karathanou et al., 2011, Omerhodzic et al., 2011,
Zweckberger et al., 2011) In rodent models, brain injury, administration of PD model toxins
such as MPP+, systemic administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine or
even global cerebral ischemia / reperfusion injury can lead to elevation of lactate levels,
suggesting bioenergetic crisis. (Koga et al., 2006, Lin et al., 2009b, Rollema et al., 1988) In
the human brain tissue, concentrations of lactate remain relatively low unless triggered by
hypoxic or traumatic brain injury, in which case the elevation of lactate can exceed 6mM in
close proximity to damaged tissue. (Yokobori et al., 2011) These finding stress the
importance of bioenergetic systems and the dynamics of anaerobic metabolism in
overcoming neurological insult evoked by PD model toxins.

In the current study, we continue our investigation of molecular events altered by MPP+ on
the transcriptome of neuroblastoma cells, using whole genomic expression microarrays. In
brief, the findings show that MPP+ targets the mitochondria at complex I concomitant to
elevated transcription of G protein signal transduction proteins, diverse REDOX systems,
carboxylic acid metabolism and transamination processes that could foster recycling of
NADH+/NAD in a manner similar to LDH to drive anaerobic energy cycles. These changes
were accompanied by a number of survival processes that cultivate anti-apoptotic events.
These findings suggest that anaerobic survival systems are more complex than previously
thought, and involve a number of pathways that extend beyond glycolysis. While the
comprehensive data from whole genomic analysis are presented, we highlight major systems
identified through expression profiling.

2.0 Materials and Methods
Dulbecco’s modified Eagle medium (DMEM), L-glutamine, fetal bovine serum (FBS) heat-
inactivated, phosphate buffered saline (PBS), Hank’s balanced salt solution (HBSS),
penicillin/streptomycin, lactic acid oxidase, and all other materials were purchased from
Sigma Chemical (St. Louis, MO, USA). Agilent mouse 4 x 44 k arrays and kits were
supplied by Agilent Technologies (Palo Alto, CA) and electrophoresis systems, apparatus
and reagents by Biorad Hercules, CA and Promega, Madison, WI.

2.1 Cell culture
CCL-131™ (N-2A) cells are of brain origin and highly vulnerable to the neurotoxic effects
of MPP+ (Mazzio et al., 2010c). N2a cells were grown in DMEM containing phenol red,
10% FBS, 4 mM L-glutamine, 20μM sodium pyruvate and penicillin/streptomycin (100 U/
0.1 mg/ml). The cells were maintained at 37.5°C in 5% CO2 / atmosphere. Every 2–5 days,
the medium was replaced and the cells were sub-cultured. The experimental plating media
consisted of DMEM minus phenol red, 1.8% FBS, penicillin/streptomycin (100 U/0.1 mg/
ml), / 2 mM sodium pyruvate and 3 mM L-glutamine. For experiments, cells were plated in
either 75 cm3 flasks or 96-well plates at a density of approximately 0.5×106 cells/ml.

2.2 Cell Viability
Cell viability was assessed using resazurin oxidoreduction indicator dye. A working solution
of resazurin was prepared in PBS minus phenol red (0.5 mg/ml). (Evans et al., 2001)
Reduction of the dye by viable cells reduces the amount of oxidized form and increases the
amount of its bright red fluorescent intermediate. Quantitative analysis of dye conversion
was measured using a microplate fluorometer—Model 7620-version 5.02 (Cambridge
Technologies Inc, Watertown, MA, USA) set at 550 / 580 (excitation / emission).
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2.3 HPLC Quantification of Lactic Acid and Glucose
Quantification of lactate and glucose was assessed using a Shimadzu HPLC system
equipped with an SPD-20A UV detector (set at 210 nm), a RID-10A 120V refractive index
detector, a workstation containing EZSTART V7.4 software and an SS420X instrument
interface docked to a Waters Autosampler Model 717 Plus (Shimadzu Scientific
Instruments, Inc. US; Waters Corp., Milford, MA). The flow rate was isocratic and
controlled by a Waters Model 510 pump set at 0.6 ml/min. The mobile phase consisted of 5
mM sulfuric acid, the column; aminex HPX-87H 300 x 7.8 mm, carbohydrate analysis
column, 9 μm particle size (Biorad Hercules, CA), run time was 16 min and injection
volume 25 μl. Samples were prepared by placing 35 μl cell supernatant into 200ul of 5mM
sulfuric acid, immediately stored at −80C. Prior to analysis, samples were thawed and 125
μl was mixed with 275 μl of the 5mM sulfuric acid, vortexed, capped and run by HPLC.
Glucose and lactate standard curves were prepared in distilled water and matrix blank
controls and spikes were run for every experimental treatment condition tested.

Lactic Acid—For studies evaluating potential energy substrates to produce lactic acid in
glucose free media, lactate was determined in 96 well plates using a colorimetric enzymatic
assay (Procedure No 735, Sigma Diagnostics, St. Louis, MO). Briefly, lactate was quantified
by conversion to pyruvate and H202 by lactate oxidase using a base lactate reagent
containing lactate oxidase (400 U/L) and horseradish peroxidase 2400 U/L (Sigma, St.
Louis, MO). The reagent was added to a chromogen and samples were incubated for 8
minutes at 37°C. Lactate was quantified at 490 nm on a UV microplate spectrophotometer.
The lactic acid standard curve was generated by preparing a dilution of lactic acid (10μM–
10mM) in media minus phenol red.

2.4 O2 Consumption—Clark Electrode
A Hanna HI 9142 O2 Meter was used to measure dissolved O2 as an indicator of
mitochondrial respiration. The electrode was calibrated with both air saturated de-ionized
water and de-ionized water with sodium dithionite. Briefly, 800 μl of cell supernatant
compared to blank controls were directly loaded into a small chamber. After rate
equilibration, a 30 s reading was taken for each sample. The temperature was maintained at
37°C.

2.5 Whole genome expression profiling
Whole genome expression profiling was carried out on Agilent Mouse or 4 x 44 k arrays
(Beckman Coulter Genomics, Morrisville, NC) from total RNA isolated from each sample.
Briefly, the quantity of total RNA was determined by spectrophotometry [A260/280 ratio]
and the size distribution was assessed by electropherogram using an Agilent Bioanalyzer.
200 ng of total RNA was converted into labeled cRNA with nucleotides coupled to
fluorescent Cy3 dye using a Low Input Quick Amp Kit (Agilent Technologies, Palo Alto,
CA) following manufacturer’s protocol. Cy3-labeled cRNA (1.65 μg) from each sample was
hybridized to an Agilent Mouse Genome 4×44 k array. The hybridized array was then
washed and scanned and data was extracted from the scanned image using Feature
Extraction version 10.7 software (Agilent Technologies). The data was analyzed by both
Gene Sifter, database for annotation, visualization and integrated discovery” (DAVID) and
manually. Manual analysis was achieved by normalizing the raw data [gProcessed] signal to
the average signal/ average sample hybridization and noise was filtered omitting any gene
below a threshold limit of gProcessed >500 to omit false positives from noise/low abundant
genes. Ratios for each group were calculated, and p-values determined by t-test, resulting in
a final gene list with differential expression profiles at p-Value <0.05 to be 799 genes, 596
up-regulated and 203 down-regulated of which 612 David IDS were applied and 136
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functional annotation clusters identified. The data was then analyzed manually by 1)
examination of individual genes accounting for potential duplicates in the array using
diverse primers for same gene, including observing QC replicates 2) sorting and analysis by
greatest difference in intensity (expression dominance) with significance p<0.05 and 3) then
fold change. Next, the combined fold-changes, p-values for each set of hybridizations were
classified manually by literature review and entering into the DAVID where patterns by
enrichment scores averaging less than p<0.01 were focused on in the discussion (Huang da
et al., 2009, Huang da et al., 2007).

2.6 Western Blot
Briefly, after treatment, cells were washed, centrifuged and the supernatant discarded using
ice cold sterile PBS at 4° C. The pellet was re-suspended and homogenized / sonicated in
RIPA lysis buffer containing protease inhibitors. Samples were placed on ice for 30 min,
and centrifuged at 10,000 x g for 10 minutes at 4°C. The supernatant was added at 1:1 of
Laemmli Sample Buffer (Biorad #161-0737) + fresh β-ME and boiled for 5 minutes.
Approximately 50 μg of protein was loaded / lane and separated using 5%-15% SDS-PAGE
gels, running buffer, 25 mM Tris, 192 mM glycine, pH 8.3 (Biorad #161-0734) and applying
200 constant V constant ~ 35 min. The proteins were transferred to polyvinylidene fluoride
membranes (100V for 30–60 minutes) in ice-cold transfer buffer containing 25mM Tris,
192mM glycine and 20% methanol. The membranes were placed in a blocking buffer
consisting of 5% bovine serum albumin Fraction V (BSA) w/v in TBS + 0.05% Tween-20,
pH 7.4. The membranes were washed and placed in 1° antibody (1:500–3000) containing
1% BSA in TTBS at RT for 2 Hr. The membranes were washed in TTBS and incubated in
2° anti-mouse/ or rabbit IgG (Fc specific) peroxidase conjugate (1:4000) in 2% non fat dried
milk in PBS for 1.5 Hr at RT. After a final wash, peroxidase was detected with Sigma
FAST™ DAB (3, 3′-diaminobenzidine tetrahydrochloride) with a metal enhancer cobalt
chloride. Images were scanned using an Epson Stylus CX-8400. Intensity analysis was
performed using ImageJ software provided from the National Institutes of Health. (Girish
and Vijayalakshmi, 2004)

2.7 Data analysis
Statistical analysis was performed using GraphPad Prism (version 3.0; GraphPad Software
Inc. San Diego, CA, USA) with significance of difference between the groups assessed
using a one-way ANOVA, followed by Tukey post hoc means comparison test, two way
ANOVA or Student’s t test.

3.0 Results
A toxicity profile associated with MPP+ ± additional glucose (0.01–10 mM) in baseline low
glucose media is shown in Figure 1. Figure 1 shows a dose dependent rise in glucose media
concentrations initiated a gradual reduction of MPP+ toxicity. MPP+ mediated obstruction
of OXPHOS, where elevated concentrations of glucose worsened the loss of respiration,
suggesting that a switch over to anaerobic glucose metabolic systems were completely
responsible for sustaining cell viability. Figure 2 is a raw Clark electrode data recording
demonstrating that MPP+ mitigates loss to aerobic respiration, where untreated cells have
lower levels of remaining dissolved O2 at 24 hours. Treatment for 24 Hrs with MPP+
blocked cell respiration and therefore higher remaining levels of dissolved O2 remained in
the media.

In the next study, we monitor cell glucose consumption and production of lactic acid
quantified by HPLC, while varying concentration of glucose in the media both in a control
group (Figure 3a) and upon treatment with MPP+ (500μM) (Figure 3b). Figure 3a shows
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that relative to the media blank containing 10mM of glucose, with no trace of lactic acid, at
24 hours, N2a cells used approximately half of available glucose and produced 10.65 ± .09
mM of lactate. Interestingly, additional glucose supply in the media above 10mM had no
additional effects on production of lactate indicating that the conversion rate of glucose to
lactate remains constant. These findings indicate that energy metabolism is conservative and
excess energy supplies do not equate to excess energy consumption above what is needed. In
the presence of a mitochondrial inhibitor (Figure 3b), there is a marked shift toward
anaerobic metabolism amongst cells treated with MPP+ and 10mM Glucose, evidenced by
the drop in glucose to 2.7 ± 1.4 mM and rise in lactate to 16.2 ± .28 mM. Again, under these
conditions additional concentrations of glucose did not correspond to corresponding rise in
lactic acid, suggesting that the rate of glycolysis is likely to be highly controlled, is vastly
altered by mitochondrial toxicity, but less influenced by change of pericellular glucose
concentrations. In other words, the cells consume glucose at a constant rate as needed.

In order to identify molecular patterns altered by MPP+ independent of toxicity, whole
genomic expression microarray analytical studies were conducted on samples collected at 24
Hrs for controls vs. MPP+ [500μM] cultured in high glucose media. Expression profiling
was carried out using labeled cRNA coupled to fluorescent Cy3 dye hybridized to an
Agilent Mouse Genome 4×44 k array (Beckman Coulter Genomics, Morrisville, NC). Both
manual and bio-informatic analysis (Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.7) were used to identify major systems affected. A total of 2740
gene shifts were identified (p-value <0.05) from biological triplicates; of which 1904 were
eliminated as noise (low expression volume). Of the remaining 799 genes shifts, 596 were
up-regulated and 203 down- regulated. These were further narrowed by eliminating all
values less than a 1.5 fold change in expression leaving – a total of 439 genes significantly
affected of which 287 DAVID Ids were identified (Table 1). Table 1 displays DAVID
enrichment scores for group functional annotation clustering (Huang da, Sherman, 2009,
Huang da, Sherman, 2007). Systems largely affected by MPP+ were glycolysis, carboxylic
acid metabolism, amino and phosphotransferases, vitamin B6 metabolism, pyruvate and
amino acid metabolism, NAD, NADH oxidation-reduction and G protein signaling, most of
which suggest changes in energy metabolism.

To gain a clear understanding of the most affected systems, a manual analysis for expression
shifts of significance were conducted by viewing individual genes alphabetically (to view
replicates or diverse probes for similar genes), by fold change, and fold change by
expression dominance. Individual gene expression lists are compiled in Tables 2 (up-
regulated by MPP+) and 3 (down-regulated by MPP+); listed by category, gene description,
genebank accession #, %, change direction and p-Value. Category classifications were
defined both by DAVID, literature and bio-informatics databanks for each gene. While the
comprehensive data from whole genomic analysis are presented, we highlight major systems
identified through expression profiling also collectively presented in Figure 7.

In order to assess protein expression levels, we looked at three major genes of interest
including LDH, pyruvate kinase and FAM162a (Figure 4a–c). The data shows gene
expression [left] and protein expression [right] with a listing [legend in figure] of various or
duplicate probes in the array for the same gene. Western blots for protein quantification are
shown in Figure 5a for the three proteins. Figure 5b shows additional gene/protein
comparisons for elements of interest. The data in Figure 5 show consistency between
microarray genomic expression and protein expression data.

One of the major findings in this paper, revolve around the manner by which N2a cells
adapted to the loss of mitochondrial function. The findings in this paper, support greater
expression and elevation of molecular components involved with transamination reactions
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and carboxylic acid metabolism, in particular for pyruvate-alanine transaminase 2 (Gpt2)
and glutamate oxaloacetate transaminase 1 (GOT1). These findings corroborate our previous
work in which we investigated differential metabolite patterns emerging from treatment of
N2a cells with MPP+ (Mazzio et al., 2010a), which were in alignment with bulk of recent
literature showing metabolic patterns within tumor cells involve high conversion rates of [1-
(13)C]glutamate / pyruvate to alpha-ketoglutarate calatalyzed by alanine transaminase
(Gallagher et al., 2011) in addition to high conversion of [1-(13)C]pyruvate to [1-(13)C]
alanine (Darpolor et al., 2011, Hu et al., 2011).

Unexpectedly, a rise in these systems paralleled reduction for almost every gene in
glycolysis at 24 hour of MPP+ exposure. These data were not anticipated, and bring forth a
number of questions as to the source of reducing equivalents and high-energy phosphates
that fuel the largest component of anaerobic metabolism. Moreover, there is now question as
to the source of lactic acid, which was clearly elevated by MPP+. In the next study, we
examined if any class of metabolic substrates or intermediates are capable of producing
lactate acid in glucose-free media by N2a cells (Figure 6). The findings suggest that in
addition to glucose, metabolites such as oxaloacetic acid, succinic acid and a-ketoglutarate
also contribute to the lactate pool. These findings show that anaerobic metabolism involves
a number of pathways that extend beyond glycolysis and necessitate further investigation as
the to survival pathways by tumor cells responding to lack of functional mitochondria under
normoxic conditions.

4.0 Discussion
The data from this study provide information on molecular changes incurred by MPP+
related to loss of OXPHOS and compensatory metabolic survival processes through
substrate level phosphorylation. While the comprehensive data from whole genomic analysis
are presented, we highlight major systems identified through expression profiling.

4.1 Molecular Targets within the Mitochondria
A widely accepted hypothesis describing the toxic effects of MPP+, involve its targeting the
mitochondria, initiating a loss of respiration, OXPHOS (Absi et al., 2000) and ATP
production (Mizuno et al., 1987, Storch et al., 1999), events which occur through complex I
inhibition in a manner that mimics PD pathology. (Ebadi et al., 2001, Kotake and Ohta,
2003a) While many articles preface a main hypothesis with a brief mention regarding MPP+
as a complex I inhibitor, there are very few studies which have explored the molecular
patterns with clarity as to the specifics of MPP+ on genetic, proteomic or electron transport
chain (ETC) component enzyme kinetic effects. Many of the earlier studies examining the
effects of MPP+ involved assays that monitored the oxidation of NADH/NAD+-linked
substrates in the TCA cycle on intact mitochondria, demonstrating significant losses to state
3 and 4 respiration; events parallel to the loss of complex I. (Mizuno, 1989, Suzuki et al.,
1990) Since then, a number of studies, including our work on intact mitochondria,
demonstrate that MPP+ is not only an inhibitor of complex I, but also cytochrome oxidase
(complex IV), with the latter being parallel to loss of cell respiration(Mazzio and Soliman,
2004a, Steyn et al., 2005, Sundar Boyalla et al., 2011). If complex I was the only molecular
target of MPP+, then fueling energy equivalents through complex II could overcome the loss
of OXPHOS, however results from our lab show that not to be the case, suggesting
overriding damages occur downstream to complex I. While there are a number of studies
investigating impact to the function of intact mitochondria, there are few studies which look
at the effects of MPP+ at the transcript level, although some have shown mitigated effects
on complex I, III and IV subunits (Zhu et al., 2012) and subunit 4 of complex I. (Conn et al.,
2001) In this study, we show that MPP+ adversely affects the transcriptome predominantly
at complex I with losses in the NADH dehydrogenase 5 gene, NADH dehydrogenase 4 gene
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and NADH dehydrogenase (ub) flavoprotein 3. Therefore, the detrimental effect of MPP+
on the mitochondria may involve not only functional loss at complex I and IV, but also
losses of nuclear genes that encode for mitochondrial subunits required to sustain
OXHPHOS function. These findings suggest that MPP+ adversely impacts the mitochondria
through multiple processes, which are likely to be irreversible.

In this study, the loss of complex I transcripts also corresponded to the elevation of
ganglioside-induced differentiation-associated protein 1-like 1 (Gdap1) which encodes a
protein anchored to the mitochondrial outer membrane (Pedrola et al., 2008), which if
present would disrupt mitochondrial networks through fission. (Pedrola et al., 2005) Gdap1
also precipitates functional loss to complex I (Cassereau et al., 2009) and plays a role in
axonal / de-myelinating neuropathies (Bouhouche et al., 2007). Proteins such as Gdap1
involved with fission oppose the process of mitochondrial fusion, which would otherwise
confer greater collective mitochondrial stability and therefore nutrient accessibility to
optimize bioenergetics. (Okamoto and Shaw, 2005) Gdap1 is present in neurons of the
spinal cord, olfactory bulb and cortical pyramidal neurons (Pedrola, Espert, 2008) and while
there is little to no information of this gene being relevant to PD, it is a correlate to other
neurodegenerative diseases involving mitochondrial insufficiency (Cassereau et al., 2011)
such as Charcot-Marie-Tooth disease (CMT). (Niemann et al., 2009) It is becoming more
apparent that mitochondrial related neurodegenerative disorders such as PD, involve greater
mitochondrial fission processes. It is now believed that gene mutations in PINK1, oxidative
stress, excitotoxicity or even high levels of nitric oxide associated with inflammation are
associated with fission and/or inhibited fusion, which would hamper mitochondrial
biogenesis. (Deng et al., 2008, Nakamura and Lipton, 2010)

Damage to the mitochondria can indirectly initiate opening of the mitochondrial
permeability transition pore and subsequent triggering of apoptotic cascades. The
experimental design of this study allowed for determination of MPP+ molecular targets on
OXPHOS, as well as survival processes associated with anaerobic metabolism fueled in high
glucose media to prevent cell death. In this aspect, transcriptional losses in OXPHOS genes
corresponded to significant rise in protective mitochondrial anti-apoptotic related processes.
One of the few notable changes included MPP+ attenuated expression of pro-apoptotic
Bnip3 (Bcl-2/adenovirus E1B 19-kDa-interacting protein 3) which at high levels is known to
trigger apoptosis through elevating Bax / Bak (Wang et al., 2011a, Wang et al., 2011b),
caspase-3 activity and poly (ADP-ribose) polymerase. (Naldini et al., 2011) High glucose
concentrations are known to reduce BNIP3, which result in greater cell survival and
attenuation of apoptosis / mitochondria autophagy. (Rikka et al., 2011, Thomas et al., 2011,
Xu et al., 2011, Zhao et al., 2011a) The data also show that MPP+ evoked elevation of
Hsp10 chaperone 10 which is known to induce Bcl-xl, Bcl-2 expression, block caspase-3,
poly (ADP-ribose) polymerase, Bax (Shan et al., 2003) and apoptosis. (Ling et al., 2011,
Mazzio and Soliman, 2003a) Similarly, MPP+ mediated loss of a gene / protein called
FAM162a. Although little is known about this protein, FAM162a is believed to be a HIF-1
alpha-responsive pro-apoptotic molecule also known as human growth and transformation-
dependent protein (HGTD-P). FAM162a transmits hypoxic signals to the mitochondria and
when over-expressed causes cell death via mitochondrial apoptosis. (Kim et al., 2006, Lee et
al., 2004) In neurological models, high levels of FAM162a are associated with activation of
caspase-3, translocation of apoptosis inducing factor (AIF) to the nucleus, chromatin
condensation and programmed cell death in association with hypoxia ischemia induced brain
damage (Qu et al., 2009). This is very interesting, because the changes we see in this
particular model using neuroblastoma are actually opposite to hypoxia in many aspects (this
being under normal O2 tension) where cells were cultured at 5% CO2 /atm. Other protective
factors in the presence of MPP+ include elevation of lon peptidase 1 which would
strengthen mitochondria by enhancing degradation of damaged proteins by ROS or other
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types of stressors in the matrix. (Bayot et al., 2008, Fishovitz et al., 2011, Pinti et al., 2011,
Wagatsuma et al., 2011) In summary, the collective general changes in the transcriptome
which impacted the mitochondria are associated with either 1) primary loss of OXPHOS
genes or 2) rise in systems that attenuate mitochondrial induced apoptosis.

4.2 Energy Metabolism
Changes in metabolic related systems by MPP+ included: elevation in G protein signaling
concomitant to a rise in transamination / vitamin B6 and carboxylic acid metabolism. MPP+
triggered a rise in glutamate-pyruvate transaminase (GPT) and glutamate-oxalacetate
transaminase (GOT) gene expression, which were expressed in relatively high abundance
amongst the entire transcriptome. Elevation of GOT/GPT are typically observed in
association with liver / kidney injuries, abnormal glucose metabolism (Ruckert et al., 2011,
Song et al., 2011, Zhao et al., 2011b) and ischemic stroke, serving as a means to remove
excessive blood/ cerebral glutamate. (Rink et al., 2011) Higher levels of GOT/GPT lead to
lower levels of glutamate, and thereby diminished excitotoxicity resulting in reduced infarct
size, edema and neurological damage. (Campos et al., 2011a, Campos et al., 2011b, Campos
et al., 2011c)

In malignant cells, high levels of GOT / GPT which are believed to play an important role in
energy metabolism evidenced by baseline conversion rate of [1-(13)C]pyruvate to [1-
(13)C]alanine (Darpolor, Yen, 2011, Hu, Balakrishnan, 2011) and the conversion of [1-
(13)C] glutamate and pyruvate to alpha-ketoglutarate calatalyzed by L-alanine transaminase.
(Gallagher, Kettunen, 2011) Consistent with these findings, the present study shows that
MPP+ triggered an inordinate rise in pyridoxal metabolism (e.g. pyridoxal kinase), which
aids in catalytic co-requirement for transamination and other processes that may play a role
in anaerobic energy SLP such as cystathionase, which itself is subject to glucagon signaling.
(Martin et al., 2007) Cystathionase can catalyze the conversion of (1) cystathionine into
cysteine + α-ketobutyrate (2) cysteine / cystine in to pyruvic acid + NH3 and (3) provide a
direct route for L-alanine to pyruvic acid conversion. (Ogasawara et al., 2002) Elevated
cystathionase expression also serves as a negative feed back loop on glycolysis by
inactivation of rate limiting enzymes including phosphofructokinase (PFK) and pyruvate
kinase (PK). (Ogasawara et al., 1997) This may possibly contribute to a conservation of
glucose. Another contributor to the pyruvate pool could be the pyridoxal 5′-phosphate-
requiring enzyme cysteine-S-conjugate beta-lyase; which also converts carboxylic acids into
pyruvate + NH3. (Cooper et al., 2011) A rise in many of these similar type systems in the
transcriptome by MPP+, suggests there are other metabolic routes to production of pyruvic
acid, other than phospho(enol)pyruvate in glycolysis. Previous findings from our work
demonstrated metabolic anomalies in neuroblastoma cells exposed to MPP+ (Mazzio,
Smith, 2010a) to involve excessive production of L-alanine, likely originating from a bypass
route from glycolysis to the pyruvate–alanine transamination cycle. These findings have also
been corroborated by a number of other research groups, where it is now believed that cells
of tumor phenotype convert a large percentage of hyperpolarized (13)C-labeled pyruvate to
both lactate and L-alanine thereby creating a plausible rationale for a three-dimensional (13)
C spectroscopic imaging diagnostic platform for tumors. (Albers et al., 2008) These findings
are in alignment with studies showing that tumor cells with defective mitochondria survive
by reductive carboxylation reactions occurring through TCA cycle driven through
transamination reactions (Mullen et al., 2012) also occurring under hypoxia.(Le et al., 2012)
However, future research will be required to determine if these systems are attribute to the
tumor phenotype of neuroblastoma or similar to what is found in normal respiring brain
tissue.

One of the major shifts noted in the transcriptome, was MPP+ induction of G signaling
transduction components of which 12 genes were Id’d through DAVID analysis and 25+ via
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manual analysis (Table 2). The effects of MPP+ on G protein signaling are logical given its
major role in triggering switch from anabolic to catabolic cellular metabolic processes under
nutrient challenged conditions. Typically, low glucose or nutrient deprivation initiates
systemic rise in glucagon or epinephrine, both of which contribute to increased energy
through augmenting catabolic breakdown of alternative energy fuels through G signal
transduction. Both bind to G protein-coupled receptors which activates adenylyl cyclase
prompting a rise in cAMP/ activation of protein kinase A and subsequent phosphorylation of
targets leading to inactivation of glycogen synthase, the activation of glycogen
phosphorylase (a pyridoxal phosphate dependent enzyme) which breaks down glycogen and
elevated phosphorylation of hormone-sensitive lipases (which breaks down fats). G protein
signaling can prompt inositol 1,4,5-triphosphate / diacyl glycerol controlled pathways which
elevate cytosolic concentrations of calcium, which can also lead to activated glycolygen
phosphorylase. These effects could serve in the signaling of catabolic processes, when ATP
levels are low from obstruction of OXPHOS.

The findings in this study also show a number of nutrient signaling systems altered by MPP
+, including Angptl6 / angiopoietin-related growth factor (Angptl6/AGF) which has capacity
to increase insulin receptor substrate 1 phosphorylation and enhance glucose uptake. (Hato
et al., 2008) MPP+ also induced a 339% elevation in a largely expressed gene called tribbles
homolog 3 (Trib3), a nutrient sensor involved with insulin resistance and hyperglycemia in
diabetes. (Liu et al., 2010) Elevated Trib3 is associated with poor prognosis of breast cancer
patients, is induced during hypoxia / nutrient deprivation and its silencing results in a dose-
dependent increase of hypoxic mediated cell death. (Wennemers et al., 2011) Trib3
enhances the transcriptional activity of SMAD3 and promotes perpetuation of TGF-beta-
SMAD3 signaling, partially involved with migration and invasion of tumor cells. (Hua et al.,
2011) Again, future research will be required to evaluate if similar glucose sensors or
nutrient hormones are involved with overcoming MPP+ mediated mitochondrial damage in
normal tissue by optimizing metabolic use of glucose.

4.3 Effects on Tumor Related Processes
MPP+ had substantial effects on a number of genes that accommodate invasive metastasis.
Three of the highest expressed genes in terms of dominance from the data of this study (with
significant up-regulation) were identified as activating transcription factor 4 (Atf4) mRNA
and two genes that are controlled by Atf4 which include 1) nuclear protein 1 (Nupr1) and 2)
CHAC1 (cation transport regulator-like protein 1). Nuclear protein 1 is highly up-regulated
in response to various stressors (Jin et al., 2009), playing a role in metastasis, progression of
cancer and chemo-resistance in various types of malignancies. (Chowdhury et al., 2009)
Nupr1 forms a complex with p53 and up-regulates p21, Bcl-x (L), allowing for cells to
progress through cell cycle in presence of chemotherapy drugs. (Clark et al., 2008)
Similarly, the elevation of CHAC1 results in higher unfolded protein response pathway
ATF4-ATF3-CHOP (Mungrue et al., 2009) involved with propagating hormone receptor
negative breast and advanced-staged ovarian cancer. (Goebel et al., 2012) Another stress
related protein, ninjurin-1 was elevated by MPP+, which is not only associated with tumor
progression (Mhawech-Fauceglia et al., 2009) but neurological injury (Kubo et al., 2002)
(Araki and Milbrandt, 1996) being present in blood brain barrier epithelial cells and blood
monocytes contributing to neuro-inflammatory lesions within the CNS.(Ifergan et al., 2011)

While it is not possible to discuss all aspects of the data presented in Tables 2 and 3, the
findings in this paper lead to several general conclusions. MPP+ adversely affects the
transcriptome primarily at complex I of the ETC, and in combination to kinetic inactivation
of complex I and IV leads to complete loss of mitochondrial respiration. (Mazzio and
Soliman, 2004a) In response to ETC damage, several survival processes arise. Survival
processes that encompass optimal energy homeostasis in the presence of MPP+ involve
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elevation of carboxylic acid metabolism GOT1 / GPT2 transamination reactions, cysteine
conjugate-beta lyase 1, cystathionase, cytochrome b5r1 and ferridoxin reductase which
could contribute to NAD/NADH+ recycling REDOX pathways that may drive production of
anaerobic high energy phosphates. MPP+ mediated rise in protective elements within the
mitochondrial compartment impart greater resistance to apoptosis including Bnip3,
Fam162a, Lon1 and Hspe1. The findings as presented herein are broad but they underlie
specific major classes or groups of system affected by MPP+ on the transcriptome in
neuroblastoma.
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Highlights

• MPP+ administration to N-2A cells affected Complex I transcriptome.

• MPP+ caused an elevation of G protein signaling and anaerobic metabolic
systems.

• MPP+ caused an elevation of carboxylic acid metabolism GOT1 / GPT2
transamination.

• MPP+ resulted in increase in cytochrome b5r1 and ferridoxin reductase.

• MPP+ caused an increase in protective mitochondrial anti-apoptotic processes.
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Figure 1.
Supplemental glucose protection (.01–10mM) against the toxicity and loss of OXPHOS
induced by 500μM MPP+ in N2a cells after 24 Hr cultured in baseline low glucose DMEM
(1000mg/L). The data represents cell viability and O2 consumption as % control. Data are
presented as the Mean ± S.E.M., n=4. Significance of difference between the control vs.
treatment groups were determined by a one–way ANOVA followed by a Tukey post hoc test
* p<0.05.
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Figure 2.
Oxygen electrode raw data chart recording of dissolved O2 in the media matrix blank vs.
N2a cell supernatant ± [MPP+ 500 μM] with variation in additional glucose (0.1 –10 mM)
in low glucose DMEM (1000 mg /L). The data represent dissolved O2 (nM / ml at 37.5°C)
in one sample set, and all groups were statistically different from cell controls determined by
a one–way ANOVA followed by a Tukey post hoc test n=4 * p<0.05.

Mazzio and Soliman Page 20

Neurotoxicology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mazzio and Soliman Page 21

Neurotoxicology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Figure 3A. Effects of elevating concentration of glucose on glucose to lactate conversion in
N2a cells at 24 Hr. The data represent lactic acid produced (mM) and glucose remaining
(mM) [non-utilized glucose] and are presented as the Mean ± S.E.M. n=4. Significance of
difference between the cell control vs., treatment groups were determined by a one–way
ANOVA followed by a Tukey post hoc test * p<0.05.
Figure 3B. Effects of elevating concentration of glucose on glucose to lactate conversion in
N2a cells treated with MPP+ [500 μM] at 24 Hr. The data represent lactic acid produced
(mM) and glucose remaining (mM) [non-utilized glucose] and are presented as the Mean ±
S.E.M. n=4. Significance of difference between the cell control vs. treatment groups were
determined by a one–way ANOVA followed by a Tukey post hoc test * p<0.05.
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Figure 4.
Figure 4A. Variable mRNA and protein expression profiles for family with sequence
similarity 162, member A (Fam162a) in N2a cells treated ± 500μM MPP+ at 24 Hr. The
data represent mRNA gene (normalized g processed signal) % Ctrl (Left) and protein band
intensity determined from Western Blot (Right). The data are presented as the Mean ±
S.E.M., n=3. Significance of difference between the control and treatment groups were
determined by a students t-test, * p<0.05.
Figure 4B. Variable mRNA and protein expression profiles for pyruvate kinase in N2a cells
treated ± 500μM MPP+ at 24 Hr. The data represent mRNA gene normalized g Processed
Signal % Ctrl (Left), diverse hybridization probes for similar genes (legend below) and
protein band intensity determined from Western Blot (Right). The data are presented as the
Mean ± S.E.M., n=3. Significance of difference between the control and treatment groups
were determined by a students t-test, * p<0.05.
Figure 4C. Variable mRNA and protein expression profiles for LDH-A in N2a cells treated
± 500μM MPP+ at 24 Hr. The data represent mRNA (normalized g processed signal) % Ctrl
(Left), diverse hybridization probes for similar genes (legend below) and protein band
intensity determined from Western Blot (Right). The data are presented as the Mean ±
S.E.M., n=3. Significance of difference between the control and treatment groups were
determined by a students t-test, * p<0.05.
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Figure 5.
Figure 5A. Relative protein expression for basic proteins of interest in N2a ± 500μM MPP+
at 12–24 Hours.
Figure 5B. Variable mRNA and expression profiles for proteins of interest in N2a cells
treated ± MPP+ [500μM ] at 24 Hr. The data represent mRNA (normalized g processed
signal) % Ctrl (Left) presented as the Mean ± S.E.M., n=3. Significance of difference
between the control and treatment groups were determined by a students t-test * p<0.05.
Corresponding western blots displaying protein expression (Right).
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Figure 6.
Conversion rate of various metabolic substrates (10mM) to lactic acid in N2a cells in the
absence of glucose at 24 Hrs. The data represent Lactic Acid Produced (μM/mg protein) and
are presented as the Mean ± S.E.M., n=4. N.D. (not detected).
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Figure 7.
Summary of major MPP+ evoked changes in the transcriptome of N2a cells at 24 hours.
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Table 1
DAVID Functional Annotation Clustering & Enrichment Scores MPP+ (500μM) vs
Control in N2a Cells @ 24 Hr

Functional Annotation Clustering on statistically differentially genes between controls vs. MPP+ treated [500
μM] at 24 Hr.

Category Enrichment Score Term Average Count P-Value

KP, GPF, SPK, USF 9.96 Glycolysis, glucose catabolic processes 15 1.90E-16

GPF, SPK, 2.88 Carboxylic Acid, Fatty Acid Metabolic Process 11 9.80E-06

GMF, SPK, UPF 2.02 ATP Binding 31 3.50E-03

SPK, USF 2.02 Phosphotransferases 10 2.50E-05

GMF, IP, SPK 1.77 Vit B6 Binding, Aminotransferase, Transaminase 7 2.10E-03

SMT, IP, GMF, SPK 1.61 Calponin-like actin binding, cytoskeleton 8 6.90E-03

GPF 1.57 Amino acid, biosynthetic process. serine, glycine, aspartate 8 2.10E-03

GPF 1.55 Carbohydrate biosynthesis, Pyruvate metabolic Process 7 1.90E-02

GCF 1.45 Melanosome 5 2.20E-02

SPK, USF, IP, GPF, GMF 1.43 NAD, NADH oxidation reduction 16 5.30E-03

SPK, CGF 1.37 Cytoskeletal, organization, intermediate filament 7 5.20E-03

SPK, GMF, GPF 1.33 Amino acid and carboxylic acid transporters 5 2.40E-02

SPK, GMF, SM, IP, USF 1.32 GTP Signaling 12 5.70E-03

GPF 1.26 Spinal Cord Development 4 1.90E-02

GPF 1.11 Cell Response to Unfolded proteins. ER stress 3 1.80E-02

SPK, GBF 1.03 Apoptosis 12 2.50E-02

GMF 1.02 GTPase activator activity 8 1.00E-02

SPK, GPF, 0.96 Cell Cycle 13 7.60E-02

GPF 0.88 Programmed Cell Death 6 2.20E-02

GPF, SPK, KP, USF 0.84 Mitochondria 32 3.90E-04

SPK, IP, GCF, GPF, USF 0.67 Angiogenesis 5 8.30E-02

Category Abbreviations: GOTERM_BP_FAT (GPF), SP_PIR_KEYWORDS (SPK), Kegg Pathway (KP), UP_SEQ_FEATURE (USF).
GOTERM_MF_FAT (GMF). GOTERM_CC_FAT (GCF), SMART (SM), INTERPRO (IP)

The data represent the database source (category), enrichment score, average # of genes affected in category (average count) and p-values (Fisher
Exact/EASE Score).
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