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Abstract
Although great effort has been put forth to uncover the complex molecular mechanisms exploited
in the pathogenesis of Parkinson’s disease, a satisfactory explanation remains to be discovered.
The emergence of several -omics techniques, transcriptomics, proteomics and metabolomics, have
been integral in confirming previously identified pathways that are associated with dopaminergic
neurodegeneration and subsequently Parkinson’s disease, including mitochondrial and
proteasomal function and synaptic neurotransmission. Additionally, these unbiased techniques,
particularly in the brain regions uniquely associated with the disease, have greatly enhanced our
ability to identify novel pathways, such as axon-guidance, that are potentially involved in
Parkinson’s pathogenesis. A comprehensive appraisal of the results obtained by different -omics
has also reconfirmed the increase in oxidative stress as a common pathway likely to be critical in
Parkinson’s development/progression. It is hoped that further integration of these techniques will
yield a more comprehensive understanding of Parkinson’s disease etiology and the biological
pathways that mediate neurodegeneration.
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Parkinson’s disease (PD) is the most common debilitating neurodegenerative motor
disorder, affecting millions of people in the USA and many more worldwide. The disorder is
most easily recognized by its prominent locomotor phenotype, comprised of bradykinesia
(slowness of movement), difficulty initiating movement, resting tremor, rigidity and postural
instability [1]. These deficits are a direct result of the loss of dopaminergic projections in the
putamen and caudate nucleus of the striatum, secondary to the degeneration of dopamine-
containing neurons in the substantia nigra pars compacta (SNpc) [2,3]. While these motor
deficits are the primary markers used in the clinical diagnosis of PD, there also exists a
constellation of non-motor symptoms observed in PD patients, including hyposmia, sleep
disturbances, autonomic dysfunction, gastrointestinal dysregulation, anxiety, depression and
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cognitive decline. Most non-motor symptoms are thought to be a consequence of
degeneration of systems other than dopamine, such as serotonergic in the dorsal raphe,
noradrenergic in the locus coeruleus and cholinergic neurons in many other brain regions
[4], and consequently are not typically treatable with dopamine replacement. In other words,
PD is a multisystem disorder rather than a purely dopamine-centric disease.

In addition to the degeneration of specific cell populations, the presence of proteinaceous
aggregates, such as Lewy bodies (LBs) and Lewy neurites, is one of the defining
pathological features of PD. These inclusions are usually found in the perikarya and cellular
processes of dopaminergic neurons of the SNpc and other brain regions [5,6]. While a
comprehensive composition of these inclusions is still unknown, recent efforts have
demonstrated an eclectic mix of proteins being harbored within these aggregates, including
proteins involved in oxidative stress, synaptic vesicle dynamics and protein folding and
degradation [7]. Further identification of the protein constituents of LBs and Lewy neurites
will aid in elucidating potential molecular pathways involved in the pathogenesis of PD.

While the cause of PD remains unknown, considerable evidence suggests a multifactorial
etio-pathogenesis involving exposure to environmental contaminants, as well as genetic
susceptibility, leading to the potential dysfunction of several cellular processes, including
oxidative/nitrative stress [8–10], excitotoxicity [11,12], inflammation [13], mitochondrial
impairment [14,15] and altered proteolysis [16–18]. These processes are believed to form a
complex cascade of interrelated events that culminate in neuronal death via apoptosis, a type
of programmed cell death [19–22]. While the predominant opinion maintains that the
majority of PD cases are idiopathic in nature, research in the last 10 years has uncovered
several genetic mutations associated with familial cases of PD [23,24]. The recognition of a
possible genetic component of PD has been around for over a century [25–27], but definitive
proof has only recently come to light. To date, researchers have identified five definitive
genes causing familial PD with a Mendelian pattern of inheritance; specifically, α-synuclein,
LRRK2, parkin, DJ-1 and PINK1. However, as fewer than 10% of PD cases can be
attributed to purely genetic causes, other factors appear to be involved that function
independently or in conjunction with the genetic aspect. Indeed, numerous epidemiological
studies have identified exposure to pesticides, as well as other environmental contaminants,
as a major risk factor for the development of PD [28–39]. Interestingly, several reports have
demonstrated an increased vulnerability to dopaminergic dysregulation when an in vitro or
in vivo model of genetic susceptibility is simultaneously exposed to an environmental
toxicant, further supporting a multifaceted disease etiology [40].

Given the complexity that surrounds both the etiology of the disease, as well as the
pathological cascades that follow, a more comprehensive investigation of PD and the
identification of specific disease networks and molecular pathways involved will facilitate
our understanding of the disease process and enhance our ability to diagnose and treat this
debilitating condition. A recent effort has focused on the use of -omics, particularly
transcriptomics, proteomics and metabolomics, in order to elucidate many of the pathogenic
aspects of PD. Notably, when we discuss these techniques we are referring to the use of
transcriptomics to identify genes and evaluate changes in gene expression, while proteomics
is focused on recognizing and measuring respective changes in proteins. Finally,
metabolomics is concerned with the identification and quantification of metabolites to
provide a signature of the metabolic state at that point in time. In general, these techniques
can be applied to various biological media, including tissue, cerebrospinal fluid (CSF),
blood and blood constituents and urine, as well as others. These platforms provide a means
to generate and analyze a significant amount of data with the intent of facilitating studies to
reveal the molecular events that underlie neurodegeneration in PD. Moreover, the
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integration of gene, protein and metabolic targets would generate a cohesive picture of
shared pathways and variations between the healthy and disease state.

Furthermore, the application of these approaches can be extensively utilized in the discovery
of biomarkers of PD. Biomarkers are used as indicators of normal biological processes, as
well as pathologic processes, and can provide a window into the disease mechanism with the
hope of developing specific therapeutic targets of the disease. In addition, from a clinical
point of view, the development of biomarkers that allow for the delineation of premotor
stages of PD from more advanced pathologic states would greatly enhance the diagnostic
power of the clinician and widen the currently narrow therapeutic window available for
treatment. In this regard, transcriptomics, proteomics and metabolomics could be used
separately or in conjunction to discover biomarkers. Thus, biomarkers are imperative to our
understanding of PD pathogenesis and progression.

The intent of this article is to appraise and summarize the current PD research in the context
of transcriptomic, proteomic and metabolomic platforms and findings. Given the
exponential growth in the utilization of these techniques in PD, as well as other
neurodegenerative disorders, we will focus our article on research reports in which human
samples (brain tissue, CSF, blood and plasma) have been used. However, a future appraisal
of the application of -omics to cellular, as well as animal, models of PD and the translation
of these results to human studies would be extremely beneficial to the field. We will first
provide a general overview of each -omic technique followed by an examination of PD-
related data generated by each platform. Potential caveats and shortcomings of each
technique will also be discussed. Finally, we will identify overlapping targets discovered by
transcriptomics, proteomics and metabolomics before discussing future directions associated
with the use of -omics in PD research.

Transcriptomics
Overview of transcriptomics techniques

Microarray analysis, also known as gene expression profiling, measures the mRNA levels of
all known human genes coding for proteins in a given sample simultaneously. A typical
microarray is a glass slide with thousands of spots of oligonucleotide (or cDNA) probes
attached to it. Each ‘spot’ contains thousands of identical copies of one oligonucleotide
corresponding to a specific mRNA target. The goal of a typical microarray experiment is to
compare gene expression profiles of two or more samples (for overview see Figure 1). The
first step of a microarray experiment is the isolation of high-quality RNA. The sample
collection procedure and RNA isolation method have to take into account that RNA is labile
and subject to rapid degradation. Stringent quality control is critical to ensure high-quality
RNA. The second step generates either fluorescently labeled cDNAs or cRNAs from the
RNA samples of interest. The third step involves hybridization of the fluorescently labeled
sample to the microarray. Microarray platforms can be divided into one or two color
platforms. The former uses a single fluorescent dye (one color) and only one sample is
hybridized per array, whereas in the latter case, two samples are cohybridized per array,
each labeled with a distinct fluorescent dye (two color).

Once a set of microarrays has been scanned, the scanner images need to be preprocessed.
Preprocessing involves visual inspection of the scanner images, quantification of the
fluorescent signal of each spot on the array, quality control and normalization.
Normalization is the process of removing the variability within the quantified images that is
not due to the biological differences of the samples. A detailed discussion on preprocessing
and normalization has been provided by Yang and Speed [41] and Wu and Irizarry [42].
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Following preprocessing and normalization a suitable statistical model is chosen to identify
differentially expressed genes.

A typical experiment results in hundreds of differentially expressed genes, and it can be
challenging to interpret the data. If the objective is biomarker discovery, significance
analysis of individual genes is a useful approach, but it does not necessarily provide
mechanistic clues. A complementary strategy is to categorize differentially expressed genes
into functional groups (e.g., Gene Ontology or GO categories), based on gene annotations,
to discover biological themes. Gene Set Analysis methodologies that take information from
all genes into account without imposing predefined fold-change and/or p-value cutoffs have
been developed. Gene Set Analysis assesses statistical significance of entire sets of genes/
pathways and is capable of identifying sets with genes showing modest but concordant
changes in expression. From here, targets of interest can be chosen for further validation and
evaluation of biological significance.

Findings in transcriptomics
In the last 5–6 years, several gene expression studies have been undertaken in human
midbrain tissue in order to better understand the influence of alterations to individual or
groups of genes in the pathogenesis of PD. In general, these studies have utilized SNpc
tissue collected from post-mortem control and PD patients and employed global microarray
platforms to generate extensive lists of genes that exhibit significant changes in expression
between the two disease states. In the process we have learned a considerable amount of
information concerning molecular pathways that are dysregulated, either as a direct result of
the loss of dopaminergic neurons or as an attempt to compensate for this degeneration and
maintain nigrostriatal homeostasis.

As pointed out in a recent article by Sutherland et al., when several transcriptomic studies
are analyzed for common genes, very few studies demonstrate a consensus as to the
individual genes that demonstrate a significant alteration between control and PD [43].
However, when genes are classified into categories based on function, a greater concordance
between the data sets is illuminated. Indeed, when examined in concert, the most prominent
finding from each of these studies is the altered expression of genes related to dopamine
neurotransmission, mitochondrial function, protein degradation and synapse dynamics [43–
51]. While not surprising given the almost absolute degeneration of dopaminergic neurons in
the SNpc of PD patients, several genes related to dopamine neurotransmission, such as the
dopamine transporter, aromatic amino acid decarboxylase and vesicular monoamine
transporter 2 (VMAT2), among others, demonstrated substantial reductions in expression
[45,48,51]. Although well established, these results, besides confirming the validity of the
technology, provide further evidence for the prominent role dopamine and dopaminergic
neurodegeneration play in PD.

In addition to alterations in genes associated with dopamine neurotransmission, several
studies identified reductions in the expression of genes involved in the functioning of the
mitochondria and the proteasome, which have both been shown to be altered in genetic and
idiopathic forms of PD [45,46,48–51]. As the mitochondria is considered the major source
of ATP utilized by the cell, disruption of its function can have severe repercussions for the
normal functioning of the dopamine neuron, through the suppression of energy production
and the generation of neurotoxic reactive oxygen species. Indeed, exposure of rats and mice
to the mitochondrial complex I inhibitors, rotenone and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), elicits considerable degeneration of dopamine neurons in the
SNpc, recapitulating many of the pathological features of PD [52–54]. Furthermore,
reductions in complex I expression and function have been recorded in the SNpc of human
PD samples [55]. Numerous genes involved in mitochondrial function have also been shown
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by transcriptional studies to be altered in the SNpc of PD. These genes encompass several
aspects of the mitochondria, including complex I–IV, ATP synthase and cytochrome C
oxidase [45,46,48–51].

Similar evidence exists for the disruption in function of the ubiquitin proteasome system
(UPS). In general, the UPS functions to degrade misfolded or dysfunctional proteins present
in the cell, in order to prevent these proteins from further harming the cell [17,56]. Work
from the last decade has uncovered proteins involved with the UPS and directly associated
with a genetic susceptibility to PD. For example, parkin is an E3 ligase, which helps to
couple and target proteins that have been tagged for degradation to the proteasome [57,58].
Reduction in the expression and subsequent function of this protein contributes to the
cytoplasmic accumulation of misfolded or damaged proteins in dopamine neurons,
precipitating their demise [17]. Moreover, animal studies have shown similar
neurodegeneration following exposure to a proteasome inhibitor [59]. These data suggest
that alterations to the function of the UPS could have dire consequences for dopamine
neurons in the SNpc. In the same line of argument, several transcriptomic studies have
demonstrated an alteration in specific genes that are associated with regulating the proper
function of the UPS. In particular, SKP1A and HSPA8, which are both involved in
modulating the ubiquitination of damaged or misfolded proteins for degradation by the
proteasome, were downregulated in PD SNpc [48,49].

Maintaining the integrity of the neuron’s ability to efficiently perform exocytotic and
endocytotic functions associated with neurotransmission is imperative to the longevity of the
cell. Although the complexity of these events is still being teased out, we do understand that
this sequence is a temporally and spatially regulated series of steps that must occur
flawlessly in order for synaptic vesicles containing neurotransmitters to be released and for
the vesicular constituents to be recovered and reused. The failure of even a single protein in
this chain can disrupt the entire sequence. In two independent studies, genes associated with
synaptic vesicle dynamics in the SNpc were found to be altered in the SNpc of PD subjects
[50,51]. One of these genes, SYT1, which encodes for the vesicle-associated protein
synaptotagmin 1, was significantly reduced in the SNpc of PD subjects compared with
controls. Synaptotagmin 1 is a membrane-bound protein that resides on the synaptic vesicle
membrane and functions to modulate vesicular exocytosis through its involvement in
synaptic vesicle docking and subsequent fusion with the presynaptic plasma membrane to
facilitate neurotransmitter release. In addition to synaptotagmin 1, reductions in other genes
associated with synaptic vesicles, such as syntaxin-binding protein and vesicle-associated
membrane protein 1, also known as synaptobrevin 1, were also shown to be decreased in
PD, suggesting a decrement in multiple aspects of vesicle handling in PD.

One issue that is constantly at the forefront of array studies that utilize a global expression
analysis approach to identify and measure alterations to gene expression in human tissue,
especially in the brain, is the heterogeneity of neuronal populations that exist in the region
being assayed [60]. For example, although dopamine neurons are the most prominent
neuronal population in the SNpc, an abundance of glial cells, as well as other neuronal cell
populations, also reside within this region [61]. One technique that has been employed to
somewhat circumvent this issue is the use of laser capture microdissection (LCM). When
paired with a tool to visualize specific neurons of interest (e.g., dopamine neurons), this
technique provides the user with a highly precise method of acquiring single neurons from
post-mortem tissue slices. Accordingly, studies have used LCM to isolate dopamine neurons
from the SNpc of control and PD subjects, followed by microarray analysis. As these
neurons are visualized by the presence of neuromelanin in the cytosol, they were able to
accurately capture and analyze a ‘pure’ population of dopamine neurons. A compelling
outcome of these studies is the similarity in findings of dysregulated genes comprising
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pathways associated with synaptic function, mitochondrial energy production and protein
degradation, as found in studies that employed a global expression approach to address
changes in the transcriptome [45,46,48–51]. In addition, they were able to identify genes
involved in programmed cell death, providing supporting evidence for the role of apoptosis
in dopaminergic neurodegeneration [62].

As mentioned earlier, although multiple studies have utilized transcriptomics to identify
genes that are altered in the SNpc of PD versus control subjects and provided a wealth of
information pertaining to the potential pathogenesis of PD, when analyzed more carefully,
these datasets provide inconsistent results between studies. The reasons for this
disagreement may simply be due to the variability in individual patients or the use of
differential microarray platforms and techniques. However, when genes are placed into
functional categories and evaluated using Gene Ontology analysis [63], it is found that
several genes identified in these studies can be classified into similar pathways. Given the
almost absolute loss of dopaminergic neurons in the SNpc of PD patients, it would appear
that the substantial reduction in genes in this region could be attributed to dopaminergic
neurodegeneration, generating an artificial representation of alterations in gene expression.
This would create a predilection towards genes whose expression is reduced simply because
dopamine neurons are dying, masking alterations in genes that could reveal molecular
pathways and mechanisms truly involved in PD pathogenesis.

Using a carefully devised correction paradigm, a recent report by Sutherland et al.
reanalyzed datasets from several transcriptomic-based evaluations of gene expression
changes in the SNpc of PD and control subjects [43]. With the application of this analysis
technique they were able to reduce the bias towards genes whose differential expression was
due to neuronal loss and focus on alterations in cells that were remaining in the SNpc.
Following this correction, the dopamine signaling pathway ceases to be an over-represented
pathway, which has been demonstrated by multiple studies. However, the ephrin receptor
signaling pathway and the axon guidance pathway, which are both involved in nervous
system development, emerged as prominent pathways. Interestingly, previous transcriptional
studies have also identified the axon guidance pathway in the SNpc of PD subjects
compared with controls [64,65] and this pathway appears to be gaining more interest as a
potential target in PD pathogenesis [66]. The use of brain tissue can only provide a snapshot
of the disease at one single time point and usually at the terminal stage of the disease.
However, the use of peripheral tissue sources, such as blood or CSF, allows for a minimally
invasive means of sampling a normal and diseased population and provides the researcher
with the ability to perform a longitudinal assessment of particular markers of interest in
order to give an indication of pathways that may be altered as the disease progresses [67].
Moreover, the use of tissue other than post-mortem brain samples assists in the identification
of specific proteins that could provide insight into the modulation or dysfunction of
molecular pathways involved in PD disease pathogenesis. In this context, two recent studies
by Scherzer et al. have capitalized on the high-throughput capabilities of gene microarrays
and the relative availability of blood and blood components from control and PD patients to
identify potential biomarkers of PD and to gain a more focused understanding of the role of
specific proteins in PD pathogenesis [68,69]. Their initial study of blood taken from control
and early stage PD patients identified ST13, a gene that was highly underexpressed in PD
samples compared with controls [68]. ST13 is a cofactor for heat shock protein (Hsp)70, a
molecular chaperone, and seems to stabilize its chaperone activity. Hsp70 is of particular
interest to PD research because of its important function in modulating protein folding,
especially of α-synuclein, where it has been demonstrated to attenuate α-synuclein toxicity
[70].
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Further microarray analysis of blood from PD and control subjects by Scherzer et al.
uncovered a significant clue in the transcriptional modulation of α-synuclein [69]. Genetic
alteration of α-synuclein, such as point mutations and locus multiplication, can have
deleterious effects on the risk of PD. It is suggested that understanding the mechanisms
involved in regulating the concentration of α-synuclein may provide a window through
which therapeutic interventions aimed at suppressing α-synuclein levels can be developed.
Through transcriptional analysis, Scherzer and colleagues were able to identify a
transcription factor, GATA-2, that is highly expressed in SNpc and regulates the expression
of α-synuclein levels when manipulated in an in vitro model system.

Caveats in transcriptomics
An important caveat that deserves consideration when undertaking a transcriptomic-based
evaluation of mRNA expression differences between disease and normal states, is the further
validation of the identified mRNA as well as the subsequent protein product [71]. As
microarrays have the capabilities to identify several hundred or thousand differentially
expressed genes, the validation of these genes and their changes via an independent method
is imperative to confirm the findings. The most recognized and reliable method available for
this purpose is quantitative real time-PCR. Further validation of gene expression studies can
be undertaken in order to evaluate whether alterations in the expression of a gene of interest
are translated into changes in levels of its respective protein product. These changes are
most easily evaluated through immunoblotting or immunohistochemical techniques utilizing
an antibody that specifically recognizes the protein of interest. Also, the biological
implications of an increase or decrease in expression of a particular gene can be assayed
using in vitro and in vivo model systems that allow for the manipulation of the target gene
and the measurement of specified end points. Obviously, this extensive confirmation process
is not practically possible for all genes identified that exhibit a change in expression between
two disease states; however, they are absolutely necessary in order to reliably identify novel
genes and evaluate their biological significance to potential molecular mechanisms and
pathways involved with PD pathogenesis. Finally, in transcriptomics, very little, if any,
attention has been paid to the non-motor component of PD. This would involve
transcriptomic investigation of other neuronal populations, such as serotonergic neurons in
the dorsal raphe and noradrenergic neurons in the locus ceruleus, that are also susceptible to
degeneration in PD.

Proteomics
Overview of proteomics techniques

Proteomics, a discipline that studies the structure and function of proteins, typically in an
unbiased fashion, has rapidly emerged as one of the most powerful technologies, providing
the means to study the protein profile of a complex biological system on a large scale [72].
The technology is composed of several integrated technical components, including
separation technology, mass spectrometry (MS) and bioinformatics data processing (Figure
2). With the advances in analytical technology, a variety of separation methods have been
applied to facilitate the proteomic study of complex biological samples, including liquid
chromatography (e.g., strong-cation-exchange, reversed phase, size exclusion),
electrophoresis, solid phase extraction and immunoaffinity. Multidimensional separation can
be applied to diagonally fractionate a complex sample at either the protein or peptide level to
enhance the analytical dynamic range and detection sensitivity. The mass spectrometer is the
core component of proteomic technology. High-resolution instruments, such as Fourier
transform–ion cyclotron resonance, Orbitrap, quadrupole time-of-flight (TOF) and TOF/
TOF, are now available, greatly enhancing the quality of proteomic data. These instruments
can be coupled with either electrospray ionization or matrix-assisted laser desorption
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ionization ion source, providing greater flexibility for different experimental designs. In
addition to the widely used collision-induced dissociation method for ion fragmentation, soft
collision techniques, such as electron transfer dissociation, have been introduced recently,
allowing more sophisticated analysis of post-translational modifications (PTMs), such as
phosphorylation and glycosylation. The interpretation of MS data relies on the
bioinformatics tools, which may include database development, search algorithms for
peptide/protein identification, PTM identification and quantitative analysis. In general, a
proteomics data analysis pipeline includes data conversion, database search and verification
of peptide/protein identification.

One of the most important areas for clinical proteomics study is the investigation of
alterations in protein abundance and PTMs, which may be associated with changes in
biological pathways resulting from a disease and its progression. The development of
quantitative proteomics, which aims to systematically identify steady or perturbation-
induced changes in the protein profile of a biological system, has stimulated great interest in
applying the technology to study mechanisms of disease and biomarker discovery. The most
widely used approach for quantitative proteomics analysis utilizes stable-isotope labeling to
introduce mass tags to distinguish a peptide with the same sequence from different origins
(e.g., sample vs control). Therefore, quantification of a peptide can be achieved based on the
intensity ratio of heavy and light forms of the peptide. There are a variety of labeling
methods, based on different labeling mechanisms, that have been introduced for MS-based
quantitative proteomics analysis, including isobaric tag for relative abundance and
quantitation (iTRAQ), stable isotope labeling with amino acids in cell culture, isotope-coded
affinity tag (ICAT) and 18O labeling. Label-free methods based on spectra count have also
been applied for quantitative study. In addition to unbiased quantitative global profiling,
very recently, candidate-based quantitative proteomics has been introduced, providing a
complementary platform for the targeted detection of candidate peptides/proteins in a
complex sample [73]. It is important to note that with all the advancements in technology, a
comprehensive proteomics analysis on a clinical sample, such as plasma, serum or tissue, is
still a challenging task, requiring careful experimental design and a sophisticated analytical
pipeline. The enormous complexity and nonlinear dynamic range in protein abundance in a
biological sample is the major hurdle for an in-depth search for low abundant proteins that
may be biologically significant. However, with the rapid advances of technology in this
field, it is believed that many of the current technical limitations will be transient.

Similar to transcriptomics, proteomics has been widely applied in the study of
neurodegenerative disease, providing a high-throughput platform with which to generate
extensive amounts of data concerning the identification of proteins and quantification of
their relative changes in expression from one disease state, tissue region or cell type to
another. Through the use of different body tissues, such as brain tissue, CSF and blood,
proteomics has provided a window through which proteins are altered, providing a more in-
depth and comprehensive understanding of the potential pathways and mechanisms involved
in the pathogenesis of PD. In the following sections we will highlight several recent
proteomic results from human subjects, focusing on those findings discovered in brain tissue
and CSF.

Human brain tissue
Protein identification

Recent efforts have utilized proteomics in order to characterize the human CNS, especially
the cortex and midbrain proteome, with the hopes of gaining a greater insight into the
pathophysiology of neurodegenerative disease [74,75]. As discussed previously, the
degeneration of dopaminergic neurons in the SNpc of the midbrain are the predominant
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pathological features that underlie the locomotive phenotype that typifies PD. It is believed
that the identification and comprehensive description of the human midbrain will provide a
clearer understanding of the course and proteins that initiate and propagate the execution of
the dopamine neurons. In keeping with this, we have recently generated an expansive profile
of the human midbrain through the coupling of two MS platforms [75]. A comprehensive
MS profile of the human midbrain identified over 1200 proteins, many of which have been
determined to be associated with PD pathogenesis. These include DJ-1, UCHL-1, MnSOD
and glutathione S-transferase omega 1, which have previously identified roles in oxidative
stress, mitochondrial function, protein degradation and neuroinflammation.

While a global description of the midbrain proteome has enhanced our overall view of this
region and the proteins that may contribute to PD, a more systematic analysis of specific cell
populations and constituents of these cells within the midbrain may provide valuable
information related to neuronal pathways involved in the disease. This approach, termed
subcellular proteomics, relies upon subcellular fractionation techniques to isolate specific
subcellular compartments that can then be analyzed for protein composition via a proteomic
platform. This technique has recently been applied in an effort to describe the protein
components of neuromelanin [76–78]. Neuromelanin is a granular pigment found in most,
but not all, catecholaminergic cell populations in the brain, where it is believed to be formed
as a byproduct of catecholamine synthesis and breakdown [79]. Although the exact function
of neuromelanin remains to be elucidated, it does appear to interact with and sequester
multiple compounds found within the cellular cytosol, including iron, lipids, pesticides and
neurotoxic compounds, as well as other intracellular components. In this regard, it is
believed that neuromelanin retains cytoprotective, but also cytotoxic, roles if these putative
sequestration mechanisms are damaged or saturated. It has been speculated that alteration of
its function could participate in dopamine degeneration. Pairing subcellular fractionation of
neuromelanin granules with a proteomic platform, Tribl et al. have produced an extensive
dataset of proteins associated with neuromelanin [76]. These proteins appear to be involved
in a diverse set of intracellular functions, including vesicle trafficking, mitochondrial
function, endoplasmic reticulum and molecular chaperones, among others. While this study
provides valuable insight into the molecular composition of neuromelanin granules, it raises
the question of whether association of these proteins with neuromelanin is serving a
neuroprotective or neurodegenerative function. More recently, although the significance
remains to be elucidated, autoantibodies against neuromelanin have been noted in PD
patients, particularly during early stages of the disease [80].

Subcellular isolation techniques have also been employed for the proteomic analysis of the
protein composition of LBs in human brain tissue. As mentioned previously, LBs are a
major pathologic characteristic of PD, as well as other parkinsonian disorders. Similar to
neuromelanin, LBs also reside intracellularly and have been found to be composed of
cytosolic components, including VMAT2, α-synuclein and parkin. Thus, further
identification of the molecular constituents of LBs could provide a glimpse into their
mechanisms of formation and functions in PD. A recent study applied proteomic analysis to
biochemically enriched samples of LBs obtained from human tissue [81]. Through this
analysis they were able to reliably identify over 40 proteins associated with LBs. Included
on this list were proteins involved in molecular chaperone functions, oxidative stress,
protein trafficking and proteasomal degradation. As PD pathology progresses, the presence
of LBs migrates in a predefined path originating in the brainstem, in the early stages of the
disease, until it encompasses the neocortex in more advanced cases of PD [82]. Elucidation
of the protein constituents of cortical LBs may shed light on the molecular mechanisms
involved in the late stages of the disease. Using LCM to isolate LBs from cortical tissue in
patients with dementia with LBs, followed by proteomic analysis, yielded the identification
of 156 proteins [83]. One protein in particular, HSC70, was chosen for further validation and
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was confirmed as a LB-associated protein. HSC70 is important as it has been identified as a
molecular chaperone and suggested to participate in multiple cellular processes, including
endocytosis, oxidative stress and apoptosis. Interestingly, although this precise protein was
not identified by Xia et al., they were able to discover several proteins associated with
molecular chaperone functions [81]. It is anticipated that future research will help to clarify
the biological implications of many of these proteins in the pathophysiology of PD.

Protein quantification
The identification of proteins in the midbrain, as well as subcellular compartments, has
provided an extensive list of proteins that occupy these regions, and can be used as tools or
starting points for future discoveries. However, delineating specific proteins whose
expression is altered in PD compared with control allows for a more thorough investigation
of the biological significance of those proteins in disease pathology. A number of methods
have been developed that allow for quantification of protein expression changes in both, in
vivo or in vitro systems. The gold standard for this type of investigation is the coupling of
2D gel electrophoresis with MS to identify proteins with relative changes from one group to
another. Indeed, a study by Basso et al. utilized these techniques and was able to identify 44
proteins, nine of which demonstrated changes in expression in the SNpc of control and PD
subjects [84]. As discussed in the technique portion of the proteomics section, ICAT and
iTRAQ labeling of proteins in human tissue has been the most beneficial in identifying and
quantitating proteins in control and PD SNpc that exhibit alterations in expression.
Subsequently, the application of these techniques has allowed for several advancements in
the description of particular proteins involved in PD pathogenesis. Indeed, the application of
these techniques in our laboratory has allowed for the demonstration and subsequent
validation and investigation of biological importance of several proteins found to be altered
in PD SNpc compared with controls.

Analysis of mitochondrial fractions isolated from the SNpc of control and PD patients and
labeled with ICAT identified 119 proteins that demonstrated a change in their relative
expression in PD compared with control [85]. As one of our premier focuses is to identify
and describe novel proteins that have not previously been associated with PD, we chose to
further validate and investigate mortalin, which functions as a molecular chaperone in
mitochondrial import and energy production, as well as the prevention of oxidative stress.
Confirmation of mortalin expression found it significantly reduced in dopamine neurons in
the SNpc of PD patients compared with controls and appeared to be specific for the
mitochondrial fraction when biochemically isolated, lending evidence to the role of mortalin
in mitochondrial function. Biological manipulation of mortalin in an in vitro model of PD
found a reduction in cell viability and cellular function following overexpression of mortalin
and treatment with the mitochondrial complex I inhibitor, rotenone.

Further evidence for the importance of mortalin in the pathogenesis of PD was uncovered
following the evaluation of PD progression in human cortical tissue taken from PD patients
exhibiting LB pathology in the brainstem, limbic system and frontal cortex, representing
progressively advanced stages of the disease, those with non-motor symptoms in particular
[86]. In this study, tissue samples were labeled using iTRAQ reagents and subjected to
proteomic analysis. Out of almost 200 proteins exhibiting significant changes in expression
from controls, several of them could be considered as candidate proteins that might be
important in PD progression. Some of these proteins have been previously linked to
neurodegenerative disease and more specifically, PD, such as mortalin, while others were
important for CNS function, but as of yet have not been associated with neurodegeneration.
Further validation of mortalin in these tissue samples found a somewhat progressive
reduction in mortalin expression as the disease advances. Notably, there are at least three
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subsequent experiments, independently identifying a critical role of mortalin in PD
pathogenesis [85–87].

Utilizing a similar approach we isolated synaptosomal fractions from human cortical tissue
from relatively early through late stages of PD progression, followed by labeling with
iTRAQ and proteomic evaluation. From the proteins confidently identified, 16 that
demonstrated changes as PD progressed compared with control were highly represented
[88]. From this group we chose to validate and evaluate glutathione S-transferase pi
(GSTpi), which is involved in regulating oxidative stress. Interestingly, polymorphisms in
the GSTpi gene have been suggested to be risk factors for the development of PD [89]. In
our study, GSTpi was found to significantly increase in the synaptosomal fraction as PD
progresses from early to advanced stages of the disease. Overexpression of GSTpi
demonstrated a neuroprotective function in in vitro models of PD. Interestingly, knockout of
GSTpi in mice confers an increase in vulnerability to the dopaminergic neurotoxin, MPTP
[90].

An intriguing phenomenon that has been repeatedly observed in PD is the differential
vulnerability of the dopamine-containing neurons in the ventral tegmental area (VTA),
which is directly apposed to the SNpc in the midbrain. For example, whereas upwards of
90% of dopaminergic neurons are lost in the SNpc, a 40% reduction has been recorded in
the VTA [91–95]. A similar pattern of dopaminergic degeneration has been observed in
several animal models of PD, including MPTP and rotenone [53,96–100]. This suggests that
the dopaminergic neurons of the SNpc possess an endogenous property that renders them
substantially more susceptible to the pathogenic mechanism(s) involved in PD. It has been
proposed that the differential expression of specific proteins in the SNpc and VTA may
explain the distinct pathology observed in these two regions. For instance, the intracellular
calcium-binding protein, calbindin D28K is expressed to a greater degree in the VTA
compared with the SNpc, and has been shown to colocalize with the dopamine neurons that
show resistance to degeneration [101]. In addition, the G-protein inwardly rectifying K+

channel (GIRK) and in particular the GIRK2 isoform, which can regulate dopamine release
to the striatum, is specifically expressed in the dopamine neurons of the SNpc [102,103].
Again, using iTRAQ labeling of proteins from SNpc and VTA of control and PD patients
paired with shotgun proteomics, we discovered 33 proteins with a greater than 50% change
in their relative abundance between these two regions [Caudle et al., Unpublished Data].
Validation and further evaluation of the significance of these proteins to the pathogenesis of
PD are currently underway in our lab. Further analysis of these proteins will provide a more
in-depth comprehension of the divergent susceptibility to dopaminergic degeneration
between the SNpc and VTA in PD.

An area of proteomic research that has been receiving a considerable amount of attention is
the identification and quantification of PTMs of proteins and the influence this alteration has
on their function and role in disease pathogenesis. In general, the most commonly observed
PTMs are phosphorylation, ubiquitination, oxidation and glycosylation of target proteins.
The presence of any of these modifications on a protein can elicit both positive and negative
effects on its expression, localization and function. Moreover, it is becoming more apparent
that modulation of specific proteins by PTMs could have deleterious effects on multiple
cellular pathways, leading to disease. For instance, α-synuclein has been shown to be
subjected to significant PTMs, usually resulting in an exacerbation of its neurotoxic
properties [104].

The use of 2D gel electrophoresis has been extremely powerful in elucidating many of the
PTMs associated with specific proteins that may be associated with PD. A series of studies
by Choi et al. have characterized the oxidative modification of multiple proteins that have
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been linked to PD. For example, using human brain tissue, they recorded a significant
increase in oxidation of DJ-1, Cu/Zn SOD, as well as UCH-L1 by a combination of
carbonyl, cysteine or methionine oxidation, in PD patients compared with controls [105–
107]. DJ-1, which functions to mitigate oxidative stress, and its genetic mutations have been
previously associated with a genetic susceptibility in PD. It can be speculated that the
oxidation of DJ-1 could have significant consequences on its ability to function in
attenuating the generation of oxidative stress within the dopamine neuron. Similar to DJ-1,
Cu/Zn SOD serves to reduce the amount of intracellular oxidative stress through its
dismutation of superoxide, which can readily interact with other radicals to generate highly
toxic reactive species. Therefore, modification of its expression and function could interrupt
this role and facilitate oxidative damage. Dysregulation of proteasomal function in PD is
well documented, with the majority of attention focused on the loss-of-function mutations
observed in parkin. Another protein associated with protein degradation and linked to PD is
UCH-L1, which removes and recycles the ubiquitin tag from proteins that have been
targeted for proteasomal degradation. Recycling of this tag is an important step in sustaining
the degradation process. Thus, oxidative modification of UCH-L1 could result in irreversible
alteration of its conformation and enzymatic activity, increasing the likelihood of
dopaminergic damage.

Although glycosylation is the most prominent PTM, existing as either O-linked (addition of
glycan to serine or threonine residues) or N-linked (addition of glycan to asparagine
residues), the role of glycosylation and more specifically, aberrant glycosylation of target
proteins involved in PD has not been extensively examined [108]. However, it is recognized
that a glycosylated form of α-synuclein is ubiquitinated by parkin and targeted for
proteasomal degradation [109,110]. As a major function of glycosylation is to assist in the
localization of proteins to their appropriate sites of action, alterations of this mechanism
could be detrimental to the normal function of the neuron. Recently we have undertaken an
unbiased proteomic profiling approach to characterize the glycoproteome in human brain
tissue and CSF of controls and patients with Alzheimer’s disease (AD), PD, PD with
dementia and dementia with LBs (DLB). Although these studies are still being analyzed and
validated and will be published in a forthcoming manuscript, we were able to identify 394
and 283 nonredundant proteins in the human brain and CSF, respectively [111]. When
evaluating proteins that were found in both CSF and brain tissue, we found several proteins
with known involvement in PD, such as ceruloplasmin and transferrin, which are involved in
the regulation of iron and have been reported to be altered in PD [112]. In addition, several
overlapping proteins were discovered that are important to general CNS function, including
neural cell adhesion molecule and voltage-dependent calcium subunit α2.

Caveats associated with brain tissue proteomics
Like transcriptomics, the use of proteomics has significantly enhanced our understanding of
the proteins and pathways involved in PD pathogenesis. Unfortunately, proteomic profiling
of human brain tissue is hindered by some of the similar shortcomings, as was seen with
transcriptomics. Most prominent is the technology itself, as it is biased towards abundant
proteins, that is, signal transduction molecules cannot be identified easily without extensive
protein fractionation. The issue can also be confounded by global profiling of the SNpc in
control versus PD patients, with the identification of artificial alterations to specific proteins
that is congruous with the precipitous loss of dopamine neurons in this region. It can be
argued that not all neuronal proteins exhibit a reduction. Indeed, we observe numerous
proteins whose relative abundance is increased in the SNpc of PD patients [85]. This is why
such rigorous validation and confirmation methods are suggested, followed by evaluation of
biological significance, in order to eliminate as much doubt as possible that the changes
observed through the proteomic screen are not biased. Extensive validation of candidate
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proteins revealed by proteomics by an independent method, such as western blotting, is also
important because proteins can be identified incorrectly due to a currently incomplete
database.

Cerebrospinal fluid
To date, the clinical diagnosis of PD is inadequate, resulting in a significant percentage of
misdiagnoses or simply missed diagnosis, with a failure rate of between 50 and 90%,
depending on the clinicians’ acumen and experience with such cases. These shortcomings
can be attributed to the homogeneity of disease presentation, as many neurodegenerative
diseases that arise from damage to the midbrain, such as progressive supranuclear palsy and
multiple systems atrophy, share several neurological deficits. Moreover, it is also imperative
to delineate a spectrum of disorders within a single disease, for example PD from DLB and
PD with dementia. The identification of specific and sensitive biomarkers to help
differentiate between multiple diseases, especially at pre-clinical stages, will greatly enhance
the diagnostic power of the clinician, which will translate into the initiation of more
personalized therapeutic interventions. The use of CSF for the discovery of disease-specific
biomarkers has proved to be advantageous owing to its approximation to the brain and the
site of pathology, providing a more accurate representation of the state of the brain under
normal and disease conditions. Furthermore, CSF samples can be extracted from an
individual over time, allowing for longitudinal evaluation of molecular changes throughout
the course of the disease. Finally, CSF has the potential to be a useful tool in identifying
unique proteins and pathways that may provide insight into the pathogenesis of the disease.
While the use of CSF, plasma/serum and blood cells have proven to be especially
informative in these endeavors, we will focus the remainder of our discussion on studies that
have utilized CSF to evaluate various aspects of PD pathogenesis.

Protein identification
The presence and overlap of so many brain-derived proteins in the CSF suggest an intimate
interaction between these two regions. Evidence has suggested that CSF may be involved in
mediating cellular signaling between two brain regions through volume transmission or
synaptic exocytosis [113–115]. In order for this to occur, it is necessary for structures and
mechanisms involved in the transport, protection from degradation, targeting and
transduction of the signal to be in place. Extensive CSF protein profiling has revealed more
than 3000 proteins, including those involved structurally and/or functionally in the CNS, as
well as those related to immune processes [116,117]. A recent study by Harrington et al.
reported the presence of subcellular structures, approximately 30–200-nm spheres, further
characterized as constituents of synaptic vesicles and exosomes, such as polyunsaturated
fatty acids, synaptobrevin, synaptotagmin and syntaxin [115]. The presence of these proteins
suggests that neurotransmission and signal transduction is occurring in the CSF.
Interestingly, exosomes have been suggested to function within the endosomal pathway as a
means for the cell to remove unwanted or unnecessary proteins through fusion with the
plasma membrane and subsequent release into the extracellular space [118,119]. Once
released, exosomes could interact with other neighboring cells and transfer their contents. In
regard to neurodegeneration, exosomes have been shown to sequester amyloid precursor
protein and the prion protein, which are involved in the pathogenesis of AD and prion
disease, respectively [120,121]. Although abundantly localized intracellularly, mounting
evidence has suggested that α-synuclein is also present in the extracellular space, where it
could potentially interact with and damage other neurons [122–124]. The mechanism by
which α-synuclein is extruded from the cell remains to be fully elucidated. However, we
have recently shown a role for Rab11a, an endosomal protein in the secretion of α-synuclein
[122]. However, while yet to be demonstrated, exosomal incorporation may also represent a
possible release mechanism for α-synuclein into the extracellular compartment.
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Protein quantification
In addition to the identification of proteins in CSF, we have also employed several unbiased
quantitative proteomic approaches to the discovery of unique protein markers that will allow
for the delineation of multiple disease states, particularly, AD, PD and DLB from each
other, as well as controls. Utilizing iTRAQ labeling of CSF samples collected from these
groups followed by tandem MS we identified over 1500 proteins, which can be separated
into several biological categories, including neuronal activities/signal transduction, cell
cycle/death and cellular transport, among others [116]. More importantly, we found 136, 72
and 101 proteins that were uniquely altered in AD, PD and DLB, respectively. Finally,
validation of several proteins and their use in combination could reliably differentiate
between AD, PD and DLB with high sensitivity and specificity. Several of these proteins
have undergone further validation and then evaluated as a multianalyte panel for their utility
in separating PD and AD from each other and controls [125]. Although more work is needed
to elaborate upon these findings and to validate our current knowledge, the generation of this
dataset provides an extensive platform from which future biomarker discovery attempts can
be initiated, while providing further insight into molecular targets and cellular pathways
disrupted or involved in PD and other neurodegenerative diseases.

Caveats of CSF proteomics
The utilization of CSF for proteomic analysis is not immune from its own set of drawbacks,
as discussed above in brain tissue proteomics. While several of these have been extensively
discussed in previous publications [126], we will briefly appraise a few of the most
important points. First and foremost, the proteomic technique is inherently biased towards
the identification of proteins of high abundance, a problem greatly enhanced in proteomic
analysis of CSF, where approximately 70% of the protein content is attributed to the
presence of albumin and immunoglobulins. Since most proteins secreted from the brain into
the CSF are in low concentrations (~150 μg/ml), this makes detection extremely difficult. As
mentioned, there are ways to selectively enhance the detection of these low-abundance
proteins, most notably through exclusion of albumin and immunoglobulins by sequential
fractionation of CSF using organic solvents. A further concern when using CSF is the
presence of blood contamination in the sample. As the CSF protein profile significantly
overlaps with that of plasma, even minor blood contamination can have a major effect on
CSF protein concentration. Therefore, particular care should be taken to establish the
concentration of red blood cells contained in the CSF sample. Ideally, samples should
contain less than ten red blood cells per microliter of CSF.

Metabolomics
Overview of metabolomic techniques

As the development of targeted assays is well described in the literature, we will focus on
summarizing the methodology involved in fingerprinting metabolomics. Interested readers
are directed to the original publications and more detailed reviews on the topics addressed
here [127,128]. Advances in analytical methodology, particularly separation science and
more sensitive instrumentation, coupled with sophisticated software for data processing,
statistical analysis and metabolite identification have enhanced the ease with which a
‘molecular signature’ can be described. Despite the various methodologies, there are
underlying similarities to all metabolomic experiments: sample acquisition, sample
preparation, sample analysis to generate data (using Nuclear magnetic resonance [NMR] or
a spectrometry-based technique), data analysis and metabolite identification (Figure 3).

First, the collection of the samples depends on the study question, design and population.
For example, although the ultimate tissue of interest may be the brain, it is difficult to collect
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brain specimens from living subjects and, as such, more easily accessible biofluids, such as
blood or urine, are typically used in metabolomics studies. It is critical that the samples are
collected using a uniform procedure to prevent spurious associations with changes to the
collection methodology during the course of the study (e.g., changes in anticoagulants used
to isolate plasma or collection of urine samples at different times of day). Moreover,
samples should be aliquoted, stored at −80°C and multiple freeze–thaw cycles should be
avoided. Sample preparation is even more important in metabolomics (than in
transcriptomics and proteomics) because metabolites are liable and subject to alterations in
seconds or even milliseconds.

Second, because of the diversity of small molecules in the samples, there is no one perfect
sample preparation method to maximize the detection of all compounds for all biological
fluids or tissues. For instance, specific analyses involving lipids will necessitate different
sample preparation than polar compounds. The preparation will depend in part upon the
analytical method subsequently used. For NMR, samples can be diluted, the pH adjusted or
subjected to ultrafiltration to remove proteins. For liquid chromatography MS (LCMS),
protein precipitation is usually performed by the addition of organic solvents and/or
centrifugation. Gas chromatography MS (GCMS) will detect volatile compounds and
treatment of samples with derivatization agents is often necessary. In all cases, the use of an
internal standard is recommended to monitor for any sample-to-sample differences in
recovery.

As discussed previously, multiple methodologies are available to analyze the biological
samples. NMR, LCMS and GCMS are the most popular analytical methods and capillary
electrophoresis and capillary electochromatography are the newer techniques. NMR
spectroscopy has a lower sensitivity than MS, but has the advantages of high reproducibility
and nondestruction of the sample. LCMS methods are usually performed on TOF
instruments and have the ability to detect metabolites with high mass accuracy and high
sensitivity. However, LCMS techniques are highly dependent upon the chromatographic
conditions, such as mobile phase constitution and gradients, column selection (reverse-
phase, normal-phase or hydrophilic interaction liquid chromatography ‘HILIC’ columns)
and system set-up. In other words, the time at which a particular metabolite elutes from the
column may not correspond between different instruments or laboratories, rendering the
identification of compounds more difficult. By contrast, the detection of the compounds is
much more uniform with GCMS, but may be limited to compounds that possess the
functional groups that will react with the derivatization agent.

Metabolomics software is greatly improved, offering ease-of-use and more functionality, but
is generally associated with particular instruments (NMR vs MS) or vendors (e.g., Waters,
Agilent). Nonetheless, the data analysis protocol is relatively similar: generation of a list of
compounds detected using peak alignment for MS data or binning and spectral fitting for
NMR data; normalization to the internal standard or other compounds (e.g., creatinine in
urine); and statistical analysis. The statistical approaches are more similar to microarray
analyses than proteomics and borrow from the rich experience of expression analysis. As
such, the identification of significant metabolites typically involves procedures such as
principal component analysis, to cluster important differences to yield supposed differences
between groups, univariate and multivariate statistics, supervised learning methods and
cross validation methods. Significant compounds can be selected for further investigation.

Findings in metabolomics
To date, few studies have utilized metabolomic platforms to evaluate biomarkers associated
with molecular signatures and pathways involved in PD pathology. The studies that have
capitalized on this technology have focused their evaluation on peripheral body fluids, such

Caudle et al. Page 15

Expert Rev Neurother. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



as blood/plasma and CSF with the goal of identifying metabolic pathways that are perturbed
in PD compared with control subjects. Current analysis of metabolic dysfunction in PD has
been focused on the association between levels of urate in the serum or CSF and PD
progression. Several studies have determined an inverse correlation between urate
concentration and clinical progression of PD, with reduced urate levels suggesting an
increase in dopaminergic neurodegeneration and advanced PD symptomology [129–132].
Furthermore, urate levels have been determined to be a sensitive indicator of risk for
development of PD, with higher urate levels predicting a significantly lower risk of PD.
These findings are very interesting as urate is considered to have important functions as an
endogenous antioxidant [133]. Given the prominent role of oxidative stress as a pathogenic
pathway involved in PD, these results provide further evidence for the involvement of this
pathway in dopaminergic degeneration and PD.

Two studies have further explored the disruption of metabolic pathways in PD through the
application of metabolomic platforms to analyze human blood for metabolic signatures. The
first study by Bogdanov et al. determined significant alterations to a few metabolites
associated with the oxidative stress pathway [134]. In particular, as previously reported, they
demonstrated a reduction in uric acid in subjects with clinically defined PD, compared with
controls. By contrast, they found an increase in the levels of glutathione as well as 8-
hydroxy-2′-deoxyguanosine. Taken together, these data further support the role of oxidative
stress in PD and demonstrate the ability to identify metabolic markers that are capable of
reliably delineating PD from control subjects.

A more recent study by the same group elaborated upon their previous findings and used
metabolomics to evaluate the metabolic profiles of patients with idiopathic PD, PD
associated with the G2019S LRRK2 mutation, asymptomatic LRRK2 G2019S carriers and
normal controls [135]. As previously seen, they were able to distinguish idiopathic PD cases
from controls, based on levels of metabolic signatures. Even more interestingly, they
reported a clear delineation between idiopathic PD and the LRRK2 PD group. Furthermore,
a partial separation of LRRK2 PD patients and asymptomatic relatives who are carrying the
LRRK2 mutation was also seen, although a substantial overlap between the two groups was
present. While specific metabolites were not presented in this article, the authors suggest an
alteration in the purine pathway, of which urate is an important participant.

Caveats in metabolomics
One of the major challenges of metabolomics is the identification of the metabolites, which
starts with comparing the analytical signatures (e.g., NMR or LCMS spectra) of the
metabolite against databases of known compounds. At this time, public and commercial
databases contain compounds such as lipids, amino acids, fatty acids, amines, alcohols,
sugars, organic phosphates, hydroxyl acids, aromatics, purines and other high abundance or
clinically important molecules. Nevertheless, these databases are limited or incomplete as
secondary metabolites, drugs and environmental compounds are less represented. Another
issue associated with metabolomic studies is the potential introduction of sample variation
that can be attributed to differences in sample collection and preparation. In this regard,
stringent parameters should be set forth that address not only the constituents of the
subject’s diet, which may interfere with the sample analysis, but also the time of sample
collection, addition of anticoagulants for serum collection and the appropriate preservation
measures. Adherence to standardized guidelines related to these issues will significantly
reduce inter-individual variability and facilitate the generation of more comprehensive
publicly available metabolite databases.
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Common findings between transcriptomics, proteomics & metabolomics
Ideally, the analysis of parkinsonian and normal SNpc by independent -omics techniques
would yield concordant findings between the different platforms; meaning, if gene A was
observed to increase, then its protein product would also demonstrate a similar increase,
followed by an appropriate alteration in the corresponding metabolic profile. Unfortunately,
as we have seen, there exists a general lack of overlap in results from one study to another,
even when using the same platform. Furthermore, this discordance is compounded when
attempting to compare findings from tissue versus those obtained from CSF or plasma/
serum. While some variability is biological, for example, some genes are not translated to
proteins, the overall heterogeneity of the human population and the lack of presence of
CNS-specific proteins in peripheral fluids, a significant contribution to the inconsistent
results relates to variables involved in experimentation, including the evaluation of different
regions or the use of different technologies. In terms of brain regions studied, it is not
always clear which compartment of the substantia nigra was utilized, particlularly whether
only the pars compacta was studied, which is the most vulnerable to dopaminergic
degeneration, or whether it was combined with the pars reticulata, which is relatively spared
in PD. Furthermore, a differential vulnerability is seen within the pars compacta, with the
lateral tier exhibiting a greater loss of dopamine neurons than the medial component.
Similarly, the use of different techniques and equipment introduces a substantial amount of
complexity to the interpretation and integration of several studies, as these technologies may
have different detection and resolution capabilities. Thus, in order to create a unified
understanding of the alterations that are occurring in the SNpc throughout PD it is
imperative to establish a standardized manner of defining and evaluating these changes. A
few of these caveats were touched upon when discussing the use of transcriptomics in PD
research. However, as the use of proteomics and metabolomics in PD increases, it is
anticipated that similar issues will come to light. Indeed, when comparing the human
midbrain proteome to the human CSF proteome, only approximately 20% of the proteins
identified are shared between the two media [75], which can be attributed, at least in part, to
constant changes in the human database.

Some of these issues can be resolved when less focus is put on the agreement of specific
products and instead the entirety of the pathway within which particular genes/proteins/
metabolites reside is considered. Indeed, when considering transcriptomics and proteomics,
similar pathways have been shown to change between control and PD subjects, including
synaptic transmission, mitochondrial function, protein degradation and oxidative stress.
Interestingly, when this approach is applied it appears that alteration to the oxidative stress
pathway is a common feature discovered in transcriptomic, proteomic, as well as
metabolomic studies of PD. Moreover, while the transcriptomic and proteomic studies
discovered this alteration in human midbrain tissue, metabolomics uncovered this pathway
in human serum. Given the agreement of this finding through three independent means, in
addition to different body tissues, these data provide a strong argument for the role of
oxidative stress in the pathogenesis of PD. Finally, we feel that the redundant identification
of specific pathways, such as oxidative stress, by independent research groups, techniques
and biofluids is an important demonstration because it not only provides validation for these
specific mechanisms being involved in PD pathogenesis but also an assurance that newly
developed -omics do provide meaningful data, such as shedding light on novel targets and
pathways. Indeed, multiple novel genes/proteins, such as mortalin, GATA-2 and ST13,
revealed by -omics, have been confirmed to be biologically important in PD pathogenesis/
progression.
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Expert commentary
Although extensive effort has been put forth in order to identify and explain the precise
mechanisms and molecular cascades that initiate and propagate neurodegeneration in PD,
our understanding of the disease process is still unsatisfactory. A recent focus in PD research
has been on the multidiscipline approach to elucidating pathways and targets that are
perturbed in PD. It is believed that the application of transcriptomics, proteomics and
metabolomics will provide an integrative approach to the problem of neurodegeneration in
the SNpc as well as other affected regions, creating a more methodologically comprehensive
pursuit of an understanding of the disease process. Through these techniques we have been
able to confirm previously held beliefs about the role of mitochondrial dysfunction,
proteasomal alteration and disruption of dopamine neurotransmission in the pathogenesis of
PD. In addition, we have been able to identify and bring attention to unique and novel
pathways, such as axon guidance, that may hold promise as a key mediator of neuronal loss.

A more important question that should be put forth is: what are the implications of these
findings for our overall understanding of PD pathogenesis and the potential for the
development of therapeutic interventions? As mentioned previously, the shared alteration to
the oxidative stress pathway, as demonstrated by different -omics techniques and within
different biofluids, suggests that this pathway and the myriad of biological components
involved may represent the final common pathway through which all other pathological
mechanism associated with PD eventually feed into and perpetuate/potentiate the
pathogenesis. Given that each disease is so unique, however, this hypothesis would
necessitate a further concentration of effort in understanding this pathway and the
integration of other novel components and circuits revealed by -omics, such as mortalin or
GATA-2, that are specifically related to PD.

However, given our current advances, there are still several issues that need to be addressed
and resolved. In particular, the relative incompleteness of the proteomic, metabolomic and,
to a lesser degree, transcriptomic databases continues to be a hindrance in the identification
of these respective molecules. Indeed, an increased deposition of identified genes, proteins
and metabolites into their respective databases would greatly enhance the analysis of
specific pathways and proteins involved in PD, which could provide more insight into the
pathogenesis of the disease. In addition, it would provide a platform for meta-analysis to be
performed, which could assuage much of the between-study variability currently
encountered when analyzing multiple studies. Furthermore, a more conscious effort needs to
be made by each research group to confirm genes, proteins and metabolites discovered
through each platform. This confirmation would provide assistance in the further biological
validation of each in order to assess their relative biological contribution/significance to PD
pathogenesis.

Five-year view
As the complexity of the human brain is further realized, research investigations are moving
towards a more holistic approach to the understanding of the pathological cascades that
underlie the disease process associated with PD. Dissection of these molecular pathways and
mechanisms at multiple biological levels will be imperative to our understanding of these
processes. The -omics tools with which to conduct these analyses are already in place and
being implemented in the study of PD and other neurodegenerative disorders. As these
techniques are further employed to address the pathogenesis of PD, we will find an
elaboration of the genetic, proteomic and metabolomic databases available for target
identification, allowing for a more powerful and extensive evaluation of pathways involved
in the manifestation of PD. Furthermore, investigators will be able to take advantage of the
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capabilities of each platform, integrate their findings and thus take a more systems biology-
based approach to the investigation of PD. This approach would assist in reducing the
relative complexity of the brain and the pathways involved in PD, which would allow for a
more thorough evaluation of not only the general components of these pathways, but also
the effects of the interactions that occur between them. This will require a more conscious
effort to coordinate these data, techniques and, more importantly, sample collection and
preparation in order to uncover a potentially unifying disease pathway(s). In this regard, it
should be kept in mind that several disease states, such as PD, AD and amyotrophic lateral
sclerosis share similar pathological pathways, such as the oxidative stress pathway. This
suggests that they may also demonstrate commonalities in their restorative pathways. Being
mindful of these similarities will benefit not only our general knowledge of PD, but allow
for the identification of more specific therapeutic targets aimed at ameliorating or abrogating
the disease process.

Collaborative efforts aimed at characterizing the genetic, proteomic and metabolomic state
from the same control and PD cases would enhance our holistic understanding of the
pathology driving PD pathogenesis. In this vein of thought, the application of these
integrative efforts to longitudinal studies of various human biofluids would allow for the
delineation of the disease progression from a genetic, proteomic and metabolomic context,
again, providing comprehensive insight into the pathways and mechanisms that may be
altered as the pathologic state progresses from non-symptomatic to symptomatic and
beyond. Furthermore, analysis of these samples would potentially contribute to
identification of markers of progression that are critical to clinical trials.

Key issues

• Focus has been placed on the use of -omics, particularly transcriptomics,
proteomics and metabolomics, in order to elucidate many of the pathogenic
aspects of Parkinson’s disease (PD).

• Transcriptomics is concerned with the identification of genes and gene
expression, while proteomics is focused on recognizing and measuring
respective changes in proteins. Finally, metabolomics is concerned with the
identification and quantification of metabolites to provide a signature of the
metabolic state at that point in time.

• In PD, these techniques have been applied to various biological media,
including brain tissue, cerebrospinal fluid, blood and blood constituents.

• Transcriptomics has reliably identified alterations in pathways in the substantia
nigra pars compacta and blood of PD subjects associated with mitochondrial and
proteasomal function, dopamine neurotransmission and oxidative stress. In
addition, it has uncovered the axon guidance pathway as a potential contributor
to dopaminergic neurodegeneration.

• The use of proteomics has provided a comprehensive characterization of the
human midbrain, as well as the protein composition of human cerebrospinal
fluid. This platform has been further utilized to identify specific proteins and
pathways that are altered in the biofluids of PD compared with controls.

• Metabolomics-based studies of blood from PD and control patients have further
uncovered the role of oxidative stress in the pathogenesis of PD. Furthermore, a
differential metabolic profile was observed between patients with idiopathic PD,
PD associated with the G2019S LRRK2 mutation, asymptomatic LRRK2
G2019S carriers and normal controls, allowing for the separation of these
groups from each other.
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• Despite multiple caveats associated with each -omics technique, several
processes critical to PD pathogenesis, such as mitochondrial dysfunction and
synaptogenesis, have been commonly indentified by different methods.
Furthermore, appraisal of the findings from each of the -omics-based studies
found the oxidative stress pathway to be uniquely altered between control and
PD patients, independent of the technique or type of tissue sample used.

• Further integration of these techniques into a systems biology approach will lead
to a more comprehensive characterization of the molecular mechanisms and
pathways perturbed in PD.

• In addition to the identification of alterations to specific genes, proteins and
metabolites associated with PD pathogenesis, transcriptomics, proteomics and
metabolomics are exquisitely suited for the identification of sensitive
biomarkers to help differentiate between neurodegenerative disorders with
similar clinical phenotypes to PD, as well as assist in the preclinical diagnosis of
PD and other related movement disorders.
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Figure 1. Overview of a microarray experiment
(A) RNA is isolated from control and diseased cells. cDNA is prepared from the RNA
samples and fluorescently labeled with Cy3 or Cy5 dyes. The labeled cDNA samples are
cohybridized to the microarray. (B) Following hybridization, washing and drying,
fluorescent signals are detected by scanning the microarray with a confocal microscope with
appropriate lasers for optimal excitation of the fluorescent dyes and an image file is
generated.
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Figure 2. Overview of proteomics workflow and protein quantification
(A) Samples of brain tissue, cerebrospinal fluid or blood/plasma are collected and prepared
for separation by either strong-cation-exchange, reversed phase, or size exclusion
chromatography. Samples are then analyzed by tandem MS, followed by identification by
database search algorithms and bioinformatics evaluation. (B) For quantitative proteomics,
biofluid samples from control and disease patients are obtained and labeled with isotopic
tags before being mixed, fractionated and analyzed by tandem MS. The identification and
quantification of proteins relies upon protein databases and bioinformatics analysis.
ESI: Electrospray ionization; LC: Liquid chromatography; MALDI: Matrix-assited laser
desorption/ionization; MS: Mass spectrometry.
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Figure 3. Overview of metabolomics experiment
Samples are collected from normal and diseased subjects or from treated and untreated
groups. The samples are prepared for nuclear magnetic resonance imaging or mass
spectrometry-based analysis. Data are generated by the analytical instrument and software is
used to discriminate significant markers that correlate with disease or treatment. Databases
are used to search for the identity of the markers.
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