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Abstract

Traumatic brain injuries (TBIs) present a chief public health threat affecting nations worldwide.
As numbers of patients afflicted by TBI are expected to rise, the necessity to increase our
understanding of the pathophysiological mechanism(s) as a result of TBI mounts. TBI is known to
augment the risk of developing a number of neurodegenerative diseases (NDs) such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD). Hence, it is rational to assume that a
common mechanistic ground links the pathophysiology of NDs to that of TBIs. Through this
review, we aim to identify the protein—protein interactions, differential proteins expression, and
PTMs, mainly glycosylation, that are involved in the pathogenesis of both ND and TBI. OVID and
PubMed have been rigorously searched to identify studies that utilized advanced proteomic
platforms (MS based) and systems biology tools to unfold the mechanism(s) behind ND in an
attempt to unveil the mysterious biological processes that occur postinjury. Various PTMs have
been found to be common between TBI and AD, whereas no similarities have been found between
TBI and PD. Phosphorylated tau protein, glycosylated amyloid precursor protein, and many other
modifications appear to be common in both TBI and AD. PTMs, differential protein profiles, and
altered biological pathways appear to have critical roles in ND processes by interfering with their
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pathological condition in a manner similar to TBI. Advancement in glycoproteomic studies
pertaining to ND and TBI is urgently needed in order to develop better diagnostic tools, therapies,
and more favorable prognoses.
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1 Introduction

2 PTMs

After the recent advancement of the now indispensable tool of mass spectrometry (MS), the
field of large-scale analysis of proteins, termed proteomics [1], has allowed the scientific
community to further our understanding of molecular and cellular biology and has
thoroughly impacted the emerging field of systems biology [2]. Proteomics has greatly
increased our knowledge of human physiology and disease. Clinical implications of
proteomics have led to a better understanding of disease processes, the development of novel
biomarkers discovery for diagnosis and early detection of diseases, as well as the
development of new drugs [3]. Of particular interest are the protein—protein interactions,
differential protein expression profiles, protein quantification, and post translational
modifications (PTMs) related to neurodegenerative diseases (NDs) and traumatic brain
injury (TBI).

In this paper, we aimed to review the different types of PTMs in two major NDs,
Alzheimer’s disease (AD) and Parkinson’s disease (PD), along with TBI, with a main focus
on glycosylation changes. For this purpose, articles published between 1946 and November
2015 were retrieved via the online databases PubMed and MEDLINE. Keywords and
combinations related to NDs (AD and PD), TBI (brain damage, brain injury, concussion,
etc.), proteomics, and PTMs (glycans, glycosylation, glycomics, etc.) were used to perform
the search. Two independent reviewers evaluated the abstracts of the articles, and data
extraction was then performed on the relevant articles that met our objectives for the review.

Proteins are large macromolecules that comprise a specific sequence of amino acids. After a
protein is synthesized, its function is modulated by PTMs and structural changes such as
folding and refolding [4]. PTMs comprise the addition of various functional groups to amino
acids such as acetate and phosphate [5]. Currently, more than 300 different types of PTMs
are known, ranging from single atom modifications (e.g., oxide) to small protein modifiers
(e.g., ubiquitin) [6]. The activity and function of most proteins in molecular pathways are
modulated by various PTMs [7], which are known to influence protein turnover and
localization, protein—protein interactions, signaling cascades, enzymatic activity, and cell
division [4, 8]. Nevertheless, the function of most PTMs is still unknown since the rate of
their discovery surpasses the rate at which any one modification can be studied empirically
[6]. Approximately 80% of mammalian proteins are modified posttranslationally. For
instance, phosphorylation is implicated in cell signaling [9, 10], acetylation in epigenetics
[11] and NDs [12], ubiquitination in regulation of cellular protein homeostasis [13],
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hydroxylation in collagen formation [14], and glycosylation in the pathophysiology of
neurotrauma [15-17]. The basic findings from studies that demonstrated the role of PTMs in
the relevant diseases are summarized in Table 1.

2.1 Introduction to glycosylation

The most common PTM of proteins is glycosylation, as protein sequencing data suggest that
it represents more than half of all mammalian cell protein modifications [18, 19].
Glycosylation is a cotranslational and/or posttranslational mechanism by which a
carbohydrate moiety is added to a lipid, protein, or other organic molecule within or outside
of the cell. The glycosylation process is tightly regulated as it is an enzymatic modification
that is site and substrate specific [4]. Indeed, glycans of secreted glycoproteins are proven to
affect various protein properties such as solubility, whereas cell surface glycosylated
proteins are shown to be implicated in various cellular processes such as cell—cell
communication. [20]. Two major classification groups of the major glycans of glycoproteins
exist and are categorized according to their glycan—peptide bonds, namely the N- and &
glycans. A-glycans represent the linkage of the amino sugar derivative of glucose N-
acetylglucosamine (GIcNAc) to the amide group of asparagine, whereas O-glycans represent
the linkage of A-acetylgalactosamine, an amino sugar derivative of galactose, to the
hydroxyl groups of serine or threonine amino acid residues of polypeptides (Fig. 1) [19].

2.2 Characterization of glycoproteins

The initial step for characterization of glycosylated proteins is by isolating them from their
complex biological samples that contains both nonglycosylated and diversely glycosylated
proteins. After isolation, glycoproteins/glycopeptides are enriched, subjected to proteolytic
digestion, and finally detected/identified using MS-based techniques via glycoproteomics
platforms, which are a subset of the proteomics discipline [19]. In general, various forms of
HPLC such as ion exchange methods, hydrophobic interactions, size exclusions, and affinity
chromatography can be used to purify and separate glycoproteins. The required analytical
methods should be fast and robust in order to study the altered glycosylation profiles
induced by the specific diseases. [21]. Several techniques have been previously used for the
characterization of glycoproteins, namely, methods based on lectin affinity, hydrazide
chemistry, and enrichment at the glycopeptide or protein level; the latter method comprises
deglycosylation and other chemical methods [21,22].

2.3 Characterization of glycoproteins by MS

MS provides significant pieces of information on proteins with PTMSs. This is especially
important when it comes to quantitatively comparing two or more samples. To examine
disease-associated changes in glycosylation patterns, sensitive, quick, reliable, and robust
analytical techniques are desirable. Despite the many methods that can be used to identify
glycoproteins, the field of glycoproteomics remains challenging, yet very promising. MS
techniques have significantly reduced the limitations of glycoprotein profiling, especially in
complex types of samples such as plasma, serum, and body fluids [23, 24]. Recent advances
in MS technology have also allowed for the use of more accurate approaches in the
characterization of glycoproteins. By analyzing the glycopeptide-based results, site-specific
information reflecting the site of attachment of the glycan on the protein can be determined,
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which subsequently indicates the putative functional roles and properties of those
modifications. As shown in Fig. 2, glycoproteins are initially enzymatically cleaved by an
endoprotease followed by performing separation techniques coupled with mass analysis.
Figure 3 shows an example on the nomenclature and topology of glycans.

2.4 Quantitative glycoproteomics

Quantitative glycoproteomics is beneficial in assessing the level of glycoproteins reflecting
certain cellular states, whereby isotope-labeling techniques are commonly used for this
purpose. For instance, specific functional groups can be tagged isotopically via certain
chemical reactions, particularly ICATS, isobaric tags for relative and absolute quantitation ,
or enzymatic 180 incorporation [25-27]. Cysteinyl residues are primarily labeled by ICAT at
their side chains to generate the specific mass values, thus facilitating identification and
quantification of specific proteins [28]. However, ICAT selectively searches for cysteine
residues and therefore an enormous percentage of proteins that are deficient of this amino
acid might be missed. In addition, some residues are inaccessible to the reagent [28].

3 Glycoproteomics in NDs

Long-term effects of TBI have been demonstrated to increase the risk of ND [29],
suggesting that a common ground unites TBI and ND. PTMs of AD and PD will be sought
to address this idea. PTM alterations have been reported to contribute to the variations in
health and disease homeostasis, as it has been assumed that they regulate protein—protein
interactions and cellular signaling pathways. However, once the physiology of PTM has
been impaired, deleterious consequences could occur [30]. AD is the most common type of
dementia in aging adults [31] and is followed by PD [32]. Rates of both diseases are
projected to increase significantly over the next few years as the global population ages.
Both diseases impose a substantial burden to patients, caregivers, and healthcare systems
worldwide [31,32]. AD is characterized by the presence of two histopathologically brain
lesions, namely senile plaques, where $-amyloid plaque is the major constituent, and
neurofibrillary tangles, where tau protein is the major component [33]. As for PD, it results
from degeneration of dopaminergic neurons in the substantia nigra of the midbrain and the
deposition of neuronal Lewy bodies [32]. Clinically, AD manifests by cognitive
deterioration and memory loss [34], whereas in PD both motor and nonmotor symptoms
may be observed, such as resting tremors, rigidity, bradykinesia, stooping posture, and
cognitive impairment [35]. The pathophysiological and clinical findings of AD, PD,
Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS), and multiple sclerosis are
summarized in Table 2.

The relevance of glycoproteins to ND has been widely demonstrated in the literature. In the
following section, we discuss the implication of different glycoprotein modifications and
their implications on neural activity. Gene knockout studies in mice have shown that some
glycosyltransferase enzymes that are known to be responsible for the biosynthesis of glycans
are indispensible for neural development and that their dysfunction may lead to neurological
manifestations [36]. Endo reported that aberrant G-mannosylation has altered the normal
neural migration, leading to several congenital disorders such as muscular dystrophy [37].
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Moreover, the role of lectins, which are glycan-binding proteins, in neurological
maintenance has been tackled formerly. In fact, lectins have been classified into galectin, a
[-galactose-binding lectin proposed to regulate cellular apoptosis [38], mannose-binding
lectin with implications for immunity [39], and the sialic acid binding immunoglobulin
superfamily lectin, termed “Siglec,” that serves a role on cell surface of immune cells [40].
Research studies on galectins have identified their key role during brain development,
involving axonal tracing and neurite fasciculation [41-43] along with developmental
regulation in terms of expression and localization [44]. For example, galectin-1 knockout
mice have been shown to prevent neurite processes outgrowth in olfactory neurons [45].

In addition, several reports have pointed out the contribution of O-GIcNAcylation to
neurogenesis and neuronal morphology. Indeed, O-GIcNAcylation, also referred to as O-
linked B- MV-acetylglucosamine (O-GlcNAc) madification, involves the transfer of a single
sugar (GIcNAC) to the hydroxyl group of Ser and Thr residues of proteins. O-GIcNAcylation
can be intracellularly mediated by O-GIcNAc transferase or extracellularly mediated by
epidermal growth factor domain-specific O-GIcNAc transferase [46-48]. O-GIcNAc
transferase expression, enriched at neuronal synapses [49, 50], has been found to
dynamically modify various neuronal proteins related to synaptic function, learning,
memory, and neurodegeneration [51-53]. A recent neuroproteomic study has identified 249
O-GIcNAcylated proteins in mouse cerebral cortex [54]. Several pre- and postsynaptic
proteins including synapsin, piccolo, bassoon, and shank2 proteins have been found to be
extensively O-GIcNAcylated [55].

3.1 Glycosylation in AD

As previously mentioned, alterations in protein glycosylation have been implicated in AD
pathogenesis [56,57]. A follow-up study by Sato et al. that has investigated the primary
structure of N-glycans obtained from paired helical filaments tau and AD phosphorylated-
tau has showed that paired helical filaments tau was more rich in truncated glycans than is
AD phosphorylated-tau, which has been suspected to be involved in stabilizing the
pathological fibrils and promoting their assembly in AD [58].

Several studies have also showed that tau, known to function in microtubule stabilization
[59,60], can be glycosylated by O-GIcNAc, which has been shown to be inversely
proportional to the amount of phosphorylation [61, 62]. Yuzwa et al. have demonstrated that
increasing O-GIcNAc slows neurodegeneration and stabilizes tau against aggregation [63].
In the same context, Borghgraef et al. have validated that increasing O-GIcNAcylation in
mice brains by pharmacological inhibition of G-GIcNAc-ase has improved clinical
conditions and mitigated mortality of Tau.P301L mice [63, 64]. Therefore, O-GlcNAcase
inhibition might be a potential therapeutic strategy for attenuating the propagation of tau
pathology in AD and other tauopathies.

Moreover, different studies have assessed glycosylation of the amyloid precursor protein
(APP) that can alter its physiological role in AD. Cleavage of APP, catalyzed by a-secretase,
[B-secretase, and y-secretase complex [65-67], is known to occur either via a
nonamyloidogenic pathway producing nontoxic peptide fragments, or via the amyloidogenic
pathway generating ABg or AB4,, which are major components of the senile plaque
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amyloids [68]. It has been reported that in SH-SY5Y neuronal cells PUGNAC, an inhibitor
of B-N-acetylglucosaminidase, which catalyzes the removal of O-GIcNAc, increases O
GlcNAcylation and nonamyloidogenic processing of APP, resulting in a decrease in secreted
AB4o [69]. An important impact of glycosylation in AD disease is emphasized by a study on
acetylcholinesterase (AChE) by Saez-Valero et al., where it was shown that AChE possesses
an altered glycosylation pattern in postmortem brain tissue and cerebrospinal fluid (CSF) of
AD patients [70,71]. Notably, glycosylation of AChE has not been seen in other NDs yet, so
it is considered specific to AD. In fact, AChE is one of the critical enzymes targeted in the
current clinical management of AD, as it is widely distributed in brain regions since it
hydrolyzes the neurotransmitter acetylcholine at cholinergic synapses. More recently, the
glycosylation of a related enzyme, butyrylcholinesterase, appears to be altered in CSF of
patients with AD [72].

Several PTMs besides glycosylation have been identified in AD. Sumoylation, a PTM
catalyzed by small ubiquitin like modifier, has been shown to regulate APP and tau proteins
and may modulate other proteins in AD [73]. Morris et al. have shown that endogenous tau
protein from transgenic mice expressing human APP versus that of its wild-type littermate
can be subject to different PTMs by the use of MS such as acetylation [74-76],
ubiquitination [77], or methylation of lysine residues [78-80].

3.2 Glycosylation in PD

As in AD, PTMs are implicated in a similar manner in PD. PD is a progressive
neurodegenerative disorder that occurs sporadically in most cases. It is recognized as the
second most prevalent neurodegenerative disorder, currently affecting more than 1% of the
worldwide population over the age of 65 [81], and the most prevalent degenerative
movement disorder.

A study by Hwang et al. characterized overlapping glycoproteins from CSF and human brain
using MALDI-TOF-TOF analysis [82]. The prospective study revealed a total of 243
nonredundant glycoproteins in human CSF and 34 nonredundant glycoproteins in brain
tissue with known or probable glycosylation sites. Remarkably, the classification of
glycoproteins by gene ontology analysis showed that several overlapping glycoproteins
between human CSF and brain tissue are linked to PD pathogenesis such as pentraxin and
neuroserpin [82]. Similarly, Moran et al. previously showed that an overlapping
glycoprotein, neuronal pentraxin 11, is vastly up-regulated in PD [83]. Another study by
Pisani et al. has showed that another overlapping glycoprotein, neuroserpin, has been
predominantly expressed in neuronal tissues during the late stages of neurogenesis [84].

Knowing that sodium channel 4 contains four potential A~linked glycosylation sites in the
extracellular region sub-unit and its expression increases with PD progression, Zhou et al.
have characterized the impact of glycosylation of 4 on PD pathogenesis in Neuro2a cells
through comparing the expression of the p4-WT and p4-MUT plasmids [85]. They have
reported that overexpression of f4-MUT was correlated with extension of neurites and an
increase in the number of filopodia-like protrusions when compared with cells expressing
B4-WT, and this has indicated that the alteration of glycosylation of 4 may be involved in
the pathogenesis of PD [85].
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3.3 Glycosylation in multiple sclerosis

Vital scientific cues link multiple sclerosis, an autoimmune disease, and a neurodegenerative
disorder of the CNS, to amendments in glycoproteins [86]. Lee et al. have demonstrated that
experimental autoimmune encephalomyelitis susceptible mice have reduced GIcNAc
branching, which had been subsequently justified by hypomorphisms in multiple A~glycan
GIcNAc-branching enzymes [87]. Nutritional and environmental factors, such as vitamin D
metabolism, has also shown to converge with multiple genetic factors to dysregulate a
common pathway, Golgi A-glycosylation, and consequently alter cytotoxic T-lymphocyte
antigen 4 surface retention, which may lead to pathological manifestations such as
inflammatory demyelination and neurodegeneration characteristic to multiple sclerosis [88].
Thus, such findings have warranted the possibility of therapeutic supplementation to A-
glycan biosynthesis as a possible therapy to suppress phenotypic expression of multiple
sclerosis.

3.4 Glycosylation in HD

HD is an inherited ND caused by a mutation of the huntingtin (HTT) gene [89]. At the
glycoproteomics level, an imbalance in ganglioside metabolism has been found in HD
caused by an altered expression of the genes encoding glycosyltransferases that are involved
in the synthesis of gangliosides [90]. Gizaw et al. have conducted the first study on the total
glycomics in HD brain tissue and sera of HD transgenic and control mice by using the
glycoblotting method and MALDI-TOF/MS where significant alterations in the total
glycome expression levels between HD transgenic and control group mice have been found.
Interestingly, they have reported gender-specific differences in the expression level of the
brain glycome, with an increase in brain tissue levels of core-fucosylated and bisecting-
GIcNAC types of A-glycans and an increase in the sera levels of core-fucosylated and sialic
acid for biantennary-type glycans [91].

3.5 Glycosylation in ALS

ALS is an ND that is characterized by a progressive loss of motor neurons and subsequent
muscular atrophy. Ludemann et al. have shown that O-glycosylation of the tail domain of
mammalian neurofilament protein (NF-M) is decreased in an ALS mouse model as
compared to the wild type [92]. Interestingly, evidence exists on Golgi apparatus disruption
in motor and this has suggested alterations in the glycosylation patterns of secretory proteins
in ALS [93]. Furthermore, Edri-Brami et al. have investigated the glycome of ALS using
patient sera and found high levels of sialylated glycans versus low levels of core fucosylated
glycans in sera of ALS patients as compared to sera of healthy volunteers [94].

4 Traumatic brain injury

TBI represents a major public health problem causing significant long-term disability
worldwide. TBI has been projected to surpass many diseases and become the third leading
cause of death and disability by the year 2020 [95]. TBI, as described by the Centers for
Disease Control and Prevention (CDC), “is caused by a bump, blow or jolt to the head or a
penetrating head injury that disrupts the normal function of the brain” [96]. Immediately
following TBI, primary insult causes a distortion in the lipid bilayer in the brain parenchyma
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[97] resulting in an efflux of potassium and influx of sodium, calcium, and chloride across
the disrupted cellular membrane [98]. Delayed cellular dysfunction following this initial
mechanical event occurs by four main mechanisms. The mechanisms are carried out
primarily through inflammation, reactive oxygen and nitrogen free radical species and
oxidative damage, calcium or other ion-mediated damage, and receptor-mediated
dysfunction [99]. These processes modulate gene expression in turn and ultimately lead to
the aggravation of neural injury. Secondary injury is initiated several hours to days after the
initial injury and induces several intracerebral sequelae including intracranial hypertension
and ischemia due to vascular failure [100] through commencing a cluster of biochemical
reactions and cascades that are attributed to neuroproteomic alterations and PTMs (Fig. 4).
Table 3 presents different biomarkers isolated from different bodily sources following either
primary or secondary brain injuries.

4.1 PTMs and TBI

Similar to what was previously mentioned about the crucial role of PTMs in determining the
functions of proteins in NDs as AD, a limited number of studies applied glycoproteomic
analyses to screen whether those altered neuroproteins show changes also in protein
glycosylation following TBI [15-17]. Yi et al. conducted a study in 2012 on mice to
investigate the secondary cascade of events and PTMs that are believed to cause gradual
neuronal death following experimental TBI, specifically elucidating the role of chondroitin
sulfate proteoglycans (CSPGs) in this context [16]. CSPGs, which constitute most of the
glial scars that form post-TBI, are thought to serve as inhibitors of axon growth and
regeneration [101]. Results showed that the addition of glycosaminoglycan residues to
CSPGs boost this function, while removal of these residues enhanced neurite sprouting and
development [16]. This was also established in vivo, where removal of glycosaminoglycan
chains with chondroitinase ABC following injury had shown to permit axonal budding
[102]. Moreover, Yi et al. found that sulfation of CSPGs was elevated following injury,
promoting amelioration in the function of these proteins and hence worsening neural injury
[16]. Accordingly, further research into the role of these PTMs in the tight band around the
injury core will help us understand its significance in TBI, and thus lead to a potential
therapeutic strategy in brain injury.

Additionally, phosphorylation of proteins appears to increase following TBI. Similar to AD,
hyperphosphorylation of tau is observed in TBI and leads to plaque formation [103]. Shultz
et al. conducted a TBI study on rats using the fluid percussion injury method and
interestingly found a decrease in the expression of PP2A, one of the main enzymes that de-
phosphorylate tau protein. Consequently, this points toward not only an increase in kinase
activity following TBI but also a parallel decrease in the phosphatase activity as a result of
such injurious insult. Henceforward, targeting tau pathology may be an essential part of TBI
therapy because it has significant implications on neurotransmission and cognitive function.
For this reason, Shultz et al. also tested sodium selenate, a potential molecule that could
prevent these alterations. Results showed that this molecule successfully activated PP2A and
more importantly, improved behavioral/cognitive outcome in the rats [104].
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In addition, Lazarus et al. studied the role of carbonylation in a rat-controlled cortical impact
injury model [105]. They reported that carbonylation post-TBI affected specific proteins,
namely dihydropyrimidase-related protein 2, glial fibrillary acidic protein, fructose-
bisphosphate aldolase A, and fructose bisphosphate aldolase C at specific brain sites distant
from the induced injury location with males more susceptible to these modifications than
females suggesting a hormonal role [105].

No single study was found to tackle glycosylation post-TBI. The few studies that were found
exploring the role of glycosylation in neurotrauma were illustrated in a part of the central
nervous system, the spinal cord. Spinal cord injuries are no less important than TBI. Studies
targeting PTMs, especially glycosylation, in spinal cord injuries validate our assumption
about the role of these modifications in neurotraumas [17,106]. One such example is that of
sialic acid, a carbohydrate molecule that is commonly added to membrane proteins,
especially ion channels. This addition can affect the membrane potential as it can alter ion
conductance across the neuronal membrane. In a study involving chronic constrictive injury
in rats, Li et al. found that the dorsal root ganglion neurons had a higher concentration of
membrane proteins and a parallel increase in glycosylation [17]. More importantly, this
alteration was found to be associated with excessive neuronal excitability and more
spontaneous firing due to the effect of sialic acid on voltage-gated channels specifically. This
is extremely undesirable, as it can exacerbate the excitotoxic environment that spreads
following TBI [106]. It is interesting to note that sialic acid has also been investigated for its
potential to be added as a cap to medications for it may increase their efficiency in vivo
[107].

5 AD and TBI: A common ground

It is evident that many PTMs identified in AD, but not PD, are similar to the ones identified
in TBI. Glycosylation and sulfation of the CSPG [16,108], phosphorylation of tau protein
[104,109], A-glycosylation, O-glycosylation [110,111] and sialylation of APP [112],
carbonylation due to oxidative stress imposed by reactive oxygen species and reactive
nitrogen species on glial fibrillary acid protein and MAPK-1 protein [105,113], and
mannose-binding lectins [114,115] are some of the PTMs identified that are shared between
TBI and AD.

The link between TBI and AD is of high complexity, involving common pathologies of
cytoskeletal changes, neuronal loss, and inflammation. Nevertheless, it is not farfetched that
TBI predisposes to earlier clinical and molecular neurodegenerative manifestations of AD.
Gerson et al. recently reported AD-like neurodegenerative tauopathies, such as tau
aggregation, in animal models of TBI with a significant increase in the hippocampus and
cerebellum [116]. Since tau oligomers may be partially responsible for the pathophysiology
seen in both TBI and AD, targeting tau in therapy holds a promising approach in the
treatment of both of neurotrauma-induced damage and NDs. In the same scope, amyloid-f
(AB) plaques, a hallmark of AD, were shown to be found in TBI patients a few hours
postinjury [117]. In an interesting and reciprocal approach, inducing TBI in a mouse model
with an AD-like genetic background led to a worsening of post-TBI outcomes at both
molecular and behavioral levels [118]. At the genetic level, APOE polymorphisms are
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associated with TBI and NDs. A strong association between the apolipoprotein E allele,
APOE €4, and AD was found, but not with PD [119]. The same allele was not reported as a
risk factor in PD patients [120]. However, patients with a history of TBI and are APOE ¢4
carriers were found to have a tenfold risk increase for the development of AD [121]. TBI
patients who are APOE e4 carriers were also found to have an earlier onset of
neurodegenerative pathologies [122]. Moreover, earlier onset of HD was observed in
patients carrying the APOE £2/e3 genotype but not the APOE &4 genotype [123].

6 Conclusion and future perspectives

In conclusion, glycoproteomic alterations appear to play critical roles in the disease
processes of AD and PD through interfering with their pathogenesis. Advances should thus
be made to identify more modified proteins involved in these processes in order to better
understand their role in this context. Similarly, to obtain a thorough understanding of the
molecular pathologies of neurotrauma, it is important to study each of these PTMs
alterations, mainly glycosylation following TBI, and not merely evaluate the changes at the
levels of protein expression. This may help in obtaining novel future therapies through
blocking these intracellular pathways in order to prevent additional damage at the cellular
level in neurotrauma and hence prevent further exacerbation.
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MS mass spectrometry

ND neurodegenerative disease
PD Parkinson’s disease

TBI traumatic brain injury
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H
H
H
GlcNAC GalNAc
N-Linked Glycosylation O-Linked Glycosylation
Figure 1.

Biochemical structures of different A= and O-glycans. (A) Linkage of A-acetylglucosamine
to asparagine amino acid via an A-linked bond. (B) Linkage of N-acetylgalactosamine to
serine or threonine amino acids via an O-linked bond.
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Figure 2.
An overview on the workflow of MS-based glycoproteomics. After taking a brain sample

following TBI, several steps are performed to enrich and digest the proteins in order to
administer the sample into the MS.
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Figure 3.
An example on the nomenclature, topology, and glycosylation patterns of glycans. The

glycoprotein depicted is an example of a transmembrane protein. The possible bond linkages
between glycan residues are shown. GIcNAc: N-acetylglucosamine; Man: mannose; Gal:
galactose; NeuNAc/Sia: A-acetylneuraminic acid/sialic acid; Fuc: fucose.
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Figure 4.

Schematic diagram showing the pathophysiology of TBI and the use of MS to identify
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different altered glycoproteins. Immediately after TBI, primary injury causes a distortion in

the phospholipid bilayer of neural cells resulting in ion influx/efflux through the cell

membrane. This is followed within minutes to hours by closure of the defect by lysolecithin
to prevent further ion exchange. Subsequently, secondary injury occurs igniting a set of
biochemical reactions and cascades that may take several hours to days to manifest. Mass

spectrometric analysis is later used to identify and characterize the different altered

glycoproteins.
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Table 2

Neurodegenerative diseases: Description of pathophysiology and clinical picture

Disease Pathophysiology

Clinical picture

Alzheimer
disease [31, 33, 34]

- B Amyloid plaque -
- Neurofibrillary tangles -

Parkinson’s Degeneration of -

disease [32, 35]
in

dopaminergic neurons

- substantia nigra -

- midbrain -

Amyotrophic lateral  Mutation in Cu/Zn -
sclerosis [124, 125]  superoxide dismutase
(SOD1) -

Huntington’s
disease [126]

- Motor neuron degeneration

Elongated CAG repeat -
(36 repeats or

more) on the short -
arm of chromosome

4p16.3in the

Huntingtin gene -

Multiple Autoimmune diseases -
sclerosis [127] that causes

inflammatory

demyelination, axon
degeneration, and
neuronal loss

Cognitive decline
Memory loss

Motor

Rest tremors
Rigidity
Bradykinesia
Stooping posture
Nonmotor
Depression
Anxiety

Dementia

Primary lateral sclerosis

Muscle atrophy

Chorea
Behavioral disturbances
Psychological disturbances

Dementia

Muscle weakness
Difficulty in coordination

Numbness and tingling
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Table 3

List of TBI biomarkers isolated from different bodily sources following either primary or secondary injury

Cerebrospinal Blood Saliva

fluid and tears
Tau [27, 128] S100-B[138]  NGAL [143]
NFL [129] GFAP [138] S100-B [144]
NSE [130] NSE [139] TNF-a [145]
S100-B [131] MBP [140,141]

GFAP [131-133] UCHL 1[142]

APP [134]

AB42 isoform [135]
a-11 spectrin [136]
UCHL 1 [137]

NFL : neurofilament light polypeptide; NSE : neuron-specific enolase; GFAP : glial fibrillary acidic protein; APP : amyloid precursor protein;
UCHL 1 : ubiquitin carboxyl-terminal hydrolase isoenzyme L1; MBP : myelin basic protein; NGAL : neutrophil gelatinase-associated lipocalin.
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