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Abstract: Alzheimer’s disease (AD) is a devastating neurodegenerative disorder characterized by
progressive cognitive decline and memory loss. Early and accurate diagnosis of AD is crucial for
implementing timely interventions and developing effective therapeutic strategies. Proteome-based
biomarkers have emerged as promising tools for AD diagnosis and prognosis due to their ability
to reflect disease-specific molecular alterations. There is of great significance for biomarkers in AD
diagnosis and management. It emphasizes the limitations of existing diagnostic approaches and
the need for reliable and accessible biomarkers. Proteomics, a field that comprehensively analyzes
the entire protein complement of cells, tissues, or bio fluids, is presented as a powerful tool for
identifying AD biomarkers. There is a diverse range of proteomic approaches employed in AD
research, including mass spectrometry, two-dimensional gel electrophoresis, and protein microarrays.
The challenges associated with identifying reliable biomarkers, such as sample heterogeneity and the
dynamic nature of the disease. There are well-known proteins implicated in AD pathogenesis, such as
amyloid-beta peptides, tau protein, Apo lipoprotein E, and clusterin, as well as inflammatory markers
and complement proteins. Validation and clinical utility of proteome-based biomarkers are addressing
the challenges involved in validation studies and the diagnostic accuracy of these biomarkers. There
is great potential in monitoring disease progression and response to treatment, thereby aiding in
personalized medicine approaches for AD patients. There is a great role for bioinformatics and data
analysis in proteomics for AD biomarker research and the importance of data preprocessing, statistical
analysis, pathway analysis, and integration of multi-omics data for a comprehensive understanding
of AD pathophysiology. In conclusion, proteome-based biomarkers hold great promise in the field of
AD research. They provide valuable insights into disease mechanisms, aid in early diagnosis, and
facilitate personalized treatment strategies. However, further research and validation studies are
necessary to harness the full potential of proteome-based biomarkers in clinical practice.

Keywords: Alzheimer’s disease; biomarkers; proteomics; microarray; bioinformatics

1. Introduction

The most common factor for dementia is Alzheimer’s disease; it is estimated that
over 50 million people suffer from the disease worldwide. The healthcare industry exerts
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massive efforts to treat patients by modifying therapeutics. A large number of AD cases
arrive in the later stages of life or after 65 years, and only 5% of cases are of early-onset, while
1-2% occur because of family history. The cure for this devastating ailment is symptomatic
because the precise origin of the brain’s degeneration is unknown and its pathogenesis is
harmonious with genetic or genomic, and biochemical or proteomic causes [1].

1.1. Importance of Biomarkers in AD Diagnosis and Management

Biomarkers or biological markers are bio-molecules or indicators that can be mea-
sured, analyzed, and evaluated so that the pathogenic process or pathogenic processes
can be easily identified, and they can also help evaluate the pharmacological response
towards therapeutic intervention. Biomarkers are used as an indicators of good health and
disease. Biomarkers are specific, sensitive, and can be utilized easily to define the stages
of the disease, which makes them useful for diagnostic criteria [2]. Over the years, most
research has focused on finding the connections between pathological biomarkers, like
neurofibrillary tangles, cortical amyloid plaques, and mutations associated with protein
components [3], and the tau protein—a tubule-binding protein [4]. AD is a complex syn-
drome, in which biomarkers support early diagnosis and prognostic assessment, to relate
to different stages of disease, which could help researchers to understand the mechanism
of the disease and to understand clinical responses [5]. The new guideline of the Institute
on Aging and Alzheimer’s Association says that AD terminology is used when biological
biomarkers are present, e.g., NFT and A} aggregates. Biomarkers are classified according
to the way they are identified, such as “A” biomarkers, which are amyloid aggregates,
tested by amyloid positron emission tomography [PET]; A342 and A[342/40 ratio-tested
biomarkers from cerebrospinal fluid [CSF]; “T” refers to PET Tau and p-Tau CSF; and “N”
represents magnetic resonance imaging, neurofilament light chain protein [NFL], CSF total
Tau [t-Tau], and fluorodeoxyglucose [FDG] [6].

1.2. Role of Proteomic Identifying Biomarkers

Proteomic biomarkers are disease-related biomolecules [proteins] that can help to
diagnose and monitor the stages of the disease and suggest the molecules that can be
targeted for treatment or can be evaluated for therapeutic responses [7]. As the disease
starts, it changes the protein expressions in tissues and biofluids of the body, which in-
dicates the diseased condition and its early detection. The proteomic technique, used in
molecular medicine and biomarker discovery, is carried out by protein profiling of body
fluid. Proteomics gives valuable disease-specific biomarkers identification through normal
and diseased conditions. The simplest approach to identifying proteomic biomarkers is
2D-PAGE [8]. This proteomic biomarker can be classified into three categories: prognostic,
diagnostic, and treatment predictive, according to the information provided by them [9].
A prognostic biomarker can predict the occurrence of disease in the future, a diagnostic
biomarker helps to identify the disease, and a predictive biomarker is used as a tool to de-
sign the drug [10]. Proteomics is useful for identifying the proteins that are involved in the
progression of the disease, after the identification of biomarkers by mass-spectrometry, then
biomarkers need to be processed using bioinformatic analysis and would be reproduced
in different populations [11]. Proteomic techniques are promising tools in the detection of
biomarkers from biofluids like urine, blood, and serum because they are less invasive and
are cost-effective [12]. In the last few years, MS has expanded its role in proteomic studies,
in almost all fields of science. Drug discovery is a very complex process and has a high cost,
but proteomics accelerates and facilitates the process of drug discovery. It also plays a major
role in the identification of toxicity, resistance, target identification steps, and efficacy [13].
Proteomics is considered for cell protein analysis, to understand the pathways or cycle,
and the role of the drug that can counteract or inhibit the disease-associated biochemical
processes, the network of protein interaction, and the cellular-level mechanism, during
clinical trials [14].
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2. Alzheimer’s Disease: Pathophysiology and Proteomic Approaches

The Amyloid-beta and Tau proteins are both soluble tissue components in a normal
state when denatured, by some events, when a disease arrives that is not directly related
to the overproduction of these physiological hallmarks. These facts were confirmed by
Alois Alzheimer after the description of the signature epiphenomenon of AD, showing that
tangles and plaques are not the only cause of neurodegeneration [15]. Researchers are trying
to find relationships between the aggregation of the proteins, synaptic disintegration, and
neuronal loss, which is unproven till now, and favors the amyloid cascade hypothesis [16].

2.1. Overview of AD: Pathology and Molecular Mechanism

The early stages of clinical manifestation include amnesia, progressive memory loss,
cognitive decline, and some severe pathological changes, such as degeneration of corti-
cal matter and the hippocampus [17]. As well as these characteristics, a few additional
comorbidities are also manifested like psychological disorders, movement problems, and
sleep disturbances [18]. Investigation of FAD (dominantly inherited familial AD) reveals
mutation of the APP (Amyloid-Precursor Protein) gene and PSEN (Presenilin) that cleaves
the protein and forms A{3 from APP, and tau is responsible for frontotemporal demen-
tia [19], which supports another hypothesis apart from toxic protein aggregate formation
that helps us to understand the neurodegeneration mechanism [20]. Molecular studies
have discovered that amyloid plaques contain amyloid-beta peptide and NFT compris-
ing hyperphosphorylated tau, which helps us to classify the disease [21]. In 1984, for
the first time, A} peptides were isolated by Wong and Glenner from AD patients [22],
therefore the sequencing of APP (Amyloid-Precursor Protein) became possible [23], which
leads to the subsequent cloning of the protein [24]. This biochemical analysis has driven
new ideas towards genetic mapping of mutations in the causative genes of AD, inclusive
APP [in 1991] and Presenilin 1/2 [25]. Analysis of the genetic and biochemical evidence
concludes that consecutive proteolysis of APP (Amyloid-Precursor Protein) by BACE1
and gamma-secretase [PSEN1/2 are part of the gamma-—secretase complex] is responsible
for amyloidogenic A3 peptide formation [26]. In 1986, the dominant component of NFT,
hyperphosphorylated Tau, was purified from the brain tissue of an AD patient [27], helping
to explain the mutation in the Tau gene and its critical role in the progression of AD [28],
and establishing the Tau hypothesis. Further studies suggest that amyloid aggregates
initiate cognitive defects and the downstream of the Tau protein drives the neurotoxicity
that causes neuronal death [29]. Other pathological consequences play a key role in AD,
including synaptic dysfunction, vascular dysregulation, and inflammation. The diagnostic
criteria depend on clinical data and biological definition is based on the development of
biomarkers that consider whether neuropathology is required. AD is a complex syndrome,
in which biomarkers support early diagnosis and prognostic assessment that relate to
different stages of the disease, which could help us to understand the mechanism of the
disease and to understand clinical responses [30]. The list of other proteins and biomarkers
implicated in AD is provided in Table 1.

Table 1. Comprehensive list of probable proteins and biomarkers associated with AD along with
their molecular functions, cellular localization, and association with disease progression [31].

Biomarker Location Molecular Function Role in AD
' . ' ‘ Helps in hormor}e relez?se and plays a role in Induces mitochondrial
Amyloids Arterial wall in brain forming melanin, which helps protect the .
. oxidative stress
skin from sun damage.
Tau Neurons, somato-dendritic Stabilizes neuronal microtubules and Accelerates the fibrillization
P compartments promotes axonal outgrowth of o-syn
Role in neurotransmission at the synapse, Induces the formation of A

Alpha-synuclein

In the axon terminals of

presynaptic neurons calcium homeostasis, mitochondrial oligomers; induces

function, and gene regulation. tau aggregation
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2.2. Introduction to Proteomics and Its Application in AD Research

National institutes on aging have initiated some steps that strengthen the Accelerating
Medicines Partnership [AMP]-AD, a multidisciplinary strategic program between industry
and academia, their aim is to discover novel targets of biomarkers as well as their therapeu-
tic partners [32]. This new approach offers an indispensable tool to better understand the
complexity of AD by multi-omics analysis. While other fields like the genetics of AD have
been evaluated extensively, in this review we trying to review the proteomics of AD. In
recent years, researchers have focused on deep brain proteome profiling [33], dissecting the
sub-proteome, analyzing large samples, evaluating complex PTM motifs, and identifying
biofluid biomarkers [34].

2.3. Challenges in Identifying Reliable Biomarkers

The analytical techniques of biomarkers are already well established, however, some
issues are still unaddressed and need proper interpretation and unique clinical diagnostic
support [35]. The collection of samples is equally important for biomarker stability and
quality, and the mishandling of a sample can destroy biomarkers. Storage, transportation,
and initial processing are equally important for saving biomarkers in the sample because
these are biomolecules (DNA, RNA, and proteins) that can be easily denatured. Analytical
methods and techniques are expensive and invasive, therefore cheaper and non-invasive
methods are required for the identification of biomarkers, and biomarkers should have
longer shelf-lives that provide stability and accuracy during analysis. Tests should be
performed in triplet so the test accuracy increases by 68%, which can be affordable only for
10% of patients. There are limitations to the testing of protein biomarkers, which are lowly
and highly expressed proteins in the same well. Low-level proteins need 1:2 dilutions to be
expressed, but high-level proteins can be expressed in lower dilution, so both cannot be
quantified in the same well, which increases the cost of analysis and data interpretation,
which is equally important to promoting clinical diagnosis [36]. The collection of healthy
controls is crucial for proteomic biomarker research. Finding individuals with matching
characteristics like sex, education, and lifestyle is exceptionally challenging, and data
validation is essential for scientific credibility, requiring support from others.

3. Proteomics Techniques for Biomarker Discovery in Alzheimer’s Disease

Alzheimer’s disease, a devastating neurodegenerative disorder, poses a significant
challenge for early diagnosis and treatment. In the quest to uncover biomarkers that could
aid in early detection, proteomics techniques have emerged as powerful tools with immense
potential. Some tools are described below:

3.1. Gel-Based Quantitative Technique and Differential Proteomics

Gel electrophoresis serves as a laboratory method employed to segregate and examine
macromolecules, relying on their size and charge differentials by implementing an electric
field through a gel matrix [37]. Widely applied in molecular biology and genetics, this
technique facilitates the analysis of DNA, RNA, and proteins. In the realm of proteomics, it
plays a pivotal role in identifying biomarkers, mainly concentrating on two variants: 2D
PAGE and SDS-PAGE. The 2D-PAGE method combines two separation dimensions for
higher resolution. It involves separating proteins from biological samples based on their
isoelectric point and size using polyacrylamide gel electrophoresis [38]. Within the realm
of neuroproteomics, conventional investigations have often utilized 2-DE and 2D-DIGE as
the primary methods for comparing protein patterns across varying scenarios [39]. Over
the years, multiple methods have emerged to expand and improve 2D-PAGE, resulting
in a reliable and consistent approach. The implementation of immobilized pH gradient
(IPG) strips, a replacement for tube gels with ampholytes, has successfully eradicated the
problem of ‘cathodic drift’ during isoelectric focusing (IEF). This advancement has led to
a notable increase in the reproducibility of samples, making the technique more reliable
for proteomic studies. The development of narrow pH ranges in IPG strips (e.g., 47, 5-8)
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enables better separation of proteins with similar isoelectric points than traditional broad
pH range strips (e.g., 3-10) [40]. However, solubilization remains a challenge in proteomics
since ionic detergents like SDS (used in SDS-PAGE) cannot be used for lipidated proteins,
like transmembrane proteins, due to interference with the focusing process in IEF [41]. SDS
has been used in some cases, but dialysis of samples before IEF is necessary. However, this
poses a limitation when working with precious biological samples due to potential sample
loss. In response to this challenge, chaotropic agents like urea and thiourea, in conjunction
with zwitterion detergents (e.g., CHAPS) have been utilized to avoid protein precipitation
during both IEF and SDS-PAGE [42]. Tributyl phosphine has been used as a reducing agent
instead of dithiothreitol [43]. Despite advancements in 2D-PAGE techniques, challenges
and limitations remain. Solubilizing methods are predominantly constrained to cytosolic
proteins, posing difficulties in generating gel maps for membranous and lipidated proteins.
Quantification of protein alterations relies on 2D image analysis software, often demanding
replicates for comparison and spot alignment. To address inter-gel disparities, 2D-DIGE
employs fluorescent cyanine dyes (Cy2—-Cy5) for distinct sample labeling, enabling their
consolidation and simultaneous electrophoresis in a single 2D gel [44]. Within the context of
2D-DIGE, it becomes possible to quantify individual spots on a single gel, and the alignment
of multiple gels can be achieved through referencing an internal standard labeled with
Cy2 [45]. According to Naseri’s report in 2020, 2D-DIGE identified two client proteins,
SNAP-25, and dynamin-1, suggesting that abnormal protein palmitoylation may play a
crucial role in the development of ND [46].

3.2. Mass Spectrometry (MS) for Protein Identification and Quantification

In recent years, there has been a notable shift from 2D gel-based approaches to MS-
based neuroproteomics studies [47]. The shift is primarily steered by progress in MS
instrument design, the integration of resilient quantitative MS methods, adaptation for
working with limited protein quantities in neuroproteomics research, and the increasing
fascination with exploring complex membrane proteins that pose challenges for analysis
through traditional 2D gel techniques [48]. Even as MS-based investigations employing
stable isotope labels or label-free methodologies gain traction, gel-based techniques remain
prevalent owing to their accessibility and straightforward preparation, particularly when
dealing with a restricted number of samples. After detecting protein spots of interest, the
proteins must be eluted from the gel for MS analysis. Usually, the spots corresponding to
the desired protein(s) are apart from the gel and undergo diverse treatments and chem-
ical alterations to aid protein fragmentation by a protease, resulting in the formation of
multiple peptides [49]. The process of peptide mass fingerprinting involves obtaining
characteristic mass fingerprints of a protein by analyzing the smaller peptides resulting
from protease cleavage, and their molecular weights are determined using MS Figure 1 [50].
In this method, MS analysis is used to determine the experimental masses. Subsequently,
a database search is conducted where the experimental masses are compared to in silico
‘digestion” generating protein-specific mass fingerprints. The identification of the protein
of interest is determined based on the quality of peptide matches. Mass spectrometry is
indispensable for protein identification and proteomic analysis. Before the development of
‘softer” ionization techniques, protein identification relied on specific antibodies or Edman
degradation and protein sequencing, which required educated guesses based on molecular
weight and pI knowledge [51]. Edman degradation and database searching are lengthy and
labor-intensive methods. The two most common techniques for MS analysis of proteins are
matrix-assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) [52].
MALDI involves ionizing proteins using a laser in a time-of-flight mass spectrometer, pro-
viding precise mass-to-charge ratio determination. It offers high-throughput capabilities,
simplifies sample preparation, and allows direct analysis of intact proteins and peptides
from complex samples. Comparing mass spectra from control and disease samples helps
identify differentially expressed proteins, making MALDI-TOF a pivotal tool for biomarker
discovery and disease understanding. MALDI-TOF MS is highly valuable for peptide



Proteomes 2023, 11, 33

6 of 27

mass fingerprinting (PMF), a well-established protein identification method [53]. PMF
entails the comparison of a distinctive list of peptide masses generated by targeted protein
cleavage with a computer-simulated list of peptides resulting from the digestion of estab-
lished protein sequences stored in databases [54]. To confirm protein identification, tandem
spectrometry (MS/MS) can be used with various search engines (e.g., Mascot, ProFound,
Sonar, MS-Fit, Sequest) that offer simple, fast, and automated protein identification (MS
and/or MS/MS search). Nonetheless, it is crucial to take into account that the acquired
outcomes are statistical in nature and to be mindful of the constraints inherent in the statis-
tical identification approach. As noted by [55], blood emerges as an appealing avenue for
biomarker exploration due to its ease of access and the existence of proteins originating not
solely from blood but also from other tissues, courtesy of its systemic circulation within the
body [56]. Blood-found proteins provide valuable insights into the organism’s health status.
With MALDI-TOF MS, there is no need for pre-selecting biomarker candidates as multiple
compounds can be analyzed in one experiment, offering a significant advantage [57]. For
slowly progressing disorders like AD, identifying and monitoring biomarkers is crucial
for evaluating the efficacy of disease-modifying drugs. Biomarker study data from clinical
trials inform decisions on drug progression. Researchers investigate strategies such as
v-secretase inhibitors against A and cholinergic system therapies. Portelius et al. used
MALDI-TOF MS with immunoprecipitation, revealing that shorter BA isoforms (e.g., A
(1-14), PA (1-15)) are more y-secretase inhibitor-responsive than longer ones (e.g., BA
(1-40) or BA (1-42)) [58]. The combination of MS and immunoprecipitation for B A analysis
proves essential in targeted A proteomics. MS enables accurate identification and verifica-
tion of proteins and antigens. In 1993, the first targeted A proteomics using MALDI-TOF
MS detected multiple BA isoforms in CSE. New findings from MALDI-TOF MS studies
have exposed an alternative pathway for APP (Amyloid Precursor Protein) cleavage, with
o- and p-secretase playing a role distinct from y-secretase [59].

3.3. Protein Microarrays and Antibody-Based Techniques

Protein microarrays are a miniaturized version of traditional biochemical assays,
where hundreds to thousands of different proteins or peptides are immobilize in a spatially
addressable manner on a solid substrate, such as a glass slide or a silicon chip [60]. These
immobilized proteins can be used to study various aspects of protein function, including
protein—protein interactions, protein-ligand interactions, protein-DNA interactions, en-
zyme activities, and post-translational modifications. In a specific investigation, scientists
employed cDNA microarrays containing 18,000 genes to scrutinize cDNA samples from
hippocampal CA1 neurons. These samples were obtained from Alzheimer’s patients with
and without neurofibrillary tangles, along with control subjects. Similarly, prefrontal cortex
samples from individuals with schizophrenia and controls were screened using 7000-gene
arrays to detect gene expression variations. This screening unveiled decreased expression of
genes regulating presynaptic function. Validation of the observed gene expression changes
via methods like immunohistochemistry, in situ hybridization or reverse transcription poly-
merase chain reaction is crucial [61]. Another illustrative case pertains to the utilization of
microarrays to examine the transcriptional profile of brain plaques from multiple sclerosis
(MS) patients, juxtaposed with control brain samples. This study effectively identified
the exclusive presence of osteopontin (OPN) gene expression within MS plaques. As a
result, it was proposed that this pro-inflammatory molecule is generated by infiltrating
T lymphocytes, microglia, and macrophages, contributing to myelin sheath damage via
an autoimmune mechanism. Furthermore, it is evident that alterations in the OPN gene
might affect disease progression [62]. In Ho et al.’s 2005 study, 6794 human genes were
screened, revealing 32 aberrantly expressed genes (25 known and 7 unknown, based on
EST) in the superior temporal gyrus of moderate dementia cases compared to cognitively
normal controls (>1.8-fold difference) [63]. These findings highlight the potential signifi-
cance of these genes in early stage AD. Further research is needed to elucidate their precise
role(s) in AD development and progression. In Kim JR et al.’s 2003 study, microarray
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experiments examined gene dysregulation in AD animal models. Introducing pathogenic
mutations of APP, presenilin, and tau in mice led to AD pathologies like amyloid plaques
and neurofibrillary tangles [64]. Expression profiling identified the downstream effects
of these mutations in transgenic AD animal models. In conclusion, microarray-based
techniques have emerged as powerful tools for proteome-based analysis in Alzheimer’s
disease (AD). They allow for the comprehensive profiling of protein expression levels and
can help identify key biomarkers associated with AD pathology; unlocking the potential of
Western blot analysis, an independent technique crucial for studying protein expression.
Through gel electrophoresis, it separates proteins based on size and charge, followed by
antibody binding to the target protein on a membrane. Detection methods then reveal
vital information about the protein’s presence and abundance, making it invaluable for
AD research. Antibody selection for respective A recognition motifs is a crucial part of
Western blotting. Both monoclonal and polyclonal types of antibodies are used in Western
blotting. Some of the major antibodies are described in Table 2 below.

In solution proteolytic
digestion

8

Intensity

Relative abundance

Protein isolation m/z

Retention
time
CSF LC-MS
2D separation l
Color
l:b:l B Specual g
bic o database search < g
a0 (DIA,4D-DDA, N
Label E LF-D IA)
Label F m/z
BEEERER MS/MS Scan
Identification of
biomarker
Figure 1. Overview of mass spectrometry-based proteomics techniques commonly used for biomarker
discovery in Alzheimer’s disease. It includes protein separation, peptide identification, and quantifi-
cation steps, which contribute to the identification of potential biomarkers.
Table 2. Antibodies used in Western blot analysis to identify amyloid 3-protein (AB) with their
corresponding A} recognition motifs and other motifs.
Recognition Motif Nature of Antibody Name of Antibody Reference
AB1_16 Monoclonal Ab9 [65]
AB1_16 Monoclonal 6C6 [66]
ARy Monoclonal 6E10 [67]
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Table 2. Cont.

Recognition Motif Nature of Antibody Name of Antibody Reference
AB17-24 Monoclonal 4G8 [68]
AB3140 Monoclonal 2G3 [69]
AB1_49, C-terminal Monoclonal BA-27 [70]
AP1_gp, C-terminal Monoclonal BC-05 [71]
Amyloid oligomers Monoclonal A8 [72]
Amyloid oligomers Monoclonal All [73]
Amyloid oligomers Monoclonal NU-4 [74]
Amyloid fibrils Polyclonal OoC [75]
Anti-amyloid beta precursor protein Monoclonal Y188 [76]
Anti-APP Monoclonal A8717 [77]
Anti-myelin basic protein Monoclonal MBP [78]
Anti-kelch-like ECH-associated protein 1 Monoclonal KEAP1 [79]

Pryor et al. employed the A8 monoclonal antibody, designed to target oligomers, as a
substitute for the preparation of AB31-42. The antibody A8 displayed a range of oligomer
species with sizes spanning from 16.5 to 25 kDa [80]. In contrast, the 6E10 antibody
provided poorer resolution, displaying larger species of oligomers. These findings imply
that 6E10 might exhibit a more potent response to oligomers with greater molecular weight,
or alternatively, the antibodies might exhibit a preference for binding to various sizes of
AP1-42 oligomers [81]. While Western blotting assists in identifying intermediate Af3
oligomers, the prevalent gel smear in numerous studies suggests its inability to precisely
quantify individual oligomer sizes in this range [82,83]. Interestingly, a recent study
investigated a comparison between age-matched control cases exhibiting normal cognitive
status (CDR 0) and individuals with mild cognitive impairment (MCI) (CDR 0.5). The
researchers observed a significant N2-fold reduction in splice variants I-III of the a-type
synapsin isoform within the entorhinal cortex of MCI cases [84]. Interestingly, there were
no significant alterations noted in splice variant II of the b-type synapsin isoform or in
synaptophysin within the same EC region. Notably, the modified expressions of synapsin
a-type isoforms were exclusive to the EC in cases of MCI, as no observable decreases were
found in the VC of the same individuals [85]. These groundbreaking discoveries illuminate
the importance of selectively modified gene expression in the initial detectable phase of
AD dementia. They offer valuable molecular evidence.

3.4. Advancements in High-Throughput Proteomics Technologies

Some of the high throughput proteomics technologies such as TMT (tandem mass tag),
cysteine-reactive tandem mass tag (cysTMT), OxcysDML, isobaric tags for relative and ab-
solute quantitation ITRAQ), quantitative thiol reactivity profiling (QTRP), and electrophilic
diazene probe (DiaAlk) were used for proteomics analysis in AD and other ND. In the
work proposed by Mei Chen et al., 2020, TMT (tandem mass tag) was used for proteomic
study of body fluids from AD patients. This technique enables relative quantitation of
proteins present in multiple samples by labeling peptides with stable isotope tags that frag-
ment into reporter-ions upon collision-induced dissociation [86]. Also, redox proteomics
can detect hundreds to thousands of oxidized proteins in a single experiment and this is
attractive for understanding the redox status of proteins. Thus, in another work in 2014,
Garcia-Santamarina et al. proposed the OxcysDML method for quantifying cysteine redox
in a demonstration capacity. This technique was employed to examine the liver proteome
of a mouse model with Alzheimer’s disease, with the goal of enhancing comprehension
regarding redox chemistry in the condition. As per their results, nearly 90% of cysteine
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was observed in its reduced state within the living organism. Given the prominence of
cysteine in the mouse proteome (accounting for around 14% of all in silico tryptic peptides
containing cysteine), the scientists approximated that only about 2% of tryptic peptides
(equivalent to roughly 4 ug per sample) underwent enrichment and were subsequently
subjected to analysis using OxcysDML [87]. In 2008, Bronwen Martin conducted a study
where they demonstrated the use of the iTRAQ control protocol alongside 3xTgAD tissue
samples. Concurrently, both the control and AD samples underwent treatment throughout
the labeling process. This labeling protocol encompassed multiple stages: protein reduction
and cysteine blocking, protein trypsin digestion, peptide labeling using iTRAQ reagents,
merging the samples for comparison, employing strong cation exchange chromatogra-
phy, conducting solid phase extraction for desalination, and concluding with LC/MS/MS
analysis [88]. Through this comprehensive approach, they were able to unravel some
of the intricate proteome changes that occur in a mouse model of Alzheimer’s disease.
These discoveries hold the promise of unveiling fresh therapeutic avenues for Alzheimer’s
disease (AD) and other neurodegenerative disorders (ND). Progress in high-throughput
proteomics technologies has transformed the realm of proteomics, empowering scientists to
examine extensive protein samples rapidly and efficiently, marking a revolutionary shift in
the field. Through innovative techniques, such as mass spectrometry-based approaches and
quantitative proteomics, scientists can now gain deeper insights into complex biological
systems, paving the way for groundbreaking discoveries in disease mechanisms, drug
development, and personalized medicine [89]. As these technologies continue to evolve,
the future holds great promise for unraveling the intricacies of the proteome and its vital
role in various physiological and pathological processes.

4. Candidate Proteome-Based Biomarkers for Alzheimer’s Disease
4.1. Amyloid-Beta (AB) Peptides and Tau Protein

Current disease models show that Amyloid-beta in either non-fibrillary, soluble,
oligomer, or plaque form initiates tau misfolding and assembly through a pathophysi-
ological cascade that helps in its spread throughout the cortex, causing neuronal system
failure, neurodegeneration, and cognitive decline [90]. The amyloid precursor protein (APP)
and Presenilin mutations cause the accumulation of pathological Af3 species in the brain
resulting in early-onset AD pathogenesis [91]. Normally, the beta and gamma-secretase
enzymes generate soluble amyloid-beta fragments by cleaving the APP protein. However,
a mutated condition in the APP gene forms insoluble A3 fragments that eventually convert
into clumps. These toxic A3 species manipulate the normal tau phosphorylation regulating
the function of protein kinases and phosphatases, inducing tau misfolding, and tangle
formation [92]. AP pathogenicity requires tau toxicity as the tau mediates synaptic dysfunc-
tioning and neuronal cell death, thereby enhancing memory deterioration and cognitive
impairment in AD [93]. It is hypothesized that amyloid beta generation is initiated during
the early stages of Alzheimer’s disease, and eventually uprises forming plaque deposits
that progressively increase in size and downregulate glutamatergic transmission and dam-
age the associated synapses [94]. A network dysfunction is generated at the site, close to
deteriorated synapses where the microglial cells exhibit a response to remove the damaged
synapses and prevent further damage. However, as the amyloid- plaque deposition
spreads across multiple regions in the brain, the synaptic damage becomes more prominent
and spreads, causing tau hyperphosphorylation, tau dissociation from microtubules, and
the tau entangle formation, which promotes axon loss and neurodegeneration [95]. These
changes in normal brain activity and functioning link with memory loss, cognitive impair-
ments, and brain connectivity dysregulation in a stage-dependent manner, suggesting they
may be useful for tracking disease progression. Yan Li et al., 2022, established the discovery
of probable amyloid-beta plaques from the CSFA 34,49 ratio, suggesting their potential
as a biomarker for AD detection [96]. Hansson et al., 2019, also focused on determining
the effect of pre-analytical handling of biomarkers of AD and the quantity retrieved [97].
Similarly, Lih-Fen Lue et al., 2017, emphasized finding these Amyloid-beta and tau proteins
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in the blood. However, in clinical practice, CSF biomarker analysis involves sampling from
patients with atypical or mixed presentation of dementia, making the diagnosis complex,
thereby highlighting the importance of AD discrimination from other neurodegenerative
processes [98].

4.2. Apolipoprotein E (APOE)

Apolipoprotein or ApoE, a 34 kDa glycoprotein with a 299 amino acid long polypep-
tide chain is a blood-brain barrier (BBB) impermeable protein, present in significant
amounts in the central nervous system due to expression of astrocytes, microglia, vas-
cular mural cells, choroid plexus cells [99]. In the CNS, ApoE plays a prominent role in
axonal growth and synapse formation, which are crucial for learning, memory generation,
and neuronal repair by delivering cholesterol to nerve cells. It is associated with the low-
density lipoprotein receptor (LDLR), and LDLR-related protein 1 (LRP1) so as to maintain
lipid homeostasis via lipid transport from one tissue or cell type to another [100]. Three
varied APOE alleles exist in the human body, namely: the ¢2 (APOE2), €3 (APOE3), and ¢4
(APOE4). They are distinctive from each other by the varying cysteine and arginine amino
acids at the positions 112 and 158 (apoE2: Cys112/Cys158; apoE3: Cys112/Arg158; apoE4:
Argl12/Argl58) and they contrastingly regulate the cholesterol levels for y-secretase
activity and AP production [101]. Genome-wide association studies deduced €4 allele
polymorphism of APOE as a significant genetic risk factor that deposits with Af3 in amyloid
plaques causing late-onset AD [102]. The apoE4 hinders the LRP1 (low-density lipopro-
tein receptor-related protein 1) receptor-mediated AP clearance as it weakly associates
with AB causing hindrance in the uptake of A /ApoE complexes in neurons [103]. In a
normalized state, neuronal apoE4 promotes tau phosphorylation and cell death by modu-
lating microglial activation, however, impaired apoE4 dysregulates homeostatic microglial
functioning playing a role in amyloid plaque degradation due to its reduced affinity to
TREM2 (triggering receptor expressed on myeloid cells 2) receptors expressed by microglial
cells [104]. Recent research demonstrated that ApoE4, independent of Af, elicits an in-
flammatory pathway causing neurovascular dysfunction, including blood-brain barrier
collapse, leakage of blood-derived toxic proteins into the brain, and shortened small vessel
length [105]. Thus, obtaining APOE genotype status has been commended as a necessity
for AD therapy as it is a determining factor of AD risk exerting influence on multiple
disease pathways [106]. Ying et al., 2021 focus on the elevated CSF ApoE association with
longitudinal changes in AD biomarkers including Amyloid-beta and others [107]. Other
work by Matthew Paul et al., 2022, focused on finding the imbalance between the different
glycoforms of ApoE monomers in AD that cause hindrance with its biological function,
contributing to the progression of the disease [108]. However, the presence of a lower
amount of APOE4 in CSF, along with a limited sample volume of CSF, lowers the sensitivity
of APOE4 detection assays. Thus, for future inventory purposes and drug development
for AD, studies need to explore the therapeutic tools for analyzing and modifying certain
parameters of ApoE, such as its structure and homeostasis maintaining property, thereby
producing changes in pathological AD progression.

4.3. Clusterin (CLU) and Other Chaperone Proteins

Alzheimer’s disease (AD) is a persistent and distressing neurological condition af-
fecting older-age populations more frequently. Some proteins, such as clusterin (CLU) or
apolipoprotein ] (APQJ), have been found to be associated with dementia, neurological
inflammation, and oxidative stress during such AD conditions [109]. Clusterin, encoded by
the CLU gene located on the p21-p12 locus on chromosome 8 of humans, is an omnipresent
and obstinately produced protein renowned as a molecular chaperone expressed by a
variety of tissues and body fluids [110]. It is the third-most important genetic risk element
for late-onset AD, with a number of variants. The interaction and binding properties of
clusterin with A3 appear to influence aggregation and enhance A clearance, hinting
toward the neuroprotective effect [111]. Clusterin inhibits aggregation and helps LRP2
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(megalin) in removing Af. Tau pathology spreads from cell to cell in a manner similar to
prion disease that also may be regulated by extracellular chaperones like Clusterin [112].
Using CLU-deficient animals as models of amyloidosis, the relationship between CLU
and A3 may be discovered in vivo [113]. In contrast to controls, people with Alzheimer’s
disease (AD) have higher levels of the mRNA, or messenger ribonucleic acid, of CLU in
various parts of the cerebral tissue (brain), according to a study. Further, higher amounts of
CLU proteins were also observed in both the hippocampus and frontal cortical regions of
post-mortem AD brains [114]. A study using SH-SY5Y cells exposed to AD patients” CSF
shows the cytoprotective ability of Clusterin alone, and also in combination with extracellu-
lar chaperones it preserved and protected the cells from damage [115]. Under physiological
circumstances, CLU reduces aggregates and mediates A3 clearance. The co-culture studies
on rat hippocampus astrocytes and neurons revealed that Clusterin incubation reduces
Ap-induced astrocytic calcium intake, resulting in diminished ROS formation and caspase
3 activations [116]. A more recent experiment using APP/PS1-mutated mice revealed that
Clusterin knockout increases amyloid angiopathy while reducing bleeding and inflamma-
tion by shifting A3 deposition from plaque to deposit in the cerebrovascular fluid. In a
cellular model, Clusterin inhibited the development of Tau fibrils but promoted the forma-
tion of Tau oligomers to initiate the aggregation of endogenous Tau. Pre-aggregated Af3
was incubated with Clusterin, and this reduced the amount of amyloid that human primary
astrocyte cultures and microglia ingested from preparations of fibrils and oligomers [117].
However, this transporter, CLU, is also operative at the blood—brain barrier (BBB), which
serves as a physical barrier between the outside and inside of the brain. CLU-linked molec-
ular pathways at the BBB's interface are involved in the development and progression
of AD.

4.4. Inflammatory Markers and Complement Proteins

It has been found that AD pathology even includes other factors excluding A3 and
NFTs, that are majorly involved in neuronal impairment. The increased expression of
pro-inflammatory cytokines in the brain tissues and the blood samples of AD patients
confirmed the association of inflammation in the advancement of various diseases includ-
ing neurodegenerative diseases [118]. Angharad et al., 2019, worked on finding a plasma
biomarker that aids early diagnosis, stratification, prediction of disease course, or moni-
toring response to therapy in AD [119]. Astrocytes, microglia, cytokines, and chemokines,
which are part of the nervous system’s innate immune reaction known as neuroinflamma-
tion, are crucial in the pathogenesis of AD’s early stages Figure 2 [120]. The accumulated
AP oligomers stimulate the microglia, initiating the release of pro-inflammatory mediators
like glial fibrillary acidic protein (GFAP), neurotoxins, and free radicals [121]. These com-
pounds elicit oxidative stress, thereby promoting inflammatory processes in neurons. The
MAPK (Mitogen-activated protein kinase) pathway also promotes neurodegeneration by
synchronizing with NF-xB (nuclear factor kappa-light-chain-enhancer of activated B cells)
increasing pro-inflammatory cytokine production, leading to enhanced APP processing
that hyper-phosphorylates the tau protein forming neurofibrillary tangles and eventually
collapses the BBB (blood-brain barrier) [122]. In AD, exaggerated immune reactivity of p38
MAPXK initiates cytokine production via direct phosphorylation of transcription factors and
enhanced mRNA translation coding for pro-inflammatory cytokines [123]. Once the Af3
peptides accumulate during AD, an immune reaction in the brain initiates the activation
and release of inflammatory markers such as TNF-«, IL-1, and IL-6, and the activation
of specialized brain cells. Inflammatory markers such as tumor necrosis factor (TNF),
interleukin-6 (IL-6), chitinase-3-like protein 1 (CHI3L1 or YKL-40), and acute phase C
reactive protein (CRP) were found to have effects on the brains or peripheral regions of
dementia patients [124]. The activated inflammatory cells further produce complement
components within the CNS. In vitro, studies show direct activation of the classical path-
ways via A1-42 and Clq binding. This Clq binds to A and tau, possibly contributing to
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neuroinflammation and neurodegeneration [125]. Thus, this pro-inflammatory cascade can
function as a channel promoting neuroinflammation and neurodegeneration [126].
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Figure 2. Pathological hallmarks of Alzheimer’s disease, including amyloid plaques, neurofibrillary
tangles, and synaptic dysfunction.

4.5. Other Potential Proteomic Biomarkers for AD

Apart from the majorly prevalent biomarkers, alpha-Synuclein (x-SN), a pervasive
140 amino acid protein of 18-20 kDa molecular weight is found to be associated with AD.
SNCA (Synuclein Alpha), encodes the x-SN, found profusely at the presynaptic terminal
of neurons [127]. Early-onset AD (EOAD) patients have higher x-SN levels in their CSEF,
thereby showcasing a probable relation between SNCA gene polymorphisms and AD patho-
physiology. «-SN possessing chaperone-like activity might play a role in the regulation of
synaptic plasticity, neuronal differentiation, and up-regulation of dopamine release [128]. It
is primarily associated with synuclein-associated pathologies such as Parkinson’s disease
(PD) and dementia with Lewy bodies (DLB), where its misfolding and aggregation play
a vital role in the neurodegeneration pathogenesis. DLB is neurodegenerative dementia
characterized by the presence of abnormal aggregates of x-SN protein, termed Lewy bodies,
in the brain [129]. The other associated biomarkers, like the APOEe4 variant, significantly
increase the risk of DLB. «-SN deposition or Lewy-related pathology is prominent in AD
cases where patients experience visual hallucinations or symptoms that are often associated
with Parkinson’s disease. In protein misfolding diseases, the accumulation of x-SN clogs
the cellular machinery, disrupting the protein homeostasis network [130]. The early stage
abnormal x-SN deposition at the presynaptic site in the brain shows its prominent presence
in the early events of AD pathogenesis. «-SN directly interacts with A and tau, promoting
aggregation, thereby worsening the cognitive decline [131]. The abundance of x-SN at
the center of Af3 plaques has been verified by immunolabeling using an x-SN antibody,
confirming its influence in the formation of A3 plaques. Increased levels of soluble x-SN
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monomeric and oligomeric proteins have been found in the temporal region of the AD
brain [132]. NMR imaging has discovered the selective interaction of the monomeric form of
tau with the C-terminal region of the x-SN monomer, thereby elevating its oligomerization
and subsequent fibril formation [133]. Previous studies have been successful in establishing
a relationship between «-SN and AD-associated genes such as APP, PSEN1, and APOE.
Elevated x-SN levels in AD could facilitate A oligomerization, tau phosphorylation, ac-
tivation of kinases, dissociations of tau and tubulin, and tau aggregation. Furthermore,
the association of a-SN with genetic factors, such as APP, PSEN1, and APOE, could ac-
celerate AD pathology [134]. Apart from this, altered brain protein phosphorylation is a
hallmark of AD, and phosphoproteomics offers an opportunity to identify the associated
markers. Butterfield et al., 2019, reported two major types of kinases, serine/threonine-
and tyrosine-kinases, that catalyzes phosphorylation of serine and threonine and tyrosine
residues, respectively, and have a significant role in protein misfolding and aggregation.
Along with kinases, protein phosphatases that remove protein-bound phosphate groups
were also involved in the phosphorylation of proteins and, consequently, contributed to
regulation of protein function [135]. Thus, more precise and accurate identification of
AD-associated probable factors may help in developing novel therapies or modifying the
existing treatments for AD patients.

5. Validation and Clinical Utility of Proteome-Based Biomarkers

The approach to be followed for validating protein biomarkers is the fit-for-purpose
perspective. This approach is extensively used at numerous stages of biomarker assays
and in their associated clinical applications. The procedure for quantifying biomarkers
can be absolute or relative, based on the standard curve’s attributes, involving factors like
parallelism, substituted matrix, and reference standards [136]. There is a need for carrying
out apt method validation experiments on the following:

Sample accumulation;
Parallelism;

Range finding;

Relative precision and accuracy;
Specificity and stability.

The validation of these factors is necessary for reaching the analytic benchmark, which
is critical for a proposed study. To validate the factors mentioned earlier, two sampling
methods were employed: stratified random sampling and cluster sampling. While consid-
ering the selection of method platform and validation, exploring the interactions between
the target ligand /biomarkers and the concerned biotherapeutic, is imperative [137]. Us-
ing commercial diagnostic kits helps generate astonishing data. With a view to meeting
the requirements for drug development, suitable validation experiments, kit comparison,
et cetera, are carried out to protect the integrity of the drug development process [138].
Moreover, physicochemical techniques and multiplex assays are employed to augment the
single-analyte ligand-binding assay for protein biomarkers.

5.1. Challenges in the Validation of Proteomic Biomarkers

The ultimate goal of developing potent proteomic biomarkers poses numerous chal-
lenges to be overcome. The accurate evaluation of the concerned biomarker is crucial
for validating biomarkers. The evaluation of biomarkers must be performed in a well-
organized manner in order to ensure the high efficiency of the whole process. An important
hurdle before us is the extremely expensive and time-consuming procedure of biomarker
evaluation [139]. The most widely accepted approach for handling this issue is molecular
profiling. It is found to be a promising approach but the risk of generating overfitted models
and biased results should be considered. In order to nullify these biases, it is essential
to incorporate specimens from intervention or cohort trials. The skyrocketing expenses
of biomarker validation processes have given birth to various novel study designs such
as DNA pooling and sequential filtering [140]. To deal with the biases encountered with
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the data analysis procedures, the use of logistic regression for providing resistance to the
challenge of model overfitting as well as nullifying model misspecification. Biomarker
validation studies have to be highly extensive in order to minimize all kinds of biases. It is
known that a hypothesis-driven biomarker panel is less likely to encounter the risk of biases.
This minimized bias risk can be attributed to the small and prespecified panel size [141].
Moreover, it becomes relatively easy for the researchers to find the potential source of
biases if they have knowledge about the biomarkers under consideration. The scenario is
totally diametrical in the case of non-hypothesis-driven biomarkers. Model overfitting is
also considered a significant statistical challenge while dealing with high-dimensional data.
The statistical theory suggests that when the complexity /quality of the data becomes too
large, as compared with the number of samples, the model will align itself with a specific
data set rather than aligning itself with the mechanism that generated the data [142]. The
application of this model for predicting disease in a new data set results in failure. This
event is called overfitting. The conclusive answer for eliminating biases is accurate study
design, sample collection processes, timing and assay procedures.

5.2. Clinical Studies and Diagnostic Accuracy of Proteomic Biomarkers

The two fundamental pillars of clinical research are biomarker prognosis and under-
standing the disease pathogenesis. The combination of proteomics with biomarkers has
given rise to novel avenues to explore this field. Contemporarily, various clinical trials
employing proteomics for evaluating and discovering biomarkers have been under process
for many types of malignancies as well as other diseases [143]. The advent of technology
comprising protein microarrays like RPPA enables the researcher to quantify multifarious
endpoints in a high-throughput scenario. These endpoints involve expression levels of
the fundamental proteins along with their activated forms that serve as crucial signaling
points employed in survival, proliferation, and angiogenesis [144]. For instance, the main
driving pathway for the development of serous ovarian cancers, caused due to somatic
gain-of-function mutation on chromosome 3p in PI3KCA, is the PI3K pathway [145]. The
molecular activation of PI3K leads to the initiation of a strong survival signal as it drives
the Akt pathway. The molecular agents against PI3K and its protein effectors like Akt and
mTOR are undergoing comprehensive clinical investigations in numerous types of malig-
nancies. In order to evaluate the modulation of the AKT/mTOR/PI3K pathway, proteomic
assays are being employed. Along with the PI3K pathway, there are numerous pathways
downstream of the receptor tyrosine kinase (RTK) [146]. Recent investigations involve the
development of therapeutics and analysis of proteomic endpoints. These clinical studies
help us formulate the idea that proteomic biomarkers can prove to be a promising tool for
diagnosing various diseases in the medical field. The protein profiles derived from liquid
biopsies provide more extensive organ-specific data than DNA /RNA [147]. This approach
helps to identify the origin of the tumor under study. According to the clinical studies
conducted, it is evident that the employment of proteomic biomarkers in adjunction to
nucleic acids significantly improves diagnostic accuracy, thereby enhancing the treatment
of the disease.

5.3. Monitoring Disease Progression and Response to Treatment

Effective diagnosis and monitoring of the disease is crucial in patient care. Proteomics
has unfolded monumental areas of research, which has significantly restructured the con-
temporary patient treatment paradigm. For instance, the interlinking of proteomics with
cancer research has led to the development of therapeutically efficient biomarkers and
drug targets. The fascinating aspect of proteomic research involves the revelation of novel
biomarkers for better prognosis of various diseases. Proteomics allows us to perform
simultaneous qualitative and quantitative protein profiling. For instance, during cancer
progression, there are differences and changes observed in the protein profiles and protein
distribution among the body tissues. These protein alterations can be investigated with the
aid of proteomics. The leading technique for acquiring high-resolution spectra compris-
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ing mixed peptides is liquid chromatography—mass spectrometry (LC/MS) [148]. These
techniques are also employed in the discovery of specific and sensitive novel biomarkers
for numerous diseases, specifically cancer. Regulation of the treatment response is pivotal
when it comes to providing treatment to patients. In diseases involving abnormal cell
proliferation, like cancer, it becomes imperative to closely monitor the progression of the
disease and evaluate the treatment response on the oncogenic cell [149]. This aspect is
highly important for ascertaining an apt treatment plan for the patient, to avoid risking the
patient’s life. With a view to investigating hepatitis B virus-associated hepatocellular carci-
noma, an isobaric TMT-labeling proteomics approach has been adopted. This technique
is carried out by collecting liver samples and adjacent healthy tissues from the patient’s
body. In glioblastoma, proteomics analysis using LC/MS has unraveled the presence of pre-
apoptotic competing mechanisms present in the synapse along with drug resistance [150].
The scope of proteomics to meticulously analyze the observed alterations in proteins gives
rise to wide research avenues and better prognosis, hence aiding in better patient care.

5.4. Future Prospects and Integration with Other Diagnostic Approaches

The medical field is incessantly progressing with a view to improving perspectives
toward patient care and treatment plans. Research in proteomics intends to enhance our
potential for prognosis, diagnosis, and development of therapeutic drug targets and finally
head toward the common end goal of medicine, which is personalized patient treatment. In
the past few years, proteomics has proved its capability of transforming the medical field,
but there is a need for more extensive research in order to extract all the benefits of using
proteomic tools. Incorporation of proteomic tools in clinical laboratories requires compre-
hensive research to fill the void present in reproducibility and efficiency enhancement. The
challenges involving consideration of biological, pre-analytical, and analytical variability
should be tackled [151]. The requirement for skilled researchers and expensive equipment
still proves to be a roadblock in the feasibility of using proteomic tools in practice. Hence,
the main objective for proteomics will continue to be the identification of novel biomarkers
for numerous diseases and the associated development of immunological and biochemical
tests based on the data extrapolated using these biomarkers. The integration of these
proteomic tools with other contemporary approaches allows us to generate profound data
on the disease under investigation. Techniques like DNA microarrays, which are employed
for disease profiling, LC/MS to identify post-translational alterations and point mutations,
et cetera [152]. Protein chips have also been an emerging field to analyze the enzymatic
activity of membranes and secreted proteomes associated with diseases.

6. Bioinformatics and Data Analysis in Proteomics for AD Biomarkers

Bioinformatic tools are commonly used for proteomic data analysis in Alzheimer’s
disease research. Table 3 provides an overview of software and resources used for data
preprocessing, statistical analysis, pathway analysis, and integration of multi-omics data.

Table 3. Bioinformatic tools commonly used for proteomic data analysis in Alzheimer’s disease
research. The table provides an overview of software and resources used for data preprocessing,
statistical analysis, pathway analysis, and integration of multi-omics data.

Sr. No. Purpose of the Tools Tools and Softwares
Mascot
SEQUEST
1. Identification of Data OMSSA
X!ITANDEM
MSQuant
2. Quantification of Data

Progenesis
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Table 3. Cont.

Sr. No. Purpose of the Tools Tools and Softwares

TMHMM

3. Function and Localization Signal P

PSORTb
STRING

4. Pathway and Network Analysis Cytoscape
KEGG

iCluster

TransPro

PARADIGM
5. Integration of Multi-Omics Data LRAcluster

PSDF
BCC
MDI

The protein samples under consideration are allowed to go through three stages:

(i) Pre-mass spectrometry (MS) analysis;
(ii) Acquisition of MS data;
(iii) Post-MS Bioinformatics data processing.

These strategies enable researchers to achieve their objectives of protein quantification
and identification. To cite a few strategies, one may adopt the bottom-up or top-down
approach for full-length analysis of peptides and proteins correspondingly. Proteomics
involves dealing with a highly diversified biochemical pool, which renders the top-down
approach extremely challenging to practically conceive in the laboratory. For instance,
the most exhaustive top-down-approach-based study identified more than 3000 protein
isoforms derived from 1000 genes of human origin [153]. On the other hand, the bottom-up
approach involves the analysis of peptides derived from completely digested full-length
proteins. This significantly lowers the extreme biochemical diversification and enhances
proteomic coverage to as much as 10,000 proteins [154]. Other various tasks bioinformatics
tools carry out are:

(a) Protein Identification;

(b) Protein Quantification;

(c) Statistical Classification;

(d) Differential Expression;

(e) Network/Pathway Analysis;
(f) Integration of Multi-Omics;
(g) Hypotheses Generation.

6.1. Data Pre-Processing and Quality Control

Post-MS data analysis aims at extracting accurate and precise information from the
data acquired from initial studies. It focuses on information extrapolation from raw MS
data for identifying and quantifying proteins. MS spectral libraries and large protein
databases equipped with computational software can be investigated to assign MS2 spec-
tra to peptides [155]. This analysis has also led to the creation of varied search algo-
rithms as well. One detrimental challenge of the protein-database investigation is the
profound risk of false discovery. In order to eliminate it, the target-decoy strategy has
been adopted to reduce the false-discover rate (FDR) of the concerned protein samples (for
instance < 1%) [156]. After the identification of proteins is carried out, the samples are
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subjected to the process of protein quantification. The purpose of protein quantification is
to evaluate the protein abundances in the samples under consideration. Further, the sam-
ples undergo differential expression (DE) and network analysis to formulate reproducible
hypotheses. Quality analysis (QA) and automated quality control (QC) are carried out
to detect biases associated with measurement, consistency verification and elimination of
the probability of error propagation [157]. These tasks hold immense importance in data
pre-processing and quality control. Data acquisition is rendered unfruitful if the techniques
involved in data processing are inefficient. It is crucial to pay equal attention to the analysis
strategies adopted to eliminate all possible biases.

6.2. Statistical Analysis and Identification of Significant Biomarkers

Evaluation of biomarkers is indeed an intricate process and plays a precious role
as markers of diagnosis, severity of the disease, and risk. Although we have witnessed
immense progress in the field of randomized control trials and the standardization of
methodology, there is still a need for accomplishing milestones in the field of diagnostic
and prognostic biomarkers. Several steps are essential for the identification of clinically
significant biomarkers:

(a) They should be notably modified in the diseased patients as compared to the con-
trol group;

(b) Assessment of the diagnostic attributes of biomarkers;

(c) Comparison between the contemporary diagnostic tests and the concerned biomarkers;

(d) Evaluation of the quality of biomarkers, for instance, assessing rapidity, invasiveness,
cost, technical challenges, et cetera.

For meticulously analyzing the clinical significance of biomarkers, it is inevitable
to understand the physiological mechanisms of the synthesis, production and kinetic
attributes of biomarkers.

6.2.1. Decision Matrix

The key to assessing the diagnostic potential of biomarkers is through their specificity
and sensitivity. Sensitivity deals with the capacity to diagnose a disease in the patient who
truly suffers from that particular ailment. In contrast, specificity is the potential to com-
pletely rule out the possibility of the disease in patients who are completely healthy [158].
Computation of these indices requires information on the actual state of the patient and
the results obtained from biomarker. We quantify the diagnostic accuracy of a test by the
number of patients it has been able to correctly classify. The Youden index is employed to
find out the difference between the actual performance of biomarker and the best possible
performance it could have displayed.

6.2.2. Likelihood Ratios

An alternative way to quantify the diagnostic value of a biomarker is the use of
likelihood ratios (LHRs). These are basically the ratios of the likelihood of the conducted
test result in the diseased as well as the non-diseased patient population. The striking
feature of LHR is that they have the potential to quantify information about the presence of
diseases observed in the diagnostic test.

6.2.3. ROC Curve

The ROC curve is primarily the cumulative plotting of positive LHRs evaluated at
numerous values of the diagnostic test. The ROC curve is a graphical representation of the
data presented by the LHRs.

6.3. Pathway Analysis and Functional Annotation

In the complex web of bioinformatics, pathway analysis is employed to identify
proteins associated with a pathway or construct a pathway de novo from the concerned
proteins. It is highly useful while investigating the differential expression of the genes
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in disease and evaluating any omics dataset with a huge number of proteins. It is a type
of data analysis whose objective is to elucidate activated pathways from the generated
functional proteomic information. Pathway analysis enables the assemblage of a long list of
proteins into concise pathway knowledge maps. This aids us in deciphering the molecular
mechanisms associated with these modified proteins and their expressions. Different
protein networks and biological pathway databases are accessible like KEGG, BioCarta,
HPD, BioGRID, STRING, HAPPI, Reactome, and PAGED [159]. Functional annotation
enables us to extract useful information from high-throughput proteomic data. Varied
bioinformatics tools with different strategies have been developed for functional annotation
of the data. This is the procedure of affixing biological knowledge to protein and gene
sequences [160]. This is usually carried out with the help of a sequence alignment tool
called BLAST for observing similarities and then annotating the concerned sequences on the
basis of the acquired information. Functional annotation is carried out in three major steps:

(@) Recognizing the non-coding parts of protein chains;
(b) Carrying out gene prediction;
(c) Affixing biological information to this gathered data.

6.4. Integration of Multi-Omics Data for Systems-Level Understanding

The machine learning prediction algorithm is inefficient in the case of proteins due
to the paucity of proteomics data. To solve this issue of insufficient data, the integration
of transcriptome data helps to fill the voids of scarce proteomic data. It also predicts
unrevealed proteomics profiles of novel cell lines. Different methods have been discovered
to facilitate the interlinking of multi-omics data. Most of the contemporary interlinked
methodologies are horizontal and unidirectional [161]. They tend to neglect the biological
interconnections present between omics datasets and portray the hierarchical flow of a
biological organization. For instance, a novel computational program known as TransPro
has the potential to hierarchically amalgamate the multi-omics data of pharmacological-
origin compound evaluation. It is primarily a deep learning model for the prediction of
cell-particular proteomic profiles perturbed by unseen chemical substances [162]. Apart
from integrating genomics, transcriptomics and proteomics, it can be further evolved to
include phosphoproteomics and other omics data fields as well. The shortcomings of this
deep learning technology are the difficulty faced while evaluating the enormous amount
of generated data with the help of multi-omics readouts [163]. This algorithm makes
computational prediction imperative. In a nutshell, these deep learning technologies have
enabled us to incorporate and more specifically interlink to find associations between
unlabeled, noisy, biased, and heterogenous omics data from varied origins.

7. Discussion

Recent groundbreaking research in the field of interlinking proteomics and AD has con-
siderably widened our perspective on treatment intervention. The discovery of proteome-
based biomarkers as a consequence of the substantial research on the MS-based proteomic
profiling of the cerebrospinal fluid has been an important milestone. Novel dysregulated
pathways, genes, and proteins have been characterized that influence AD and support
the hypothesis of AD being a multifactorial pathological disease. The research involves
the exploration of protein aggregation, which is a hallmark of AD, typically associated
with Ap and hyperphosphorylated tau-like proteins. Lutz et al., 2018, focused on identi-
fying a aggregated proteome that could provide insight into the underlying mechanisms
of AD development and progression. MS techniques coupled with plaque and NFT iso-
lation allow for the analysis of the aggregate proteome in human AD samples. LCM
and detergent-insoluble fractionation techniques have been successfully applied to iso-
late amyloid plaques and NFTs directly from AD brain samples for MS analysis. These
techniques have identified novel aggregate proteins including Ul-snRNP, a member of the
spliceosome necessary for RNA splicing [164]. To conquer the quest for efficient profiling
of AD biofluids like CSF and plasma proteomes, various deep-learning platforms have
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also been developed. These platforms couple important tasks like TMT labeling, sample
processing, comprehensive 2D LC fractionation, and high-resolution tandem MS [165].
Along with the issues of proteome coverage, the issue of the reproducibility of results
continues to be a complex one to handle. The primary challenge in identifying protein
biomarkers in bodily fluids is the limited presence of these proteins at low abundance
levels. Research indicates that future advancements in mass spectrometry, particularly
those with high sensitivity, may address this roadblock. In the context of post transla-
tional modification (PTM) analysis, immunohistochemistry has been a widely employed
technique to study PTMs in Alzheimer’s disease (AD). Researchers have used nano-LC
MS/MS and MALDI-TOF MS to investigate proteins associated with AD. Interestingly, their
findings revealed that oxidized forms of transthyretin (TTR) were actually found in lower
quantities in the cerebrospinal fluid (CSF) of AD patients, compared to healthy individuals
(Popov et al., 2013) [166]. Research suggests that the mitochondrial changes in the serum,
CSF, and cortex are highly responsible for AD as supported by sufficient experimental
evidence [167]. As a result, it was concluded that the astrocytic mitochondria are also
released into the CSF as a potent biomarker for evaluating brain integrity accompanying
low mitochondrial quantity in the brain, hinting towards brain damage. Briefly, the emer-
gence of proteomics in AD research has significantly given a boost to the research sphere.
Proteome-based biomarkers have proven not only to be a novel but also an efficient option
for effective prognosis and diagnosis of AD thereby improving the quality of treatment
offered to the patients.

8. Limitations and Future Directions in AD Biomarker Research

The phenotypic changes occurring in the human body associated with the disease
are considered as dawning attributes modulated by temporal and spatial dimensional
components and their numerous interactions with each other at the various levels of a
hierarchical biological system. The advent of proteomics in AD has led to the formulation
of novel interventions, which has the power to revolutionize the medical perspective
toward prognosis. One major challenge faced is the contamination of the sample quality
in AD proteomics by various factors. These unwanted alterations can be attributed to
age, ischemia, gender, postmortem interval (PMI) et cetera. This unavoidable influence
of these factors on the modified proteomes is far greater than the whole proteome; this
can be because of the highly dynamic and transient nature of the protein alterations [168].
These influences can be dealt with with the help of regression analyses of the control
experiments on animals. AD proteomics also faces obstacles of sample size, which is highly
sensitive to experimental and biological variations. Proteomic studies with relatively small
sample sizes give rise to biased results, which are not reproducible. The human brain
comprises close to 16,000 genes that possess the potential to yield millions of proteoforms
related to alternative RNA splicing. Research indicates that a large number of tau and
A proteoforms are present in AD brains as a consequence of proteolytic processes [169].
Bottom-up proteomics data deals with an enormous amount of brain proteomes, it is a
tedious task of mapping intact proteoforms as their digestion leads to data loss. Advanced
MS techniques have been developed to examine the protein structure of protein complexes
and purified proteins and will further be evolved to dissect structural modifications in AD
at an international level. In addition, the incessant enhancement of sensitivity, affordability,
and throughput in proteomics renders the whole process considerably productive.

9. Conclusions

The cellular constituents of the human brain are highly heterogenous as observed
in transition or homeostasis states. This cellular heterogeneity is usually masked with
the bulk analyses carried out. The rapid transformation in the research perspective of
AD can be attributed to the revolution caused by the interlinking of proteomics in this
field. It is important to highlight the fact that there is a bridge between proteomic data
creation and unearthing the drivers for specific diseases. This can be attributed to the
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capacity of proteomic profiling to reveal only disease-associated information; in other
words, profiling educates us with correlation and not with causation. Recent studies have
identified numerous DE proteins in AD brains that have left us with the task of validating
the associated mechanisms that contribute to the molecular modifications. In a nutshell,
contemporary deep proteomic studies have profiled the brain and related biofluids at an
accelerated pace, leading to the generation of enormous data. This data is further used
to formulate relevant hypotheses for validation. It is crucial to keep in mind that AD,
being a neurodegenerative disease, creates numerous issues such as biological and cellular
pathways being blocked, especially at the end-stage of the disease. With the coupling of
MS and non-MS strategies with proteomics, we will witness monumental research and
advancements in the treatment intervention of AD.
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