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Abstract: Alzheimer's disease (AD) is the most prevalent form of dementia. With the global aging population,
the incidence of AD and related dementias is projected to rise dramatically, posing significant public health
challenges. Traditionally, the diagnosis of AD has relied on the detection of amyloid-beta (Af) plaques and
neurofibrillary tangles of hyperphosphorylated tau in the brain, assessed through invasive cerebrospinal fluid
(CSF) analysis and costly positron emission tomography scans. However, these methods are not feasible for
widespread screening or use in low-resource settings. Recent advances in blood-based biomarkers offer a
promising alternative for the early detection and monitoring of AD. These biomarkers provide a minimally
invasive, cost-effective means of tracking the pathological progression of AD before the onset of clinical
symptoms, potentially enabling earlier and more accurate diagnosis. Blood-based biomarkers, including those
related to AP, phosphorylated tau, and neurofilament light polypeptide, have demonstrated significant
potential in reflecting the underlying neuropathology of AD and correlating with traditional CSF and imaging
biomarkers. This review synthesizes the latest research on blood-based biomarkers in AD, highlighting their
role in the disease's etiopathogenesis, diagnostic accuracy, and prognostic value. We discuss the emerging
evidence on proteinopathy, neuroinflammation, vascular pathology, and bioenergetic profiles, emphasizing
the clinical applicability of these biomarkers. Furthermore, we explore the integration of blood-based
biomarkers with advanced neuroimaging techniques and their potential to revolutionize the diagnostic
landscape of AD, particularly in resource-limited settings. We have integrated protein-protein interaction (PPI)
and miRNA network analyses to enhance the analysis. By incorporating these, we can explore the interactions
and relationships between different proteomic, genomic, and epigenomic biomarkers, potentially unveiling
new insights into the underlying biological mechanisms of AD. The continued development and validation of
these biomarkers could lead to more accessible and equitable AD diagnostics, ultimately improving patient
outcomes.

Keywords: Alzheimer's disease (AD); blood-based biomarkers; amyloid-beta (A{); phosphorylated tau (p-
Tau); neurofilament light polypeptide (NfL); non-invasive diagnostics; neurodegeneration; proteinopathy;
neuroinflammation; vascular pathology; early detection; prognostics; advanced neuroimaging; dementia

1. Background

Neurodegeneration in Alzheimer's disease (AD) is associated with toxic amyloid-beta
oligomers, protein aggregates, intra-neuronal neurofibrillary tangles consisting of

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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hyperphosphorylated microtubule-associated tau protein, synaptic dysfunction, reduced cerebral
glucose metabolism, and mitochondrial dysfunction [1]. Undoubtedly, AD accounts for more than
50-70% of cases among all neurodegenerative dementias, and it is estimated that approximately 44
million people worldwide are living with AD dementia, a number that could triple by the year 2050
[2]. Notably, only a tiny percentage (1%) of AD is inherited, known as early-onset AD (EOAD). Most
cases are sporadic and generally appear after age 65, also known as late-onset AD (LOAD) [3]. The
age of onset for LOAD can vary between countries. It is typically 65 in the USA, whereas in India, it
generally develops after 60 years of age [3]. In addition to genetic factors, other factors, including
reduced physical activity, poor diet, diabetes, cerebrovascular disease, and stress, are major risk
factors responsible for the disease's progression.

According to the 2018 National Institute on Aging-Alzheimer's Association (NIA-AA)
framework, AD should be considered in a biological context rather than a syndromal context using
an A/T/N classification system. In this system, "A" represents the concentration of A3 biomarkers, "T"
means the level of tau, and "N" reflects biomarkers of neurodegeneration [4]. Such categorization
prioritizes the classification of AD biomarkers according to the pathological mechanism. However,
this classification framework also assumes the equivalence of cerebrospinal fluid (CSF) and imaging
biomarkers within each AT(N) category [5]. Ample evidence reveals that this is not always the case.
The AD diagnosis can be strengthened by including other biomarkers that reflect parameters like
brain vascularity changes, Lewy body pathology markers, and neuroinflammation [5].

Notably, in recent years, the understanding of AD has moved from diagnosing and
characterizing AD based on clinical presentation alone to diagnosing the disease biologically.
Biologically based diagnosis and disease staging is now transitioning from priorities dominated by
research alone to priorities required for research and clinical care. The high cost of positron emission
tomography (PET) and the invasiveness of CSF sampling are significant obstacles to population
screening to detect potentially manageable pre-clinical AD [6]. From this purview, minimally
invasive sampling from blood and fluid-based components holds great promise to revolutionize AD's
diagnostic and prognostic work-up in day-to-day clinical practice. This approach is particularly
timely considering the recent advent of anti-amyloid-f3 immunotherapies. Using and standardizing
plasma and fluid-based assays and other non-invasive neuroimaging techniques would reduce the
need for more costly and invasive investigations involving CSF samples or PET scans [7].

This review summarizes evidence on blood and fluid-based biomarkers that can be used in
clinical practice to diagnose AD due to their minimal invasiveness. Along with recent developments
in noninvasive neuroimaging techniques, we aim to integrate an understanding of various aspects of
this heterogeneous disease that can facilitate the development of new diagnostic tools.

2. Methodology

We conducted a comprehensive search of databases, including PubMed, Embase, and Google
Scholar, using specific search terms: "Alzheimer's disease,” "Alzheimer's disease and related
dementia," AND "plasma,"” OR "blood," OR "serum," AND "biomarkers,"

We also reviewed reference lists to locate relevant articles that were not captured in the initial
search. Our inclusion criteria prioritized articles published in English and focused on plasma
biomarkers for AD in the last ten years.

We successfully created our network model using the STRING database 12.0 (https://string-
db.org/). The query proteins were uploaded with their specific gene symbol as obtained from the
National Center for Biotechnology Information (NCBI) database. We then created our network using
the following functional settings: a complete STRING network showing functional and physical
interactors of the query proteins, with network edges based on evidence from text-mining, co-
expression, curated databases, gene neighborhood, gene fusions, gene co-occurrence, and protein
homology. The minimum interaction score required was kept at a high confidence level (= 0.700)

The interaction network of the predicted AD miRNA biomarkers with validated target genes
was achieved and visualized in the miRNeT 2.0 database (https://www.mirnet.ca/) to prioritize the
selective miRNA biomarkers and their roles in gene regulation in both peripheral blood and brain
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tissue. To cluster the final enlisted miRNA biomarkers, we selected the parameters like organism: H.
sapiens (human), ID type: miRBase ID, Tissue types: Peripheral blood and brain, Targets: miRTarBase
v9.0 and used two network topology features, degree and betweenness centrality on the miRNA-
miRNA network.

3. Results/Discussion

3.1. Current Insights into Different Biomarker Categorizations.

The development of in-vivo biomarkers has shifted the diagnosis of AD from the late or
advanced dementia stages of the disease to earlier stages. It has introduced the potential for pre-
symptomatic diagnosis. Categorization of biomarkers refers to grouping biomarkers into categories
that reflect a common proteinopathy pathway or pathogenic process. According to the recent
recommendation by the Alzheimer's Association workgroup, AD biomarkers can be broadly
categorized into:

1.  Core biomarkers of AD neuropathological changes

2. Non-specific biomarkers that are important in AD pathogenesis but are also involved in other
brain diseases

3. Biomarkers of common non-AD pathologies

Such broad categorization and sub-categorization rely on specific proteinopathy pathways or a
pathogenic sequence. Importantly, imaging biomarkers reveal the cumulative effects and capture
topographic data based on the established neuropathic construct. In contrast, blood or fluid-based
biomarkers generally represent the dynamics of analytes' production/clearance ratio at a given time.

The recent updates, as per the international working group, incorporate recently developed
blood-based markers (BBM) of "A," "T," and (N) [8, 9]. Core AD biomarkers, according to recent
updates, are those in "A" (Af) and "T" (tau) categories, where the A category represents Af
proteinopathy pathway-related biomarkers; it is well known that soluble aggregation-prone A(
peptides are the critical building units of insoluble A fibrillary aggregates in plaques, and it
represents the temporal relation of different biochemical pools of the proteinopathy pathway through
fluid-based assay and imaging findings [9] [Figure-1(A)].
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Figure 1. Figure 1(A): From ATN to AT1T2NIVS biomarker categorization of fluid analyte: The
proposed new criteria by the NIA-AA 2024 working group solicits 'A" and 'T" as the core biomarkers
for diagnosis and staging of AD. Besides, the revised scheme also recognizes an expanded suite of
additional markers that detect non-specific biomarkers involved in AD pathophysiology (N' and T')
and non-AD co-pathological biomarkers ('V' and 'S'). ~ The core category also distinguishes between
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core 1 and core 2 biomarkers. Figure 1(B) depicts the biomarker profile and respective categorization
based on the "A," "T," and "N" systems. Binarizing the three AT(N) biomarker types leads to eight
biomarker profiles. Based on the biomarker profile, each individual can be placed into one of the three
general biomarker categories: standard AD biomarkers, the Alzheimer's continuum, and those with
non-AD pathological changes.

Accordingly, "T" biomarkers also exhibit varying temporal relationships across the spectrum.
These differences can be categorized into subcategories: T1 and T2. T1 represents tau PET imaging or
biofluid analytes of soluble tau fragments that react to amyloid plaques or soluble Af3 species in the
plaque penumbra. T2 refers to tau PET imaging or biofluid analytes that indicate the presence of AD
tau aggregates. Consequently, core biomarkers (A and T1) define the initial stage of AD as detectable
in vivo and capable of identifying AD in symptomatic and asymptomatic individuals.

On the contrary, Core 2 biomarkers (T2 category) include tau-PET and specific soluble tau
fragmented residues related to tau-proteinopathy and generally reflect significant evolution of AD
pathogenesis. Hence, Core 2 biomarkers do not detect the initial presence of the disease and are
highly associated with A3 pathology. Therefore, Core 2 biomarkers, combined with Core 1, may be
used to stage the biological disease severity [9].

In general, AD biomarkers can be classified into three major categories:

[A] Diagnostic markers (PET imaging and CSF analysis for Ap and Tau)

[B] Blood-based markers: Protein and microRNA analyzed from whole blood or serum

[C] Fluid-based biomarkers: saliva and urine

[D] Non-invasive neuroimaging techniques: functional near-infrared spectroscopy (fNIRS),
magnetoencephalography, structural MRI, diffusion tensor imaging, single-photon emission
computed tomography, magnetic resonance spectroscopy, and functional MRI

Notably, in neuroimaging with MRI, different morphometric methods for data processing have
significantly improved clinical understanding. In this review, we will discuss the recent
advancements in blood-related biomarkers as novel approaches.

3.2. The In-Hitherto Context for Developing Blood-Based Biomarkers in AD

The development of blood-based AD biomarkers is increasingly integral to research and clinical
evaluation, from understanding the disease etiopathogenesis to disease monitoring and therapeutic
efficacy. They are pivotal in swift clinical decisions and optimizing resource allocation and healthcare
efficiency. Furthermore, they are crucial in population screening for early detection of AD and
participant screening to determine eligibility for AD-related clinical trials [10]. Hence, adopting this
strategy can positively contribute to public health scenarios, especially in middle and low-income
countries. The versatile application of blood-based biomarkers can effectively harness the potential
of ongoing research and innovation to enhance better outcomes for individuals diagnosed with AD.

Furthermore, blood-based biomarker tests, offering a non-invasive alternative to CSF study or
PET scans, can aid in diagnosing AD in symptomatic patients with cognitive impairment. More
importantly, they can guide therapeutic decisions, paving the way for personalized treatment and
disease management. In resource-limited clinical facilities, where performing CSF analysis or PET
scans is challenging as a routine procedure, blood-based screening of patients with dementia can be
a practical solution [11]. Looking ahead, the potential of blood-based screening to effectively identify
AD in asymptomatic individuals is a promising prospect. This could empower early interventions,
potentially slowing down the onset and progression of dementia, thereby reducing the disease
burden and improving long-term outcomes. This approach can foster early detection, accurate
diagnosis, and personalized therapeutic intervention in AD management, transforming the field into
a state-of-the-art [Figure 2]. Ultimately, large-scale validation studies can help establish the reliability,
sensitivity, and specificity of blood-based biomarkers across different populations, aiding in AD
diagnosis and patient stratification based on disease severity and progression in clinical settings.
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Figure 2. Timeline of patients' journey integrated with blood-based biomarkers: The figure depicts a
patient's journey starting with visits to primary care clinical set-up and subsequently to a specialist
neurologist or dementia specialist. Validated blood-based biomarkers (BBBMs) can be used as a
diagnostic parameter in addition to clinical assessment. Additionally, BBBMs may be utilized to
screen healthy populations at risk for AD and monitor therapeutic response and disease

advancement.

3.3. BBBMs Related to Proteinopathy in Early Detection of AD

Research on AD has shown that proteins expressed in brain tissues can be found in peripheral
circulation. Blood-based biomarkers related to underlying proteinopathy are emerging as crucial
tools in identifying AD-related pathology. Several studies have linked proteinopathy-related plasma
biomarkers with corresponding PET imaging, CSF biomarkers, and cognitive staging [12] [Figure 3],
highlighting the growing significance of blood-based biomarkers in the field.
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Figure 3. An approximate relationship between biomarker abnormality and AD disease continuum
(pre-clinical, prodromal, and AD dementia).

3.3.1. Plasma Proteinopathy-Related Biomarkers of Core AD Pathology:

Core AD-related biomarkers in plasma are those in the A (Af) and T (Tau) categories. The A
category denotes biomarkers of Af proteinopathy pathways and reflects on the "stage of the
biochemical pool" of different AP aggregates. T represents “the timing relationship” across the
spectrum of differentially modified forms of Tau proteins.

3.3.1.1. AP and Its Variations in Plasma:

Identifying and validating accurate and reliable blood-based markers of amyloid proteinopathy
has been tremendously challenging. This is because plasma or serum A342 levels are 10-100 times
lower than their CSF counterpart, and A structural epitopes can be masked by their binding affinity
to plasma proteins [13]. Additionally, the variable peripheral source of A3 and these factors present
reliable and consistent measures of A3 in peripheral circulation across different laboratories and
study cohorts of the various populations using the conventional enzyme-linked immunoassay [14].
However, recent advances in peripheral A3 measurement using cutting-edge techniques, including
an immunomagnetic reduction, single-molecule array (SIMOA), immunoprecipitation (IP), and
liquid chromatography-mass spectroscopy (LC-MS), are adding significant advantages for accurate
quantification and standardization of peripheral A3 level in AD across different laboratories [15-17].
In a head-to-head study including ten different assays, the LC-MS method displayed the best
diagnostic performance among all tested assays [17].

Notably, the advancement of SIMOA has allowed the measurement of A with high precision.
It has already demonstrated the ability to measure and demonstrate the plasma A{340/A[42 levels
with precision to accurately predict amyloid-positive PET scans in both cognitively normal and
impaired individuals [13]. However, the study by Blennow and Zetterberg et al. [18] revealed that
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AD patients with pathological CSF signatures showed significant differences in plasma A{342 from
control, implying a limited potential of plasma A for distinguishing pre-clinical AD with CSF
pathologies. Interestingly, a study by Guo et al. revealed different dynamic trends throughout the
AD disease continuum. The plasma A{342/40 levels were significantly reduced in the cognitively
unimpaired (CU) A+T+ compared with the CU A-T- group. Similar trends were observed between
the mild cognitive impairment (MCI) or AD dementia group and the CU A-T- group. Additionally,
the AD dementia group depicted reduced plasma A( 42/40 level relative to CU A+T- and MCI+
groups. However, individual plasma levels of ApB42 and A340 were unchanged except for increased
AB40 levels in the AD dementia group compared to the CU A-T- group [19].

Plasma composite biomarkers (normalized scores for APP669-711/AB1-42 and AP1-40/A31-42)
demonstrated a strong relationship with 80.4% accuracy between plasma and CSF levels among
patients with AD. Such association performs comparably to CSF Ap42 in determining brain Af3
burden. Using IP-MS, Nakamura et al. [20] showed that plasma A3 better-predicted brain A burden
than when subjects were classified using AP PET. Furthermore, Schindler SE et al. [21] showed that
the plasma A3 42/40 ratio, combined with age and Apolipoprotein E status, can reflect good accuracy
in diagnosing brain amyloidosis with an LC-MS technique. In 2017, a study by Ovod et al. [22]
showed that the plasma A[342/40 ratio measured by LC-MS had good accuracy with an AUC of 0.88
to differentiate amyloid positivity in AB-PET or CSF. The relationship between A3 biomarker
abnormality and AD progression has been depicted in Figure 3.

However, the challenges to the widespread use of plasma AP as a surrogate measure of brain
amyloid pathology are significant. On this note, it is essential to mention that the differences in
plasma Af3 levels between AB-PET (+) and AB-PET (-) are only around 10-15%, whereas it is around
40%-60% when measured in CSF [23]. Henceforth, using a combination of biomarkers usually
improves the overall accuracy of A measurement. Understanding the impact of cohort differences,
processing procedures in different analytical methods, and the role of other AD risk factors has
improved plasma AP assays' diagnostic properties. Using the «clinically available
Precivity ADTM test, an LC-MS-based method, a plasma A342/40 ratio cut-off value of 0.0975 had an
AUC of 0.81 and an accuracy of 75% when adjusting to cohort differences, the diagnostic performance
improved the AUC to 0.86 and the accuracy to 81%. The AUC increased to 0.90 and the accuracy to
86% with additional adjustments for age and Apolipoprotein E status. The diagnostic accuracy of this
method was not significantly affected by potential confounding variables like differences in plasma
sample collection in different cohorts [24].

3.3.1.2. Plasma p-Tau:

In the recent updates by the NIA-AA working group, different subtypes of Tau have been placed
in the T1 (Core-1) and T2 (Core-2) sub-categories within the core AD-related pathological markers
[9]. The fundamental concepts of Core-1 and Core-2 AD biomarkers in these recent updates are
differentiated by the timing of cognitive abnormality onset, where the Core-1 category represents the
initial stage of AD neuropathological changes in-vivo in both symptomatic and asymptomatic
individuals, whereas Core-2 biomarkers reflect strongly on A{3 pathology. Hence, Tau accumulation
is a more precise biomarker for cognitive decline and is strongly associated with underlying AD
pathology. It also predicts the risk of future dementia among individuals with MCI [25]. So far, the
CSF total tau is a non-specific marker as it is found to be elevated in traumatic brain injury and acute
stroke. Hence, it is more of a rational marker for neuronal injury.

Tau's physiological role is to stabilize microtubules in neurons' axons, and the degeneration of
neuraxial structures results in increased Tau release from neuronal structures [26]. Additionally, tau
undergoes truncation and subsequent phosphorylation, leading to NFT aggregation in the proximal
axoplasm. Abnormal phosphorylation and truncation of the Tau protein are the main etiologies for
NFT formation in AD and other tauopathies.

The tau protein bears multiple phosphorylation sites. T1 represents the ‘phosphorylated and
secreted tau’ (p-tau2l7, p-taul81, p-tau 231), and T2 represents ‘AD tau proteinopathy'
(microtubular-binding region-tau243, p-tau205, non-phosphorylated mid-region tau fragments) [9].
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Like plasma AQ, the challenge for developing plasma-based Tau is the significantly lower
concentration of Tau in the blood than in the CSF. The CSF level of Tau is about 2-300 pg/ml, while
the plasma concentration is approximately 100-fold lower, about 5 pg/ml.

Significant progress has been made in developing highly sensitive assays, especially MS-based
techniques, which have greatly improved plasma p-tau identification and quantification. Plasma p-
taul81 is strongly associated with the AB-PET and CSF P-taul81 measures and portrays high
specificity to discriminate AD from other tauopathies [27, 28]. Additionally, plasma p-tau 181 has
been found to distinguish between AB-PET (+) and AB-PET (-) individuals along with the disease
progression to dementia and tau-burdened brain areas with AD-related atrophic changes [29]. In this
context, T1-related plasma-tau variations, i.e., p-tau217, p-taul81, p-tau231, are significantly higher
in AD patients than cognitively unimpaired ones. Interestingly, a study by Guo et al. [19] revealed
the dynamic trend of plasma p-taul81 throughout the disease continuum [Figure 1(B)]; plasma p-
taul81 level increases in CU A+T+ compared to CU A-T-. A similar trend was observed in the MCI+
or AD dementia group in comparison to CU A-T-. At the same time, only p-taul81 levels were higher
in CU A+T+ and MCI+ groups in contrast to the CU A+T- group.

Notably, plasma p-tau217 has been found to show more precision in diagnostic accuracy than
p-tau 181 in CSF and plasma and also accurately predicted the progression of individuals from
subjective cognitive decline (SCD) and MCI to dementia when combined with other risk factors [30].
Ashton et al., using the Simoa-based assay, revealed that plasma p-tau231, like CSF p-tau217, could
discriminate patients with and without AD-pathology during post-mortem assessment with an AUC
of 0.99 [31].

Additionally, a study using the BioFINDER cohort reported that the plasma p-tau217 could
accurately predict (AUC=0.83) the progression from MCI to AD within four years, and the diagnostic
accuracy further increased (AUC=0.91) when plasma p-tau217 was added with Apolipoprotein E
genotype [32]. Janelidze et al. [33] also revealed that plasma p-tau217 was significantly elevated
before tau-PET became positive in cognitively unimpaired AB-PET+ older individuals.

Interestingly, studies by Gonzalez Ortiz et al. [34] on brain-derived tau (BD-Tau) from the
plasma of AD individuals have shown that it outperforms plasma and total tau. Unlike Nfl, BD-tau
has shown better specificity towards AD-related neurodegeneration. Hence, it demonstrates a
potential to complete the blood AT(N) scheme as a valuable biomarker for AD-dependent
neurodegeneration evaluation. Notably, the plasma core 2 biomarkers, mainly those in the T2
category, including specific soluble tau fragments associated with tau proteinopathy and non-
phosphorylated tau fragments, are still in the pre-clinical development phase [35].

Based on these recent advancements, it is pretty appalling that plasma p-tau estimation can
precisely diagnose AD based on its clinical and pathological criteria. Additionally, it can identify
individuals in the early stages of AD and monitor the pathological continuum for individuals at
higher risk of cognitive decline. However, it should be remembered that the large variability in
plasma p-tau measurement across the different analytical platforms and the lack of universally
accepted biomarkers' cutoff value precludes its rational widespread usage, most notably in clinical
settings.

Table 1 summarizes different BBBMs related to A3 and p-tau proteinopathy. Based on our
STRING network model, strong interactions between various types of A3 and p-tau protein residues
are evident. This might suggest the co-occurrence or co-expression of these proteins in AD
pathogenesis [Figure 4].
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Table 1. Overview of Blood-Based Biomarkers in Alzheimer's Disease: Assay Techniques, Pathomechanisms, and Their Role in Diagnostics and Prognostics.

Current Categorization Trend of the

Underlying

Name of the BBMs Pathophvsiolo of BBBMs (NIA- Relevance in AD biomarker in Assessment techniques
Py 2 AA'2024) Plasma
Early detection of ADin  Decreased in AD
Ap42 Plasma proteinopathy- Core 1 biomarker asymptomatic individuals, and MCI in
Amyloidogenic (A) with progression from normal comparison to
cognition to MCI or AD controls
- - . 1: ELISA
Early detection of ADin  Decreased in AD .
. . S . 2: Luminex xMAP Technology
AB40 Plasma proteinopathy- Core 1 biomarker asymptomatic individuals, and MClin 3: SIMOA
Amyloid B B Amyloidogenic (A) with progression from normal comparison to 4 LCMS
conition to MCI or AD controls .
5: Immunoprecipitation Mass
. Decreased
Identify early stages of AD . Spectrometry
. . . i . Ap42/Ap40 Ratio
Plasma proteinopathy- Core 1 biomarker and predict cognitive decline .
AP42/40 . . . . in AD and MCI
Amyloidogenic (A) in concordance with CSF and
. . . compared to
neuroimaging biomarkers.
control
Early detection of AD in
people without symptoms
Plasma proteinopathy- -Accurately predict the Increased in AD
Tauopathy Core 1 biomarker progression of individuals and MClin
p-tau217 s i
phosphorylated and (T1) from subjective cognitive compared to
secreted AD tau decline (SCD) and MCI to controls
dementia when combined
with other risk factors.
Eariy de?:}(ictlct)n of A:D in 1: ELISA
peop e]‘DNilstir?;uisg;lTsp oms 2: Luminex xMAP Technology
Pl i hy- I in AD : SIMOA
Tau asma proteinopathy ‘ between AB-PET (+) and Ap- ncreased in 3: SIMO
Tauopathy Core 1 biomarker o and MCI 4:LCMS
p-taul8l PET (-) individuals, along .
phosphorylated and (T1) . . . compared to 4: Immunoprecipitation Mass
secreted AD t with the disease progression controls Spectrometr
ecrete a to dementia and tau-burdened ontro pectrometty
brain areas with AD-related
atrophic changes.
-Early detection of AD in
Plasma proteinopathy- people without symptom  Increased in AD
tau 231 Tauopathy Core 1 biomarker -Discriminates and MCI
p phosphorylated and (T1) patients with and without AD  compared to
secreted AD tau pathology during post- controls

mortem assessment.
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MTBR-tau243

Plasma proteinopathy-
Tauopathy
AD tau proteinopathy

Core 2 biomarker
(T2)

Elevated in later stages of AD
Staging of biological disease
severity along with Core 1
biomarker
-strongly associated with tau-
PET and disease progression.

Increased in AD
and MCI
compared to
controls

Non-phosphorylated
mid-region tau
fragments

Plasma proteinopathy-
Tauopathy
AD tau proteinopathy

Core 2 biomarker
(T2)

Elevated in later stages of AD
-staging of biological disease
severity along with Core 1
biomarker.

Increased in AD
and MCI
compared to
controls

aSyn/tau

a-synuclein (aSyn)

aSyn /AR 42

Proteinopathy-related
biomarkers of non-core
AD pathology Synuclein
pathology

Biomarkers of non-AD
co-pathology
S)

Total a-synuclein levels in the
blood may not
differ significantly between
patients with
neurodegenerative diseases.
The oligomeric or
phosphorylated form of a-
synuclein accelerates cognitive
dysfunction.

Decreased in AD
and MCI
compared to
controls

Biomarkers of non-AD
co-pathology

Increased in AD
and MCI
compared to
controls

1: Seed Amplification Assays:
-Protein Misfolding Cyclic
Amplification (PMCA)
-Real-Time Quaking-Induced
Conversion (RT-QulC)

2: ELISA and Western blotting

4: Luminex xMAP Technology
5: SPR- DLS
6: Immuno-PCR

3: Quantitative Mass Spectrometry

DKK-1 or Dickkopf-1

Proteinopathy-related
biomarkers of non-core
AD pathology.

Research Biomarker

Elevated levels correlate with
disease severity, particularly
cognitive decline and synaptic
loss and help differentiate AD
from other neurodegenerative
conditions

Increased in AD

1: ELISA and Western blotting
2: Luminex xMAP Technology
3: Immuno-PCR
4: Mass Spectrometry

VILIP-1

Proteinopathy-related
biomarkers of non-core
AD pathology.

Research Biomarker

Increased levels are seen in
AD, but there is no significant
difference in concentrations
with AD-MCI patients
and other neurodegenerative
groups.

Increased in AD

1. ELISA and Western blotting
2. Luminex xMAP Technology
3. Immuno-PCR
4. Mass Spectrometry

Plasma Neurofilaments (NfL)

Injury, dysfunction, or
degeneration of neuropil

Biomarkers of non-
specific processes
involved in AD
pathophysiology
N)

Increased levels in Ap-positive
patients with AD and MCI are
associated with the degree of
cognitive impairment as well
as used as monitoring
biomarkers to indicate the
severity of neurodegeneration.

Increased in AD
and MCI vs
controls

1. ELISA (Enzyme-Linked
Immunosorbent Assay)
2. Luminex xMAP Technology
3.ECLIA
4. Mass Spectrometry
5. SIMOA
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Biomarkers of non-

CSF concentrations can

1. ELISA Wi lotti
Neuronal and synaptic specific processes distinguish between various Decreased in AD S, and Western blotting
I, . . . . . 2. Luminex xMAP Technology
SNAP-25 injury-pre synaptic involved in AD neurodegenerative diseases compared to
. . . . S 3.Immuno-PCR
dysfunction pathophysiology like AD, Parkinson’s dieases, controls 4. Mass Spectrometr
() and ALS. ‘ P Y
Biomarkers of non-
1. ELISA Wi lotti
Neuronal and synaptic specific processes Potential as a probable Decreased in AD S, and Western blotting
. . . . . . . 2. Luminex xMAP Technology
Neuronal pentraxin 2 (NPTX-2) injury-pre synaptic involved in AD biomarker for early detection =~ compared to 3 Immuno-PCR
dysfunction pathophysiology of AD. control ’
) 4. Mass Spectrometry
Biomarkers of non- 1. ELISA and Western blotting

Neuronal and synaptic

specific processes

Potential as a probable Increased in AD

Growth-associated protein (GAP-43) injury-pre synaptic involved in AD biomarker for early detection ~ compared to 2. Luminex xMAP Technology
dysfunction pathophysiology of AD. control 3-Immuno-PCR
) 4. Mass Spectrometry
Biomarkers of non- 1. ELISA
Neuronal and synaptic specific processes Potential as a probable Decreased in AD 2. Luminex xXMAP Technology
Neurogranin (NG) injury- post-synaptic involved in AD biomarker for early detection ~ compared to 3. ECLIA
protein dysfunction pathophysiology of AD. control 4. Mass Spectrometry
(N) 5. SIMOA
Assess total vascular 1. ELISA and Western blotting

Increased in AD

Fms-like tyrosine kinase-1 (F1t-1) Vascular Damages Research Biomarker involvement and early compared t 2. Luminex xMAP Technology
Y related to AD V) detection of vascular changes omparectto 3.Immuno-PCR
. . control
associated with AD. 4. Mass Spectrometry
1. ELISA
Endothelin 1 (ET-1) Vascular Damages Research Biomarker Indicates va.scular impairment Increased in AD 2. Luminex xMAP Technology
related to AD V) in AD. compared to AD 3. Immuno-PCR
4. Mass Spectrometry
Causes reduced cerebral blood Increased in AD 1. ELISA
Atrial natriuretic peptide (ANP) Vascular Damage related Research Biomarker flow and impairment of compared to 2. Luminex xMAP Technology
pep to AD V) neurovascular health. P 3.Immuno-PCR
control
4. Mass Spectrometry
Increased in AD 1. ELISA
Vascular Damage related  Research Biomarker Indicate ongoing chronic 2. Luminex xXMAP Technology
MIG/CXCL-9 . compared to
to AD V) neuroinflammatory processes. 3.Immuno-PCR
control
4. Mass Spectrometry
Potential as a probable 1. ELISA and Western blotting

heart-type fatty acid binding protein (H-FABP)

Vascular Damage related
to AD

Research Biomarker
V)

biomarker for early detection Increased in AD
of AD as it was found to be compared to
elevated in the pre-clinical control
phase of AD dementia.

2. Luminex xMAP Technology

3.Immuno-PCR
4. Mass Spectrometry



https://doi.org/10.20944/preprints202409.1701.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

do0i:10.20944/preprints202409.1701.v1

12
Indicate the burden of
atherosclerosis m A],D W,lth . 1. ELISA and Western blotting
. elevated sVCAM, indicating a Increased in AD .
Vascular Damage related  Research Biomarker e . 2. Luminex xMAP Technology
sVCAM-1 significant correlation compared to
to AD V) . 3.Immuno-PCR
between age and the severity control 4 Mass Spectrometr
Vascular adhesion molecular of ' P y
cognitive decline.
Indicate the burden of Increased in AD 1. ELISA and Western blotting
Soluble intercellular Vascular Damage Research Biomarker atherosclerosis in AD with compared to 2. Luminex xXMAP Technology
adhesion molecule-1 related to AD (\%) elevated Soluble intercellu- P 3.Immuno-PCR
. control
lar adhesion molecule-1. 4. Mass Spectrometry
malondialdehvde Increased levels in familial AD Increased in AD
a (Mg A) Y Oxidative Stress Research Biomarker that carry APP and presenilin- compared to
1 gene mutations. control
4-hydroxynonenal (4- Oxidative Stress Research Biomarker It?lzl;e:aslid i‘lgisaﬁldfailsliiliﬁr? Incc(l;f;lsz(:elg gD 1. HPLC
Metabolic products secondary to lipid peroxidation HNE) y ,p P 2.LC-MS
1 gene mutations. control
(LPO) - - 3. ELISA
potential marker of oxidative 4 GC-MS
. stress during the MCI phase of Increased in AD ’
increased F2- - . . .
. Oxidative Stress Research Biomarker ~AD, and its quantity correlates compared to
isoprostanes (F2-IsoPs) . . .
with the disease continuum control
from SCD to MCI to AD.
1. DCFDA
ROS modifies neuronal 2. Electron Spin Resonance (ESR)
macromolecules and induces t Spectroscopy
ROS Oxidative Damage Research Biomarker . . Increased in AD  3.Nitroblue Tetrazolium (NBT)
protein hyperphosphorylation
during prodromal AD phases Assay
. ) 4. Flow Cytometry with ROS-
Free radicals iti
sensitive dyes
Nitrosylation of critical L N1tr0tyr0§1ne ELISA
roteins in neurons impairs 2 Electron Spin Resonance
RNS Oxidative damage Research Biomarker P Increased in AD (ESR) Spectroscopy

their function, promoting
neurodegenerative processes.

3. Western Blot for 3-
Nitrotyrosine-modified Proteins

Nucleoside 8-hydroxyguanosine (8-OHG)

Oxidative Damage

Research Biomarker

It is notable for determining

I di
the gradient of DNA oxidative fiereasec in

lymphocytes of
damage in AD patients. It ymphocy
. AD patients
allows us to determine
Sy compared to
oxidative damage to plasma
control

DNA early in AD.

1. ELISA
2. HPLC and Electrochemical
detection
3.LC-MS
4. Western Blot using specific anti-
5.8-OHG antibodies
6. Immunoprecipitation
7. GC-MS
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An imbalance in nuclear and
mitochondrial genome-
encoded OXPHOS transcripts
e o —
mitochoncfrial translation and Reduced z Western Blot
Mitochondrial respiratory complex I-V genes (OxPHOS genes) Bioenergetic abnormality =~ Research Biomarker . expression in 3. IHC
compromises OXPHOS . .
. . . early AD patients 4. Blue Native Gel
efficiency. This would likely .
. . Electrophoresis
result in the generation of
harmful reactive oxygen
species.
Increased in
peripheral blood
SNO-Drpl can result in ly;ng h(z:(t:i}:r?:sm
increased mitochondrial P ) 1. Biotin Switch Assay
. There are also
fission, loss of synapses, and contradictor 2. Mass Spectrometry
SNO-Drp1 Bioenergetic abnormality =~ Research Biomarker neuronal damage in mice findines tha}t, 3. Nitroso-Proteome Profiling
models and primary neuronal 8 Immunoprecipitation and
. SNO-Drp1 does
culture, as well as in post- . Western blot
. not differ
mortem tissue. . .
significantly in
AD compared to
controls.
mtDNA copy number acts as
an indirect indicator for
several functioning Decreased in 1. qPCR
mitochondrial DNA (mt-DNA) Bioenergetic abnormality =~ Research Biomarker mitochondria and thus . . 2. Digital droplet PCR
. . patients with AD .
provides info regarding 3. Southern Blotting

bioenergetics as a factor for
AD progression.

80x0G sSNVs

Bioenergetic abnormality

Research Biomarker

1. 8-0x0G DNA Glycosylase

circulating cf-mtDNA (ccf-mtDNA)

Bioenergetic abnormality

Research Biomarker

due to their inflammatory (OGG1) Assay
endophenotype, the 2. Comet Assay with Fpg
circulating cf-mtDNA (ccf-  Increased in AD (Formamidopyrimidine-DNA
mtDNA) 8oxoG variant can be patients Glycosylase)
used as an improved 3. ELISA
biomarker. 4. HPLC with electrochemical
detection
cellular mt-DNA copy number Increased in AD 1. qPCR
can be used as a potential patients 2. Digital droplet PCR



https://doi.org/10.20944/preprints202409.1701.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

do0i:10.20944/preprints202409.1701.v1

biomarker of mitochondrial
biogenesis and cellular
energetics to reflect upon
mitochondrial health in AD.

The intermediate filament glial fibrillary acidic protein (GFAP)

Neuroinflammation and
Immune Dysregulation

Research Biomarker

(1))

The marker of astrogliosis can
be seen in chronic
inflammatory processes like
progressing AD.

Increases in AD
patients

14
3. Southern Blotting
1. ELISA
2. ECLIA

mesoscale discovery
immunoassay V-PLEX

significantly elevated in the 1. ELISA
. Neuroinflammation and  Research Biomarker plasma of MCland AD Increases in AD 2 Western blot
CX3CL1 (Fractalkine) . compared to other 3. IHC
Immune Dysregulation I . . and MCI
neuroinflammatory disease 4. Flow Cytometry
processes. 5. Luminex
. . 1. ELISA
Their plasma concentration
. . . 2. Western blot
Neuroinflammation and ~ Research Biomarker  has also been found to have a .
CCL23 . . Increases in AD 3. IHC
Immune Dysregulation I predictive value toward MCI-
to-AD progression, 4 Flow Cytometry
prog ) 5. Luminex
1. ELISA
Neuroinflammation and  Research Biomarker Elevated in AD and correlate z Western blot
C-C chemokine ligands or RANTES . with the neuroinflammatory Increases in AD 3. IHC
Immune Dysregulation I
burden. 4. Flow Cytometry
5. Luminex
increasingly expressed in
zjlstrocytes during 1. ELISA
neuroinflammatory changes.
. . . 2. Western blot
Neuroinflammation and  Research Biomarker Plasma YKL-40 level shown to .
YKL-40 . . . Increases in AD 3.IHC
Immune Dysregulation @I have a positive correlation
. .. 4. Flow Cytometry
with the result of sensitive free .
. o 5. Luminex
and cued selective reminding
test
Studies have revealed that the 1. ELISA
. Neuroinflammation and ~ Research Biomarker mcr.eased program.lhﬁ— . 2. Western blot
Progranulin Immune Dysreeulation @ expressing gene GRN is in the Increases in AD 3.IHC
ysreg blood of MCI and AD 4. Flow Cytometry
patients. 5. Luminex
mRNA levels in peripheral 1. ELISA
mononuclear cells have been
Neuroinflammation and  Research Biomarker found to have the 2. Western blot
Triggering receptor expressed on myeloid cells 2 (TREM2) . e .. Increases in AD 3.IHC
Immune Dysregulation I distinguishing ability between 4 Flow Cvtometr
aMCI, AD, and healthy ’ y, y
5. Luminex

control individuals and to be
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dependent on the
Apolipoprotein E genotype.

Can predict the development
of AD up to 10 years before

Proteomic Analysis of the EV’s like

P- - T h R h Bi ki I in AD
5396-tau auopathy esearch Biomarker .\ = . . . tof sporadic ncreased in ELISA
AD.
iinA}ge:;tt: }11((3) 32:2122?? Increased in AD 1ELISA
-tau 181 T h R h Bi ki MCI
p-tau 18 auopathy €Searc BIOMATKET  the clinical onset of sporadic and MCl vs 2. Ultra-sensitive inhouse SIMOA
healthy controls
AD
Its impairment leads to
decreased neurotransmission, 1. ELISA
Synaptotagmin Synaptopathy Research Biomarker neuroplasticity, and long-term Reduced in AD 2. LC-MS
potentiation, thus hampering 3. SIMOA
memory formation.
NDE Synaptic loss and I;Orsiioiep ;e(:)ap;: :)1 ?r: u;?;:élg L ELISA
synaptophysin ynap . Research Biomarker > P g P Reduced in AD 2. LC-MS
dysfunction signal transmission and, thus,
e . 3. SIMOA
cognitive impairment.
Its increment promotes insulin
N infl ti d ist leading t I din AD L ELISA
P-S312-IRS-1 euroinflammationand  p B arker resistance, leading to ncreased in 2 LC-MS
Insulin Resistance progressive vs. controls
. 3. SIMOA
neurodegeneration.
Its reduction promotes insulin
Insulin resistance and resistance, leading to Downregulated in L ELISA
P-panY-IRS-1 . . Research Biomarker »-eading 8 2. LC-MS
Synaptic dysfunction progressive AD
. 3. SIMOA
neurodegeneration.
N-(1-carboxymethyl)-L can differentiate early t Downregulated in L ELISA
a losi}; ey ROS mediated damage  Research Biomarker a m © der ta eA;a yro own eAgB ae 2. LC-MS
ysme oderate AL 3. SIMOA
When neurons absorb
microglia-derived exosomes 1. ELISA
MDE Tauopathy Research Biomarker containing tau, it triggers  Increases in AD 2. LC-MS
further abnormal tau
aggregation
Plasma levels of various
complement components,
ADE Neuroinflammation Research Biomarker such as Clq, C3b, and fa?tor Increases in AD L ELISA
D, could serve as predictive 2. LC-MS

biomarkers for the
progression of MCI to AD
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Figure 4. STRING Protein-Protein Interaction Network. Nodes: Colored nodes: Query proteins and
first shell of interactors; White nodes: Second shell of interactors; Empty nodes: Proteins of unknown
3D structure; Filled nodes: Proteins with known or predicted 3D structure. Edges: Edges represent
protein-protein associations, indicating proteins that jointly contribute to a shared function. Colors
indicate the types of evidence for the association: Blue: Known Interactions from curated databases.
Pink: Experimentally determined interactions. Green: Predicted interactions from gene
neighborhood. Red: Predicted interactions from gene fusions. Dark Blue: Predicted interactions from
gene co-occurrence. Yellow: Interactions from text-mining. Black: Co-expression. Light Blue: Protein
homology.

3.3.2. Proteinopathy-Related Biomarkers of Non-Core AD Pathology

Apart from the proteinopathy-associated core AD plasma biomarkers, other plasma-based
molecules due to underlying proteinopathy of non-core AD pathogenesis have also been extensively
studied.

3.3.2.1. Biomarker of TAR-DNA Binding Proteinopathy:

TAR DNA-binding protein 43 (TDP-43) is a nuclear protein encoded by the TARDBP gene and
is involved in various aspects of RNA processing, including transcription, splicing, and transport. It
is a 43-kDa protein initially identified as a binding protein to the TAR (Trans-Activation Response)
element of the HIV-1 virus [36, 37]. TDP-43 pathology has also been observed in a subset of AD cases,
particularly in association with hippocampal sclerosis, suggesting its involvement in the broader
spectrum of neurodegenerative disorders [38]. Hippocampal Sclerosis and TDP-43 are presumably
part of the later neuropathological changes in AD. Given its role in neurodegenerative diseases, there
has been interest in using blood TDP-43 levels as a potential biomarker for conditions like
Amyotrophic Lateral Sclerosis (ALS), Frontotemporal Dementia (FTD), and AD. Elevated levels of
TDP-43 in blood, particularly in plasma or serum, have been observed in some studies of ALS and
FTD patients, suggesting its potential utility as a non-invasive biomarker [39].

One of the many challenges with measuring TDP-43 in blood is the sensitivity and specificity of
the assays used. TDP-43 exists in multiple forms (e.g., full-length, truncated, phosphorylated), and
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distinguishing these forms can be technically demanding [40, 41]. Additionally, because TDP-43 is
ubiquitously expressed in various tissues, its presence in blood may not always correlate directly
with neurodegenerative disease [42].

TDP-43 and its phosphorylated derivative form can be measured in a platelet lysate. A-Phospho
(5409/410-2) TDP-43 is identified as a selective antibody for AD patients that discriminates AD from
non-demented control and amyotrophic lateral sclerosis (based on platelet analysis of phospho-
TDP43. This AD-selective antibody may be a screening tool to strengthen AD diagnosis and cognitive
tests [43]. Patient populations with mild cognitive impairment, mild dementia, and frontal lobe
dementia need to be assessed for the phosphorylated TDP-43 profile.

3.3.2.2. Blood-Based Biomarkers of Synuclein Pathology:

The brain afflicted by AD is neuropathologically defined by extracellular amyloid-{ plaques and
neurofibrillary tangles composed of hyperphosphorylated tau proteins accumulating
intraneuronally [44]. However, accumulating evidence suggests that the presynaptic protein a-
synuclein (aSyn), well known to be associated with Parkinson’s disease, dementia with Lewy bodies,
and multiple system atrophy (MSA), is involved in the pathophysiology of AD [45]. Lewy-related
pathology, primarily comprised of aSyn, is present in a majority of autopsied AD brains, and higher
levels of aSyn in the cerebrospinal fluid (CSF) of patients with MCI and AD have been linked to
cognitive decline [44]. Recent studies also suggest that the asymptomatic accumulation of AP plaques
is associated with higher CSF aSyn levels in subjects at risk of sporadic AD and in individuals with
autosomal dominant AD [44]. Experimental evidence has further linked aSyn mainly to tau
hyperphosphorylation and the pathological actions of Af3 and the Apolipoprotein E 4, the latter
being a major genetic risk factor for AD and dementia with Lewy bodies [46].

Therefore, the need for measuring aSyn in body fluids, especially blood, becomes the need of
the hour to detect early AD pathology. However, the major hindrance in this is the non-neurological
sources of aSyn like RBC, which have them in abundance. Interestingly, 99% of the total blood aSyn
is found in blood components; among those 99 %, the majority lies within RBCs [47]. Now, due to
their abundance and fragility, the lysed RBCs can release aSyn in various fluid compartments of the
body like blood (where they usually remain), CSF (where they can accidentally enter), thus leading
to elevation of aSyn in the plasma or CSF[47].

Studies have shown that while total a-synuclein levels in the blood may not differ significantly
between patients with neurodegenerative diseases and healthy controls, the levels of oligomeric or
phosphorylated forms of a-synuclein might be more closely associated with disease states [47]. Thus,
Assays with high specificity, which can detect even the slightest of variations in blood aSyn and can
also differentiate effectively between the various forms of aSyn, are the need of the hour. However,
in a study, it was shown that the fall of aSyn in CSF in Lewy body dementia (LBD) patients was more
than that compared to AD patients or healthy controls, indicating that the aSyn was accumulating
more in brain matter than in CSF in LBD patients. However, for AD, we can see that the fall of aSyn
in CSF was not very pronounced and was comparable to that in healthy adults [47, 48].

Regarding blood levels, a study conducted by Daniele et al. [49] showed a significant difference
in levels of aSyn /tau and aSyn /A 42 heterodimers in the centrifuged RBCs of healthy controls and
those with AD. Another study by Laske et al. showed that the serum levels of aSyn in AD and healthy
controls were not much different. Still, both significantly differed from the serum aSyn levels in LBD
patients. Thus, the correlation between serum aSyn levels of healthy controls and AD is still in
question and has not been adequately established [50].

Several studies suggest that A3 42, tau, and a-syn interact in vivo to promote aggregation and
accumulation of each other and accelerate cognitive dysfunction [51]. Interestingly, their expression
levels and aggregation processes are not restricted to the brain but reach peripheral tissues by the
bloodstream, possibly configuring a systemic disease [52].
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3.3.2.3. Serum Dickkopf-1(DKK1) as Candidate Blood-Based Biomarker in AD:

DKK-1 or Dickkopf-1 is a critical member of the DKK protein family. It is a secretory
glycoprotein and has its most significant role in determining the fate of cells in vertebrates. Besides,
it has been found lately to be linked to neurodegeneration as well as regeneration, and its role in AD
has been the latest topic of research [53]. It is an endogenous indirect inhibitor of the WNT/beta-
catenin pathway, which has its role established in embryogenesis and adult homeostasis. Some
studies have shown that the occurrence of AD and the patient’s cognitive decline was associated with
dysregulation of the DKK1 and Wnt-signalling, including familial or early-onset AD and sporadic or
late-onset AD [54]. DKK1 expression level increased significantly in the cerebrospinal fluid, plasma,
and brain tissue of AD patients and AD transgenic mice [53].

Studies performed by Caricasole et al. [54] suggested that DKK-1 induction has a role in
initiating the pathological cascade reaction of AP and increasing the phosphorus action of Tau
protein. Other studies have indicated that the role of DKK1 was played by inhibiting the endogenous
WNT ligands that were important for the maintenance of neural synapses [55]. Knockdown of the
expression of DKK1 by siRNA in the hippocampus increased the regeneration of hippocampal
neurons. It enhanced the spatial working memory and consolidation of memory, thereby reversing
the age-related memory integration impairment [56].

DKK1, due to its capacity to cross the blood-brain barrier (BBB) at elevated serum
concentrations, may accelerate AD progression. This highlights the urgency and importance of
investigating DKK1 as a potential therapeutic target for AD. The therapeutic effect of such
intervention may be linked to synaptic protection and hippocampal circuit reconstruction. Notably,
animal behavior tests have shown that inhibiting DKK1 improves spatial memory tasks [57], a finding
supported by electrophysiological data on DKK1's role in long-term potentiation (LTP) [57].

Elevated serum levels of DKK-1 have been reported in AD patients compared to healthy
controls. This elevation correlates with disease severity, particularly cognitive decline and synaptic
loss. Thus, DKK-1 level elevation in blood can help us identify subjects at risk of developing AD
before manifesting the disease symptoms [58]. Also, tracking the trends in serum DKK-1 can help us
understand the treatment prognosis and identify disease progression. Lastly, given its specific
association with the Wnt signaling pathway and A pathology, serum DKK-1 levels might help
differentiate AD from other neurodegenerative conditions that do not exhibit this pathway
disruption.

3.3.2.4:. Plasma Visinin-Like Protein-1 (VILIP-1):

VILIP-1 is a new emerging biomarker reflecting different aspects of the heterogeneous
pathophysiology of AD. VILIP-1 is a calcium-binding protein of neuronal calcium sensor (NCS),
expressed in neuronal pericaria, dendrites, and some axons, and is involved in maintaining neuronal
growth, survival, and synaptic plasticity [59]. In AD, disturbed calcium homeostasis followed by
neuronal degeneration causes the release of VILIP-1 in the extracellular space. A case-control study
by Halbgebauer et al. [60] indicates that the Simoa assay of CSF VILIP-1 and serum VILIP-1 could be
highly sensitive and reliable for AD diagnosis. Additionally, they found a significant increase in CSF
VILIP-1 levels in AD compared to control groups, as well as in Parkinson's disease, behavioral variant
frontotemporal dementia ALS, and (LBD). Serum VILIP-1 was elevated in AD patients in comparison
to the control groups, but surprisingly, no such significant difference in concentrations was observed
with AD-MCI patients and other neurodegenerative groups [61]. From these findings, we can
hypothesize that serum VILIP -1 alone cannot be a potential biomarker for early AD diagnosis.
Nevertheless, monitoring the ratio of CSF-VILIP-1 to serum VILIP-1 can be crucial.

Table 1 provides a summary of different Proteinopathy-related BBBMs of non-core AD
pathology. Based on our STRING network model, interactions between TDP-43, a-Synuclein, DKK1,
and VLLIP-1 might suggest the co-occurrence or co-expression of these proteins in AD pathogenesis
[Figure 4].
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3.4. Blood-Based Biomarkers of Neuronal and Synaptic Injury

In 2018, NIA-AA guidelines incorporated neurodegeneration as the third biomarker (N) to
define AD pathology. Notably, in their 2024 revised update, recently developed BBBMs of A, T, and
(N) have been included [9]. Additionally, as mentioned earlier, the group of biomarkers representing
neuronal injury, dysfunction, or degeneration of neuropil has been placed under the broad category
of "Biomarkers of non-specific processes involved in AD pathophysiology.” However,
neurodegeneration or neuronal dysfunction alone could not be significant enough to function as a
diagnostic marker as its dynamic alteration could precisely predict the progression of AD-continuum.
For that matter, biomarkers of synaptic dysfunction due to the loss of synaptic plasticity and integrity
represent the very early pathological alterations in AD. Synaptic dysfunction is directly triggered by
Af and tau pathology and indirectly by the consequences of neuroinflammatory responses.

3.4.1. Plasma Neurofilaments (NfL) as AD Diagnostic and Disease Progression Biomarker:

Neurofilaments are one of the main proteins expressed within neuronal cells. They are found in
the axons of all neuronal cells and play a crucial role in maintaining nerve impulses' structural
integrity and conduction velocity, thereby keeping the axonal caliber [62]. Degeneration of large-
caliber axons is an essential feature of AD neurodegeneration.

Post neuroaxonal injury, there is a surge in neurofilament proteins in the blood and
cerebrospinal fluid (CSF). Recent breakthroughs have unveiled plasma NfL's potential in monitoring
various neurodegeneration elements, such as glucose metabolism, cognitive function, structural
imaging, and future atrophy [63]. In a study conducted by Mattsson et al. [64], it was found that
patients with MCI and AD dementia, as well as those with preclinical AD, prodromal AD, and AD
dementia, all exhibited higher NfL rates at baseline compared to controls. This study also supported
the idea of tracking NfL levels longitudinally as a marker of neurodegeneration across the preclinical
stage and different clinical stages of AD.

Unlike the traditional method of using CSF samples to quantify NfL, recent strides have been
made in measuring Neurofilament levels in the blood. The advent of 3rd/4th generation enzyme-
linked immunosorbent assay (ELISA) [65], and the more sensitive electrochemiluminescence assay
technology [65] have revolutionized this process. Interestingly, Gou et al. [19] revealed that plasma
NfL is not significantly elevated until the MCI+ stage. Interestingly, plasma NfL level was relatively
higher in the MCI+ group than in the CU A-T- and CU A+T- groups. Plasma NfL also showed the
same trend in the AD dementia group relative to CU A+T+ and CU A+T- and MCI+ groups. Moreover,
SIMOA has made it feasible to accurately identify the slightest disease-induced changes at all doses,
including in healthy individuals [65]. NfL also shows promising results as a treatment response
biomarker for protopathic lesion-induced neurodegeneration [66].

3.4.2. BBBMs Related to Pre-Synaptic Dysfunction:

Synaptosome-associated protein 25 (SNAP-25) is a crucial protein primarily residing in the
presynaptic vesicles and is associated with synaptic degradation. Studies have shown an increasing
trend in CSF SNAP-25 in the AD population, with a decreasing index in the cerebral cortex, indicating
the extent of synaptic dysfunction [67]. Notably, CSF SNAP-25 can differentiate AD from Parkinson’s
disease and ALS, and an increased concentration of CSF SNAP-25 is also found in Creutzfeldt-Jakob
disease, highlighting its potential to distinguish between various neurodegenerative diseases [68]. In
contrast, very few studies have documented the possible association between plasma SNAP-25 and
AD progression. Interestingly, a survey by Agliardi et al. [69] has shown a decreasing trend in
neuron-derived exosomes containing SNAP-25 derived from plasma and associated with cognitive
status evaluated by MMSE.

Neuronal pentraxin 2 (NPTX-2), a protein associated with inhibitory circuit dysfunction, has
shown a remarkable trend as a biomarker related to synaptic dysfunction. A longitudinal study by
Libiger et al. based on CSF proteomics has shown a correlation between the changing rate of NPTX-
2 level and the rate of cognitive decline [70]. However, the fundamental understanding of the role of


https://doi.org/10.20944/preprints202409.1701.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

20

NPTX-2 in AD is still unclear. A recent study has revealed a reduced NPTX-2 level in the plasma
NDEs of AD patients, which can show such alteration that can be detected a decade before the onset
of AD-associated dementia, suggesting its potential as a biomarker for early detection of AD [71].
Additionally, CSF growth-associated protein (GAP-43), another potential biomarker related to pre-
synaptic dysfunction, has been found to display an increasing trend in AD dementia and is correlated
with AP burden and NFT formation in the hippocampus, amygdala, and cerebral cortex [72].
However, the plasma-based association of GAP-43 with AD is questionable. On that note, a recent
study by Jia et al. has revealed that neuro-exosomal GAP-43 could predict MCI-AD in 4-7 years
advance [73].

3.4.3. BBBMs Related to Post-Synaptic Protein Dysfunction:

Neurogranin (NG), a 78 AAs long post-synaptic protein, is associated with synaptic dysfunction
and neuronal injury [74]. Previous findings have revealed the importance of NG in maintaining
synaptic plasticity, long-term potentiation (LTP), and long-term depression (LTD) [75]. A high level
of CSF NG is positively correlated with brain AB burden and the extent of Tau pathology, and a
specific type of NG, i.e, NG 48-76, has been found to increase significantly during the brain
neurodegenerative process [76]. However, the CSF NG is poorly specific for AD-related pathological
changes, and plasma NG did not reveal any associative trend between AD and healthy controls [77].
However, a decreasing trend in plasma-derived neuron-derived exosomes (NDE) containing NG has
shown a positive correlation with cognitive decline [78].

Table 1 illustrates different neuronal and synaptic injury-related BBBMs of AD pathology. Based
on our STRING network model, interactions amongst the proteins related to synaptic and neuronal
injury might suggest the co-occurrence or co-expression of these proteins in AD pathogenesis [Figure
4].

3.5. Blood-Based AD-Related Biomarkers of Vascular Pathology.

The relationship between vascular pathology and blood-based biomarkers linked to AD
provides essential new information on the illness's processes, especially the interplay between
neurodegeneration and vascular dysfunction.

3.5.1. Fms-Like Tyrosine Kinase-1 (Flt-1) in AD-Related Vascular Changes:

VEGEFR-1, or Flt-1, plays a crucial role in AD. It is a receptor for VEGFs and is essential for
inflammation, vascular permeability, and angiogenesis. The disruption of the BBB in AD is linked to
Flt-1 dysregulation, which affects angiogenesis and increases vascular permeability. This
disintegration facilitates the entry of hazardous chemicals into the brain, promoting
neuroinflammation and neurodegeneration [79, 80]. A major pathogenic characteristic of AD is brain
microvascular dysfunction, which has been associated with elevated Flt-1 levels. Recent research by
Lau et al. [81] suggests a connection between enhanced angiogenesis and immunological activation
and the endothelial overexpression of Flt-1 in AD. Measuring Flt-1 levels in the blood not only helps
assess vascular involvement in AD but also opens up a new avenue for early detection of vascular
changes associated with the disease, sparking further interest in this area of research.

3.5.2. Role of Endothelin 1 (ET-1) in AD-Associated Vascular Pathology:

Vascular endothelial cells primarily produce ET-1, a potent vasoconstrictor. Blood flow and
vascular tone are significantly regulated by it. Elevated levels of ET-1 are linked to vascular
dysfunction and decreased cerebral blood flow in AD. ET-1 can exacerbate neuronal damage through
tau-pathology and Ap-deposition. Chronic vasoconstriction brought on by ET-1 may cause ischemia
and hypoperfusion in the brain, which would further exacerbate AD pathogenesis [82] .ET-1 levels
may indicate vascular impairment in AD. A study done by Palmer et al. [83] showed that ET-1 protein
was significantly higher in AD than in control tissue and also provided evidence of overactivity of
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the endothelin system in AD, further supporting the suggestion that endothelin receptor antagonists
may be of value for the treatment of this disease.

3.5.3. Alteration of Adrenomedullin (ADM) in AD

ADM regulates blood pressure, promotes vasodilation, and preserves the integrity of the
endothelium barrier [84]. Vascular dysregulation and endothelial dysfunction have been associated
with altered levels of ADM in AD. Inhibiting oxidative stress and inflammation, two factors crucial
to AD pathogenesis, is one of the neuroprotective effects of ADM. The breakdown of BBB caused by
dysregulated ADM levels may allow A3 and other neurotoxic substances to enter the brain more
efficiently [85]. A study by Ferrero et al. [86] compared the ADM levels between the cortex of AD
patients and controls, and ADM was found to be significantly higher in the cortex of AD patients.

3.5.4. Role of Atrial Natriuretic Peptide (ANP) in AD-Related Vascular Alterations

The cardiac hormone ANP, which controls salt homeostasis, fluid balance, and blood pressure,
may offer hope in treating AD. It contributes to cardiovascular homeostasis and has vasodilatory
effects [87]. Given That individuals with AD often have circulatory dysfunctions, ANP levels may be
affected by the condition. It has been demonstrated that ANP affects cerebral ischemia risk and
cerebrovascular tone [88]. The pathophysiology of AD may worsen due to reduced cerebral blood
flow caused by dysregulation of ANP signaling.

Furthermore, ANP might be involved in controlling the brain's clearance of A{3 [89]. Tracking
ANP levels in AD patients may help understand the disease's cerebrovascular and cardiovascular
aspects. A study by Mahinrad et al. found an increased number of ANP receptors in AD brains
compared to non-AD brains [90]. Pathways connected to ANP may present treatment options to
enhance vascular function and lessen AD.

3.5.5. Vascular Immune Interaction and Gamma Interferon/Chemokine (C-X-C) Ligand 9
(MIG/CXCL-9) in AD

MIG/CXCL-9, a chemokine, may hold significant diagnostic value in AD. Its primary function is
to attract immune cells, especially T lymphocytes, to areas of inflammation [91]. It is involved in
immunological surveillance and inflammatory reactions and is produced in response to interferon-
gamma [92]. Elevated MIG/CXCL-9 levels are linked to neuroinflammation and the migration of
immune cells to the brain in AD. This chemokine aggravates amyloid pathology and neuronal
impairment by contributing to the chronic inflammatory state seen in AD [93]. The blood's
concentration of MIG/CXCL-9 may indicate ongoing neuroinflammatory processes and how the
vascular and immune systems interact in AD.MIG/CXCL-9 may be a biomarker for vascular-immune
interactions and neuroinflammation in AD. Reducing MIG/CXCL-9 or its signaling pathways could
potentially assist.

3.5.6. Role of Heart-Type Fatty Acid Binding Protein (H-FABP) in AD-Related Vascular Pathology:

AD can arise and evolve as a result of chronic vascular disease and impaired cerebral blood flow
regulation. Heart-type fatty acid binding protein (H-FABP) plays a role in fatty acid metabolism and
lipid transport, and elevated levels of H-FABP indicate oxidative damage and systemic inflammation.
Its levels could potentially reflect underlying vascular pathology that can be elevated in CSF of
patients suffering from various forms of neurodegenerative diseases such as AD, Parkinson's disease
with dementia, Lewy body dementia (LBD), vascular dementia (VaD), and Creutzfeldt-Jakob disease
[94]. Several studies have found a positive correlation between H-FABP and its ability to act as a
diagnostic and prognostic factor in AD. In a study done by Desikan et al. to determine the role of
fatty acid binding protein in neurodegeneration, H-FABP, in the earliest stages of AD, was found to
be associated with atrophy of entorhinal cortex and other AD-vulnerable regions of interest in the
brain [95]. A significant association between H-FABP and p-tau and several apolipoproteins,
including Apolipoprotein E and ApoClll, suggests a strong relationship between neuronal lipid
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biology and neurodegeneration [95]. An interesting finding of this study points to the association of
H-FABP and increased AP aggregation, highlighting the role of phospholipids, cholesterol, and
protein transporters in AP dyshomeostasis and its possible use as a therapeutic target.

3.5.7. Alteration of Vascular Adhesion Molecule (AM) Expression and Endothelial Dysfunction in
AD

Endothelial dysfunction has been linked to cerebrovascular disease, with elevated levels of AMs
associated with the presence or progression of small and large vessel disease and white matter
hyperintensities. [96, 97]. Studies have implicated adhesive proteins in multiple pathological linkages
of MCI and AD, including amyloid plaque degradation, diffusion, and inflammation [98]. Soluble
vascular cell adhesion molecule-1 (sVCAM-1), as opposed to soluble intercellular adhesion molecule-
1, is more likely associated with atherosclerotic load determined by angiography or
echocardiography [99]. Thus, elevated levels might indicate the burden of atherosclerosis in AD and
vascular dementia. Free $-amyloid inhibits endothelial nitric oxide synthase (NOS) activity, causing
endothelial dysfunction and increasing AM [100]. Several investigations that have measured CSF and
blood levels of intercellular adhesion molecule-1, vascular cell adhesion molecule-1 (VCAM-1), and
interleukin 15 in AD have produced conflicting results mainly due to differences in sample size and
cognitive status of controls and the presence of confounding factors [101]. A study by Zuliani, G. et
al. [102] concluded that sVCAM-1 was elevated in vascular dementia and late-onset AD, without any
cerebrovascular disease, with no significant changes in E-selectin level. Drake et al. [103] also showed
a similar positive association between sVCAM-1 and cognitive decline in AD but no such correlation
with I-CAM1 and E-selectin levels. A study by Chen et al. [98] demonstrated VCAM-1 and ALCAM
as strong predictors of AD with a significant correlation with age and the severity of cognitive decline,
with no significance on intercellular adhesion molecule levels. In comparison, a study by Janelidze et
al. [101] found a substantial rise of intercellular adhesion molecule and VCAM-1, YKI-40, interleukin
15, and Flt-1 in AD's preclinical and prodromal stages. It was associated with cognitive decline and
increased risk of subsequent development of AD.

Table 1 outlines different vascular pathology-related BBBMs of AD. Based on our STRING
network model, interactions between proteins associated with AD-related vasculopathy might
suggest the co-occurrence or co-expression of these proteins in AD pathogenesis [Figure 4].

3.6. Blood-Based Biomarkers of Oxidative Stress and Bioenergetics

3.6.1. BBBMs Related to Oxidative Stress:

Oxidative stress can accompany AD and MCl-related pathological changes and is considered to
be a crucial upstream factor in disease progression. The resultants of free radical damage, such as
aldehydes and lipid hydroperoxides, can readily diffuse into the peripheral circulation. Studies have
revealed that BBB permeability and integrity are affected significantly in both AD and vascular
dementia, and products of oxidative stress represent potential biomarkers for AD diagnosis [104,
105]. However, oxidative stress markers in the blood in AD are consistent as they can be influenced
by underlying co-morbidities such as diabetes and metabolic syndrome or cardiovascular diseases.

Notably, AD-related oxidative stress is due to the Af misfolding, which activates the resting
microglia. The NADPH oxidase inside the microglia is activated, leading to free radical generation in
AD patients [106]. Additionally, the AP peptide is an essential source of free radicals in AD, and it
has been found that A{3 directly produces free radicals for which methionine at the 35th position is
responsible [107]. Besides, A3 binds with redox-active metals, which function as a catalytic factor for
free radical production. In that context, it has been found that Fe+2 concentration is increased in the
AD brain. Furthermore, the oxidative stress-related burden precedes the senile plaques and tangle
formation stage [108, 109].

Metabolic products secondary to lipid peroxidation (LPO) accumulate in neurons without any
AD-related pathological changes, and these intermediates formed in the brain may traverse through
BBB easily, considering they are small and lipophilic [110]. Several studies have revealed the
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importance of malondialdehyde (MDA), a product mainly arising from polyunsaturated fatty acid
(PUFA), and 4-hydroxynonenal (4-HNE), another essential product during the peroxidation of
linoleic and arachidonic acid in plasma as potential biomarkers of brain oxidative stress in AD [111].
In plasma, both the levels of MDA and 4-HNE are increased in MCI-AD compared to controls [112,
113]. Importantly, isoprostane represents the best available biomarkers of lipid peroxidation these
days, and several studies have revealed that increased F2-isoprostanes (F2-IsoPs) in body fluids,
including plasma, CSF, and urine, a potential marker of oxidative stress during MCI phase of AD
[114]. Furthermore, its concentration correlated with the disease continuum from SCD to MCI to AD.
Although within MCI and AD groups, F2-IsoPs did not correlate with memory impairment duration
or cognitive test scores [115]. Interestingly, it has been found that fibroblasts and lymphoblasts from
patients with familial AD, in contrast to sporadic AD, carry APP and presenilin-1 gene mutations and
showed an increase in MDA and 4-HNE [116].

Free radicals may further impair essential proteins' structural and functional properties directly
or secondarily by attacking them as end-products of lipid peroxidation [117]. The reaction of various
ROS and RNS species can lead to the formation of 3-nitrotyrosine and dinitrotyrosine, and their
concentration is increased in CSF and plasma of AD individuals [118]. Additionally, mini-mental
state examination (MMSE) correlated negatively with 3-nitrotyrosine concentration in CSF, and the
total protein nitration measure in brain samples differed significantly in MCI compared to healthy
controls in the inferior parietal lobule and hippocampus [118, 119]. Studies with a plasma proteomic
approach have revealed that specific oxidation products in AD, identified as isoforms of human
transferrin, hemopexin, alpha-1-antitrypsin, and fibrinogen gamma-chain precursor proteins, are
significantly increased [120]. Furthermore, the increased carbonyl protein and tyrosine in IgG have
also been documented in AD. However, only one study revealed increased 3-nitrotyrosine and
dinitrotyrosine levels in the plasma of AD patients [121].

Notably, oxidative damage of DNA or RNA in chemical modulation of DNA bases or
deoxyribose has been measured in AD individuals. The most notable finding to determine the
gradient of DNA-oxidative damage in AD has been the nucleoside 8-hydroxyguanosine (8-OHG)
level, which is significantly higher in the lymphocytes of AD patients than in controls [122]. Other
studies have revealed elevated oxidized pyrimidines and purines in the peripheral blood of AD
patients compared to age-matched control individuals. The oxidative damage to DNA in plasma is a
far earlier process in the pathogenesis of AD [123].

Importantly, studies on the antioxidant level in blood have also been crucial as their levels are
decreased due to increased oxidative stress during the earlier stages of AD. Several studies have
shown reduced plasma levels of vitamin E, vitamin C, or Vitamin A in the plasma of AD individuals
under normal dietary circumstances without any supplementation [124]. However, several other
studies did not find significant differences in the levels of plasma of AD individuals in comparison
to controls. Overall, changes in the total antioxidant capacity of the plasma have been significantly
decreased in AD patients and negatively correlated with the disease duration [125].

3.6.2. Blood-Based Bioenergetic Profiling

Blood-based bioenergetic profiling has emerged as a reliable and minimally invasive approach
to assessing mitochondrial function. Circulating blood cells, including platelets and peripheral blood
mononuclear cells (PBMCs), exhibit high rates of electron transport chain (ETC) activity and
metabolic flexibility. The mitochondrial cascade hypothesis proposes mitochondrial dysfunction in
the form of lower mitochondrial respiration as one of the earliest hallmarks of AD and one of the
main causative factors leading to senile plaque and NFT formation, mainly in sporadic or late-onset
AD (LOAD) individuals [126]. Concomitantly, alterations in mitochondrial quality processes, i.e.,
fusion, fission, and autophagy, can trigger neurodegeneration. Mitochondrial DNA (mt-DNA)
mutations correlate with cognitive decline risk and AD pathogenesis [127]. Af3 deposition has also
been negatively associated with mitochondrial bioenergetics, including ETC uncoupling, reduced
ATP production, and increased ROS generation [128].


https://doi.org/10.20944/preprints202409.1701.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 September 2024

24

Notably, PBMC from early AD patients revealed decreased expression of mitochondrial
respiratory complex I-V genes (OxXPHOS genes) and mitochondrial ribosomal complex subunits
compared to the control group [129]. These changes lead to accelerated mitochondrial dysfunction
and enhanced oxidative damage. Studies have revealed that PBMC from sporadic AD patients had
decreased basal oxygen consumption rate (OCR) and proton leak without changing maximum
respiratory capacity compared to age-matched controls [130] At the same time, a reduction in basal
OCR and maximum respiratory capacity was evident in lymphocyte mitochondria [131].
Interestingly, platelets have also been found to have abnormalities in the ETC of AD patients, and it
is considered an emerging biomarker in peripheral blood in AD patients [132]. Several studies have
reported decreased activity and expression of the complex-IV enzyme and its subunits in the platelets
of AD individuals [129].

Additionally, fibroblasts from both sporadic and familial AD cases have revealed functional
abnormality and an increase in their numbers in peripheral circulation. The ETC function in
fibroblasts from AD patients reflects higher variability than in other blood cells [133]. Studies have
also reported impaired glucose uptake by the fibroblasts from AD individuals [134]. However, it
remains a grey area whether the functional and structural changes of the ETC seen in AD individuals
are due to primary mitochondrial changes (mitochondrial hypothesis of AD) or the Af3 deposition-
mediated alterations.

Mitochondprial dynamics has also been found to be significantly impaired in AD individuals and
can be a potential approach to study these changes as biomarkers of early AD dementia. In this
context, the formation of a complex formed by S-nitrosothiol and dynamin-related protein 1 (Drp1),
i.e,, SNO-Drpl, can result in increased mitochondrial fission, loss of synapses and neuronal damage
in mice model and primary neuronal culture as well as in post-mortem tissue. SNO-Drp1 is increased
in peripheral blood lymphocytes in AD patients, and preventing nitrosylation has been found to
reduce neuronal loss [134]. There are also contradictory findings that SNO-Drpl does not differ
significantly in AD compared to controls [135].

Current literature has also suggested the importance of studying mitochondrial calcium
signaling as a promising biomarker. Interestingly, AD's abnormal mitochondrial Ca+2 concentration
and signaling are directly associated with AP and tau protein or by the mutated PSEN1 and PSEN2
genes in familial AD [136].

Recent studies on blood-based indices of mitochondrial DNA (mt-DNA) copy number and cell-
free mtDNA (cf-mt-DNA) have revealed that mt-DNA copy number was significantly associated
with cognitive impairment, and cf-mtDNA was also found to be higher in these cases when compared
to controls [137]. Hence, cellular mt-DNA copy number can be used as a potential biomarker of
mitochondrial biogenesis and cellular energetics to reflect upon mitochondrial health in AD. In this
context, a study by Reid et al. has revealed that assessment of 8-oxo0-7,8-dihydro guanine (8oxoG)
somatic single nucleotide variants (sSNVs) (8oxoG sSNVs) can serve as a better mitochondrial
dysfunction-related biomarker [138]. In contrast, due to its inflammatory endophenotype, the
circulating cf-mtDNA (ccf-mtDNA) 8oxoG variant can be used as an improved biomarker [139].

The most critical challenge of using mitochondrial function as a biomarker is the versatility of
the measurement methods used. Functional assessment of mitochondria requires several weeks of
processing biological samples from patients. This would be expensive and time-consuming, making
the development of a practical, widely available mitochondria-based biomarker difficult. Besides, a
handful of studies have investigated mitochondrial abnormalities in AD by recruiting large patient
cohorts. Therefore, further investigations on a larger scale are needed to identify more precise and
accurate mitochondrial function-related abnormalities that will be considered standard biomarkers
in the coming days.

In Table 1, the oxidative stress and bioenergetic dysfunction-related biomarkers in AD
pathology are highlighted. The STRING network model indicates interactions between proteins
associated with oxidative stress and mitochondrial dynamics, suggesting their co-expression or co-
occurrence in AD, as depicted in [Figure 4].
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3.7. Blood-Based Biomarkers of Neuroinflammation and Immune Dysregulation

One of the most relevant factors in AD pathogenesis is chronic neuroinflammation and the
involvement of microglia in this process [140]. These inflammatory markers can be potential
supplements to the AD diagnostic panel. Most of these inflammatory biomarkers can be analyzed
from blood or its derivatives. Their concentration can be quantified by ELISA or other immunoassays,
such as electrochemiluminescence immunoassay and mesoscale discovery immunoassay V-PLEX.

AD can be characterized by prominent astrogliosis, mostly seen as surrounding amyloid plaques
with activated astrocyte processes participating in neuritic plaque formation [141]. The intermediate
filament glial fibrillary acidic protein (GFAP) is highly upregulated in reactive astrocytes. These
reactive astrocytes contribute to neuroinflammation by releasing pro-inflammatory cytokines and
chemokines. This chronic inflammation contributes to the progression of AD [142]. Preliminary data
on GFAP suggests that the plasma biomarker performs better than its CSF counterpart in identifying
AD pathology [143]. Several studies show the marked elevation of GFAP in AD and MCI, without
significant change in frontotemporal dementia (FID) and progressive supranuclear palsy (PSP) and
its association with longitudinal decline in revised Addenbrooke’s cognitive examination scores in
MCI and AD, thus adding a prognostic value [144]. In a study done by Benedet et al. to measure
GFAP levels across the whole AD continuum, plasma GFAP levels, unlike its CSF levels, were found
to be higher among individuals with preclinical AD and reached significantly greater levels at
symptomatic stages of AD, along with a positive correlation with A pathology [145]. It is
noteworthy that Gou et al. [19], as mentioned earlier, revealed the dynamic trends through the AD
continuum [Figure 1(B)] where plasma GFAP level was significantly increased in the CU A+T-
compared to the CU A-T- group. The same trend was found in CU A+T+ compared to CU A-T- group.
Plasma GFAP also showed the same trend in the AD dementia group relative to CU A+T+ and CU
A+T- and MCI+ groups.

Several pro-inflammatory cytokines, including IL-a, IL-f3, interleukin 6, and chemokines,
including monocyte chemoattractant protein CCL2, are altered in serum and CSF of AD individuals
compared to controls [146]. However, such alterations may not be directly associated with AD and
can be related to aging and other systemic diseases. White blood cell CX3CL1, also called fractaline,
is significantly elevated in the plasma of MCI and AD [147]. CCL23 plasma concentration has also
been found to have a predictive value towards MCI-to-AD progression. C-C chemokine ligands or
RANTES plasma concentrations are elevated in AD and correlate with the neuroinflammatory
burden [148].

Progranulin, a growth factor expressed in neurons and microglia, has been associated with
neuroinflammatory modulation, such as microgliosis and astrogliosis. Studies have revealed that the
increased progranulin-expressing gene, GRN, is in the blood of MCI and AD patients [149, 150].
Interestingly, YKL-40, a chitinase-3-like protein (encoded by the CHI3L1 gene), was found to be
increasingly expressed in astrocytes during neuroinflammatory changes. A longitudinal study has
revealed that plasma YKL-40 level is negatively correlated with cognitively healthy individuals at
risk of developing AD and showed a positive correlation with the result of sensitive free and cued
selective reminding test or FCSRT [151].

Additionally, interleukin 33 and the soluble form of its receptors ST2 (sST2) are associated with
neuroinflammation. Still interestingly, in AD, it plays a protective role and is found to be
downregulated in brain tissues of MCI and AD individuals. However, its plasma concentration is
higher in MCI and AD than controls. Hence, a higher plasma concentration of interleukin 33 is
associated with better cognitive function [152], but the question remains: why is this cytokine
elevated in AD and MCI? A possible answer could be that AD patients have a higher concentration
of sST2, attenuating the effective concentration of interleukin 33, and it can contribute to cognitive
function in the AD disease continuum [153].

Recently, increased levels of triggering receptor expressed on myeloid cells 2 (TREM2) mRNA
levels in peripheral mononuclear cells have been found to have the distinguishing ability between
aMCI, AD, and healthy control individuals and to be dependent on the Apolipoprotein E genotype
[154]. A study by Hu et al. [155] showed TREM2 expression in monocytes to be consistent with RNA-
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based observation in circulating monocytes. Like TREM2, TREM1 has also been found to be a possible
biomarker [156]. Interestingly, the soluble form of secreted TREM2 or sTREM2 concentration is lower
in plasma and associated with A3 accumulation and CSF p-Tau level in AD [157]. However, such
alteration of sSTREM2 has also been found in vascular dementia, questioning the specificity of this
biomarker.

The various BBBMs related to neuroinflammation and immune dysregulation in AD pathology
are detailed in Table 1. Our STRING network model indicates potential interactions, suggesting co-
expression or co-occurrence of these proteins in AD pathogenesis, as depicted in Figure 4.

3.8. Blood-Based Epigenetic Biomarkers Related to Early Detection and Prognosis of AD

Epigenetics has proven to be a valuable tool in gaining a deeper understanding of the
pathogenesis of AD. In the search for more relevant blood biomarkers for AD, the role of epigenetic
mechanisms that mediate the interaction between the genome and the environment is becoming
increasingly significant. These mechanisms are emerging as key contributors to the pathogenesis of
AD.

3.8.1. DNA Methylation-Based Markers:

DNA methylation, an epigenetic marker influenced by genetic inheritance and environmental
factors, shows significant potential for predicting AD. The methylation patterns in blood may offer
valuable insights into the biological mechanisms contributing to AD. For instance, specific changes
in methylation have been linked to neurodegenerative processes, suggesting that these epigenetic
alterations could serve as early indicators of AD risk. The ability to identify these methylation
changes years before the onset of clinical symptoms underscores DNA methylation as a promising
approach for early diagnosis and intervention in AD. This is particularly relevant given that the
pathological characteristics of AD can manifest long before cognitive decline becomes noticeable
[158].

Studies have investigated the role of DNA methylation in creating epigenetic clocks, which
connect biological age to disease mechanisms. Changes in DNA methylation in blood have been
linked to CSF biomarkers of AD, including A{ and tau proteins. A thorough analysis that included
more than 111,000 cases of AD and almost 678,000 controls revealed 1,168 cytosine-phosphate
guanine (CpG) sites significantly associated with the risk of AD. Among them, 52 CpG sites related
to 32 genes demonstrated consistent associations with AD risk, including genes such as CNIH4 and
THUMPD3, which were not previously recognized as risk genes for AD [159].

3.8.2. Potential Blood-Based microRNA Biomarkers for AD

MicroRNAs (miRNAs) have a complex role in the development of AD. They influence various
facets of the condition, including amyloid beta (A{) metabolism, tau phosphorylation,
neuroinflammation, and synaptic function.

A literature review revealed that among the 137 miRNAs identified as altered in the blood of
AD patients, 36 have been confirmed in at least one independent study [160]. Some of the most
frequently reported miRNAs are hsa-miR-146a, hsa-miR-125b, and hsa-miR-135a. These three
miRNAs have been consistently found to be altered in the blood, CSF, and brain tissue of individuals
with AD [160]. One study discovered three miRNA signatures (miR-92a-3p, miR-486-5p, miR-29a-
3p) that may differentiate between preclinical, MCI due to AD, and healthy controls [161]. Another
study identified a panel of 12 miRNAs that could predict AD progression in patients with MCI, with
eight validated through qPCR [162]. The dysregulated miRNAs found in the blood of AD patients
have been linked to various pathways associated with AD pathogenesis, including the regulation of
amyloid precursor protein cleavage, expression of presenilin-1 and BACE1, oxidative stress,
neuroinflammation, cell cycle regulation, synaptic transmission, cell signaling, and metabolism [161,
163, 164].
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After comparing the networks of enlisted miRNAs [Table 2] between peripheral blood and brain
tissue, it was found that the miRNA miR-93-5p has a more significant interaction with the validated
genes in both [Figure 5]. This may indicate that it could serve as a critical blood biomarker for future
AD diagnosis.

Table 2. List of miRNAs based on extensive literature search found in whole blood, plasma, and
serum as different sources.

Whole Blood hsa-miR-107

hsa-miR-92a-3p, hsa-miR-486-5p, hsa-miR-29a-3p, hsa-miR-107, hsa-miR-128-3p,
hsa-miR-132-3p, hsa-miR-34c-5p, hsa-let-7d-5p, hsa-miR-191-5p, hsa-miR-200a-
3p, hsa-miR-483-5p, hsa-miR-486-5p, hsa-miR-502-3p, hsa-miR-548k, hsa-miR-

Plasma 339-5p, hsa-miR-221-5p, hsa-miR-144-5p, hsa-miR-382-5p, hsa-miR-146b-5p, hsa-
miR-224-5p, hsa-miR-625-5p, hsa-miR-769-5p, hsa-miR-454-5p, hsa-miR-548d-5p, [160-162, 164]
hsa-miR-877-5p, hsa-miR-146a, hsa-miR-125b,
hsa-miR-106-b-3p, hsa-miR-22-3p, hsa-miR-126-5p, hsa-miR148b-5p, hsa-miR-
Serum 181c-3p, hsa-miR-93-5p, hsa-miR-29¢-3p, hsa-miR-132-3p, hsa-miR-222-3p, hsa-
let-7d-5p, hsa-miR-191-5p, hsa-miR-146a, hsa-miR-125b, hsa-miR-135a
PBMC hsa-miR-128-3p, hsa-miR-34c-5p,

Figure 5A Figure 5B
Figure 5 Type of Square Circular Nodes Edge
Tissue Nodes
A Peripheral
Blood
B Brain

Figure 5. The miRNA interaction network of the (A) 4 predicted miRNA markers of AD in peripheral
blood, and (B) 8 predicted miRNA markers of AD in brain tissue. Nodes: Square nodes: Predicted
miRNAs, the color intensity and the size of the square denotes the number of interactions with target
genes (increase the size of the square as the number of interactions increases). Circular nodes: Target
genes. The deep color denotes a gene without interaction with other genes, and the light color depicts
the interaction between two or more genes. Edges: Edges represent miRNA-genes interactions or
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gene-gene interactions within the network. The miRNA interaction network is one of AD's three
predicted miRNA markers.

3.8.3. Potential Blood-Based Long Non-Coding RNA (IncRNA) Biomarkers for AD

Recent studies have discovered multiple Inc-RNAs in the blood that may serve as promising
biomarkers for the detection and progression of AD. Among them, the plasma levels of NEAT1 and
BC200 were significantly elevated in AD patients compared to healthy controls. They can effectively
differentiate AD patients from controls with high sensitivity and specificity. Additionally, NEAT1
could distinguish between MCI and advanced AD compared to controls. Furthermore, plasma levels
of BC200 showed a positive correlation with the age of the patients [165].

Additionally, plasma levels of BACE1 IncRNA were significantly elevated in patients with AD
compared to non-AD controls. Receiver Operating Characteristic (ROC) analysis demonstrated that
BACE1 exhibited high specificity (88%) for AD [166]. Other IncRNAs, such as NDM?29, FAS-AS1, and
GAS5-AS1, were also assessed but did not reveal significant differences between AD patients and
controls [165]. In-silico analysis of RNA-sequencing data identified 33 IncRNAs that were
upregulated and 13 that were downregulated in AD patients compared to controls [166]. These
studies indicate that plasma levels of NEAT1, BC200, and BACE1 IncRNAs are promising blood-
based biomarkers that could assist in early AD detection and monitoring disease progression. Still,
more extensive validation studies are necessary to confirm their clinical applicability. Additionally,
integrating these IncRNA biomarkers with other blood-based markers, such as amyloid-beta and tau
proteins, may enhance diagnostic accuracy further.

3.8.4. Markers Related to Histone Modification and DNA Alteration

Histone modifications, such as acetylation, methylation, and phosphorylation, are essential for
regulating gene expression and have been shown to affect cognitive functions, learning, and memory.
In the context of AD, research suggests that there are both losses and gains of specific histone marks,
indicating a complex interaction of epigenetic changes that contribute to the disease's progression
and pathology [167, 168]. For example, histone acetylation is linked to active gene expression,
whereas methylation can activate or repress genes based on the specific context. In AD, changes in
these modifications are associated with cognitive decline and neurodegeneration, underscoring their
potential as biomarkers for the disease [167]. DNA methylation age, which reflects biological aging,
has also been correlated with AD pathology, indicating that accelerated epigenetic aging may
contribute to the disease [169, 170]. Similarly, alterations in DNA methylation patterns have been
connected to AD. Research has demonstrated that differential methylation occurs in genomic regions
associated with AD susceptibility, suggesting that these changes may precede clinical symptoms and
act as early disease indicators [167, 168].

The dynamic nature of histone and DNA modifications creates opportunities to develop
diagnostic and prognostic biomarkers for AD. These epigenetic markers could assist in early
detection, tracking disease progression, and assessing treatment responses. Moreover, targeting these
modifications with epigenetic drugs, such as histone deacetylase inhibitors, is being investigated as
a therapeutic approach to alter disease outcomes [167-170]. Histone modifications and DNA
alterations are increasingly recognized as significant biomarkers in AD. These epigenetic changes
influence gene expression without altering the fundamental DNA sequence, playing a vital role in
the development of the disease.

3.8.5. Circular RNA (circRNA) Related Biomarkers

Research has identified circRNAs as potential biomarkers for AD, presenting an encouraging
pathway for early diagnosis and differentiation from other forms of dementia. One study established
a panel of six circRNAs that effectively distinguish AD patients from cognitively healthy individuals
and those with different types of dementia, such as vascular dementia and Parkinson’s disease
dementia. This panel was validated using three independent datasets, demonstrating its specificity
and potential as a dependable biomarker for AD [171].
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It has revealed distinct expression profiles of circRNAs in AD, with certain circRNAs being
either upregulated or downregulated in the blood of affected patients. For example, hsa_circ_0003391
has been identified as significantly downregulated in AD patients compared to those with other types
of dementia, indicating its potential as a diagnostic marker [172].

The capability of circRNAs to traverse the blood-brain barrier, combined with their specific
expression profiles in various tissues, enhances their potential as biomarkers. They could aid in
creating non-invasive diagnostic tests for AD, enabling earlier intervention and improved disease
management [173, 174]. CircRNAs have been shown to play a significant role in the pathophysiology
of AD. They can function as ‘sponges’ for microRNAs, thereby influencing gene regulation and
potentially contributing to the progression of the disease. Their stability and abundance in the
nervous system make them appealing candidates for biomarker development.

3.9. Plasma Exosome-Based AD-Related Biomarkers

Exosomes derived from CSF, blood, and neural cells can potentially emerge as biomarkers for
diagnosing AD. Proteomic analysis of CSF-derived exosomal vesicles (EV) revealed that more than
400 unique proteins are involved in AD pathogenesis [175]. According to Muraoka et al. [176], some
proteins, such as HSPA1A, NPEPPS, and PTGFRN, are essential to monitor the progression of MCI
converted to AD. Apart from that, the total Tau and p-181-tau levels in CSF-derived EVs were higher
in patients with AD compared to the healthy control [177]. The encapsulating lipid bilayer of
exosomes makes it efficient to cross the blood-brain barrier without losing any biomarker, reaching
many biological fluids such as blood, urine, saliva, and synovial fluid [178].

Fiandaca et al. revealed that the levels of P-S396-tau and p-tau 181 in NDE could predict the
development of AD up to 10 years before the clinical onset of sporadic AD [179]. Moreover, higher
levels of a-globin, 3-globin, and d-globin in NDE were found in patients with AD compared to those
in controls. In contrast, in plasma NDEs, the levels of presynaptic proteins such as synaptotagmin
and synaptophysin and post-synaptic proteins, including synaptopodin and neurogranin, were
reported to be markedly lower [180]. Metabolism-based blood NDE includes P-5312-IRS-1, which
showed higher levels in AD than control subjects without any changes in T-IRS-1. However, down-
regulation of P-panY-IRS-1 and N-(1-carboxymethyl)-L-lysine has been reported in AD patients
compared to controls. Additionally, other NDE biomarkers, such as Ser/Tyr phosphorylation of
insulin receptor substrate 1, lysosomal enzymes, and ubiquitin, show marked differences between
AD patients and healthy controls [181].

Studies have suggested that astrocyte-derived exosomes (ADEs) could be emerging biomarkers
for AD diagnosis. The levels of complement proteins such as Clq, C3b, and cytokines, including
interleukin 6, TNF-a, and IL-1f in ADEs significantly differed between AD individuals and controls.
Additionally, elevated levels of Clq, C4b, factor D, fragments Bb, C5b, C3b, and C5b-C9 in plasma
ADEs could serve as predictive biomarkers for the progression of MCI to AD [182].

Several scientific studies have indicated that microglia can engulf neurons or synapses
containing tau and transfer tau to other neurons through phagocytosis and exosomes. This suggests
a link between microglia, microglia-derived exosomes, and tau pathology, and reducing their
presence significantly slows down the spread of tau. When neurons absorb microglia-derived
exosomes containing tau, it triggers further abnormal tau aggregation. Additionally, activated
microglia can release exosomes containing inflammatory markers such as iNOS, IL-1[3, TNF-a, MHC
class II, interleukin 6, as well as miR-155, miR-146a, and miR-124, along with pro-resolving genes like
interleukin 10 and arginase 1. This results in a more damaging pro-inflammatory state throughout
the brain [179, 183]. However, it has been reported that microglia and neighboring neurons could
collaborate to clear Af3 peptides through exosomes.

A summary of various exosome-based BBB models related to AD is provided in Table 1.

4. Future Directions and Conclusion:

Despite the recent advancements in identifying and implementing blood-based biomarkers as a
diagnostic test for AD, several avenues for future research and development still exist. A significant
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aspect of this challenge lies in refining assay techniques, longitudinal validation of studies, and multi-
modal approaches. Observational studies and clinical trials should be conducted with better
representative cohorts. Almost all observational studies in underrepresented groups have been
undertaken with the convenience of samples with definitive selection biases. Hence, proper
epidemiological diversification and real-world data on biomarker studies are needed to ascertain
valid relationships at the population level.

Recent upliftment in the sensitivity of measuring techniques and assays, including IP and LC-
MS, has allowed blood tests to detect subtle pathology. The most robust strategy will be to combine
a cluster of blood-based biomarkers to maximize diagnostic accuracy and specificity. Improved
understanding of the role of immune and inflammatory processes, microglia, and astroglial biology
in AD pathogenesis has a more prominent role in the biological characterization and prognosis,
especially if brain tissue-specific changes can be detected in the peripheral circulation.

Apart from individual proteins as potential biomarkers, an array of network proteins linked to
each other might suggest a different picture. As individual protein changes may give false positive
results in multifactorial disease, a hub of proteins tightly linked with physical and functional
interaction might provide a broader perspective of the disease pathology. Hence, we suggest a
cumulative protein network from the STRING database based on our candidate, plasma-based
biomarker proteins that will indicate a molecular outlook of the related proteins linked with
functional and physical interactome. Similarly, the predicted miRNA biomarkers' interaction
network with validated target genes can also reflect on the broader perspective of the AD continuum.
These networks are based upon the relative individual biomarkers that might be done as cumulative
tests to get a positive result in determining the disease stage and progression.

Most importantly, there is a significant need for a more profound understanding of the temporal
relationship between the biomarker types and the pathophysiology of AD, including cognitive
impairment. To date, the reliability and accuracy of blood-based investigations of AD are under
scrutiny, and there is a variation in performance levels across different tests. Besides many important
variables such as age, sex, genetics, and related co-morbidities, race and ethnicity can significantly
influence the blood-based biomarker level. Additionally, in many countries, including the United
States, insurance companies do not cover or reimburse the costs of blood-based AD tests. On this
note, the lack of population diversity in blood-related AD biomarker development research prevents
this approach from widespread adoption and integration with clinical practice. The increasing
availability of BBM will undoubtedly make the complete “AT1T2NIVS criteria” for AD diagnosis
more widely deployable within World Bank—designated low —to middle-income countries where
PET and CSF-based biomarkers may not be readily available, and an acceleration in the disease
burden is evident.

While complex challenges remain, ongoing efforts to harness blood tests' diagnostic and
prognostic potential hold promise for transforming the landscape of AD/ADRD diagnosis and
treatment.
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