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Abstract: Alzheimer’s is an insidious, progressive, chronic neurodegenerative disease which causes
the devastation of neurons. Alzheimer's possesses complex pathologies of heterogeneous nature
counting proteins as one major factor along with enzymes and mutated genes. Proteins such as amy-
loid precursor protein (APP), apolipoprotein E (ApoE), presenilin, mortalin, calbindin-D28K, c-
reactive protein, heat shock proteins (HSPs), and prion protein are some of the chief elements in the
foremost hypotheses of AD like amyloid-beta (A) cascade hypothesis, tau hypothesis, cholinergic
neuron damage, efc. Disturbed expression of these proteins results in synaptic dysfunction, cogni-
tive impairment, memory loss, and neuronal degradation. On the therapeutic ground, attempts of
developing anti-amyloid, anti-inflammatory, anti-tau therapies are on peak, having APP and tau as
putative targets. Some proteins, e.g., HSPs, which ameliorate oxidative stress, calpains, which help
in regulating synaptic plasticity, and calmodulin-like skin protein (CLSP) with its neuroprotective
role are few promising future targets for developing anti-AD therapies. On diagnostic grounds of
AD C-reactive protein, pentraxins, collapsin response mediator protein-2, and growth-associated
protein-43 represent the future of new possible biomarkers for diagnosing AD. The last few decades
were concentrated over identifying and studying protein targets of AD. Here, we reviewed the
physiological/pathological roles and therapeutic significance of nearly all the proteins associated
with AD that addresses putative as well as probable targets for developing effective anti-AD thera-
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1. INTRODUCTION

Alzheimer’s disease (AD) with a long preclinical period
of ~20 years is a chronic, insidious, and progressive neu-
rodegenerative disease of old age. AD mostly affects people
over the age of 65 years categorized as “late-onset AD”,
however, AD before 65 refers to “early-onset AD”. Neuropa-
thologically, AD is characterized by the presence of accumu-
lated amyloid-beta (AB) in plaques (in extracellular spaces,
and walls of blood vessels), as well as aggregated tau protein
in neurofibrillary tangles (NFTs). AD is an irreversible dis-
order which sources abnormalities in the brain tissues and
triggers a decline in cognition, thinking and thus affects daily
routine. AD is rapidly growing, with a rate of 10 million
people per year globally. According to the WHO Dementia
Fact sheet, 2017, an estimated population of demented peo-
ple will reach 82 million by 2030 and 152 million by 2050
[1-5]. AD turned out to be an expensive disease in 2015 with
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a total estimated worldwide cost of US$ 818 billion and cur-
rently, it is a trillion dollar disease [6, 7]. The exact cause of
AD is not known yet, however, it is believed to be a complex
multifactorial disease resulting from complex crosstalk be-
tween different pathophysiological processes. The foremost
hypotheses behind the pathology of AD are the AP cascade
hypothesis, tau hypothesis, inflammation hypothesis, syn-
apse-centered hypothesis, cholinergic neuron damage, oxida-
tive stress hypothesis etc. AD begins with a long and com-
plex phase that consists of feedback and feedforward re-
sponses of astrocytes, microglia, and vasculature. A has
long been studied as a potential target for AD because of its
accumulation in the brain (senile plaques) that causes cogni-
tive deficits. GWAS and sequencing approaches revolution-
ized the genetics of AD and these data support the amyloid
cascade hypothesis with the additional role of microglia in
AP peptide clearance and neuroinflammation. From CNS,
AR is cleared out via perivascular circulation and glymphatic
pathway, where P-glycoprotein and LRP-1, along with
SORLA, facilitate its transportation. However, inflammation
and synaptic failure, along with their associated proteins
(e.g., Interleukins, MCP-1, ApoE, etc.), lead to vascular
problems such as cerebral amyloid angiopathy [8-11].
Furthermore, the hyperphosphorylation of tau proteins gives
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rise to NFTs, which plays a pivotal role in the commence-
ment of early symptoms of AD. Altogether, these hypotheses
complement each other through protein talk, and this
complex network of protein interactions constantly plays
a significant role in the progression of AD pathogenesis
[12,13].

Besides the foremost contributing factors in the progres-
sion of AD, such as amyloid precursor protein (APP), tau,
and presenilins, numerous additional proteins either potenti-
ate or ameliorate the pathology of AD. For example, proteins
such as mitoferrin-1, Interleukins, Gy protein, C- reactive
protein, prion protein, etc. play their role in the progression
of AD either in a dependent or independent manner with
admiration to AP and tau hypothesis. Whereas, proteins like
neurogranin, P-glycoprotein, ubiquitin, insulin, calbindin-
D28K, calretinin, parvalbumin, and many other aid neuro-
protection. In addition, proteins such as calmodulin-like skin
protein interact with Heterotrimeric Humanin receptors
(htHNR) and help to abolish neurodegeneration, though
some other proteins can initiate it, e.g., mutated presenilin-1
can potentiate AP production through presenilin-dependent
v-secretase degradation of APP [14, 15]. Furthermore, pro-
teins like ubiquilin-1 interact only with APP and potentiate
the production of insoluble A peptides, whereas interactions
of pentraxins are found with both NFTs and senile plaques
[16, 17]. For the treatment of AD, U.S. Food and Drug Ad-
ministration (FDA) has approved two types of medications;
cholinesterase inhibitors (Donepezil, Galantamine, and Ri-
vastigmine) and N-methyl-D-aspartate (NMDA) receptor
antagonist (Memantine). These drugs show beneficial effects
on cognitive, functional, and behavioral symptoms though
none of them are capable of inhibiting the advancement of
neurodegeneration, and hence providing the immense need
as well as an opportunity to identify new targets in AD pa-
thology [18, 19]. In recent AD treatment pipeline 2019, a
total 132 of agents are there, out of which 28 agents are get-
ting assessed in 42 Phase III clinical trials, 74 agents man-
aged to reach Phase II clinical trials (in 83 different trials),
and 30 agents in 31 Phase I trials. 73% of these agents are
having a mechanism of action as disease-modifying agents,
14% are symptomatic cognitive enhancers, and 11% are
symptomatic agents addressing neuropsychiatric and behav-
ioral changes. Out of all these agents, 55 agents are targeting
AP (38 agents) and tau (17 agents) proteins. This data shows
a narrow approach for treating AD by means of targeting
AD-associated proteins and it is also limited to AP and tau
proteins. Moreover, agents targeting these two proteins also
failed to show significant results in their clinical trials, e.g.,
agents targeting amyloid protein such as Aducanumab and
crenezumab (development of both the drugs has been halted
recently). Furthermore, a clinical trial for an anti-tau agent
TRx0237 revealed negative results, although its new Phase
2/3 trial started in 2018 [20]. Continuous failure of these
clinical trials from the last couple of years somehow indi-
cates an essential diversion towards the assessment of new
targets associated with AD. From the literature, we found
that proteins like C-reactive protein, GFAP, and RANTES
shall further be explored to establish them as promising early
diagnostic markers of AD so that chronic degradation of the
nervous system can be prevented or at least slowed down.
Furthermore, proteins such as calmodulin-like skin protein
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may act as a new target for the development of new preven-
tive/curative therapies to decelerate the neurodegeneration.
These proteins are found to be present in major brain areas
like Cerebral cortex, Hippocampus, Cerebellum and Caudate
(Fig. 1). The present review highlights various unfamiliar or
less familiar proteins associated with AD that have a signifi-
cant role in either progression or amelioration of pathologi-
cal processes responsible for the clinical manifestation of
AD.

2. PROTEINS ASSOCIATED WITH NEURO-
TOXICITY AND NEURODEGENERATION [FIG. 2]

2.1. Amyloid Precursor Protein

APP is a highly conserved ancient protein which belongs
to the family of type 1 transmembrane glycoprotein, mainly
positioned at synapses with a large extracellular domain and
a short cytoplasmic domain. The functions of APP are still
not clearly acknowledged. The entire APP complex (accom-
panied with its fragments) is derived from the non-
amyloidogenic pathway for various neural functions such as
neuroprotection, neurotrophic action, regulation of cell ex-
citability, synaptic plasticity, efc., whereby amyloidogenic
pathway results in the production of AB which exerts oppo-
site effects as compared to APP. Although, lack of APP in
the younger brain is beneficial as it upsurges total synapses,
it plays a crucial role in the commencement and increment of
tau pathology and pathogenesis of AD. Membrane-bound
APP is processed by a-, B-, and y-secretases, which release
soluble APP fragments as well as the non-soluble sticky
fragment of AP peptides [21-24]. APP also interacts with
various membrane proteins, including G protein-coupled
receptors (GPCRs) such as type-1 cannabinoid receptor
(CBI is the most abundant GPCR in the brain) and interferes
with its membrane localization and inhibitory signaling ac-
tivity [11]. Amyloidogenic processing of APP results in the
secretion of one major form of A, ie., AB-40, along with
few minor species containing 42 or 43 amino acid residues,
which, in turn, plays a crucial role in colossal tau deposition
in distant cortical regions [25]. Accumulation of A is di-
rectly associated with the progression of AD and it has an
upstream accumulation in the brain prior to processing of tau
proteins. Moreover, the accumulation of AB-42 is much
greater than AB-40 along with its toxicity which includes
pore formation and ion leakage, the disintegration of cellular
calcium balance, disturbed membrane potential, apoptosis,
synaptic loss, and, ultimately disruption of the cytoskeleton
[26]. Thus, APP has an association with AD through the
production of numerous sticky AP peptides that ultimately
generate senile plaques (i.e., a classical hallmark of AD).
Various new therapeutic agents, e.g., CNP520, CAD106 &
CNP520, and Gantenerumab (ClinicalTrials.gov ID;
NCT03444870, NCT03443973) are getting assessed in dif-
ferent clinical trials for their anti-amyloidal activity. The
majority of these agents are having an approach for immuno-
therapy whereas, others are targeting beta-site amyloid pre-
cursor protein cleaving enzyme 1 (BACE!l) inhibition and
AB-aggregation. In total, 10 anti-amyloidal agents are there
in phase III clinical trials of AD drug development pipeline
2019 [20]. APP has significant possibilities for further explo-
ration to prevent abnormal AP accumulation in the brain,
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Fig. (1). Locations of the proteins in major brain areas (Cerebral cortex, Hippocampus, Cerebellum, Caudate). (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

which can help in ameliorating dementia-like symptoms in
AD. In addition, genetic and biochemical exploration of APP
processing could be beneficial for the development of thera-
peutic targets for treating AD in the coming years.

2.2. Apolipoprotein E

Apolipoprotein E (ApoE), a major apoprotein of chy-
lomicron, is a major cholesterol carrier, encoded by the
APOE gene [27]. ApoE has 299 amino acids with a molecu-
lar weight of 34,200. It is synthesized and secreted by astro-
cytes. ApoE transports lipids and repairs injuries in the brain.
Three common isoforms of ApoE, i.e., apoE2, apoE3, and
apoE4 are produced by three different alleles of the APOE
gene. The human APOE gene exists as three polymorphic
alleles, i.e., €2, €3, and 4. People carrying €4 allele possess
the enhanced risk of developing AD as compared to those
carrying the more common &3 allele. Despite this, the &2

allele declines the risk of AD [28, 29]. ApoE presents abun-
dantly in the liver and one-third of its levels present in the
brain as compared to the liver [30]. Patients with AD were
found to have an association between AP deposition and
ApoE4. ApoE4 increases the formation of senile plaques and
NFTs. Secondarily, it is also associated with the reduction of
choline acetyltransferase activity in the temporal cortex of
AD individuals [31]. The ApoE in some neurons may influence
their metabolic activities, and isoform-specific interactions
with tau and microtubule-associated protein 2 (MAP2C) can
influence the rate of AD pathogenesis [32]. Moreover, allele
€4 also affects SNAP levels in patients with mild cognitive
impairment causing synaptic dysfunction [33]. In addition,
ApoE €4 has a greater impact on females as compared to
male individuals. This information can help in interpreting
the failure or deviates conclusions of the clinical interventions
targeting AP peptides [34]. In conclusion, there is a need to
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Fig. (2). Schematic representation of proteins associated with neurotoxicity and neurodegeneration. AD is a disease caused by a com-
plex talk between various pathologies and proteins associated with them. For example, amyloidogenic processing of APP results in the secre-
tion of one major form of AP, i.e., AB-40, along with few minor species containing 42 or 43 amino acid residues, which later on gets aggre-
gated in the brain . Increased AP accumulation in the brain enhances APP/G, protein complex formation, which then initiates G,-GBY com-
plex signaling and as a result, irregular activation of the MPAK-p38 pathway causes neurotoxicity. MCP-1 is primarily expressed by glial
cells, i.e., astrocytes and microglia. Astrocytes rapidly express MCP-1 in ipsilateral thalamus as a primary response to brain injury. Later on,
MCP-1 acts as a potent chemoattractant for monocytes, memory T cells, and dendritic cells, as a result, it initiates a cascade of secondary
responses in inflammation and causes neurodegeneration through direct apoptosis. ILs are also secreted during various pathological processes
and further enhance neuroinflammation, e.g., IL-1 activates T cells and other inflammatory mediators, which initiate an inflammatory response
and activate p38-MAPK. With the initiation of inflammation, neutrophils and macrophages secrete IL-6, which in turn, facilitates the produc-
tion of C-reactive protein. C-reactive protein further promotes inflammation and increases the production of AB-42. Despite this, ubiquilin-1
facilitates the accumulation of insoluble A peptides by affecting BACEI activity and via assisting presenilin 1 accumulation, which after-
ward, results in presenilin-dependent y-secretase degradation of APP. Copper-related protein CutA also interferes with BACE] activity and
indirectly affects APP processing. In AD, iron levels have been found to be elevated and facilitating cognitive decline. Mitoferrin-1 is asso-
ciated with iron homeostasis and its up-regulation contributes to the excessive accumulation of iron in mitochondria, resulting in increased
mitochondria induced oxidative stress. Moreover, aggregation of alpha-synuclein as Lewy bodies is potentiated by ganglioside lipids, which
results in increased alpha-synuclein-mediated oxidative stress, neurotoxicity, and ultimately neurodegeneration. From CNS, Ap is cleared out
via perivascular circulation and glymphatic pathway where P-glycoprotein and LRP-1 along with SORLA facilitate its transportation. Dis-
rupted functioning of SORLA prevents AP clearance from the brain. Moreover, SORLA facilitates calpain mediated proteolytic degradation
of synapsins and thus, potentiating impaired regulation of neurotransmitters release at synapsis. In addition, overactivation of calpain-2 puts
restrictions to the extent of LTP and aids AP accumulation via supplementing the expression level of B-secretase. On the other hand, CIP2A
and CDKSRAP?2 facilitate hyperphosphorylation of tau protein; as a result, disruption of nucleocytoplasmic transport causes neuronal death
and NFTs. In addition, ApoE4’s isoform-specific interactions with tau, PrP-induced neurotoxicity, and disrupted Gap43 activities (such as
synaptic transmission, membrane permeability, neuronal growth, efc.) also cause an upsurge in NFTs level in the brain. However, the role of
CSPGs is remained unexplored yet; they are also found abundantly in AB-plaques and NFTs. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).
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further explore the role of ApoE to AD pathogenesis as
ApoE protein and APOE gene; both have remarkable contri-
butions in the development of AD. Both of these directly
influence AD and help worsening its symptoms, which sug-
gest a tremendous scope for research in the respective field.

2.3. The Prion Protein

The prion protein (PrP°) is an extracellular glycoprotein
present on the cell membrane surface with the help of gly-
cophosphatidylinositol and abundantly exlgressed in neurons.
Human PrP€ is a 208 residue protein. PrP® is responsible for
causing various neurodegenerative diseases like prion dis-
ease and AD. Recent studies indicate its role as a mediator of
A neurotoxicity by acting as an A oligomer receptor [35].
PrP€ plays a crucial role in memory processing through the
activation of PKA and ERK12 signaling pathways [36].
Misfolded PrP® is not responsible for the formation of hy-
perphosphorylated tau though PrP¢-induced neurotoxicity is
responsible for the abnormal processing of tau [37]. Even
though not having a direct association with the pathogenesis
of AD, PrP® plays a crucial role in memory impairment and
shows an impetus for future research. Association between
PrP€ and AP can be utilized for further clinical relevance and
therapeutic potential in AD.

2.4. C-reactive Protein

C- reactive protein is an immune response protein that
belongs to the pentraxin family. It is predominantly synthe-
sized in the liver as a response to Interleukin-6 (IL-6) secre-
tion, and this synthesis is favored synergistically by IL-1f, as
IL-1PB mediate IL-6 induction [38, 39]. With the initiation of
inflammation, neutrophils and macrophages secrete IL-6,
which, in turn, facilitates the production of C- reactive pro-
tein, serum amyloid P and fibrinogen. IL-6 also aids the
transformation of neutrophil-mediated immune response to
macrophage-mediated immune response along with the dif-
ferentiation of T-cells and B-cells, which ultimately results
in concentrating the immune response towards infected cells.
On the other hand, secreted C- reactive protein follows a
positive feedback loop and enhances the secretion of IL-6,
IL-1B, and TNF-a. Even though, the interaction of IL-6 and
C- reactive protein promotes inflammation, they also partici-
pate in anti-inflammatory and repair-oriented processes [40].
Numerous studies suggest that increased levels of C- reactive
protein can nonspecifically serve as blood biomarkers of
AD, especially in patients over 90 years old age [41]. During
inflammatory reactions, increased C- reactive protein’s lev-
els were found in serum, CSF, and brain tissue of AD pa-
tients. Moreover, mRNA expressions of APP, BACE-1, and
presenilin 1&2 were found to be significantly increased after
incubation with C- reactive protein. In addition, AB-42 pro-
duction also found to be enhanced in the presence of C- reac-
tive protein. Although these findings were supported by sev-
eral population-based epidemiological studies, few contra-
dict them [42]. Despite wanting literature, various researches
suggest dual possibilities of C- reactive protein as a bio-
marker as well as a participant in AD pathogenesis and,
therefore, C- reactive protein can be a field of interest for
further studies in the coming years. We assume that further
research on C- reactive protein may be translated into prom-

Kumar et al.

ising measures for the diagnosis and treatment of AD in the
future.

2.5. Chondroitin Sulfate Proteoglycans

Chondroitin sulfate proteoglycans (CSPGs) consist of
two structural parts, i.e., a protein core and a chondroitin
sulfate side chain. CSPGs compose highly organized struc-
tures of perineuronal nets (PNNs) along with hyaluronan,
link proteins, and tenascin-R. CSPGs help in memory and
neuroplasticity after getting digested with Chondroitin sul-
fate-digesting enzyme. CSPGs are present abundantly in Ap-
plaques and NFTs in AD [43]. Proteoglycans affect AP ag-
gregation and neurotoxicity, but their pathophysiological
role is still not well known. CSPGs are present at many
stages of AP pathology though their role, as well as the effect
of AB-Proteoglycans interactions, is not clear. Proteoglycans
mediated accumulation of AP results in the generation of
endolysosomal vesicles, which ultimately can lead to great
neural toxicity [44]. The reduction of CSPGs can signifi-
cantly help in improving memory and neural plasticity [45].
Moreover, Neurocan (a brain CSPG) expression is also in-
creased by AP with the help of transcription factor Sox9,
which contributes to AD pathology [46, 47]. As it is clear
that CSPGs surely participate in the AD pathogenesis, their
role has yet to be discovered, which potentiates dedicated
research in this field. CSPGs also provide an idea for new
strategies to treat AD.

2.6. Glial Fibrillary Acidic Protein

Glial fibrillary acidic protein (GFAP) is an intermediate
filament protein in astrocytes (a type of glial cells in the cen-
tral nervous system (CNS)). Astrocytes help in supervising
various functions of CNS as well as maintaining the homeo-
stasis and help in acute CNS trauma, ischemia, and in neu-
rodegenerative diseases. For the purpose, astrocytes increase
expression and rearrangement of the intermediate filaments to
form a highly complex system consisting of GFAP, vimentin,
synemin, and nestin [48]. After degeneration, GFAP and its
byproducts in the cerebrospinal fluid (CSF), serve as bio-
markers for diagnosing various neurologic disorders like
stroke and spinal cord injuries [49]. Expressions of different
isoforms of GFAP, i.e., GFAPS, GFAP™' occur differently in
distant astrocytes during AD progression and are highly as-
sociated with AP plaques as compared to NFTs [50]. In AD,
more acidic isoforms (phosphorylated and N-glycosylated)
of the GFAP show significant quantitative amplification
compared to more basic (O-glycosylated) isoforms which
did not show any rise in their concentration [51]. The possi-
ble role of GFAP in AD pathology and underlying mecha-
nisms concerning the functions of GFAP in astrocytes needs
to be explored in the future. GFAP could be a promising
diagnostic marker in AD and can be further examined and
investigated for developing an effective diagnostic tool.

2.7. Go Protein

GPCRs are the prime family of cell surface molecules
that help in signal transmission in various physiologies and
their failure can lead to severe pathologies in a body, includ-
ing the brain. GPCRs activate the Heterotrimeric guanine
nucleotide-binding proteins, i.e., G protein [52]. G proteins
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are ancient proteins and were conserved throughout the evo-
lution. G proteins are composed of an alpha subunit (Ga) and
a beta-gamma Complex (GPy) subunit. G, is a key GTP
binding protein in the brain. Nishimoto et al., 1993, firstly
reported the complex formation between APP and G,. The
cytoplasmic APP sequence His657-Lys 676 specifically ac-
tivates G, protein and thus assists APP in complex formation
with G,. This study concludes that APP is a receptor coupled
with G, protein whose abnormal signaling takes part in the
pathogenesis of AD. Moreover, increased accumulation of
AP in brain favors APP/G, protein complex formation,
which, in turn, induces AP assisted degeneration by Go-Gfy
complex signaling and p38-MAPK activation [53, 54]. Lit-
erature suggests that this Go-GBy complex formation is a
signaling target which shall further be explored as it may
serve as a potential target for developing possible anti-AD
therapy in the near future.

2.8. Interleukins

Interleukins (ILs) are proteins produced by white blood
cells, helper CD4" T lymphocytes, as well as through mono-
cytes, macrophages, and endothelial cells. Over 50 interleu-
kins can be encoded by the human genome [55]. IL-1 is a
pluripotent, proinflammatory cytokine that helps in inflam-
mation and forms a defense system in the body. IL-1 acti-
vates T cells and other inflammatory mediators that ulti-
mately initiate an inflammatory response. IL-1 activates p38-
MAPK and thus leads to tau hyperphosphorylation and for-
mation of NFTs [56]. Polymorphism in the IL-1A gene re-
sults in increasing AD risk by three folds, especially for on-
set of AD in early age [57]. Moreover, IL- 1p and IL-6 are
also found to be increased in CSF in the brains of AD pa-
tients [58, 59]. Along with it, IL-18 and IL-7 are also in-
volved in the pathology of AD [60, 61]. Interleukins are in-
flammatory mediators and can cause damage to the brain by
inflammatory cascades. Thus, inflammatory pathways in-
volving interleukins signaling could be potential targets for
future research so that new therapies can be evolved for the
amelioration of their effects, which can be helpful in the
symptomatic cure of AD.

2.9. Copper-related Protein CutA

CutA is a protein found in bacteria, plants, and animals
encoded by the CUTA1 gene. Human CutA has different
variants and can be expressed in different isoforms [62, 63].
[B-secretase is an enzyme responsible for the abnormal cleav-
age of APP, resulting in pathogenic insoluble AB peptides,
CutA interacts and interferes with intracellular levels of the
BACE! (i.e., B-secretase 1), and indirectly plays an impor-
tant role in the mechanism of APP processing [64]. Increased
expression of CutA facilitates the intracellular accumulation
of copper as well as, elevated intracellular copper promotes
CutA expression. Although overexpressed CutA diminishes
copper-induced AP secretion, it does not affect APP expres-
sion. Moreover, copper also contributes to both amyloid and
tau pathology and its excessive levels can affect CNS by an
unknown mechanism and acts as a neurotoxic agent to initi-
ate neurodegeneration [65, 66]. As the role of CutA is still
not thoroughly studied in AD, it provides an opportunity to
further investigate its role in the pathology of AD.

Current Neuropharmacology, 2020, Vol. 18, No. 8 679

2.10. Mitoferrin-1

Mitoferrin-1 and mitoferrin-2 are two homologous pro-
teins responsible for iron homeostasis by transporting iron to
the mitochondria in humans. Mitoferrin-1 is encoded by the
SLC25A37 gene, having a molecular weight of 38kDa [67,
68]. Overaccumulation of iron in the mitochondria, oxidative
stress, and mitochondrial dysfunction are some of the cofac-
tors that play a role in AD pathology. Moreover, in demen-
tia, iron overload contributes to an accelerated decline in
cognition [69]. Mitoferrin-1 is associated with iron homeo-
stasis and its up-regulation contributes to the overaccumula-
tion of iron in mitochondria. Although, its down-regulation
diminishes mitochondrial iron levels, alters mitochondrial
morphology, and reduces mitochondria induced oxidative
stress [70]. The role of iron in AD is still understudied and
needs further exploration. As iron levels in AD have been
found to be elevated and facilitating cognitive decline (in
some cases), there must be a possibility of mitoferrin-1 con-
tribution in it. Therefore, further study is needed on mitofer-
rin-1 to further identify its role in AD pathology.

2.11. Monocyte Chemoattractant Protein 1

Monocyte chemoattractant protein 1 (MCP-1), also
known as chemokine (C-C motif) ligand 2 (CCL2), is posi-
tioned on chromosome 17 with a molecular weight of ap-
proximately 13 kDa. Composed of 76 amino acids, MCP-1 is
a monomeric polypeptide and a member of the C-C
chemokine family [71, 72]. MCP-1 binds to C-C chemokine
receptor type 2 (CCR2), and acts as a potent chemoattractant
for monocytes, memory T cells, and dendritic cells [73].
MCP-1 and its respective receptor CCR2 are primarily ex-
pressed by glial cells, i.e., astrocytes and microglia. Astro-
cytes rapidly express MCP-1 mRNA and protein in ipsilat-
eral thalamus as a primary response to an injury in the brain.
Later on, MCP-1 initiates a cascade of secondary responses
in inflammation and causes neurodegeneration through direct
apoptosis [74, 75]. Astrocytes and microglia are responsible
for remodeling and repairing of CNS, and cytokines act as
communication messengers in between. Moreover, the role
of MCP-1 is also reported in HIV dementia, multiple sclero-
sis, and AD, suggesting its potential role as a molecular me-
diator of response towards an injury to CNS [76, 77]. Eradi-
cation of MCP-1 can suspend neuronal degeneration, de-
creases microglial activation, and alters cell death through
apoptotic factors [78]. This suggests that developing a func-
tional therapy for the MCP-1 can decelerate the impact of
inflammation-mediated neurodegeneration in AD.

2.12. Pentraxin

Pentraxins or pentaxins are a family of acute phase pro-
teins composed of five or ten identical subunits organized in
pentameric radial symmetry. Pentraxins protein family is an
anciently conserved family of proteins, where pentraxin I
and II are primarily expressed in the human nervous system.
Pentraxin I is encoded by the NPTX1 gene located over
chromosome 17 whereas, pentraxin II is encoded by the
NPTX2 gene located on chromosome 7 [79, 80]. Proteins of
the pentraxin family are involved in acute immunological
responses and show association with NFTs and AP plaques
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[81]. Expression of neuronal pentraxin 1 (NP1) and its recep-
tor neuronal pentraxin receptor (NPR) occurs primarily in
excitatory neurons, and its axonal secretion is mediated by
astrocyte-secreted glypican 4 for the formation of the syn-
apse. Normal expression of neuronal pentraxin I is disrupted
in AD; moreover, it is also modulated by the AP expression
representing its potential role in synapse-derived plasma
biomarker in early-stage AD detection [82, 83]. Neuronal
pentraxin II is a pro-inflammatory CSF biomarker whose
quantification can help in the detection of chronic neuroin-
flammation in the brain, which is responsible for the medial
temporal lobe atrophy and memory decline [84]. Neuronal
pentraxin receptor quantification from plasma also represents
a potential biomarker for synaptic dysfunction as its accumu-
lation in cerebral along with AP occurs with similar fashion
in temporal and regional patterns [85]. Some other members
of the pentraxins family, like serum amyloid P component
and C-reactive protein, are also associated with the pathol-
ogy of AD and can serve as potential biomarkers for the de-
tection of AD. AP deposits constantly contain serum amyloid
P component whereas, both serum amyloid P component and
D protein are associated with NFTs [86]. Although the role
of these pentraxin proteins in the pathogenesis of AD is not
completely understood, they still possess the potential to
serve as biomarkers for mild cognitive impairment and early-
stage AD detection.

2.13. Ubiquilin-1

In humans, ubiquilin-1 is encoded by the UBQLNI gene
over chromosome 9 [87]. Although the relationship of
ubiquilin-1 has already been reported in AD, its mechanism
is still mysterious. Polymorphisms in the ubiquilin-1 gene
(i.e., UBQLN1) may increase the risk of late-onset AD as it
is associated with nearly all the major pathological hallmarks
of AD, i.e., APP, presenilin, and AP accumulation. Moreo-
ver, the mutated UBQLN2 gene is reported to supplement
amyotrophic lateral sclerosis (ALS) and ALS with fronto-
temporal lobar dementia. Ubiquilin-1 plays a central role in
maintaining neuronal proteostasis as well as mediates the
regulation of APP biosynthesis, its trafficking, degradation,
and neural toxicity [88, 89]. Ubiquilin-1 also affects BACE1
(B—secretase) activity, thus promotes abnormal processing of
APP via the amyloidogenic pathway and accumulation of
insoluble AP peptides. Overexpression of ubiquilin-1 corre-
lates with the endogenous expression of BACE1, suggesting
there mutual sharing of a dependent type of relationship [90].
Presenilin 1 accumulation and aggresome formation are also
aided by ubiquilin-1 transcript variant 1 and ubiquilin-1 tran-
script variant 2. In addition, presenilin potentiates AP pep-
tides generation through presenilin-dependent y-secretase
degradation of APP [91]. Ubiquilin-1 is already reported as
an associated protein in many AD-related hallmarks, which
has a great importance of its further investigation to know
about the mechanistic pathways by which ubiquilin-1 affects
the pathogenesis and contributes to AD.

2.14. Presenilin

Presenilins belong to the family of transmembrane pro-
teins, which play a crucial role in the pathogenesis of AD
[92]. A human possesses two presenilin proteins, i.e., prese-
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nilin 1 and presenilin 2 encoded by PSEN1 located on chro-
mosome 14 and PSEN2 positioned over chromosome 1 [93].
Presenilin is associated with the y-secretase complex activ-
ity, Ca®" signaling, and cellular differentiation/development.
Presenilin proteins (i.e., presenilin 1 and presenilin 2) consti-
tute a y-secretase complex, which aids APP proteolytic
cleavage. This also suggests that y-secretase is essential for
AB-42 production [94, 95]. In the pathogenesis of familial
AD, mutated presenilin 1 and 2 potentiate y-secretase cleav-
age of APP, which results in the increased burden of AB-42
specifically (Fig. 3). AB-42 is more amyloidogenic and toxic
than AB-40, resulting in its accumulation as senile plaques.
Mutation in the PSEN gene upsurges the risk of mutated
presenilin protein production and thus increases AB-42 in-
side the brain. Whereby depletion of presenilin 1 and prese-
nilin 2 mediated y-secretase cleavage of APP aids reduction
in the production of AP endogenously [96]. Conclusively,
discovering new anti-AD therapies targeting presenilins or
therapies promoting the inhibition of y-secretase activity can
be an effective approach for treating AD. However in clini-
cal trials, y-secretase inhibitors such as avagacestat and se-
magacestat showed dose dependent alterations in AP iso-
forms and CSF biomarkers of AD but, because of their nar-
row therapeutic window, larger doses cause an upsurge in the
rate of skin cancers, diarrhoea, nausea, rashes efc., which at last
lead to termination of their respective clinical trials [211].

2.15. SORLA

SORLA or sortilin-related receptor is a neuronal receptor
primarily expressed in human CNS and encodes by gene
SORLAI1. SORLA is a type 1 membrane protein [97].
SORLA persists an interaction with low-density lipoprotein
receptor-related protein (LRP) within the perinuclear com-
partments of neurons. Both SORLA and LRP potentiate A
generation as well as affect APP trafficking [98, 99].
SORLA plays a crucial role in calpain mediated proteolytic
degradation of synapsins and, thus, potentiating impaired
regulation of neurotransmitters release at synapsis, resulting
in various CNS problems, including neurodegeneration
[100]. Furthermore, the impaired function of SORLA pre-
vents its binding with APP and thus its intracellular traffick-
ing, which averts its deviation from amyloidogenic process-
ing. This dysregulation of APP intracellular trafficking then
fuels amyloidogenic processing and generation of AP [101].
Although SORLA is found to be abundant in neurons of the
hippocampus, brain stem, and Purkinje fibers, its amount is
relatively low in neurons of thalamus and hypothalamus
[102]. As SORLA is present in few most crucial sites inside
the brain, its dysregulation and impaired functioning can
cause immense amelioration in the regulation of APP. This
then can increase the amyloidogenic cleavage of APP and
generate neurotoxic AP peptides. Its direct interaction with
the key factor of AD makes it an important protein to inves-
tigate further and find out its possibility of becoming a target
for an anti-AD therapy.

2.16. Alpha-synuclein

Alpha-synuclein is a protein encoded by the SNCA gene in
humans located over chromosome 4 [103]. Alpha-synuclein
facilitates the release of neurotransmitters from presynaptic
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Fig. (3). Role of presenilin in neurodegeneration. Presenilin proteins, i.e., presenilin 1 and presenilin 2 (along with other proteins), are
structural units of y-secretase complex. In the y-secretase protein complex, presenilin acts as an active site after being cleaved into an N- and
C-terminal fragment. Moreover, it helps the y-secretase complex to exert its activity by letting the substrate pass through the hydrophilic
pocket in the membrane formed by two presenilin fragments. Within the hydrophobic environment of the plasma membrane, y-secretase
cleaves the C-terminal fragment of APP after it gets cleaved by o- or B-secretase (in non-amyloidogenic and amyloidogenic pathways, re-
spectively) to release the APP’s cytoplasmic domain. As a key factor in y-secretase activity, the mutation in presenilin can facilitate overacti-
vation of the amyloidogenic pathway and as a result, the production of AB—42 gets enhanced in the brain. In addition, ubiquilin-1 fuels this
pathology more aggressively as it facilitates the presenilin 1 accumulation and aggresome formation by ubiquilin-1 transcript variant 1 and
ubiquilin-1 transcript variant 2. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

terminals by binding to some specific presynaptic proteins
and thus, helping in neurotransmission in the CNS [104,
105]. Aggregation of hyperphosphorylated alpha-synuclein
in neuronal cytoplasm in the form of insoluble fibrils, i.e.,
Lewy bodies, potentiates neurodegeneration. Parkinson’s
disease, dementia with Lewy bodies, and familial AD are
some of the neurodegenerative diseases, which possess the
existence of Lewy bodies [106]. CSF alpha-synuclein is
found to exhibit a direct association with the AD pathology
and potentiate the fibrilization of tau protein and Ap [107].
Conclusively, this suggests that the presence of alpha-
synuclein in CSF represents as an AD biomarker and could
be a reliable diagnostic strategy [108, 109]. Aggregation of
alpha-synuclein is potentiated by ganglioside lipids, how-
ever, extracellular chaperones reduce the membrane perme-
ability of the alpha-synuclein oligomers and thus, reducing
alpha-synuclein-mediated oxidative stress and neurotoxicity
[110, 111]. In addition, alpha-synuclein influences the ApoE4
and tau-mediated pathogenesis of AD and acts as an enhan-
cer [112, 113]. Having a direct influence on various neu-

rodegenerative diseases and participation in the pathogenesis
of AD, alpha-synuclein could be a potential target for devel-
oping new strategies against AD as well as for its diagnosis.

2.17. Tau

Hyperphosphorylation of tau via various factors results in
the disruption of a neuronal skeleton, as it helps in stabiliz-
ing and binding microtubules in the axon. Tau presents
abundantly in neurons and is encoded by the MAPT gene
located over chromosome 17 [114, 115]. Recent studies suggest
that reduced aerobic glycolysis with aging impairs neuro-
plasticity and neuroprotection, causing potentiation in tau
pathology [116]. Cancerous Inhibitor of Protein phosphatase
2A (CIP2A) plays a crucial role in the hyperphosphorylation
of the tau protein via inhibiting the expression of Protein
phosphatase 2A and represents a possible target for halting
tauopathy [117]. Moreover, the CDKS regulatory subunit
associated protein 2 gene (CDKSRAP2) also correlates with
tauopathy as it helps in the phosphorylation of the tau pro-
tein. Amplified expression of the CDK5RAP2 gene potenti-
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ates the hyperphosphorylation of tau [118]. In addition, the
presence of AP peptides, microglial activation, and thereafter
inflammation correlate with each other, whereby this correla-
tion does not coexist with tauopathy, suggesting the inde-
pendent nature of tauopathy from inflammation [119].
Moreover, tau gathering and distribution in the entorhinal
cortex of AD-affected brain precede neocortical deposition
of AP peptides but, the presence of A is essential for poten-
tiation of substantial tau accumulation [120]. A study reveal-
ing the disruption of the nuclear pore complex via direct in-
teraction of tau and nucleoporins advocates malfunctioning
of nucleocytoplasmic transport by tau protein, which, in turn,
leads into neuronal death and NFTs in AD [121]. Although
tau serves as a factor of AD progression, it could also be
used in diagnostic purposes by utilizing the ability of plasma
pTaul81 as an effective predictor towards AP presence in
the brain [122]. Tau proteins also exist in saliva and salivary
glands, but they cannot be utilized as an AD marker because
of their lack of correlation with CSF tau levels [123]. Tau is
one of the major hallmarks as well as an inducing factor of
AD pathology in the human brain. Unfortunately, just a sin-
gle anti-tau agent, i.e., TRx0237 (LMTX) managed to reach
phase III clinical trial, however, the primary examination for
this study also exhibits negative results. Besides this, one
more agent ANAVEX2-73 with multiple mechanisms of
actions, i.e., anti-tau, anti-amyloid, and anti-inflammatory is
also getting assessed in phase III clinical trial. Moreover, a
total of 10 agents are getting assessed in phase II clinical
trial where 2 agents are targeting both tau and amyloid pro-
tein. These agents possess a mechanism of action as anti-tau
aggregation, immunotherapeutic action, and MAPT RNA
inhibition [20]. Tauopathy has a major pathological role in
the progression of AD, although various agents are getting
assessed in the clinical trials, none of them have been ap-
proved as an effective therapy. This suggests an immense need
for investigation in the progression of AD via tauopathy.

3. PROTEINS ASSOCIATED WITH NEURO-
PROTECTION AND REGENERATION [FIG. 4]

3.1. Calmodulin-like Skin Protein

Calmodulin-like skin protein (CLSP) is a 146 residue
(15.92 kDa) protein that shares 49% of identity with
Calmodulin. CLSP is secreted only in the epithelial cells of
the thyroid, mammary gland, prostate, kidney, skin and
barely in the brain [124, 125]. Heterotrimeric Humanin re-
ceptor (htHNR), comprised of ciliary neurotrophic factor
receptor a, cytokine receptor WSX-1, and Glycoprotein 130,
shows a neuroprotective effect after interacting with hu-
manin [126, 127]. Humanin itself is not a potent agonist of
htHNR and has a maximal effective concentration (ECsp) of
1-10 pM. Humanin is also expressed poorly in CNS. In
comparison to humanin, CLSP secreted by skin keratino-
cytes shows as a potent htHNR agonist with an ECs, of 10—
100 uM against AD-related neuronal death, which suggests
that CLSP is 10°-10° times more effective than humanin
[128]. CLSP-mediated neuroprotection and amelioration of
memory impairment are independent of Af. CLSP neither
affects levels of AP, soluble AP oligomers, or gliosis.
Moreover, CLSP inhibits the loss of synaptic marker synap-
tophysin and inactivation of STAT3 in the hippocampus.
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Moreover, a gene expressing CLSP, i.e., CLSP-1, also helps
in reducing spatial learning impairment, loss of presynaptic
marker synaptophysin, and activates the JAK2/STAT3-
mediated pro-survival signaling pathway in neurons via
htHNR [128]. CLSP transports across the CNS by crossing
the blood-brain barrier and blood-CSF barrier efficiently
[129]. Thus having an indirect association with the AD
pathogenesis, CLSP shows a promising future of alternative
therapy to reduce the pace of neuronal degeneration in the
early stages of AD.

3.2. Heat Shock Proteins

Heat shock proteins (HSPs) are produced by the cells to
counter stressful conditions like exposure to heat shock,
cold, UV light, and during wound healing or tissue remodel-
ing and serve as healers. HSPs are termed according to their
molecular weight, e.g., Hsp60, Hsp70 and Hsp90, are most
studied HSPs [130-133]. The brain consists of high lipid
content and consumes a high amount of oxygen, which make
it susceptible to oxidative stress. Moreover, increased protein
oxidation levels are observed in the senile plaque-dense re-
gions of the AD brain [134, 135]. One of the various mecha-
nisms of the brain to counteract oxidative stress is to express
the HSPs. Patients carrying one or two copies of the HSP70-
2 A2 allele, which is responsible for the expression of
HSP70-2 protein, show noncognitive alterations in AD
[136]. The expression of HSP27 is also found to be signifi-
cantly increased in the cortex, especially in astrocytes of the
AD brain [137, 138]. In AD, expression levels of HSP60,
HSP70, and HSP90 used to get downregulated in the cere-
bellum of the brain. Furthermore, heat shock factor 1
(HSF1), a key transcription factor responsible for the expres-
sion of HSPs genes, also gets significantly reduced in the
cerebellum. Although, increased expression of HSF1 has a
contribution in ameliorating the decline in Purkinje cells of
the brain, which got significantly reduced in AD [139]. Thus
having an association of these HSPs in amelioration of oxi-
dative stress, which indeed is one of the key factors involved
in AD pathogenesis, they may act as new targets to prevent
early symptoms as well as AD pathogenesis. Moreover, am-
plification in the expression of HSF1 can serve as a new
therapy.

3.3. Collapsin Response Mediator Protein 2

Collapsin response mediator protein 2 (CRMP-2) is a
phosphoprotein which belongs to the collapsin response me-
diator family. CRMP-2 possesses almost similar size (60-66
kDa) and identical amino acid sequences (50-70%) with
CRMP-1, CRMP-3, CRMP-4, and CRMP-5. CRMP-2 assists
the development of axon form neurites and is present abun-
dantly in the early stages. CRMP-2 induces growth cone
collapse after being phosphorylated by Rho-kinase. CRMP-2
also binds and regulates the microtubules assembly, which is
regulated by its phosphorylation via glycogen synthase
[140]. Although CRMP-2 plays a crucial role in axonal
growth, its hyperphosphorylation at Ser522 (Cdk5-mediated)
exists in AD. In addition, hyperphosphorylation of CRMP-2
represents a very early event in the AD and can be served as
a valuable marker for diagnostic purposes as well as the
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Fig. (4). Schematic representation of proteins associated with neuroprotection and regeneration. These proteins help in the growth,
regulation, and protection of neurons. CRMP-2, after getting phosphorylated by Rho-kinase and glycogen synthase, assists axon develop-
ment, and binds/regulate microtubules assembly, respectively. Along with CRMP-2, GAP-43 also contributes to the growth of axons and
modulates the formation of new connections. However, because of high lipid content and oxygen consumption in the brain, there is an in-
creased amount of oxidative stress. In order to counteract this situation, brain expresses HSPs in different regions of CNS such as cortical
region (especially in astrocytes). These HSPs also ameliorate the decline in Purkinje cells of the brain and halt neurodegeneration. CLSP
exhibits neuroprotection by interacting with htHNR and inhibiting the loss of synaptophysin, which indeed facilitate detoxification and synap-
tic transmission via playing a crucial role in the biogenesis of secretory vesicles and prompting the targeting of VMATSs towards these vesi-
cles. In addition, calpain-1 also plays an important role in the initiation of LTP. On the other hand, ubiquitin helps in restoring the y-
secretase activity, clearing denatured protein fragments and insoluble aggregates such as A plaques and NFTs via ubiquitin-dependent pro-
tein degradation system. P-glycoprotein and LRP-1, along with SORLA, also assist AP clearance and facilitate its transportation across the
BBB. However, A mediated microglia activation and therefore the expression of TNF-a, IL-1f, and NF-kB cause reduction in the expres-
sion of P-glycoprotein, which later is halted by Mortalin overexpression, as it extenuates A mediated cell damage and apoptosis via inhibit-
ing the mPTP, caspase-3 activation, and release of pro-apoptotic factor cytochrome C. Moreover, overexpressed mortalin, along with cal-
bindin-D28k, regulates intracellular calcium concentrations, which help in reducing the oxidative stress and glutamate neurotoxicity. Moreo-
ver, increased RANTES expression is associated with the activation of PI-3K and MAPK signaling pathways and this phenomenon exhibits
neuroprotection. However, the role of neurogranin in neuroprotection is yet to be discovered, it is believed to be facilitating the hippocampal
synaptic plasticity and spatial learning. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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generation of new anti-AD therapy, which could possibly
inhibit the pathology of AD in its early stages [141].

3.4. LDL Receptor-related Protein 1

Low-density lipoprotein receptor-related protein 1
(LRP1) (also termed as alpha-2-macroglobulin receptor
(A2MR) and apolipoprotein E receptor (APOER)) mediated
transport helps the Blood-Brain Barrier (BBB) in removing
the AP from the brain [142, 143]. LRP1 also helps in regulat-
ing the ApoE and Cholesterol Metabolism inside the brain
via APP. As the metabolism of both ApoE and cholesterol is
linked with the AD, LRP1 helps in their physiologic process-
ing [144]. Association of LRP1 has already been reported
with ApoE, alpha-2-macroglobulin, APP, and presenilins,
which are some of the major influencing factors in AD. Mu-
tated presenilin-1 expression affects the expression of LRP1
[145]. Although LRP1 helps in transporting AP outside the
brain, AP oxidizes the LRP1, alters this pathway, and initi-
ates further deposition of its own in the brain [146]. As
LRP! interactions are already known with various AD-
related factors, their further investigation is strongly needed,
so this may also serve as a possible future target for develop-
ing anti-AD therapies.

3.5. Mortalin

Mortalin is an anciently conserved mitochondrial heat
shock chaperone protein having a molecular weight of 74
kDa and in humans, it is encoded by the HSPA9 gene. Mor-
talin is also known as mtHsp70, PBP74, and GRP75 [147-
149]. Mortalin interacts with different proteins, e.g., APP,
ApoE, Fibroblast growth factor 1, HSP60, p53, 94 kDa glu-
cose-regulated protein, and Protein Dj-1, which in turn, in-
fluences its different activities, i.e., cell survival, control of
cell proliferation, mitochondrial biogenesis, intracellular
protein trafficking, and stress response [150]. Mortalin iso-
forms are regulated by the APOE genotype and get differen-
tially expressed, and phosphorylate in the hippocampus of
patients with AD as a cellular defense mechanism to oxidative
stress [151]. Mortalin overexpression reduces AP induced
cell damage and apoptosis as well as protects the cell from
AP induced neurotoxicity. Furthermore, mortalin overex-
pression helps in reducing AP induced mitochondrial dys-
function [152]. This reduction of AP induced neurotoxicity
after mortalin overexpression occurs because of the inhibi-
tion of mitochondrial permeability transition pore opening
(mPTP). Mortalin induced mPTP inhibition results in at-
tenuation of AP induced caspase-3 activation and release of
pro-apoptotic factor Cytochrome C. Moreover, overexpressed
mortalin also attenuates intracellular calcium concentration
and oxidative stress, which, in turn, prevents the cell from
toxicity and degeneration [153]. Although mortalin overex-
pression attenuates AP induced neurotoxicity, its suppressed
expression results in AP induced oxidative stress and apopto-
sis, which ultimately lead to neurodegeneration. Mortalin and
its activities are directly associated with AD pathology and
further studies can possibly yield a potential anti AD therapy.

3.6. Neurogranin

Neurogranin is an important protein expressed primarily
in dendritic spines of the brain. It is a calmodulin-binding
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protein and helps in long-term potentiation (LTP) and learn-
ing abilities through Ca’’/calmodulin dependent signal
transduction in neurons [154, 155]. Neurogranin is a post-
synaptic protein and involved in neuroplasticity. The pres-
ence of 15 neurogranin peptides has already been reported in
CSF as short C-terminal peptide species. All these neuro-
granin peptides can be quantified and used as synaptic bio-
markers in AD [156-158]. Although neurogranin is reported
as an important biomarker of injuries, it also indicates the
repair and regeneration of neurons and dendrites [159].
Moreover, Huang et al., 2004, reported the deficits in hippo-
campal synaptic plasticity and spatial learning impairments
in mice lacking the neurogranin gene [160]. This suggests
that neurogranin plays a major role in memory through neu-
roplasticity and, detection of its increased CSF concentration
can help in the early detection of AD as there are several
studies supporting it as a potential biomarker for AD.

3.7. P-glycoprotein

P-glycoprotein (permeability glycoprotein) belongs to the
ATP-binding cassette (ABC) super-families and encoded by
gene ABCBI situated at chromosome 7q36. P-glycoprotein
is widely distributed in the intestine, liver, kidney, and brain.
In the brain, it is present in capillary endothelial cells of the
Blood-Brain Barrier [161-163]. P-glycoprotein helps in
clearing AB-peptides from the brain through the BBB by
acting as an efflux pump. Initially, Danielle M et al., 2011,
reported diminished P-glycoprotein activity because of faulty
BBB activity in sporadic AD [163, 164]. AP mediated mi-
croglia activation results in amplified expression of inflam-
matory mediators like TNF-q, IL-1B, and NF-kB, which fa-
cilitate the reduction in expression and functioning of P-
glycoprotein, though its mechanism is still mysterious [165].
Upregulation in the P-glycoprotein expression can possibly
accelerate the AP clearance and thus, reducing the patho-
genic levels of the AP peptides [166]. Whereas, its down-
regulation can potentiate A mediated neurodegeneration in
AD [167]. P-glycoprotein plays a crucial role in preventing
AP generated neurotoxicity and therefore, therapy targeting
either its reduced expression or factors liable for the reduc-
tion in its expression, which could be considered for treating
AD.

3.8. Ubiquitin

Ubiquitin is a small and highly conserved protein (8.6
kDa) encoded by UBB, UBC, UBAS52, and RPS27A genes in
humans. This protein is found in most of the body tissues
[168]. Wang et al., 1991, firstly reported a significant up-
surge in the levels of ubiquitin along with the increased hy-
perphosphorylated tau in the cerebral cortex of the brain hav-
ing AD, suggesting a correlation between ubiquitin and
NFTs [169]. Recent studies also report its crucial role in par-
tially restoring the y-secretase activity and clearing the AP
burden in the brain [170]. Denatured protein fragments and
insoluble aggregates such as AP plaques and NFTs are
cleared by the help of the ubiquitin-dependent protein degra-
dation system. A disturbed ubiquitin system may cause fail-
ure in reducing insoluble pathogenic fragments burden in the
brain, which ultimately leads to neurotoxicity and patho-
genesis of AD [171]. Having a role in clearance and preven-
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tion of neurodegeneration via pathogenic factors, ubiquitin
may prove as a target for developing anti-AD treatments.

3.9. Insulin and Insulin-like Growth Factor-I

Reduced consumption of glucose and reduced energy
metabolism appear early in AD. These mechanisms are me-
diated by insulin and insulin-like growth factor-I & II (IGF-I
& IGF-II). Impairment in the signaling mediated by insulin
and IGFs accompanied by reduced energy metabolism cause
serious abnormalities [172-174]. Accumulation of AP oli-
gomers is related to insulin resistance, although molecular
mechanisms underlying this association are still partially
known. However, impairment of Biliverdin reductase-A
(which is a unique Ser/Thr/Tyr kinase responsible for the
regulation of insulin signaling) and increased activity of
mammalian target of rapamycin (mTOR) may serve as a link
for an association between brain insulin resistance and Af
accumulation (Fig. 5). AP oligomers mediate the downregu-
lation of plasma membrane insulin receptors (IRs) via
mechanism sensitive to calcium Calmodulin-dependent
kinase II and casein kinase II inhibition. Moreover, this
downregulation of surface IRs can be prevented by insulin
[175-177]. Insulin helps in AP degradation by increasing
neprilysin secretion and insulin-degrading enzyme expres-
sion in astrocytes, via activating the ERK-mediated pathway
[178]. Insulin and IGF stimulation regulate tau gene expres-
sion and phosphorylation. Thus, insulin resistance results in
reduced tau gene expression causing tauopathy. Insulin resis-
tance also results in the overactivation of glycogen synthase
kinase-3f, i.e., GSK-3B, which is partially responsible for
the hyperphosphorylation of Tau, resulting in neurofibrillary
tangles [179-182]. Reduction in the IGF-I level relates to
mild cognitive impairment [183, 184]. IGF-I signaling is
essential to regulate astrocytic mitochondrial functioning as
well as coordinate hippocampal-dependent spatial learning.
Age-related astrocytic dysfunction by reduced IGF-I signal-
ing may lead to AD [185]. Currently, various agents such as
Insulin glulisine, Dapagliflozin, and Insulin aspart are get-
ting assessed in different phases of clinical trials. These
agents are based on the mechanism of action, i.e., increasing
insulin signaling in the brain to ameliorate cognitive deficits
[20]. Thus elevating insulin and IGF levels inside the brain
can be beneficial in attenuating the risk of AD and may pro-
vide promising therapy.

3.10. Calbindin-D28K, Calretinin, and Parvalbumin

Calbindin-D28K, calretinin, and parvalbumin are three
calcium-binding proteins (CBPs). Though calcium is vital
for brain growth and its normal functioning, its sustained
high concentration in the brain can cause neuronal toxicity
and cell apoptosis [186]. These CBPs play a role in calcium
buffer and their failure in calcium regulation can promote
various neurodegenerative disorders [187]. Calbindin-D28K
and calretinin possess 58% similarity in their homology,
RNAs of both of these proteins, i.e., calbindin-D28K and
calretinin, are present abundantly in the retina and in many
areas of the brain, whereas calretinin RNA is present mostly
in neural tissues and particularly present in auditory neurons.
Calbindin-D28K interacts with a number of proteins, includ-
ing IMPase, RanBPM, caspase-3, 3’: 5’-cyclic nucleotide
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phosphodiesterase and the plasma membrane ATPase and
affects their activity [188-190]. Calbindin-D28k protects
neurons from glutamate neurotoxicity by reducing the intra-
cellular calcium levels [191]. Specific and significant reduc-
tion in gene expression of the calbindin-D28K in aging and
neurodegenerative diseases results in the failure of calcium
buffering or intraneuronal calcium homeostasis, which
causes calcium-mediated cytotoxic events [192]. Neurons
with different calcium-binding proteins are subjected to dif-
ferential susceptibility in AD. In mild cases of AD, parval-
bumin and calbidin-D28K containing neurons undergo de-
generation in layer II of the lateral, intermediate and caudal
subfields, and layer III in the most severe cases of AD. Cal-
retinin neurons of the entorhinal cortex are not that prone to
degeneration in AD as compared to parvalbumin-containing
neurons [193]. These calcium binding proteins partially have
an indirect association with AD pathology and by regulating
the intracellular calcium, a certain degree of the halt in dis-
ease progression can be achieved [194]. Loss of calretinin
and parvalbumin-positive interneurons might be related to
the age-dependent progression of AD [195]. Thus a new
therapy can be established for restoring the functionality of
these CBPs to slow down the pathology of the AD in earlier
days.

4. OTHER PROTEINS
ALZHEIMER'’S DISEASE

ASSOCIATED WITH

4.1. RANTES

RANTES (regulated on activation, normal T cell ex-
pressed and secreted) or Chemokine (C-C motif) ligand 5
(CCL5) is a chemokine protein encoded by the CCL5 gene
located over chromosome 17qll-q12 and 5q31-q34 [196].
Although RANTES, with its respective G protein-coupled
receptors, resides and facilitates inflammation in endothelial
cells, glia, and neurons in nearly the entire brain; it also
plays a crucial role in the survival and differentiation of the
neurons [197, 198]. RANTES is a neuroprotective peptide
that helps in the development and regeneration of neurons.
Expression of RANTES is arbitrated by Pituitary adenylate
cyclase activating polypeptide (PACAP) and thus, this intra-
cellular signaling pathway displays neuroprotective effect
[199]. Increased RANTES expression is associated with the
activation of PI-3K and MAPK signaling pathways and this
phenomenon exhibits neuroprotection [200]. By presenting
double functions, i.e., supplementing neuroprotection and
lessening inflammatory initiation, RANTES works as a
chemokine and thus, alterations in its brain concentration
levels can be examined for identifying early signs of AD
pathology [201, 202].

4.2. Growth-associated Protein 43

Growth-associated protein 43 (Gap43) is an intracellular
membrane-bound presynaptic protein encoded by the GAP43
gene positioned in the nervous tissue. Gap43 shows its role
in the synaptic transmission, membrane permeability, neu-
ronal growth, and sprouting by stabilizing actin filaments.
GAP-43 contributes to the growth of axons and modulates
the formation of new connections [203, 204]. Although
moderate overexpression of Gap43 helps in memory en-
hancement, its excessive overexpression can cause a neuro-
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plasticity burden and can cause neurodegeneration [205]. A
rise in the CSF levels of Gap43 occurs with an upsurge in
NFTs levels. Therefore, pathogenesis, responsible for the
formation of NFTs, has a great impact on the Gap43 expres-
sion in the hippocampus, amygdala, and cortex. This upsurge
in the levels of Gap43 can help in the early diagnosis of AD
and, thus can aid delay in the commencement of its symp-
toms [206].

4.3. Calpain

Calpain is an intracellular Ca**-dependent protein present
in the cytosol as the inactive proenzyme. The recent exten-
sion of sequence data across the species shows that calpain
has been present throughout evolution; calpains are found in
almost all eukaryotes and some bacteria, but not in archae-
bacteria. Calpain like protease is encoded by more than one
gene (specifically fifteen genes) in humans. A small number
of human calpains, predominantly those having non-classical
domain structures, are very much identical to calpain ho-
mologs acknowledged in evolutionarily distant organisms

[207]. Calpains are found to exhibit opposite functions in
both synaptic plasticity and neuronal degeneration. Activa-
tion of calpain-1 is essential for the initiation of LTP and in
general, it is neuroprotective, while calpain-2 activation puts
restrictions to the extent of potentiation and takes part in
neurodegeneration. This difference in functionality is related
to their interaction with different PDZ-binding proteins, re-
sulting in differential subcellular localization, and offers new
therapeutic opportunities [208]. Calpain-induced protein
degradation is supplemented by calpastatin in the brain,
which suggests a role of calpastatin in reducing the AD pa-
thology. Promoting calpastatin expression may be used to
ameliorate some manifestations of AD [209]. Sustained acti-
vation of protein kinase C is required to underlie persistent
changes associated with memory formation. Reduced levels
of calpains influence PKCs activity, which may affect cellu-
lar mechanisms during memory processes [210]. Accumula-
tion of AP peptide is facilitated by overactivation of p-
calpain via supplementing the expression level of -
secretases. Moreover, it also induces hyperphosphorylation
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of tau and establishment of NFTs by mediating p35 cleavage
into p25, both of which are the key mechanisms of neurode-
generation AD.

CONCLUSION

In this review, we have discussed and summarized our
findings about the physiological/pathological roles and
therapeutic significance of nearly all the proteins associated
with AD, which address putative as well as probable targets
for developing effective anti-AD therapies. AD consists of a
complex pathology which includes disturbed functioning of
proteins that are associated with oxidative stress, immune
response, and neurotransmission. Insufficient knowledge
about AD is allocating hindrance in the development of its
effective therapies. Despite the failure of existing therapies,
numerous noble compounds are going through distinct
phases of clinical trials targeting AP removal, AP degrada-
tion, preventing Af toxicity, and tau hyperphosphorylation,
aggregation, etc. Literature suggests that there is an urgent
need to explore proteins like HSPs, calpains and CLSP in
AD as these could be promising future targets for developing
anti-AD therapies while C-reactive protein, pentraxins, col-
lapsin response mediator protein-2, and growth-associated
protein-43 represent the future of new possible biomarkers
for diagnosing AD. The present comprehensive review of
AD-associated proteins highlights nearly all the proteins that
could serve as targets for developing new anti-AD therapies
as well as biomarkers in diagnosing early symptoms of AD
to deaccelerate its growth. Approach to target these proteins
for the diagnosis and treatment of AD could be a novel and
viable therapeutic or disease modifying strategy in the future.

LIST OF ABBREVIATIONS

ABC = ATP-binding cassette

AD = Alzheimer’s disease

ALS = Amyotrophic lateral sclerosis

ApoE = Apolipoprotein E

APP = Amyloid precursor protein

ApB = Amyloid-beta

BACE!1 = Beta-site amyloid precursor protein
cleaving enzyme 1

BBB = Blood Brain Barrier

CBPs = Calcium-binding proteins

CCR2 = C-C chemokine receptor type 2

CDK5RAP2 = CDKS regulatory subunit associated
protein 2

CIP2A = Cancerous Inhibitor of Protein phos-
phatase 2A

CLSP = Calmodulin-like skin protein

CNS = Central nervous system

CRMP-2 = Collapsin response mediator protein 2

CSPGs = Chondroitin sulfate proteoglycans

ERK1/2 = Extracellular signal-regulated kinase1/2
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Gap43 = Growth-associated protein 43

GFAP = QGlial fibrillary acidic protein

GPCRs = G protein-coupled receptors

HSPs = Heat shock proteins

htHNR = Heterotrimeric Humanin receptors

IGF-1 & IGF-II = Insulin-like growth factor-I & II

ILs = Interleukin

IRs = Insulin receptors

JAK2 = Janus kinase 2

LRP = Low-density lipoprotein receptor-
related protein

LRP1 = Low-density lipoprotein receptor-
related protein 1

LTP = Long-term potentiation

MAP2C = Microtubule-associated protein 2

MAPK = Mitogen-activated protein kinase

MCP-1 = Monocyte chemoattractant protein 1

mPTP = Permeability transition pore opening

NFTs = Neurofibrillary tangles

NF-«xB = Nuclear factor kappa-light-chain-
enhancer of activated B cells

NP1 = Neuronal pentraxin

NPR = Neuronal pentraxin receptor

PI-3K = Phosphoinositide 3-kinase

PKA = Protein kinase A

PNNs = Perineuronal nets

PrP© = The prion protein

RANTES = Regulated on activation normal T cell
expressed and secreted

SNAP = Synaptosomal nerve-associated protein

STAT3 = Signal transducer and activator of
transcription 3

TNF-a = Tumor necrosis factor alpha

VMATS = Vesicular monoamine transporters
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