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ABSTRACT

Parkinson’s disease (PD) is the most common neurodegenerative disorder after
Alzheimer’s disease with approximately 7 million patients worldwide which are
predicted to get doubled by 2030. The most common form of PD is the sporadic form
with no known cause. Amongst many factors responsible for the pathogenesis of
sporadic PD, Cell cycle reentry (CCE) with subsequent DNA synthesis in at-risk
dopaminergic neurons has been recently identified as the cause of neuronal cell death.
Neurons are post-mitotic cells which never divide, but in lieu of their physiological
demands certain cell cycle proteins are utilized. However, under the influence of
various stressors cell cycle is re-activated in a full blown manner and owing to mitotic
incompetence of neurons, drive them to death. Mounting evidence has outlined the
causal role of CCE in the pathogenesis of PD and other neurodegenerative disorders.
Moreover, certain protective proteins such as ubiquitin E3 ligases and heat shock
proteins play crucial role in maintaining protein homeostasis and in alleviating toxic
protein burden in various neurodegenerative disorders thereby, promoting neuronal cell
survival. The present work aims to study the involvement of cell cycle proteins in
neuronal apoptosis and to underline the role of protective proteins especially HSP70 in
neuronal cell viability. The study uses widely known toxin rotenone to mimic PD in
SH-SY5Y neuroblastoma cell lines. The results show upregulation of cyclin E with
subsequent attenuation of ubiquitin E3 ligase parkin and HSP70 in response to rotenone
administration. Further, screening of HSP70 inducing biomolecules have clearly
outlined their neuroprotective potential in attenuating CCE led neuronal death and in
modifying and reversing rotenone induced toxicity. Thus, the present work opens up a
new avenue of using HSP70 inducing compounds to target CCE mediated neuronal

death in PD which can be extended to other neurodegenerative disorders.
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CHAPTER I: INTRODUCTION

1.1: Introduction

The etiology of neuromuscular degeneration is characterized by the canonical
deposition of non-functional/toxic proteins such as amyloid B, tau, parkin, o-
synuclein, mutant huntingtin, and chronic inflammations in neuromuscular disorders
(NMDs) including Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's
disease (HD), Inclusion body myositis (IBM) and Poly myositis (PM). Though these
NMDs have their own distinct pathology, there is a sharing of pathological features
between AD, PD and IBM which clearly points towards a common underlying
switch to neuro-muscular degeneration marked by alteration of various proteins. For
instance, the common morbid feature between IBM and PD includes enrichment of
a-synuclein, Parkin and oxidized DJ-1 in muscle fibres. Parkinson’s disease is the
second most common of all the neurodegenerative disorders (NDD) affecting nearly
1% of population above the age of 65 years. It is a slowly progressive disease
represented by two forms; familial and sporadic PD. The cause of familial or genetic
PD has been attributed to mutations in six genes namely; a-Synuclein also designated
as SNCA (PARK1), LRRK2 (PARKS), Parkin (PARK2), PINK1 (PARKS), DJ1
(PARKY7) and ATP13A2 (PARK?9). However, taken together, mutations in these
genes comprise about 30% of familial cases of PD and only 3-5% of sporadic cases.
Such observations underlie the fact that sporadic PD is an outcome of a complex
interplay of diverse, multi-factors including genes and environmental agents which
are mostly unknown. A plethora of studies have demonstrated the involvement of
oxidative stress, aging, mitochondrial dysfunction, ubiquitin proteasome system
(UPS) shut down and loss of function of several protective proteins in the

pathogenesis of PD.
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Molecular chaperones such as heat shock proteins regulate protein homeostasis in
conjunction with UPS and also regulate cell cycle (Milarski and Morimoto 1986).
Ubiquitin E3 ligases are components of UPS involved in warding off misfolded
protein burden in cell and thus promoting protein homeostasis along with regulating
different phases of cell cycle. While the protective activity of ubiquitin E3 ligases is
compromised, expression of HSPs is induced in response to CCE in terminally
differentiated neurons and muscles.

The pathology of PD is characterized by dopaminergic neuronal loss which is
manifested as a result of a-synuclein (SNCA) positive cytoplasmic inclusions called
the Lewy bodies (LB) mostly in the SNPc and cortex region (Hassler 1938; Ehringer
and Hornykiewicz 1960). The deposition of pathological proteins or LBs creates a
physiological burden on cell that triggers multiple signaling cascades including
mitogen- activated protein kinase (MAPK), c-Jun N-Terminal Kinases (JNK),
Phosphatidylinositol 3-kinase/serine threonine kinase Akt/Glycogen synthase kinase
3 (PI3K/Akt/GSK3p), Notch and apoptotic signaling pathways. The consequent
overexpression of cell cycle markers has been observed with the symptoms of cell
cycle re-entry (CCR) (Zheng et al. 2015). Moreover, the co-localization of cell cycle
markers with pathological proteins has reinforced the role of cell cycle machinery as
a trigger to degeneration (Thakur et al. 2008). Further evidence suggests that re-
expression of cell cycle markers occurs at prodromal stages before the appearance of
pathological hallmarks in these neuromuscular disorders. Moreover, re-expression of
cell cycle markers in terminally differentiated neurons is also reported to fulfill the
physiological demands pertaining to synaptic plasticity, neuronal migration and
maturation (Lim and Kaldis 2013). Furthermore, prolonged activation or under the

influence of acute insults such as DNA damage, oxidative stress, neurotrophic factor
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deprivation and altered microRNA (miR) function; cell cycle machinery turns
detrimental and drives the cascade of DNA synthesis and consequent neuronal death
culminating into neurodegeneration (Yang et al. 2003).

The succeeding sections discuss the normal dynamics of eukaryotic cell cycle along
with key role played by UPS and molecular chaperones in cell cycle paradigm and in
clearance of toxic protein burden, its post-mitotic physiology and how this
machinery turns detrimental and contributes to neurodegeneration in various NDD.
Also, emphasis has been laid on the crucial protective role of HSP70 in PD and the
significance of designing HSP70 inducing therapeutics to correct PD and other NDD.
Moreover, we discuss the factors responsible for triggering cell cycle re-entry in
post-mitotic neurons and the altered signalling cascades. The physiology and
pathology of Parkinson’s disease and the involvement of cell cycle in the etiology of
PD has been elaborated. Finally, various therapeutic strategies to target cell cycle
along with emerging therapies have been highlighted.
1.2: The Eukaryotic cell cycle

The eukaryotic cell cycle is orchestrated machinery that accomplishes fundamental
roles in cell replenishment such as DNA replication, cell growth, repair and birth of
new daughter cells from the native mother cell. The coordination of the cell cycle
requires complex interplay between the levels of different cyclins and cyclin
dependent kinases (CDKSs) at different checkpoints. For instance, Cyclin C/Cdk3
complex mark the transition of cells into G1 i.e. preparatory phase. Further, G1/S
transition is controlled by the crucial action of cyclin D/Cdk4/6 and cyclin E/Cdk2
complex (Hengstschldger et al. 1999). The DNA replication in S phase is triggered by
the cyclin A/Cdk2 and Cyclin A/Cdkl complex. Cell division in M phase is tightly

regulated by the activity of cyclin B/Cdklcomplex (Bertoli et al. 2013). The integrity
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of the cell cycle is maintained by the timely degradation of cyclins and consequent
inactivation of CDKSs, which is brought about by a class of cyclin dependent kinase
inhibitors (CDKIs). These CDKIs are categorized into Ink family and Cip/Kip family
(Ullah et al. 2009). The Ink family is comprised of p15Ink4b, p16Ink4a, p18ink4c and
p19Ink4d that bind with Cdk4/6 and are known to inhibit its association with cyclin D,
thereby promoting quiescent stage (Lin et al. 2001). On contrary, members of Cip/Kip
family comprised of p21Cipl, p27Kipl and p57Kip2 that bind and regulate specific
Cyclin/Cdk complexes during different stages of cell cycle progression (Starostina and
Kipreos 2012). Additionally, activation of different signaling cascades tightly
regulates the checkpoints, which are strategically distributed throughout the cell cycle.
The checkpoints ensure the correct completion of previous phase before the beginning
of new cell cycle phase, and ascertain the correction of any defect and provide
protection against the transmittance into daughter cells by halting the cell cycle until
the repair has been done or by alternatively triggering cell death pathways. For
instance, the G1 phase is regulated by two checkpoints in its early and late phase to
assess cell size and growth factors required for promotion to S phase (Foster et al.
2010). While, the S phase is regulated by tumour suppressor gene p53 in response to
DNA damage wherein the cell cycle is halted for repair or alternatively triggering
apoptosis if the damage cannot be repaired (Velez and Howard 2015). Furthermore,
the G2/M transition is tightly controlled by phosphorylation dynamics of Cdk1 where
the activatory phosphorylation of Cdkl is carried out by Cdk-activating kinase
complex at Thr160/Thr161 while inhibitory phosphorylation is mediated by Myt1 and
Weel kinase at Thrl4 and Tyrl5 respectively. These phosphorylation events can be
reversed by the action of cell division cycle 25 (Cdc25) thereby tightly regulating

Cdk1 activity (Potapova et al. 2009). In addition to cyclin-cdks, the cell cycle is also
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regulated by various other markers for instance, UPS, ubiquitin E3 ligases and
molecular chaperones.

1.3: Ubiquitin Proteasome System (UPS) and Molecular Chaperones: An intimate
link to cell cycle regulation

The UPS is evident to regulate the cell cycle in two disparate manner via degrading
either cyclinD1 or Cdk inhibitors p21/p27 (Kruman 2004). However, oxidative stress
is proposed to trigger cell cycle re-entry in response to UPS dysfunction (Fulda et al.
2010). Ubiquitin E3 ligases are components of UPS, which are involved in the
degradation of misfolded/ non-functional or harmful proteins in the cell. During
normal cycle, the cyclins are degraded by various ubiquitin E3 ligases for progression
to the next phase. For instance, while SCF is active throughout the cell cycle (Ang and
Harper 2005), APC/cdh regulate mitosis upto G1 phase (Harper et al. 2002). Mounting
evidence has suggested the involvement of ubiquitin E3 ligases either in the
clearance of toxic aggregates that interfere and deregulate the cell cycle process or in
triaging the protein homeostasis with misfolded protein burden, which is important
steps between the cell cycle phases and its progression. The Ubiquitin E3 ligase,
Parkin protected neurons against cyclin E accumulation by associating with a protein
complex, including hSel-10 and Cullin-1 (Duronio and Xiong 2013). Heat shock
proteins are molecular chaperones which preserve intracellular protein homeostasis in
cooperation with the UPS and are also important regulators of cell cycle. HSPs
associate with cdks, Rb protein, in DNA replication (Milarski and Morimoto 1986)
and regulate different phases of cell cycle. Likewise, altering the levels of HSPs
including HSP27, HSP70 and HSP9O0, also triggers cell cycle re- entry via controlling
different stages of the cell cycle. Therefore, HSPs are also being induced upon the
cell cycle trigger in neurons and muscles that regulate the G1 phase. For instance,
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blocking of HSP90 action with geldanamycin, halted cell cycle at GO/G1 transition by
obstructive action of HSP90- specific client proteins Cdc37 and FKBP52 (Miyata
2005). Another study reported the association between Hsc70 and cyclin D1 to
regulate its assembly with Cdk4 and Cip/Kip proteins and formation of a catalytically
active complex (Diehl et al. 2003). Moreover, increased expression of HSP70 along
with cyclins E/D1 during cell cycle progression has been reported in both IBM and
PM muscle and in AD brain. HSP70 is a crucial player in promoting neuronal cell
survival and shares an intricate link to PD. The dynamics of HSP70 in reinstating cell
viability, promoting toxic protein clearance with special mention in PD and the
rationale of designing HSP70 inducing therapeutics is discussed in succeeding section.
1.4: HSP70: The pro-survival switch in NDD

The post-mitotic nature of neurons makes it difficult to clear off toxins, more so in
aging brain wherein the protein homeostasis is disturbed or over-burdened. Thus,
neurons become very prone to toxic/misfolded proteins aggregate formation owing to
compromised UPS, and protein homeostasis machinery such as autophagy and
lysosomal degradation pathway as seen in AD, PD, HD, ALS and other NDD (Nah et
al. 2015; Cuervo and Wong 2014; Hu et al. 2010; Morimoto et al. 2007; Yu et al.
2005; Nagata et al. 2004; Anglade et al. 1997). Further, accumulating evidence has
outlined the direct involvement of Chaperone Mediated Autophagy (CMA) against
misfolded protein aggragation in various NDD (Xilouri et al. 2013; Qi et al. 2012;
Wang et al. 2009). CMA involves formation of chaperone and co-chaperone
complexes such as HSP40, HSP60, HSP70, HSP110, STI1/HOP, Bcl2-associated
athanogene 1 protein (BAG-1) and HSP70 interacting protein (Hip) (Agarraberes and
Dice 2001). Of these, one of the most widely distributed chaperone is HSP70 which is
cytosolic and having homologs BiP/GRP78 in ER and heat shock cognate 70 (Hsc70)
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in cytosol respectively. HSP70 has a 40 kDa N-terminal nucleotide binding domain
which regulates client protein interaction and the C-terminal substrate binding domain
which is 25 kDa and is responsible for recognition of exposed hydrophobic surfaces
during early folding stages of client protein (Lackie et al. 2017). Both of these
domains are joined by a flexible hydrophobic linker (Bukau et al. 2006; Jiang et al.
2005). Perhaps, the special significance attached to HSP70 can be attributed to the
wide array of functions it performs in maintaining protein homeostasis and in NDD.
For instance, HSP70 can aid the client protein in sustaining unfolded form until proper
fold is maintained (Kastle and Grune 2012). HSP70 can identify proteins in early
folding state by recognising leucine rich exposed hydrophobic surfaces (Ciechanover
and Kwon 2017; Rudiger et al. 1997). Further, HSP70 can convert misfolded proteins
in their native forms by utilizing ATP (Tutar and Tutar 2010; Ranford et al. 2000).
Furthermore, in the event of failure in attaining proper folding, HSP70 can act as
‘disaggregase’ in conjuction with HSP40 and HSP110 to solubilise and exert to unfold
protein aggregates into native refolded species by utilising ATP hydrolysis energy
(Gao et al. 2015; Nillegoda et al. 2010; DeSantis et al. 2012; Muller et al. 2008;
Dickey et al. 2007; Jana et al. 2005; Petrucelli et al. 2004; Meacham et al. 2001). A
plethora of evidence has shown direct binding of HSP70 to various misfolded protein
aggregates in NDD such as a synuclein in PD, AP and tau in AD, mtSOD1 in ALS and
mtHTT in poly Q diseases (Luk et al. 2008; Dompierre et al. 2007; Evans et al. 2006;
Dedmon et al. 2005; Liu et al. 2005; Choo et al. 2004).

1.4.1: HSP70 and PD: The intricate bond

The evidence of involvement of heat shock proteins in PD was first shown by co-
localization of HSP27, HSP40, HSP60, HSP70 and HSP90 with lewy bodies
(Leverenz et al. 2007; Uryu et al. 2006; McLean et al. 2002). The human recombinant
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HSP70 binded to and decreased chymotrypsin like blocking activity of a synuclein
filaments in vitro (Lindersson et al. 2004). Further, fibroblasts containing o synuclein
generated heat shock response that triggered HSP70 upregulation which in turn,
attenuated o synuclein mediated inhibition of proteasome. Furthermore, HSP70 and
Hip intercepted o synuclein fibril formation in vitro. Moreover, Hip knockdown
accelerated o synuclein inclusions formation in HSP70 dependent fashion in C.
elegans (Roodveldt et al. 2009). Another interesting observation in human
neuroglioma cells expressing mutant a synuclein depicted 50% decrease in a synuclein
oligomers upon over-expression of HSP70 (Outeiro et al. 2008). Further, HSP70 co-
expression revoked dopaminergic neuronal loss in a transgenic model expressing
A30P and AS3T mutations in a synuclein (Auluck et al. 2002). Furthermore, HSP70
over-expression along with inhibition of HSP90 prevented o synuclein formation and
accumulation which in turn led to ablation of a synuclein induced toxicity in human
cell lines and in various mice, yeast models (Luk et al. 2008; Flower et al. 2005;
Klucken et al. 2004; McLean et al. 2004). Interestingly, HSP70 injection in substantia
nigra region abrogated dopaminergic neuronal loss in MPTP treated rats (Dong et al.
2005).

1.4.2: HSP70 mediated therapeutics: Future scope in NDD

The previous section highlighted the crucial role of molecular chaperones particularly,
HSP70 in alleviating toxic protein aggregates in PD and other NDD. It is therefore
imperative to design therapeutics which can trigger the expression level of these
protective proteins and in turn dictate cell survival by clearing misfolded protein
accumulation in NDD. Infact, celastrol extracted from the perennial plant of
celastraceae family has shown promising results through HSP70 induction in
attenuating neuronal loss. The study showed significant decrease in dopaminergic

23



neuronal loss in substantia nigra upon celastrol treatment in MPTP induced toxicity in
mice. Further, celastrol also prevented decline in dopamine level as a result of MPTP
toxicity (Cleren et al. 2005).

Given the toxic protein aggregate ablation nature of HSP70, it is logical to design
therapeutics which can upregulate the level of HSP70 and thus bring about neuronal
survival in PD and other NDD. Thus, the present work is designed with an aim to find
and check the efficacy of HSP70 inducing compounds in ameliorating cell cycle re-
entry linked neurodegeneration in SH-SY5Y cell line.

In this way, cell cycle markers play a discrete role in the normal physiology of
neuronal cells. However, post mitotic expression of these markers is also responsible
for meeting physiological demands of neurons and under prolonged activation or as a
result of various stressors cell cycle re-entry mediated neuromuscular dysfunction is
triggered.

1.5 Post-mitotic cell division: Imperative or Impulsive?

Earlier neurons were believed to be ‘truly’ post-mitotic and thus being life-long
arrested in the quiescent stage GO. Paradoxically, mounting evidence suggested the
exit of resting neurons, which actively participated in the untimely cell cycle re-entry
upon receiving mitogenic stimuli, synthesized DNA and were subsequently crucified
(Bonda et al. 2009). One of the possible explanations to the contradictory premise of
‘permanent’ post-mitotic neuronal state is to consider that neurons had to constantly
suppress the urge of cell cycle reactivation in lieu of their healthy state or face the
reverberation of death. For instance, Rb protein is one such cell cycle marker, which
serves crucial function of life-long cell cycle suppression in adult neurons (Herrup and
Yang 2007). Another candidate ataxia-telangiectasia mutated (ATM). Protein

triggered checkpoints during the DNA damage response under physiological
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conditions and maintained neurons in quiescent stage in adult CNS (Chou et al. 2015).
Moreover, deregulation of ATM signaling is observed in at-risk neurons in AD brains.
Likewise, Cdk5, a non-classical Cdk is found to ensure post-mitotic state of neurons
by sequestering transcription factor E2F1 and thereby preventing its interaction with
the activation subunit. While in response to the encountered neuronal stress, Cdk5 is
translocated to the cytoplasm, thus relieving its cell cycle inhibition and inducing cell
cycle re-entry. Further ATM, breakdown of Cdk5 also contributed to the pathogenesis
of AD (Zhang et al. 2008). Similarly, the ubiquitin E3 ligase APC/Cdh1 also acted as
the suppressor of a cell cycle in the adult brain (Li et al. 2009).

However, increasing evidence showed the presence of different cell cycle markers in
adult neurons, which was attributed to their requirement in neuronal maturation,
migration and synaptic plasticity. For instance, Rb protein served a key post-mitotic
role in neuronal migration in conjunction with transcription factor E2F3 (Andrusiak et
al. 2011). Further, ATM regulated synaptic functions, including Long-Term
Potentiation and was involved in trafficking in adult neurons (Li et al. 2009). Another
marker, cell-division cycle protein-20 (cdc20) subunit of ubiquitin E3 ligase APC/C
induced NeuroD2 degradation found to promote presynaptic axonal differentiation.
Further, cdc20 mediated CaMKIIB driven retraction and pruning of dendrites.
Likewise, Cdhl modulated growth and patterning in axons, and its inhibition favoured
axonal growth. Furthermore, p27 has been proposed to be a microtubule binding
protein owing to its binding and disruption of Cofilin-actin complex upon Cdk5
phosphorylation, thereby promoting neuronal migration (Kawauchi et al. 2006).
Similarly, p57 mediated cell cycle exit and promoted differentiation and maturation in
post-mitotic neurons. Thus, the cell cycle machinery is ‘repurposed’ to serve important

demands of the post-mitotic cells. Yet, such re-expression of cell cycle proteins under
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various stressors such as oxidative stress, DNA damage and neurotrophic factor
deprivation forced mature neurons to re-enter the cell cycle and die at G1/S transition
before actual mitosis could begin. Since, during normal development, tetraploid
neurons are arrested at G2/M and any attempt to go beyond this checkpoint induces
apoptosis (Mosch et al. 2007). Therefore, it is not surprising that the affected neurons
in AD completed S phase, arrested the cell cycle at G2/M transition phase and
remained in the tetraploid state for some years. These neurons never entered mitotic
phase (Currais et al. 2009). The evidence of failed mitosis was further agreed by
shunted chromatin condensation and spindle formation. To sum up, erroneous cell
cycle re-entry offers two choices to neurons; either they can divide and die in S phase
or remain alive with double DNA content at G2/M transition. Since neurons inherently
lack mitotic competence, and no evidence of M phase entry has been reported in NDD,
cell cycle re-entry in terminally, differentiated neurons drive them to death after
successfully synthesizing new DNA. Thus, cell cycle re-entry into adult neurons
constituted an early signature of neuromuscular degeneration and CNS injury.

1.6 Aberrant cell cycle re-entry in Neuromuscular Disorders

Scientists are investigating whether the re-expression of various cell cycle markers
symbolizes an authentic cell cycle, or it is just a consequence of other pathological
events. The growing evidence supports the notion that cyclin's re-expression is a true
phenomenon representing actual re-activation of the cell cycle in post-mitotic neurons
and muscles. However, cell cycle re-entry in terminally differentiated neurons and
muscles is lethal and has been widely implicated in the pathogenesis of degenerative
disorders like AD, PD, IBM/PM, HD and ALS (Figure 1.1). The co-localization of
cell cycle markers with pathological proteins has reinforced the role of cell cycle

machinery as a trigger to degeneration (Thakur et al. 2008). Further evidence suggests
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that re-expression of cell cycle markers occurs at prodromal stages before the
appearance of pathological hallmarks in these neuromuscular disorders.
Furthermore, prolonged activation or under the influence of acute insults such
as DNA damage, oxidative stress, neurotrophic factor deprivation and altered
microRNA (miR) function; cell cycle machinery turns detrimental and drives the
cascade of DNA synthesis and consequent neuronal death culminating into
neurodegeneration (Yang et al. 2003). Interestingly, numerous studies have
established cell cycle re-entry as a true phenomenon in neurodegeneration with actual

DNA synthesis and cannot be viewed as an epiphenomenon of other processes.
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Fig.1.1. Cell cycle re-entry mechanisms in neuromuscular disorders. The
pathogenesis of HD is mediated by altered activity of Cdk5, micro RNA-124 and
mutant HTT, which triggers the activation of cyclins, disruption of nuclear
membrane and thus subsequent CCR. While Neurotoxin (3NP) induced cyclin re-

expression is also responsible for CCR in HD. Similarly, AB and Sirt-linduced re-
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activation of Cyclin D1, Cyclin E, Ki67, PCNA, Rb and reduced p27 level is responsible
for CCR in case of IBM/PM. While in case of ALS, mutant SOD1 contributes towards
CCR via induction of Cdk5 and reduction of p27. Similarly, microRNA-19 modulates
the expression of CCR critical genes and thereby contributes towards CCR in ALS.
Likewise, in case of AD, Ap mediated Tau hyperphosphorylation triggers CCR and
causes Cdk5 activation via NMDA induced Calmodulin activation. Further, MPTP
activity that induced various factors such as Calpain and ATM, which triggers the
cell cycle markers and contributes towards CCR mediated pathogenesis of PD.
Additionally, Parkin and NOS also altered the activity of Cyclin E, p53 and a syn that
triggers the apoptosis as well as impaired neuronal differentiation in PD
progression via CCR. PHF-Paired helical filaments; Cdk-Cyclin dependent Kinase;
miR-Micro RNA; 3NP-3-Nitropropionic acid; mtHTT-Mutant huntingtin; Sirtl-
Sirtuin 1; PCNA-Proliferating cell nuclear antigen; mtSOD1-Mutant Superoxide
dismutasel; Bcl2-B-cell lymphoma 2; PKA-Protein kinase A; CaMKII-Calmodulin-
dependent protein kinase II; NMDA-N-methyl-D-aspartate receptor; CaM-
Calmodulin; MPTP-1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NOS-Nitric
oxide synthase; MPP*+-1-methyl-4-phenylpyridinium; ATM-ataxia-

telangiectasia mutated; Bax-Bcl-2-associated X protein; Rb—Retinoblastoma

1.6.1 Post-mitotic cell division in the etiology of PD

Recent studies have highlighted the causal role of CCE in Parkinson's disease
pathogenesis (Sharma et al. 2017). For instance, the expression of E2F-1, pRb and
proliferating cell nuclear antigen (PCNA), a marker of dividing cells has been evident
in around 3-6% of substantia nigrapars compacta (SNpc) neurons in PD brains with
respect to controls (Levy et al. 2009). Moreover, neurons also showed aneuploidy of
selected chromosomes signifying the involvement of DNA replication machinery.
Further, the markers of G1/S phase; cyclin D and cyclin E were upregulated upon
MPP+ exposure in neuronal culture, suggesting the activation of Cdk4/6 and Cdk2
respectively. Moreover, experimental results suggest that Cdk2/cyclin E complex is
more vulnerable than Cdk4/cyclin D or Cdké/cyclin D complex (Krantic et al.
2005). Another study reported increased level of cyclin D in SNpc subsequent to

rotenone administration in rats. Additionally, elevated levels of DNA polymerase f
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induced endoreplication were also found to be involved in the pathogenesis of PD
(Wang et al. 2014). In addition, MPP induced ROS generation also triggered pRb
dependent cell cycle reentry and subsequent ATM mediated DNA damage in animal
models as well as in PD patients (Camins et al. 2010). Similarly, Ap induced aberrant
CCR has been shown to be involved in the pathogenesis of IBM and PM. The
markers of G1/S transition and proliferation, including cyclin D1, E, and Ki67 were
also found to be up-regulated in both IBM and PM samples along with a parallel
decrease in the level of cell cycle inhibitor p21 (Kwon et al. 2014). Further, cyclin D1
and E were shown to interact with HSP70 whose level was significantly increased in
IBM and PM where heat shock proteins might be playing a role in stabilizing the
cyclins. Moreover, the level of various tau- phosphorylating cell cycle kinases
including ERK, Cdk5 and GSK3p have been found to co-localize with inclusions
containing hyper- phosphorylated tau in degenerating muscle fibers in IBM (Askanas et
al. 2015).

1.7 Factors triggering cell cycle re-entry in adult neurons and muscles
There are various factors that are responsible for triggering cell cycle re-entry in neurons
and muscles, including environmental toxins, genetic factors, and other cellular stresses.
These factors have different mechanistic approaches for eliciting cell cycle abnormalities
in neurons and muscles that have been discussed below and elucidated in Figure 1.2.
1.7.1 Environmental Factors

Recently, certain environmental factors have been identified, which contributed in the
pathogenesis of several neuromuscular disorders. These environmental toxins comprised
of heavy metals, pesticides and metal based nanoparticles, which are currently being
studied for their role in CCR mediated neuromuscular degeneration. For instance,

administration of methyl mercury (MeHg) is found to alter the expression of cell cycle
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regulators pl6 and p21 in rat embryonic cortical neuronal stem cells. Moreover,
compromised cell proliferation and a significant decrease in global DNA methylation
were observed subsequent to MeHg treatment in NSCs, supporting the idea that its long-
term exposure would lead to neurodevelopmental or neurodegenerative disorders (Bose et
al. 2012). Further, exposure to various other toxins likekainic acid, quinolinic acid and
heavy metals, including cobalt, lead and iron was shown to be responsible for reactive
gliosis. Accordingly, induced reactive gliotic changes led to cell cycle re-entry attempts
in neurons (Kerri and Damir 2006). Recently, fluoride and aluminium were found to
disrupt neuronal morphology and cell cycle induced progressive cell death by triggering
the activation of cell cycle markers and lysosomal proteins (Akinrinade et al. 2015).
Additionally, a renal carcinogen OchratoxinA (OTA) induced cell cycle aberrations in
renal tubular cells (Taniai et al. 2014). Moreover, environmental factors are found to
exacerbate the neuromuscular degeneration in action with other triggering factors. There
are numerous reports demonstrating the toxic effect of heavy metals, pesticides and
nanoparticles in neurodegeneration, but very few showing the lethal effect of these toxins
in the cell cycle re-entry mediated neuromuscular degeneration. Therefore, significant
researches need to be carried out to determine the involvement of heavy metals and
pesticides in cell cycle induction related neuromuscular toxicity.

1.7.2 Oxidative Stress

Oxidative stress is the most vulnerable and obvious cause for inducing cell cycle
irregularities in post mitotic neurons and muscles reported till the date. Reactive oxygen
species (ROS) generation is the prime factor responsible for causing oxidative stress,
which in turn alters the components of mitogenic signaling cascade by activating various
signaling molecules. For instance, mitogen-activated protein kinase (MAPK), nuclear

factor kB (NF-xB) and growth factor receptors are activated via ROS and initiate cell
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cycle re-entry in postmitotic neurons (Mizukami et al. 2002). Interestingly, ROS also
induced DNA damage; chromosomal breaks and base mis-incorporation in cell cycle
events (Kruman 2004). Moreover, ROS was also found to abort the activity of DNA
repair proteins associated with the DNA replication process in AD. Numerous studies
have reported ROS mediated unrepaired, oxidized nitrogenous bases and DNA strand
breaks in post-mortem tissues of patients with different neuromuscular disorders (Martin
2008). Hypoxia has emerged as a critical player of cell cycle induction in neurons and
muscles. Additionally, various studies have reported DNA replication in post-mitotic
neurons upon exposure to hypoxia. Apart from DNA damage, oxidative stress is
proposed to trigger cell cycle re-entry in response to ubiquitin proteasome system (UPS)
dysfunction (Fulda et al. 2010). Besides, Kwon et al demonstrated the interaction
between HSP70 and cyclin D or E1 in IBM and PM biopsy samples depicting their role
in cell cycle progression (Kwon et al. 2014). Therefore, oxidative stress in concordance
with cell cycle re-entry markers contributed significantly in the etiology of
neuromuscular degeneration.

1.7.3 Double stranded DNA breaks (DSBs)

DSB accumulation and its attainment of non-repairable conformation is another crucial
factor for initiating cell cycle re-entry in post-mitotic neurons (Leeuwen and Hoozemans
2015). DNA damage activates ataxia telangiectasia mutated (ATM), ataxia telangiectasia
and Rad3-related (ATR) and E2F transcription factor 1 (E2F1), and other proteins, which
regulate cell cycle; DNA damages repair, and apoptosis in post-mitotic neurons (Tokarz
et al. 2016). Chkl and chk2 are the checkpoint kinases that are induced in response to
DNA damage in the cell cycle. ATM is a well-known checkpoint in the cell cycle which
regulates dsDNA break response in a p53 dependent manner and controls cell cycle

arrest, apoptosis and mediates protection against oxidative stress (Huang et al. 2008).
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Moreover, phosphorylated ATM has been shown to be elevated in cerebellar dentate
neurons of AD patients when compared with age-matched controls (Chen et al. 2010).
Further, increased ATM expression accompanying down regulation of TP53-inducible
glycolysis and apoptosis regulator (TIGAR) protein constituted a key feature of dementia
associated with Alzheimer’s disease. Furthermore, DSB mediated accumulation of
functionally inactive monomers and dimers of TP53 have been reported in AD brain
(Katsel et al. 2013). Likewise, E2F complexes are associated with histone-modifying
enzymes, histone modifications, including histone acetylation and methylation, and
therefore, essential for cell cycle re-entry that may play a regulatory role in DNA repair
or apoptosis (Tokarz et al. 2016). Moreover, evidence for DSB had also been reported in
s-IBM muscles that resulted in muscle fiber maturation arrest (Rossetto et al. 2010).
Importantly, recent studies are going on to explore the relationship between DNA
damage and cell cycle re-expression in different systems.

1.7.4 Micro RNAs

Micro RNA (miR) has recently gained attention due to their strategic control of cell cycle
regulation in post mitotic neurons. For instance, over-expression of miR26 has been
reported to trigger aberrant cell cycle re-entry, DNA replication, and tau hyper
phosphorylation in rat primary post mitotic neurons. Moreover, elevated level of miR-
26b triggered the re-expression of cell cycle proteins cyclin E1, pRb, PCNA, Ki67 and
BrdU in post-mitotic neurons (Absalon et al. 2013). Additionally, miR26b over-
activation elicited Cdk5 mediated enhanced tau phosphorylation in vitro and in-vivo
studies. It also attenuated the action of cell cycle inhibitors p15 and p27 (Kimura et al.
2014). In another study, increased miR-26b level induced cyclin E1 up-regulation and
downregulated p27kipl expression mediated by Rb1/E2F protein complex, signifying its

role in cell cycle regulation (Absalon et al. 2013). Further, genetic and epigenetic
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evidence revealed that NF-kB-regulated micro RNAs including miRNA-9, miRNA-125b,
miRNA-146a and miRNA-155 are involved in the down regulation of small brain and
retinal cell related family of target mRNAs causing complement factor H (CFH)
deficiency leading to inflammatory neurodegeneration in AD and age-related macular
degeneration (AMD) (Lukiw et al. 2012). Likewise, disruption of miR34a and miR-132
has been linked with AD and other NDDs. For instance, AP mediated suppression of
miR-34a resulted in unscheduled cell cycle re-entry and apoptosis via MEK-ERK
pathway mediated degradation of tumor suppressor TAp73 in AD mouse model.
Interestingly, numerous studies are evident for the over-expression of miRNAS in
temporal cortex and hippocampus region of AD patients signifying that erroneous
miRNA regulation is involved in the etiology of various NDDs (Modi et al. 2015).
Recently, altered miRNA expression has been observed in inclusion body myositis,
polymyositis and other muscular dystrophies that are involved with myoblast
differentiation and muscular regeneration (Luo and Mastaglia 2015). However, few
studies reported the role of microRNA in the cell cycle re-entry, but micro RNA research
is still at preliminary stage.

1.7.5 Brain derived Neurotrophic Factor

Brain derived Neurotrophic Factor (BDNF) is a member of neurotrophin family of
growth factors that plays a crucial role in neuronal cell survival, growth and
differentiation. It protects neurons against glutamate and oxidative stress, i.e. NMDA or
H,O, mediated toxicity, might be through inhibiting Ras-MAPK pathway. However,
altered BDNF has been implicated in the cell cycle re-entry mediated pathogenesis of
neuromuscular disorders during oxidative or excite toxic stress responses (Boutahar et al.
2010). For instance, BDNF downregulatedcyclin B and Cdk1 levels (generally localized

in NFTs in AD) in differentiating tetraploid neurons in the retina through TrkB
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neurotrophic receptor-mediated activity and thereby halted the cell cycle at G2/M
checkpoint. The inability of this complex to translocate into the nucleus likely played a
role in blocking G2/M transition (Ovejero-Benito and Frade 2013) and abnormal tau
phosphorylation, thereby contributing in the pathogenesis of AD (Boutahar et al. 2010).
Additionally, BDNF found to trigger inhibition of Cdk1 activity through phosphorylation
of the site Tyrl5, thereby halting G2/M transition in tetraploid neurons (Ovejero-Benito
and Frade 2013). Another study identified that nerve growth factor (NGF) induces cell
cycle re-entry through a novel, Cdk4/6-independent pathway, i.e. p38/MAPK-Dependent
E2F4 Phosphorylation mediated neurodegeneration (Morillo et al. 2012). The
neurotrophin system also exhibits a role in myogenesis and regeneration in skeletal
muscle biology. Moreover, differential study of BDNF receptors identified p75
neurotrophin receptor (p75NTR) to be predominantly expressed in human myocytes
(Colombo et al. 2013). Presently, BDNF deprivation was well implicated in the cell cycle

re-entry mediated pathogenesis in neurons, but its investigation in muscles is still desired.
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Fig.1.2. Triggering factors associated with the forceful cell cycle re-entries. Hypoxia
and oxidative stress are two critical factors responsible for triggering CCR. Hypoxic
exposure increases HIF-la that causes up-regulation of growth factors and
subsequent reduction of p27 expression. Reduced p27 expression and increased HIF-
la transactivation induce cyclin/Cdk complex thereby activating cell cycle
progression. Further, ROS mediated oxidative stress could lead to aberrant CCR viz.
several different pathways. First, ROS accumulation can result in cumulative DNA
damage and consequent alteration in new DNA synthesis/replication, chromatin
remodeling and transcriptional activation, signaling cascade activation and
subsequent activation of cell cycle markers and thus CCR. Further, redox signaling
activates pro-inflammatory cytokines (IL-1, IL-6, TNF-a) that triggers NF-xp
mediated arachidonic acid pathway metabolism and consequent CCR. In addition,
ROS triggers Ap mediated Tau phosphorylation and consequent dysfunction of
ubiquitin-proteasome system and activation of mitogenic signaling pathways that
also induce cell cycle progression. Hifla-Hypoxia-inducible factor 1l-alpha; Hiflp-
Hypoxia-inducible factor 1-beta; CDK-Cyclin dependent Kinase; ROS-Reactive oxygen
species; JNK- c-Jun N-terminal kinase; JAK/STAT-Janus kinase/signal transducers
and activators of transcription; PI3K-Phosphoinositide 3-kinase; FOXO-Forkhead
box protein; PL-Phospholipid; pRb- Phosphorylated retinoblastoma; IL-Interleukin;

TNFa-Tumor necrosis factor-a; EETs-Epoxyeicosatrienoic acids; Cox-Cyclooxygenase
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1.8 Altered signaling cascades in aberrant cell cycle re-entry induced
neuromuscular degeneration

Although there are several risks, factors identified to be involved in aberrant CCR but the
demonstration of consequent alteration of signaling cascade is still at preliminary stage.
However, a growing body of evidences have highlighted the involvement of multiple
signaling pathways such as Notch, Wnt/B-catenin, Akt/GSK3p, P38/MAPK and dyotic
signaling in the biology of cell cycle re-entry. For instance, treatment with kainic acid is
reported to activate notch signaling that augmented the aberrant CCR via activation of
CyclinD1-Rb-E2F1 axis (Fig. 1.3). Moreover, this abundance of cyclin D1 expression
was accomplished by Akt/GSK3p pathway in AD (Marathe et al. 2015). Similarly,
elevated levels of B-catenin through wnt/B-catenin signaling in PS1 FAD brain has been
found to accelerate CCR simply by upregulating cyclin D1 transcription (Currais et al.
2009). Further, elevated cyclin D1 contributes towards the apoptotic response mediated
neuronal cell death. Additionally, disturbed Cdk5 associated neurotrophic signals have
also been reported to cause neuronal dysfunction. For instance, Cdk5 mediates
phosphorylation of Apel, MEF2D and GSk-3f and contribute in the pathophysiology of
neuromuscular disorders (Zhu et al. 2011). Apel plays a crucial role in DNA repair
mechanism while MEF2D, a pro-survival transcription factor assists in memory
development (Kelley et al. 2012). Moreover, Cdk5 also inhibits protein phosphatase-1
(PP1) and promotes p38/MAPK activity, which in turn leads to tau hyperphosphorylation
and consequent microtubule dissociation (Porowska et al. 2014). Further, Cdk5 also
involved with Parkin phosphorylation and glutamate or dopamine mediated neurotoxicity
in PD and HD respectively (Paoletti et al. 2008). Likewise, Cdk5 is also responsible for
altering Drpl activity thereby increasing mitochondrial fission in HD. Besides, it is also

reported to induce tau hyperphosphorylation and consequent increased Perikaryal
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inclusions of neuro-filaments (NF) in the SOD1 ALS mice model (Liu et al. 2011).
Furthermore, the increased expression of procaspase-3 and cleaved caspase-3 and 9 i.e.
apoptotic signaling is observed in IBM/PM sample to be associated with AP
accumulation. Since, accumulated AP in IBM/PM has evidenced to downregulate the Akt
expression and subsequent alteration in G1/S phase transition thereby triggering aberrant
CCR (Kwon et al. 2014). Recently, dyotic signaling has also been identified to be
associated with CCR in post mitotic neuron. Since, this signaling trigger altered ABPP
processing and neuronal hypertrophy in M phase of cell cycle, thus governing aberrant
CCR in AD (Currais et al. 2009). Moreover, recent studies are going on to identify the
cell cycle marker’s associated signaling disturbances in post mitotic neurons and muscles
to demonstrate the pathophysiology behind the cell cycle re-entry mediated
neuromuscular degeneration. Such altered signaling associated with cell cycle markers in

different neuromuscular disorders have been summarized in Table 1.
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Fig.1.3. Disturbed signaling cascades associated with an aberrant cell cycle re-entry

in neuromuscular degeneration. Multiple signaling pathways including Notch,

Wnt/B-catenin, Akt/ GSK3p, P38/MAPK and dyotic signaling get affected in
response to neurotophic signals, ROS production and neurotoxins attack and
contribute towards the pathogenesis of neuromuscular disorders. ROS induced
dyotic signaling alters ABPP processing and neuronal hypertrophy in M phase of
cell cycle in post-mitotic neurons. Neurotrophic signals mediated Cdk5 activation
triggers neuronal dysfunction via phosphorylating Apel, MEF2D and GSK-3p that
govern the onset of NMDs. Further, Cdk5 also inhibits protein phosphatase-1 (PP1)

and promotes P38/MAPK activity, which in turn leads to tau
hyperphosphorylation and consequent microtubule dissociation. In addition, it
also directs Parkin's phosphorylation and glutamate or dopamine mediated
neurotoxicity in PD and HD respectively. Similarly, altered Drpl activity is also
mediated via Cdk5 activity that augments mitochondrial fission in HD.

Importantly, in case of ALS, mutant SOD1 impairs Cdk5 activity and subsequently
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causes tau hyper phosphorylation mediated Perikaryal neurofilaments (NF)
accumulation. Further, neurotoxins induced Notch signaling causes aberrant CCR
via activation of CyclinD1-Rb-E2F1 axis in AD. Similarly, increased levels of B-catenin
viz. wnt/B- catenin pathway accelerate CCR via upregulating cyclin D1
transcription in PS1 FAD brain. Additionally, Ap mediated increased expression of
Akt expression and
ie. CCR. Furthermore, EGFR

mediated MK2 activation inhibits Cdc25B, which in turn promote Cdc2 and Cyclin

procaspase-3 and cleaved caspase-3 downregulates

subsequent alteration in G1/S phase transition
B complex and cause neuronal dysfunction. ROS-Reactive oxygen species; Cdk5-
Cyclin dependent kinase 5; GSK3p-Glycogen synthase kinase 3p; CREB-cAMP
responsive element binding protein; PPl-Protein phosphatases 1; MEF2D-Pro-
survival transcription factor; Apel-Human AP - endonuclease 1; MK2-MAPK-

activated protein kinase-2; NF-Neurofilaments; EGFR-Epidermal growth factor

receptor; PS1-Presenilin 1

Principle Signaling Check Cyclins Cdk/Cdc/Cdki/TFs References
phenotype cascades points expression involved
MEK-ERK
GOto G1 .
MAP Cyclin D1 . (Bonda DJ et al.
pathway/p38 andhells and Cyclin E1 Cdk4 and Ki67 (MKI67) 2010)
MAPK phase
Notch signaling GO0 to G1
and AKUGSK3B | andG1/S | CyclinD1 Cdlaicakband Ro- | (Marathe S etal.
015)
pathway phase
B-catenin/TCF
transcription . Cdk4/Cdk6 and Rb- (Currais A et al.
AD complex (wnt | GL/Sphase | Cyclin D1 E2F1 2009)
signaling)
Cdk1, Cdk2, (Arendt T et
Cdk4/Cdk6, Cdk5, al.1998 ;Zhou X
. Cdk7, Cdk11, p15, p16, et al.2010 ;Nagy
traisli/tfon gii::ﬂ 2’ p18, pl9, p21,p27, | Zetal. 2007 ;Zhu
Not defined and G2IM | cyclin D1 a;nd pRb/p107, Ki67, mpm- Xet al.20_04
phase Cyclin E 2, E2F-1, PCNA, :Jordan-Sciutto
MORF4-related KL et al.2002
transcription factor and ;Zhu X et al.
p53 2000,)
. GltoS Cyclin D and (Jordan-Sciutto
Not defined phase Cyclin E Cdk2, Cdk4, Rb-E2F1 KL 2003)
(Venderova K et
Cdk5, Cdk6/pRb, p21, al.2012; Levy OA
PD MEI\'/TAEPRK GO/G1 p25 and p35/p39, et al.2009 ;
pathway/p38 phase Cyclin D3 Prosurvival transcription Alquézar C et
MAPK factor MEF2D, E2F-1 al.2015;
and p53 Futatsugi A et al.
2012)
(Pelegri C et
G0/G1 Cyclin A2 aI.29Q8;
HD Not defined phase and (CCNAZ), Cdk2, Cdk4, Cdk5 and Cherubini M et
G1/S phase Cyclin D1 p25, E2F-1 al.2015 ;Chen J et
and Cyclin E al. 2010 ;Das E et
al. 2013)
ALS Apoptotic GltoS Cyclin D1 Cdk4, Cdk5, Cdk6, p25, | (Ranganathan S et
signaling phase and Cyclin F | p35/p39 and pRb/p107, al. 2003)
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E2F-1

IBM/PM

Apoptotic
signaling and
Akt signaling

G1/S phase

Cyclins E and
Cyclin D1

Cdk2, Cdk4, Cdke, Ki-
67, PCNA and p21

(Kwon et al.
2014)

Table 1: Consequences of altered cell signaling in the post mitotic cell division

1.9 Parkinson’s disease: pathological and clinical manifestations

Parkinson’s disease is the second most common of all the neurodegenerative disorders
(NDD) affecting nearly 1% of population above the age of 65 years. It is a slowly
progressive disease represented by two forms; familial and sporadic PD. PD was first
described by a British physician James Parkinson in 1817 who described the major
symptoms of the disease and called it ‘shaking palsy’ in his paper. There are
approximately 7 million PD patients worldwide with the highest prevalence in USA
followed by Europe. In India, the incidence of PD is relatively low with 70 people out of
one lakh. However, the Parsi community in Mumbai has the highest prevalence of PD in

the world with 328 per lakh being affected. This observation adds weight to the rationale

of studying PD in Indian scenario.

The clinical manifestations of PD are resting tremor, bradykinesia, postural instability
and rigor accompanied by impaired cognition (Ebrahimi-Fakhari et al. 2011). Further,
secondary symptoms are also present which include freezing or involuntary shaking
of gait, involuntary contraction of muscles or dystonia, and progressive constriction
in handwriting or micrographia which is attributed to bradykinesia. In addition,
various non-motor symptoms are also associated with PD namely, stammering,
cognitive decline, difficulty in swallowing, sleep disturbances, hypertension,
restlessness, cramps and the typical expression-less face of PD patient.

The chief pathogenesis of PD includes loss of a subset of neurons containing the
neurotransmitter dopamine in the substantia nigra (SN) pars compacta (SNPc) region of

midbrain. Dopamine is a chemical messenger in the brain which relays signals between
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substantia nigra and corpus striatum to effect smooth movements. As a result of loss in
Dopamine activity, aberrant nerve firing patterns are triggered which in turn, produces
altered movements in PD. The dopaminergic neuronal loss is manifested as a result of
a-synuclein (SNCA) positive cytoplasmic inclusions called the Lewy bodies (LB)
mostly in the SNPc and cortex region (Hassler 1938; Ehringer and Hornykiewicz
1960). The SNCA is a member of the synuclein family of proteins which are
abundantly expressed in the brain. It is a 14.46 kDa protein having 140 amino acids
and mostly located in the tips of neurons in pre-synaptic terminals in SN,
hippocampus, neocortex, thalamus and cerebellum, though, smaller amounts are also
present in heart, muscles and other tissues (Xia et al. 2001; McLean et al. 2000). It is
predominantly localized in the nucleus of neurons, also in neuronal mitochondria
in striatum, olfactory bulb, hippocampus and thalamus. In its native form, it is
unfolded and soluble; present both, in free as well as bound form. It is bound to the
phospholipid membrane in a-helix form and upon receiving various stimuli such as
phosphorylation by polo like kinase 2, truncation by calpain and on nitration,
dissociates from the membrane and attains a monomer form. Further, the monomer
form assumes B-sheet like oligomeric conformation which is then changed to
insoluble fibrils and finally, LBs are formed with the addition of ubiquitin
characteristic of PD pathology (Kim et al. 2007; Spillantini et al. 1997). The Lewy
bodies named after their discoverer; Frederic Lewy in 1912, are spherical entities
with a dense core surrounded by a halo of fibrils projecting outwards. Occasionally,
LBs are also associated with tau protein in addition to ubiquitin in PD (Arima et al.
1999).

The deposition of pathological proteins or LBs creates a physiological burden on cell
that triggers multiple signaling cascades including mitogen- activated protein kinase
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(MAPK), c-Jun N-Terminal Kinases (JNK), Phosphatidylinositol 3- kinase/serine
threonine kinase Akt/Glycogen synthase kinase 3 (PI3K/Akt/GSK3p), Notch and
apoptotic signaling pathways.

1.10. Diagnosis

There are no direct tests available for the diagnosis of PD. The various neuro-imaging
techniques such as MRI, PET scan and single photo emission computed tomography are
employed mainly, to rule out other neurological diseases. Thus, the diagnosis of PD is
mainly done by a neuro-surgeon based on a comprehensive neurological examination and
presentation of clinical symptoms of the disease. The patient is assessed on various
neurological parameters such as mental ability test, movement test, self-awareness test,
sensation to pain, touch, light, temperature and knee jerk test. Further, genetic testing for
various PD-associated genes such as SNCA and LRRK2, mostly prevalent in familial PD
form in Europe, followed by testing for other PD genes like PINK1, DJ1 and parkin may
be carried out to aid in PD diagnosis.

1.11 Stages of Parkinson’s disease

Clinically, Parkinson’s disease is divided into five stages based on the Hoehn and Yahn
scale. The Stage | is the mildest form of PD with unilateral manifestations in the body.
For instance, some rigidity or tremor may be seen which are usually overlooked in
clinical examination owing to age-related similarity. Stage Il is marked by bilateral
abnormalities related to muscles of trunk, posture and speech, however, balance is not
appreciably affected at this stage. In Stage Il1, imbalance of the body becomes prominent,
reflexes are impaired and bradykinesia affects daily activities. Though, the patient is still
able to maintain an independent lifestyle. The Stage IV of PD is characterised by severe
motor impairment leading to disability, as a result of which the patient is unable to

perform simple day-to-day tasks like eating, dressing and thus, personal assistance is
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required. Stage V is the most advanced form and associated with aggressive symptoms.

The patient is now supported by wheel chair or confined to bed and is very prone to falls.

Also, non-motor symptoms become prominent at stage V which includes severe cognitive

decline, psychosis, anxiety, hallucinations, depression and sleep disturbances (NINDS

homepage).

1.12 Factors responsible for Parkinson’s disease

The factors responsible for PD can be divided into two groups (i) Genetic (ii)

Environmental.

1.12.1 Genetic factors
The cause of familial or genetic PD has been attributed to mutations in six
genes namely; a-synuclein also designated as SNCA (PARK1), LRRK2
(PARKS), Parkin (PARK2), PINK1 (PARKS), DJ1 (PARK7) and ATP13A2
(PARKO9).The first two genes represent autosomal dominant mode of
inheritance, while, the latter four are responsible for autosomal recessive
form of PD (Klein and Westenberger 2012). However, taken together,
mutations in these genes comprise about 30% of familial cases of PD and
only 3-5% of sporadic cases.
1.12.2 Environmental factors

The environmental factors contributing to PD are mainly constituted by
chronic exposure to various pesticides such as rotenone and paraquat. In
addition, the herbicides Agent Orange and ziram and organo-chlorines
insecticides have been linked to PD. Moreover, studies have shown that
exposure to certain heavy metals such as mercury (Hsu et al. 2016; Farina et

al. 2013) and manganese (Racette et al. 2017) increased the risk of
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developing PD. Also, head injuries are associated with high propensity of

PD.

1.13 Available Treatments

Currently, there is no available cure for PD and various drugs provide only symptomatic
relief. The course of medications is prescribed based on the stage and symptoms of the
disease. During the initial years, symptomatic treatment in the form of
levodopa/carbidopa is provided which provides relief from motor dysfunction and
rigidity. Levodopa stimulates dopamine synthesis by neuronal cells and addition of
carbidopa prevents peripheral carboxylation of levodopa, thereby, increasing its
availability in the brain (de Lau and Breteler 2006). Dopamine agonists are another line
of treatment in PD. As the name suggests these drugs mimick dopamine activity and thus,
increase effective dopamine levels. Dopamine agonists are effective in improving motor
functions for a longer period and may be used from mid to late stage of the disease. The
examples of dopamine agonists include phencyclidine (PCP), Aripiprazole, Quinpirole
which are partial agonists and full efficacy agonists including apomorphine, ciladopa,
bromocriptine, ropinirole, epicriptine. The next class of drugs employed in PD are MAO-
B inhibitors namely, rasagiline and safinamide. MAO-B inhibitors are known to increase
level of dopamine in basal ganglia by inhibiting its metabolism by MAO-B. In addition,
anticholinergic drugs which modulate acetylcholine activity may be supplemented to
attenuate tremor severity. Finally, in the advanced disease stage where drugs become
ineffective, surgery may be adopted to provide relief in severe motor symptoms through
deep brain stimulation.

1.14 Emerging therapeutics for CCE induced Parkinson’s disease

The ectopic cell cycle re-entry causes abnormal cyclins and CDKs expression and

alters the activity of various CDK inhibitors thereby contributing towards cellular
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imbalances. In order to overcome such dyshomeostasis, numerous therapeutic
strategies are currently being devised that slow down or attenuate the toxicity
associated with the abnormal cell cycle re- entries in various neuromuscular disorders.
One such strategy involves the implication of various CDK-inhibiting compounds for
targeting NMDs. However, these days several compounds/biomolecules that possess
anti-apoptotic, anti-proliferative and antioxidant properties have been shown to target
various abnormally expressed CDKs and cyclins in NMDs. Most of these biological
compounds prevent the neurons and muscles from S phase entry and thereby provide
protection against subsequent NMDs. Furthermore, these compounds have defined a
beginning point for driving forward screening of potential therapeutic agents with
desired pharmacological activity.

Importantly, current studies advocate that aberrant cell cycle re-entry is not a
consequence, but rather a cause of neuromuscular degeneration, depicting the
importance of targeting cell cycle re-entry as a therapeutic window for treating
neuromuscular disorders. Further, the involvement of histone deacetylases inhibitors
such as suberoylanilidehydroxamic acid (SAHA) and sodium butyrate (NaB) and
rapamycin, an inhibitor of mechanistic target of rapamycin (mTOR) has recently
been reported to normalize the proliferation of PD lymphoblasts via preventing the
over-expression of the cyclin D3/Cdk6/pRb signaling cascade. These drugs are
having neuroprotective roles in both human neuroblastoma SH- SY5Y cells and
primary rat mid-brain dopaminergic neuronal cultures toxicity induced by 6-
hydroxydopamine (Alquézar et al. 2015). Furthermore, treatment with quercetin has
been currently reported to act as a disruptor of the B- catenin/TCF transcription

complex and consequently, reduced cyclin D1 levels and reversed the cell cycle/cell
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death phenotype in the PS1 Familial Alzheimer's disease (FAD) brain (Currais et al.
2009).
1.15 Methods to study Parkinson’s disease
There are three methods through which the etiology of PD can be studied. Each of these
can be employed based on their availability and purpose of study. These methods include:
(1) Post-mortem brain sample from PD patients

(i)  Animal models

(iii)  Cell culture model

Owing to the limitations of sample availability of PD patients and scarcity of animals,
the current research scenario has shifted focus on cellular models of PD which are an
excellent source of large drug screening and are easy to maintain.

The present study uses cell culture model to study the toxicity effects of a neurotoxin;
rotenone in SH-SY5Y neuroblastoma cell line. Moreover, the neuroprotective effect of
biomolecules against rotenone induced toxicity has been studied which will be discussed
in Chapter V.

1.16 Aims and Objectives of present study

1.16.1 Aim: To investigate the role of protective bio-molecules in stress induced cell
cycle deregulation in neuro-muscular degeneration
1.16.2 Objectives
To fulfill the aim of the present work, following objectives were outlined:
1. To investigate the role of cyclins in the progression of cell cycle phases in
post-mitotic cells; neurons.
2. To identify the mechanistic approach of ubiquitin E3 ligases and molecular

chaperones in the clearance of non-functional proteins.
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3. To establish therapeutic action of protective bio-molecules in the correction of

aberrant cell cycle entry in neurodegeneration.

1.17 Plan of Work

The present work is divided into different sections to achieve the following objectives

l. Study the repurposing potential of HSP70 inducing compounds using various
in silico tools and techniques

a.

b.

Assessing the drug-likeliness of given compounds

Studying the pharmacokinetic properties and filtering the compounds on
given parameters

Carrying out molecular docking studies of selected ligands with cell cycle
markers to assess their inhibitory potential

Studying the shortlisted candidates for interaction with other markers of
cell cycle — potential of bimoclomol in attenuating cyclin E level

Study the effect of biomolecules in ameliorating toxicity in SH-SY5Y cells
Study the dose-dependent and time-dependent effect of toxin; rotenone on
neuronal cells

Study the effect of rotenone on cell viability

Check the dose-dependent and time-dependent efficacy of biomolecules
against rotenone toxicity

Assess the effect of biomolecules on cell viability

Check the expression of cell cycle markers and protective proteins in

response to rotenone administration and after treatment with biomolecules

The experimental procedures and methods employed in studying the objectives

mentioned above have been discussed in the succeeding chapter.
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CHAPTER |1

EXPERIMENTAL PROCEDURES AND
MATERIALS
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CHAPTER IlI: EXPERIMENTAL PROCEDURES AND
MATERIALS

2.1: Introduction

This chapter describes the tools and techniques used in screening of HSP70 inducing
compounds and in studying their interaction with cell cycle markers. Also, the
experimental procedures employed in sub-culturing SH-SY5Y cell line, administering
rotenone and treating cells with biomolecules has been described. All the experiments
which have been carried out along with the tools and reagents used are discussed in this
chapter.

2.2 In Silico Techniques

2.2.1 Data Mining

Data mining was done with the keywords HSP70 inducing compounds in
neurodegeneration in the NCBI database. Also, extensive literature survey was carried
out. The filter criteria were set to HSP70 inducers in cell cycle and/or neurodegeneration
and accordingly, list of 20 potential compounds was prepared.

2.2.2 Retrieval of ligand-protein structure

The sdf file of compounds was retrieved from the PubChem database
(http://www.pubchem.ncbi.nlm.nih.gov/). The pubChem database stores physio-chemical
and biological information of compounds from three different databases. The pdb file of
proteins was retrieved from protein data bank (http://www.rcsb.org/pdb/home/home.do).
2.2.3 Drug-likeliness Analysis

The drug likeness of ligands was tested through Lipinski filter analysis which is used to
test compounds for drug ability. The Lipinski’s rule of five are: (a) molecular mass <500
Dalton, (b) log P < 5, (c) hydrogen bond donors < 5, (d) hydrogen bond acceptors < 10

and (e) Molar refractivity between 40 -130 (Lipinski et al. 2001). Additionally, two other
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parameters; Ghose filter and Veber rules were employed for drug-likeness screening
(www.swissadme.ch/index.php). The qualifying parameters of Ghose filter are (a)
molecular weight 160-480 (b) number of atoms 20-70 (c) molar refractivity 40-130 (d)
molar refractivity -0.4-5.6 (e) polar surface area <140 (Ghose et al. 1999). The Veber
rules are (a) rotatable bond count <=10 and (b) polar surface area <=140 (Veber et al.
2002).

2.2.4 ADMET Analysis

The toxicity profiling of compounds was carried out through the online tool Swiss
ADME (www.swissadme.ch/index.php). The Swiss ADME tool assessed the ligand on
various parameters such as lipophilicity (logP), hydrophilic nature (logS) and BBB
permeability.

2.2.5 Pharmacophore based target prediction

Pharmacophore is a spatial arrangement of steric and electronic properties of a compound
responsible for its biological response against a particular target. Pharmacophore based
target prediction of ligands was done with web server PharmMapper
(http://59.78.96.61/pharmmapper/index.php) (Liu et al. 2010).

2.2.6 Protein Homology modelling and Structural validation

The Brookhaven Protein Data Bank (PDB) was searched for suitable templates of cyclin
D1 and cyclin C for homology modeling using the BLASTP search with default
parameters. Accordingly, PDB ID 2W96.A and 3RGF for cyclin D1 and cyclin C
respectively were selected. The homology modeling of given templates was performed
using the Swiss Model server (http://swissmodel.expasy.org/) (Soils and Wets 1981). The
3D model so generated was tested for structural and stereo-chemical evaluation using the

online server RAMPAGE (http://www.mordred.bioc.cam.ac.uk/~rapper/rampage.php)

(Xia et al. 2015). The RAMPAGE tool allowed for residue by residue analysis of cyclin
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D1 and cyclin C geometry. Finally, the structural validation and accuracy of the models

was checked with Errat (http://nihserver.mbi.ucla.edu/ERRATV2/).

2.2.7 Prediction of physio-chemical properties

The physio-chemical properties of cyclin D1 and cyclin C were predicted using the web
based server ProtParam (http://web.expasy.org/protparam/) by using the Uniprot
IDP24385 and P24863 respectively.

2.2.8 Active site prediction

The active sites of cyclins C, D1 and E were predicted using the Pock Drug tool
(http://pockdrug.rpbs.univ-paris-diderot.fr/cgi-bin/index.py?page=home) (Hussein et al.
2015). The PDB structures of cyclins were uploaded and active sites were predicted using
fpocket estimation and setting ligand proximity threshold at 5.5.

2.2.9 Preparation of protein and ligand for docking

The proteins and ligands were prepared for docking using the online Docking Server
(http://www.dockingserver.com/web) (Bikadi and Hazai 2009). The protein was cleaned
and respective chain was selected for docking. The protein and ligand charge was
calculated using Gasteiger method and default solvation parameters were set. The ligand
geometry was optimized using MMFF94 method. Further, all non-polar H, atoms were
merged, rotatable bonds defined and pH set to 7.0.

2.2.10 Molecular Docking

The optimized proteins and ligands were used for molecular docking studies using the
online Docking Server (http://www.dockingserver.com/web). The Autodock tool was
used for adding Kollman united atom type charges, essential H, atoms and solvation
parameters. Affinity grid maps were generated with 0.375 A spacing (Morris and
Goodsell 1998). Further, the van der Waals and electrostatic interactions were calculated

using Autodock parameter set and distance-dependent dielectric functions respectively.
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Furthermore, the Lamarckian genetic algorithm and Soils and Wets local search method
was used for docking simulations (Soils and Wets 1981). During docking, all rotatable
torsions were dropped. Every docking study was arrived after ten different runs with a cut
off energy estimation of 250000. Finally, translational step with 0.2 A, torsion and
quaternion steps of 5 were used with a population size of 150.
3. Cell Culture
3.1 SH-SY5Y Cell line
The SH-SY5Y is a triple cloned cell line of the parent cell line SK-N-SH. It is of human
origin and was sub cloned from a four year old female patient suffering from
neuroblastoma (Biedler et al. 1978). The cell line is adrenergic and has also been shown
to possess moderate levels of dopamine beta hydroxylase activity (Ross and Biedler
1985) and thus has served as an excellent in vitro model to study PD associated
phenomenon.
3.2 Revival of SH-SY5Y Cell lines
The neuroblastoma cell line SH-SYS5Y with an early passage of P4 were grown in
Dulbecco’s Modified Eagle’s Medium/F12 (1:1) growth medium (Gibco; Thermo Fisher
Scientific, USA) containing L-Glutamate, 10% heat-inactivated fetal bovine serum, 1ImM
sodium pyruvate (1:100 dilution) (Sigma-Aldrich; USA), 1X non-essential amino acids
(1:100 dilution) (Sigma-Aldrich; USA), sodium bicarbonate (1:50 dilution) (Sigma-
Aldrich; USA) and penicillin-streptomycin (Sigma-Aldrich; USA) in T-25 flasks which
were pre-coated in a humidified CO, incubator with 5% CO, and 95% air at 37°C. The
neuroblasts were regularly monitored under microscope for their morphology, growth
and confluency.

3.3 Subculturing
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The growth medium was changed after two days when neuroblasts reached a confluent
stage. Thereafter, cells were regularly monitored for growth and confluency and were
prepared for subculturing when they were 60-80% confluent. The growth media was
completely removed and cells were washed with 1X dPBS. Next, the cells were
incubated with 2 ml Trypsin-EDTA solution (0.05%; Gibco; Thermo Fisher Scientific,
USA) for 2 minutes in the CO, incubator at 37°C. The trypsin reaction was stopped by
adding growth medium and triturating cells with pipette. Further, the contents of flask
were transferred in a 15 ml conical tube and centrifuged at 1000 rpm for 2 minutes. The
pellet obtained at the bottom was delicately handled and supernatant removed carefully.
The pellet was dissolved in residual medium. Furthermore, cell density was calculated by
using 10uL of this solution mixed with 10uL trypan blue solution (0.4%; Sigma-Aldrich;
USA) and counting viable cells in 4 different squares of the hemocytometer. Finally,
based on calculated cell density, cells were seeded in new T-25 flasks containing fresh
medium and incubated in humidified CO, incubator with 5% CO, and 95% air at 37°C
till they reached 60-80% confluency and were used for further experimentation.

3.4 ROTENONE

The present study uses Rotenone (Sigma-Aldrich; USA) to mimic PD in the SH-
SY5Y neuroblastoma cell lines. Rotenone is a pesticide, a broad spectrum insecticide
and piscicide which has been linked to the sporadic form of PD (Tanner et al. 2011). It
is highly lipophilic, can cross the blood brain barrier and can directly enter cells without
the aid of transporters. It impairs mitochondrial respiration by blocking complex |
activity and thus augmenting ROS generation. Further, it has also been involved in
impairing proteasomal dynamics in the etiology of PD (Cicchetti et al. 2009).

3.5 Rotenone exposure
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The cells were subcultured in 24 well plates as described above and labelled each well.
Next, stock solutions of rotenone (100% purity) in DMSO (0.5 mg/ml; Sigma-Aldrich;
USA) were prepared for ImM and 1uM concentration respectively. The final
concentration of DMSO wherever used in present study was always less than 0.1% to
rule out any toxicity linked to DMSO. Rotenone treatment was given to cells with each
well containing different concentration in an increasing order ranging from 150nM, 300
nM, 900 nM, 10 uM, 20 uM, 40 uM and 80 uM. The cells were incubated at 37°%Cina
CO; incubator with 5% CO;, and 95% air. Next, the cells were observed and
photographed under microscope for changes in morphology and confluency at regular
intervals of 6 hours, 24 hours and 48 hours and compared with control and sham. The
experiment was done to determine dose-dependent and time-dependent effect of rotenone
on SH-SY5Y cells and was carried out in triplicates.

3.6 Biomolecules treatment

After determining the LDgy concentration of rotenone and the time of incubation
required, biomolecules were applied in an increasing dose concentration to control and
rotenone treated cells. A stock solution of 1mM sesamol (Sigma-Aldrich; USA) was
prepared in DMSO. Similarly, Quercetin (Sigma-Aldrich; USA) was prepared in a stock
solution of 1ImM in 0.1% DMSO. Sesamol was applied at final concentration of 25uM,
50uM, 75uM, 100uM and 200uM. Further, Quercetin was applied at final concentration
of 10uM, 20uM, 50uM, 75uM, and 100pM. The cells were incubated at 37°C in a CO;
incubator with 5% CO, and 95% air. Further, the cells were observed and photographed
under microscope for changes in morphology and confluency at regular intervals of 6
hours, 24 hours and 48 hours and compared with control and sham. The triplicate

experimental observations were used to determine the dose-dependent and time-
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dependent effect of Sesamol and Quercetin in rotenone induced toxicity in SH-SY5Y
cells.

4. Cell viability Assays

4.1 Trypan blue exclusion test

The SH-SY5Y cells were seeded at a density of 2.0 x10° cells/well in 24 well plates and
incubated overnight at 37°C in a CO, incubator with 5% CO, and 95% air. Rotenone
treatment (20uM) was next given to cells for 24 hours. The biomolecules Sesamol (50
uM) and Quercetin (20 uM) were then added to rotenone treated cells and incubated for
24 hours. Viable cells were counted after rotenone administration and post-biomolecules
treatment according to the given protocol. The cell suspension (10uL) and 10pL of trypan
blue solution (0.4%; Sigma-Aldrich; USA) was mixed and loaded on the chamber
underneath glass cover slip on the hemocytometer. The solution was taken up by
capillary action and a clean cover slip was carefully placed. The live cells were counted
as unstained and dead as blue stained cells in four different squares of hemocytometer
using a cell counter under the inverted microscope. Finally, cell viability for each ml was
calculated by using the formula: % Cell viability= (number of live cells/total number of
cells) x100. Similarly, cell viability was determined for each concentration of rotenone
and biomolecules at defined time periods in the triplicate experimental sets.

4.2 MTT Assay

Cell viability was quantitatively determined using the MTT (3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyl-tetrazolium bromide (HiMedia, India) colorimetric assay which
determines the mitochondrial activity of viable cells. SH-SY5Y cells were seeded at the
final density of 2x10° cells/ml in 96 well plates and incubated overnight at 37°C in a CO,
incubator with 5% CO; and 95% air. Rotenone treatment (20uM) was next given to cells

for 24 hours. The biomolecules Sesamol (50 uM) and Quercetin (20 uM) were then
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added to rotenone treated cells and incubated for 24 hours. MTT assay was done after
rotenone administration and post-biomolecules treatment according to the protocol
described. Each well was incubated with MTT (0.5mg/ml) reagent for 3 hours in a
humidified chamber with 5% CO, and 95% air. Next, the yellow coloured formazan
crystals were dissolved in dimethyl sulfoxide and absorbance measured at 595nm using a
microplate reader. The cell viability was determined as a percentage of control.

5. SDS-PAGE and Western Blotting

The SH-SY5Y cells were lysed using the lysis buffer (50mM Tris-HCI, pH 7.4, 150 mM
NaCl, 100 pg/ml PMSF, 0.02% NaN,, 1 pg/ml aprotinin, 1% Triton X-100) containing
the protease inhibitor cocktail (Sigma-Aldrich; USA) for 30 minutes on ice and
centrifuged at 12,000g at 4°C for 30 minutes as described previously (Zhang and Zhao
2003). The protein content was determined by Dot-blot method. Next, each protein
sample (50 pg) in Lamelli buffer was heated for 10 minutes at 95°C, separated on 10%
SDS-PAGE gel and finally, electro-blotted (BioRad; USA) onto a PVDF membrane.
Next, the membrane was blocked using buffer (5% BSA in 1M PBS, pH 7.4 and 0.1%
Tween 20) for 1 hour and incubated with mouse monoclonal primary antibody (1:1000;
Santa Cruz; USA) at 4°C overnight. After PBST washing, the membrane was hybridized
with mouse monoclonal HRP-conjugated secondary antibody (1:1000; Santa Cruz; USA)
for 1 hour at room temperature. Finally, the Enhanced Chemiluminescence (ECL1 and
ECL2) solutions (Sigma-Aldrich; USA) were applied on the membrane, developed and
fixed on an X-ray film (Thermo Fisher Scientific; USA) and autoradiography signals

detected.
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6. Statistical Analysis

All the data are expressed as mean + SEM. The statistical measurement was done using
one way ANOVA followed by Tukey’s multiple comparison test. The statistical
significant values were considered for p<0.05.

Based on the in silico tools and techniques detailed in this chapter, we have carried out
drug screening of HSP70 inducing compounds to evaluate their repurposing potential in

ameliorating CCE led neurodegeneration in the succeeding chapter.
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REPURPOSING HSP70 INDUCING
COMPOUNDS TO TARGET
ABERRANT CELL CYCLE IN NDDs
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CHAPTER I11: REPURPOSING HSP70 INDUCING
COMPOUNDS TO TARGET ABERRANT
CELL CYCLE IN NDDs

Introduction

This chapter discusses the repurposing potential of HSP70 inducing compounds in

targeting ectopic cell cycle related neurodegeneration. Various compounds have been

evaluated on drug-likeness and other pharmacokinetic parameters and shortlisted

candidates which qualify all the filters are used further in the present study.

3.1 Background

Toxic protein burden has been identified as the common underlying molecular switch to

neurodegeneration in several NDD. Despite the knowledge of factors responsible for the

onset and progression of these NDD, the quest for new players has been on-going for the

simple reason that the known players do not add up to all the outcomes of

neurodegeneration.

The ectopic re-entry of cell cycle in post-mitotic cells such as neurons and muscles has been
recently identified as a culprit in NMD. Normally, the cell cycle remains suppressed for
lifetime and these cells never divide. However, re-expression of cell cycle markers such as
cyclin C, cyclin D, cyclin E along with other markers of active cell cycle has been observed
in the AD, PD, ALS, PM and IBM. Moreover, the occurrence of cell cycle proteins during
early stages of NDD and their co-existence with pathological proteins has placed fresh
impetus on cell cycle re-entry (CCE) as a ‘causal’ phenomenon in NDD (Sharma et al.
2017). Once triggered, the cell cycle ensured DNA synthesis in S phase followed by severe
neuronal death and neurodegeneration in various NDD (Herrup 2010). Therefore, the major
thrust of present study is to evaluate the role of biomolecules in ameliorating CCE mediated
neuronal apoptosis in NDD.

Flavonoids are a class of plant based phenolic compounds with high content in oranges,

grapes, lemons, red wine and green tea. The signature properties of flavonoids include
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antioxidant, anti-inflammatory, anti-allergic, antiviral, antibacterial, anticancer, anti-
hypertensive, insulin-sensitizing and anti-ischemic (Prochézkova et al. 2011). Moreover,
flavonoids are well tolerated in human body and display enhanced bioavailability and
negligible toxicity in comparison to their synthetic counter-parts. Furthermore, they have
been shown to improve upon disease symptoms by modulating various signal transduction
pathways in NDD.

HSPs are molecular chaperones expressed constitutively in the nervous system which are
involved in decreasing neurotoxicity and enhancing neuronal cell survival in various NDD
(Muchowsk and Walker 2005; Magrane et al. 2004). HSP 70 has been shown to associate
with p53and arrest the cell cycle at G1/S. Further, the activity of cell cycle inhibitor p27
was modulated by HSP70 (Liu et al. 2010). Furthermore, the G1/S transition markers cyclin
D1 and E were reported to associate with elevated level of HSP70 in IBM and PM thereby
speculating their strong co-relation (Kwon et al. 2014). Mounting evidence has outlined
HSP70 induction as the major route in mediating pro-survival action of most drugs and
biomolecules in PD and other NDD (Bao et al. 2017; Deane and Brown 2016). Moreover,
we previously outlined Arimoclomol to be a promising neuroprotectant through
HSP70induction in cell cycle driven neurodegeneration (Sharma et al. 2017; Kalmar et al.
2008) (Table 3.1). Therefore, it is pertinent to understand that HSP70 inducing compounds

could be a new line of neurotherapeutics in CCE mediated neurodegeneration.

S.No. Compounds Involveq Involved mechanisms Diseases References
check points
Well-known purine
analogue, responsible for
G1 and suppressing the activation
1 Roscovitine G2/M phases of both _Cdk2 f’mq _Cdk5. AD, PD (Wu Jetal.
of cell cycle Further, it also inhibits the | and ALS 2011)
activity of ERK1 and
ERK2 signaling cascade
at its higher concentration
Well-known purine
analogue which modulates
G1 and the activity of Cdk2 and
2 Olomoucine G2/M phases | Cdk5 by competitively Q}%:LDS (nglli; al.
of cell cycle | binding the ATP-binding
site. Moreover, neuronal
cell death induced by p27
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reduction is also inhibited
by olomoucine
administration

Resveratrol
(RSV)

Go/Gl phase
of cell cycle

It potentiates SIRT1
activity and induces an
indirect inhibition of p53
that further inhibit the
GSK3B and p53
interaction. Since, GSK3j
overactivity leads to
increased levels of
plaques and tangles and
p53 activity induces tau
phosphorylation.  Further,
RSV also protects
neuronal cells by toxic
effects of mHtt,
potentiating SIRT1 activity
and inducing an indirect
inhibition of p53

AD and
HD

(Tellone E et
al. 2015)

Ibuprofen

S phase of
cell cycle

Non-steroidal anti-
inflammatory drug
Ibuprofen has been shown
to abrogate the cell cycle
arrest at S phase

AD and
PD

(Varvel NH

et al. 2009,

Elsisi NS et
al. 2005)

Naproxen

GO0/G1 phase
of cell cycle

It blocks alterations in
brain microglia as well as
neuronal cell cycle events
(CCEs) in the absence of
detectable alterations in
ABPP processing and AR
metabolism

AD

(Varvel NH
et al. 2009)

Apigenin

G2/M phase
of cell cycle

It induces cell cycle arrest
preferentially in the G2/M
phase

AD and
PD

(Elsisi NS et
al. 2005)

Epigallocatechin-
gallate (EGCG)

GO0-G1 phase
of cell cycle

It is a natural product that
has been shown to
abrogate the cell cycle at
the GO to G1 phase in
various tissues and is
known as a cell cycle
inhibitor

AD

(Bonda DJ et
al. 2010)

Tamoxifen

GO0-G1 phase
of cell cycle

It is a well-tolerated anti-
proliferative cancer drug
that has been reported to
abrogate the cell cycle
progression from GO to G1
in various tissues

AD

(Bonda DJ et
al. 2010)

Butyrolactone |

G1-S phase
of cell cycle

A Cdk5 inhibitor, provides
protection against AR
toxicity  in SEK1-AL-
expressing cells,
advocating that Cdk5 and
JNK activation
independently contributed
to this toxicity

AD

(LiuT etal.
2004)
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It upregulates the HSP70
expression therefore it
might be used as a
potential molecule to treat
IBM. Since, the interaction
. ' between HSP70 and (Ahmed M et
10 Arimoclomol Not defined cyclins E/D1 has crucial IBM al. 2016)
importance during cell
cycle progression in the
inflammatory myopathies,
probably controlling cyclin
maturation or degradation

Table 3.1: Different drugs and biomolecules to attenuate the cell cycle progression

We carried out comprehensive data mining on HSP70 inducers in NDD and carried out the
study with twenty compounds. Various virtual screening methods such as, Lipinski filter,
Ghose and Veber parameters, pharmacophore generation and ADME analysis were applied
to screen drug-like compounds. Further, Homology modelling, 3D structure validation and
Ramachandran plots of proteins were performed to establish model accuracy. Finally,
ligand-protein interactions were studied with the targets of interests; GO/G1 phase markers
i.e. cyclin C and cyclin D1 through molecular docking studies. Our results have outlined
strong potential of three HSP70 inducing compounds namely Indomethacin, Bimoclomol
and Sesamol in attenuating levels of cyclin D1 and cyclin C. These observations may have
promising implications in targeting CCE mediated neurodegeneration in AD, PD and HD.
3.2 Selection of ligands

The compounds along with their structure, physical properties and signalling cascade

modulated in NDD and neuro-oncology have been summarised in Table 3.2.

Molecular Molecular Modulated signalling
S.No.| Compound Structure weight in NDD/Neuro-  [References
formula
(g/mol) oncology
L]

po (Benn and

. | Augmented HSP70 Brown

Bimoclomol . i 297.783 |C14H20CIN3O2 level in ALS 2004)

I
Ll
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Induced HSP70 and
acted pro-survival in

S neurons post TBI (Eroglu et
Celastrol ,_,w_‘L \l ] | 450.619 C29H3804 damage, anti- al. 2014)
wo! [ [ inflammatory, Rapid
TE induction of HSF1
()
1 Induced HSP70 and
\T/ ! acted pro-survival in (Eroglu et
BGP-15 c—H  ci-H Soo 351.272 neurons post TBI
,“\\\ o, C14H24C12N4O3 damage, anti- al. 2014)
I/LW inflammatory
I N
{ ..[
M
A Induced HSP70, | (Benn and
Arimoclomol SN 313.782 |C14H20CIN3O3| delayed progression Brown
I 7 of ALS 2004)
L
7
|
I,
i Induced HSPB8 which
g \ in turn attenuated
N ‘ accumulation of (Crippa et
Colchicine o 399.443 | CzzHzsNOs |misfolded TDP-43 and| - 2816)
/ —7 7 TDP-25 in ALS via '
o= HSP70/HSC70-CHIP
[ ] & complex
H ~
as Induction of HSP70,
. 0 S attenuated AR (Bernardi et
Indomethacin ] “ > 357.79 | C19H16CINO4 induced damage in | al. 2012)
< AD
o
“\
2 YV Inhibited proliferation, (Walczak et
Kyneuric Acid ‘ | 189.17 C10H7NO3 migration and DNA
N 0. : al. 2014)
Z N " H synthesis
}li
0
H 0 0
W I Rescued against 6-
Naringenin I‘ ‘ | 272.256 | CisH120s OHDA induced toxicity| (Lou et al.

through Nrf2/ARE
signaling

2014)
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puromycin

471518

C22H20N70s5

10

Radicicol

364.778

C18H17ClOs

11

Ruxolitinib

306.373

C17H18Ns

12

Sesamol

138.122

C7HsO3

13

Withaferin

470.606

C2sH3306

14

Doxorubicin

543.525

C27H290NO11

Elicited HSP70 (Moran et
expression in al. 2009)
response to ROS ‘
Inhibit huntingtin (Hay et al
aggresome, elevated 2y 4 '
HSP70 004)
Increased HSP70, .
Inhibited ERK1/2, Akt, (;?Vggigt
STAT3 and STAT5 :
Protected against
amyloidogenesis and .
cognitive dysfunction (lel:)igfd'
through NF-KR
inhibition
Induction of
HSP70,HSP27,MAPK, (Grogan et
Inhibition of o 29013)
Akt/mTOR and cell '
cycle at G2/M
Induced HSPB8 which
in turn attenuated
accumulation of (Crippa et
misfolded TDP-43 and al 2816)
TDP-25 in ALS via '
HSP70/HSC70-CHIP
complex
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Blocked cell

e proliferation through |(Chen et al.
15 17AAG _o 585.698 | C31Ha3N3Osg Wnt/B catenin 2016)
- pathway attenuation
0
H
W, i“"'\/o*“
l Mo "
ﬁ N HSP70 induction, anti-ONan ot al
16 17DMAG ol /) N OF 2 616.756 | Cs2HagN4Og | inflammatory, anti- 20916) )
A J [ oxidant
", \ -
Protein synthesis .
17 | Azitidine | 57.006 | CgHbN  [inhibtion, induction of (R€ina etal
N chaperones 2012)
H
i Inhibit huntingtin (Sittler et al
18 |Geldanamycin M, X 560.644 | Cy9HaoN2Og | aggresome, elevated 2001) ’
" molecular chaperones
/
e :
L I )
| O
oM -~ Induction of HSP70 in| (Holmberg
191 Meisz | W | 47563 | CacHuN3Os response to stress |et al. 2000)
g
Na*
0. o H
Sodium h induction of HSP.  thakur and
20 ; 160.104 | C;HsNaOs parting Nehru
Salicylate 0 neuroprotection in 2014)

rotenone induced PD

Table 3.2: Physio-chemical properties and modulated signalling pathways of compounds
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3.3 Screening for drug-likeness and ADMET Analysis of compounds

Most of the compounds passed drug-likeness parameters but failed ADMET analysis
predictions (Table 3.3). Bimoclomol, Indomethacin and Sesamol qualified all the above
parameters and were used in further study. While the bioavailability score of Sesamol

and Bimoclomol was 0.55, Indomethacin had the highest predicted bioavailability of

0.56.
l\lsd. Compound Drug likeness Aq. Solubility Lipophilicity Perrrl?eBa%ility Bioaglgi)lsgility
Lipinski | Ghose | Veber (EggOSL) permgzlability XLogP3
1 | Bimoclomol Y Y -2.9 High 2.21 Y 0.55
2 Celastrol Y N Y -6.31 Low 5.94 N 0.56
3 BGP-15 Y Y Y -3.21 High 2.18 N 0.55
4 | Arimoclomol Y Y Y -2.37 High 1.22 N 0.55
5 Colchicine Y Y Y -2.9 High 1.03 N 0.55
6 |Indomethacin Y Y Y -4.86 High 4.27 Y 0.56
7 | Kyneuric Acid Y Y Y -2.29 High 1.29 N 0.56
8 Naringenin Y Y Y -3.49 High 2.52 N 0.55
9 puromycin Y N N -2.51 Low 0.03 N 0.55
10 Radicicol Y Y Y -4.4 High 3.36 N 0.55
11 Ruxolitinib Y Y Y -3.26 High 2.12 N 0.55
12 Sesamol Y N Y -1.92 High 1.23 Y 0.55
13 Withaferin Y N Y -4.97 High 3.83 N 0.55
14 | Doxorubicin N N N -3.91 Low 1.27 N 0.17
15 17AAG Y N N -4.67 Low 2.64 N 0.55
16 17DMAG Y N N -4.42 Low 2.04 N 0.55
17 Azitidine Y N Y -0.07 Low -0.15 N 0.55
18 | Geldanamycin Y N N -4.24 Low 1.99 N 0.11
19 MG132 Y N N -4.77 High 4.83 N 0.55
20 Siﬁg;f;‘e v N vy | 259 High 2.26 N 0.55

Table 3.3: Drug-likeness and ADMET screening analysis

3.4 Pharmacophore based target prediction

The pharmacophore based target prediction of Indomethacin, Bimoclomol and Sesamol
outlined various cell cycle proteins such as Cyclin A2, cell division protein kinase 2,
VEGFR2 and MAPK18 which further strengthens our premise of their use in targeting

cell cycle (Fig. 3.1).
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Ligand: 68289

Rank PDB ID Target Name et o Fit Score # Romlicl 4vcore #
* 8 | 3FZF | Heat shock cognate 71 kDa protewn 6 2.899 04832 2.00718
- 9 | 10YT | E tul P 6 2884 0.4806 1.62091
- 10 | HY7 | Swomelysn-1 6 2861 04769  0.716266
- 11 L.HZ!. | Rho GTPase-activating protemn 1 6 2.859 04765 1.56842
- 12 | 10i8 |  Cell division protein kinase 2 6 2.819 04698 1.23631
+ 13 fapaty] : Ditydeccromes delydec 6 2765 04608 0869469
- 14 [1X02 | Cell division protein kinase 6 5 2246 04492  -0.680011
+ 15 M C-C monf chemokine 5 6 2613 04354 0.630226
- 16 128 | Cyelin-A2 6 2606 04343 00851662
Rank PDBID Target Name umber o FitScore ﬁm Twocd
+ 1 (_3%1_;92_[ NONE 4 3363 08409 0519893
+ 2 |830C| Collagenase 3 4 N 0.805  -0.574694
+ 3 [ :fep;‘?:,"‘“““' e iac iy 3181 07952 -0366195
+ 4 [20X]| Cell division protein kinase 2 4 3151 07877 027883
- 5 3EID | Cell division protein kinase 2 5 3828 07656 2217718
- 15 1H28| Cyclin-A2 6 4058 06764 252909
Rank PDB ID Tarpet Name Tomber of Fit Score :;‘;f‘:? ot d
+ 1 | 1ONG | Beta-lactamase SHV-1 4 3548 0.8871 0.0454138
- 2 [10Y4| Exoghicanase 1 4 3525 08812  0.288696
+ 3 jacz]  Mecropbien mistion Wby 4 3409 08523 0339281
s 4 [2885] Cell division protein kinase 2 5 3.802 07605 162195
- 5 | 2870 | NONE 5 3789 07578 1.49587
* ° kil i S s 37 074 115025
+ 7 |3CPA | NONE s 3544 07087  -0.0490846
+ 8 | 2ZAZ | Mitogen-activated protein kinase 14 5 3.521 0.7042 -0.408482

Fig.3.1: Pharmacophore based target prediction of Indomethacin, Sesamol and

Bimoclomol (top to bottom in order)
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3.5 Homology modeling of proteins

The template shared 100% sequence similarity with cyclin D1 and cyclin C and was
used to generate their 3D structures using Swiss Model. The Z QMEAN4 score
indicative of overall quality of generated models with respect to non-redundant set of
PDB structures was -1.68 and -0.64 for cyclin D1 and cyclin C respectively (Fig. 3.2).
Thus, the predicted protein structures satisfied good quality models.

3.6 Quality assessment and physio-chemical description of 3D structures

The generated 3D structures were checked for validation in terms of steric and
geometric conformations. For this, the Ramachandran plots were generated (Fig.3.2).
The results showed 91.3% residues of cyclin D1 in the most favored region while 5.5%
were in the allowed region. Further, 3.1% residues fell in outlier region. Similarly, for
cyclin C 98.4% residues were seen in the favored region, 1.4% in the additionally
allowed region and only 0.2% residues in the disallowed region. Further, cyclin D1 and
cyclin C passed the model accuracy with 85.77% and 90.98% respectively. So overall,
the structures of both the proteins were validated with good scores. The predicted

physio-chemical properties of the models are summarized in Table 3.4.
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Fig. 3.2: Structural validation of cyclin C and cyclin D1 (top to bottom)
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No. of Negatively|Positively
. . " . Theoretical | charged | charged |Instability [Aliphatic
Protein | Mol wt. |[Atomic composition ,:ryilgg P resioies | resicies i e GRAVY]
Asp+Glu | Arg+Lys
CyCIln D1(33729.11| C1480H2386N3960450S25 | 295 4.97 47 34 57.71 92.92 -0.185
CyCIln C [33242.73|C1520H2348N3840417N17 | 283 6.95 32 32 49.97 92.69 -0.158

Table 3.4: Predicted physio-chemical properties of cyclin D1 and cyclin C

3.7 Active site prediction

Based on drugability score, cavity volume and standard deviation, cyclin D1 had best

pocket at P5 with a score of 0.95 and 0.01standard deviation (Fig. 3.3a). The volume of

given pocket was 1079.69 cubic angstroms and 16 residues were involved in interaction.

Similarly, PO was best predicted active site for cyclin C with 0.97 score (Fig. 3.3b). The

volume of this cavity was found to be 3732.64 cubic angstroms and 38 residues were

involved in interaction at this site. These pockets were used for docking the ligands and

same residues as predicted were found to be involved during docking.

a Vol Hydroph. Polar Aromatic otyr Nb. Drugg Standard
Pockets Hull* Kyte™ Res." Res" atom Res" Prob® Deviation
PO 2609.78  -0.52 0.56 0.13 0.0 320 0.59 0.03
P1 249482 036 0.54 0.18 0.0 280 0.756 0.08
P2 146086 028 0.45 0.2 0.0 200 0.75 0.06
P23 109744 022 0.59 0.12 0.0 17.0 0.68 0.01
P4 1503.19 054 0.46 0.04 0.0 240 0.44 0.04
Ps 1079690 0862 0.44 0.13 0.0 16.0 0.95 0.01
PE 12086 -0.34 0.48 014 0.02 210 0.7 0.03
PT 988.3 0.28 0.41 0.24 0.0 170 0.53 0.04
P8 598.12 079 0.36 o.07 0.03 14.0 0.95 0.02
o Vol Hydroph. Polar Aromatic Otyr Mb. Drugg Standard
Pockets Hulr Kyte® Res." Res." atom Res." Prob” Deviation
PO 373264 058 0.42 0.16 0.;m 380 0.87 0.0
P1 206813  -1.79 0.77 027 0.0 260 0.13 0.03
PT 121864 101 0.7 0.12 0.0 17.0 025 0.02
P18 3774 0.35 0.47 0.07 0.0 150 0.84 0.02
P17 13241 -219 0.81 0.13 0.0 16.0 002 0.0
P2 253502 047 0.48 0.26 0.0 270 0.74 0.1
P28 531.74 0.79 0.27 0.27 0.0 15.0 0.98 0.01
P3 14321 0.45 0.39 047 0.02 18.0 0.87 0.03
P4 1320.0 0.47 0.55 0.25 0.02 200 0.73 0.03
PS 868.12 0.14 0.5 0.25 0.02 16.0 0.92 0.01

Fig. 3.3: Predicted active sites (top 10) in cyclin D1 (a) and cyclin C (b)
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3.8 Molecular docking of ligands with cyclin D1

3.8.1 Bimoclomol and cyclin D1

While the total intermolecular energy of Bimoclomol and cyclin D1 was -5.49kcal/mol,
the estimated free energy of binding was found to be -4.77Kcal/mol (Fig. 3.4a).
Bimoclomol formed hydrogen bonds with LEU148 (-3.9537kcal/mol). Further,
ASN151 was involved in polar bond formation with -1.0163kcal/mol and LEU91
formed hydrophobic bond with Bimoclomol (44.6643kcal/mol).

3.8.2 Indomethacin and cyclin D1

The estimated free energy of binding for cyclin D1-Indomethacin interaction was -
5.51kcal/mol and total intermolecular energy was -6.68kcal/mol (Fig. 3.4b). The
H,bond energy with ALA39 was unfavorable (23.1104kcal/mol). Further, two polar
bonds were formed with ARG87 (-6.319kcal/mol) and SER41 (-2.497kcal/mol).

3.8.3 Sesamol and cyclin D1

Sesamol interacted with cyclin C to generate estimated free energy of binding -
3.76kcal/mol and total intermolecular energy of -4.06kcal/mol. Polar bond was formed
with ASN83 (-0.1798kcal/mol). Four hydrophobic bonds were formed with PRO199 (-
0.9286kcal/mol), ALA39 (-0.5013kcal/mol), PRO40 (-0.2763kcal/mol) and PRO200 (-
0.195kcal/mol) (Fig. 3.4c).

3.9 Molecular docking of ligands with cyclin C

3.9.1 Bimoclomol and cyclin C

The estimated free energy of binding for cyclin C and Bimoclomol was -4.02kcal/mol,
while the total intermolecular energy was -6.24kcal/mol. Hydrogen bond with -
0.2489kcal/mol energy was formed between THR66. While the polar bond energy of

ASP182 was -3.9173kcal/mol, hydrophobic bonds formed with TYR 184 (-
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1.8162kcal/mol) and ILE62 (-0.3802kcal/mol). Further, GLN49 formed halogen bond
with -7.6881kcal/mol energy (Fig. 3.4d).

3.9.2 Indomethacin and cyclin C

Indomethacin interacted with cyclin C and generated high estimated binding energy of -
5.68kcal/mol and total intermolecular energy -7.22kcal/mol. Further, five polar bonds
were formed with ASN46, ARG185, GLN59, THR66 and GLN49 having energy values
of -0.8421, -0.5951, -0.5475, -0.2608 and -0.2379 kcal/mol respectively. Next, two
hydrophobic bonds were formed between TRP241 (-0.6165kcal/mol) and ILE62 (-
0.4887kcal/mol) (Fig. 3.4e).

3.9.3 Sesamol and cyclin C

The estimated free energy of binding for cyclin C-Bimoclomol interaction was -
4.31kcal/mol and total intermolecular energy was -4.61kcal/mol. Two polar bonds were
formed between TYR37 (-0.686kcal/mol) and ARG25 (-0.4014kcal/mol). Further, three
hydrophobic bonds were formed with TYR73 (-0.945kcal/mol), PHE69 (-

0.5898kcal/mol) and LEU78 (-0.3605kcal/mol) (Fig. 3.4f).
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Fig.3.4: Docking of Bimoclomol, Indomethacin and Sesamol with cyclin D1 (a, b, c)

and cyclin C (d, e, f) respectively with the interacting residues (inset)

The comparative analysis of docking calculations was done (Table 3.5) and
Indomethacin was found to be the best compound for targeting and inhibiting cyclin D1
as well as cyclin C thereby, implicating its strong and diverse potential in attenuating

Go/G; checkpoints in cell cycle.
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Energy

CYCLIN D1 CYCLIN C
Parameters

Bimoclomol | Indomethacin | Sesamol | Bimoclomol | Indomethacin | Sesamol

Estimated free
energy of binding -4.77 -5.51 -3.76 -4.02 -5.68 -4.31
(Kcal/mol)

Estimated inhibition

317.57 91.17 1.74 1.12 69 696.84
constant (uM)
vdW+Hbond+desolv 5.89 6.67 4.07 611 -7.06 4.6
energy (Kcal/mol)
Electrostatic energy 0.41 -0.01 001 -0.13 -0.16 0
(Kcal/mol) : ' : ' '
Total intermolecular 5.49 -6.68 -4.06 -6.24 -7.22 -4.61

energy (Kcal/mol)
Interacting surface 600.646 624.148 366.636 576.194 645.711 305.971
Table 3.5: Comparative analysis of ligands-proteins docking calculations

3.10 Discussion

The cell cycle re-entry mediated neurodegeneration contributes heavily in the demise of
post-mitotic neurons and muscles. Since cyclins C and D are first respondents of a re-
activated cell cycle, thus, targeting these can be ‘nib in the bud’ strategy in
halting/ameliorating the evil cascade of cell cycle led neuronal death. HSPs are
molecular chaperones which are upregulated during stress to protect the cell against
heat, hypoxia and ROS generation. HSP70 in particular, has been shown to promote
neuronal cell survival by inducing autophagy and mediating the activation of pro-
survival signaling cascades (Muchowsk and Walker 2005). Moreover, HSP70 is closely
associated with cell cycle and interacted with cyclin D1 in IBM and PM (Kwon et al.
2014). 1t is therefore imperative to search for compounds which can induce the level of
HSP70 in NDD as a key neuroprotective strategy. Further, currently available drugs
provide only symptomatic relief; therefore, flavonoids are favored by neuroscientists
owing to their beneficial effects and negligible toxicity. In the present study, we
proposed and tested the efficacy of HSP70 inducing compounds in ameliorating cell
cycle led neurodegeneration in various NDD. Since most drugs fail on poor solubility,
we screened the compounds for ADMET and pharmacokinetics analysis. It is evident

that in vivo bioavailability of an orally administered drug is largely dependent on its
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aqueous solubility and dissolution in Gl fluids (Khadka et al. 2014). More the water
solubility and GI permeability, better the bioavailability. Similarly, lipophilicity of a
drug affects various physiological properties such as the rate of metabolism, transport
across cell membrane and interaction with binding sites of receptor. Further, drugs
intended for CNS should have logP value less than four (Chico et al. 2009; Wager et al.
2010). Indomethacin, Bimoclomol and Sesamol showed logP values of 4.27, 2.21 and
1.23 respectively.

However, the most important property required of a compound to be a neuroprotective
agent is the ability to cross Blood brain barrier (BBB). As expected, most compounds
failed the BBB permeability parameter. Three biomolecules namely, Bimoclomol,
Indomethacin and Sesamol could cross the BBB and combined with their high Gl
absoption, least violations of drug likeness and good bioavailability score, were the best
candidates for targeting NDD in our study. Further, pharmacophore based target
prediction of these three compounds listed various cell cycle proteins which further
supported our repurposing premise. Finally, molecular docking studies indicated
Indomethacin as the best compound for HSP70 mediated targeting of post-mitotic cell
cycle based on its high pharmacokinetics and docking calculations.

Further, our results are backed by various in vitro and in vivo studies wherein these
compounds have displayed promising neuroprotective action in various NDD. For
instance, Bimoclomol has its derivative Arimoclomol already under Phase Il clinical
trials in ALS (Hesselink 2016). Indomethacin was shown to ameliorate AB1-42
triggered damage in AD mice model as well as in hippocampal cultures (Bernardi et al.
2012). Similarly, Sesamol reversed PD linked symptoms in a rotenone model (Angeline

et al. 2013). Hence, our compounds are validated for their neuroprotective action and
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yet, add to the hunt for protective biomolecules in alleviating cell cycle led
neurodegeneration.

Our study has outlined novel potential of Indomethacin, Bimoclomol and Sesamol in
inhibiting/down-regulating the level of cyclin D1 and cyclin C. Out of these,
Indomethacin showed best binding with both the cyclins, speculating its strong potential
in inhibiting GO/G1 phase reactivation in terminally differentiated neurons in various
NDD. Further, the protective action of these compounds in attenuating cell cycle re-
entry may be mediated through HSP70. These findings can open up a new window of
therapeutics for targeting ectopic cell cycle activation led neurodegeneration and need
further validation through in vitro and in vivo cell cycle studies.

The next chapter discusses the novel potential of one of the above shortlisted
compounds; Bimoclomol in targeting another cell cycle marker cyclin E and thus

exploring possible outcome in targeting CCE in PD.
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CHAPTER IV: NOVEL POTENTIAL OF BIMOCLOMOL IN
ATTENUATING POST MITOTIC CELL
DIVISION IN PARKINSON’S DISEASE

Introduction

This chapter describes the novel potential of Bimoclomol, one of the shortlisted compounds in
our study in the previous chapter in targeting post-mitotic cell division in Parkinson’s disease.
We are targeting another cell cycle marker; cyclin E which holds special significance with PD
associated genes. Since the evaluation of Bimoclomol in correction of aberrant cell cycle in PD
has not been done before, the study has novelty and the results obtained are interesting.

4.1 Background

The cell cycle proteins share a very intimate relationship with proteins of PD, physiologically
as well as pathologically. The PD associated gene; PINK1 was shown to promote cell cycle and
PINK1 deletion reversed cell proliferation (O’Flanagan et al. 2015). Further, the ATM gene
responsible for DNA damage response and apoptosis has been found to be activated along with
retinoblastoma protein leading to neuronal death in MPP" induced PD model (Camins et al.
2010). However, the most crucial and strong correlation between cell cycle and PD is provided
by the association of cyclin E and PARK2. Cyclin E is G/S phase marker of cell cycle and also
a substrate of ubiquitin E3 ligase PARK2. Mutations associated with loss of functional PARK?2
are linked with cyclin E enrichment led cell cycle and apoptosis through p53 and Bax in PD.
Further, mutated PARKZ2/cyclin E events evoked upregulation of Wnt/B catenin and
EGFR/AKT signal transduction pathways (Feng et al. 2015). This intriguing PARK2/cyclin E
relation led to speculations that compounds which can bind to and attenuate the level of cyclin

E can ameliorate post-mitotic cell division led neurodegeneration in PD.
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Numerous studies have highlighted the neuroprotective action of Heat shock proteins
(HSP) particularly, HSP70. Further, HSP70 is closely associated with cell cycle
regulation and was also found to interact with cyclin E in inclusion body myositis and
polymyositis (Kwon et al. 2014). Therefore, we carried out comprehensive data mining
for HSP70 inducers in NDD and selected Bimoclomol amongst twenty compounds based
on drug-likeness, pharmacokinetics and BBB permeability (Sharma and Kumar 2017b).
Bimoclomol is a hydroxylamine derivative with molecular formula C;4H20CIN3O, and
molecular weight of 297.783 g/mol. It has been shown to elicit protective effects through
induction of HSP27, HSP70 and HSP90. Moreover, Bimoclomol is currently under Phase
Il trials in Amyotrophic lateral sclerosis (ALS) disease (Hesselink 2016). Therefore, we
investigated the neuroprotective action of Bimoclomol through attenuation of cyclin E in
Parkinson’s disease. Various virtual screening methods such as, Lipinski filter, Ghose
and Veber parameters, pharmacophore modelling based target prediction and ADME
analysis were employed to check the efficacy of Bimoclomol as a neuroprotective agent.
Further, we studied the cyclin E inhibiting potential of Bimoclomol through molecular
docking studies.

4.2 Protein-ligand structure

The 3D structures of Bimoclomol and cyclin E were retrieved from docking server and

PDB respectively (Fig. 4.1).
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Fig.4.1: 3D structure of cyclin E (A) and Bimoclomol (B)

4.3 Screening for drug-likeness and ADMET Analysis of compounds

Bimoclomol passed all the parameters related to drug-likeness screening namely

Lipinski, Ghose and Veber. Most importantly, it can cross the BBB and has high

pharmacokinetics values (Table 4.1).

Gl Permeability High
LogS (ESOL) -2.9
XLogP3 2.21
Bioavailability Score 0.55

Table 4.1: ADMET analysis of Bimoclomol

4.4 Pharmacophore based target prediction

The pharmacophore based target prediction of Bimoclomol revealed Mitogen Activated

protein kinase 14 as one of the top ten targets with a fit score of 3.521 and Z score value

of -0.408482 which supported our premise of its strong potential in inhibiting cell cycle

(Fig. 4.2).
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Ligand: 9576891

Rank PDB ID Target Name Romber o Fit Score I;::“S‘:l:f Z-score
- 1 [ 1ONG | Beta-l SHV-1 4 3.548 0.8871  0.0454138
+ 2 | 1DY4 | Exoglucanase 1 4 3.525 0.8812  0.288696
+ 3 || (G | peehess migration bty 4 3409 08523 -0339281
- 4 (2B55 | Cell division protein kinase 2 5 3.802 07605 162195
+ 5 | 2870 | NONE 5 3.789 0.7578 149587
+ 5 il e TTYem 3.7 074 115025
- 7 3CPA | NONE 5 3.544 0.7087  -0.0490846
- 8 2ZAZ | Mitogen-activated protein kinase 14 5 3521 07042  -0.408482
+ 9 [2UWL | Coagulation factor X 5 3.394 0.6788  -0.426764
b 10 | 3MDE | Medium-chain specific acyl-CoA 6 3.99 0.665 0.078465

dehydrogenase, mitochondrial

Fig. 4.2: Pharmacophore based target prediction of Bimoclomol

4.5 Active site prediction
Out of top ten pockets, cyclin E had best pocket at P20 with a drugability score of 0.94
and 0.01standard deviation (Fig. 4.3). The volume of given pocket was 551.26 cubic

angstroms and fourteen residues were involved in interaction at this site.

» Vol Hydroph. Polar Aromatic Otyr Nb. Drugg Standard

Pockets Hull* Kyte* Res.” Res.” atom Res." Prob* Deviation
PO 2058.21 -0.36 0.59 0.17 00 290 0.72 0.06
P1 286351 -1.49 0.71 0.26 0.03 310 0.26 0.01
P15 634.09 0.15 053 02 0.0 15.0 0.88 0.04
P17 64252 0.21 04 0.07 0.0 150 0.82 0.02
P2 85224 0.12 0.41 0.06 0.0 17.0 0.77 0.03
P20 551.26 073 0.29 0.07 0.0 140 0.94 0.01
P3 114605 0.04 045 0.1 0.0 20.0 0.78 0.01
P4 1067.3 -0.88 067 0.11 00 18.0 0.29 0.01
PS5 674.13 -0.63 063 0.13 0.0 16.0 042 0.02
P9 103055 -0.64 0.57 0.14 0.0 140 0.46 0.03

Fig. 4.3: Active sites of cyclin E
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4.6 Molecular docking of Bimoclomol with cyclin E

Bimoclomol bound to cyclin E at P20 pocket and same residues as predicted were
involved in the interaction (Fig. 4.4). The estimated free energy of binding for cyclin E
and Bimoclomol was -5.07kcal/mol and total intermolecular energy was -6.48kcal/mol
(Table 4.2). There were two H; bond formations involving GLU188 and LYS186 with
bond energies of -0.2603 kcal/mol and -0.2271kcal/mol respectively. Further, a

hydrophobic bond was formed with HIS147 (-0.6293 kcal/mol).

Fig. 4.4: Docking of Bimoclomol with cyclin E and residues involved (inset)

Estimated free energy of binding -5.07 Kcal/mol
Estimated inhibition constant 191.27 uM
vdW+Hbond+desolv energy -4.55 Kcal/mol
Electrostatic energy -1.93 Kcal/mol
Total intermolecular energy -6.48 Kcal/mol
Interacting surface 541.668

Table 4.2: Energies of binding for cyclin E and Bimoclomol
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4.7 DISCUSSION

Parkinson’s disease is the second most common age-related neurodegenerative disease
affecting those aged above 60 years. Despite the knowledge of several factors which
contribute in the occurrence and progression of PD, the exact cause and cure remains
elusive. Ectopic activation of cell cycle in terminally differentiated neurons is a recently
known phenomenon which has been shown to drive neurodegeneration through actual
DNA synthesis followed by apoptosis (Sharma et al. 2017). Moreover, PD associated
proteins have shared a very intimate relation with cell cycle markers. The G1/S phase
marker cyclin E is a substrate of and ubiquitinated by the E3 ligase activity of PARK2.
However, mutations in PARK2 led to loss of function thereby, resulting in cyclin E
accumulation which in turn, activated E2F1 and triggered neuronal death in PD (Feng et
al. 2015). Thus, it seems imperative to design therapeutic strategies aimed at attenuating
the level of cyclin E to inhibit the cascade of neuronal death in PD.

Various biomolecules such as curcumin elicited HSP70 activity and provided protection
against neuronal dysfunction, various cancers and in vascular diseases (Xia et al. 2015;
Sharma and Kumar 2017; Joshi et al. 2017). Bimoclomol is a hydroxylamine derivative
which is non-toxic and elicited its protective effect through HSP induction; including
HSP70 (Deane and Brown 2016). HSPs are molecular chaperones which are upregulated
in the cell to protect it against heat, ROS and hypoxia. HSP70 has been shown to promote
neuronal survival by mediating the activation of pro-survival signalling cascades and
through autophagy induction (Sharma et al. 2017). Interestingly, HSP70 has been shown
to interact with cyclin E in AP induced cell cycle re-entry in inclusion body myositis and

polymyositis (Kwon et al. 2014). Taken together, all these data provide convincing
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evidence of using HSP70 inducing compound such as Bimoclomol in attenuating the
level of cyclin E and in turn, inhibit the cascade of neuronal death in PD.

In the present study, we tested the drug-able efficacy of Bimoclomol for targeting cyclin
E in PD. Emphasis was laid on pharmacokinetic analysis as aqueous solubility and
dissolution in Gl fluids are defining parameters of in vivo bioavailability of an orally
administered drug (Khadka et al. 2014). Similarly, lipophilicity of a drug directs
physiological properties such as rate of metabolism, transport across cell membrane and
interaction with binding sites of receptor. Further, CNS drugs should have logP value less
than 4 (Chico et al. 2009; Wager et al. 2010). The logP value for Bimoclomol was found
to be 2.21.

However, the most important property required of a compound intended to be a
neuroprotective agent is Blood brain barrier (BBB) permeability. Bimoclomol qualified
all the above mentioned parameters and scored well on pharmacokinetics, bioavailability
score and could cross the BBB. Finally, molecular docking studies indicated that
Bimoclomol can bind to and attenuate the level of cyclin E and possibly, halt or inhibit
cell cycle re-entry mediated neuronal death in PD. These findings can be validated

through in vitro and in vivo cell cycle studies in Parkinson’s disease.

The in silico results obtained and discussed in the previous two chapters have shown very
promising potential of HSP70 inducing compounds in targeting post-mitotic cell division
in PD. This encouraged us to undertake in vitro studies to confirm the findings of virtual
screening. Therefore, in an attempt to study the efficacy of biomolecules in alleviating
neurotoxin induced toxicity, we have carried out various in vitro experiments in the

neuroblastoma cell line in the succeeding chapter.
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CHAPTER V: NEUROPROTECTIVE EFFECT OF
BIOMOLECULES IN ROTENONE INDUCED
TOXICITY IN SH-SY5Y CELL LINES

5.1: Introduction

The previous chapters outlined very promising repurposing potential of HSP70 inducing
compounds in alleviating CCE mediated neuronal apoptosis in NDD, especially PD. Thus,
in an attempt to verify the virtual screening results, we carried out various studies to check
the efficacy of HSP70 inducing biomolecule in ameliorating neuronal cell death in SH-
SYS5Y cell line. Also, changes in cell viability subsequent to the effect of toxin and upon
biomolecule treatment have been assessed. Moreover, the expression level of various cell
cycle markers subsequent to rotenone administration and after biomolecules treatment has
been described.

5.2: Dose-dependent and time-dependent toxicity assay of Rotenone

A stock of rotenone in DMSO was prepared and from this various gradients of rotenone
were prepared in increasing concentration of 150nM, 300nM, 900nM, 10uM, 20uM, 40uM
and 80uM. The effect of each of these doses on SH-SY5Y cells was studied in a time period
of 6 hours, 12 hours and 24 hours. The results obtained were evaluated through changes in
cell morphology, cell viability assay, protein profiling or western blot and finally, statistical
calculations and are summarised in succeeding sections.

5.2.1: Rotenone exerts dose-dependent and time-dependent toxicity in SH-SY5Y cells
The results obtained in present study clearly show that rotenone induces toxicity in SH-
SY5Y cells in a dose-dependent and time-dependent manner. The change in cell
morphology upon rotenone administration in comparison to control cells is clearly evident

in Fig.5.1.
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Fig.5.1: Rotenone induced toxicity which is apparent by changed cell morphology
(d- 4x; e-10x; f-20x, 24hr) compared to control cells (a-4x; b-10x; c-20x, 24 hr)

5.2.1.1: Rotenone exerts mild toxicity at 150nM-300nM

The SH-SY5Y neuroblastoma cells exhibited nearly normal morphology when compared
with control and SHAM post 150nM-300nM rotenone administration after 6-12 hours (Fig.
5.2). Most of the cells were alive at these concentrations even after 24 hours. The viability
was only slightly decreased at 300nM (Fig. 5.2 d-f) in comparison to 150nM concentration

(Fig. 5.2 a-c).
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Fig. 5.2: Rotenone exerts mild toxicity at 150nM (a-6hr, 4x; b-12hr, 10x; c-24hr, 20x)
and 300nM (d-6hr, 4x; e-12hr, 10x; f-24hr, 20x)

5.2.1.2: Rotenone exerts moderate toxicity at 900nM-10uM

The 900nM concentration of rotenone exerted some toxicity after 6 hours. Further, although
cells were mostly alive, toxicity at this concentration was visibly apparent after 12 hours.
After 24 hours, the confluency of cells was markedly decreased though; the morphology of
cells was somewhat retained (Fig. 5.3 a-c). However, the toxicity of 10uM rotenone on
neuroblastoma cells was very apparent after 6 hours as cell morphology was visibly
distorted. As expected, the morphology degraded after 12 hours and clumps of

morphologically abnormal cells were seen after 24 hours of treatment (Fig. 5.3 d-f).
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Fig.5.3: Moderate toxicity seen at rotenone doses 900nM (a-6hr, 4x; b-12hr, 10x;
¢c- 24hr, 20x) and 10pM (d-6hr; e-12hr; f-24hr, at 10x magnification)

5.2.1.3: LDgy concentration of rotenone is 20uM

The 20uM concentration of rotenone exhibited heavy toxicity on SH-SY5Y cells which was
clearly evident after 6 hours of administration in the form of almost complete distortion of
neuronal cell morphology. Further, cell morphology was lost after 12 hours and more than
80% cells were dead post 24 hours of 20uM dose administration (Fig. 5.4 a-c). Thus, after
repeating the experiment in triplicates thrice, 20uM concentration of rotenone was taken as
the LDgg value in SH-SY5Y cells. Furthermore, the rotenone toxicity was extremely high at
40uM (Fig. 5.4 d-f) and 80uM (Fig. 5.4 g-i) concentration and immediate deformation of
neuronal cells with cell death was visible. Moreover, the morphology and viability was

completely lost at 12 hours and cells were floating after 24 hours.
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Fig.5.4: Rotenone toxicity is more than 80% at 20uM concentration (a-6hr; b-12hr; c-24hr,

10x). Beyond this dose toxicity is too high and cells are mostly dead within 6h (d) at 40pM
(e- 12hr; f-24hr, 10x) and 80uM (g-6hr; h-12hr; i-24hr, 10x) concentration

5.2.2 Effect of Rotenone Dose on Cell Viability

To determine the effect of rotenone on cell viability, the trypan blue exclusion test was
performed in all the above mentioned sets of experiments. Accordingly, the number of live
(unstained) and dead (stained) cells were counted in a hemocytometer and percent cell
viability determined in triplicate set of experiments. The results in the form of statistically
calculated values were plotted on a graph. The cell viability was found to decrease with
increasing concentration of rotenone, further validating the dose-dependent effect of

rotenone toxicity on SH-SY5Y cells (Graph 5.1). Moreover, the quantification of cell
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viability was estimated through the colorimetric MTT Assay which corroborates dose-

dependent effect of rotenone in inducing toxicity in SH-SYS5Y neuronal cells (Graph 5.2).
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Graph 5.1: Dose-dependent effect of rotenone toxicity on SH-SY5Y cells. As the dose of rotenone

was increased, cell viability attenuated significantly as deduced from trypan blue exclusion test
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Graph 5.2: MTT assay showing percent cell viability as a measure of control against

rotenone doses. Cell viability decreased considerably with increasing concentration
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Next, we checked the neuroprotective potential of one of the biomolecules outlined in
Chapter 111 as HSP70 inducing compound; Sesamol in alleviating rotenone induced toxicity
and to check its efficacy on cell viability and on the expression of various cell cycle
markers. The results are summarised in the next section.

5.3 Biomolecules reverse rotenone-induced toxicity in SH-SY5Y Cells

5.3.1 Dose-dependent effect of Sesamol in rotenone-induced toxicity in SH-SY5Y Cells
The concentration gradient of Sesamol was prepared in increasing order of 25uM, 50uM,
75uM, 100uM and 125uM respectively. Next, the LDgy value of rotenone which was
determined as 20uM in preceding experiment was administered to SH-SY5Y neuroblastoma
cells for 24 hours. The cell death incurred upon rotenone administration at 20uM was
determined through trypan blue cell viability assay and observed morphological
deformations. Next, the varying concentrations of Sesamol were used to study its
neuroprotective effect on rotenone induced toxicity on SH-SYS5Y cells in different time
period of 6 hours, 12 hours and 24 hours. The results obtained are summarised below.
5.3.1.1 Sesamol protects against rotenone-induced toxicity at 25uM concentration
Sesamol restored almost 75% cells which were non-viable post-rotenone induced toxicity in
SH-SY5Y cells. The rounded morphology of rotenone-treated cells was transformed into
well defined neurite-like structures upon 25uM Sesamol treatment (Fig. 5.5 d-f). Further,
the cell viability was greatly enhanced. Therefore, the present study observed well marked
neuroprotective effect of 25uM sesamol against rotenone induced toxicity in SH-SY5Y

cells.
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Fig. 5.5: Sesamol is neuroprotective at 25 pM and revived more than 75% cells at
this dose (d-6hr, 4x; e-12hr, 10x; f-24hr, 20x) compared to control (a-control;
b- Sham; c-rotenone treated; 24hr, 10x)

5.3.1.2 Sesamol reverses rotenone-induced toxicity at 50uM concentration

The concentration of sesamol at which there was almost complete reversal of rotenone-
induced toxicity was found to be 50uM. The neuronal morphology was very well defined
and long neurites could be seen after treatment with this dose (Fig. 5.6 d-f). Moreover, these
results are corroborated with cell viability assays. Thus, sesamol rescued neuronal cells

from rotenone toxicity at 50uM.
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Fig.5.6: Sesamol reverses rotenone toxicity at 50uM concentration (d-4x; e-10x; f-20x,

24hr). At this dose all the cells were rescued and cell viability was greatly enhanced

(a-control; b-Sham; c-rotenone treated; 24hr, 10x)
5.3.1.3 Sesamol had varying effect at 7SpuM-100 pM concentration
In contrast to preceding observations, sesamol did not exhibit much increase in cell viability
on further increasing the dose to 75uM (Fig. 5.7 d-f) and 100uM (Fig. 5.7 g-i) respectively.
Infact, the cell viability was found to be attenuated in comparison to the preceding
concentration of 50uM. Moreover, the cell morphology and confluency was somewhat
diminished compared to 50uM. Though the cell confluency was slightly increased upon

100uM sesamol treatment, the overall cell viability was not appreciably enhanced.

95



Fig.5.7: Sesamol had varying effects at 75puM-100uM doses. It did not show

significant increase in viability on increasing the dose to 75uM concentration (d-4x;
e-10x; f-20x, 24hr) and 100 pM concentration (g-4x; h-10x; i-20x, 24hr). Also, there

was a slight decrease in cell viability and morphology at these doses

5.3.1.4 Neuroprotective effect of sesamol is resumed at 125uM concentration

The neuroprotective effect of sesamol was found to exert dose-dependent effect on
rotenone-induced toxicity in SH-SY5Y neuronal cells. However, cell viability at 75uM and
100uM concentration showed a slight decrease. Interestingly, when sesamol concentration
was further increased to 125uM, marked enhancement in cell viability was noted. Further,
the confluency and morphology of cells was visibly improved compared to the preceding
doses. Therefore, the neuroprotective effect of sesamol was restored at 125uM

concentration against rotenone-induced toxicity (Fig. 5.8 d-f).
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Fig.5.8: Sesamol reinstated neuroprotective action at 125 pM concentration (d-4x;

e- 10x; f-20x, 24hr). The cell viability was significantly enhanced along with improved

cell morphology

5.3.1.5 Effect of dose of sesamol on cell viability

The neuroprotective effect of sesamol on cell viability in rotenone induced toxicity was
determined through trypan blue exclusion test. Post 24 hours of rotenone administration,
cells were treated with sesamol for 24 hours. Next, the trypan blue test was performed for
each experimental and control group. Accordingly, the number of live (unstained) and dead
(stained) cells were counted in a hemocytometer and percent cell viability determined in
triplicate set of experiments. The results in the form of statistically calculated values were
plotted on a graph (Graph 5.3). Additionally, the quantification of cell viability was
estimated through the colorimetric MTT Assay. The values obtained through MTT Assay
show dose-dependent effect of sesamol in reviving neuronal cells against rotenone induced
toxicity (Graph 5.4). To summarise, sesamol treatment increased cell viability in a dose-

dependent manner in rotenone induced toxicity in SH-SY5Y cells.
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Graph 5.3: Sesamol increased cell viability in a dose-dependent manner against
rotenone toxicity. At S0pM sesamol reversed cell toxicity and greatly enhanced

cell viability
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Graph 5.4: MTT assay showing sesamol exerted neuroprotection in dose-dependent

manner against rotenone toxicity. Complete reversal of rotenone toxicity was observed
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at 50pM dose and slight decrease observed at 75uM concentration

To further corroborate the previous findings that Sesamol acts through HSP70 induction in
reviving neuronal cells against rotenone induced toxicity, we used a HSP70 inhibitor;
Quercetin to carry out same set of experiments and the results obtained are summarised in

the succeeding section.
5.3.2 Dose-dependent effect of Quercetin in rotenone-induced toxicity

The concentration gradient of quercetin was prepared in increasing order of 10uM, 20uM,
50uM, 75 uM and 100uM respectively. Next, 20uM rotenone was administered to SH-
SY5Y neuroblastoma cells for 24 hours. The cell death incurred upon rotenone
administration was determined through trypan blue cell viability assay. Next, the effect of
varying concentrations of quercetin on rotenone induced toxicity was studied in different
time period of 6 hours, 12 hours and 24 hours. The results obtained are summarised below.
5.3.2.1 Quercetin does not attenuate rotenone induced toxicity at 10puM-20pM
concentration

Rotenone treated cells were incubated with 10uM and 20uM quercetin respectively for 24
hours. The effect of quercetin was observed after 6 hours, 12 hours and 24 hours. However,
quercetin had no effect on rotenone induced toxicity in SH-SY5Y cells at 10uM (Fig. 5.9 d-
f) and 20uM concentration (Fig. 5.9 g-i). The morphology of neuronal cells as well as the
cell viability assessed through trypan blue test and MTT assay remained unchanged on

treatment with 10uM and 20uM quercetin respectively (Graph 5.5 and 5.6).
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Fig. 5.9: Quercetin had no effect on rotenone toxicity at 10uM (d-4x; e- 10x; f- 20x,
24hr) and 20puM (g- 4x; h- 10x; i- 20%, 24hr) concentration

5.3.2.2 Quercetin shows slight activity at 50uM -75 pM concentration

The dose of quercetin was further increased to study its effect in rotenone induced toxicity.
Accordingly, 50uM and 70uM quercetin was used to treat rotenone administered neuronal
cells. After 24 hours it was observed that these doses of quercetin had a very slight effect on
neuronal cells. Moreover, a very few viable cells were observed in the total population of
rotenone induced dead cells. Further, the cell viability was very slightly increased at 50pM
quercetin concentration (Fig. 5.10 d-f). Interestingly, on further increasing the dose of
quercetin to 75uM (Fig. 5.10 g-i), attenuation in cell viability as compared to the preceding

dose was observed.
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Fig.5.10: Quercetin showed very silght activity at 50uM (d- 4x; e- 10x; f- 20x, 24hr) and
75uM (g- 4x; h- 10x; i- 20x, 24hr) concentration. Although the activity is insignificant in
the total population of dead cells

5.3.2.3 Quercetin shows very mild effect at 100 pM concentration

Finally, the dose of quercetin was increased to 100uM concentration. However, even at such
high dose not much effect was observed on cells. The neuronal cells did show some
response to quercetin treatment at 100 uM concentration (Fig. 5.11). A small number of
cells were revived at this dose and cell viability slightly enhanced. However, compared to
the dose applied the generated response was very mild in the overall population of neuronal

cells.
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Fig.5.11: Effect of Quercetin on rotenone toxicity at a high dose of 100uM (d-4x; e-10x;

f-20x, 24hr) elicited very mild response in cells. Though, overall the observation had not

much significance in comparison to dose applied
5.3.2.4 Effect of dose of quercetin on cell viability
The neuroprotective effect of quercetin on cell viability in rotenone induced toxicity was
determined through trypan blue exclusion test. Rotenone treated cells were incubated with
varying concentration of quercetin for 24 hours. Next, the trypan blue test was performed
for each experimental and control group. Further, the number of live (unstained) and dead
(stained) cells were counted in a hemocytometer and percent cell viability determined in
triplicate set of experiments. The results in the form of statistically calculated values were
plotted on a graph (Graph 5.5). Further, the quantification of cell viability was estimated
through the colorimetric MTT Assay. The observations of MTT Assay also show slight
effect of quercetin compared to control in rotenone induced toxicity. The cell viability

estimation as a measure of control through MTT Assay has been summarised in Graph 5.6.
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To sum up, quercetin treatment did not exhibit significant increase in cell viability in

rotenone induced toxicity in SH-SY5Y cells.
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Graph 5.5: Cell viability as a measure of quercetin doses showing no significant results
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Graph 5.6: MTT assay showing no significant effect of Quercetin on cell viability.
The slight increase at 50uM and 100pM concentration was overall insignificant in
total population

5.4 Western blot for various cell cycle and PD related markers
5.4.1 Rotenone induced upregulation of Cyclin E

Cyclin E is a cell cycle marker of G4/S phase which normally remains suppressed in
neurons. Accordingly, level of cyclin E was found to be less in control cells. However,
rotenone treatment increased the level of cyclin E, indicative of cell cycle re-entry and
progression in G3/S phase. Rotenone led increase in cyclin E may be attributed to ROS

generation.

5.4.2 Rotenone decreased Parkin activity

Parkin is an ubiquitin E3 ligase and a loss in its activity has been linked to increase in
various substrates which can have detrimental effect on cells. Rotenone treatment led to
attenuation of parkin level when compared to control neuroblastoma cells. Loss in parkin
activity can indicate neuronal cell death observed in rotenone treated cells compared to no
cell death in control where parkin levels are high. Further, loss of parkin activity may also

contribute to increased level of cyclin E as the latter is substrate of parkin.

5.4.3 Rotenone attenuated HSP70 expression

HSP70 is a molecular chaperone which exerts protective function under stress. The
administration of rotenone led to attenuated HSP70 in comparison to control cells. Low

activity of HSP70 may outline cell death induced by rotenone in SH-SY5Y cells.

5.4.4 Sesamol reduced the level of Cyclin E

Sesamol treatment attenuated the levels of cyclin E which was upregulated in response to

rotenone exposure. The decrease in levels of cyclin E may be mediating significant
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acceleration in cell viability upon sesamol treatment in neuronal cells. Further, this decrease
may signify halt in cell cycle activity.

5.4.5 Sesamol restored Parkin activity

Sesamol restored the activity of parkin which was attenuated in response to rotenone

administration. Sesamol mediated increase in parkin level may also explain the decrease in

level of parkin substrate cyclin E.

5.4.6 Sesamol treatment enhanced HSP70 expression

The level of HSP70 was enhanced in response to sesamol treatment. Increase in HSP70 may

explain augmented cell survival of neuronal cells as HSP70 is a pro-survival marker.
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Fig. 5.12: Rotenone increased the level of cyclin E compared to control, with robust expression on
administering high dose of 40pM. Sesamol treatment attenuated cyclin E levels (A). Further, the
level of HSP70 which was reduced on rotenone treatment was restored upon sesamol treatment
(B). Similarly, parkin activity was decreased on rotenone administration and its normal levels
were maintained upon treatment with sesamol (C), compared with p-actin levels as loading
control (D)

5.4.9 Discussion

The previous chapters described the promising potential of HSP70 inducing compounds in
ameliorating CCE mediated neuronal cell death in NDD with an emphasis on Parkinson’s
disease. Out of the three compounds shortlisted in Chapter 111, the neuroprotective potential
of Sesamol in alleviating neuronal cell death was evaluated in the present chapter. The
neurotoxin rotenone which is widely used to mimick PD model was used to instigate
toxicity in SH-SY5Y neuroblastoma cell line. The toxicity assay shows dose-dependent and
time-dependent effect of rotenone in inducing neuronal cell death and cell viability
markedly decreased with increasing dose of rotenone. Moreover, the LDgg value of rotenone
was determined at 20uM concentration in present study. Further, treatment with sesamol
rescued cells against rotenone induced toxicity at 50uM dose and sesamol exhibited dose-
dependent and time-dependent neuroprotection in enhancing cell viability.

The protein expression level of various cell cycle markers subsequent to rotenone
administration and on sesamol treatment was checked through western blotting. The results
show that sesamol attenuated the level of cyclin E which was upregulated on rotenone
administration. Also, the activity of parkin was restored upon sesamol treatment which was
markedly decreased on rotenone administration. This increase in parkin activity may also

explain reduced level of cyclin E which is a substrate of parkin. Further, the level of HSP70
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increased upon sesamol treatment which was also attenuated in response to rotenone
exposure.

Taken together, results obtained from western blotting experiment corroborate the findings
that cell cycle re-entry may be checked by using HSP70 induction strategies. Sesamol
restored the activity of parkin and HSP70 further corroborating our theory that induction of
HSP70 is a pro-survival pathway in rotenone induced toxicity and HSP70 inducing
compounds have a strong potential in attenuating post-mitotic cell division led neuronal
death.

Furthermore, to corroborate the finding of HSP70 induction as the possible mechanism of
survival in sesamol induced cell viability, the expression of HSP70 was knocked down with
the well known compound Querectin. The same sets of experiments were repeated with
quercetin against rotenone toxicity. The results obtained show that quercetin has no
significant effect on cell viability. Therefore, it can be implied from the given results that
sesamol may be rescuing neuronal cells against rotenone induced toxicity through the
induction of HSP70. The detailed mechanism of such possible interaction can be checked

through further studies.
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SUMMARY, DISCUSSION AND
FUTURE PERSPECTIVE
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CHAPTER VI: SUMMARY, DISCUSSION AND
FUTURE PERSPECTIVE

Cell cycle is a crucial phenomenon responsible for generation of new daughter cells,
growth, repair and regeneration in the cell. Neurons are post-mitotic cells which retain
the cell cycle in a permanently arrested state. However, in lieu of fulfilment of certain
physiological demands such as DNA damage repair, synaptic plasticity, neurons may
briefly utilize cell cycle markers. Nonetheless, on prolonged activation or under various
stressors, the cell cycle machinery turns detrimental and drives the cascade of
neurodegeneration by synthesizing DNA in S phase. Thus, re-expression of various cell
cycle markers in AD, PD, HD, ALS constitute a sign of cell cycle re-entry led neuronal
death (Sharma et al. 2017). It is for this reason that studies related to post-mitotic cell
division has gained momentum in various NDD. Moreover, the protective proteins such
as molecular chaperones and ubiquitin E3 ligases are responsible for maintaining protein
homeostasis in the cell and in the event of failure in attaining native conformation the
proteins are tagged for degradation by the UPS machinery. HSPs and E3 ligases are
intimately linked to cell cycle regulation. As a result, CCE led neurodegeneration in
neurons is exacerbated by loss of activity of HSPs, ubiquitin E3 ligases and impaired
UPS system. Further, HSP70 has been shown to act pro-survival in neurodegeneration.
Numerous studies have highlighted the crucial role of HSP70 in alleviating misfolded
protein burden in PD and other NDD (Gao et al. 2015; Tutar and Tutar 2010). Given the
outcome of massive cell death instigated by CCE, it is imperative to design therapeutics
targeting post-mitotic cell division through upregulation of HSP70 expression. Such a
strategy seems promising and is more justified in the present study given that HSP70 is a

key molecule in the regulation of eukaryotic cell cycle.
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In the present work, we first attempted to search for HSP70 inducing compounds in
NDD. For this, we carried out extensive literature survey with the keywords ‘HSP70
inducing compounds’ and ‘NDD’ and prepared a list of twenty compounds. Next, we
employed various in silico tools and techniques to screen these compounds on drug-
likeliness parameters. The compounds were assessed using three parameters namely,
Lipinski filter, Ghose and Veber rules and those which passed these filters were then
analysed for pharmacokinetic properties. Based on various pharmacokinetic parameters
such as aqueous solubility, lipophilicity, GI permeability, bioavailability and BBB
permeability scores, the final candidates amongst twenty compounds were obtained.
These compounds which passed all the filters and showed good pharmacokinetics
included Indomethacin, Bimoclomol and Sesamol. Next, pharmacophore based target
prediction of these three compounds listed various cell cycle proteins which added
weightage to their repurposing potential.

Indomethacin, Bimoclomol and Sesamol depicted novel potential in attenuating cyclin
D1 and cyclin C levels based on interaction energies of molecular docking study (Sharma
and Kumar 2017b). These results led to speculations that the given compounds may have
strong potential in inhibiting GO/G1 phase reactivation in terminally differentiated
neurons in various NDD. Further, the protective action of these compounds in
ameliorating cell cycle re-entry led neurodegeneration may be mediated through HSP70
induction.

We took the lead from here and checked for the efficacy of Bimoclomol as a
neuroprotectant in attenuating the level of another cyclin, the G1/S phase marker; cyclin
E. The rationale behind this study was the intimate link between PD related protein
parkin and its substrate cyclin E. Both these proteins share intriguing relationship in cell

cycle paradigm and dysregulation of the same leads to enhanced cyclin E, CCE and
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accompanying neuronal death in NDD. Bimoclomol is a non-toxic hydroxylamine
derivative which elicited protection through HSPs including HSP70 induction (Deane and
Brown 2016).

Bimoclomol scored well on pharmacokinetics parameters, bioavailability score and could
cross the BBB. Moreover, molecular docking studies suggested that Bimoclomol can
bind to and decrease the level of cyclin E which may imply its potential in halting or
inhibiting CCE mediated neuronal apoptosis in PD (Sharma and Kumar 2017a).

Finally, we tested the neuroprotective potential of one of these shortlisted biomolecules;
sesamol in SH-SY5Y neuroblastoma cell line. The neurotoxin rotenone which is widely
used to mimick PD model was used to induce toxicity in the given cell line. Firstly, we
tested the dose-dependent and time-dependent effect of rotenone toxicity on cell viability
and determined the LDgy value of rotenone which was found to be 20uM in a 24 hour
time period in the given study. Moreover, we also found that rotenone exerts toxicity in a
dose dependent and time-dependent manner and cell viability decreases significantly with
increasing dose. Next, we studied the dose-dependent and time-dependent efficacy of
sesamol against rotenone induced toxicity in SH-SY5Y cell line. Accordingly, our study
outlined neuroprotective potential of sesamol at a dose of 25uM. Further, sesamol
reversed rotenone induced toxicity at a dose of 50uM in neuroblastoma cell line.
Furthermore, cell viability was significantly upregulated with increasing dose of sesamol.
Thus it can be summarised that sesamol exhibited dose dependent efficacy against
rotenone toxicity in SH-SY5Y cell lines.

The level of various cell cycle markers was checked subsequent to rotenone
administration and on treatment with sesamol using western blotting. Our results showed
that sesamol treatment decreased the expression level of G1/S phase marker cyclin E

which was increased upon rotenone administration. This decrease in cyclin E may signify
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potential of sesamol in attenuating cell cycle re-entry in PD. Further, the level of
protective proteins such as parkin and HSP70 were reinstated subsequent to sesamol
treatment. The enhanced levels of parkin may further explain decreased activity of its
substrate cyclin E. Interestingly, cell viability was markedly increased with decreased
cyclin E and increase in level of parkin and HSP70.

To sum up, sesamol attenuated cell cycle re-entry led neuronal death as evident by
decreased level of cyclin E. Further, sesamol restored the level of protective proteins
parkin and HSP70 and thus, an overall decline in neuronal apoptosis and enhanced cell
viability was seen in SH-SY5Y neuroblastoma cell lines. Further, it may be outlined that
HSP70 induction mediated a pro-survival pathway which alleviated rotenone induced
toxicity in CCE paradigm in SH-SY5Y cell lines. Moreover, the increase in HSP70
expression and concurrent cell viability upon sesamol treatment further support our
theory that HSP70 inducing compounds have a strong novel potential in correcting CCE
led neuronal apoptosis in PD.

Finally, we tested the HSP70 induction theory by using a compound which is widely
employed as HSP70 inhibitor; Quercetin. Similar to sesamol, we carried out the dose-
dependent and time-dependent studies of quercetin in rotenone induced toxicity in SH-
SY5Y cell line. Interestingly, quercetin treatment neither rescued cells against rotenone
toxicity nor improved cell viability. These observations clearly outline that HSP70
induction plays a crucial role in neuronal cell survival in rotenone induced toxicity.
Moreover, HSP70 inducing compounds have promising potential in ameliorating CCE
led neuronal death in PD. These observations have opened up a new avenue of neuro-
therapeutics for further exploration through in vitro and in vivo cell cycle models in PD

and other NDD.
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The present study can be extended to check the mRNA levels of the proteins whose
activities were found to be altered in the present work. Moreover, the in silico results
showing efficacy of bimoclomol in attenuating cyclin E can be validated through in vitro
studies. Additionally, molecular mechanistic involved in sesamol induced HSP70
induction and the accompanied neuronal survival can be further investigated to enable a
deeper understanding of mode of action of biomolecules in promoting cell survival in

NDD.
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APPENDIX-1

LIST OF INSTRUMENTS USED

1.

10.

Laminar Air Flow (vertical)
The laminar air flow used was the vertical hood with biosafety grade 2 (BS2) level. It was
used for keeping the cells contamination-free during media change, toxin and drugs
treatment. The manufacturer of the hood is ESCO.

CO2 Incubator

The CO2 incubator was used to provide optimum growing conditions of 5% CO2 and
37°C temperature to the neuroblastoma cells. The NaOH pellet was added to the water tray
for maintaining humidity. The make of the incubator is N-Biotek.

Inverted Microscope

Microscopy was done with the help of compound, inverted microscope. The microscope
has a mounted camera (Olympus) which is attached to the monitor and images are viewed,
clicked and stored with the help of given software.

Western Blot Apparatus

The protein profiling was done using the BioRad western blot apparatus. The instrument
used was double-gel casting model. The SDS-PAGE was carried out using 10%
polyacrylamide gel.

Gel Rocker
The membrane blocking with BSA and incubation with primary and secondary antibodies
during western blotting was carried out on the Tarsons gel rocker.

Centrifuge
The Eppendorf bench top centrifuge was used for separating the required cell constituents

and for spinning wherever required during the experiments.

Water Bath
The protein samples were cooked prior to loading onto the gel. The temperature used to
denature proteins was 95°C for 15 minutes in the Julabo water bath.

Hemocytometer
The cell density for the purpose of subculturing and cell viability was calculated using the
hemocytometer with the cover slip model.

Vortex
The constituents of various solid-liquid formulations were mixed thoroughly with the help
of vortex to ensure a uniform composition.

Weighing Balance
The digital electronic weighing balance was used for accurately weighing various
compounds and drugs used in the experimentation.
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APPENDIX- 2

BUFFERS AND RECEIPES

1. Growth Medium
DMEM:F12-1:1
FBS- 10%
1mM Sodium Pyruvate- 1:100
Sodium bicarbonate- 1:50
1X Non-essential amino acids- 1:100
PEN-STREP- 1X
L-Glutamate

2. Resolving Gel (10%) for 5ml
H,0 - 1.9ml
30% acrylamide - 1.7ml
1.5M Tris - 1.3ml
10% SDS - 0.05ml
10% APS - 0.05ml
TEMED - 0.002ml

3. Stacking Gel (5%) for 2ml
H,O0 - 1.4ml
30% acrylamide - 0.33ml
1M Tris - 0.25ml
10% SDS - 0.02ml
10% APS - 0.02ml
TEMED - 0.002 ml

4. Running buffer (10X) 1L (pH 8.3)
Trizma — 30.0g
Glycine — 144.0g
SDS -10.0g
H,O — 1000ml

5. Transfer buffer (1X) 1L (pH 8.3)
Trizma — 25mM
Glycine — 190mM
SDS - 0.1%
Methanol — 20%
H,O — make upto 1000ml

6. TBST Buffer (10X) 1L (pH 7.4)
Trizma — 15¢
NaCl — 44g
KCI-1g
Tween 20 — 10ml
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7.

10.

11.

12.

PBS Buffer (1X) 1L (pH 7.2)
NaCl - 8g

KCI-0.2g

Na,HPO,—1.44g

KH,PO4— 024g

Blocking Buffer
BSA (3%) in TBST

Loading Buffer (2X Lammeli) (pH 6.8)
SDS - 4%

Betamercaptoethanol — 10%

Tris-HCI — 0.125M

Glycerol — 20%

Bromophenol blue — 0.004%

Coomassie blue stain (100ml)
Coomassie blue — 0.25¢
Methanol — 50ml

Glacial acetic acid — 10ml
deO —40ml

Coomassie blue destain (100ml)
Methanol — 5ml

Glacial acetic acid — 7ml

dH,0 — make upto 100ml

Ponceau S stain
Ponceau S — 0.2% (w/v)
Glacial acetic acid — 5%
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Emerging evidence revealed that abrogated cell cycle entry into highly differentiated mature neurons and mus-
cles is having detrimental consequences in response to cell cycle checkpoints disruption, altered signaling cas-
cades, pathophysiological and external stimuli, for instance, A, Parkin, p-tau, oi-synuclein, impairment in TRK,
Akt/GSK3{, MAPK/Hsp90, and oxidative stress. These factors, reinitiate undesired cell division by triggering
new DNA synthesis, replication, and thus exquisitely forced mature cell to enter into a disturbed and vulnerable
state that often leads to death as reported in many neuro- and myodegenerative disorders. A pertinent question
arises how to reverse this unwanted pathophysiological phenomenon is attributed to the usage of cell cycle
inhibitors to prevent the degradation of crucial cell cycle arresting proteins, cyclin inhibitors, chaperones and
E3 ligases. Herein, we identified the major culprits behind the forceful cell cycle re-entry, elucidated the cyclin
re-expression based on disturbed signaling mechanisms in neuromuscular degeneration together with plausible

Keywords:

Post-mitotic cell division
Signaling cascade
Neuromuscular degeneration
Cyclins

Therapeutics therapeutic strategies.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The etiology of neuromuscular degeneration is characterized by the
canonical deposition of non-functional/toxic proteins such as amyloid (3,
tau, parkin, a-synuclein, mutant huntingtin, and chronic inflammations
in neuromuscular disorders (NMDs) including Alzheimer's disease
(AD), Parkinson's disease (PD), Huntington's disease (HD), Inclusion
body myositis (IBM) and Poly myositis (PM). The deposition of
pathological proteins or inclusions creates a physiological burden on
cell that triggers multiple signaling cascades including mitogen-
activated protein kinase (MAPK), c-Jun N-Terminal Kinases (JNK),
Phosphatidylinositol 3-kinase/serine threonine kinase Akt/Glycogen
synthase kinase 3 (PI3K/Akt/GSK3[3), Notch and apoptotic signaling
pathways. The consequent overexpression of cell cycle markers has
been observed with the symptoms of cell cycle re-entry (CCR) [1].
Moreover, the co-localization of cell cycle markers with pathological
proteins has reinforced the role of cell cycle machinery as a trigger to
degeneration [2]. Further evidence suggests that re-expression of cell
cycle markers occurs at prodromal stages before the appearance of
pathological hallmarks in these neuromuscular disorders. A plethora
of studies have demonstrated the involvement of oxidative stress,
aging, mutation, mitochondrial dysfunction; ubiquitin proteasome
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system (UPS) shut down and loss of function of several protective
proteins in the pathogenesis of these NMDs. For instance, prolonged
activation or under the influence of acute insults such as DNA damage,
oxidative stress, neurotrophic factor deprivation and altered microRNA
(miR) function; cell cycle machinery turns detrimental and drives the
cascade of DNA synthesis and consequent neuronal death culminating
into neurodegeneration [3]. Interestingly, numerous studies have
established cell cycle re-entry as a true phenomenon in neurodegener-
ation with actual DNA synthesis and cannot be viewed as an
epiphenomenon of other processes. Moreover, cell cycle markers' re-
expression in terminally differentiated neurons is also reported to fulfill
the physiological demands pertaining to synaptic plasticity, neuronal
migration and maturation [4]. Importantly, current studies advocate
that aberrant cell cycle re-entry is not a consequence, but rather a
cause of neuromuscular degeneration, depicting the importance of
targeting cell cycle re-entry as a therapeutic window for treating neuro-
muscular disorders. These days several compounds/biomolecules have
been implicated for targeting cell cycle re-entry in neurons and muscles.
Moreover, potential role of ubiquitin E3 ligases and heat shock proteins
have also been demonstrated to revert the damaging effect caused by
cell cycle re-entry in neuromuscular disorders.

2. Relevance of cell cycle markers (cyclins, CDKs, CDKIs) in
maintaining cell cycle homeostasis

The eukaryotic cell cycle is orchestrated machinery that accom-
plishes fundamental roles in cell replenishment such as DNA replication,
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cell growth, repair and birth of new daughter cells from the native
mother cell. The coordination of the cell cycle requires complex
interplay between the levels of different cyclins and cyclin dependent
kinases (CDKs) at different checkpoints. For instance, Cyclin C/Cdk3
complex mark the transition of cells into G1 i.e. preparatory phase. Fur-
ther, G1/S transition is controlled by the crucial action of cyclin D/Cdk4/
6 and cyclin E/Cdk2 complex [5]. The DNA replication in S phase is
triggered by the cyclin A/Cdk2 and Cyclin A/Cdk1 complex. Cell division
in M phase is tightly regulated by the activity of cyclin B/Cdk1complex
[6]. The integrity of the cell cycle is maintained by the timely degrada-
tion of cyclins and consequent inactivation of CDKs, which is brought
about by a class of cyclin dependent kinase inhibitors (CDKIs). These
CDKIs are categorized into Ink family and Cip/Kip family [7]. The Ink
family comprised p15™4P, p16'™%42 p18'"k4c and p19'™k4d that bind
with Cdk4/6 and is known to inhibit its association with cyclin D, there-
by promoting quiescent stage [8]. On the contrary, members of Cip/Kip
family comprised p21°iP!, p27%"P! and p57%iP? that bind and regulate
specific Cyclin/Cdk complexes during different stages of cell cycle
progression [9]. Additionally, activation of different signaling cascades
tightly regulates the checkpoints, which are strategically distributed
throughout the cell cycle. The checkpoints ensure the correct comple-
tion of previous phase before the beginning of new cell cycle phase,
and ascertain the correction of any defect and provide protection
against the transmittance into daughter cells by halting the cell cycle
until the repair has been done or by alternatively triggering cell death
pathways. For instance, the G1 phase is regulated by two checkpoints
inits early and late phase to assess cell size and growth factors required
for promotion to S phase [10]. While, the S phase is regulated by tumor
suppressor gene p53 in response to DNA damage wherein the cell cycle
is halted for repair or alternatively triggering apoptosis if the damage
cannot be repaired [11]. Furthermore, the G2/M transition is tightly
controlled by phosphorylation dynamics of Cdk1 where the activatory
phosphorylation of Cdk1 is carried out by Cdk-activating kinase
complex at Thr160/Thr161 while inhibitory phosphorylation is mediat-
ed by Myt1 and Wee1 kinase at Thr14 and Tyr15 respectively. These
phosphorylation events can be reversed by the action of cell division
cycle 25 (Cdc25) thereby tightly regulating Cdk1 activity [12]. In this
way, cell cycle markers play a discrete role in the normal physiology
of neuronal cells. However, post mitotic expression of these markers is
responsible for the onset of cell cycle re-entry mediated neuromuscular
dysfunction.

3. Causative agents that force cell cycle for re-entry into neurons
and muscles

There are various factors that are responsible for triggering cell cycle
re-entry in neurons and muscles, including environmental toxins, ge-
netic factors, and other cellular stresses. These factors have different
mechanistic approaches for eliciting cell cycle abnormalities in neurons
and muscles that have been discussed below and elucidated in Fig. 1.

3.1. Potential cell cycle re-entry triggering factors

3.1.1. Environmental factors

Recently, certain environmental factors have been identified, which
contributed in the pathogenesis of several neuromuscular disorders.
These environmental toxins comprised heavy metals, pesticides and
metal based nanoparticles, which are currently being studied for their
role in CCR mediated neuromuscular degeneration. For instance,
administration of methyl mercury (MeHg) is found to alter the
expression of cell cycle regulators p16 and p21 in rat embryonic cortical
neuronal stem cells. Moreover, compromised cell proliferation and a
significant decrease in global DNA methylation were observed
subsequent to MeHg treatment in NSCs, supporting the idea that its
long-term exposure would lead to neurodevelopmental or neurodegen-
erative disorders [13]. Further, exposure to various other toxins like

kainic acid, quinolinic acid and heavy metals, including cobalt, lead
and iron was shown to be responsible for reactive gliosis. Accordingly,
induced reactive gliotic changes led to cell cycle re-entry attempts in
neurons [14]. Recently, fluoride and aluminum were found to disrupt
neuronal morphology and cell cycle induced progressive cell death by
triggering the activation of cell cycle markers and lysosomal proteins
[15]. Additionally, a renal carcinogen Ochratoxin A (OTA) induced cell
cycle aberrations in renal tubular cells [16]. Moreover, environmental
factors are found to exacerbate the neuromuscular degeneration in
action with other triggering factors. There are numerous reports dem-
onstrating the toxic effect of heavy metals, pesticides and nanoparticles
in neurodegeneration, but very few showing the lethal effect of these
toxins in the cell cycle re-entry mediated neuromuscular degeneration.
Therefore, significant researches need to be carried out to determine the
involvement of heavy metals and pesticides in cell cycle induction
related neuromuscular toxicity.

3.1.2. Oxidative stress

Oxidative stress is the most vulnerable and obvious cause for
inducing cell cycle irregularities in post-mitotic neurons and muscles
reported till the date. Reactive oxygen species (ROS) generation is the
prime factor responsible for causing oxidative stress, which in turn
alters the components of mitogenic signaling cascade by activating var-
ious signaling molecules. For instance, MAPK, nuclear factor kB (NF-xB)
and growth factor receptors are activated via ROS and initiate cell cycle
re-entry in post-mitotic neurons [17]. Interestingly, ROS also induced
DNA damage; chromosomal breaks and base mis-incorporation in cell
cycle events [18]. Moreover, ROS was also found to abort the activity
of DNA repair proteins associated with the DNA replication process in
AD. Numerous studies have reported ROS mediated unrepaired,
oxidized nitrogenous bases and DNA strand breaks in post-mortem tis-
sues of patients with different neuromuscular disorders [19]. Hypoxia
has emerged as a critical player of cell cycle induction in neurons and
muscles. Additionally, various studies have reported DNA replication
in post-mitotic neurons upon exposure to hypoxia. Apart from DNA
damage, oxidative stress is proposed to trigger cell cycle re-entry in re-
sponse to UPS dysfunction [20]. However, UPS is evident to regulate the
cell cycle in two disparate manner via degrading either cyclin D1 or Cdk
inhibitors p21/p27 [18]. Likewise, altering the levels of HSPs including
HSP 27, HSP 70 and HSP90, also triggers cell cycle re-entry via control-
ling different stages of the cell cycle. For instance, blocking of HSP90 ac-
tion with geldanamycin, halted cell cycle at GO/G1 transition by
obstructive action of HSP90-specific client proteins Cdc37 and FKBP52
[21]. Besides Kwon et al. demonstrated the interaction between HSP70
and cyclin D or E1 in IBM and PM biopsy samples depicting their role
in cell cycle progression [22]. Another study reported the association
between Hsc70 and cyclin D1 to regulate its assembly with Cdk4 and
Cip/Kip proteins and formation of a catalytically active complex [23].
Therefore, oxidative stress in concordance with cell cycle re-entry
markers contributed significantly in the etiology of neuromuscular
degeneration.

3.1.3. Double stranded DNA break (DSB)

DSB accumulation and its attainment of non-repairable conforma-
tion is another crucial factor for initiating cell cycle re-entry in post-
mitotic neurons [24]. DNA damage activates ataxia telangiectasia mu-
tated (ATM), ataxia telangiectasia and Rad3-related (ATR) and E2F tran-
scription factor 1 (E2F1), and other proteins, which regulate cell cycle;
DNA damages repair, and apoptosis in post-mitotic neurons [25]. Chk1
and chk2 are the checkpoint kinases that are induced in response to
DNA damage in the cell cycle. ATM is a well-known checkpoint in the
cell cycle which regulates dsDNA break response in a p53 dependent
manner and controls cell cycle arrest, apoptosis and mediates protec-
tion against oxidative stress [26]. Moreover, phosphorylated ATM has
been shown to be elevated in cerebellar dentate neurons of AD patients
when compared with age-matched controls [27]. Further, increased
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ATM expression accompanying downregulation of TP53-inducible
glycolysis and apoptosis regulator (TIGAR) protein constituted a key
feature of dementia associated with Alzheimer's disease. Furthermore,
DSB mediated accumulation of functionally inactive monomers and
dimers of TP53 have been reported in AD brain [28]. Likewise, E2F
complexes are associated with histone-modifying enzymes, histone
modifications, including histone acetylation and methylation, and
therefore, essential for cell cycle re-entry that may play a regulatory
role in DNA repair or apoptosis [25]. Moreover, evidence for DSB had
also been reported in s-IBM muscles that resulted in muscle fiber matu-
ration arrest [29]. Importantly, recent studies are going on to explore
the relationship between DNA damage and cell cycle re-expression in
different systems.

3.1.4. Micro RNAs (miR)

miR has recently gained attention due to their strategic control of
cell cycle regulation in post-mitotic neurons. For instance, over-
expression of miR26 has been reported to trigger aberrant cell cycle
re-entry, DNA replication, and tau hyperphosphorylation in rat primary
post-mitotic neurons. Moreover, elevated level of miR-26b triggered the
re-expression of cell cycle proteins cyclin E1, pRb, PCNA, Ki67 and BrdU
in post-mitotic neurons [30]. Additionally, miR26b over-activation
elicited Cdk5 mediated enhanced tau phosphorylation in vitro and in-
vivo studies. It also attenuated the action of cell cycle inhibitors p15
and p27 [31]. In another study, increased miR-26b level induced cyclin
E1 up-regulation and downregulated p27P! expression mediated by
Rb1/E2F protein complex, signifying its role in cell cycle regulation
[30]. Further, genetic and epigenetic evidence revealed that NF-kB-

regulated micro RNAs including miRNA-9, miRNA-125b, miRNA-146a
and miRNA-155 are involved in the downregulation of small brain and
retinal cell related family of target mRNAs causing complement factor
H (CFH) deficiency leading to inflammatory neurodegeneration in AD
and age-related macular degeneration (AMD) [32]. Likewise, disruption
of miR34a and miR-132 has been linked with AD and other NDDs. For
instance, AR mediated suppression of miR-34a resulted in unscheduled
cell cycle re-entry and apoptosis via MEK-ERK pathway mediated deg-
radation of tumor suppressor TAp73 in AD mouse model. Interestingly,
numerous studies are evident for the over-expression of miRNAs in
temporal cortex and hippocampus region of AD patients signifying
that erroneous miRNA regulation is involved in the etiology of various
NDDs [33]. Recently, altered miRNA expression has been observed in
IBM, PM and other muscular dystrophies that are involved with myo-
blast differentiation and muscular regeneration [34]. However, few
studies reported the role of microRNA in the cell cycle re-entry, but
microRNA research is still at preliminary stage.

3.1.5. Brain derived neurotrophic factor (BDNF)

BDNF is a member of neurotrophin family of growth factors that
plays a crucial role in neuronal cell survival, growth and differentiation.
It protects neurons against glutamate and oxidative stress, i.e. NMDA or
H,0, mediated toxicity, might be through inhibiting Ras-MAPK
pathway. However, altered BDNF has been implicated in the cell cycle
re-entry mediated pathogenesis of neuromuscular disorders during ox-
idative or excite toxic stress responses [35]. For instance, BDNF down-
regulated cyclin B and Cdk1 levels (generally localized in NFTs in AD)
in differentiating tetraploid neurons in the retina through TrkB
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neurotrophic receptor-mediated activity and thereby halted the cell
cycle at G/M checkpoint. The inability of this complex to translocate
into the nucleus likely played a role in blocking G,/M transition [36]
and abnormal tau phosphorylation, thereby contributing in the
pathogenesis of AD [35]. Additionally, BDNF was found to trigger inhibi-
tion of Cdk1 activity through phosphorylation of the site Tyr15, thereby
halting G2/M transition in tetraploid neurons [36]. Another study iden-
tified that nerve growth factor (NGF) induces cell cycle re-entry through
a novel, Cdk4/6-independent pathway, i.e. p>>/MAPK-Dependent E2F4
Phosphorylation mediated neurodegeneration [37]. The neurotrophin
system also exhibits a role in myogenesis and regeneration in skeletal
muscle biology. Moreover, differential study of BDNF receptors
identified p75 neurotrophin receptor (p75NTR) to be predominantly
expressed in human myocytes [38]. Presently, BDNF deprivation was
well implicated in the cell cycle re-entry mediated pathogenesis in
neurons, but its investigation in muscles is still desired.
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3.2. Altered signaling cascades in aberrant cell cycle re-entry induced
neuromuscular degeneration

Although there are several risks, factors identified to be involved in
aberrant CCR but the demonstration of consequent alteration of
signaling cascade is still at preliminary stage. However, a growing
body of evidences have highlighted the involvement of multiple signal-
ing pathways such as Notch, Wnt/p-catenin, Akt/GSK3p, P*8/MAPK and
dyotic signaling in the biology of cell cycle re-entry (Fig. 2). For instance,
treatment with kainic acid is reported to activate notch signaling that
augmented the aberrant CCR via activation of CyclinD1-Rb-E2F1 axis.
Moreover, this abundance of cyclin D1 expression was accomplished
by Akt/GSK3p pathway in AD [39]. Similarly, elevated levels of -
catenin through wnt/B-catenin signaling in PS1 FAD brain has been
found to accelerate CCR simply by upregulating cyclin D1 transcription
[40]. Further, elevated cyclin D1 contributes towards the apoptotic
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response mediated neuronal cell death. Additionally, disturbed Cdk5
associated neurotrophic signals have also been reported to cause
neuronal dysfunction. For instance, Cdk5 mediates phosphorylation of
Apel, MEF2D and GSk-3p and contribute in the pathophysiology of
neuromuscular disorders [41]. Ape1 plays a crucial role in DNA repair
mechanism while MEF2D, a pro-survival transcription factor assists in
memory development [42]. Moreover, Cdk5 also inhibits protein
phosphatase-1 (PP1) and promotes P>®/MAPK activity, which in turn
leads to tau hyperphosphorylation and consequent microtubule dissoci-
ation [43]. Further, Cdk5 also involved with Parkin phosphorylation and
glutamate or dopamine mediated neurotoxicity in PD and HD respec-
tively [44]. Likewise, CdK5 is also responsible for altering Drp1 activity
thereby increasing mitochondrial fission in HD. Besides, it is also report-
ed to induce tau hyperphosphorylation and consequent increased
Perikaryal inclusions of neuro-filaments (NF) in the SOD1 amyotrophic
lateral sclerosis (ALS) mice model [45]. Furthermore, the increased
expression of procaspase-3 and cleaved caspase-3 and 9 i.e. apoptotic
signaling is observed in IBM/PM sample to be associated with Ap
accumulation. Since, accumulated AP in IBM/PM has evidenced to
downregulate the Akt expression and subsequent alteration in G1/S
phase transition thereby triggering aberrant CCR [22]. Recently, dyotic
signaling has also been identified to be associated with CCR in post-mi-
totic neuron. Since, this signaling trigger altered ABPP processing and
neuronal hypertrophy in M phase of cell cycle, thus governing aberrant
CCRin AD [40]. Moreover, recent studies are going on to identify the cell
cycle markers associated signaling disturbances in post-mitotic neurons
and muscles to demonstrate the pathophysiology behind the cell cycle
re-entry mediated neuromuscular degeneration. Such altered signaling
associated with cell cycle markers in different neuromuscular disorders
have been summarized in Table 1. Nevertheless, numerous signaling
pathways are currently being explored in different models to unravel
the complexity of cell cycle re-entry mechanisms in various NMDs.

4. Aberrant cell cycle re-entry in neuromuscular disorders

Scientists are investigating whether the re-expression of various cell
cycle markers symbolizes an authentic cell cycle, or it is just a
consequence of other pathological events. The growing evidence
supports the notion that cyclin's re-expression is a true phenomenon
representing actual re-activation of the cell cycle in post-mitotic
neurons and muscles. However, cell cycle re-entry in terminally
differentiated neurons and muscles is lethal and has been widely
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implicated in the pathogenesis of degenerative disorders like AD, PD,
IBM/PM, HD and ALS (Fig. 3).

4.1. Alzheimer's disease

Alzheimer's disease is the most common progressive neurodegener-
ative disorder, well characterized by the intracellular deposition of
hyper-phosphorylated form of microtubule associated protein; Tau
and extracellular aggregation of amyloid beta (AB) protein manifesting
in neurofibrillary tangles (NFT) and senile plaques respectively.
However, increasing evidence has defined the role of cell cycle re-
entry as one of the keys causal phenomenon in neuronal death associat-
ed pathogenesis of AD. Moreover, cell cycle aberrations are directly
linked with the increase in pathological accumulation of AP and tau
hyper-phosphorylation. Furthermore, cell cycle re-entry preceded NFT
and senile plaque formation in AD and cell cycle markers were found
to co-localize with NFTs, further reinforcing that cell cycle re-entry
posits an early laid phenomenon in the pathogenesis of AD [24,63].
The cdc7 dependent phosphorylation of mini-chromosome mainte-
nance protein 2 (Mcm2) at Ser40/41 has been reported in AD neuronal
cytoplasm and NFTs, supporting the evidence of cell cycle re-entry in a
DNA replication manner. However, it is interesting to note that the
Mcm?2 expression has not been reported in non-proliferating tissues,
rather, its accumulation is observed in the cells re-entering G1 phase.
Moreover, phosphorylated Mcm2 gets accumulated in the cytoplasm
and is supposed to alter the minichromosome maintenance protein
complex (MCM) to prevent cytokinesis in AD neurons [64]. Interesting-
ly, mitotically active neuronal cells also trigger tau phosphorylation
with the help of CDKs, which in turn stimulate the NFT formation. In a
study of human tau expressing Drosophila model, Tau phosphorylation
was carried out by Checkpoint kinase 1 & 2 (chk1/2) at Ser 262, which
is an AD-related site [65]. In addition, over-expressed chk2 mediated
Ser 262 phosphorylation resulted in increased tau-led neurodegenera-
tion [66]. Likewise, APP is also notably upregulated in response to mito-
genic stimuli by cell cycle markers. The APP-BP1 adaptor protein, which
plays an important role in APP cleavage, is a cell cycle protein involved
in S-M phase transition. Augmented APP-BP1 level drives S phase
mediated DNA replication in neurons accompanied by expression of
cyclin B1 and cdc2 [67]. Similarly, in-vitro studies revealed that
Presenilin 1 & 2 (PS1/PS2) overexpression arrested the cycle in G1
phase while its knockdown promoted G1/S transition [40]. Further,
transgenic mice studies with human APP mutant model (K670M/
N671L), also corroborated the findings of upregulated G1/S cell cycle

Table 1
Consequences of altered cell signaling in the post-mitotic cell division.
Principle  Signaling cascades Check points Cyclins expression CDK/CDC/CDKI/TFS involved References
phenotype
AD MEK-ERK MAP pathway/p38 MAPK GO to G1 and G1/S phase Cyclin D1 and Cyclin E1 Cdk4 and Ki67 (MKI67) [46]
Notch signaling and Akt/GSK3p GO to G1 and G1/S phase CyclinD1 Cdk4/Cdk6 and Rb-E2F1 [39]
pathway
3-catenin/TCF transcription G1/S phase Cyclin D1 Cdk4/Cdk6 and Rb-E2F1 [40]
complex (Wnt signaling)
Not defined G1/S transition and G2/M phase Cyclin B, Cyclin C, cyclin D1  Cdk1, Cdk2, Cdk4/Cdk6, Cdk5, Cdk7, [47-52]
and Cyclin E Cdk11, p15, p16, p18, p19, p21, p27,
pRb/p107, Ki67, mpm-2, E2F-1, PCNA,
MORF4-related transcription factor and
p53
PD Not defined G1 to S phase Cyclin D and Cyclin E Cdk2, Cdk4, Rb-E2F1 [53]
MEK-ERK MAP pathway/p38 GO/G1 phase Cyclin D3 Cdk5, Cdk6/pRb, p21, p25 and p35/p39, [54-57]
MAPK Prosurvival transcription factor MEF2D,
E2F-1 and p53
HD Not defined GO/G1 phase and G1/S phase Cyclin A2, Cyclin D1 and Cdk2, Cdk4, Cdk5 and p25, E2F-1 [58-61]
CyclinE
ALS Apoptotic signaling G1 to S phase Cyclin D1 and Cyclin F Cdk4, Cdk5, Cdk6, p25, p35/p39 and [62]
pRb/p107, E2F-1
IBM/PM Apoptotic signaling and Akt G1/S phase Cyclins E and Cyclin D1 Cdk2, Cdk4, Cdke, Ki-67, PCNA and p21 [22]

signaling
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Fig. 3. Cell cycle re-entry mechanisms in neuromuscular disorders. The pathogenesis of HD is mediated by altered activity of Cdk5, micro RNA-124 and mutant HTT, which triggers the
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factors such as Calpain and ATM, which triggers the cell cycle markers and contributes towards CCR mediated pathogenesis of PD. Additionally, Parkin and NOS also altered the activity
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protein; Rb - Retinoblastoma.

proteins like cyclin D1 and cyclinA in frontal cortical layers [68]. The
cyclins re-expression intervened mitogenic signaling is thought to be
induced by advanced glycation end products (AGEs) released from acti-
vated microglia and astroglia upon A trigger. Further, in an apolipopro-
tein E-deficient mice model, AGEs deposition triggered cyclin D1
expression and consequent DNA replication through RAGE-ERK1/2
MAP Kinase Signaling Pathway [69]. Further, reports suggest that AP

induced cell cycle re-entry in neurons can only be driven in the presence
of tau phosphorylation carried out by non-receptor tyrosine kinase- fyn,
cAMP-regulated protein kinase A and calcium-calmodulin kinase II at
Y18, S409 and S416 sites respectively [70]. Moreover, it is also notable
that AP is itself mitogenic in-vitro, thereby controlling the cell cycle
events in AD. The evidence for AR induced cell cycle re-entry in post-
mitotic neurons was marked by the re-expression of cyclin D1, PCNA
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and BrdU incorporation, evidence of new DNA synthesis. Moreover, AP
exerted a dose dependent effect on the expression of various cyclins. For
instance, low AR triggered cyclin D1 expression, while high A induced
cyclin B1 [63]. Further, cell cycle reactivation is evidence of non-
homologous end joining (NHE]) events in differentiated neurons.
Recent studies demonstrated the elevated expression of cyclinD1,
phosphorylated retinoblastoma protein (pRb), global cell cycle regula-
tors such as Ki-67 and Mcm?2 in relation with NHE] response [24]. Cell
cycle in AD is driven through G1/S phase, which is evident, by the
increased level of cyclin E in different regions of the hippocampus in
AD brains in comparison with age-matched controls. Moreover, upreg-
ulated cyclin E activity matched well with neuritic plaque burden in the
neocortex region [46]. The affected neurons in AD also exhibit a crucial
role of Cdk5 in cell cycle regulation. It has been demonstrated that
nuclear Cdk5 plays a pivotal role in keeping neurons in the post-
mitotic state as they mature while loss of nuclear Cdk5 leads to cell
cycle entry [71]. Thus, increasing evidences confirm that Ap and tau
have a temporal relationship with the cell cycle re-entry and conse-
quent neurodegeneration.

4.2. Parkinson's disease

The signature, toxic accumulation of alpha-synuclein (o-syn)
protein, characterizes the pathology of Parkinson's disease. The
phenomenon of cell cycle re-entry has also been observed in PD. For
instance, expression of E2F-1, pRb and proliferating cell nuclear antigen
(PCNA), a marker of dividing cells has been evident in around 3-6% of
substantia nigra pars compacta (SNpc) neurons in PD brains with
respect to controls [55]. Moreover, neurons also showed aneuploidy of
selected chromosomes signifying the involvement of DNA replication
machinery. Further, the markers of G1/S phase; cyclin D and cyclin E
were upregulated upon MPP* exposure in neuronal culture, suggesting
the activation of Cdk4/6 and Cdk2 respectively. Moreover, experimental
results suggest that Cdk2/cyclin E complex is more vulnerable than
Cdk4/cyclin D or Cdk6/cyclin D complex [72]. Another study reported
increased level of cyclin D in SNpc subsequent to rotenone administra-
tion in rats. Additionally, elevated levels of DNA polymerase 3 induced
endoreplication were also found to be involved in the pathogenesis of
PD [73]. Furthermore, microarray expression analysis revealed the asso-
ciation between cyclin-G-associated kinase (GAK) polymorphism
1s1564282 and a-synuclein in post-mortem frontal cortex of PD brain
[74]. The non-classical cell cycle protein Cdk5 possibly caused phos-
phorylation of Parkin, thereby reducing its E3 ligase activity and
preventing the ubiquitination of toxic substrates. Moreover, several
studies reported that Cdk5 also mediated MPTP induced neuronal cell
death. Accordingly, MPTP induced activation of calpains, which
triggered cleavage of p35 into p25 thereby inducing over-activation of
Cdk5, which, in turn resulted in neuronal apoptosis. Furthermore,
Cdk5 mediated higher levels of phosphorylated Peroxiredoxin-2
(Prx2), a neuronal antioxidant is observed in SNpc neurons in PD
indicating its involvement in neuronal death [55]. This evidences
suggested a potential connection between Cdk5 and cell cycle re-entry
in PD. In addition, MPP induced ROS generation also triggered pRb
dependent cell cycle reentry and subsequent ATM mediated DNA
damage in animal models as well as in PD patients [75]. Thus,
experimental studies strongly advocate the causal role of CCR in
Parkinson's disease pathogenesis.

4.3. Inclusion body myositis and polymyositis

IBM is the most common, progressive and debilitating, neuro-in-
flammatory muscle fiber disease among the elderly that is primarily
characterized by intra-muscular fiber aggregation of congophilic,
misfolded/toxic multi-proteins and vacuolization [76]. Most important-
ly, IBM shows similar pathogenic manifestations as AD such as AR
deposits, paired helical filaments containing hyperphosphorylated tau,

aggregates of AP precursor protein (ARPP) and presenilinl [77].
Similarly, the common morbid feature between IBM and PD has also
been noticed including, enrichment of ai-synuclein, Parkin and oxidized
DJ-1 in muscle fibers. Such sharing of pathological features between AD,
PD and IBM clearly points towards a common underlying switch to
neuro-muscular degeneration marked by alteration of these proteins.
However, PM has been much debated as to co-exist with IBM than as
an independent phenomenon. PM is regarded as a T-cell mediated
autoimmune disease typically manifesting as a painless, proximal
myopathy [34]. The actual cause of occurrence and series of events
leading to IBM/PM has not been fully understood as is the case with
NDDs, though multiple factors, including toxic protein burden, UPS
failure, aging and oxidative stress remained the common triggering
mechanisms. Recently, AR induced aberrant CCR has been shown to
be involved in the pathogenesis of IBM and PM. The markers of G1/S
transition and proliferation, including cyclin D1, E, and Ki67 were also
found to be up-regulated in both IBM and PM samples along with a par-
allel decrease in the level of cell cycle inhibitor p21. Further, cyclin D1
and E were shown to interact with HSP70 whose level was significantly
increased in IBM and PM where heat shock proteins might be playing a
role in stabilizing the cyclins [22]. Moreover, the level of various tau-
phosphorylating cell cycle kinases including ERK, Cdk5 and GSK3p
have been found to co-localize with inclusions containing hyper-
phosphorylated tau in degenerating muscle fibers in IBM [78]. Further,
co-localized ERK in tau containing paired helical filaments (PHFs)
strongly suggested its role in directing tau hyper-phosphorylation led
pathogenesis in IBM muscle fibers. Additionally, ERK activation was
also proposed to contribute in the Activator protein 1 (AP-1) transcrip-
tion factor mediated phosphorylation of ABPP gene thereby altering AR
synthesis and processing. Furthermore, post-synaptic activation of ERK
at neuromuscular junctions in normal muscles and at non-junctional re-
gions in IBM muscle fibers provided evidence for its role in mediating
junctional protein dynamics in health and disease respectively [79].
More evidence of cell cycle activation in IBM/PM has been provided by
studies involving the action of NAD"-dependent histone deacetylase
(HDAC), Sirtuin 1 (Sirt1). Sirt1 was shown to promote cell cycle
progression in adult skeletal muscle stem cells; muscle precursor cells
(MPC) and are involved in the growth, repair and regeneration capabil-
ity of adult skeletal muscle fibers. The over-expression of Sirt1, induced
MPC proliferation through cell cycle activation in G1/S phase as
evidenced by Rb phosphorylation and decreased expression of cell
cycle inhibitor p21 & p27. Further, Sirt 1 induced cell cycle activation
progressively into S phase and directed new DNA synthesis as indicated
by the elevated level of PCNA and BrdU [80]. On the contrary, the
deacetylase activity of Sirt 1 is neuroprotective and its increased level
has been shown to rescue neurons against Ap induced toxicity through
NF-kB inhibition or by inducing a-secretase in various models of
tauopathies including AD and ALS [81]. However, the deacetylase activ-
ity and protein level of Sirt1 in the nucleus was found to be reduced in
human sporadic IBM muscle fibers. Further, Sirt1 proteins are evident
for forming cytoplasmic aggregates in response to ER stress. Moreover,
increased ARPP and AP accumulation in IBM muscle fibers along with
NF-KB activation is attributed to decreased Sirt 1 activity. Besides, up-
regulation of NF-kB was also reported in PM [82]. Taken together,
muscular degeneration in IBM/PM seems to be a manifestation of
aberrant CCR mediated cell death through DNA synthesis, as is the
case with AD, PD and Poly Q diseases.

4.4, Other neurodegenerative disorders

Numerous studies on post-mortem brain revealed the pathological
evidence of cell cycle re-entry in various other neurodegenerative disor-
ders such as epilepsy, ALS, traumatic brain injury (TBI) and cerebral
hypoxia-ischemia. The cell cycle re-entry was marked by the formation
of cyclin D/Cdk4 complexes (GO/G1 transition) in these NDDs. Recent
studies pointed towards oxidative stress as the main mechanism
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responsible for CCR. Experimental evidence suggests that oxidative
stress mediated DNA damage activate ATM, which in turn activate the
expression of E2F1 and consequent neuronal apoptosis. Furthermore,
E2F-1 induced apoptosis may be p53-dependent or independent
where multiple mitochondrial pathways might be activated including
caspase dependent and independent signaling cascades. Similar
evidence is observed in the western blot analysis of post-mortem
brain samples in Huntington's patients [58]. Further, mHTT-
perinuclear inclusions mediated cell cycle re-entry has been observed
in primary cortical neurons of transgenic R6/2-]2 HD mice [83]. Another
study reported an alteration in the ATF6a/Rheb pathway in HD patients
triggering CCR [84]. Another finding identified the role of p25/Cdk5 in
dopamine and glutamate neurotoxicity linked with HD [44]. Further, er-
roneous cell cycle entry and neuronal death have been demonstrated by
kainic-acid induction through Notch dependent mechanism in-vivo.
Additionally, they identified increased bioavailability of Cyclin D1
through Akt/GSK3p pathway and subsequent CCR mediated neurode-
generation via CyclinD1-Rb-E2F1 axis [39]. Recently, mutant cyclin F, a
component of an E3 ubiquitin-protein ligase complex in neuronal cells
has been detected through whole exome sequencing of ALS (Amyotro-
phic lateral sclerosis) and FTD (Frontotemporal dementia) patients.
These mutants caused neuronal degeneration by altering ubiquitination
process and precipitating ubiquitinated proteins, including TDP-43 [85].
Previous reports on ALS also suggested the involvement of mutant SOD1
in Cdk5 mediated deregulation at G1-S checkpoint in neuronal death
[86]. Since there is little evidence of cell cycle re-entry in other neurode-
generative disorders, further researches are required to demonstrate
the involvement of cell cycle re-entry in traumatic brain injury (TBI),
epilepsy and other neurodegenerative disorders of the CNS.

5. Post-mitotic cell division: imperative or impulsive?

Earlier neurons were believed to be ‘truly’ post-mitotic and thus
being life-long arrested in the quiescent stage Go. Paradoxically,
mounting evidence suggested the exit of resting neurons, which
actively participated in the untimely cell cycle re-entry upon receiving
mitogenic stimuli, synthesized DNA and were subsequently crucified
[64]. One of the possible explanations to the contradictory premise of
‘permanent’ post-mitotic neuronal state is to consider that neurons
had to constantly suppress the urge of cell cycle reactivation in lieu of
their healthy state or face the reverberation of death. For instance, Rb
protein is one such cell cycle marker, which serves crucial function of
life-long cell cycle suppression in adult neurons [87]. Another candidate
ataxia-telangiectasia mutated (ATM) protein triggered checkpoints
during the DNA damage response under physiological conditions and
maintained neurons in quiescent stage in adult CNS [88]. Moreover, de-
regulation of ATM signaling is observed in at-risk neurons in AD brains.

Likewise, Cdk5, a non-classical Cdk is found to ensure post-mitotic
state of neurons by sequestering transcription factor E2F1 and thereby
preventing its interaction with the activation subunit. While in response
to the encountered neuronal stress, Cdk5 is translocated to the
cytoplasm, thus relieving its cell cycle inhibition and inducing cell
cycle re-entry. Further ATM, breakdown of Cdk5 also contributed to
the pathogenesis of AD [71]. Similarly, the ubiquitin E3 ligase APC/Cdh1
also acted as the suppressor of a cell cycle in the adult brain [89].

However, increasing evidence showed the presence of different cell
cycle markers in adult neurons, which was attributed to their require-
ment in neuronal maturation, migration and synaptic plasticity.
Evidences also suggest that cell cycle activation is a crucial event for
non-homologous end joining (NHE]) repair for the double stranded
breaks incorporated by excessive ROS under chronic inflammation. It
has also been noticed that post-mitotic neurons undergoing DNA repair
did not enter S phase, but remain in G1 phase. While unconquerable
DNA damage proceed towards G1/S transition evidenced by increased
BrdU, CDK2 and cyclin E expression, subsequently leading to apoptosis.
For instance, Rb protein served a key post-mitotic role in neuronal

migration in conjunction with transcription factor E2F3 [90]. Further,
ATM regulated synaptic functions, including Long-Term Potentiation
and was involved in trafficking in adult neurons [89]. Another marker,
cell-division cycle protein-20 (cdc20) subunit of ubiquitin E3 ligase
APC/C induced NeuroD2 degradation found to promote presynaptic
axonal differentiation. Further, cdc20 mediated CaMKIIB driven
retraction and pruning of dendrites. Likewise, Cdh1 modulated growth
and patterning in axons, and its inhibition favored axonal growth.
Furthermore, p27 has been proposed to be a microtubule binding
protein owing to its binding and disruption of Cofilin-actin complex
upon Cdk5 phosphorylation, thereby promoting neuronal migration
[91]. Similarly, p57 mediated cell cycle exit and promoted differentia-
tion and maturation in post-mitotic neurons. Thus, the cell cycle
machinery is ‘repurposed’ to serve important demands of the post-
mitotic cells. Yet, such re-expression of cell cycle proteins under various
stressors such as oxidative stress, DNA damage and neurotrophic factor
deprivation forced mature neurons to re-enter the cell cycle and die at
G¢/S transition before actual mitosis could begin. The DNA content
and consequent cell death in at-risk neurons in AD have been proposed
to corroborate with advancing disease stage. These neurons had diploid
DNA content in early AD which shifted to hyperploid DNA in advanced
stages of the disease. Additionally, the tetraploid neurons were positive
for cyclin B1 which was indicative of re-entry into cell cycle. However,
since neurons are mitotically incompetent, only about 2% of these com-
pleted DNA synthesis and had double DNA content. Moreover, majority
of the tetraploid neurons remained arrested in S phase and at G2/M
transition without completing DNA synthesis [92]. Further, these
hyperploid neurons represented attenuated viability, breakdown of
differentiation control and thus were selectively sacrificed during the
progression of the disease [93,94]. Thus, aneuploidy marked an early
signature of neuronal death in AD [95]. On the other hand, though a
fraction of healthy neurons had more than double DNA content, these
lacked the expression of cyclin B1 thus delineating their ‘non-cycling’
status. The tetraploid neurons in normal brains can be attributed to
chromosomal missegregation during mitosis. Further, the constitutive
expression of cyclin B1 in normal adult brains can be similarly attributed
to extra-cell cycle roles pertaining to microtubule dynamics, neuronal
plasticity, differentiation and tau phosphorylation [92]. Since, during
normal development, tetraploid neurons are arrested at G,/M and any
attempt to go beyond this checkpoint induces apoptosis [96]. Therefore,
it is not surprising that the affected neurons in AD completed S phase,
arrested the cell cycle at G,/M transition phase and remained in the tet-
raploid state for some years. These neurons never entered mitotic phase
[40]. The evidence of failed mitosis was further agreed by shunted chro-
matin condensation and spindle formation. The role of various cell cycle
markers including the evidence of DNA synthesis in CCR mediated NMD
is outlined in Table 2. To sum up, erroneous cell cycle re-entry offers two
choices to neurons; either they can divide and die in S phase or remain
alive with double DNA content at G,/M transition. Since neurons inher-
ently lack mitotic competence, and no evidence of M phase entry has
been reported in NDD, cell cycle re-entry in terminally, differentiated
neurons drive them to death after successfully synthesizing new DNA.
Thus, cell cycle re-entry into adult neurons constituted an early
signature of neuromuscular degeneration and CNS injury.

6. Therapeutic strategies for targeting cell cycle re-entry in
neuromuscular degeneration

The ectopic cell cycle re-entry causes abnormal cyclins and CDKs
expression and alters the activity of various CDK inhibitors thereby
contributing towards cellular imbalances. To target or reverse the
chronic effects associated with cell cycle aberrancy in neuromuscular
degeneration is a tedious task for neurobiologists. Till date, multiple
targets and signaling pathways of the altered cell cycle have been
reported that need to be addressed. In order to overcome such
dyshomeostatis, numerous therapeutic strategies are currently being
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Table 2

A consolidated list of various cell cycle markers that actively participate in post-mi-
totic neurons and related disorders as listed (shaded in gray); (—) indicates no
reported action of that particular cell cycle markers. References: AD: [22,97-100];
PD: [56,73,74,98,101-103]; HD: [58-61]; ALS: [85,104,105]; IBM/PM: [22].

Cell cycle

N AD PD HD ALS
markers

IBM/PM

Ki67 - - -

BrdU - -

PCNA - -

Mcm2 - - - -

Cyclin A -

Cyclin B - - _ _

Cyclin C - - -

Cyclin D

CyclinE

Cyclin G - - -

Cyclin F - - - -

AD - Alzheimer's disease; PD - Parkinson's disease; HD - Huntington's disease; ALS -
Amyotrophic lateral sclerosis; IBM - inclusion body myositis; PM - Polymyositis.

devised that slow down or attenuate the toxicity associated with the
abnormal cell cycle re-entries in various neuromuscular disorders. One
such strategy involves the implication of various CDK-inhibiting
compounds for targeting NMDs. However, these days several com-
pounds/biomolecules that possess anti-apoptotic, anti-proliferative
and antioxidant properties have been shown to target various
abnormally expressed CDKs and cyclins in NMDs. For instance, the
protective role of Flavopiridol has been reported in neurodegenerative
disorder like AD, PD and ALS. Flavopiridol is a semi-synthetic flavonoid
that found to inhibit all CDKs and reduces cyclin D1 mRNA transcription
by arresting G1 and G2/M phase transition of the cell cycle [106].
Similarly, Simvastatin (SIM) has been found to inhibit the serum-
mediated enhancement of cell proliferation in AD by blocking the
events critical for G1/S transition. Further, it also induces a partial
blockade of retinoblastoma (Rb) protein phosphorylation and is also

responsible for inhibition of cyclin E/Cdk2 activity associated with
increased levels of the CDK inhibitors p21(Cip1) and p27(kip1) [107].
Likewise, the protective role of Interleukin-1p (IL-1@) has also been
identified in neurodegeneration through cell cycle arrest mechanism.
It induced cell cycle arrest and apoptosis in neural precursor cells
(NPCs) through an oxidative stress-dependent mechanism that resulted
in p53-mediated induction of the CDK inhibitor p21 and the
proapoptotic Bcl-2 family members Puma (p53-upregulated modulator
of apoptosis) and Noxa [108]. Moreover, there are numerous other
compounds identified so far that have been implicated for targeting ab-
errant CCR. The mechanism associated with therapeutic action of such
compounds at different cell cycle check points is outlined in Table 3.
Most of these biological compounds prevent the neurons and muscles
from S phase entry and thereby provide protection against subsequent
NMDs. Furthermore, these compounds have defined a beginning point
for driving forward screening of potential therapeutic agents with
desired pharmacological activity.

6.1. Emerging therapies for preventing cell cycle re-entry

Although, the important role of various bio-chemical compounds
has been explored extensively to target altered cell cycle re-entry in
neuromuscular disorders, yet, several new therapeutic strategies have
been recently identified to target such alterations. Various studies
have pointed towards the employment of UPS in the correction of CCR
induced NMDs. The UPS plays a pivotal role in modulating cell cycle
checkpoints, CDKs, transcription factors and other molecules critical
for CCR. For instance, when a neuronal cell enters S phase, Cdk5 is
transported to the cytoplasm, where it is ubiquitinated and rapidly
degraded by the action of ubiquitin E3 ligase APC-Cdh1 complex.
Further, APC-Cdh1 is responsible for degrading cyclin B1 where its
accumulation was observed in the degenerating brain areas of AD
patients [114]. Currently, p10, the N-terminal domain of p35, has also
been shown the protective role against Cdk5/p25-induced toxicity in
neurons [115]. Since, altered role of Cdk5 has been identified in disease
pathology of NDDs. Further, it has been observed that raised expression
of Skp1 protein corrects the malfunction of the E3 ligase SCF complex.

Table 3
Different drugs and biomolecules to attenuate the cell cycle progression.
S-no. Compounds Involved check Involved mechanisms Diseases References
points
1 Roscovitine G1 and G2/M phases Well-known purine analog, responsible for suppressing the activation of AD, PD and [106]
of cell cycle both Cdk2 and Cdk5. Further, it also inhibits the activity of ERK1 and ERK2 ALS
signaling cascade at its higher concentration.
2 Olomoucine G1 and G2/M phases Well-known purine analog which modulates the activity of Cdk2 and AD, PD and [106]
of cell cycle Cdk5 by competitively binding the ATP-binding site. Moreover, neuronal cell ALS
death induced by p27 reduction is also inhibited by olomoucine administration.
3 Resveratrol (RSV) Go/G; phase of cell cycle It potentiates SIRT1 activity and induces an indirect inhibition of p53 that further AD and HD [109]
inhibit the GSK3( and p53 interaction. Since, GSK3( overactivity leads to
increased levels of plaques and tangles and p53 activity induces tau
phosphorylation. Further, RSV also protects neuronal cells by toxic effects of mHtt,
potentiating SIRT1 activity and inducing an indirect inhibition of p53.
4 Ibuprofen S phase of cell cycle Non-steroidal anti-inflammatory drug Ibuprofen has been shown to abrogate AD and PD [110,111]
the cell cycle arrest at S phase.
5 Naproxen GO0/G1 phase of cell It blocks alterations in brain microglia as well as neuronal cell cycle events (CCEs) AD [110]
cycle in the absence of detectable alterations in ARPP processing and AP metabolism.
6 Apigenin G2/M phase of cell cycle It induces cell cycle arrest preferentially in the G2/M phase. AD and PD [111]
7 Epigallocatechin-gallate GO-G1 phase of cell It is a natural product that has been shown to abrogate the cell cycle at the AD [46]
(EGCG) cycle GO to G1 phase in various tissues and is known as a cell cycle inhibitor.
8 Tamoxifen GO0-G1 phase of cell It is a well-tolerated anti-proliferative cancer drug that has been reported to AD [46]
cycle abrogate the cell cycle progression from GO to G1 in various tissues.
9 Butyrolactone I G1-S phase of cell cycle A Cdk5 inhibitor, provides protection against AP toxicity in SEK1-AL-expressing AD [112]
cells, advocating that Cdk5 and JNK activation independently contributed to this
toxicity.
10 Arimoclomol Not defined It upregulates the HSP70 expression therefore it might be used as a potential IBM [113]

molecule to treat IBM. Since, the interaction between HSP70 and cyclins E/D1
has crucial importance during cell cycle progression in the inflammatory
myopathies, probably controlling cyclin maturation or degradation
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Since, malfunction of the E3 ligase SCF complex subsequently results in
dysregulation of cell cycle regulators of the G;/S phase transition like
cyclins, CDKs, and cell cycle inhibitors thereby leading to neurodegener-
ation [116]. Likewise, SCF complex controls the G1/S and G2/M
transitions by maintaining the level of R-catenin, p21, p27 and cyclin E
in HD. Another Ubiquitin E3 ligase, Parkin protected neurons against
cyclin E accumulation by associating with a protein complex, including
hSel-10 and Cullin-1 [117]. Importantly, molecular chaperones in
general preserve intracellular protein homeostasis in cooperation with
the UPS. Therefore, HSPs are also being induced upon the cell cycle
trigger in neurons and muscles that regulate the G1 phase. For instance,
increased expression of chaperone HSP70 along with cyclins E/D1
during cell cycle progression has been reported in both IBM and PM
muscle and in AD brain. Moreover, the interaction between HSP70
and cyclins E/D1 has crucial importance during cell cycle progression
in the inflammatory myopathies, probably controlling cyclin matura-
tion or degradation. Similarly, elevated levels of HSP90 in human IBM
and PM biopsy specimens have been reported as, presumably in a
stress-protective role [22]. Further, targeting cell cycle proteins could
be another potential therapeutic approach for treating NMDs. For
instance, inhibition of Cdk4 prevents both inductions of Bim expression
and thrombin-induced neuronal apoptosis. Since, exposure of neuronal
cultures to thrombin causes induction of cell cycle proteins cyclin E and
cyclin D1, at both mRNA and protein levels thereby triggering cell cycle
re-entry [118].

Interestingly, abnormal activation of the MEK-ERK MAP kinase
pathway could be a potential modulator for cell cycle proteins. For
instance, aberrant activation of this signaling axis regulates Cyclin D1
expression and forces neurons into the S phase, leading to cell cycle-
related neuronal apoptosis (CRNA) [119]. On the contrary, Cyclin D1,
in turn, prevents the activation of Cdk5 by its neuronal cyclin-like acti-
vator p35 and provides neuroprotection [120]. Similarly, ablating
Notch signaling in neurons provides neuroprotection against kainic
acid-induced neuronal death in AD. Since, kainic-acid treatment
in vivo elicits erroneous CCR and neuronal death through a Notch-
dependent mechanism, which further increases the bioavailability of
CyclinD1 through Akt/GSK3p pathway, leading to aberrant CCR via
activation of CyclinD1-Rb-E2F1 axis [39]. Furthermore, treatment with
quercetin has been currently reported to act as a disruptor of the p-
catenin/TCF transcription complex and consequently, reduced cyclin
D1 levels and reversed the cell cycle/cell death phenotype in the PS1
Familial Alzheimer's disease (FAD) brain [40]. However, elevated
expressions of 3-catenin in the PS1 FAD brain accelerate CCR simply
by increasing cyclin D1 transcription. Further, the induction of numer-
ous cyclin-dependent kinase inhibitors, including, p16, p19, p21 and
p27, has been reported as a protective molecule in AD. These inhibitors
attenuate the phosphorylation activity of Cdk4 and Cdké6 thereby
protecting neurons from apoptotic insults [121]. Currently, the
regulatory role of Smad protein has been observed in AD brain via reg-
ulating the transcriptional activation of Cdk4. In the normal adult brain,
Smad proteins are constitutively phosphorylated and predominantly lo-
calized in neuronal nuclei. Under neurodegenerative conditions such as
AD, the subcellular localization of phosphorylated forms of Smad pro-
tein is heavily disturbed, lead to a loss of neuronal differentiation control
and successive cell cycle re-entry [122]. Further, the involvement of
histone deacetylases inhibitors such as suberoylanilidehydroxamic
acid (SAHA) and sodium butyrate (NaB) and rapamycin, an inhibitor
of mechanistic target of rapamycin (mTOR) has recently been reported
to normalize the proliferation of PD lymphoblasts via preventing the
over-expression of the cyclin D3/Cdk6/pRb signaling cascade. These
drugs are having neuroprotective roles in both human neuroblastoma
SH-SY5Y cells and primary rat mid-brain dopaminergic neuronal
cultures toxicity induced by 6-hidroxydopamine [56]. Furthermore,
humungous amount of researchers are still required in the near future
to explore the potential and probable therapies against cell cycle aber-
rancy to alleviate the disease atmosphere of neuromuscular disorders.

7. Conclusion

Re-expression of cell cycle markers in aged neurons and muscles is
identified as an intriguing process for aggravating neuromuscular
disorders. Earlier its re-expression was confounded by their multiplicity
of functions in a bonafide mitotic process, but later it is reported to be
showing partial mitotic cell division and subsequent cell death. The
mechanism behind the cell cycle re-entry includes the homeostatic
imbalances among the levels of different cyclins and Cycin dependent
kinases. The cell cycle markers play a pertinent role in marking the
cell for mitotic division or for controlling other functions like synapse
regulation and damage repair. The recent research has identified the
disturbances in multiple signaling cascades controlling the process of
cell proliferation and apoptosis. Such CCR mediated disturbed signaling
includes Notch, Wnt/B-catenin, Akt/GSK3R, P>¥/MAPK and dyotic
signaling pathways in post-mitotic neurons and muscles. Moreover,
numerous triggering factors forcing cell cycle re-entry has been identi-
fied, which includes, environmental factors like toxins, pesticides and
metal based nanoparticles; oxidative stress, double-stranded DNA
break (DSB), UPS dysfunctions, Micro RNAs, and deprivation of the
brain derived neurotrophic factor (BDNF). Further, cell cycle aberrations
have been widely studied in AD, while its investigation in other neuro-
degenerative disorders and muscular degenerative disorders like IBM
and PM is still at preliminary stage. The upcoming research prospects
are to device the potential methods for targeting the cyclin/CDKs
dysregulation in neuromuscular degeneration. Currently, in order to
target aberrant CCR or reverse the chronic effects of such abnormalities,
numerous biomolecules and chaperones mediated therapeutic strate-
gies have been adopted to obviate the disease symptoms. For instance,
Flavopiridol, Roscovitine, and Olomoucineas CDKs inhibitor are used
as a drug for the treatment of AD, PD, and ALS. Likewise, the potential
protective role of numerous flavonoids such as Resveratrol, Apigenin
and Epigallocatechin-gallate has also been observed for inducing cell
cycle arrest at different checkpoints in AD, PD and HD. Moreover, nu-
merous ubiquitin E3 ligases such as APC-Cdh1 complex has shown the
protection against Cdk5/p25-induced toxicity in neurons via its proper
ubiquitination and degradation. Similarly, HSP70 along with cyclins E/
D1 during cell cycle progression in both IBM and PM muscle, AD brain
has shown promising role in controlling cyclin maturation or degrada-
tion. Further, it is reasonable to proclaim that the current knowledge
on the involvement of aberrant CCR in the pathogenesis of NMDs is
still at an elementary stage. However, in light of its substantial
progression from both clinical research and therapeutic application
perspectives, we look forward to major research efforts being drawn
in this field and more approaches being formulated in the near future.
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ABSTRACT

The recent findings related to cell cycle re-entry mediated neurodegeneration in post mitotic neurons have
triggered rampant research in this area. Cell cycle has been identified as a true, causative phenomenon
occurring during prodromal stages of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s
disease. Heat shock proteins are internal ‘stress absorbing’ machinery which comes into force to protect the
cell against heat, oxidative stress. Owing to its chaperonic activity, HSP70 has been shown to mediate pro-
survival pathways in several diseases including neurodegenerative diseases. We therefore set out to check
whether HSP70 inducing compounds can be repurposed to target post-mitotic cell division. Various in silico
methods such as homology modelling, Ramachandran plots, Lipinski filter, ADMET analysis and molecular
docking studies were performed. We report novel potential of some HSP70 inducing compounds in ameliorating
post-mitotic cell division led neurodegeneration which has wide implications in Alzheimer’s disease and
Parkinson’s disease.

Keywords: Cell cycle; HSP70; Therapeutics; Neurodegeneration

INTRODUCTION

Toxic protein burden has been identified as the common underlying molecular switch to neurodegeneration in
several neurodegenerative diseases (NDD) such as Alzheimer's disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), Inclusion body myositis (IBM) and Poly myositis (PM). While a host of stressors
which induce neuro-muscular degeneration (NMD) namely aging, oxidative stress, impaired ubiquitin
proteasome system (UPS), mitochondrial breakdown, loss of function of protective proteins and mutations have
been identified, the quest for new players has been on-going for the simple reason that the known players do not
add up to all the outcomes of neurodegeneration. The ectopic re-entry of cell cycle in post-mitotic cells such as
neurons and muscles has been recently identified as a culprit in NMD. Normally, the cell cycle remains
suppressed for lifetime and these cells never divide. However, re-expression of cell cycle markers such as cyclin
C, cyclin D, cyclin E along with other markers of active cell cycle has been observed in the AD, PD, ALS, PM
and IBM. Moreover, the occurrence of cell cycle proteins during early stages of NDD and their co-existence
with pathological proteins has placed fresh impetus on cell cycle re-entry (CCE) as a ‘causal’ phenomenon in
NDD [1]. Once triggered, the cell cycle ensured DNA synthesis in S phase followed by severe neuronal death
and neurodegeneration in various NDD [2]. The major thrust of present study is flavonoids which are a class of
plant based phenolic compounds with high content in oranges, grapes, lemons, red wine and green tea. The
signature properties of flavonoids include antioxidant, anti-inflammatory, anti-allergic, antiviral, antibacterial,
anticancer, anti-hypertensive, insulin-sensitizing and anti-ischemic [3]. Moreover, flavonoids are well tolerated
in human body and display enhanced bioavailability and negligible toxicity in comparison to their synthetic
counter-parts. Furthermore, they have been shown to improve upon disease symptoms by modulating various
signal transduction pathways. Molecular chaperones are a class of intracellular proteins which assist the
misfolded/toxic protein in regaining its native conformation or alternatively mediating its degradation via UPS
thus triaging protein homeostasis inside the cell. Heat shock proteins (HSPs) are molecular chaperones
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expressed constitutively in the nervous system which are involved in decreasing neurotoxicity and enhancing
neuronal cell survival in various NDD [4,5]. HSP 70 has been shown to associate with p53and arrest the cell
cycle at G4/S. Further, the activity of cell cycle inhibitor p27 was modulated by HSP70 [6]. Furthermore, the
G1/S transition markers cyclin D1 and E were reported to associate with elevated level of HSP70 in IBM and
PM thereby speculating their strong co-relation [7]. Mounting evidence has outlined HSP70 induction as the
major route in mediating pro-survival action of most drugs and biomolecules in PD and other NDD [8,9].
Moreover, we previously outlined Arimoclomol to be a promising neuroprotectant through HSP70 induction in
cell cycle driven neurodegeneration [1,10]. Therefore, it is pertinent to understand that HSP70 inducing
compounds could be a new line of neurotherapeutics in CCE mediated neurodegeneration. We carried out
comprehensive data mining on HSP70 inducers in NDD and carried out the study with twenty compounds.
Various virtual screening methods such as, Lipinski filter, Ghose and Veber parameters, pharmacophore
generation and ADME analysis were applied to screen drug-like compounds. Further, Homology modelling, 3D
structure validation and Ramachandran plots of proteins were performed to establish model accuracy. Finally,
ligand-protein interactions were studied with the targets of interests; G¢/G; phase markers i.e. cyclin C and
cyclin D1 through molecular docking studies. Our results have outlined strong potential of three HSP70
inducing compounds namely Indomethacin, Bimoclomol and Sesamol in attenuating levels of cyclin D1 and
cyclin C. These observations may have promising implications in targeting CCE mediated neurodegeneration in
AD, PD and HD. Our results have reinforced the promising potential of HSP70 inducers as novel
neuroprotectants in ameliorating CCE mediated neurodegeneration.

MATERIALS AND METHODS

Data mining

Data mining was done with the keywords HSP70 inducing compounds in neurodegeneration in the NCBI
database. Also, extensive literature survey was carried out. The filter criteria were set to HSP70 inducers in cell
cycle and/or neurodegeneration and accordingly, list of 20 potential compounds was prepared.

Retrieval of ligand structure
The sdf files of all the 20 compounds were retrieved from the PubChem database
(http://www.pubchem.ncbi.nlm.nih.gov/). The pubChem database stores physio-chemical and biological
information of compounds from three different databases. Additionally, their structures, physical and chemical
properties were also obtained.

Drug-likeliness analysis

The drug ability of all the 20 potential candidates was tested through Lipinski filter analysis via the online tool.
As the name suggests, Lipinski’s rule of five is used to distinguish between compounds which may be converted
into drugs from the negative candidates of drug-likeliness. The five rules of Lipinski are: (a) molecular mass
<500 Dalton, (b) logP < 5, (c) hydrogen bond donors< 5, (d) hydrogen bond acceptors< 10 and (e) Molar
refractivity between 40 -130 [11]. The other two markers used for drug-likeness screening were Ghose filter and
Veber rules (www.swissadme.ch/index.php). The qualifying parameters of Ghose filter are (a) molecular weight
160-480 (b) number of atoms 20-70 (c) molar refractivity 40-130 (d) molar refractivity -0.4-5.6 (e) polar surface
area <140 [12]. Finally, the Veber rules of (a) rotatable bond count <=10 and (b) polar surface area <=140 were
applied to the compounds [13].

ADMET analysis

The toxicity profiling of ligands was carried out through the online tool SwissADME
(www.swissadme.ch/index.php). The Swiss ADME tool assessed the ligands on various parameters such as
lipophilicity (logP), hydrophilic nature (logS) and Blood Brain Barrier (BBB) permeability.

Pharmacophore based target prediction

The pharmacophore is a spatial arrangement of electronic and steric properties of a ligand which are responsible
for its biological response against a particular target. Pharmacophore based target prediction was done with web
server PharmMapper(http://59.78.96.61/pharmmapper/index.php) [14].

Protein Homology modelling and Structural validation

The Brookhaven Protein Data Bank (PDB) was searched for suitable templates of cyclin D1 and cyclin C for
homology modeling using the BLASTP search with default parameters. Accordingly, PDB ID 2W96.A and
3RGF for cyclin D1 and cyclin C respectively were selected. The homology modeling of given templates was
performed using the Swiss Model server (http://swissmodel.expasy.org/) [15].
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The 3D model so generated was tested for structural and stereo-chemical evaluation using the online server
RAMPAGE (http://www.mordred.bioc.cam.ac.uk/~rapper/rampage.php) [16]. The RAMPAGE tool allowed for
residue by residue analysis of cyclin D1 and cyclin C geometry. Finally, the structural validation and accuracy
of the models was checked with Errat(http://nihserver.mbi.ucla.edu/ERRATV2/).

Prediction of physio-chemical properties
The physio-chemical properties of cyclin D1 and cyclin C were predicted using the web based server ProtParam
(http://web.expasy.org/protparam/) by using the Uniprot IDP24385 and P24863 respectively.

Active site prediction

The active sites of cyclin D1 and cyclin C were predicted using the Pock Drug tool(http://pockdrug.rpbs.univ-
paris-diderot.fr/cgi-bin/index.py?page=home) [17]. The PDB structures of cyclin D1 and cyclin C were
uploaded and binding pockets were predicted using the fpocket estimation and setting ligand proximity
threshold at 5.5.

Preparation of proteins and ligands for docking

The proteins and ligands were prepared for docking using the online Docking Server
(http://www.dockingserver.com/web) [18]. The proteins were cleaned and appropriate chain; A and B for cyclin
D1 and cyclin C respectively selected for docking. Next, charge onprotein and ligands was added using
Gasteiger method and solvation parameters set to default. The ligand geometry was optimized using MMFF94
method. Further, all non-polar H, atoms were merged, rotatable bonds defined and pH set to 7.0.

Molecular docking

The optimized proteins and ligands were used for molecular docking studies using the online Docking Server
(http://www.dockingserver.com/web).The Autodock tool was used for adding Kollman united atom type
charges, essential H, atoms and solvation parameters. Affinity grid maps were generated with 0.375 A spacing
[19]. Further, the van der Waals and electrostatic interactions were calculated using Autodock parameter set and
distance-dependent dielectric functions respectively. Furthermore, the Lamarckian genetic algorithm and Soils
and Wets local search method was used for docking simulations [20]. During docking, all rotatable torsions
were dropped. Every docking study was arrived after ten different runs with a cut off energy estimation of
250000. Finally, translational step with 0.2A, torsion and quaternion steps of 5 were used with a population size
of 150.

RESULTS

Selection of ligands
The compounds along with their structure, physical properties and signalling cascade modulated in NDD and
neuro-oncology have been summarised in Table 1.

Screening for drug-likeness and ADMET Analysis of compounds

Most of the compounds passed drug-likeness parameters but failed ADMET analysis predictions (Table 2).
Bimoclomol, Indomethacin and Sesamol qualified all the above parameters and were used in further study.
While the bioavailability score of Sesamol and Bimoclomol was 0.55, Indomethacin had the highest predicted
bioavailability of 0.56.

Pharmacophore based target prediction

The pharmacophore based target prediction of Indomethacin, Bimoclomol and Sesamol outlined various cell
cycle proteins such as Cyclin A2, cell division protein kinase 2, VEGFR2 and MAPK18 which further
strengthens our premise of their use in targeting cell cycle (Figure 1).

Homology modeling of proteins

The template shared 100% sequence similarity with cyclin D1 and cyclin C and was used to generate their 3D
structures using Swiss Model. The Z QMEAN4 score indicative of overall quality of generated models with
respect to non-redundant set of PDB structures was -1.68 and -0.64 for cyclin D1 and cyclin C respectively
(Figure 2). Thus, the predicted protein structures satisfied good quality models.
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Table 1: Physio-chemical properties and modulated signalling pathways of compounds

S.No.

Compound

Structure

Molecular weight
(g/mol)

Molecular
formula

Modulated signalling in
NDD/Neuro-oncology

References

Bimoclomol

297.783

C14H20CIN;O,

Augmented HSP70 level in
ALS

[21]

Celastrol 7

450.619

Ca29H3504

Induced HSP70 and acted
pro-survival in neurons post
TBI damage, anti-
inflammatory, Rapid
induction of HSF1

[22]

BGP-15

351.272

C14H24C12N4O;

Induced HSP70 and acted
pro-survival in neurons post
TBI damage, anti-
inflammatory

[22]

Arimoclomol

313.782

C14H20CIN;O3

Induced HSP70, delayed
progression of ALS

[21]

Colchicine

399.443

C22H2sNOs

Induced HSPB8 which in
turn attenuated accumulation
of misfolded TDP-43 and
TDP-25 in ALS via
HSP70/HSC70-CHIP
complex

[23]

Indomethacin

357.79

C19H16C|N04

Induction of HSP70,
attenuated AP induced
damage in AD

[24]

Kyneuric Acid

189.17

Inhibited proliferation,
migration and DNA synthesis

[25]

Naringenin [

—0

272.256

CisH1205

Rescued against 6-OHDA
induced toxicity through
Nrf2/ARE signaling

[26]

puromycin

471518

C22H2N705

Elicited HSP70 expression in
response to ROS

[27]
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10

Radicicol

364.778

C15H17ClOg

Inhibit huntingtin aggresome,
elevated HSP70

[28]

11

Ruxolitinib

306.373

Ci7H18Ns

Increased HSP70, Inhibited
ERK1/2, Akt, STAT3 and
STATS

[29]

12

Sesamol

138.122

C7HgO4

Protected against
amyloidogenesis and
cognitive dysfunction

through NF-KRB inhibition

(30]

13

Withaferin

470.606

Ca2H3505

Induction of
HSP70,HSP27,MAPK,
Inhibition of Akt/Mtor and
cell cycle at G2/M

[31]

14

Doxorubicin

543.525

Ca7H20NOy;

Induced HSPB8 which in
turn attenuated accumulation
of misfolded TDP-43 and
TDP-25 in ALS via
HSP70/HSC70-CHIP
complex

[23]

15

17AAG

585.698

Ca31H43N30g

Blocked cell proliferation
through Wnt/B catenin
pathway attenuation

(32]

16

17DMAG

616.756

Ca2HysN4Og

HSP70 induction, anti-
inflammatory, anti-oxidant

(33]

17

Azitidine

57.096

CsH/N

protein synthesis inhibition,
induction of chaperones

[34]
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Table 2: Drug-likeness and ADMET screening analysis
SNo Compound Drug likeness Ag. Solubility Lipophilicity BBB Bioavailability
T P Lipinski | Ghose | Veber | LogS(ESOL) | GI permeability XLogP3 Permeability Score
1 Bimoclomol Y Y Y -2.9 High 2.21 Y 0.55
2 Celastrol Y N Y -6.31 Low 5.94 N 0.56
3 BGP-15 Y Y Y -3.21 High 2.18 N 0.55
4 Arimoclomol Y Y Y -2.37 High 1.22 N 0.55
5 Colchicine Y Y Y -2.9 High 1.03 N 0.55
6 Indomethacin Y Y Y -4.86 High 4.27 Y 0.56
7 Kyneuric Acid Y Y Y -2.29 High 1.29 N 0.56
8 Naringenin Y Y Y -3.49 High 2.52 N 0.55
9 puromycin Y N N -2.51 Low 0.03 N 0.55
10 Radicicol Y Y Y -4.4 High 3.36 N 0.55
11 Ruxolitinib Y Y Y -3.26 High 212 N 0.55
12 Sesamol Y N Y -1.92 High 1.23 Y 0.55
13 Withaferin Y N Y -4.97 High 3.83 N 0.55
14 Doxorubicin N N N -3.91 Low 1.27 N 0.17
15 17AAG Y N N -4.67 Low 2.64 N 0.55
16 17DMAG Y N N -4.42 Low 2.04 N 0.55
17 Azitidine Y N Y -0.07 Low -0.15 N 0.55
18 Geldanamycin Y N N -4.24 Low 1.99 N 0.11
19 MG132 Y N N -4.77 High 4.83 N 0.55
20 Sodium Y N Y 259 High 226 N 055
Salicylate

Quality assessment and physio-chemical description of 3D structures
The generated 3D structures were checked for validation in terms of steric and geometric conformations. For
this, the Ramachandran plots were generated (Figure 2). The results showed 91.3% residues of cyclin D1 in the
most favored region while 5.5% were in the allowed region. Further, 3.1% residues fell in outlier region.
Similarly, for cyclin C 98.4% residues were seen in the favored region, 1.4% in the additionally allowed region
and only 0.2% residues in the disallowed region. Further, cyclin D1 and cyclin C passed the model accuracy
with 85.77% and 90.98% respectively. So overall, the structures of both the proteins were validated with good
scores. The predicted physio-chemical properties of the models are summarized in Table 3.
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Figure 1: Pharmacophore based target prediction of Indomethacin, Sesamol and Bimoclomol (top to bottom in order)
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Figure 2: Structural validation of cyclin C and cyclin D1 (left to right)
Table 3: Predicted physio-chemical properties of cyclin D1 and cyclin C

Negatively Positively
Protein Mol wt. | Atomic composition No. of_ Theoretical cha}rged cha}rged Ingtablllty AI_|phat|c GRAVY
Amino Acids Pl residues residues index index
Asp+Glu Arg+Lys
C’gl"” 33729.11 | CuuaoHzassNsscOusoSas 295 4.97 47 34 57.71 9292 | -0.185
Cyclin C | 33242.73 | CispoH2348N3840417N17 283 6.95 32 32 49.97 92.69 -0.158

Active site prediction
Based on drugability score, cavity volume and standard deviation, cyclin D1 had best pocket at P5 with a score
of 0.95 and0.01standard deviation (Figure 3a). The volume of given pocket was 1079.69 cubic angstroms and
16 residues were involved in interaction. Similarly, PO was best predicted active site for cyclin C with 0.97 score
(Figure 3b). The volume of this cavity was found to be 3732.64 cubic angstroms and 38 residues were involved
in interaction at this site. These pockets were used for docking the ligands and same residues as predicted were
found to be involved during docking.

. VoL Hydroph, . Polar Aromatic | Otyr . W®, Orvgg .  Stancard
PO 60078 082 056 013 00 20 (7] 0.03
Pt uuE2 0% 054 018 00 20 ore 0.08
P2 145086 028 045 02 00 200 078 0.08
r3 0T oxn 0% 012 00 170 oss 0.01
P4 150319 084 045 0.04 00 240 044 004
rs 006 062 044 013 00 160 088 0.01
Pe 12066 0 048 014 002 210 or 0.03
»7 0883 028 041 024 00 170 0 0.04
Ps %0812 079 036 007 003 140 088 0.02
. VoL Mydroph, . Polar  Aromatic . Otyr . NS, Orugg .  Standard
PO 37264 058 042 016 001 80 087 00
P1 206813 A9 on 027 001 260 013 003
(31 121864 101 on 012 00 170 025 002
30 amrar 03 047 007 a0 150 o84 002
pir e 219 081 013 00 160 002 00
P2 253502 047 048 026 00 270 074 0.1
P2 sMm74 070 0z 027 00 150 090 0.01
P3 4R 04s 039 07 002 180 067 0.0
Pa 1200 047 0% 025 02 200 on 003
rs ®812 0w 0s 025 o2 160 092 001

Figure 3: Predicted active sites (top 10) in cyclin D1 (a) and cyclin C (b)
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Molecular docking of ligands with cyclin D1

Bimoclomol and cyclin D1: While the total intermolecular energy of Bimoclomol and cyclin D1 was -
5.49kcal/mol, the estimated free energy of binding was found to be -4.77Kcal/mol (Figure 4a). Bimoclomol
formed hydrogen bonds with LEU148 (-3.9537kcal/mol). Further, ASN151 was involved in polar bond
formation with -1.0163kcal/mol and LEU91formed hydrophobic bond with Bimoclomol (44.6643kcal/mol).

Indomethacin and cyclin D1: The estimated free energy of binding for cyclin D1-Indomethacin interaction

was -5.51kcal/mol and total intermolecular energy was -6.68kcal/mol (Figure 4b). The H,bond energy with
ALA39 was unfavorable (23.1104kcal/mol). Further, two polar bonds were formed with ARG87 (-
6.319kcal/mol) and SER41 (-2.497kcal/mol).

Sesamol and cyclin D1: Sesamol interacted with cyclin C to generate estimated free energy of binding -
3.76kcal/mol and total intermolecular energy of -4.06kcal/mol. Polar bond was formed with ASN83 (-
0.1798kcal/mol). Four hydrophobic bonds were formed with PRO199 (-0.9286kcal/mol), ALA39 (-
0.5013kcal/mol), PRO40 (-0.2763kcal/mol) and PRO200 (-0.195kcal/mol) (Figure 4c).

Molecular docking of ligands with cyclin C

Bimoclomol and cyclin C: The estimated free energy of binding for cyclin C and Bimoclomol was -
4.02kcal/mol, while the total intermolecular energy was -6.24kcal/mol. Hydrogen bond with -0.2489kcal/mol
energy was formed between THR66. While the polar bond energy of ASP182 was -3.9173kcal/mol,
hydrophobic bonds formed with TYR 184(-1.8162kcal/mol) and ILE62 (-0.3802kcal/mol). Further, GLN49
formed halogen bond with -7.6881kcal/mol energy (Figure 4d).

Indomethacin and cyclin C: Indomethacin interacted with cyclin C and generated high estimated binding
energy of -5.68kcal/mol and total intermolecular energy -7.22kcal/mol. Further, five polar bonds were formed
with ASN46, ARG185, GLN59, THR66 and GLN49 having energy values of -0.8421, -0.5951, -0.5475, -0.2608
and -0.2379 kcal/mol respectively. Next, two hydrophobic bonds were formed between TRP241 (-
0.6165kcal/mol) and ILE62 (-0.4887kcal/mol) (Figure 4e).

Sesamol and cyclin C: The estimated free energy of binding for cyclin C-Bimoclomol interaction was -
4.31kcal/mol and total intermolecular energy was -4.61kcal/mol. Two polar bonds were formed between TYR37
(-0.686kcal/mol) and ARG25 (-0.4014kcal/mol). Further, three hydrophobic bonds were formed with TYR73(-
0.945kcal/mol), PHE69(-0.5898kcal/mol) and LEU78(-0.3605kcal/mol) (Figure 4f).

Figure 4: Docking of cyclin D1 with Bimoclomol, Indomethacin and Sesamol (a,b,c) and cyclin C (d,e,f) respectively with the
interacting residues (inset)
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The comparative analysis of docking calculations was done (Table 4) and Indomethacin was found to be the best
compound for targeting and inhibiting cyclin D1 as well as cyclin C thereby, implicating its strong and diverse
potential in attenuating Go/G; checkpoints in cell cycle.

Table 4: Comparative analysis of ligands-proteins docking calculations

Energy Parameters CYCLIN D1 CYCLINC

Bimoclomol Indomethacin Sesamol Bimoclomol Indomethacin Sesamol

Estimated free energy of binding (Kcal/mol) -A.77 -5.51 -3.76 -4.02 -5.68 -4.31
Estimated inhibition constant (uM) 317.57 91.17 1.74 1.12 69 696.84

vdW+Hbond+desolv energy (Kcal/mol) -5.89 -6.67 -4.07 -6.11 -7.06 -4.6

Electrostatic energy (Kcal/mol) 0.41 -0.01 0.01 -0.13 -0.16 0

Total intermolecular energy (Kcal/mol) -5.49 -6.68 -4.06 -6.24 -1.22 -4.61

Interacting surface 600.646 624.148 366.636 576.194 645.711 305.971
DISCUSSION

The cell cycle re-entry mediated neurodegeneration contributes heavily in the demise of post-mitotic neurons
and muscles. Since cyclins C and D are first respondents of a re-activated cell cycle,thus, targeting these can be
‘nib in the bud’ strategy in halting/ameliorating the evil cascade of cell cycle led neuronal death. HSPs are
molecular chaperones which are upregulated during stress to protect the cell against heat, hypoxia and ROS
generation. HSP70 in particular, has been shown to promote neuronal cell survival by inducing autophagy and
mediating the activation of pro-survival signaling cascades [4]. Moreover, HSP70 is closely associated with cell
cycle and interacted with cyclin D1 in IBM and PM [7]. It is therefore imperative to search for compounds
which can induce the level of HSP70 in NDD as a key neuroprotective strategy. Further, currently available
drugs provide only symptomatic relief; therefore, flavonoids are favored by neuroscientists owing to their
beneficial effects and negligible toxicity. In the present study, we proposed and tested the efficacy of HSP70
inducing compounds in ameliorating cell cycle led neurodegeneration in various NDD. Since most drugs fail on
poor solubility, we screened the compounds for ADMET and pharmacokinetics analysis. It is evident that in
vivo bioavailability of an orally administered drug is largely dependent on its aqueous solubility and dissolution
in Gl fluids [38]. More the water solubility and Gl permeability, better the bioavailability. Similarly,
lipophilicity of a drug affects various physiological properties such as the rate of metabolism, transport across
cell membrane and interaction with binding sites of receptor. Further, drugs intended for CNS should have logP
value less than four [39,40]. Indomethacin, Bimoclomol and Sesamol showed logP values of 4.27, 2.21 and 1.23
respectively.However, the most important property required of a compound to be a neuroprotective agent is the
ability to cross Blood brain barrier (BBB). As expected, most compounds failed the BBB permeability
parameter. Three biomolecules namely, Bimoclomol, Indomethacin and Sesamol could cross the BBB and
combined with their high GI absoption, least violations of drug likeness and good bioavailability score, were the
best candidates for targeting NDD in our study. Further, pharmacophore based target prediction of these three
compounds listed various cell cycle proteins which further supported our repurposing premise. Finally,
molecular docking studies indicated Indomethacin as the best compound for HSP70 mediated targeting of post-
mitotic cell cycle based on its high pharmacokinetics and docking calculations. Further, our results are backed
by various in vitro and in vivo studies wherein these compounds have displayed promising neuroprotective
action in various NDD. For instance, Bimoclomol has its derivative Arimoclomol already under Phase 11 clinical
trials in ALS [41]. Indomethacin was shown to ameliorate AB1-42 triggered damage in AD mice model as well
as in hippocampal cultures [24]. Similarly, Sesamol reversed PD linked symptoms in a rotenone model [42].
Hence, our compounds are validated for their neuroprotective action and yet, add to the hunt for protective
biomolecules in alleviating cell cycle led neurodegeneration.Our study has outlined novel potential of
Indomethacin, Bimoclomol and Sesamol in inhibiting/down-regulating the level of cyclin D1 and cyclin C. Out
of these, Indomethacin showed best binding with both the cyclins, speculating its strong potential in inhibiting
Gy/G; phase reactivation in terminally differentiated neurons in various NDD. Further, the protective action of
these compounds in attenuating cell cycle re-entry may be mediated through HSP70. These findings can open up
a new window of therapeutics for targeting ectopic cell cycle activation led neurodegeneration and need further
validation through in vitro and in vivo cell cycle studies.

CONCLUSION

The study evaluated the potential of HSP70 inducing compounds for targeting post-mitotic cell cycle in
neurodegenerative disorders. Based on BBB permeability, pharmacokinetic properties and ADMET analysis, we
have shortlisted Indomethacin, Bimoclomol and Sesamol amongst twenty compounds for targeting cell cycle
proteins; cyclin D1 and cyclin C. Further, our study demonstrated that Indomethacin has the highest potential in
stalling or inhibiting cell cycle, based on high free energy of binding with both the markers of G¢/G; phase.
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Moreover, the cell cycle inhibiting effect of these compounds may be elicited through HSP70 induction. To the
best of our knowledge, these compounds are novel for their use in targeting post mitotic cell division in
neurodegenerative disorders
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ABSTRACT

Objective: Parkinson’s disease (PD) is a debilitating age-related neurodegenerative disease characterized by the canonical formation of intracellular
Lewy bodies comprising a-synuclein protein. Despite the knowledge of factors causing PD, it remains irreversible and incurable. Recent studies have
highlighted the physiological and pathological involvement of cell cycle proteins in PD. The intriguing relationship between PARK2 and cyclin E which
leads to upregulation of cyclin E in the absence of functional PARK2 contributes heavily in the onset and progression of PD. The objective of this study
is to explore neuroprotective action of bimoclomol in attenuating the level of cyclin E and inhibiting post-mitotic cell division led neurodegeneration
in PD.

Methods: We employed various in silico methods such as drug-likeness parameters, namely, Lipinski filter analysis, Ghose parameters, Veber rules,
absorption, distribution, metabolism, and excretion - toxicity analysis, pharmacophore based target prediction, active site prediction, and molecular

docking studies.

Results: The binding of bimoclomol inhibited cyclin E, thereby, attenuating post-mitotic cell division led neurodegeneration in PD.

Conclusion: This study outlines the novel potential of bimoclomol in attenuating cyclin E led neuronal death in PD which may be mediated by heat

shock proteins (HSP70).

Keywords: Parkinson’s disease, Bimoclomol, Cell cycle, Heat shock proteins 70, Therapeutics.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common age-related
neurodegenerative disorder affecting 2% of population aged above
65 years in industrialized nations. It is characterized by pathogenic
protein burden and intracellular inclusion body formation, namely,
Lewy bodies and Lewy neurites constituted by a-synuclein protein. The
clinical cardinal features of PD include resting tremor, bradykinesia,
postural instability and rigor, often accompanied by impaired
cognition [1]. These symptoms are an outcome of dopaminergic
neuronal loss in the substantia nigra pars compacta region of the brain.

Geneticand animal studies have outlined various causative phenomenon
in PD including mutations in genes predominantly; Parkin, a-synuclein,
PINK1 and DJ-1, oxidative stress, aging, impaired ubiquitin proteasome
system, and dysfunctional mitochondrial system. Despite the
availability of this knowledge, the etiology of PD remains incurable and
irreversible. Moreover, recent studies have highlighted the involvement
of aberrant cell cycle in PD [2]. Interestingly; cell cycle proteins share a
very intimate relationship with proteins of PD, physiologically as well as
pathologically. The PD-associated gene; PINK1 was shown to promote
cell cycle, and PINK1 deletion reversed cell proliferation [3]. Further,
the ATM gene responsible for DNA damage response and apoptosis has
been found to be activated along with retinoblastoma protein leading
to neuronal death in MPP* induced PD model [4]. However, the most
crucial and strong correlation between cell cycle and PD is provided
by the association of cyclin E and PARK2. Cyclin E is G, /S phase marker
of the cell cycle and also a substrate of ubiquitin E3 ligase PARK2.
Mutations associated with loss of functional PARK2 are linked with
cyclin E enrichment led cell cycle and apoptosis through p53 and Bax
in PD. Further, mutated PARK2/cyclin E events evoked upregulation

of Wnt/f catenin and EGFR/AKT signal transduction pathways [5]. This
intriguing PARK2 /cyclin E relation led to speculations that compounds
which can bind to and attenuate the level of cyclin E can ameliorate
post-mitotic cell division led neurodegeneration in PD.

Numerous studies have highlighted the neuroprotective action of
heat shock proteins (HSP) particularly, HSP70. Further, HSP70 is
closely associated with cell cycle regulation and was also found to
interact with cyclin E in inclusion body myositis and polymyositis [6].
Therefore, we carried out comprehensive data mining for HSP70
inducers in neurodegenerative diseases and selected bimoclomol
among 20 compounds based on drug-likeness, pharmacokinetics,
and blood-brain barrier (BBB) permeability (unpublished results).
Bimoclomol is a hydroxylamine derivative with molecular formula
C,H,,CIN,O, and molecular weight of 297.783 g/mol. It has been
shown to elicit protective effects through induction of HSP27, HSP70,
and HSP90. Moreover, bimoclomol is currently under Phase II trials in
amyotrophic lateral sclerosis disease [7]. Therefore, we investigated the
neuroprotective action of bimoclomol through attenuation of cyclin E in
PD. Various virtual screening methods such as Lipinski filter, Ghose and
Veber parameters, pharmacophore modeling based target prediction,
and ADME analysis were employed to check the efficacy of bimoclomol
as a neuroprotective agent. Further, we studied the cyclin E inhibiting
potential of bimoclomol through molecular docking studies.

METHODS

Retrieval of ligand-protein structure

The SDF file of bimoclomol was retrieved from the PubChem database
(http://www.pubchem.ncbi.nlm.nih.gov/). The pubChem database
stores physiochemical and biological information of compounds from
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three different databases. The protein data bank (PDB) file of cyclin E
was retrieved from PDB (http://www.rcsb.org/pdb/home/home.do).

Drug-likeliness analysis

The drug-likeness of bimoclomol was tested through Lipinski filter
analysis which is used to test compounds for drug ability. The Lipinski’s
rule of five is: (a) Molecular mass <500 Dalton, (b) lipophilicity (logP) <5,
(c) hydrogen bond donors <5, (d) hydrogen bond acceptors <10,
and (e) molar refractivity between 40 and 130 [8]. In addition, two
other parameters; Ghose filter and Veber rules were employed
for drug-likeness screening (www.swissadme.ch/index.php). The
qualifying parameters of Ghose filter are (a) molecular weight 160-480,
(b) number of atoms 20-70, (c) molar refractivity 40-130, (d) molar
refractivity - 0.4-5.6, and (e) polar surface area <140 [9]. The Veber rules
are (a) rotatable bond count <10 and (b) polar surface area <140 [10].

Absorption, distribution, metabolism, and excretion - toxicity
(ADMET) analysis

The toxicity profiling of bimoclomol was carried out through the online
tool Swiss ADME (www.swissadme.ch/index.php). The Swiss ADME
tool assessed the ligand on various parameters such as logP, hydrophilic
nature (logS), and BBB permeability.

Pharmacophore based target prediction

A pharmacophore is a spatial arrangement of steric and electronic
properties of a compound responsible for its biological response
against a  particular target. Pharmacophore-based target
prediction of bimoclomol was done with web server PharmMapper
(http://59.78.96.61 /pharmmapper/index.php) [11].

Active site prediction

The active sites of cyclin E were predicted using the pockdrug
tool (http://pockdrug.rpbs.univ-paris-diderot.fr/cgi-bin/index.
py?page=home) [12]. The PDB structure of cyclin E was uploaded, and
active sites were predicted using fpocket estimation and setting ligand
proximity threshold at 5.5.

Preparation of protein and ligand for docking

Cyclin E and bimoclomol were prepared for docking using the online
docking server (http://www.dockingserver.com/web) [13]. The
protein was cleaned, and chain A of cyclin E was selected for docking.
The protein and ligand charge was calculated using Gasteiger method,
and default solvation parameters were set. The ligand geometry was
optimized using the MMFF94 method. Further, all non-polar H, atoms
were merged, rotatable bonds defined and pH set to 7.0.

Molecular docking

The optimized proteins and ligands were used for molecular docking
studies using the online docking server (http://www.dockingserver.
com/web). The Autodock tool was used for adding Kollman united
atom type charges, essential H, atoms, and solvation parameters.
Affinity grid maps were generated with 0.375 A& spacing [14]. Further,
the van der Waals and electrostatic interactions were calculated using
Autodock parameter set and distance-dependent dielectric functions,
respectively. Furthermore, the Lamarckian genetic algorithm and Soils
and Wets local search method was used for docking simulations [15].
During docking, all rotatable torsions were dropped. Every docking
study was arrived after 10 different runs with a cut off energy estimation
of 250000. Finally, translational step with 0.2 A, torsion and quaternion
steps of five were used with a population size of 150.

RESULTS

Protein-ligand structure
The 3D structures of bimoclomol and cyclin E were retrieved from
docking server and PDB, respectively (Fig. 1).

Screening for drug-likeness and ADMET analysis of compounds
Bimoclomol passed all the parameters related to drug-likeness
screening, namely, Lipinski, Ghose and Veber. Most importantly, it can
cross the BBB and has high pharmacokinetics values (Table 1).
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Pharmacophore based target prediction

The pharmacophore based target prediction of bimoclomol revealed
mitogen-activated protein kinase 14 as one of the top 10 targets with a
fit score of 3.521 and Z-score value of —0.408482 which supported our
premise of its strong potential in inhibiting cell cycle (Fig. 2).

Active site prediction
Out of top 10 pockets, cyclin E had best pocket at P20 with a drug ability
score of 0.94 and 0.01 standard deviation (Fig. 3). The volume of given
pocket was 551.26 cubic angstroms and 14 residues were involved in
interaction at this site.

Molecular docking of bimoclomol with cyclin E

Bimoclomol bound to cyclin E at P20 pocket and same residues as
predicted were involved in the interaction (Fig. 4). The estimated free
energy of binding for cyclin E and bimoclomol was -5.07 kcal/mol,
and total intermolecular energy was -6.48 kcal/mol (Table 2). There
were two H, bond formations involving GLU188 and LYS186
with bond energies of -0.2603 kcal/mol and -0.2271 kcal/mol,
respectively. Further, a hydrophobic bond was formed with HIS147
(-0.6293 kcal/mol).

DISCUSSION

PD is the second most common age-related neurodegenerative disease
affecting those aged above 60 years. Despite the knowledge of several
factors which contribute in the occurrence and progression of PD, the
exact cause and cure remain elusive. Ectopic activation of the cell cycle
in terminally differentiated neurons is a recently known phenomenon
which has been shown to drive neurodegeneration through actual DNA

Fig. 1: Three-dimensional structure of cyclin E (a) and
bimoclomol (b)

Ligand: 9576891
. Number of Nommalized
Rank PDBID Target Name ey FitScore d ool 2score

+ 1 10NG | Beta-lactamase SHV-1 4 3548 08871 00454138
+ 2 1DY4] Exoglucanase 1 4 3525 08812 0288696
+ 3 Gez} | Mecorimes aeston nhiuey 4 3400 08523 -0339281

actor
+ 4 2855]  Cell division protein kinase 2 s 3802 07605 162195
+ 5 2870| NONE 5 3789 07578 149587
- 6 1081 FKBP-type peptidyl-prolyl cis-trans 37 074 1.15025

isomerase fkpA
+ 7 3CPA| NONE s 3544 07087  -0.0490846
* 8 2ZAZ Mitogen-activated protein kinase 14 5 3521 0.7042 -0.408482
+ 9 2UWL] Coagulation factor X s 3304 06788 -0426764
. " g Medium-chain specific acyl-CoA s 390 0665 0078465

dehydrogenase. mitochondrial

Fig. 2: Pharmacophore based target prediction of bimoclomol
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a Vol Hydroph. Polar Aromatic Otyr Nb. Drugg Standard
Pockets Hull* Kyte* Res." Res." atom Res." Prob* Deviation
PO 2058.21 -0.36 059 017 00 290 0.72 0.06
P1 2863.51 -1.49 071 026 003 310 026 0.01
P15 634.09 0.15 053 02 0.0 15.0 0.88 0.04
P17 642.52 021 04 0.07 0.0 150 0.82 0.02
P2 85224 012 041 0.06 00 170 0.77 0.03
P20 561.26 073 029 0.07 00 140 0.94 0.01
P3 114605 0.04 045 01 0.0 200 0.78 0.01
P4 1067.3 -0.88 067 0.1 00 180 029 0.01
Ps 67413 -0.63 063 0.13 0.0 16.0 042 0.02
P9 103055 -064 057 0.14 00 140 046 0.03

Fig. 3: Active sites of cyclin E

Fig. 4: Docking of bimoclomol with cyclin E and residues involved
(inset)

Table 1: ADMET analysis of Bimoclomol

GI permeability High
LogS (ESOL) -29
XLogP3 2.21
Bioavailability score 0.55

ADMET: Absorption, distribution, metabolism, and excretion - toxicity,
GI: Gastrointestinal, ESOL: Estimated aqueous solubility

Table 2: Energies of binding for cyclin E and bimoclomol

Estimated free energy of binding -5.07 Kcal/mol

Estimated inhibition constant 191.27 uM
vdW+Hbond+desolv energy -4.55 Kcal/mol
Electrostatic energy -1.93 Kcal/mol
Total intermolecular energy -6.48 Kcal/mol
Interacting surface 541.668

synthesis followed by apoptosis [2]. Moreover, PD-associated proteins
have shared a very intimate relation with cell cycle markers. The G1/S
phase marker cyclin E is a substrate for PARK2 and participates in
ubiquitination process. However, mutations in PARK2 led to the loss
of function thereby, resulting in cyclin E accumulation which in turn,
activated E2F1 and triggered neuronal death in PD [5]. Thus, it seems
imperative to design therapeutic strategies aimed at attenuating the
level of cyclin E to inhibit the cascade of neuronal death in PD.

Various biomolecules such as curcumin elicited HSP70 activity and
provided protection against neuronal dysfunction, various cancers, and
in vascular diseases [16-18]. Bimoclomol is a hydroxylamine derivative
which is nontoxic and elicited its protective effect through HSP
induction; including HSP70 [19]. HSPs are molecular chaperones which
are upregulated in the cell to protect it against heat, ROS and hypoxia.
HSP70 has been shown to promote neuronal survival by mediating the

activation of pro-survival signaling cascades and through autophagy
induction [2]. Interestingly, HSP70 has been shown to interact with
cyclin E in AB induced cell cycle re-entry in inclusion body myositis
and polymyositis [6]. Taken together, all these data provide convincing
evidence of using HSP70 inducing compound such as bimoclomol
in attenuating the level of cyclin E and in turn, inhibit the cascade of
neuronal death in PD.

In this study, we tested the drug-able efficacy of bimoclomol for
targeting cyclin E in PD. Emphasis was laid on pharmacokinetic analysis
as aqueous solubility, and dissolution in gastrointestinal fluids are
defining parameters of in vivo bioavailability of an orally administered
drug [20]. Similarly, the lipophilicity of a drug directs physiological
properties such as rate of metabolism, transport across cell membrane
and interaction with binding sites of the receptor. Further, CNS drugs
should have logP <4 [21,22]. The logP value for bimoclomol was found
to be 2.21.

However, the most important property required of a compound
intended to be a neuroprotective agent is BBB permeability. Bimoclomol
qualified all the above-mentioned parameters and scored well on
pharmacokinetics, bioavailability score and could cross the BBB.
Finally, molecular docking studies indicated that bimoclomol can bind
to and attenuate the level of cyclin E and possibly, halt or inhibit cell
cycle re-entry mediated neuronal death in PD. These findings can be
validated through in vitro and in vivo cell cycle studies in PD.

CONCLUSION

The results of our study provide the novel potential of bimoclomol
in attenuating the level of cyclin E which has wider implications in
inhibiting cell cycle re-entry mediated neurodegeneration in PD.
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Abstract. The communication between neurons at synaptic junctions is an intriguing process that monitors the transmission
of various electro-chemical signals in the central nervous system. Albeit any aberration in the mechanisms associated with
transmission of these signals leads to loss of synaptic contacts in both the neocortex and hippocampus thereby causing
insidious cognitive decline and memory dysfunction. Compelling evidence suggests that soluble amyloid-f3 (A3) and hyper-
phosphorylated tau serve as toxins in the dysfunction of synaptic plasticity and aberrant neurotransmitter (NT) release at
synapses consequently causing a cognitive decline in Alzheimer’s disease (AD). Further, an imbalance between excitatory
and inhibitory neurotransmission systems induced by impaired redox signaling and altered mitochondrial integrity is also
amenable for such abnormalities. Defective NT release at the synaptic junction causes several detrimental effects associated
with altered activity of synaptic proteins, transcription factors, Ca>* homeostasis, and other molecules critical for neuronal
plasticity. These detrimental effects further disrupt the normal homeostasis of neuronal cells and thereby causing synaptic
loss. Moreover, the precise mechanistic role played by impaired NTs and neuromodulators (NMs) and altered redox signaling
in synaptic dysfunction remains mysterious, and their possible interlink still needs to be investigated. Therefore, this review
elucidates the intricate role played by both defective NTs/NMs and altered redox signaling in synaptopathy. Further, the
involvement of numerous pharmacological approaches to compensate neurotransmission imbalance has also been discussed,
which may be considered as a potential therapeutic approach in synaptopathy associated with AD.

Keywords: Amyloid-f3, neurotransmitters/neuromodulators, redox signaling, synaptic dysfunction, tau, therapeutics

INTRODUCTION

*Correspondence to: Dr. Pravir Kumar, PhD, Department of

Biotechnology, Delhi Technological University (Formerly Delhi To maintain brain homeostasis synapses and

college of engineering), Room # FW4TF3, Mechanical Engineer-
ing Building, Shahbad Daulatpur, Bawana Road, Delhi 110042,
India. Tel.: +91 9818898622; E-mails: pravirkumar@dce.edu;
kpravir@gmail.com.

their associated neurotransmitters (NTs) play the
role where synapses are specialized structures that
form a network to transmit electrochemical signals
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or information from one neuron to another. The
signal transmission involves a complex process
of NT release and uptake at synaptic junctions
[1] where dysregulation of the synaptic junction
in response to numerous insults and aberrant NT
releases or its receptors lead to synaptopathy asso-
ciated with Alzheimer’s disease (AD) [2]. It has
been demonstrated that soluble amyloid plaques
and hyperphosphorylated tau served as toxins in
disrupting synaptic plasticity and NT release at
synapses, thereby causing a cognitive decline in AD
[3, 4]. In addition, free radicals, oxidative stress,
and mitochondrial dysfunctions have also contributed
significantly toward synaptic loss [5]. Redox signal-
ing has also been shown to alter the signaling cascades
associated with the pathophysiology of synaptic loss
and thus cause vulnerability to neuronal cells in
AD [6]. Since the exact mechanisms associated with
synaptic dysfunction induced by impaired NTs and
altered redox signaling remain enigmatic, their plau-
sible association is under investigation. In this regard,
the present review underlines the involvement of both
defective NTs and altered redox signaling in the eti-
ology of synaptic loss associated with AD, and also
demonstrates the involvement of numerous biologi-
cal compounds and recent therapeutic strategies for
targeting synaptic loss induced by defective NTs and
neuromodulators (NMs).

SYNAPTOPATHY IN ALZHEIMER’S
DISEASE: CORRELATION BETWEEN
SYMPTOMS AND SYNAPTIC FAILURE

Synapses are an alliance of specialized struc-
tures that allow a neuron to pass a chemical or
an electrical signal to another neuron. This electro-
chemical transmission is a complex interplay among
NT release at presynaptic terminals and its detection
at receptors of postsynaptic terminals of a neuron
[7, 8]. While any dysregulation in synaptic transmis-
sion leads to a number of chronic brain disorders,
including addiction, depression, anxiety, and demen-
tia like AD and Parkinson’s disease [9]. There is
numerous evidence depicting the promising role
of synaptic plasticity in memory formation and its
stabilization. Recent methodological advancements
have uncovered the mystery behind synaptopathy
and its consequent dysregulation in neural circuitry
[10]. For instance, amyloid-B (AB) and tau pro-
teins were reported to function normally at synaptic
junctions while their overburden caused neuronal

toxicity and thus synaptic loss in the case of AD
[11]. Hyperphosphorylated and aggregated forms
of tau are leading agents for synaptic dysfunc-
tion, behavioral impairment, and neuronal death
in neurodegenerative disorders (NDDs) [12]. It is
reported to directly interact with postsynaptic sig-
naling complexes to regulate synaptic transmission
[13]. On the other hand, major kinases such as
glycogen synthase-33 (GSK3p), cyclic adenosine
monophosphate response element-binding protein
(CREB), extracellular receptor kinase (ERK), and
mitogen-activated protein kinase (MAPK) are found
to induce synaptic dysfunction through their dynamic
association with stress-mediated abnormal hyper-
phosphorylated or accumulated forms of tau in the
AD brain [5]. Recently, abnormal acetylation at K281
and K274 of tau protein has been reported to promote
synaptic loss in the AD brain viz. reduction of AMPA
receptors trafficking, damaged actin dynamics, and
diminished postsynaptic Kldney/BRAin (KIBRA)
signaling pathways [14]. Additionally, several groups
demonstrated the pathogenic role of soluble AB in
dendritic spine injury in cultured neurons, while
its ‘'monomeric and fibrillar forms remained inert
to synaptic loss [15]. The available evidence sug-
gests that abnormally acetylated and phosphorylated
forms of tau, aggregated forms of A3, and impaired
synaptic plasticity are the key components involved
in the synaptopathy of AD [16]. Unlike A and
tau, various other factors have also been identi-
fied to cause synaptic dysfunction in AD (Table 1).
These factors significantly affect neurotransmission
and correlate with the disease symptoms including
cognitive decline and dementia in AD.

THE PERTINENT ROLE OF AMYLOID-$
IN SYNAPTIC BIOLOGY OF
ALZHEIMER’S DISEASE

AB is a prevalent toxic protein deposited as
senile plaques and is likely to be involved in the
impairment of synaptic plasticity in both sporadic
and familiar forms of AD [35]. One and fore-
most among the numerous proposed mechanisms
associated with AB-mediated synaptic dysfunction
is toxicity due to its self-aggregation and inter-
action with various other membranous proteins at
synaptic junctions [36]. Importantly, Af is found
to moderately terminate mGluR-dependent synaptic
long-term depression (LTD), thereby signifying its
role in modulating synaptic plasticity [37]. Growing
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Table 1
Causative factors and associated mechanisms of synaptic dysfunction in AD
SN  Causative Factors Associated Mechanisms (Synaptic Dysfunctions) Disease Involved  References
1 Factors associated with Causes apoptotic cell death and elevation of caspase-3 activity [17]
oxidative stress and associated with enhanced level of long-term depression
mitochondrial dysfunction (LTD), which further leads to synaptic loss
2 Ca?* dyshomeostasis Affects calcineurin (CaN) activity that causes alteration in [18]
N-methyl-D-aspartate (NMDA) receptor activity and
impairment of long-term potentiation (LTP), leading to
synaptic loss
3 Cholesterol and lipid Induces formation of protein aggregates that leads to the [19]
depletion impairment of both NMDA and
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors, which further affects glutamate
transmission, alters the LTP and synaptic loss
4 Factors associated with Increases cytoskeletal protein phosphorylation which further [20]
inhibition of protein induces Ca>* dyshomeostasis and glutamate excitotoxicity,
phosphatases thereby leading to loss of synaptic activity in the brain
5 STEPg; Increased activity of STEP¢; causes inactivation of ERK1/2 [21]
signaling and alteration in NMDA receptor
6 MAPK phosphatases Inactivate Mitogen-activated protein kinases (MAPK) and [22]
cause neuronal excitability and synaptic dysfunction
7 Dyshomeostasis of Fe?*, Causes alteration in glutamate activity and modulates various [23]
Cu?t, Zn?* and other ionotropic, metabotropic, and postsynaptic receptors such as
metal ions NMDA and AMPA receptors
8 Factors associated with Induces the release of proinflammatory cytokines such as [24]
microglial dysfunction IL-1B, TNFa, and TNFR1, thus causes apoptosis. Moreover, . s .
. Lo Alzheimer’s disease
it also causes alteration in the AMPA receptors at the synapse
9 GABAergic and Causes alteration in Ca?T homeostasis, involved in the [4, 25]
Glutamatergic modulation of various receptors such as NMDA and AMPA,
excitotoxicity and also responsible for the production of free radicals
thereby leading to apoptosis of neuronal cells
10 Glutamate transporter 1 Dysfunction of GLT1 causes excessive glutamate release and [26]
(GLT1) impairment of NMDA and AMPA receptors
11 Mutations in ABPP/PS1 Causes alteration in stathmin signaling, 14-3-3-mediated [27]
signaling, CREB signaling, and protein kinase A (PKA)
mediated signaling pathways. Further, it also alters the
activity of both NMDA receptor and glutamate release
12 AB Alters acetylcholine, NMDA, and AMPA receptor activity. It [28-30]
also affects Wnt signaling pathway and causes alteration in
glutamate, norepinephrine, and GABA release that further
leads to the accumulation of tau at postsynaptic terminals
13 Tau Mislocalization of hyperphosphorylated tau in dendritic spines [31]
causes both the disruption of glutamate receptor and
AB-related synaptic excitotoxicity
14 GirK Channels AR interferes with GirK channels, curtailing LTP and [32]
increasing LTD, thereby mediating synaptic dysfunction
15  IGF-1 depletion Causes defects in both LTP and LTD and augments [33]
incorporation of glutamate receptors through the activation of
PI3K/Akt signaling
16 ApoE4 Affects PKA, calcineurin, BDNF, and CREB mediated [34]

signaling pathways thereby leading to synaptic loss

evidence suggests that A3 oligomers also interact
with various NTs/NMs to inhibit synaptic trans-
mission by dysregulation of these receptors. For
instance, glutamatergic, GABAergic, and serotonin-
ergic receptors were observed with compromised
expression at neuronal synaptic junctions [38, 39].
Similarly, AR oligomers interacted with a dozen
receptors to trigger the distribution of critical synaptic

proteins and induce hyperactivity in ionotropic and
metabotropic glutamate receptors [40]. Likewise,
there is evidence indicating the interaction of A
oligomers with glutamatergic receptors to either
facilitate or inhibit the uptake of glutamate and thus
cause AB-mediated synaptic loss [26]. Moreover,
glutamatergic receptors (AMPA and NMDA) are
found to regulate AB-mediated synaptic dysfunction
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via aberrant redox signaling and cytoplasmic Ca®*
overload, which triggers downstream pathways
including protein phosphatase 2A (PP2A) and Ca**
dependent protein phosphatase calcineurin/PP2B
[39]. Additionally, NMDA receptors insults are also
found to promote the amyloidogenic processing
of amyloid-f protein precursor (ABPP) to induce
oligomeric A3 production and trigger synaptic failure
and memory loss [41]. Multiple studies also revealed
that AP causes neuroinflammation via activation of
microglial cells and alters the level of ERK, CaMII,
and pCREB to impair long-term potentiation (LTP)
and LTD. Such alterations trigger a negative feed-
back mechanism to deplete the regulation of GSK3f3
and consequent abnormal A3 and oligomeric tau pro-
duction at synapses leading to synaptic dysfunction
and memory impairment [42—-44]. Besides, numerous
studies on hippocampal neurons explored the effects
of AP and human amylin on LTP with the expression
of amylin receptors, while its blockade led to LTP
enhancement in transgenic mice to trigger A3 burden
in brain [45]. In this way, multi-disciplinary research
has been carried out extensively that identified poten-
tial receptors involved in synaptic loss, which could
be potential targets for therapeutic intervention.

TAU PROTEIN AS A CULPRIT OF
SYNAPTOPATHY IN ALZHEIMER’S
DISEASE

Tau protein is another significant pathological hall-
mark of AD in its hyperphosphorylated form as
neurofibrillary tangles (NFTs) and is associated with
cognitive decline, memory impairment, synaptic dys-
function, and neuronal loss [46]. Nevertheless, tau
phosphorylation is also known for synaptic plastic-
ity during the early stages of neuronal development,
but it declines with the aging brain [47]. However,
NFTs are reported in varying degrees in the brain
before the onset and throughout the progression of
AD, but it was not proportionate with the neuronal
death. Even the neuronal death exceeded the amount
of NFTs indicating that it is not a prominent cause
for neuronal death [48]. Furthermore, researchers
revealed that it is not the number of NFTs that are
responsible for dementia, but it is the aggregated
form of tau at synaptic junctions that causes synap-
tic dysfunction and is vulnerable to neurons [46].
Recent evidence showed that tau-mediated mem-
ory impairment is partly associated with decreased
RNA translation, due to very close association of

ribosomes with tau proteins in AD with respect to
control brains [49]. Another study identified that
impaired synthesis of postsynaptic density protein-95
(PSD-95) contributes toward the decline of synap-
tic plasticity that is crucial for learning and memory
[50]. Similarly, earlier studies on human fetal cere-
bral cortical neurons reported the association of an
aberrant rise in Ca®>* levels with tau hyperphospho-
rylation leading to microtubular degeneration in AD
[51]. Further, chronic exposure of inorganic Arsenic
compounds (iAs) and its metabolites facilitated tau
hyperphosphorylation and increased ABPP expres-
sion. Besides, it also causes altered NT synthesis,
increased glutamate receptors activation, and reduced
glutamate transporters expression, thereby affecting
synaptic transmission [52]. A study demonstrated
the increase in accumulation of phosphorylated tau
that triggered synaptic loss, neurite retraction, Ca2*
dyshomeostasis, and altered NT release (reduced
acetylcholine (ACh) levels) in tau oligomer treated
neurons [53]. Tau phosphorylation is also modulated
by Bel2 Associated Athanogene-2 (BAG2) expres-
sion, since it controls a functional intracellular switch
between the p38-dependent functions of nicotine on
tau phosphorylation levels via the a7 nicotinic recep-
tor [54]. Furthermore, glucocorticoid (GC, stress
hormones) mediated synaptic loss has been evident
in AD models via tau hyperphosphorylation, mis-
sorting, and mislocation [55, 56]. Recently, abnormal
acetylation of K274 and K281 sites on tau has been
reported to stimulate disruption of synaptic plastic-
ity and memory by reducing postsynaptic KIBRA (a
memory-associated protein) in transgenic mice [14].
Interestingly, another variant of human tau A152T
(hTau-A152T) is found to increase the risk for synap-
tic loss by increasing hyperphosphorylated forms of
tau protein and by promoting network hyperexcitabil-
ity that triggered age dependent neuronal loss at
synapses in AD [57]. Apart from A and tau, oxida-
tive stress and mitochondrial dysfunction also play
a key role in synaptic dysfunction.

HOW OXIDATIVE STRESS LINKED
MITOCHONDRIAL DYSFUNCTION
IS A CAUSE FOR SYNAPTIC LOSS

Mitochondria possess an extensive role in ATP
production, reactive oxygen species (ROS) gener-
ation, Ca®*t homeostasis, and apoptotic signaling;
while being a great source of intracellular ROS,
they are mainly vulnerable to oxidative stress [17].
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Nowadays, oxidative stress and subsequent damage
to mitochondrial integrity has been widely impli-
cated in various NDDs including AD, Parkinson’s
disease, Huntington’s disease, multiple sclerosis, and
amyotrophic lateral sclerosis [58]. Since neurons
are energy dependent on mitochondrial activities for
its critical functioning, including axonal/dendritic
transport, synaptic transmission, and ion pumps and
channels, oxidative stress-mediated mitochondrial
damage is the predetermining factor for causing
synaptic loss in neurons [59, 60]. Moreover, it has
been observed that under extreme conditions of
oxidative stress, mitochondrial damage takes place
primarily at complex IV (cytochrome oxidase) of
the electron transport system [61]. This damage ulti-
mately leads to synaptic loss in association with
oxidative alteration of the mitochondrial membrane
phospholipid; cardiolipin [62]. Synapse maintenance
is a prerequisite for proper communication and
therefore, synapses are densely packed with mito-
chondria in order to fulfill their high-energy demands
and Ca”* buffering requirements for synaptic trans-
mission [63]. Moreover, synaptic mitochondria are
responsible for clearing Ca®* either directly or by
providing ATP to Na®/Ca®* exchangers to maintain
Ca* homeostasis in order to govern normal synap-
tic function [64]. Defective mitochondrial buffering
mediated Ca®>* overburden causes severe brain tissue
injury in response to glutamate excitotoxicity [65].
Likewise, elevated ROS accumulation causes vulner-
ability to cells in response to compromised shock
regulatory proteins and leads to the formation of the
mitochondrial permeability transition pore (mPTP).
The prolonged opening of mPTP can cause both
necrosis and apoptosis via cytochrome C release and
consequent activation of caspases [66]. Furthermore,
oxidative stress was shown to also contribute signifi-
cantly toward neuronal damage in the substantia nigra
via dopamine-mediated quinone formation [67].
Nevertheless, deficits in axonal transport of mito-
chondria from soma to distal synapses are prevalent
in NDDs. Moreover, some genetic factors have been
identified that regulate mitochondrial transport; for
instance, PTEN-induced putative kinase 1 (PINK1)
is found to interact with Miro and Milton’s protein
to govern mitochondrial trafficking and distribu-
tion [68]. In another study, perturbed mitochondrial
fusion/fission proteins are found to affect den-
dritic mitochondrial populations thereby affecting
synaptic plasticity [69]. Likewise, many compounds
and elements have been identified so far, which
are responsible for oxidative stress/mitochondrial

dysfunction mediated synaptic loss in AD (Table 2).
The investigations suggest that synaptic dysfunction
is presumably one of the initial events in the majority
of NDDs associated with mitochondrial abnormali-
ties or irregular mitochondrial distribution in neurons
causing clinical symptoms such as motor dysfunc-
tion, cognitive decline, and memory loss.

FREE RADICALS, REACTIVE OXYGEN
SPECIES, AND CELL-SIGNALING
IN SYNAPTIC DYSFUNCTION

Free radicals are highly reactive chemical species
having one or more unpaired electrons, and are
generated in the complex I and complex III of mito-
chondria. The iron-sulfide centers and semiquinone
or cytochrome b are believed to be likely candidates
for its generation in mitochondrial complex I and 11,
respectively [81, 82]. The altered ROS homeostasis
activates various signaling pathways underlying cell
inflammation; for instance, ROS and other reactive
species regulate the expression of numerous inflam-
matory mediators including interleukin-13 (IL-1B),
interleukin-6 (IL-6), interleukin-8 (IL-8), tumor
necrosis factor-a (TNF-a), inducible nitric oxide syn-
thase (iNOS), lipoxygenase (LOX), cycloxygenase-2
(COX-2), and cell adhesion molecules (VCAM-1,
ICAM-1, P & E-selectin) [8§3-85]. Additionally, ROS
has been identified as key modulators of signal trans-
duction cascades pertaining to synaptic plasticity and
memory functions without the help of GTPases, phos-
phatases, protein kinases, Ca>* - dependent enzymes,
and other transcription/translation factors [86, 87].
For instance, ROS sensitive calcineurin (PP2B) is
believed to suppress LTP by inhibiting LTP-inducing
kinases CaMKII and PKC. Moreover, ROS exhibits
two-fold roles in LTP; one is stimulation and other
is inhibition. For example, in rodent hippocampus,
superoxide scavenging blocked high frequency stim-
ulated LTP (HFS-LTP), while superoxide dismutase
(SOD) mediated H>O, burden caused LTP inhibition
[88]. NMDA receptor is another candidate, which is
directly attacked by ROS to affect synaptic plasticity
and long-term memory formation. Another reactive
species, nitric oxide (NO) plays a dual role in neu-
robiology by provoking both neuroprotection and
neurodegeneration. For instance, NO boosts synap-
tic plasticity by evoking dendritic Ca’* release via
ryanodine receptor (RyR) while its aberrant produc-
tion triggers synaptic loss via enhanced activation
of soluble guanylyl cyclase (sGC)/protein kinase G
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Key compounds and elements involved in oxidative stress/mitochondrial dysfunction mediated synaptopathy

SN Compounds and Elements

Mechanisms associated with Synaptic Loss

Disease Involved  References

1 Methotrexate (MTX)

MTX treatment increases the levels of phosphorylated tau, [70]

ARBPP, and 3-secretase thereby causing oxidative stress

mediated synaptic loss
2 Okadaic acid (OKA)

It induces neurodegeneration by provoking tau [71]

hyperphosphorylation, GSK3@ overstimulation, oxidative
stress, neuroinflammation, altered neurotransmission, and
neurotoxicity. Moreover, it also acts as a selective inhibitor of
protein phosphatase, PP1 and PP2A

3 Acrolein Acrolein is a peroxidation product of arachidonic acid (AA) [72]
that augments tau phosphorylation at the site recognized by
PHF-1 thereby causing oxidative stress in primary neuronal
cultures

4 Cocaine Peritoneal injection of cocaine promotes Alzheimer-like [73]

hyperphosphorylation of tau and neurofilaments thereby
causing oxidative stress in rat brain. Further, it also increases
the levels of dopamine, as does nicotine

5 Lipopolysaccharide

Lipopolysaccharide treatment causes both synaptic alteration [74]

and learning-memory deficit by inducing paired
immunoglobulin-like receptor B (PirB) expression

6 Rotenone

cholinergic neurons
7 Paraquat

Rotenone treatment causes inhibition of complex I of the [75]
electron transport chain (ETC), thus induces cell death of

Alzheimer’s disease

Paraquat exposure causes increased oxidative damage [76]

specifically in mitochondria of cerebral cortex and manifests
mitochondrial dysfunction, thus leads to synaptic loss
8 1-methyl-4-phenylpyridinium  Treatment with MPP (+) causes generation of ROS from [77]

(MPP(+))

inhibition of complex I of the mitochondrial respiratory chain

and inactivation of aconitase. Further, it also causes
ROS-mediated oxidative damage and apoptosis, thereafter

lead to synaptic loss
9 Copper (Cut)

Chronic exposure of Cu*! causes altered spatial memory with [78]

selective loss of synaptic proteins pre-synaptic protein
synapsin 1 and post PSD-95 through the mechanisms
including activation of PKR/eIF2a signaling pathway

10 Iron (Fe?t)

Fe®* is responsible for triggering synaptic loss and apoptotic [79]

cell death by affecting mitochondrial dynamics

11 Aluminum (A1)

AR+ exposure decreased the levels of NTs and [80]

acetylcholinesterase activity in the brain. Further, it promotes
cross-linking of toxic Af thereby causing both oxidative
stress and synaptic dysfunction

(PKG) pathway and RhoA/Rho kinase (ROCK) sig-
naling pathway [89, 90]. Furthermore, ROS also
directly modulates voltage-dependent Ca’* channels
and thus altering synaptic transmission. Additionally,
the protein RanBP9 is found to elicit ROS production,
mitochondrial dysfunction, and Ca>t dysregulation
in AD models [91]. Accumulating evidence sug-
gests that synaptic loss is also caused by altered
insulin signaling pathway. This signaling is trig-
gered via an insulin receptor substrate (IRS) that
further interacts with numerous other receptor tyro-
sine kinases including IGF1/2, tropomyosin-related
kinase receptor B (TrkB), and ErbB. The phospho-
rylation of IRS1 on tyrosine residues thereafter leads
to the activation of downstream signaling including,

Akt, mTOR, and GSK3. Furthermore, the phospho-
rylation of IRS1 on multiple serine (Ser) residues
inhibits IRS1 activity leading to insulin resistance
(IR), which further contributes to both AR accumula-
tion and tau phosphorylation associated with synaptic
loss (Fig. 1). Most importantly, IR is also account-
able for altered insulin degrading enzyme (IDE) and
neprilysin (NEP) activity, which is induced by accu-
mulated AR in AD [92, 93]. Similarly, ROS-mediated
microglial activation induced by toxic A is another
cause for both neuroinflammation and synaptic dys-
function in AD. Because, AP activated microglia is
responsible for synaptic loss by releasing numerous
neurotoxic mediators including cytokines, inter-
leukin, and TNF-a that propagate an inflammatory
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proteasome system.

cycle [94]. Furthermore, CREB acts as a central con-
verging point of diverse signaling cascades that are
involved in synaptic strengthening and memory for-
mation and is also reported to be altered by Af
accumulation [95]. Further research is required to
determine other important targets of ROS signaling to
investigate their significance in synaptic transmission
and neuronal homeostasis.

NEUROTRANSMITTERS/
NEUROMODULATORS: A KEY
MEDIATOR OF CELLULAR
HOMEOSTASIS OR SYNAPTOPATHY?

NTs are a diverse group of endogenous compounds
that act as chemical messengers to transmit the
electrical/chemical information throughout the body.
Nerve impulses rely on synapses for the release of
NTs from presynaptic axons and its detection at post-
synaptic terminals [8]. These NTs normally maintain

cellular homeostasis via regulation of interdependent
elements/chemicals through a number of physio-
logical processes, while its depletion may affect
different processes like concentration, mood, sleep,
weight, and various others leading to altered cellular
homeostasis [96]. For instance, NTs like glutamate,
aspartate, GABA, and ACh have been implicated in
synaptic dysfunction associated with the progression
of AD [4]. The mechanisms underlying synaptic dys-
function are linked to the alteration of their receptors
that lead to the pathogenic events in the progression
of NDDs. The mechanisms associated with NT/NM-
mediated synaptic dysfunction in AD are discussed
here.

Acetylcholine

ACh release is responsible for the regulation of
memory storage and cognition in cortex and sub-
cortical circuits [97]. ACh interacts with two types
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of receptors; G protein coupled muscarinic acetyl
cholinergic receptors (mAChR) and ionotropic nico-
tinic acetyl cholinergic receptors (nAChR) and trig-
gers distinct responses to different modulators [98].
The a7 nAChR receptors are found to regulate intra-
cellular Ca?* and NT release at synaptic junctions.
nAChR are also evident for synaptic plasticity by
stimulating the upregulation of LTP in the hippocam-
pus [99]. In fact, the progressive loss of cholinergic
signaling is among the major breakdown mechanisms
associated with the etiology of AD. For instance,
dysfunctional nAChR/mACHhR in the cortex resulted
in cognitive decline in AD. However, this failure of
cholinergic transmission is not merely a loss of ACh
containing neurons but also marked by attenuated
acetylcholine esterase and choline acetyl transferase
activity [100]. Further, SNPs associated with nAChR
genes (a3, a4, a7, and B2) have been reported
to cause the pathogenesis of AD [101]. Besides,
nAChRs are found to trigger synaptopathy due to
its up- and downregulation at different sites in AD
brain. For instance, chronic A3 exposure enhanced
the levels of a7-nAChR in the hippocampus, cortex,
and amygdala both in vivo and in vitro while marked
reduction in a432-nAChR is observed in the cortical
regions of AD patients [102, 103]. Additionally, the
interaction between AP and a7-nAChR has also been
documented in postmortem AD brains [104].

Dopamine (DA)

DA is a major NT in the central nervous system
(CNS) and is characterized as an important modulator
of synaptic plasticity. Failure of the DA transmis-
sion system results in apathy, a negative prognostic
indicator of normal aging as well as AD. The
occurrences of apathy and motor dysfunctions were
predictive of rapid cognitive loss and shorter lifespan
in AD patients [105]. Various studies have identified
a reduced level of DA at the site of AP plaques and
NFTs in nigrostriatal regions of AD brain, depict-
ing its prominent role in pathogenesis and impaired
cognition [106]. In a study of the 3xTg AD model,
ApB-induced impaired dopaminergic neurotransmis-
sion resulted in conversion of LTP into LTD, which
led to poor memory and neuroplastic insults in the
basolateral amygdaloid nucleus-insular cortex path-
way [107]. Moreover, AP favored LTD upon low
frequency stimulation while restricted LTP after high
frequency stimulation. It has also been observed that
expression of dopaminergic receptors D1 and D2 is
significantly reduced in the prefrontal cortex and hip-

pocampus region of AD patients, while stimulation of
dopaminergic transmission improved cognitive func-
tion in various animal models of AD. Recently, DA
has been shown to possess anti-amyloidogenic and
antioxidant effects in mice [108]. Interestingly, the
administration of dopaminergic drugs exhibited bet-
ter cortical plasticity and memory functions in AD
patients.

Gamma-amino butyric acid (GABA)

GABA is the principal inhibitory NT in the CNS,
which is synthesized by decarboxylation of glutamate
with the help of glutamic acid decarboxylase enzyme.
Synthesized GABA is transported into vesicles by
vesicular GABA transporter at presynaptic terminals
of neurons [109]. There are three distinct receptor
subfamilies of GABA namely GABA,, GABAg,
and GABA( receptors that contribute toward their
inhibitory effects, where GABA 4 and GABA( recep-
tors are ligand-gated chloride (CI7) channels, while
GABAg receptors are G-protein coupled recep-
tors [110]. The alteration in the balance between
inhibitory GABA and excitatory glutamate NTs were
found to be one of the pathological factors con-
tributing toward synaptic dysfunction. A fibrils
were found to cause perforations in the cell mem-
brane leading to enhanced Ca’* influx mediated
over-excitation and consequent epileptic seizures in
the hippocampus and cortex. The increased seizures
in turn cause alterations in GABAergic sprouting
and synaptic inhibition as a protective mechanism
to overcome the hyper-excitation of neurons [38].
Immunohistochemical study of GABAergic recep-
tors revealed that o2, B1, and <yl subunits of
GABA receptors get upregulated whereas the lev-
els of al and y2 subunits get downregulated in
AD brains, indicating a functional remodeling of
GABAergic neurotransmission in the cortex of AD
patients [111]. Furthermore, elevated inhibitory func-
tion of GABAergic synapses induced by glutamate
mediated NMDA receptor activation affects the pro-
cesses required for LTP in dentate gyrus. Therefore,
crosstalk between GABA 4 receptors and postsynap-
tic glutamate NMDA receptors are evident in AD
pathology [112].

Glutamate

Glutamate is one of the important excitatory NTs
that play a crucial role in neural activation with the
help of its receptors localized on neuronal mem-
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brane. A wide variety of glutamatergic receptors,
namely NMDA and AMPA receptors, have been
implicated in synaptopathy while normally they are
known to regulate synaptic plasticity, neurotrans-
mission, learning, and memory [113]. Numerous
studies reported that glutamatergic neurons get lost
in response to A3 accumulation selectively at some
synapses in the pathogenesis of AD. These AP
oligomers also upregulate the extracellular concen-
tration of glutamate in hippocampus of AD brain
[39] and directly impact AMPA and NMDA recep-
tors through various subunits including GluR2 and
GIuN2B. Moreover, AP is found to bind with
GluR2 subunit via clathrin mediated activation of
calcineurin and dynamin [114] and further down-
regulate AMPA-mediated signal transmission and
synaptic plasticity via nuclear translocation of Jacob
protein and induction of accompanying CREB shut-
off signaling [115]. Furthermore, oligomeric AP
exposure upregulates GIuN2B containing NMDA
and extrasynaptic NMDA receptors and disturbs
signal transmission [116]. Another study reported
an increase in STriatal-Enriched protein tyrosine
Phosphatase (STEP) activity upon AR and tau expo-
sure leading to GluN2B containing NMDA receptor
endocytosis via dephosphorylation of Src kinases
Fyn and GIuN2B at tyrosine (Y1472) [117]. The
increase in STEP activity further disrupts synap-
tic plasticity and affects cognitive functions in AD.
It has also been revealed that APj-4, oligomers
form clusters at synaptic junctions and trigger
subsequent decreases in the mGlu5 receptor’s mobil-
ity and distribution leading to intracellular Ca®*
release. The disrupted Ca** homeostasis triggers
mitochondrial dysfunction mediated ATP loss and
ROS generation, ultimately causing LTD via GSK3(3
and calcineurin over-stimulation [5]. Furthermore,
Ap-induced reduction in LTP specifically involves
caspase 3 activation and subsequent Akt cleavage in
AD patients [118].

Histamine (HA)

HA is a NT that directs crucial physiological
functions such as sleep cycle, synaptic plasticity,
cognition, and movement. The hypothalamic tubero-
mammillary nucleus (TMN) is the site in the adult
mammalian brain where somas of HA producing neu-
rons are located and extends throughout the CNS
[119]. The action of HA is mediated by the acti-
vation of four G coupled protein receptors, namely
HIR, H2R, H3R, and H4R, which are widespread in

the brain. Specifically, H1 receptors were reported
to be reduced in the frontal and temporal regions
of AD brain. The key association between HA and
AD can be ascertained from the fact that the level
of HA is markedly elevated in different regions of
CNS in AD patients [120]. HA is also found to
regulate neuroinflammation along with TNF-o and
IL-1B in hippocampal neurons, which is responsi-
ble for poor cognition and impaired cerebrovascular
functions in AD. Moreover, an association between
microglial activation and APOE has been reported
in AD patients, where HA levels were found to
correlate with APOE; for instance, patients carry-
ing the APOE-4 alleles had lowest HA levels in the
brain [121]. Furthermore, it has been identified that
HA-containing neurons in the TMN get reduced in
association with accumulated NFTs while its level
was found to be upregulated in cerebrospinal fluid
and serum of AD patients [122].

Norepinephrine

Norepinephrine is a catecholamine, synthesized
through a cascade of enzymatic reactions where
dopamine is converted into norepinephrine through
the action of dopamine [-hydroxylase. Nore-
pinephrine either can act on target receptors (a1, a2,
and () or can be re-uptaken into presynaptic neurons
via Na/K-dependent norepinephrine transporters.
The primary function of noradrenergic transmis-
sion includes regulation of spatial working memory,
neuroinflammation, and cellular metabolism [123].
Moreover, norepinephrine also regulates neuroin-
flammation through adrenergic receptors present in
astrocytes and glial cells where any aberration in
adrenergic signaling leads to the progression of
AD [124]. A recent study evidenced the admin-
istration of a selective neurotoxin DSP-4 against
noradrenergic neurons that caused enrichment of A3
deposition, altered spatial memory, and impaired
receptor binding sites of al, a2, and 3 and upreg-
ulation of hyperphosphorylated tau in a transgenic
mice model of AD. Furthermore, several studies
have also reported impaired LTP and cognition
in norepinephrine-compromised hybrid AD mice
models [125]. A few reports have linked polymor-
phisms in the dopamine (3-hydroxylase gene leading
to reduced norepinephrine production in selective
Caucasian populations with AD [126]. In another
experiment, the endogenous a2 A receptors are shown
to contribute in the cascade for AD progression [127].
Likewise, AP activates [32 receptors to trigger the
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hyperphosphorylation of tau via protein kinase-A
and c-Jun N-terminal kinase (PKA-JNK) signaling
in ABPP/PS1 mice model [128].

Serotonin

Serotonin is a biogenic monoamine, which regu-
lates important physiological functions in CNS such
as mood, pain, anger, aggression, sleep, and appetite
[129], and it serves as both NT as well as NM [130]. In
general, serotonin regulates crucial mechanisms like
learning and memory both in healthy as well as in
aged individuals. This is the reason that neurological
disorders such as AD are marked by aberrant sero-
tonergic signaling and altered 5-hydroxytryptamine
(5-HT) metabolism in the CNS [131]. A specific class
of receptors called the 5-HT receptors orchestrates
the activity of serotonin. Though a number of SHTRs
(SHT2AR, SHT2CR, 5HT4R etc.) are involved in
ABPP processing, SHT4R has gained attention by
reinstating a neuroprotective environment by induc-
ing non-amyloidogenic ABPP cleavage mediated
release of soluble ABPPa [132, 133]. The investiga-
tions reported reduced levels of serotonergic neurons
and SHT metabolites in the raphe nuclei of AD post-
mortem brains [134, 135]. Likewise, AR plaques
in the projection site of serotonergic neurons trig-
gered SHT neuronal apoptosis accompanied by loss
of neuronal cell bodies in an ABPP transgenic mice
model [136]. Additionally, a link between tau phos-
phorylation and SHTRs have further strengthened the
notion that SHTRs are closely associated with AD via
Fyn mediated ERK1/2 activation [137]. Moreover,
tau hyperphosphorylation in the raphe nuclei is also
evident to induce SHT-mediated neuronal cell death
in AD brain [138]. The altered NTs/NMs and their
associated factors in the etiology of AD have been
depicted in Fig. 2.

OTHER NEUROTRANSMIT-
TERS/NEUROMODULATORS

Additionally, various other NTs/NMs such as
Reelin, Interleukin-33 (IL-33), Purinergic receptors,
and TRP channels are identified that contribute sig-
nificantly in the synaptopathy of AD. For instance,
disruption in the activity of Reelin causes aber-
rant hyperphosphorylation of tau by altering the
signaling cascades associated with GSK3@ activity
[139]. Another NT, interleukin-33 (IL-33), is found
to regulate inflammation in neuronal cell since IL-33

depletion released IL-1[ and TNF-« that contributed
well in neuroinflammatory synaptic loss in AD brain
[140]. Likewise, dysfunction of purinergic recep-
tors also causes neuroinflammation, ATP release,
and alteration in Ca®>* influx and thus induces LTD
at synaptic junctions [141]. There are several TRP
channels (TRPC, TRPV, TRPM, TRPP, TRPML,
and TRPA) that are involved in the alteration of
Ca?" influx, modulation of the PSD95 pathway, and
GSK3p phosphorylation mediated synaptic plastic-
ity [142, 143]. Herein, the potential mechanisms of
synaptopathy associated with NTs/NMs have been
described in (Table 3).

CORRECTION MECHANISMS

TO TARGET PERTURBED NEUROTRANS-
MITTERS/NEUROMODULATORS

IN SYNAPTOPATHY

Presently, treatment against defective NT/NM-
mediated synaptopathy in AD has become a demand-
ing task for neurobiologists since there is not a single
factor responsible for such abnormalities but a mas-
sive numbers of factors associated with widely
dispersed signaling cascades. Nevertheless, defective
NT release at the synaptic junction causes sev-
eral detrimental effects, which are associated with
the altered activity of synaptic proteins, transcrip-
tion factors, Ca?t homeostasis, and other molecules
critical for neuronal plasticity [168]. These detrimen-
tal effects further disrupt the neuronal homeostasis
and thereby cause the synaptic insults. In order to
overcome such complications, numerous therapeutic
strategies are currently being devised that allevi-
ate the toxicity associated with defective NTs/NMs.
For instance, numerous biological compound-based
therapies have been designed to overcome the prob-
lems associated with these defective NTs/NMs in
AD. Moreover, current therapeutic approaches have
also been discussed here that can slow down the
pathophysiology behind defective NT/NM-mediated
synaptic dysfunction.

Biological compound-mediated therapy
for altered neurotransmitters/neuromodulators
in synaptopathy

The reduction in cholinergic neurotransmission
in AD has led to the development of numerous
compounds as the first-line of treatment for the patho-
logical phenomenon of this disease. The clinical
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Table 3
List of neurotransmitters/neuromodulators and their mechanism associated with synaptopathy in AD
Neurotransmitters/  Involved causative Involved mechanisms in synaptopathy Principle phenotype ~ References
Neuromodulators factors/receptors
Acetylcholine A, tau, cholesterol Abnormalities in AChR causes [144, 145]
(ACh) depletion, metal ion downregulation of both MAPK-CREB
dyshomeostasis, and and PI3K-Akt signaling cascade and
oxidative stress also causes alteration in the level of
glutamate that affects synaptic
plasticity
Glutamate Factors associated with Glutamate toxicity causes alteration in [39, 114, 146-149]
inhibition of protein the level of intracellular Nat, KT, and
phosphatases, AP, tau, Ca”*. It also causes impairment in

cholesterol depletion, metal NMDA, AMPA, and mGlu receptor
ion dyshomeostasis, IGF-1 and ultimately impairs LTP and LTD

depletion, altered level of thus induces synaptic loss associated
dopamine, and elevated cognitive decline
level of glucose
Gamma Amino KNCQ Channels, ABPP, AB, GABAergic dysfunction causes [38, 150-153]
Butyric Acid mitochondrial dysfunction, alteration in Ca®>* channels and block
(GABA) lipid depletion, and altered -opioid receptors thus impairs
level of dopamine synaptic plasticity
Noradrenaline/ Microglia dysfunction, Norepinephrine dysfunction causes [123, 154, 155]
Norepinephrine involvement of complement  alteration in PKA-JNK pathway,
system, usage of DSP-4 microglia activation, and impairs LTP
and reserpine, and and LTD, thereby leading to synaptic
knockout of DBH enzyme loss associated with cognitive decline
Serotonin A and tau Dysfunction of serotonin impairs [138, 156, 157]
cholinergic receptors, diminishes
arachidonic acid (AA) uptake and Alzheimer’s Disease

causes axonal dysfunction thereby
leading to the degeneration of raphe
monoamine neurons and triggers
synaptic loss associated with memory

loss
Histamine (HA) Impact of GABAergic and HA dysfunction impairs cholinergic and [158]
glutamatergic receptors and ~ NMDA receptors, leading to synaptic
dysregulation of mast cells dysfunction
Reelin APOER2, VLDLR, DAB1 Depletion of Reelin causes alteration of [159-161]
dysfunction, and AP signaling pathways that regulates

GSK3p activity and enhances the level
of hyperphosphorylated tau thereby
leading to dysfunction of synapses

Purinoceptors Loss of P2X7 and P2Y>, Loss of P2X7 and P2Y receptors causes [162-164]
microglia activation, and neuroinflammation via activation of
AB microglia and dysfunction of Racl

protein which thereafter causes
dysregulation of AB phagocytosis that
ultimately leads to synaptic loss

Interleukin-33 Microglia activation, A3, IL-33 is proinflammatory in CNS and [140, 165]
(IL-33) increased level of IL-11 activates inflammatory cells thereby
and TNF-a leading to the disruption of synapses
TRP Channels Factors associated with TRP channels disrupt Ca?* homeostasis [166]
oxidative stress and and alters various signaling cascade
mitochondrial dysfunction, leading to synaptic loss
AR, mutated PSEN1 and
ABPP
Dopamine (DA) AR, Ca®*, degeneration of DA dysfunction causes alteration in [106, 167]
cholinergic neurons, and glutamatergic and cholinergic
inactivation of p38-MAPK transmission, impairs physiological
pathways cell metabolism, activates various

enzymatic pathways, leading to
apoptosis and synaptic loss
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List of potent biological compounds involved in alleviating the neurotoxic effect of altered neurotransmitters/neuromodulators in synaptopathy

SN

Biological compounds

Associated protective mechanisms against synaptic loss

Principle phenotype

References

1

10

11

Anthocyanine (ANT)

Oridonin (Ori)

Asiaticoside

Cotinine

Piracetam

Naringin

7, 8-dihydroxyflavone

(7,8-DHF)

Memantine

Propofol

Metformin

Cannabidiol (CBD)

It regulates ion pump activity and cholinergic
neurotransmission. Further, it also enhances memory and
act as an anxiolytic compound

Augments the expression of PSD-95 and synaptophysin and
also promotes mitochondrial dynamics in the synaptosomes
of AD mice thereby leading to attenuate synaptic loss and
cognitive deficits. Moreover, it also activates the
BDNF/TrkB/CREB signaling pathway in the hippocampus
of AD mice

It prevents spatial learning and memory decline by
scavenging free radicals, decreasing the level of A3,
upregulating the activity of antioxidant enzymes,
ameliorating dysfunction in synaptic plasticity and
reversing abnormal changes in ACh level and AChE activity

The beneficial effects of cotinine are accompanied by an
increase in the expression of the active form of PKB and the
PSD-95 in the hippocampi and frontal cortices of Tg6799
mice. This PSD95 plays a crucial role in promoting brain
plasticity by modulating NMDA receptor signaling.
Additionally, it also increases 5-HT levels in the rat brains
thereby stimulating the serotonergic activity in AD brain

It is a derivative of the neurotransmitter GABA and modulates
neurotransmission in a range of transmitter systems
(including cholinergic and glutamatergic), thus improves
neuroplasticity. It also significantly restores impaired
synaptic function by attenuating numerous mitochondrial
dysfunctions such as, mitochondrial membrane potential
and ATP production, induced by AB in PC12 cells

It improves long-term learning and memory ability by both
enhancing the autophosphorylation of CaMKII and
increasing the phosphorylation of the AMPA receptor at
a CaMKII-dependent site

Inhibits the loss of hippocampal synapses, restores synapse
number and synaptic plasticity, and prevents memory
deficits induced by impaired BDNF/TrkB signaling
pathway in the hippocampus of AD mice

A non-competitive NMDA receptor antagonist attenuates
cognitive impairment and synaptic dysfunction by restoring
protein phosphatase-2A activity via decreasing its
demethylation at Leu309 selectively in adeno-associated
virus vector-1-11PP2A rats. Further, it also alleviates
glutamate mediated cell excitotoxicity by excessive
stimulation of NMDA receptors in astrocytes and neurons

Acts as a GABA receptor agonist which reduces A
generation and accelerates AP degradation. Further, it
ameliorates cognitive function and attenuates caspase-3,
caspase-9 activation in AD mice model

It alleviates the increase of total tau, phospho-tau and
activated JNK. Further, it also attenuates the reduction of
synaptophysin, a synaptic protein in the db/db mouse
hippocampus

It shows neuroprotection by normalizing the caspase 3
activity, the main integral transmembrane protein of
synaptic vesicles (synaptophysin) and mitochondrial fission
protein DNMIL expression levels in rats with brain iron
overload. CBD treatment has also been reported to improve
dopamine neurotransmission in in a mouse model of
tauopathy

Alzheimer’s disease

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[112]

[182]

[79, 183]

(Continued)
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(Continued)

SN Biological compounds Associated protective mechanisms against synaptic loss Principle phenotype References
12 Dizocilpine (MKS801) MKSO01 alleviates glutamate mediated cell excitotoxicity by [184]
excessive stimulation of NMDA receptors in astrocytes

and neurons
13 UBP141 UBP141, an astroglial NMDA receptors antagonist plays [185]
a potential therapeutic role against synapses loss
14 Levetiracetam Chronic levetiracetam administration reduces glutamate [186]
excitotoxicity and enhances the levels of inhibitory
neurotransmission thereby attenuating cognitive
abnormalities in AD
15 Muscimol Selective GABA receptor agonist provides protection [187]
against AB-induced neurotoxicity in hippocampal, retinal
and cortical neurons in rodents
16 Etazolate (EHT-0202) The GABA, receptor modulator protects neurons against [188]
AB-induced toxicity thereby displaying
anti-inflammation effect after traumatic brain injury and
improves cognition in mice models
17 Pentobarbital Stimulation of GABA receptors by pentobarbital restores [112]
neuronal maturation and neurogenesis in apolipoprotein
E4 (APOE4) knocking mice. APOE4 is known as
a genetic risk factor for early onset AD perhaps by
accelerating A plaque formation, or by impairing
neuron repair
18 Flumazenil or picrotoxin Chronic systemic treatment with GABA 4 antagonists [189]
restores memory loss in AD
19 EVP-6124 EVP-6124, a selective agonist of the o7 nAChR, exerts an [190]
excitatory effect on the postsynaptic neuron thereby
leading to LTP and memory formation
20 D-serine acid oxidase Treatment with D-serine acid oxidase attenuates [191]
NMDA-induced excitotoxicity
21 5,7-dicholorokynurenic The physiological glycine site antagonist kynurenic acid [191]
acid protects against NMDA-induced excitotoxicity
22 Methyl-4- MCPG, a non-selective group I/Il mGluR antagonist, [192]
carboxyphenylglycine prevents the reduction induced by AP in miniature
(MCPG) excitatory post-synaptic cells
23 2-methyl-6- An mGluRS5 antagonist rescues LTP facilitation in murine [192]
(phenylethynyl)- hippocampal slices induced by oligomers of AR extracted
pyridine from AD brains
24 SIB1757 An mGluRS5 antagonist prevents LTD facilitation in rat [193]
hippocampal slices induced by oligomers of AB extracted
from AD brains
25 Melatonin It shows neuroprotection against AR induced neurotoxicity, [194]
mediated by activation of GABA receptors and the
resulting hyper-polarization of the neurons
26 6,7-dinitroquinoxaline- An AMPA receptor and kainate receptor antagonist [192]

2,3-dione

attenuates excitotoxic cell death induced by AP retinal
cell cultures

advantages of these compounds include significant
improvements in NT release, improvement in altered
synaptic plasticity, and attenuation of memory loss
and cognitive failure. Several compounds have been
identified so far to target altered NT/NM activ-
ity in AD. Curcumin, a major active component
of turmeric, has been found to regulate the levels
of dopamine, norepinephrine, serotonin, and glu-
tamate in the brain and thus significantly reduce
behavioral symptoms of AD. Moreover, it also acts
as an inhibitor of mono-amine oxidase (MAQO)-

A and MAO-B enzyme, which is also crucial for
depleting dopamine and serotonin [169]. Similarly,
galantamine, an acetylcholinesterase inhibitor and
an allosteric regulator of nAChR, has been reported
in the treatment of severe dementia associated with
AD. Additionally, it also influences diverse other
NT systems, possibly modulating the activity of
dopamine, serotonin, glutamate, and GABA in cer-
tain nerve tracts [170]. Further, numerous other
chemical compounds, including donepezil (E2020),
rivastigmine, and tacrine have been introduced for
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the inhibition of acetylcholinesterase activity in AD
[171]. Currently, nicotine has also been reported
to reduce A toxicity through the activation of a7
nicotinic acetylcholine receptor/phosphatidylinositol
3-kinase (a7nAChR/PI3K) signaling pathway and
its cross-talk with the Wnt signaling pathway
[172]. In a study, the effects of natural cannabi-
noids (Sativex®) have been reported to improve
dopamine neurotransmission [173]. Similarly, many
other biological compounds have been identified and
implicated so far to target altered NT activity in
the AD brain, which have been outlined in Table 4.
These compounds bind to NTs and their specific
receptors thereby reducing the severity of disease
atmosphere.

FLAVONOIDS
e.g. Curcumin,
Naringin and
Anthocyanine

SIGNALING
MOLECULES
e.g. IGF-1, BDNF,
NF-kB and STAT3

UBIQUITIN E3
LIGASE
e.g. Fbx2 and
Nedd4-1

IMPAIRED

Recent therapeutic strategies for targeting
perturbed neurotransmitters/neuromodulators
in synaptopathy

Although the significant role of distinct chem-
ical compounds has been explored extensively to
target altered NTs/NMs in synaptopathy, there are
numerous other new therapeutic strategies that have
been identified so far to target such alterations.
For instance, the neuroprotective effect of Nanodi-
amond against memory deficits has currently been
reported, where it showed a protective role by mod-
ulating NF-kB and STAT3 signaling cascade, the
effects mediated by the regulation of NMDARs [195].
Further, treatment using vitamin D3 has shown a

MACRO/MICRO
ELEMENTS
e.g.Zn? and

Mg?*

DRUGS
e.g. Memantine,
Propofol and

EVP-6124

STRESS
PROTEINS
e.g. Hsp90 and
Hsp27

¢NEU ROTRANSMITTERS/
NEUROMODULATORS

SYNAPTIC PROTECTION

1 SYNAPTIC PLASTICITY

RESTORATION OF MEMORY LOSS

Fig. 3. Pictorial representation showing the involvement of different therapeutic approaches against synaptic loss associated with impaired
neurotransmitters/neuromodulators (NTs/NMs). Fbx2, F-Box Protein 2; IGF-1, insulin-like growth factor 1; brain-derived neurotrophic
factor; NF-kB, Nuclear factor-kB; STAT3, signal transducer and activator of transcription 3; Hsp90, heat shock protein 90; Hsp27, heat

shock protein 27.
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protective role against synaptic loss via significantly
increasing the levels of ACh in neurons [196]. Treat-
ment with zinc ion (Zn?t) showed enhanced levels
of NT release in aluminum (A13+)—treated animals,
thereby showing their protective role against synap-
tic injury, since AI** exposure decreases the level
of NTs and acetylcholinesterase activity in brain
and leads to the neuronal dysfunction [197]. Sim-
ilarly, elevated levels of magnesium ion (Mg?T)
also exert substantial synaptoprotective effects in AD
brains where it controls the synaptic density/plasticity
bt preventing the onset of impaired NMDA recep-
tor signaling pathway [198]. Interestingly, insulin
is being implicated nowadays to attenuate the cog-
nitive dysfunctions through its regulatory effect on
the expression of NMDA receptors and on the
associated insulin signaling cascade in AD [199].
Another therapeutics strategy to ameliorate AB-
mediated synaptic loss is using Substance P, which
is a member of the tachykinin family, distributed
widely in the CNS and acts as a NT/NM as well
as neurotrophic factor. Further, Substance P is able
to provoke non-amyloidogenic ABPP processing,
thereby curtailing the feasibility of AP peptides
production in the brain [200]. Additionally, several
studies have highlighted the role of the ubiquitin-
proteasome system as a therapeutic approach to
target synaptic loss induced by altered release of
NTs at synapses. The ubiquitin-proteasome system
is found to modulate NTs/NMs, synaptic proteins,
transcription factors, and other molecules critical
for neuronal plasticity. For instance, altered NMDA
receptors are retro-translocated and degraded by a F-
box protein called Fbx2, advocating that SCF-type
ligases targets NMDA receptors for ubiquitination
[201]. Another protein Nedd4-1, known as a HECT
E3 ubiquitin ligase, has also found to target AB-
induced reductions in surface AMPARs, dendritic
spine density, and synaptic strength [202]. Likewise,
heat shock protein (HSP)-based therapeutic approach
has also been currently addressed in numerous stud-
ies. For example, HSP90 is being used nowadays
to modulate NT release at the presynaptic terminals
independently by mediating the continuous cycling
of synaptic AMPA receptors [203]. Moreover, the
hypothetical representation of numerous pharmaco-
logical approaches to compensate neurotransmission
imbalance has been depicted in Fig. 3. Neverthe-
less, several other suitable approaches still need to
be devised in the near future for effective treatment
against synaptic dysfunctions mediated by altered
NTs/NMs.

CONCLUSION

In this review, we have discussed the pertinent role
of synaptic plasticity in memory formation, its sta-
bilization, and associated abnormalities due to A3
accumulation and tau phosphorylation. For instance,
increased levels of toxic A and tau oligomers at
synaptic junctions are responsible for neuronal toxi-
city, which is associated with synaptic loss in AD.
Similarly, involvement of oxidative stress, activa-
tion of redox signaling, and subsequent damage to
mitochondrial integrity in synaptic alteration has
also been elucidated. Additionally, the altered activ-
ity of various NTs/NMs including glutamatergic,
GABAergic, and acetylcholinergic receptors with
respect to- A accumulation and tau phosphory-
lation -has: also been extensively reviewed, since
NTs/NMs in their normal form play a crucial role
in maintaining neuronal homeostasis in the brain.
However, any alterations in their proper function-
ing cause several neurotoxic effects associated with
altered activity of synaptic proteins, transcription fac-
tors, Ca2t homeostasis, and other molecules critical
for neuronal plasticity. These factors under the dis-
eased state disrupt normal homeostasis of neurons,
thereby causing synaptic loss. Furthermore, in order
to target the malfunctioning NTs/NMs or reverse
their associated chronic effects, numerous biological
compound-mediated therapeutic strategies have been
discussed to obviate the disease symptoms of AD.
Additionally, recent therapeutic strategies for target-
ing synaptic loss induced by defective NTs/NMs
have been addressed. Finally, this review accentuates
the savvy of altered redox signaling and impaired
neurotransmission in synaptic dysfunction during
synaptopathy that could unveil mechanism-based
therapeutics and ameliorated inferential strategies.
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Abstract. Alzheimer’s disease (AD) is a neurodegenerative process primarily characterized by amyloid-8 (Ap) agglomeration,
neuroinflammation, and cognitive dysfunction. The prominent cause for dementia is the deposition of AR plaques and tau-
neurofibrillary tangles that hamper the neuronal organization and function. AP pathology further affects numerous signaling
cascades that disturb the neuronal homeostasis. For instance, Af3 deposition is responsible for altered expression of insulin
encoding genes that lead to insulin resistance, and thereby affecting insulin signaling pathway and glucose metabolism in the
brain. As a result, the common pathology of insulin resistance between Type-2 diabetes mellitus and AD has led AD to be
proposed as a form of diabetes and termed ‘Type-3 diabetes’. Since accumulation of A is the prominent cause of neuronal
toxicity in AD, its clearance is the prime requisite for therapeutic prospects. This purpose is expertly fulfilled by the potential role
of AR degrading enzymes such as insulin degrading enzyme (IDE) and Neprilysin (NEP). Therefore, their molecular study is
important to uncover the proteolytic and regulatory mechanism of A3 degradation. Herein, (i) In silico sequential and structural
analysis of IDE and NEP has been performed to identify the molecular entities for proteolytic degradation of AR in the AD brain,
(ii) to analyze their catalytic site to demonstrate the enzymatic action played by IDE and NEDP, (iii) to identify their structural
homologues that could behave as putative partners of IDE and NEP with similar catalytic action and (iv) to illustrate various
IDE- and NEP-mediated therapeutic approaches and factors for clearing Af in AD.
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Alzheimer’s disease (AD) is a neurological disorder
that is characterized by neuronal death, which is caused
by the abnormal burden of amyloid-8 (A) in the brain
resulting in memory loss and cognitive decline [1-3].
The cognitive collapse in AD occurs due to neuronal
dysfunction that is attributable to the extracellular A3
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aggregates and the intraneuronal aggregates of tau pro-
tein, which further forms A plaques and neurofibrillary
tangles, respectively [4—7]. Apart from AP deposition
and neurofibrillary tangles, other characteristic abnor-
malities include dystrophic neurites, impaired energy
metabolism, non-dynamic equilibrium between AP
production and its clearance, chronic oxidative stress,
mitochondrial dysfunction, DNA damage, elevated
pro-apoptotic genes, and signaling pathways [8—11].
Currently researchers have reported that insulin and
insulin-like growth factor resistance is another promi-
nent cause provoking the progression of AD [12]. In
addition, production of insulin in the brain, in addition
to the pancreas, led to the proposal of another form of
diabetes, termed “Type-3 diabetes’ for AD.

IS ALZHEIMER’S DISEASE A ‘TYPE-3
DIABETES’? A MISNOMER OR A FACT

Insulin, insulinreceptor (IR), andinsulin-like growth
factor-1 (IGF-1) play a prominent role in the brain via
regulating brain metabolism, neuronal growth, and dif-
ferentiation [13—15]. Any hindrance in the cross-talk
between insulin and neuronal glucose metabolism may
slow down ATP synthesis that culminates in neuronal
apoptosis. This is in context with the dysfunction of
energy metabolism linked with stress-induced fluctua-
tions in the brain IR signaling cascade and the parallel
death signals that caused apoptotic death [16, 17].
Mounting conclusive evidence uncovered the fact that
diabetes and altered insulin signal may have a direct
and indirect profound impact on progression of AD
[18]. Diabetes mellitus is one of the most widespread
metabolic disorders, primarily governed by interfer-
ence in insulin signaling cascade, with prevalence in
aged individuals. It is linked with gradually and highly
progressive end-organ injury to the brain. Moreover,
mild to moderate alterations of cognitive function have
been clearly stated in both type 1 and type 2 diabetic
(T1D and T2D, respectively) patients [19, 20]. The car-
dinal defect in T2D is insulin resistance, whose roots
are relative insulin deficiency, and falls in the context
of a cluster of metabolic and vascular risk factors, that
is termed “metabolic syndrome.” In this framework,
a growing amount of evidence directly links insulin
to cognitive decline and dementia in T2D [19, 20].
Furthermore, under dementia-type disorders, T2D has
beenincreasingly linked with AD [21]. The connections
between T2D and AD comprise high-cholesterol levels,
aging-related processes, peripheral and central nervous
system (CNS) insulin resistance, dysfunctional IR and

IR signaling cascades, decreased glucose transport, and
neurodegeneration. As a result of recurrent hyperinsu-
linemia/hypoglycemia in T2D, cognitive impairment
promotes AD onset. Moreover, several epidemiology
studies reported that T2D increased the risk of AD, and
itis plausible thathyperinsulinemiaplays adecisiverole
in AD progression [22-24].

Furthermore, de la Monte and colleagues presented
compelling evidence for abnormalities in insulin/IR
signaling in the brains of AD patients. These abnor-
malities greatly reduced CNS expression of genes
encoding insulin, its receptors, and related signaling
molecules in AD brain. Further, this situation promoted
the researchers to consider sporadic AD as a “neu-
roendocrine disorder” that shared features with TID
and T2D, and they referred to it as “Type-3 diabetes”,
which closely resembles diabetes mellitus but still dif-
fers fromit [12, 25, 26]. However, diabetic patients are
highly prone (nearly 50 to 60%) to AD development
due to insulin resistance in the brain, but non-diabetic
patients are also developing AD. This reflects that in
spite of the common features of insulin resistance in
both T2D and AD (Fig. 1), they differ in their exact
mechanism of occurrences. Still, it is debatable to con-
sider AD as “Type-3 diabetes” and requires intense
in-depth studies to unravel the mystery.

In AD brains, synaptic plasticity and neuronal sur-
vival are directly influenced by insulin resistance or
indirectly by insulin degrading enzyme (IDE), which
has been strongly advocated to be a key player in
A catabolism that catabolizes insulin and IGF-1, and
also degrades AP [27, 28]. Moreover, insulin raises
the extracellular concentration of A3 via two indepen-
dentmechanisms thatinclude inhibition of extracellular
degradation of AR by IDE orstimulation of A3 secretion
by the augmentation of its trafficking from the endoplas-
mic reticulum to the plasma membrane [29, 30]. Since,
IRs in the brain do not desensitize itself, IDE creates
a negative feedback loop to control insulin action. In
fact, insulin exposure stimulates PI3-K/Akt-dependent
upregulation of IDE, thereby preventing insulin sig-
naling and promoting AP clearance in neurons. This
evidence supports the existence of atherapeutic window
allowing insulin treatment to adjust the levels of IDE in
AD, without provoking direct competitive inhibition of
A breakdown. Insulin can be toxic for brain, if present
in high levels, and creates both its positive and negative
impact on brain metabolism, thus acting as a two-edged
knife on the brain [31-33]. Apart from IDE, A3 plaque
formation is also downregulated by another degrada-
tive enzyme called Neprilysin (NEP) that is known to
prevent AD progression.
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Fig. 1. Association of insulin degrading enzyme with the clinical symptoms of Alzheimer’s disease as well as to the risk of type-2 diabetes

mellitus.

NEPRILYSIN: NATURE’S AGENT FOR AD
PREVENTION

NEP is a single-pass type II transmembrane protein,
which has the single polypeptide chain of 750aa
residues that is encoded by 2250 bp membrane met-
alloendopeptidase (MME) gene in humans [34, 35].

NEP has a molecular weight ranging from 85 to 110
kDa depending on its glycosylated isoforms [36, 37].
Among the human genome, the NEP gene is mainly
located on chromosome 3 and exists in a single copy
that covers >80 kb. Furthermore, it is composed of
24 exons and is found to be highly conserved across
mammalian species [38]. It is a thermolysin-like zinc
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metalloendopeptidase that requires one Zn>* ion per
subunit as a cofactor for its catalytic activity [39—-41].
Moreover, a His-Glu-X-X-His (Zinc consensus
sequence) is responsible for catalytic activity of NEP
[42, 43]. NEP is also known as enkephalinase, kidney
brush border neutral proteinase, endopeptidase, and
neutral endopeptidase [44]. Previously, it has been
identified as major atrial natriuretic peptide degrading
enzyme expressed in kidney cell signifying its role in
blood volume and pressure regulation [45]. However,
its expression is much lower in several other tissues
such as brain, where it is found on neuronal membranes
(both pre- and post-synaptically), nigrostriatal bundle
areas, hippocampal, and temporal cortex region, and
is responsible for AP degradation in AD patients
[46—48]. Moreover, in the case of the CNS, NEP is
mainly expressed by neurons, activated astrocytes, and
microglial cells, while in case of peripheral tissues,
it is transiently expressed at the surface of certain

haematopoietic cells [49-52].
NEP plays a crucial role in ceasing regulatory pep-

tides (~30 aa) that are actively involved in maintaining
physiological homeostasis by altering the metabolic
pathways of mammalian nervous, cardiovascular,
immune, and inflammatory systems [53, 54]. More-
over, it possesses an ectoenzyme-like activity, which
is involved in hydrolyzing extracellular oligopeptides
at the N-terminal of amino acid residues that make it
suitable for the degradation of the small hydrophobic
AB4p-42 peptide [55]. The AR peptide degrading ability
of NEP was first demonstrated by Howell et al. in
vitro and later confirmed through in vivo experiments
[56, 57]. NEP can digest both monomeric and toxic
oligomeric forms of A3 in the brain, and it has been
demonstrated that irregular function of gene encoding
NEP causes a two-fold increase in the endogenous
toxic ABao-42 levels (high plaque load) in different
regions within the brain and thereby causing impaired
synaptic plasticity and cognitive abnormalities that
ultimately increase the risk of AD [58-60]. Further, it
has also been observed that individuals with certain
polymorphisms in the NEP gene have been associated
with AD; for instance, a meta-analysis study has iden-
tified the association between NEP variants (rs989692
and rs3736187) and AD. These meta-analysis data
also highlight that rs3736187 (A/G) polymorphisms
might be a beneficial single nucleotide polymorphism
(SNP), which is linked with a decreased risk in AD
progression [61]. Interestingly, under hypoxic stress
conditions such as cerebral ischemia, NEP activity gets
affected due to altered ABPP processing by elevated
expression of hypoxic products such as HNE [62].

This confirmed one possible mechanism by which
NEP loses its activity and accumulation of A in AD
pathology and thus can correlate the role of NEP in A3
clearance [63]. Apart from A clearance, NEP also
degrades several neuropeptides at the synapses such as
enkephalins, substance P, tachykinins, neuropeptide-Y,
and bradykinin. Besides the amyloid-degrading func-
tion of NEP, it is also involved in various functions
within the brain which include memory and motor
functions, synaptic plasticity, circadian rhythms, loco-
motion, sleep, anxiety, pain, blood-brain barrier (BBB)
integrity, hyperalgesia, fatigue, water homeostasis, and
neuroinflammation. Furthermore, its role has also been
reported in the progression of a number of cancers,
including renal, prostate, and lung cancer [64—66].
Since elucidation of the mechanistic role of any protein
depends on its unique sequence and structure, its
sequential and structural analyses have been done in
order to gain additional molecular insights.

IN SILICO SEQUENTIAL AND
STRUCTURAL ANALYSIS OF NEPRILYSIN

Primary structure analysis of NEP revealed it as
a M13 family metallopeptidase (Source: InterPro)
that preferentially cleaves polypeptides between the
hydrophobic residues, especially Phe or Tyr. In order
to understand the potential evolutionary relatives of
NEP, BLAST tool has been used [67] and their
sequence identity with NEP [Homo sapiens] is found
to be (99%) NEP [Macaca mulatta], (99%) NEP
[Pongo abelii], (94%) NEP [Rattus norvegicus], (94%)
NEP [Mus musculus], and (91%) NEP [Bos tau-
rus]. Moreover, multiple sequence alignments of these
sequences (Fig. 2a) by ClustalW [68] revealed con-
served zinc co-ordinating ligands at His584, His588,
Glu646[44],and active site aspartateresidues at Asp591
and Asp651 [69] as well as 12 conserved cysteine
residues that participate in the formation of six intra-
subunitdisulfide bonds (Cys57-Cys62, Cys80-Cys735,
Cys88-Cys695, Cys143-Cys411, Cys234-Cys242, and
Cys621-Cys747) [70]. Phylogenetic analysis of close
relatives of NEP was performed by the neighbor-joining
method [71] to construct a phylogenetic tree (Fig. 2b)
that reflect evolutionary conservation between NEP
[Rattus norvegicus] and NEP [Macaca mulatta], while
NEP [Homo sapiens] as an out-group. The dataobtained
using ScanProsite [72] revealed one neutral zinc met-
allopeptidase (zinc-binding region) signature, which is
important for its catalytic activity [73], 11 casein kinase
IIphosphorylationsite, 11 protein kinase-C phosphory-
lation sites, one cAMP- and cGMP-dependent protein
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550 560 570 580 590
gi|11625 (Homo sapiens) VVNAFYSSGR NQIVFPAGIL QPPFFSAQQS NSLNYGGIGM VICEEITEGE
gi|38678 (Macaca mulatta) VVNAFYSSGR NQIVFPAGIL QPPFFSAQQS NSLNYGGIGM VICEEIIEGE
gi|19710 (Pongo abelii) VVNAFYSSGR NQIVFPAGIL QPPFFSAQQS NSLNYGGIGM VICEEITERGE
gi|69812 (Rattus norvegicus) VVNAFYSSGR NQIVFPAGIL QPPFFSARQS NSLNYGGIGM VICEEIIRGE
gi|31543 (Mus musculus) VVNAFYSSGR NQIVFPAGIL QPPFFSAQQS NSLNYGGIGM VICEEITRGE
gi|30079 (Bos Taurus) VVNAFYSSGR NQIVFPAGIL QPPFFSAQQP KSLNYGGIGM VICEEITEGE
L L A L
610 620 630 640 65
gi|11625 (Homo sapiens) GDLVDWWTQQ SASNFKEQSQ EMVYQYGNFS WDLAGGOHLN GINT IA
gi|38678 (Macaca mulatta) GDLVDWWTQQ SASNFKEQSQ PN'YQYGNFS WDLAGGQHLN GINT IA
gil19710 (Pongo abelii) GDLVDWWTQQ SASNFKEQSQ CMVYQYGNFS WDLAGGOHLN GINT IA
gi|69812 (Rattus norvegicus) GDLVDWWTQQ SANNFKDQSQ GN'!QY@IET WDLAGGQHLN GINT: IA
gi|31543 (Mus musculus) GDLVDWWTQQ SANNFKDQSQ uN\'Q\’GNFS WDLAGGQHLN GINT: IA
gi|30079 (Bos Taurus) GDLVDWWTQQ SANNFKDLSQ b!WQYGNFS WDLANGQHLN GINT: IA
S —'—  —- N -'———
670 680 690 700 710 720
gi|l1625 (Home sapiens) AYQONYIKKNG EEKLLPGLDL NHKQLFFLNF AQVWPGTYRP EYAVNSIKTD VHSPGNFRII
gi|38678 (Macaca mulatta) AYQNYVKKNG EEKLLPGLDL NHKQLFFLNF AQVWCGTYRP EYAVNSIKTD VHSPGNFRII
gi|19710 (Pongo abelii) AYQNYIKKNG EEKLLPGLDL SHKQLFFLNF AQVWCGTYRP EYAVNSIKTD VHSPGNFRII
gi| 69812 (Rattus norvegicus) AYQNYVKKNG EEKLLPGLDL NHKQLFFLNF AQVW&;T’!'RP EYAVNSIKTD VHSPGNFRII
gi|31543 (Mus musculus) AYONYVKENG EEKLLPGLDL NHKQLFFLNF WYRP EYAVNSIKTD VHSPGNFRII
gi|30079 (Bos Taurus) AYQNYVKKHG EEKLLPGLDL NHRQLFFLNF mvwbsm-r EYALNSIKTD VHSPGNFRII
L L L N
730 740 750
gi|ll625 (Homo sapiens) GTLONSAEFS E.lu—'lﬂh?’\ sY mm:ww
gi|38678 (Macaca mulatta) GTLQNSAEFS ERE'EFQK‘.SY HNPI-':KBFRW
gi|19710 (Pongo abelii) GTLONSAECS MRK‘ 5Y HNPBKKCERVW
gi| 69812 (Rattus norvegicus) GTLONSAEFA DJ\FH.'.‘RK:- SY MNPERKCRVW
gi|31543 (Mus musculus) GTLONSAEFA msr m’“’"
gi|30079 (Bes Taurus) GTLONSPQFS C! SY CRVW
2(a)

qil197102112IreflINP_001 126748 11 nepritysin [Pongo abeln]

qi13867822 TINP_001247743 11 nepnlysin [Macaca mulattal

QIIBIE1 210]relINP_036740 .11 nepnilyssn [Rattus norvegicus)

QiI3164326561refINP_032630 21 neprlysin [Mus musculus)

@I30079794 00117981311 neprlysin [Bos taurus]

qil1 162663331reflINP_009220 21 nepritysn [Homo sapiens]
2(b)

Fig. 2. a) Multiple sequence alignments of neprilysin (NEP) from different organisms with high sequence similarity. Motifs for NEP are
highlighted in yellow color and conserved cysteine residues are highlighted in light grey color that is taking part in disulfide bond formation.
Moreover, conserved zinc coordinating ligands His584, His588 and Glu646, and active site aspartate residues Asp591 and Asp651 are highlighted
in black. Furthermore, secondary structural elements of NEP (Homo sapiens) obtained from DSSP are shown on the top of amino acid sequence
as loop residues (green line), a-helices (red rectangles), and B-strands (blue arrows). Lastly, post translational modification sites are shown
as colored amino acid residues with neutral zinc metallopeptidase region (light green), casein kinase II phosphorylation sites (pink), protein
kinase-C phosphorylation sites (blue), N-myristoylation sites (orange), N-glycosylation sites (purple), amidation site (red), cAMP- and cGMP-
dependent protein kinase phosphorylation site (light blue), and prenyl group binding site (brown). b) Phylogenetic relationship obtained by
Neighbor-joining method using ClustalW. There is a single major cluster depicting evolutionarily highest conservation between NEP [Rattus
norvegicus] and NEP [Macaca mulatta] with NEP [Homo sapiens] as out-group.

kinase phosphorylation site depicting their role in func- membrane targeting and in imparting molecular stabil-
tional regulation of NEP via controlling their cellular ity to NEP, respectively [74, 75]. Lastly, one amidation
locations, protein-protein interactions, and degradation site and one Prenyl group binding site (CAAX box)
by proteases. Moreover, there are 8 N-myristoylation is also distributed well on the primary structure of

sites and 6 N-glycosylation sites suggesting their role in NEP.
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Table 1

897

List of sequence motifs present on Neprilysin identified by FingerPRINTScan

S. No. Motif Name Signature sequence

Id Score Pf Score p value Sequence position

1 NEPRILYSIN (Neprilysin WISGAAVVNAFYS 55.44 388  2.95E-05 535 to 548
metalloprotease (M13) IVFPAGILQPPFF 82.23 567  1.81E-09 553 to 566
family signature) NYGGIGMVIGHEITHGF 77.28 790  5.52E-12 574 to 591
ENIADNGGLGQA 79.89 466  3.34E-07 647 to 659
2 CUATPASEI (Copper-transporting TVNISITNEEDVVVYAPE 20 258  2.46E-03 333 to 351
ATPase 1 signature) GAAVVNAFYSSGRNQIVFPAGILQ 17.5 180  6.27E-02 538 to 562
3 NRPEPTIDEYSR (Neuropeptide EDEYFENIIQNLKFSQSKQL 34 223 5.20E-02 504 to 524
Y5 receptor signature) DLVDWWTQQSASNFKEQSQCMVYQ 21.67 264  4.15E-03 602 to 626
4 RECA (RecA protein signature) ~ LKDVLQEPKTEDIVAVQKAKALYRSCINES  21.86 183 3.16E-02 118to 148
LGQAYRAYQNYIKKNGEE 25.28 191  1.17E-02 655 to 673
5 MTABOTROPICR (Metabotropic FENIIQNLKFSQS 26.32 158  3.66E-02 508 to 521
glutamate receptor signature) GGIGMVIGHEITHGFD 27.63 167  1.48E-02 576 to 592
6 DELTATUBULIN (Delta- DFMISVARLIRQEERLPIDEN 23.81 225  1.14E-02 247 to 268
tubulin signature) VGRLYVEAAFAGESKHVVED 225 155 8.11E-02 423 to 443

7 TNFC (GTP-binding LVLLLTHAVTMIALYATYDDG 27.27 200  3.24E-02 34 to 56
elongation factor signature) EQKYGASWTAEKAIAQLNSKYGK 21.74 190  3.49E-02 175 to 198

8 TSHRECEPTOR (Thyrotropin SDCIKSAARLIQNMDATTE 20.18 190  8.36E-02 60 to 79
receptor precursor signature) GTLQNSAEFSEAFHCRKNSYMNPEKK 17.31 232 1.78E-02 721 to 747
9 SPLICEFRBRRI (Pre-mRNA- AQLNSKYGKKVLINL 21.21 218  4.87E-02 189 to 204
splicing factor BRR1 signature) TKLKPILTKYSARDL 29.7 180  3.67E-02 353 t0 368
10 AQUAPORIN10M (Mammalian ~RCANYVNGNME 36.36 230 3.30E-02 410 to 421
aquaporin-10 signature) SGAAVVNAFY 50 183 5.46E-02 537 to 547

Further, sequence motif analysis by Finger-
PRINTScan [76], identified motifs in 10 different
families (Table 1) that belong to certain proteases,
receptors, and factors signifying their involvement in
cellular metabolic biological processes, such as modu-
lation of peptides and regulation of signal transduction.

Furthermore, structural analysis of NEP (PDBID:
1R1H) revealed the presence of 43 a-helices (57%) and
15 B3-strands (7%), which suggest that NEP is an a-rich
protein (Source: DSSP) [77]. Structural classification of
proteins or SCOP [78] analysis of NEP sequence sug-
gested that it belonged to class of o and 8 proteins,
with a Zinc-like fold and neutral endopeptidase fam-
ily, and are classified as hydrolases (EC3.4.24.11). It
is comprised of three domains viz. cytoplasmic (2-28),
transmembrane (29-51), and extracellular (52-750).
The structural topology of NEP is illustrated in Fig. 3,
which is important to understand the protein unfolding
mechanisms during its catalytic activity. NEP carries
His583, His587, and Glu646 as coordinating ligands for
Zn>7 ion [44, 79] and Asp590, Asp650 is assumed to
form an active site triad along with coordinating histi-
dine residues for its peptidase activity [69]. Moreover,
homologous structures of NEP in the protein data bank
have been identified by DALI server [80] (Table 2) that
displayedits close structural similarity with endothelin-
converting enzyme 1 (PDBID-3DWB) with Zscore:
49.6 and RMSD: 1.7. The obtained putative partners
belong to proteases and co-proteases indicating their
role in peptide cleavage or degradation.

INSULIN DEGRADING ENZYME: A
THERAPEUTIC AGENT FOR AB
DEGRADATION

IDE is an intracellular protease of 1019aa synthe-
sized from a large reading frame of 3416 bp [81]. It
is a single polypeptide chain of 110 kDa that natu-
rally exists as a homodimer and requires one Zn>*
ion per subunit as a cofactor for its proteolytic activity
[82, 83]. It is a thiol dependent, zinc metallopro-
tease that ubiquitously highly expressed in the brain,
testes, liver, and muscles [84, 85]. IDE is principally
located in cytosol, as well as on cell-surface [86, 87],
although it has also been spotted within sub cellular
organelles like mitochondria, endosomes, and peroxi-
somes, where its degradative role has been seen against
oxidized proteins [88—90]. It is commonly known as
insulysin or insulinase due to its well-known action
against insulin and is located on chromosome 10q24,
which is genetically linked with late-onset of AD
genes [91, 92]. IDE possesses His-X-X-Glu-His (a
zinc binding motif) at its active site that is common
in a number of other eukaryotic and prokaryotic zinc
peptidases [93]. Moreover, IDE has the potential to
recognize the secondary and tertiary structures present
in its substrates that enable it to recognize and cleave
numerous small peptides, which include biologically
active hormones and disease-related peptides, such as
soluble amyloidogenic peptides, glucagon, calcitonin,
amylin, atrial natriuretic peptide, insulin, and IGF-1
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: chain A
N-terminal

f?
\ \ Active Site
Gy{%

ASN-332

Ligand binding sites of Neprilysin

Fig. 3. 3D architecture of Neprilysin (PDB ID: 1R1H). Secondary structure of protein has 43 helices (blue), 15 strands (red), and loops
(pink) where disulfide bridges are shown as yellow spheres (Cys56-Cys61, Cys79-Cys734, Cys87-Cys694, Cys142-Cys410, Cys233-
Cys241, and Cys620-Cys746). Ligand binding sites of Neprilysin: Ligands are shown in green while ligand binding residues are shown
in blue (helix forming residues), red (strand forming residues), and pink (loop residues). NAG (N-acetyl-D-glucosamine)-NAGz7s2 binding
residues-Asnl44, Alal47; NAG7s3z binding residues-Asn324, Glu328; NAG7s4 binding residues-Tyr623, Gly626, Asn627; BIR (N-[3-
[(1-aminoethyl)(Hydroxy)Phosphoryl]-2-(1,1’-biphenyl-4-ylmethyl)Propanoyl]Alanine) binding residues-Phel06, Asn542, Ala543, Phe544,
Glu584, Phe689, Val692, Trp693, His711, Arg717; Zinc metal binding residues-His583, His587, Glu646, and active site residues-Asp591,
Asp650.
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Table 2
Ten potential putative partners of Neprilysin identified by DALI server
Name of Protein PDB Code Number of residues Z-Score RMSD Sequence
Identity (%)
Total Super-imposed

Neprilysin IRIH 696 696 69 0 100
Endothelin-Converting Enzyme 1 3DWB 661 658 49.6 1.7 41
Endopeptidase, Peptidase Family M13 3ZUK 658 641 44 2.2 31
Neutral Endopeptidase 41UW 630 618 42 2.6 23
Peptidase, M48 Family 3C37 222 143 6.9 4 18
Endoplasmic Reticulum Aminopeptidase 2 3SE6 870 195 6.7 5.2 12
Tricorn Protease Interacting Factor F3 1Z1W 780 184 6.6 4.9 13
Glutamyl Aminopeptidase 4KXB 875 205 6.5 5.1 9
Thermolysin 3EIM 316 150 6.4 34 16
Secreted Metalloprotease MCP02 3NGX 299 144 6.2 34 18

and 2 at physiological pH [87, 94-96]. Recently, IDE
has been identified as the protease responsible for the
conversion of 3-endorphin to y-endorphin, signifying
its role in signal transduction in the brain [97, 98].
Although it identifies amyloidogenic peptides, it can
cleave them only in their monomeric soluble form and
not in their aggregated form [43, 99]. It also digests
cytoplasmic and monomeric A3 peptides [100]. How-
ever, these peptides contain different proportions of
a-helix and B-sheet structure in solution, but upon
enzyme action or self-aggregation, they assume the
B-sheet conformation. Multiple studies indicate that
IDE provides a surface for its substrates to ‘assume a
B-sheet, where the residues interacting with IDE are
same that are responsible for oligomerization and fib-
rillization of amyloidogenic peptides [101]. Thus, IDE
acts as an amyloid-scavenging enzyme; hampering the
formation of amyloid plaques, and nullifies their toxic
effects [102]. Further studies identified the consen-
sus sequence responsible for IDE-substrate interaction,
i.e., ‘hnhhhpsh’ where h represents hydrophobic, n
(small, neutral), p (polar), and s (polar and/or small)
amino acid residues [96, 103, 104].

Typical AD pathology, such as formation of amyloid-
plaques, is found to be exacerbated by insulin dys-
regulation in the brain where insulin resistance and
low insulin levels have been seen. IRs occupy neu-
ronal synapses andastrocytes inthe memory-processing
brain regions such as cerebral cortex, hippocampus,
olfactory bulb, cerebellum, and hypothalamus [105].
At the molecular level, when insulin binds with IR, it
triggers certain signaling cascade that is mainly asso-
ciated with the formation of long-term memory and
learning, which comprised of intracellular signaling
molecules; for instance, Grb-r/SOS, shc, Ras/Raf, and
MEK/MAP kinases. Another signaling cascade, which
includes IRS-1, PI3K/Akt/GSK-3, protein kinase-B/C,
and non-receptor tyrosine kinase-pp60c-src molecules

are also coupled with memory processing [106—108]
and further activate other factors like IGFs and trans-
forming growth factors [109]. Any dysregulation in
the level of these factors in the brain imparts insulin
resistance to the IRs [110, 111]. In addition, when
insulin levels reach to significantly high level, AB, a
major culprit neurotoxin in AD, starts to accumulate
in senile plaques, resulting in neuroinflammation. Fur-
ther, it is evidenced by the fact that exaggerated plasma
insulin levels lead to an increased burden of A3 pep-
tide in the cerebrospinal fluid, resulting in memory loss;
therefore, AD is also characterized as ‘“neuroendocrine
disorder” associated with insulin signaling [8, 112].
Insulin plays a crucial role in controlling neurotrans-
mitter release at the synapses and triggers signaling
cascades associated with learning/long-term memory,
energy metabolism, glucose utilization, and neuronal
survival [113].Itnotonlyregulates theblood-sugarlevel
but also acts as a growth factor on all cells, including
neurons in CNS; therefore, any disturbances in insulin
signalingmighthamper cellularrepairmechanisms, cell
growth/differentiation, and provoke numerous degener-
ative processes.

IN SILICO SEQUENTIAL AND
STRUCTURAL ANALYSIS OF INSULIN
DEGRADING ENZYME

Primary structure analysis of IDE revealed it as
a metalloenzyme and M16 family metallopeptidase
such as s-ribosyl homocysteinase and mitochondrial
processing peptidase respectively (Source: InterPro).
Potential evolutionary relatives of IDE [Homo sapiens]
were obtained by BLAST [67] that revealed its
sequence identity as follows: (99%) IDE [Macaca
mulatta), (98%) IDE precursor [Bos taurus], (98%)
IDE [Bos mutus], (95%) IDE [Mus musculus]. Further,
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multiple sequence alignments of these sequences
(Fig. 4a) by ClustalW [68] revealed 11 conserved cys-
teine residues signifying their role in regulation of IDE
via oxidative or nitrosative processes; Zn2* ion coor-
dinating ligands at His108, His112, and Glul89 [114]
and a conserved glutamate residue (Glulll) at the
active site [83]. Phylogenetic analysis of a close rel-
ative of IDE was performed by the neighbor-joining
method [71] to obtain a phylogenetic tree (Fig. 4b)
that indicated evolutionary conservation between IDE
precursor [Bos taurus] and IDE partial [Bos mutus],
while IDE [Homo sapiens] as an out-group. Further,
analysis using ScanProsite [72] identified one insuli-
nase family (zinc-binding region) signature, which is
important for its catalytic activity [115], 10 protein
kinase-C phosphorylation sites, 5 tyrosine kinase phos-
phorylation sites, 16 casein kinase II phosphorylation
sites, one cCAMP- and cGMP-dependent protein kinase
phosphorylation site depicting their role in functional
regulation of IDE via controlling their cellular loca-
tions, protein-protein interactions, and degradation by
proteases. Moreover, there are seven N-myristoylation
sites and three N-glycosylation sites suggesting their
role in membrane targeting and in imparting molecu-
lar stability to IDE, respectively [74, 75]. Finally, one
microbodies C-terminal targeting the signal sites is also
distributed well on the primary structure of IDE.

Further, sequence motifs analysis by Finger-
PRINTScan revealed motifs in nine different families
of proteins (Table 3) that belong to certain transcription
factors and nuclear receptors depicting their significant
role in signaling processes.

Structural analysis of IDE (PDB ID: 4IFH) revealed
the presence of 44 a-helices (41%) and 32 3-strands
(19%), which suggest that IDE is an a-rich protein
(Source: DSSP) [77] and belongs to the peptidase family
M16 (EC 3.4.24.56) and has two isoforms: membrane
associated and cytoplasmic. Further, its quaternary
structure comprised of homodimers where it requires
one Zn>* ion per subunit for its peptidase activity. The
structural topology of IDE is illustrated in Fig. 5, which
is important for the understanding of protein unfold-
ing mechanisms during its catalytic activity. IDE carries
His108, His112,and Glu189 as coordinating ligands for
Zn**jon[114]and Glul11 at active site contributing to
its catalytic activity [83]. Moreover, homologous struc-
tures of IDE in the protein databank have beenidentified
by DALI server [80] (Table 4) that displayed its close
structural similarity with Protease III (PDB ID: 1Q2L)
with Z score: 30.8 and RMSD: 7.1. The obtained puta-
tive partners belong to different peptidases suggesting
their role in peptide cleavage or degradation.

INSULIN DEGRADING ENZYME AND
NEPRILYSIN MEDIATED A3 CLEARANCE

AB accumulation is one of the characteristic fea-
tures of AD that contributes to plaque formation and
provokes the formation of toxic oligomeric AR com-
plexes in the brain. The main component of plaques
is the hydrophobic A which is an approximately 4.2
kDa peptide formed mainly by proteolytic cleavage of
the amyloid-[3 protein precursor (ABPP) by the action
of proteolytic enzymes. The proteolytic cleavage is
accompanied by two pathways, non-amyloidogenic
(a-secretase) and amyloidogenic (3- and y-secretase).
The a-secretase cleavage site is mainly situated at
position 16 within the A sequence precluding the gen-
eration of A3, while amyloidogenic ABPP processing
the main pathway of ABPP cleavage in cells that takes
place at the plasma membrane. 3- and y-secretases pro-
duce various biologically active metabolites, including
the A and the ABPP intracellular domain (AICD) by
virtue of proteolytic cleavage of ABPP [116]. Further-
more, the y-secretase complex consists of four major
proteins, including PS1 or PS2, Aph (anterior phar-
ynx defective) la, presenilin enhancer2 (PEN2), and
nicastrin. It cleaves its substrates within the mem-
brane, a process often involved in important signaling
cascades and termed regulated intramembrane prote-
olysis [35]. Since the catalytic subunit of y-secretase
is either PS1 or PS2, any mutations in ABPP or the
multi-subunit protease complex <y-secretase compo-
nents are one of the reasons for accumulation of A3 that
may lead to early-onset of familial AD [117]. Besides
the de novo synthesis of AP caused by amyloido-
genic processing of ABPP, AR levels are also highly
dependent on AR degradation. Proteolytic cleavage
by - and +y-secretases following amyloidogenic cas-
cade makes A3 neurotoxic, while proteolytic cleavage
by a-secretase makes soluble A, which is neuro-
protective in nature. There are two major proteases
(IDE and NEP) involved in AR clearance that act
on different targets responsible for A deposition in
the brain (Fig. 6). It has been observed that over-
expression of IDE resulted in degradation of AICD
and insulin to significantly reduced A burden in AD
patients [81, 118]. Furthermore, AICD binds to the
NEP promoter and leads to transcriptional activation of
NEP by competitive replacement with histone deacety-
lases. This transcriptional activation of NEP raises
its expression in the brain and leads to AP clear-
ance [119]. Recently, it has been identified that long
isoform of IDE (IDE-Metl) is also involved in AP
clearance following mitochondrial biogenesis path-
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gi|44091 (Bos mutus) IIKEAYMRSL NNFRAEQPHQ HAMYYLRLLM TEVAWTKDEL KEALDDVTLP RLKAFIPQLL
gil27371 (Mus musculus) IIKEAYMRSL NNFRAEQPHQ HAMYYLRLLM TEVAWTKDEL KEALDDVTLP RLKAFIPQLL
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gil3B44767141IrelINP_001245003 11 insulin-degrading enzyme [Macaca mulatta)
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Fig. 4. a) Multiple sequence alignment of insulin degrading enzyme (IDE) from different organisms with high sequence similarity. Conserved
cysteine residues are highlighted in gray while Zn>* ion coordinating ligands His108, His112, and Glu189, and a conserved active site glutamate
(Glul11) residue is highlighted in black. Further, secondary structural elements of IDE (Homo sapiens) obtained from DSSP are shown on the
top of amino acid sequence with loop residues (green line), a-helices (red rectangles), and B-strands (blue arrows). Moreover, potential sites are
shown as colored amino acid residues as follows insulinase family (zinc binding region) signature (light green), casein kinase II phosphorylation
sites (pink), protein kinase-C phosphorylation sites (blue), N-myristoylation sites (orange), N-glycosylation sites (purple), tyrosine kinase
phosphorylation sites (red), cAMP- and cGMP-dependent protein kinase phosphorylation site (light blue), and microbodies C-terminal targeting
signal (brown). b) Phylogenetic relationship obtained by Neighbor-joining method using ClustalW. There is a single major cluster depicting
evolutionarily highest conservation between IDE precursor [Bos taurus] and IDE partial [Bos mutus] with IDE [Homo sapiens] as an out-group.
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Table 3
List of sequence motifs present on IDE identified by FingerPRINTScan

S.No. Motif Name Signature sequence Id Score Pf Score p value Sequence position

1 LYMPHOTACTNR (Lymphotactin LGRESLDDLTNLVV 39.29 295  4.36E-03 259 to 273
receptor signature) FRFKDKERPRG 40.91 215 6.09E-02 422 t0 433

2 F138DOMAIN (FAM138 N- GIKVLLMSDPTTDK 30.95 192 3.28E-03 72 to 86
terminal domain signature) LSDPPNIAGLSHFCEH 26.39 127 8.16E-02 97 to 113

3 LVIRUSORF?2 (Luteovirus ORF2 HAGSSNAFTSGEHTNYYFDVSH 25.97 221 4.22E-02 134 to 156
putative replicase 1 signature) LIEMVLDKLRPENVRVAIV 15.79 178 2.03E-02 463 to 482

4 SIGMA70FCT (Major sigma- NITKQAALGIMQMV 18.57 189  2.80E-02 732 to 746
70 factor signature) QKHIQALAIRRL 30.48 167  3.12E-02 883 to 894

5 CYTOCHROMEEF (Cytochrome LYKIVPIKDIRNLY VTFPIPD 23.4 174 9.01E-02 301 to 322
F signature) IEMVLDKLRPENVRVAIV 34.3 202 3.57E-02 464 to 482

6 NUCLEARECPTR (Orphan EEFRPDLIEMVLDKLRPE 20.71 177 3.30E-02 457 to 475
nuclear receptor (4A nuclear CAKYWGEIISQQYNFD 29.55 218  9.99E-02 904 to 920
receptor) family signature)

7 FLGFLG] (Flagellar SPFAY VDPLHCNMAYLYLELLKDS 16.67 210 6.78E-02 580 to 604
protein FlgJ signature) KSIEDMTEEAFQKHIQAL 2222 220  5.05E-02 872 to 890

8 COUPTNFACTOR (COUP transcription NFEILPLEKEATPYPA 32.5 179 9.54E-02 534 to 550
factor (2F nuclear receptor) PRLKAFIPQLLSRL 26.19 180  4.91E-02 710 to 724
family signature)

9 NISCPROTEIN (Nisin biosynthesis KDKERPRGYTSKIAGIL 29.41 240  9.03E-02 425 to 442
protein NisC signature) LIKDTVMSKLWEKQDDKKKKPKAC 25 230 7.99E-02 550 to 574

Table 4
Ten potential putative partners of IDE identified by DALI server
Name of Protein PDB Code Number of residues Z-Score  RMSD  Sequence Identity (%)

Total Superimposed

Insulin-Degrading Enzyme 4IFH 956 955 60.2 0 100
Protease III 1Q2L 937 684 30.8 7.1 28
Zinc Metalloprotease 2FGE 979 801 20.1 4.2 12
Falcilysin 3S5K 1053 808 17.8 4.3 13
Zinc Peptidase 3AMI 422 406 16.4 34 17
Ubiquinol-Cytochrome-C Reductase Complex Core Pro 2A06 442 412 15.6 3.5 17
NADH-Quinone Oxidoreductase Subunit 1 2YBB 442 412 15.5 3.5 17
Mitochondrial Processing Peptidase Alpha Subunit 1HR7 440 413 15.5 3.5 16
Peptidase M 16 Inactive Domain Family Protein 3GWB 412 395 155 3.6 14
Cytochrome BC1 Complex 1BGY 446 403 14.7 3.5 15

way. IDE-Metl links the mitochondrial biogenesis
pathway with mitA levels and organelle functionality.
Activation of PGCl1-a by the effect of mitochondrial
biogenesis stimuli promotes NRF-1 expression, which
makes long (IDE-Metl) and the short (IDE-Met42)
IDE isoforms. Furthermore, the long IDE isoform is
involved in mitochondrial AB clearance without any
toxic effect [120]. Another important candidate for
AR clearance is ApoE, which acts within microglia
and in the extracellular space to affect the clearance
of AB through promoting its proteolysis by IDE and
NEP. The endolytic degradation of A peptides within
microglia is facilitated by NEP, while extracellular A3
is degraded by IDE. Since the ability of ApoE to pro-
mote AP degradation is dependent upon the ApoE
isoform and its lipidation status, lipidated ApoE is
formed by transfer of lipids to ApoE, which is accom-
plished mainly by ABCA1 and LXR activation in the

nucleus. It has also been reported that one isoform
of ApoE, ApoE4, is associated with higher risk of
AD, while the ApoE2 and ApoE3 isoforms are asso-
ciated with lower risk of AD compared with ApoE4
[121]. Furthermore, the receptor for the advanced gly-
cation end products (RAGE) act as a transporter of A3
across the BBB into the CNS where it deposits Af3,
while the low-density lipoprotein receptor-related pro-
tein (LRP) mediates extra burden of AR outside the
brain. Both IDE and NEP are also involved in RAGE-
mediated AP degradation inside the brain, while ApoE,
ApolJ, and az-macroglobulin are involved in A3 trans-
portation outside the brain in liver for degradation
through LRP complex [122]. Since RAGE assists in
AR accumulation inside the neuron, IDE and NEP
bind to RAGE and blocks their functions in order
to maintain memory cognition and neuronal survival
[123].
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Fig. 5. 3D architecture of Insulin degrading enzyme (PDB ID: 4IFH). Secondary structure of protein has 44 helices (blue), 32 strands (red), and
loops (pink) without any disulfide bridges. Ligand binding sites of IDE: Ligands are shown in green, while ligand binding residues are shown in
blue (Helix forming residues). Chain A: Zinc metal binding residues- His108, His112, Glu189; Chain B: Zinc metal binding residues (His108,
His112, and Glu189) and active site residue (Glul11).
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Fig. 6. Cross-talk between insulin degrading enzyme and neprilysin (NEP)-mediated AP degradation. Following AP aggregation via amyloido-
genic pathway, simultaneously AR degradation is also critical for normal brain functionality. Here in this figure, IDE and NEP are playing a
crucial role in order to reduce the toxic effect of AB. IDE is degrading AICD, insulin, and mitA, and also directs the extracellular degradation
of AP together with lipidated ApoE, whereas NEP is epigenetically regulated by AICD raising its expression for A clearance and also involved
in intracellular AP degradation along with lipidated ApoE. Further, these enzymes are also participating in RAGE-mediated AP degradation
inside the brain, while ApoE, ApolJ, and az-macroglobulin is assisting Af transportation outside the brain via LRP complex for degradation in

liver.

INTEGRATIVE ROLE OF INSULIN

DEGRADING ENZYME AND NEPRILYSIN

IN AD THERAPEUTICS

In the case of AD, it is difficult with a single model

to entirely mimic the disease progression in humans.

Therefore, models are developed based on different
proposed pathways for testing the pharmacodynamics
of the drugs and also the biology of the disease and its
development [124]. To date, extracellular accumula-
tion of A is found to be the main pathology involved
in AD, thus reduction of AR deposition is the major
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concern for neurobiologists. To achieve this goal, dif-
ferent strategies need to be formulated that could slow
down the disease progression or even lead the way
to discover its treatment. Such a method includes
the degradation of AR with the action of proteolytic
enzymes such as NEP and IDE [43]. Moreover, ele-
vated concentration of A has been observed in
response to altered gene expression of NEP and IDE.
In one study, overexpression of IDE and NEP in
ABPP-transgenic mice was found to decrease A3 lev-
els in the brains of the transgenic mice as compared
to the non-transgenic mice. Mice that expressed IDE
showed 2-fold reduction in AP deposition, while mice
that showed the 8-fold increase in NEP levels were
free of AP deposits, thereby exhibiting its potential
in reduction of lethal phenotype [125, 126]. These
observations conclude that enhancement in the level of
these enzymes would confer a protective effect against
AD. Thus, supplying excess of degrading enzymes
with the help of various approaches such as gene
therapy or pharmacological drugs could be a poten-
tial therapy against AD [127-129]. The major hurdle
impeding the development of novel therapies for AD
is the ability to cross the BBB. However, this problem
has recently been addressed in a number of ways as
follows.

CURRENT STRATEGIES TO DELIVER
INSULIN DEGRADING ENZYME AND
NEPRILYSIN FOR THERAPEUTIC
PURPOSES

At present, coupling of NEP with red blood cells
is used to transport NEP from brain to plasma where
it can effectively degrade A[3. Further, lentiviral vec-
tor expressing NEP was fused with apolipoprotein B
(ApoB) that binds with LDL-receptor to facilitate its
transport to CNS and other parts of the brain, thereby
decreasing AP levels in an ABPP-transgenic mice
model [130, 131]. The reason behind this is its high
cloning capacity and ability to form complex cassettes
of lentiviral vector, and it is widely being used for long-
term expression of NEP to reduce AP burden in the
brain [132, 133]. Further, stereotaxic infusion of NEP-
encoding viral vectors into the hippocampus has been
shown to reduce AP burden in AD brain. However, a
more competent and global delivery system is required
to target widely distributed A3, and one such system
is the adeno-associated viral vector (AAVV) that pro-
vides neuronal gene expression throughout the brain
after peripheral administration; for instance, a single

intra cardiac administration of the vector carrying NEP
gene in an AD-mice model has been shown to ele-
vate expression of NEP throughout the brain, thereby
reducing A oligomer formation [134, 135]. Another
viral vector, Sindbis viral vector, has also been used to
reduce AP burden in the brain where the NEP gene is
inserted into the viral vector and then allowed to infect
the neurons selectively and efficiently with elevated
NEP levels [136, 137]. Moreover, intracranial viral
vector delivery by injecting NEP directly into the brain
has also been reported to reduce AP deposition, while
intravenous infusion of arecombinant enzyme is a clin-
ically desirable therapy [34]. However, earlier studies
revealed the significance of NEP expressing viral vec-
tors inreducing A3 levels in AD brain, but it has several
drawbacks regarding control of insert size, desired
expression (short- or long-term), and their target cell
type. Therefore, in order to overcome these drawbacks,
recently recombinant soluble NEP expression vector
from insect cells has been transfected into AD mice
with the help of intracerebral injection, thereby ame-
liorating memory impairment in AD brain. In this way,
protein therapy approaches might have been potential
for development of alternative therapies for treatment
of AD [138].

Another strategy for lowering AP formation is
the downregulation of ABPP gene, which is possi-
ble with the newly emerging siRNA technology where
siRNA against ABPP mRNA is used. These siRNA
approaches have worked well in cell culture, but
they lack enough potentiality to express their func-
tion inside the cells due to lack of efficient delivery
systems. In order to achieve RNA interference effect,
short hairpin RNAs (shRNA) is used in viral vectors
such as retroviruses and adeno-associated viruses due
to their good transduction efficiency along with the
long-term expression of transgene in nervous system
[139]. Another approach to facilitate enhanced clear-
ance of Af, a replication-defective Herpes simplex
virus (HSV) based vector has been developed that com-
prised of genes required for maintaining its latency
state as well as transgene expression in the host. For
instance, HSV-NEP vector is designed to express NEP
that showed 5-fold reductions in A levels, and this
effect is found to be upregulated with the increased
infection by viral vectors. Thus with the use of HSV
vectors, the siRNA against ABPP can also be deliv-
ered into the host with the aim of lowering A levels
[140]. However, yet another strategy to eliminate A
peptide is the administration of auto-antibodies, where
AB-cDNA expressing recombinant adeno-associated
viral vectors (rAAV) is injected intramuscularly or
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orally to induce auto-antibody production against A3
[139, 141, 142].

Another major concern with the use of gene ther-
apy in treating AD is the delivery of the gene into
A susceptible areas. This goal can be achieved by
using monocytes, which are the major immune cells
that migrate to the A site. In this approach, genes
can be transfected into bone marrow cells with a
specific promoter that allows the expression of the
genes in differentiated macrophages. For instance,
CD11b™ cells (monocytes) that are transfected with
NEP, when injected twice a week in a transgenic
mice model, stopped the amyloid deposition com-
pletely. The efficacy and safety of this method have
been confirmed; therefore, this could be a more potent
and permanent treatment for AD [143]. Further, evi-
dence suggests a role of short-term neural stem cell
(NSC) transplantation in ameliorating cognition in an
AD transgenic mice model by improving endogenous
synaptic connectivity. But,this approach has no longer
the effect on the underlying neurofibrillary tangle and
A pathology. Therefore, combinatorial approaches
of gene therapy are required for achieving long-term
efficacy; for instance, in 3xTg-AD and Thyl-ABPP
transgenic mice model, stem cell-mediated delivery of
NEP showed significant reductions in A3 pathology
along with increased synaptic density. Remarkably,
these AR plaque burdens are reduced not only in
the hippocampus and subiculum adjacent to engrafted
NSCs, but also within the amygdala and medial sep-
tum areas, that receive afferent projections from the
engrafted region [144]. Another approach to deliver
NEP is using human adipose tissue-derived mesenchy-
mal stem cells (ADSCs) that release enzymatically
active NEP carrying exosomes. Moreover, ADSC-
derived exosomal delivery into neuroblastoma cells
(N2a) resulted in the reduction of both secreted and
intracellular A3 levels [145]. Recently, a convection-
enhanced delivery of NEP gene resulted into a 20-fold
increase in NEP protein level with preserved enzyme
activity in the striatum, thereby causing significant
reduction in endogenous A49-42 levels [146, 147].
Most importantly, the delivery of insulin antibodies
or insulin-inhibiting peptides into the brain can be
a prominent therapeutic approach against toxic Ap.
However, fewer practical but augmented IDE levels in
the CNS or disease prone site in the brain (via IDE infu-
sion or gene therapy), would be of therapeutic interest
[30]. Moreover, further investigation is to be needed to
explore the gene therapy potential of IDE in the brain
in order to nullify the toxic effect of AB. Since proper
regulation of IDE and NEP is essential for their ther-

apeutic applications, recently identified factors/agent
controlling their expression level is discussed here.

RECENTLY IDENTIFIED THERAPEUTIC
AGENTS REGULATING IDE AND NEP
LEVELS IN THE BRAIN

Sex steroids are one of the therapeutic agents who
ameliorate cognitive deficits in AD animal models by
reducing AP levels in the brain due to elevated expres-
sion of IDE and NEP. For instance, administration of
androgen receptor agonist (ACP-105) in association
with estrogen receptor 3 (ER[3) agonist (AC-186) in
male gonadectomized triple transgenic mice showed
elevated levels and activity of IDE and NEP [148].
Another agent, nitric oxide synthase (NOS2) which
is overexpressed in case of AD, was also found to
be involved in the regulation of IDE and NEP. An in
vitro study revealed that activity of IDE was inhib-
ited by nitric oxide donor ‘Sin-1°, while NEP activity
remains unaffected. However, an in vivo study showed
downregulated activity of IDE in ABPP/PS1 mice, but
not in ABPP/PS1/NOS2 (-/-) mice, signifying the role
of NOS2 in preventing AP degradation through neg-
ative regulation of IDE. Thus loss of NOS2 activity
would have been promising effect in positively trigger-
ing AR clearance in AD brain [149]. Recently, amyloid
associated proteins, including ApoJ and ApoE, were
found to modify AR uptake in human astrocytes where
NEP expression is increased upon exposure to ApoE
in combination with both AP preparations, i.e., AB-
oligomer and A 3-fibrillar, but NEP and IDE expression
remain unaffected by exposure to Ap-oligomeric or
AB-fibrillar alone. It is important to note that A3 alone
indeed does not affect the astrocytic expression of IDE
and NEP [102]. However, use of retinoic acid recep-
tor (RAR) agonist has been reported to promote A3
clearance by augmenting IDE and NEP activity in both
microglia and diseased neurons [150]. Based on these
observations, retinoic acid is a potential molecule,
involved in the maintenance of synaptic plasticity of
neurons, which may assist in keeping memory function
intact.

Interleukin-34 (IL-34), anewly discovered cytokine,
is found to overexpress IDE in microglia where it
decreases oxidative stress without generating neu-
rotoxic molecules, thus promoting the clearance of
soluble oligomeric A3 and preventing synaptic dys-
function and neuronal damage in AD [151]. Moreover,
interleukin receptor-associated kinases (IRAKSs; intra-
cellular signaling molecules) have been reported
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Table 5

List of agonists and antagonists regulating IDE and NEP expression level

S. No. Agonists Targets Molecular Functions References
1 DHA (Docosahexaenoic IDE It is the most important fatty acid in the brain especially [163]
acid) rich in the neurons and synaptosomes of the cerebral
cortex. DHA significantly upregulates the expression
of IDE in neural cells.
2 ATP (Adenosine IDE ATP facilitates the transition from the closed state to the [164]
triphosphate) open conformation. Biophysical analysis of
ATP-induced conformational switch of IDE thereby
showed the increased expression of IDE.
3 Valproic acid NEP Valproic acid attenuates the prenatal hypoxia-induced [165, 166]
AP neuropathology, learning, and memory deficits via
inhibiting the activation of histone deacetylase 1
(HDACT1), preventing the decrease in H3-Ace in the
NEP promoter regions and reducing the
down-regulation of NEP.
4 Propranolol IDE It enhances the expression of IDE. Moreover, the [167]
expression of Akt, BDNF, and Tau
hyperphosphorylation is decreased by propranolol
treatment as shown by Tg2576 mice.
5 Neuropep-1 IDE & NEP It increases the level of IDE and NEP. However, [168]
both Neuropep-1 treatment does not alter the expression of
full-length ABPP, a-, -, or y-secretase.
6 Somatostatin IDE Somatostatin directly interacts with IDE. It binds to the [169, 170]
(octreotide) active site of one IDE subunit, induces an
enhancement of IDE proteolytic activity toward
fluorogenic AB by another subunit.
7 Imidazole-derived 2-[N- IDE It acts as substrate-dependent modulators of IDE in A [171]
carbamoylmethyl- hydrolysis.
alkylamino] acetic
acids
8 Cysteine 904 IDE Cysteine 904 is required for Maximal IDE Activity and [172]
Polyanion Activation.
9 BRI2 (British precursor IDE BRI2 acts as a receptor protein that regulates IDE levels, [173]
protein) and in turn influences ABPP metabolism.
10 Apomorphine (APO) IDE Apomorphine, a kind of dopamine receptor agonists [174]
responsible for promoting the intracellular AR
degradation via activating IDE.
11 Leptin IDE Leptin enhances the expression level of IDE putatively [175, 176]
by activating the Akt pathway.
12 Suramin IDE Suramin increases the activity of the enzyme IDE by [177, 178]
changing the turnover rate of the enzyme for its
substrate.
13 Estrogen NEP Estrogen positively regulates expression of NEP to [179]
promote degradation of AP and reduce the risk of AD.
14 Humanin (HN) NEP Humanin (HN), a 24-residue peptide act as a [180]
Neuroprotective factor, which shows anti-cell death
activity against a wide spectrum of AD. It also
increases the expression of NEP.
15 Trichostatin (TSA) NEP TSA treatment significantly enhances NEP expression [181]
by elevating the acetylation of histone H3 on NEP
promoter.
16 5-aza-deoxycytidine NEP 5-Aza-dc induces the demethylation of NEP gene and [181]
(5-Aza-dc) significantly increases its expression in a
dose-dependent manner.
17 Ginsenoside Rgl & Rg3 IDE&NEP It increases the intracellular level of both IDE and NEP [182, 183]
both in the hippocampus by upregulating PPAR'y, thereby
decreasing AP burden.
18 Imatinib (Gleevec) NEP It is known tyrosine kinase inhibitors, which elevates [184]
AICD in H4 human neuroglioma cells and also
increase the expression of NEP protein.
19 GW742 IDE & NEP A PPARdelta agonist reduces amyloid burden by [185]
both enhancing the expression of IDE and NEP.
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S. No.

Agonists

Targets

Molecular Functions

References

20

21

22

23

24

25

26

EGCG

Curcumin

Resveratrol (RSV)

Norepinephrine

Testosterone

Androgens

Nobiletin

NEP

IDE & NEP
both

NEP

IDE

NEP

NEP

NEP

EGCG strongly increases the NEP activity, thus lead to
A degradation.

It increases AP clearance by increasing both IDE and
NEP activity and also prevents A3 production by
inhibiting PS2, a catalytic component of y-secretase.

RSV significantly increases both the estradiol and NEP
level that decrease AP deposition; by upregulation of
estradiol level which consequently leads to increase
the level of NEP, thus contribute to A degradation.

Norepinephrine augments microglia to uptake and
degrades A peptides through upregulation of IDE.

Testosterone increases neuronal viability in cultured
hippocampal neurons through the AR-dependent
MAPK/ERK signalling pathway. Thus, it elevates the
levels of NEP to facilitate AP clearance.

Androgens increases NEP expression through the
AR-dependent MAPK/ERK signalling pathway.

It enhanced NEP activity both at the gene and protein
level in time- and dose-dependent manner in
SK-N-SH cells and thereby promoting A3 clearance.

[186]

[187]

[188]

[189]

[190-192]

[193]

[194]

S. No.

Antagonists

Targets

Molecular Functions

References

Palmitic acid (PA)

Sevoflurane

Streptozotocin

Thiorpan

Tautomycetin

Phosphoramidon
Nicastrin
Ketamine

Spinorphin

Sialorphin

Opiorphin
Copper (Cu?t)
Lead (Pb)

Leptin

IDE

IDE and NEP

both

NEP

NEP

NEP

NEP

NEP

NEP

NEP

NEP

NEP

NEP

NEP

NEP

PA treatment significantly reduces the expression level
of IDE, an important protease responsible for the
degradation of AP in neural cells.

Sevoflurane alters the expression of receptors and
enzymes involved in AB clearance, thereby reducing
the levels of IDE and NEP in the brain.

It decreases the NEP activity in the hippocampus and
cortex regions, thereby increasing A level.

Intracerebroventricular infusion of thiorphan, a NEP
inhibitor raises cortical and cerebrospinal fluid (CSF)
A concentrations in the brain. It indicates that
age-related decrease in NEP could lead to increased
A burden.

A specific inhibitor of protein phosphatase-1a,
tautomycetin induces extensive phosphorylation of
the Ser6 NEP intracellular domain, resulting into
reduced cell surface NEP activity.

It acts as NEP inhibitor. Phosphoramidon induces a
dramatic increase in A levels, resulting into rapid
plaque formation.

Nicastrin deficiency drastically lowers NEP expression.

Ketamine suppresses the AR degradation of NEP by
reducing p38 MAPK-mediated pathway activity.

It is a heptapeptide, which inhibits dipeptidyl peptidases
and angiotensin-converting enzyme activity as well as
NEP activity.

It prevents spinal and renal NEP activity from breaking
down its two physiologically relevant substrates,
substance P and Met-enkephalin in vitro. It is a
natural systemically active regulator of NEP.

Opiorphin was a first NEP inhibitor isolated from saliva
which had some pain-suppressive potency.

Copper down regulates NEP activity through
modulation of NEP protein degradation.

Pb causes both the over expression of ABPP and
repression of NEP resulting in the build-up of ApB.

Leptin significantly decreases the expression of NEP
through activation of ERK signalling cascade.

[163]

[195]

[196]

[197]

[153,161]

[198]
[199]
[200]

[201, 202]

[203]

[204, 205]
[206]
[207]

[208]
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to trigger TLR signals that initiate the canonical
pro-inflammatory signaling pathways, which further
activate JNK-p38 and ERK-MAP kinases to generate
reactive oxygen species. Therefore, evidence suggests
that functional loss of IRAK4 promotes amyloid clear-
ance mechanisms by raising IDE expression [152].
In a recent study, protein phosphatases have been
implicated in the reduction of kinase-mediated A3
deposition; for instance, elevated AP levels in AD
patients have been reduced in response to activated
protein phosphatase-1a that dephosphorylate NEP and
result in enhanced cell-surface NEP activity [153].
Likewise, another candidate, mitochondria-targeted
antioxidant catalase, has been identified that possesses
a protective role against A toxicity and prevents
abnormal ABPP processing through increased IDE and
NEP activity [154].

A recent study revealed that human placenta
amniotic membrane-derived mesenchymal stem cells,
which are known for their potent immune-adulatory
and paracrine effects, also have a pivotal role in
improving spatial learning via increasing NEP. and
IDE expression in the brain [155]. Furthermore,
using human-induced pluripotent stem cell-derived
macrophage cells harboring NEP2 demonstrated
decreased levels of AP in the SXFAD mice model
[156]. Moreover, neural stem cells catrying NEP ame-
liorated AD pathology by restoring synaptic density
and reducing A load in transgenic mice models of
AD via 3xTg-AD and Thyl-ABPP [157]. Recently, it
has been identified that various drugs, e.g., MK8931,
AZD3293, E2609, and TPP488, have been used to
reduce AP burden in the brain by triggering endoge-
nous expression of IDE and NEP. These drugs act as
an inhibitor of different signaling molecules, mainly
targets on BACEI, BACE2, and RAGE molecule.
These signaling molecules are basically involved in
ABPP cleavage and their processing that lead to
increased A} concentration in the brain. Furthermore,
MK®8931, AZD3293, E2609, and TPP488 treatment
have been noticed, signifying their major contribu-
tion in a dose-dependent attenuation of AR levels in
plasma and cerebrospinal fluid [158-161]. Besides
therapeutic potential of NEP and IDE, their ele-
vated levels have also been found associated with
several side effects; for instance, cAMP-responsive
element-binding protein (CREBP) mediated transcrip-
tion caused age-dependent axonal degeneration, and
it is also involved in the progression of various can-
cers [65, 162]. Therefore, in order to escape the side
effects, we need to adopt the combinatorial therapeu-
tic approach by using their agonists and antagonists for

targeting A toxicity in the brain. Such agonists and
antagonists of IDE and NEP have been elaborated in
Table 5.

CONCLUSIONS

The biology behind A3 deposition in the brain and
the clearance mechanism is quite complicated, and
thus.much attention has been given in the past few
decades to understand these phenomena and their sig-
nificance in AD. The etiopathology of AD is caused by
accumulation of toxic AP peptides that occurred due
to several factors, mainly associated with proteolytic
cleavage of ABPP by B-secretase and y-secretase, that
lead to the formation of AICD and toxic AB. Pro-
tective enzymes such as IDE and NEP are found to
play a crucial role in degradation of amyloidogenic or
toxic A peptides in the brain, thus signifying their
therapeutic potential. Both IDE and NEP are metal-
loendopeptidases, which require Zn>* ion as a cofactor
for their catalytic activity. Multiple sequence analyses
of both IDE and NEP [Homo sapiens] have revealed
a sequence identity with Macaca mulatta of 99%.
Sequential analysis has also revealed the presence
of different post-transcriptional modification sites, for
instance, protein kinase-C phosphorylation sites, tyro-
sine kinase phosphorylation sites, and casein kinase
II phosphorylation sites, depicting their role in func-
tional regulation of IDE and NEP. Further, structural
analysis of both IDE and NEP has shown the pres-
ence of amino acids (His, Glu, and Asp) at their zinc
binding motif and active site, which are responsible for
their proper functions. Importantly, closely associated
putative partners of both IDE and NEP have been iden-
tified that have almost similar functions and sequence
identity with this peptidase.

In addition to in silico study of IDE and NEDP, its ele-
vated expression in the brain is important for rendering
the toxic effect of AB. For that, more competent and
global delivery systems like lentiviral vector, adeno-
associated viral vector, siRNA, and recombinant gene
therapy based delivery of IDE and NEP is required to
target widely distributed area in the A3 affected brain.
Furthermore, a convection-enhanced delivery system s
also used to transfer these enzymes to Af3 laden areas
in the brain to reduce its toxicity. Additionally, using
different agonists and antagonists based combinatorial
therapeutic approach has also been shown for proper
homeostatic regulation of both IDE and NEP, as high
levels of these peptidases cause some side effects. More-
over, any changes in the levels of IDE and NEP cause
accumulation of AP which is highly toxic to the cell,
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because the levels of these two peptidases are altered
in an age-dependent manner. In older age due to its
downregulation, it does not influence the proteolytic
degradation of AP and thus accumulation of toxic A3
hampers the normal functionality of neuronal cells and
therefore causes changes in the morphology of the neu-
rons, memory loss, and consequent cell death.
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Abstract

the receptors are conserved at the docking site.

luteolin, lupeol and lectin.

Background: Angiogenesis is a hallmark feature in the initiation, progression and growth of tumour. There are vari-
ous factors for promotion of angiogenesis on one hand and on the other hand, biomolecules have been reported to
inhibit cancer through anti-angiogenesis mechanism. Biomolecules, for instance, luteolin, lectin and lupeol are known
to suppress cancer. This study aims to compare and evaluate the biomolecule(s) like luteolin, lupeol and lectin on
CAM assay and HT-29 cell culture to understand the efficacy of these drugs.

Method: The biomolecules have been administered on CAM assay, HT-29 cell culture, cell migration assay. Further-
more, bioinformatics analysis of the identified targets of these biomolecules have been performed.

Result: Luteolin has been found to be better in inhibiting angiogenesis on CAM assay in comparison to lupeol and
lectin. In line with this study when biomolecules was administered on cell migration assay via scratch assay method.
We provided evidence that Luteolin was again found to be better in inhibiting HT-29 cell migration. In order to iden-
tify the target sites of luteolin for inhibition, we used software analysis for identifying the best molecular targets of
luteolin. Using software analysis best target protein molecule of these biomolecules have been identified. VEGF was
found to be one of the target of luteolin. Studies have found several critical point mutation in VEGF A, B and C. Hence
docking analysis of all biomolecules with VEGFR have been performed. Multiple allignment result have shown that

Conclusion: Therefore, it can be concluded that luteolin is not only comparatively better in inhibiting blood vessel in
CAM assay, HT-29 cell proliferation and cell migration assay rather the domain of VEGFR is conserved to be targeted by

Keywords: CAM assay, Flavonoids, HT-29 cell, Anti-angiogenesis, Luteolin, Lupeol, Lectin

Background

Angiogenesis process is regulated by several factors that
have a critical role in governing the initiation and pro-
gression of tumour. Angiogenic factors such as bFGE,
HGE, VEGE hyluronatelyase, collagenase, MMP sup-
ports the formation of new blood vessels. In addition, cell
cycle markers, for instance, cyclin A2, Cyclin Dependent
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Kinase-2, 6 and MAPK1, 14, 10 promote the tumour pro-
gression whereas caspase 3 inhibits the tumour progres-
sion. Mounting evidence is suggesting the critical role of
cyclin inhibitors, and inducers of apoptotic markers in
cancer therapy. Furthermore, several biomolecules elicit
the anti-cancerous property such as, luteolin, lectin and
lupeol but comparative studies in terms of anti-angio-
genic activity remain unsettled.

Luteolin is a flavonoid; lupeol is a triterpene and lec-
tin is a protein possessing carbohydrate. Flavonoids
are polyphenols that play an important role in defend-
ing plant cells against microorganisms, insects, and UV
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irradiation, luteolin sensitizes cancer cells to therapeu-
tic-induced cytotoxicity through signaling pathways like
PI3K/Akt [1], NF-kB [2], X-linked inhibitor of apoptosis
protein and stimulating apoptosis pathways that induce
p53. Luteolin has a C6—C3-C6 structure and possesses
two benzene rings, a third, oxygen-containing (C) ring,
and a 2-3 carbon double bond. Luteolin also possesses
hydroxyl groups at carbons 5, 7, 3/, and 4/ positions. The
hydroxyl moieties and 2-3 double bond are important
structure features in luteolin that are associated with its
biochemical and biological activities. Numerous stud-
ies have highlighted that luteolin is often glycosylated in
plants, and the glycoside is hydrolyzed to free luteolin
during absorption. Moreover, some portion of luteolin
is converted to glucuronides when passing through the
intestinal mucosa. Luteolin is heat stable and losses due
to cooking are relatively low and may suppress VEGF [3,
4] expression by inhibiting transcription factor HIF-1a
through p53-mediated proteasomal degradation.

Additionally, luteolin can suppress VEGF-induced
signaling in endothelial cells. Luteolin effectively blocked
activation of the VEGF receptor and its downstream
molecule PI3K/Akt and PI3K/p70S6 kinase pathways,
which may directly contribute to luteolin-induced anti-
angiogenesis, resulting in suppression of proliferation
and survival of human umbilical vein endothelial cells.
Luteolin may also suppress angiogenesis by stabilizing
hyaluronic acid, a neovascularization barrier. Hyalu-
ronic acid is one of the most abundant constituents of
the extracellular matrix that blocks neo vacuole forma-
tion and extension. An enzyme hyaluronidase catalyzes
hyaluronic acid to break the barrier and to promote
angiogenesis through the processed product. Further,
oligosaccharides generated from hyaluronic acid bind
to the CD44 receptor on the membranes of endothelial
cells to trigger their proliferation, migration, and eventu-
ally angiogenesis. Luteolin is a strong inhibitor of hya-
luronidase and maintains the neovascularization barrier.
Moreover, tumor angiogenesis is dependent on the activ-
ity of MMPs where luteolin is a potent MMP inhibitor
that attenuates MMP expression [5] through suppressing
NF-kB or directly inhibiting MMP activity. These facts
reflect that indeed luteolin is an important biomolecule
for cancer therapy.

Another biomolecule, lupeol is a dietary triterpene
that is important structural components of plant mem-
branes, and free triterpenes serve to stabilize phospho-
lipid bilayers in plant cell membranes just as cholesterol
does in animal cell membranes. Most triterpenes contain
28 or 29 carbons and one or two carbon—carbon double
bonds, typically one in the sterol nucleus and sometimes
a second in the alkyl side chain. Triterpenes are natural
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components of human diets. The chemical formula of
lupeol is C3yH;,O and its melting point is 215-216 °C.
Properties computed from the structure of Lupeol show
that it has a molecular weight of 426.7174 (g/mol),
H-Bond donor 1, H-Bond acceptorl, rotatable bond
count 1, exact mass 426.386166. Studies have shown that
topical application of Lupeol (40 mg/kg/three times a
week) for 28 weeks can significantly decrease the tumor
burden, its multiplicity and increase the latency period
in the mouse model. The anti-tumor promotion effects
of lupeol were observed to be associated with its poten-
tial to modulate signaling pathways such as nuclear factor
kappa B (NFkB) and the phosphatidylinositol 3-kinase
(PI3K)/Akt (protein kinase B pathway) [6], which are
reported to play an important role during tumorigen-
esis. Lupeol inhibits growth of highly metastatic tumors
of human melanoma origin by modulating the ratio of
Bcl-2 and Bax protein [7] levels in vitro and in vivo. Fur-
ther, lupeol significantly inhibits the growth of metastatic
melanoma cells harboring constitutive activation of Wnt/
pB-catenin [8, 9] signaling. Other reports have shown that
lupeol administered orally in a dose of 2 g/kg has been
reported to produce no adverse effects in rats and mice,
and after 96 h of observation, no mortality was recorded.
Moreover, Lupeol has also been reported to affect angio-
genic gene like MMP and VEGF [10]. Taken together,
these studies provide convincing evidence that lupeol is a
non-toxic but highly potent chemo preventive and chem-
otherapeutic agent for cancer therapy.

Lectins are a group of glycoprotein playing a critical
role in diagnosis of cancer [11-13] whereas targeting of
lectins can increase the efficacy of anti-VEGF treatment
[14]. On contrary, there are reports claiming that lec-
tins promote angiogenesis [15]. Lectin in combination
with RNAse called as Leczyme [16] has also been used
for cancer therapy. Another feature of lectin that induces
apoptosis and kills cancerous cells [17, 18] and thus lectin
can qualify a good candidate for anti-cancer effect. It will
be interesting to investigate which will be better in inhib-
iting angiogenesis.

In order to understand the anti-angiogenic efficacy of
these drugs, chick chorio-allantoic-membrane (CAM)
assay has been performed, which is one of the most
acceptable and well characterized angiogenesis assays.
Retinoic acid, a known inhibitor of VEGF and an angio-
genesis marker that have been taken as positive control.

In this study, we investigate about the comparative
anti-angiogenic effects of biomolecules i.e. luteolin, lec-
tin and lupeol on CAM assay, HT-29 cell line and HT-29
cell migration assay. We also aim to investigate about the
docking of these biomolecules with its molecular target
site for inhibiting cancer.
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Method

Structure of Biomolecules

The structure of the biomolecules for our study has been
used from pubchem. Pubchem is a composite database
(http://pubchem.ncbi.nlm.nih.gov/) that is backed up
by three primary databases, i.e. Pcsubstance, Pccom-
pund, PCBioAssay. Pubchem provides biological activity,
chemical information of small molecules. Pcsubstance
contains information about the substances; Pccompound
contains information about chemical compounds, and
PcBioAssay provides information about Bioassays.

CAM assay

The study have been approved from the ethical commit-
tee of Vellore Institute of Technology University(VITU),
Vellore, India. Fertilized white leghorn chicken eggs were
obtained from poultry farm. Eggs were incubated in an
Incubator at 37 °C with 60 % humidity as mentioned in
earlier [20]. A small window was made in the shell on day
3 of chick embryo development under aseptic conditions.
The window was resealed with adhesive tape after drug
application, and eggs were returned to the incubator until
day 11 of chick embryo development. Photography was
performed on the following day, and eggs were discarded
after photography.

HT-29 cell culture

HT-29 cell culture was performed using DMEM, EBS,
antibiotic and these cells were subcultured for biomol-
ecule administration using standard protocol.

Cell migration assay

Cell migration assay was studied using cell scratch assay
at 70 % confluency and measuring the distance of scratch
after 24, 48 h of scratch in HT-29 cell.

Pharm Mapper

Chemical compounds have been downloaded from
the Pubchem database (http://pubchem.ncbi.nlm.nih.
gov/) in MDL SDF file format and have been loaded in
PharmMapper server (http://59.78.96.61/pharmmap-
per/submit_file.php) with the options for searching of
all potential candidates available in the PharmTargetDB.
Furthermore, all the targets important for the process of
angiogenesis have been identified, and their scores have
been summarized in Fig. 1.

PharmMapper [19] is a web server for identifying the
potential target candidates for a given probe (drugs,
natural products). It adopts an alternative approach of
pharmacophore mapping for potential drug targets. It
possesses highly efficient and robust high-throughput
mapping technique to identify target candidates from the
databases within the short period of time. PharmMapper
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has been backed up by various databases that involve
TargetBank, DrugBank, BindingDB and PDTD. Pharm-
Mapper accepts files in different formats in Tripos Mol2
or MDL SDF (http://59.78.96.61/pharmmapper/sub-
mit_file.php) that identifies best mapping poses and out-
putted top N potential drug targets against all targets in
PharmTargetDB. With the submission of new molecules,
fit scores have been calculated first, which is used to fur-
ther calculate the normalized fit score. Moreover, every
fit score of a specific pharmacophore has been compared
to the fit score matrix to measure its score level among
all the scores of the pharmacophore to find the Z'-score
that adds more statistical meaning and confidence of
comparison.

Colon cancer genome sequence analysis
Colon cancer genome sequence analysis information was
taken from ICGC pooled data.

Molegro virtual docker (Version-6.0)

In this study protein-ligand, docking was performed
with the help of Molegro Virtual Docker [21] for predict-
ing the possible protein-ligand interactions (MVD).

Statistics
The statistics has been done using the excel software. Sta-
tistical significance was accepted at p < 0.05.

Result

Comparative chemical/structural/physical analysis

and source of origin study of luteolin, lectin and lupeol
Retinoic acid can be naturally derived from carrot,
pumpkin, squash, and sweet potatoes. Its IUPAC name
is nona 2,4,6,8 tetraenoic acid with molecular mass
is 300 g/mol, melting point is 180 °C, boiling point is
175 °C, pH = 4.9 and it is soluble in water. Another com-
pound, luteolin can be naturally derived from olive oil,
pepper, parsley. The molecular mass is 286 g/mol, melt-
ing point is 330 °C and boiling point is 660 °C, pH = 7.8
and it is soluble in alkaline solvent while lupeol can be
naturally isolated from mango, aloe leaves, ginseng oil.
The molecular mass of lupeol is 426 g/mol, melting point
is 210 °C and boiling point is 488 °C, pH = 4.9 and it
is soluble in water. Lectin is a glycoprotein with sugar
chains, and its isoelectric point is 4.5; molecular mass is
104-112 kDa and it can be naturally isolated from peas,
cherries and sweet pepper as mentioned in Table 1 in
Fig. 2A.

The structure of luteolin has a hydroxyl group while
lupeol has a methyl group like the positive control reti-
noic acid and lectin has multiple sugar chains. Therefore,
we can summarize that based on structural analysis lute-
olin is the best in targeting angiogenesis.
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Retinoic acid Luteolin Lupeol
S.No. | TargetName No.of | . Normalized| No.of | , Normalized| No.of | . Normalized|
PDBID F Fit Score Fit S Z'-Score l’DBIDF Fit Score Fit Score Z'-Score l’l)l!ll)F Fit Score Fit Score Z'-Score
1 MAPK 1 2011 7 4627 0.661 117939 | _ _ _ _ _ 2011 7 3142 04489 [-0.49126
2 MAPK14 ([10UY| 8 4145 05181 [ 0.19102 [ 3E®2 | 10 3.736 03736 (0.198107 | 1BL6 4 346 0.8651 [0.678894
3 MAPK 10 IPMN 1 3.791 05415 [ -0.74694| _ _ _ _ _ IPMN| 7 387 0553  [0.567501
4 Caspase-3 | IRHR 8 4618 05772 [0.800748 [ INMS | 10 331 03377 [-071819 | IRHR | 8§ 323 04029 | -0.61965
5 bFGFR1 2FGI 8 4483 0.5604 (0248995 | 3C4F 7 4278 06111 | 2.74909 | 2FGI 8 3433 04291 [-0.28979
FHE B EEESEIE EEEEEAEIRE 2D
1 Hyallymonate 1W3Y 7 4379 06256 | 0.683456 [ 10IM 7 3815 0.5449 [ 0.747285 [ IW3Y 7 3491 04987 [0.183722
ase
g | Prostaglandn | o o | osen |-0206%8 DIY | 6 | 3769 | 06281 |0607966
G/H synthase - - - - -
Prostaglandin . < . <
7 4 5714 | -0 7 347 4 128417,
% | B eymttaser | %% o514 |08 | | L _ _|ew 3471 | 04959 [0284178
Cell division - . . S . .
10 . 1KES H] 3.803 04754 | -0.44082 [ 1IKES 8 3879 04849 [ 1.19134 | IRT8 ] 3.604 0.5148  {0.480203
protein kinase 2
Cell division . . .
2 44 . 3.0457
1 rotenkinased| -~ | - ~ _ o2 s 30| 08866 [3o4576 | | ~ ~ _
Hepatocyte
12 growth factor | 3FS2 11 3781 03437 | -0.7395 | 3FS82 11 3.748 03407 [0.139748 | 3F82 11 3933 0.3578  {0.400731
receptor
13 Collagenase 3 | 1CXV 7 3974 05677 |-025227 3IM 7 3.616 05165 (0967746 | 1FLS 6 304 0504 |[-1.02511
14 Cyclin-A2 | 2IW6 7 3.903 03576 | -025957 [ 2IW38 7 389 05557 | 133083 | 2IW6 7 3 04606 | -0.3643
b
VEGF Type of mutation Chromosome | Cancer
VEGF A C/T, A/T Single base substitution Chr 6 Colorectal
Single base substitution and
VEGF B A/A, C/T deletion Chr11 Colorectal
VEGF C C/T, G/A.G/T  Single base substitution Chr4 Colorectal
Fig. 1 alt demonstrates fit score for target molecule of biomolecules and b shows the pooled data for VEGF A, B, C from ICGC pooled data demon-
strating identified point mutation in VEGF in colorectal cancer

Comparative anti-angiogenic analysis of biomolecules,
luteolin, lectin and lupeol on CAM Assay

Chick chorio-allantoic membrane (CAM) assay is one of
the most reliable angiogenesis assays. The biomolecules
have been administered on CAM and visualized for its
effect after 24, 48 h in a concentration and dose depend-
ent manner as shown in Fig. 2B. The quantitation of angi-
ogenesis was calculated based on thickness of the vessel,
branching, sprouting of new vessels and the diameter
using software and manual counting. We examined the
effect of luteolin, lupeol, lectin and retinoic acid on CAM
assay. It was observed that luteolin inhibited angiogen-
esis better compared to lectin and lupeol. Further, these
biomolecules were administered on HT-29 cell culture to
check its anti-cancerous property.

Comparative anti-cancerous analysis of biomolecules,
luteolin, lectin and lupeol on HT-29 cell culture

The biomolecules luteolin, lectin and lupeol were admin-
istered on HT-29 cell culture and its effect was observed
after 24 and 48 h as shown in Fig. 3a, b. Under these
experimental conditions, the cells were photographed
using a microscope and cell viability was performed using
trypan blue analysis. The statistical analysis of cell viabil-
ity demonstrates that luteolin is better in inhibiting cell
growth at the lower dose compared to lectin and lupeol.
In pilot study, we observed luteolin was the best amongst
the compared drugs therefore; cell migration effect of
luteolin was performed via scratch assay as shown in
Fig. 3c, d and we observed that luteolin had the best effi-
cacy to inhibit the cell migration at 80 wM in 48 h. In
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summary, we can say that luteolin is better in inhibiting
angiogenesis, cell proliferation and cell migration.

Comparative analysis of potential target signaling
mechanism of biomolecules, luteolin, lectin and lupeol

We next investigated the target signaling molecule of
these biomolecule using software analysis. Studies have
demonstrated certain target sites for these biomolecules
but in order to get a broader view about the target sites
and decide future target sites; software analysis was per-
formed using PharmMapper. PharmMapper is a web
server for identifying the potential target candidates for a
given probe (drugs, natural products). It adopts an alter-
native approach of pharmacophore mapping for poten-
tial drug targets. It possesses highly efficient and robust
high-throughput mapping technique to identify target
candidates from the databases within a short period of
time. PharmMapper has been backed up by various data-
bases that involve TargetBank, DrugBank, BindingDB
and PDTD. PharmMapper accepts files in different for-
mats in Tripos Mol2 or MDL SDF (http://59.78.96.61/
pharmmapper/submit_file.php) that identifies best map-
ping poses and outputted top N potential drug targets
against all targets in PharmTargetDB. With the submis-
sion of new molecules, fit scores have been calculated
first, which is used to further calculate for normalized
fit score. Moreover, every fit score of a specific pharma-
cophore has been compared to the fit score matrix to
measure its score level among all the scores of the phar-
macophore to find the Z’-score that adds more statistical
meaning and confidence of comparison.

Table 2 of Fig. 1a enlists different potential downstream
targets for the biomolecules of our interest. Luteolin tar-
get is bFGFR, VEGF, HGFR, Caspase 3, MAPK14, hya-
luronatelyase and CDK6. The positive control retinoic
acid has MAPK1, Caspase 3, bFGFR1, VEGE, hyaluronate
lyase and CDK2 downstream target. The biomolecule
lupeol also has the target candidate listed as MAPKI10,
HGEFR, VEGE, hyaluronate lyase etc. The common tar-
get sites are VEGF, bFGFR1, HGEFR, caspase3 and CDK2.
Upon comparing the literature research output with the
predicted targets, we find intriguing correlation between
prediction and actual interest. Therefore, the best tar-
get site for future comparison can be VEGFR1, bFGFR1,
HGFR, caspase3 and CDK2.

ICGC pooled data demonstrate that VEGF ligand is
mutated in colon cancer tissues as shown in Table 3
of Fig. 1b. Hence the receptor of VEGF have been
screened for conserved sequence domain in VEGFR-
biomolecule(s) docking site.

These result suggests that one of the important target
molecule of these biomolecule is VEGF and its receptor.
Interestingly, VEGF ligand has been found to be mutated
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in colon cancer, indicating that VEGF is not only impor-
tant for tumour development and progression but it can
also act as a therapeutic target molecule for colon cancer.

Comparative analysis of protein-ligand docking affinity

of biomolecules, luteolin, lectin and lupeol with VEGF
Numerous studies have shown that VEGFR1 is a marker
for angiogenesis, therefore, the docking affinity of our
biomolecules of interest has been checked against the
VEGEF receptors in Fig. 4a. In this study protein-ligand,
docking was performed with the help of Molegro Virtual
Docker for predicting the possible protein-ligand inter-
actions (MVD).

To determine protein(VEGFR1)-ligand(Biomolecules)
docking, VEGFR1 protein (PDB id: 1VPF) was used as a
target molecule/macromolecule. Docking of target pro-
tein was performed with the four ligands namely; lupeol,
lectin, retinoic acid and luteolin. The docked poses were
analyzed individually, and the best pose was reported.
The interactions between the ligands and target protein
were represented pictorially. The final results of docking
were predicted after evaluating all the possible conforma-
tions/orientations of the given ligands within the binding
pocket of target protein in terms of the hydrogen bond
energy, steric interactions. Further, comparative analyses
of all the four ligands were carried out for the prediction
of ligand with the highest potency towards target protein.
Retinoic acid formed two hydrogen bonds with Cysteine
1018 residue of Target protein whereas; lupeol formed
two hydrogen bonds with Cysteine 912 and Glycine 915
residues. The overall interaction energy, including hydro-
gen bond energy was also low for these two ligands.
Though, lectin formed maximum number of hydrogen
bonds with the target protein, it also depicted highest
steric interactions but the overall interaction energy was
low. It was observed that luteolin formed seven hydrogen
bonds with the target protein at Ile1038, Val892, Glu878,
Cys1018, Argl02 and two bonds with Ile1019, the steric
interactions were less but the overall interaction energy
was highest for luteolin. Therefore, this study proposes
that luteolin has the highest inhibitory activity against
target protein in terms of binding efficiency as compared
to other three ligands that were used in this study.

As there are different types of VEGF receptors found on
tissues, hence multiple alignments have been performed
for the three VEGF receptors to check for the conserved
sequence at docking sites of the biomolecules. There-
fore, Sequence alignment has been done for VEGEFR.
The alignment shows conserved sequence at the dock-
ing sites as shown in Fig. 4b. As the docking sequence is
conserved between the receptors, hence luteolin can be a
good target for colon cancer therapy overcoming the has-
sles of non specific targeting.
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Fig. 2 A Structure, IUPAC name, physical properties and origin of Biomolecules in Table 1. B On the left-hand side, demonstrates CAM assay with
biomolecules like luteolin, lupeol and lectin. Table 1B on the right-hand side shows time dependent and concentration dependent CAM assay with
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Fig. 3 a Demonstrates concenteration dependent administration
of biomolecules on HT-29 cell while b shows the live cell at 60 wM. ¢
shows the cell migration assay via scratch assay

Discussion

In recent studies, several reports have been focused on
individual role of luteolin, lupeol and lectin in tumour
therapy but till date no study has compared these bio-
molecules. In this study, luteolin was found to be one of
the best inhibitors of angiogenesis as compared with lec-
tin and lupeol via CAM assay. In addition, Luteolin has
been found to be comparatively better in its anti-cancer-
ous effect as compared with lupeol and lectin as observed
from HT-29 cell culture, cell migration assay and docking
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with VEGFR1. The purpose of this study was to compare
the anti cancerous and anti-angiogenic role of biomol-
ecules and analyze the docking domain of these biomol-
ecules on the target site. Therefore, comparison analysis
of the biomolecules have illuminated new facts that may
contribute for future analysis.

To ensure the accuracy of comparison, quantitative
analysis of CAM assay, HT-29 cell culture assay and cell
migration assay has been done. Moreover another impor-
tant question about the size, origin and chemical struc-
ture of the biomolecules have been addressed in Fig. 2.
Due to the difference in the size of the biomolecules, it
is expected that the steric hindrance will be different.
Therefore, we compare a large protein versus small bio-
molecules for cancer therapy like luteolin, lupeol and
positive control retinoic acid. We find that in our study,
the large protein due to its size and steric hindrance
poses several problems in its anti-angiogenic effect
on CAM assay and docking with VEGE. Studies have
reported that small molecule due to its size is better in
permeabilization of the cell. Moreover in this study, the
smaller biomolecules like luteolin and lupeol are better in
inhibiting angiogenesis on CAM assay and docking with
VEGE. Amongst the two small biomolecule lupeol and
luteolin, luteolin has been found to be better in inhibit-
ing angiogenesis and VEGF docking. Irrespective of the
size of biomolecules, an obvious question arises about
the target of these biomolecules in signaling for cancer
progression.

Many reports demonstrates several target of these bio-
molecules but there is no platform where we can com-
pare the target of the biomolecule using a score. Hence a
software analysis has been used to predict the target site
of these biomolecules. Importantly, the predicted result
as shown in Fig. 1 demonstrates that the higher fit scores
for retinoic acid are for bFGF, VEGFR2, hyaluronatelyase,
MAPK and caspase 3. The higher fit scores for luteolin
are bFGFR, VEGFR2, CDK2/6, hyaluronatelyase and
MAPK14. The higher fit scores for lupeol are MAPKI10,
CDK2, HGFR, VEGFR2, hyaluoronate lyase. Several
reports have confirmed the target site of lectin as VEGEF,
HGE, MAPK, hyaluronic acid. Hence it can be deduced
that VEGE, HGE, MAPK and hyaluronate lyase can be a
common target molecule for these biomolecules.

The new identified targets for cancer therapy in future
using luteolin can be CDK2, CDK6, HGFR, MAPK14,
FGFE. Earlier reports demonstrated direct involvement
of luteolin with VEGF [22, 23]. It has been confirmed
both by prediction and actual reports that VEGFR have
role in tumour development and progression. This study
also confirms the mutated VEGF ligand in colorectal
cancer. We have chosen VEGFRI for docking analysis
of different biomolecules as VEGF has been confirmed
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(See figure on previous page.)

Fig. 4 a Demonstrates the structure of the biomolecule and structure of VEGFR1 along with the docking site of the biomolecule on VEGFR1
sequence. b Shows multiple alignment of VEGFRT, 2, 3 along with marked amino acid sequence for the biomolecules luteolin, lupeol and lectin.
Multiple sequence alignments of vascular endothelial growth factor receptors (VEGFR1, VEGFR2, VEGFR3): amino acid residues with similar nature
are highlighted with same colour. Further, active site residues of VEGFR1 identified upon docking with retinoic acid (V841,V892, C1018, C1039),
luteolin (E878,V891,V892, C1018,11019,H1020, R1021, 11038, D1040), Lupeol (L833,V841, A859, K861, E878,V909, Y911, C912,G915, L1029, D1040)
and lectin (D807, V841, K861,E878, 1881, 1885, H887,V891,V892,L1013,R1016,C1018, 11019, H1020, R1021, 11038, C1039, D1040, F1041, G1042, L1043)
are marked with pink, dark blue, dark green and purple colour arrows respectively

to be a positive regulator of angiogenesis. The fit score
for VEGER is highest for retinoic acid, known to inhibit
angiogenesis, which is followed by luteolin and lupeol for
its fit score. Therefore, this study demonstrates for the
first time that amongst the biomolecules comprising of
a large protein lectin and two small molecules, luteolin
and lupeol along with the positive control retinoic acid,
luteolin is better in inhibiting angiogenesis and docking
with VEGE. Therefore, future cancer therapy can target
signaling pathway with luteolin as compared with lupeol
and lectin.

The anti-cancerous property of luteolin is good in
HT-29 cells, but it is compromised in colon tumour cells.
It may be due to presence of multi drug resistant (MDR)
gene in colon cancer cells [24, 25].

Although, lectin has been reported to be anti-cancer-
ous [26-29], but it is a large molecule compared with
luteolin and lupeol. Luteolin and lupeol are small in size
and have demonstrated to be better in inhibiting angio-
genesis compared with lectin. Moreover, it has been
shown by others that luteolin alone, and in combination
with gefitinib or epigallocatechin-3-gallate [30, 31] can
inhibit another cancer but till date, nobody has shown
the comparative effects of luteolin, with lupeol or lectin
in colon cancer. Hence this manuscript is showing for the
first-time comparative anti-angiogenic effect of luteolin
with lupeol and lectin.

Conclusion

Therefore, we can conclude that our study addressed
a potentially important comparison criteria amongst
the biomolecules lectin, luteolin and lupeol, luteolin
has been found to be better in inhibiting angiogenesis
and docking with VEGF receptors. The receptors are
conserved at the docking sites, indicating that VEGF
receptors can be safely targeted for cancer therapy via
luteolin. Hence, it can be concluded that in future,
luteolin can be preferred over lectin and lupeol for
its anti-cancerous and anti-angiogenic property and
docking site of these biomolecules are conserved at
VEGER domain.
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