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Abstract

The intracellular Tau aggregates are known to be associated with Alzheimer’s disease. The
inhibition of Tau aggregation is an important strategy for screening of therapeutic molecules
in Alzheimer's disease. Various compounds of natural and synthetic origins have been
screened for the potency against Tau aggregation. The photo-excited dyes showed inhibitory
effect on amyloid protein aggregation and toxicity. In the present work, we studied the effect
of two acknowledged photosensitizers Toluidine Blue (TB) and Rose Bengal (RB) against Tau
aggregation. The aim of this work was to study the protective role of these dyes against Tau
aggregation and cytoskeleton modulations. The studies carried out with help of ThS
fluorescence, circular dichroism, and electron microscopy suggested that TB and RB
attenuated the in vitro Tau aggregation. Whereas, the PE-TB and PE-RB disaggregated the
mature Tau fibrils. In our studies, we observed that PE-RB and PE-TB Bengal modulated the
cytoskeleton network. The Neuro2a cells exposed to PE-RB and PE-TB were having
extended neurite, which indicated the modulation of tubulin network. Similarly, the treatment
of photo-excited dyes modulated actin structures in cells. Neuro2a cells exposed to PE-RB
and PE-TB had increased actin-rich filopodia and lamellipodia. The behavioural studies on
Drosophila transgenic models suggested that exposure to these dyes improved the longevity
and egg laying capacity of flies. Similarly the negative geotaxis assay suggested that flies
exposed to PE-RB and PE-TB were having improved locomorter function. The treatment of
PE-RB and PE-TB improved memory and learning of UAS E-14 Tau mutant of Drosophila.

Bacopa monnieri is a nootropic herb described in Ayurveda. In our work the ethanolic extract
of Bacopa monnieri was studied for its potency to inhibit Tau aggregation and rescue of
viability of Tau stressed cells. Bacopa monnieri was observed to inhibit the Tau aggregation
invitro. The cells exposed to Bacopa monnieri were also observed to have low level of ROS
and caspase-3 activity. The western blot and immunofluorescence analysis showed that the
Bacopa monnieri elevated the Nrf2 levels and downregulated phospho-Tau level in cells.
NUP358 are the key proteins involved in nuclear transport. It was observed that Bacopa
monnieri treatment restored NUP358 arrangement in formaldehyde stressed cells.

The overall results of our studies suggested that PE-TB and PE-RB have potency against Tau
aggregation and Tau-mediated toxicity. Whereas, Bacopa monnieri showed potency against
Tau phosphorylation and Tau aggregation. Hence these compounds could be considered for
further studies in treatment of Alzheimer’s disease.
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Introduction

Chapter 1
Introduction
1.1 Alzheimer’s disease and protein aggregation

Neurodegenerative disorders are characterized by progressive loss of neurons, memory
deprivation, language dysfunction, impaired problem solving, thinking skills, and motor nerves
dysfunction®. Parkinson’s disease, Huntington’s disease, Creutzfeldt - Jakob disease, Fronto-
temporal dementia, and Alzheimer’s disease are examples of neurodegenerative disorders?.
Neurodegenerative diseases have been reported to be associated with misfolding,
oligomerization, and accumulation of protein aggregates. The proteinaceous aggregates of a-
synuclein lead to the generation of Lewy bodies, which are considered a cause of the
progression of Parkinson’s disease®. Several studies suggest that mutation in the a-synuclein
gene leads to the familial Parkinson’s disease*. Similarly, the misfolded prion protein leads to
the generation of sporadic Prps¢, resulting in the Creutzfeldt-Jakob disease®. The tri nucleotide
disorder such as Huntington’s disease involves the aggregation of Huntingtin protein®.
Intracellular Tau aggregates and extracellular senile plaques are known to be the hallmarks
of Alzheimer’'s disease (AD). AD is the neurodegenerative disease characterized by
progressive memory loss and behavioural impairments. The major causes of AD include
genetic factors, acetyl choline imbalance and accumulation of protein aggregates. The genetic
factors of AD involve the multifactorial genetic dysfunction (APP, PS1, PS2, and TAU),
mutations in Presenilin 1 (PS1, and Presenilin 2 (PS2) genes considered to be primarily
involved in onset of familial AD. Similarly, the mutation in APOE4 gene is also considered as
a genetic cause of late-onset of AD”8. Apart from genetic factors, the imbalance of the
cholinergic system is considered to cause AD. Acetylcholine is one of the critical
neurotransmitters of central nervous system. Several studies have indicated that the
degeneration of cholinergic neurons leads to impairment in acetylcholine transport resulting in
dementia. The treatment of choline esterase inhibitors restores the acetylcholine level in
neurons, which is one of the therapeutic strategies for AD patients®. Among all these
suggested causes for AD, the accumulation of protein aggregates is the main
neuropathological feature of AD°. The extracellular senile plagues led to toxicity in neuronstt.
The action of gamma-secretase on amyloid precursor protein (APP) results in the formation
of amyloid B-42 (AB-42) peptides, leading to accumulation of extracellular senile plagues. The
impaired clearance of APP from cells leads to the generation of AB-42 peptides. The
accumulation of AB results in the formation of heterogeneous population of oligomers and
proto filaments, which ultimately accumulate, as extracellular AR fibrils'>. The AB-42
aggregates induce neurotoxicity in various manners viz, generation of oxidative stress,
induction of caspase activity, loss of synaptic function and induction of several kinases®.
Similarly, another protein involved in AD is Tau, which stabilizes the microtubules. In the
pathological state, Tau detaches from the microtubules and leads to the formation of
intracellular neurofibrillary tangle NFTs (Fig. 1)“.

1.2 Tau protein

Tau protein maintains the assemblies and stability of microtubules. The TAU gene is present
at chromosome 17921, which results in the generation of six isoforms by alternative splicing.
This initial 120 amino acid residue long region of Tau has an acidic character. The microtubule-
binding region has basic charge on it. On the contrary 40 residues of carboxyl-terminal have
a neutral charge overall Tau protein is basic charge protein. The 90 amino acid extended
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region adjacent to the repeat region (150-240 AA) contains proline motifs which are known to
be the target of various proline-directed Ser/Thr kinases®.

Dendrite/

Dendritic Tau

Tau protects DNA
from degradation

Figure 1. The physiological role of Tau. Tau protein associates with microtubules which aids to maintain the stability
of microtubules. Tau is known to be localized in the axonal cytoplasm, but the presence of Tau in the dendrites is
reported. The role of nuclear Tau is still needs to be studied but preliminary studies have suggested the role of nuclear
Tau in the maintenance of DNA stability and DNA repair.

The four repeat region (244-368), which is mainly responsible for its aggregation. VQIINK in R2
and VQIVYK of R3 are the sequences that initiates Tau aggregation. Under physiological
conditions, Tau stabilizes the protein, but in diseased state Tau undergoes several post-
translational modifications such as phosphorylation, glycation, glycosylation, and ubiquitination,
which lead to the pathological Tau species!®. Among all PTMs of Tau phosphorylation is the
principle cause, which leads to Tau aggregation. Studies addition of phosphate leads to charge
compensation on Tau protein, which induces its aggregation (Fig. 2)'’. Tau is a natively unfolded
and dynamic protein, due to its hydrophilicity the Tau does not acquire any tertiary structure. The
FTIR and CD spectroscopy evidenced that the Tau aggregates have B-sheet-rich structure'®. Tau
is predominantly an axonal protein, but the studies have also suggested the presence of dendritic
Tau. Tau is considered as majorly localized in the cytoplasm, but presence of nuclear Tau is also
being evidenced. Nuclear Tau is known to protect DNA from degradation by involving DNA
damage response'®. The nuclear Tau is associated with chromosome relaxation, although the
mechanism is yet to be explained 2.

Under pathological conditions, Tau detaches from microtubules and form heterogeneous
oligomers. These oligomers further form proto-filaments, which ultimately result in paired helical
filaments (PHFs)2.
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Figure 2. The domain organization of natively unfolded Tau. The 441 amino acid long full-length Tau has two
domains, the projection domain and microtubule-binding domain. Further, the microtubule-binding domain has 4 repeat
region, which is considered to be responsible for Tau aggregation. The proline-rich region and repeat region have
several site(s) prone for various post-translational modifications e.g. phosphorylation. The alternative splicing of the
Tau gene led to the generation of six different Tau isomers.

In addition to AD, several other diseases such as progressive supranuclear palsy, corticobasal
syndrome, pick’'s disease, and chronic traumatic encephalopathy are also known to be
associated with Tau, which are cumulatively termed as Tauopathies??. The post-translational
modifications e.g. phosphorylation are known to be associated with Tau pathology. Tau protein
has several sites, which are phosphorylated by various Tau specific kinases. Some kinases have
a serine/threonine kinase activity, while others target tyrosine?*. GSK-3p and CDK5 are the key
Ser/Thr kinases, while Src family kinases (SFKs), FYN, and the ABL family kinases
phosphorylate tyrosine?*. Tau aggregates are involved in generation of various neuronal
dysfunctions. The presence of intracellular Tau aggregates lead to the generation of oxidative
stress in cells leading to neurotoxicity?>. The presence of Tau aggregates is known to initiate
neuroinflammation?. Neurodegenerative disorders have been associated with impaired
nucleocytoplasmic transport. The transport of transcription factors and Ran gradient across the
nucleus and the arrangement of nucleoporins are known to be disturbed in case of
neurodegenerative diseases. The recent studies have suggested that Tau protein disrupts the
nucleocytoplasmic transport by interfering with Ran protein transport 2’.Thus, Tau protein is
involved in various neuronal impairment it is considered as a prime target for studying several
therapeutic strategies against AD (Fig. 3).

1.3 Tau aggregation inhibitors

The pathology of AD is closely associated with Tau aggregation, various molecules have been
screened for their potency to inhibit Tau aggregation. The Tau aggregation inhibitors include the
molecules extracted from a natural sources as well as synthetic origin .
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Figure 3. The pathological role of Tau. Under pathological conditions, Tau detaches from microtubules and self-
aggregates to form intracellular aggregates. These aggregates led to the generation of various neuronal impairments.
The detachment of Tau from the microtubule result in the destabilization of microtubules which causes various
cytoskeletal deformities. Ran and Nups play a crucial role in nucleocytoplasmic transport. The presence of Tau
aggregates reduced the Ran level and disrupted the arrangement of Nups. Tau aggregates increase the oxidative
stress in neuron and lead to dysfunction of the mitochondrial electron transport chain.

The Curcumin is a polyphenol extracted from the roots of Curcuma Longa, the studies suggested
that Curcumin disintegrates the Tau fibrils and oligomers formation. Curcumin is known to inhibit
the B- sheet formation during the initial stages of Tau aggregation. Furthermore, the
Cinnamaldehyde, isolated from Cinnamonium zeylanicum is known to inhibit Tau aggregation.
The polyphenolic extract of grape seed disaggregated Tau fibres leading to reduction in
neurotoxicity?. In recent studies in our lab, the limonoids nimbin and salannin extracted from
Azadirachta indica inhibit in-vitro Tau aggregation®°. Further the limonoids including gedunin,
epoxyazadiradione, azadirone and azadiradione observed to have potency in inhibiting Tau
aggregation. These limonoids affected the proteastasis by modulating the Hsp 70 level in cells®.
The quinone derivatives such as the anthraquinones, daunorubicin and adriamycin isolated from
the bacterium Streptomyces peucetius are also reported to dissolve the Tau fibrils®2. The
flavonoid Baicalein (5,6,7-trinydroxyflavone) isolated from the roots of Scutellaria baicalensis is
known to inhibit the Tau fibrillization. The studies suggest that Baicalein sequesters the
oligomers, ultimately leading to a reduction in Tau aggregation®®. Epigallocatechin gallate
(EGCQG) is the polyphenol isolated from green tea is known to inhibit the formation of toxic
oligomers of K18AK280 Tau. The biochemical, biophysical, and docking studies revealed that
EGCG interact(s) with Tau leading to modulation of its aggregation potency**. The compounds
of synthetic origins are also have potency against Tau aggregation
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B4AD5 and B4A1l are the N-phenylamine-derived compounds that are known to inhibit Tau
aggregation. The organometallic compounds such as porphyrins are known to inhibit Tau
aggregation. The cobalt-based metal complexes are reported to inhibit Tau aggregation; studies
have also suggested that these metal complexes reduce the okadiadic acid-induced
phosphorylation of Tau in neuronal cells®*. Mehtylene blue (MB) was observed to have potency
to attenuate the Tau assembly. Along with MB, perhenazine, thionin and quinaxoline also
reported to inhibit Tau aggregation®®. Thiazole and hydrazine-containing structure BSC3094 has
shown potency against Tau aggregation with a DC of 0.7 uM?® (Fig. 4).

P

Tau oligomer Paired helical filaments

—
Tau

_

Compounds of natural origin |

Compounds of synthetic origin | Hormonal therapy

| Limanoids EGCG | Caffeine Peptidomimetics || Metal-based compounds Oestrogen || Melatonin
procynadine || Curcumin ‘ DK280tauRD ‘ | PE859
Quinone
Paclitaxcel || Baicalein| derivative Toluidine Blue Methylene blue,
AzurA, AzurB
Ashwagandha || TanshinonelAA

| Cinnamaldehyde Ginsenoside |

Figure 4. The screening of Tau aggregation inhibitors. Various studies have been carried out for screening of Tau
aggregation inhibitors. Tau aggregation inhibitors contain compounds of natural origin, which have various alkaloids,
phenols, polyphenols etc. The synthetic Tau inhibitors have peptidomimetics, dyes and metal-based compounds.
Hormonal therapy is also found to be effective for the inhibition of Tau aggregation.

1.4 The introduction to Photodynamic therapy
1.4.1 The principle of Photodynamic therapy

Photodynamic therapy (photo+dynamic therapy) (PDT), involves the application of photo-excited
molecules to the target. The two step mechanism of PDT includes absorption of light by the
photosensitizer as first step followed by the transfer of energy by the excited state of
photosensitizer molecule to the molecular oxygen. In the first step the photosensitizer acquires
the excited state by absorption of light energy. As this high energy state is short lived the singlet
state gets converted to triplet state via a process known as “intersystem crossing”. This triplet
state having more half-life participates in two types of reaction called as type | and type Il reaction.
In type | reaction, it reacts with a substrate and molecular oxygen to form free radicals. In type 2
reaction, the triplet state transfers it’s energy to oxygen directly and converts it into a singlet state
(Fig. 5)*83°. The application of light as therapy was used from ancient times. In the modern era,
the process of PDT was first examined in 1898%. Furthermore, in 1904 the significance of singlet
oxygen in PDT was established and the term “photodynamic therapy” was introduced**. The first
clinical approval for PDT was done in 1993, and since then, PDT has emerged as a promising
therapy for the treatment of various disorders*.
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Figure 5. The introduction to Photodynamic therapy (PDT). PDT involves the application of photo-excited dyes
against target tissues. The main components of PDT involve light source, photo-sensitive molecules and dark chamber.
The exposure of photo-excited dyes to AR fibrils results in disintegration of Ap aggregates. The PDT has been observed
to be effective in disintegrating the AD-related A fibrils.

1.4.2 The introduction to Photosensitizers

The light-sensitive molecules used for PDT are termed photosensitizers (PS)*:. Various light-
sensitive molecules have been reported in the literature but the ideal PSs should have properties
such as-

High quantum vyield: The PSs should produce high singlet oxygen species, which lead
administration of lower doses of PSs.

Target specificity: The PS should target-specific, application of PSs must not have any adverse
effect on surrounding healthy tissues.

Minimum dark toxicity: The toxicity generated by non-photo-excited PS is known as dark
toxicity. The PS should not have any adverse effect on cell viability in un-excited form.

Rapid clearance from the body: One of the important aspects of the choice of PS is the
retention time in the body. The PS should be excreted from the body without causing any side
effect.

Availability and cost effective: The molecules are chosen as PS should be easy to synthesize,
and the cost of preparation should be low.

The first-generation PSs have several drawbacks such as low quantum yield, dark toxicity and
less specify**. To resolve these issues, second and third-generation PSs were introduced. The
second-generation PSs mainly include porphyrin-derived compounds such as benzoporphyrins,
purpurins, texaphyrins, phthalocyanines, naphthalocyanines, and protoporphyrin IX (PpIX)*. The
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porphyrin compounds such as meta-tetra(hydroxyphenyl) porphyrin, the meta isomer of
5,10,15,20-tetra(hydroxyphenyl)porphyrin, and 5,10,15,20-tetrakis(4-sulfanatophenyl)-21H,
23H-porphyrin (TPPS4) are the second-generation photosensitizers*®4’. The second-generation
PSs include some non-porphyrin compounds belonging to anthraquinones, phenothiazine,
xanthene, cyanine, and curcuminoids*. Phenothiazine dyes including Methylene Blue and
Toluidine Blue have Anaxat 666 nm and 630 nm respectively. The cationic dye TB is known to
have a high affinity for sulphates, carboxylates, and phosphate radicals of mammalian tissues,
hence it's being widely used for histological purpose*®. TB has a phenothiazine structure, which
imparts the property of photo-excitation. The potency of photo-excited TB has been reported
against pathological microbes such as Candida albicans, Pseudomonas aeruginosa,
Acinetobacter baumannii and Staphylococcus epidermidis®®®?. Rose Bengal is another
photosensitizer belonging to xanthene dye. Chemically Rose Bengal is widely used as
fluorochrome and a histological dye. The dye is readily soluble in water and have a molecular
mass of 973.67 g/molecular mass. Rose Bengal is known to have the potency of photo-excitation
at Amax Of 546 nm. Rose Bengal has been known for the inhibitory properties against several
carcinoma and microbial infections. Silica nanoparticles decorated with Rose Bengal is reported
to inactivate the methicillin-resistant Staphylococcus aureus®. The gold nanorods conjugated
with Rose Bengal have been proven to be effective against the oral carcinoma®*. The treatment
of photo-excited Rose Bengal was observed to inhibit the Pseudomonas aeruginosa keratitis
isolates®.  Several compounds belonging to the chlorin family have been applied as
photosensitizer. Meta-tetra (hydroxyphenyl)chlorin, tin ethyl etiopurpurin, N-aspartyl chlorin e6
are the examples of chlorin-based photosensitizer isolated from chlorophyll A7, Pheophorbides
are another class of pyrrole-based photosensitizer, which is also derived from chlorophyll®.
WST09 and WST11 are the bacterial origin pyrrole-based photosensitizer-derived from
bacteriochlorophyll A%®. The recent studies instructed the development of third-generation of
photosensitizers, which include PSs immobilized on nanoparticles. Chlorin E6
(Ce6)+nanoparticles, Gold-Nanoclustered Hyaluronan Nano-Assemblies, Ce6+tumor-targeting
nanogel, Ce6+ChitoUDCA nanoparticles are the examples of some of the emerging third-
generation PSs, which showed appreciable potency against various cancerous cells®6!, The
combinatorial therapy using PSs is emerging as a promising therapeutic strategy (Table 1). The
platihnum (IV) complex-based prodrug monomer (PPM) and 2-methacryloyloxy ethyl
phosphorylcholine (MPC), improved the drug delivery and assisted in resolving the challenge of
multidrug resistance in tumours®?. Similarly, the doxorubicin and chlorin €6 Dox@MSNs-Ce6
complex loaded on silica nanoparticles was found to have imposed potency of drug®. Hence, the
application of PSs is emerging as potential strategy for treatment.

1.4.3 Dyes in diagnhosis and therapeutics against neurodegenerative disease

The application of dyes for the diagnosis of Tau aggregation is considered to be a sensitive,
reliable technique. Congo red and it's derivative (trans,trans)-1-fluoro-2,5-bis(3-hydroxycarbonyl
4-hydroxy) styrylbenzene (FSB) were used to detect the Tau aggregates in animal models such
as P301S Tau transgenic mice. The curcumin derived near-infrared fluorescent probes (NIRF)
(4-dimethylamino-2,6-dimethoxy)phenyl that alters its colour after conjugating with Tau®*
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Table 1.
S.No. | Name of Target Year of Clinical approval
photosensitizer
1. Photofrin Head and neck carcinoma and | 1993 in Canada, 1995 in
lung cancer USA, 1998 in UK
2. Temoporfin Oesophageal cancer 2001 in China
3. Talaporfin Lung cancer 2003 in Japan
4. Chlorin e6 Ladder cancer 2006 in Russia
5. ALA Brain tumour 2017
6. Padeliporfin Prostate cancer 2018 in Mexico

Table 1. The clinically approved photosensitizers and their application. (Adapted from Dubey, T and Chinnathambi,
S; Small GTPase, 2021)

Similarly, isobutyl-substituted difluoroboron B-ketonate with a 1r-conjugated 1,4-butadienyl
linker is a Tau-specific NIRF used for diagnosis of Tau aggregates®*. 1,7-Bis(4’-hydroxy-3’-
trifluoromethoxyphenyl)-4-methoxycarbonylethyl-1,6-heptadiene-3,5-dione(FMeC1),
CARNAD -58, CARNAD-28, CARNAD-3, BMAOI-14 are examples of some curcumin-derived
fluorescence probes, which are specific for AR aggregates®. One of the derivatives of BODIPY
,’Quinoxaline”, is known to emit fluorescence after binding to Tau fibrils®. Crystal violet,
Hoffman’s violet, Methyl green, Toluidine blue are examples of dyes, which change colour
upon binding to the protein aggregates®®. The binding of Thioflavin S and Thioflavin T lead to
restriction in their rotational freedom, which results in the generation of elevated fluorescence.
Hence, these dyes are proved to be an essential tool in tracing the protein aggregation3*66,
Coumarin-quinoline (CQ) has an affinity for AR and Tau aggregate, the CQ has the potency
to cross blood-brain-barrier, which facilitates the in vivo diagnosis of Tau and AR aggregate®.
Indocyanine green and IR-780 are cyanine-based dyes, which have the potency to bind the
extracellular AB plaques®”’.

Various classes of dyes have been known to be effective against Tau/AB aggregation and
their pathology. In recent years, the tricyclic phenothiazine dye Methylene Blue (MB) has been
studied extensively for its potency against Tau aggregation and Tau-mediated neurotoxicity®®.
The treatment of MB downregulated the activity of MARK4/PAR1, which ultimately results in
the reduction of Tau phosphorylation and Tau toxicity®®. The N-demethylated derivatives of
MB azure A and azure B are known to be effective against Tau aggregation. The azure A and
azure B crosslink C291 and C322, which attenuated the Tau aggregation’®. However, it was
observed that MB inhibited the formation of long fibrils of Tau, whereas Tau oligomers were
not affected by MB"%. The in vivo studies supported the potency of MB against Tauopathy.
The administration of MB to Transgenic mice expressing full-length human Tau (2N4R Tau-
AK280, termed Tau?X) improves their cognitive behaviours’>”®. Furthermore, the in vivo
studies indicated that cyanine dye 3,3'-diethyl-9-methyl-thiacarbocyanine iodide (C11)
modulated the Tau aggregation in transgenic mice model . The xanthene dye Erythrosine B
(ER) treatment attenuated the in vitro aggregation of AB, ER reduced the AB-mediated
cytotoxicity of neuroblastoma cells SH-SY5Y cells”. The natural dye Haematoxylin which
extracted from Caesalpinia sappan, potentially inhibited AR fibrillization’®. The inhibition of AR
fibrillization was resulted from the interaction of dye with AR at N-terminal region, S8GY10
region, turn region, and C-terminal region via hydrogen bonding. Curcumin is reported to
attenuate the aggregation of AR and Tau’’. Curcumin downregulates the Tau-mediated
toxicity in various aspects, studies suggested that treatment of curcumin inhibited the
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oligomerization of Tau protein and modulated the phosphorylation of Tau that ultimately
resulted in reduction of Tau-mediated neurotoxicity’®. Hence the recent studies suggested that
dyes could be considered as a potent therapeutic molecules against Tau aggregation.

1.4.4 Photo-excited dyes: novel approach against AD

The advancements in field of PDT are widening the probability of application photo-excited
dyes. The studies have indicated the potency of photo-excited dyes against the AD-related
protein aggregates. The AP aggregates are neurotoxic, recent results have supported the
concept of disintegration of AB fibrils via photo-excited dyes’®. The photo-excited xanthene
dye Rose Bengal attenuated the in vitro aggregation of monomeric AB and conformational
transition in AR secondary structures. The exposure of PE-RB reduced the degree of toxicity
in the AB stressed PC-12 cells®. Similarly, the micelle prepared by coating with Chlorin e6
and Tanshinone irradiated with 655 nm light disintegrated the mature A fibrils and reduced
the AB-mediated toxicity &. The treatment of photo-excited ThT attenuated aggregation of AR
by oxidizing Y10, H13, H14, and M35 amino acids of AR which resulting in the reduction of
aggregation rate®. The photo-excited MB disintegrated the A fibrils in-vitro; in vivo studies
indicated that PE-MB modulated the neuromuscular junction in Drosophila®?. The preliminary
studies suggested that photo-excited dyes could have potency against AD- related pathology.

1.5 Ayurveda and its role in neuroprotection
1.5.1 Introduction to Ayruveda

Ayurveda is considered to be one of the ancient science for therapeutic practices. The
philosophy of Ayurveda deals with the improvement of human health by the application of
natural resources. “Ayur ” is a word representing life, and veda represents science or
knowledge, hence the word Ayurveda has meaning the science for the improvement of life.
The three principle braches of Ayurveda are “Roga Vigyan” (the science of diseases), “Vikriti
vigyan” (the science of disease process), Chikitsa vigyan (science of therapeutics). The
Ayurveda is divided in eight divisions viz, Kayacikitsa (medicine), Salakya (dealing with
diseases of the supra-clavicular region), Salyapahartrka (dealing with extraction of foreign
bodies), Visagara Vairodhika-Prasamana (dealing with alleviation of poisons, artificial poisons
and toxic symptoms due to intake of antagonistic substances), Bhutavidya (dealing with spirits
or organisms),Kaumarabhrtya (Pediatrics), Rasayana (dealing with promotive measures) and
Vajikarana (dealing with aphrodisiacs)®. Ayurvedic medicines mainly involves polyherbal
formulations. The collection of medicinal herbs is a very important event in the preparation of
medicines. The various formulations include “Asava”, which is synthesized by fermentation of
fresh herbal extracts,” Kwath “, synthesized by boiling the herbs and collecting the decoction.
“Vati”, is polyherbal the formulation in form of tablet and churna means powdered form of
herbs, “Bhasma” is the fine power subjected to high temperature. In recent years modern
analytical techniques such as TLC, HPLC, HPLC-MS, GC-MS, NMR etc., have been used for
the chemical profiling of Ayurvedic formulations. The Ayurvedic formulations are characterized
on the basis of the mechanism of action. The naimittika rasayana is the formulation for
improvement of general weakness, vajikarana rasayana is for the improvement of vitality and
vigour, pranakamya rasayana improves the vitality and longevity, shrirasayana is prepared for
skin disorders, while “medhya rasayana” is for the improvement of neuronal health of a person.

(Fig. 6).
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Figure 6. Introduction to Ayurveda. The Ayurveda is a traditional medicinal system which includes therapeutic
application of natural resources. The imbalance of three components (Dosha) of body viz, vata, pitta and kapha led
to generation of diseased condition. The mental health and neurological disorders are believed to be related to
imbalance of “Vata” component. Various herbal formulations have been prescribed in Ayurveda which are known to
have neuroprotective properties. These formulations include Asav, kwath, vati and chruna which are administered
based on the disease symptoms.

1.5.2 Neuroprotective herbs in Ayruveda

Various herbs have been suggested in Ayurveda for the treatment of memory and cognitive
disorders. Convolvulus pluricaulis is a perineal creeping plant belonging to the family
Convolvulaceae. Traditionally C. pluricaulis has been given in various formulation for treatment
of anxiety, memory loss and cognitive disorders. Recent studies have supported the
neuroprotective property of C. pluricaulis. The methanolic extract of C. pluricaulis leaves
showed neuroprotective property in 3-Nitropropionic acid (3-NP) stressed rat model®*. The
treatment of methanolic extract of C. pluricaulis, reduced the malondialdehyde, nitrite levels and
restored the activity of antioxidant enzymes e.g. superoxide dismutase, which indicated the
antioxidant property of C. pluricaulis®®. The active components of C. pluricaulis such as
scopoletin, ayapanin and scopolin were observed to ameliorate the scopolamine-induced
amnesia in mice®. The administration of C. pluricaulis extract modulated the synaptic plasticity
in hippocampus, which resulted in improving the memory of mice®’. Thus, the studies indicated
C. pluricaulis has a neuroprotective property.

Withania somnifera, commonly known as “Ashwagandha” or Indian Ginseng is the evergreen
shrub belonging to solanaceae family. Traditionally, W. somnifera is widely prescribed for the
treatment of mental stress, general weakness, diarrhoea, anxiety and depression. The studies
have demonstrated the various aspects of the neuroprotective property of W. somnifera. The
ethanolic extract of W. somnifera showed the inhibition of pro-inflammatory enzymes
lipoxygenase and cyclooxygenases®®. The oral dose of “Withanone”, a bioactive component of
W. somnifera, improved memory and cognition in old wistar rats by inhibiting the AB
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aggregation. Similarly, the extract of W. somnifera showed neuroprotective activity in 6-
Hydroxydopamine (6-OHDA) stressed rats. 6-OHDA elevated the oxidative stress resulting in
generation of Parkinson’s disease-like symptoms. The oral administration of W. somnifera to 6-
OHDA stressed rats, restored the glutathione peroxidase, superoxide dismutase and catalase
activity and attenuated the lipid peroxidation in rat brain®. Thus, the recent studies clearly
advocated the neuroprotective property of W. somnifera.

Centella asiatica (CA) is another essential herb that is considered to be neurotonic. C. asiatica
is commonly known as “Gotu kola”, “mandukparni” and jalbrahmi. It has been used from
ancient times for the treatment of neuronal disorders, skin diseases, diarrhoea, fever,
genitourinary disorders. C. asiatica is a creeping plant belongs to Umbellifere family, which is
found in marshy areas throughout India®. The administration of C. asiatica extract rescues the
wistar rats from colchicine-mediated memory impairment and oxidative stress®'. The PSAPP
mice bearing M146L presenilin 1 mutations, results in spontaneous aggregation of AR in brain.
The administration of C. asiatica extract modulated the A aggregation and ROS generation in
mice brain®2. Moreover, C. asiatica extract reduced AB-mediated toxicity in PC-12 cells *3.

Curcuma longa, has a significance in diet as well as in medicines, The Curcuma longa is known
for its anti-bacterial, analgesic, antipyretic and neuroprotective property®*. Curcumin is the
participle bioactive component of Curcuma longa, the bright yellow coloured compound
curcumin is chemically a diarylheptanoid®®. The neuroprotective role of curcumin has been
extensively studied in recent years. Curcumin was observed to inhibit the aggregation of AB in
vitro and in vivo. Additionally the administration of curcumin reduced the senile plaques
formation in Tg2576 mice brain®.

Nardostachys jatamansi or “Jatamansi”, is a plant found on higher altitudes in India. The plant
belongs to Caprifoliaceae family and the rhizome is considered to have the medicinal property.
Jatamansinol is an active component of N.jatamansi, the treatment of jatamansinol inhibited the
GSK-3pB activity and acetylecholine esterase activity, which are known to be involved in AD-
related pathogenesis®’. Similarly, the administration of extract of N.jatamansi rescued the rats
from the cognitive impaired in streptozotocin (STZ) and selenium stressed rats®®. The
antioxidant enzymes such as glutathione peroxidase, glutathione-S-transferase and catalase
were also observed to be elevated after treatment of N.jatmansi extract. The extract of
N.jatamansi was also found to rescue the memory impairments in Parkinson’s disease model
of rats stressed with Haloperidol and 6-hydroxydopamine®.

1.5.3 Bacopa monnieri: Nootropic herb in Ayurveda

Bacopa monnieri or “Brahmi” is the well-known neuroprotective herb in Ayurveda. B.monnieri is
a creeper plant mainly found in marshy and damp area. B.monnieri has been recognized as
‘medhya rasayana” in Ayurveda, which means the medicine for improvement of neuronal
health!®, An illustrative characterization of the chemical constituents of B.monnieri has been
carried out in various studies. The main constituents of B.monnieri include alkaloids such as
“Brahmine”, Nicotine and Herpestine. The dammarane type titrerpanoids saponins such as
Bacoside A [3-(a-L-arabinopyronsyl)-O-B-D-glucopyronaside, 20-dihydraoxy-16-keto-dammar-
24-ene] is considered as a major bioactive component of Bacopa monnieri. The glycoside
component of Brahmi extract contain chemicals such as pseudojujubogenin, which is
chemically identified as 3-O-[a-1-arabinofuranosyl (1-2) B-d-glucopyranosyl]. A, phenylethanoid
glycoside,  3,4-dihydroxyphenylethyl  alcohol (2-O-ferulolyl)-B-D-glucopyronoside and
phenylethyl alcohol [5-O-p-hyroxy-benzoyl-B-D-apifuranosyl-(1-2)-8-D-glucopyranoside. The
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principle bioactive compounds “Bacoside A” and ‘Bacoside B” have been studied extensively
for their neuroprotective property.

1.5.4 The neuroprotective property of Bacopa monnieri

The reactive oxygen species are the oxygen radicles having short life span and high reactivity.
Accumulation of ROS in cells led to generation of oxidative stress, which ultimately results in
several cellular dysfunctions. B. monnieri is known to have antioxidant property, which is
evidenced by several studies. The administration of B. monnieri is known to increase the level
of antioxidant enzymes as SOD in the rat brain'®t. The colchicine is known to induced dementia
via increasing the oxidative stress in brain, the treatment of B. monnieri extract reduced the
ROS and NO levels in the rat brain!®2, The methanolic extract of B. monnieri protected the
neuroblastoma cells against H,O.-mediated oxidative stress'®®. The oral administration of
B.monnieri reduced the ROS load in streptozotocin-induced diabetic mouse by modulating the
activity of SOD, glutathione peroxidase®. It was observed the treatment of B.monnieri elevated
the levels of Nrf2 in okadaic acid treated wistar rats, which assist in reducing the ROS%. The
reactive nitrogen species also result in generation of neurotoxicity. Thus all the studies clearly
supported the fact the B.monnieri could be considered as antioxidant herb.

The earlier studies have supported the protective role of B.monnieri again various aspects of
neurodegeneration. Although the potency of B.monnieri has not been studies against Tau-
mediated toxicity. Thus, we aimed to study the effect of B.monnieri extract against Tau
aggregation, Tau phosphorylation and Tau mediated toxicity (Fig. 7).

Activated
Microglia

Microtubule - associated

Tau protein \
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Figure 7. The nootropic property of Bacopa monnieri. Bacopa monnieri is considered to be a heuroprotective herbs
science ancient times. In recent years, studies have proved the neuroprotective property of Bacopa monnieri. The
treatment of Bacopa monnieri reduced the oxidative stress in cells and upregulated the antioxidant machinery of cells.
The inflammatory cytokines were also downregulated after the treatment of Bacopa monnieri. The AR aggregates led
to the generation of AD pathology, Bacopa monnieri treatment disintegrated the AB aggregates.
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The PD model of flies expressing a-synuclein were fed with various concentrations of
B.monnieri extract. It was observed the administration of B. monnieri improved the locomotor
and behavioural deformities in flies'. Similarly, the treatment of B. monnieri extract improved
the tyrosine hydroxylase activity in MPTP-induced Swiss albino mice'®’. Similarly, the treatment
of B.monnieri extract reduced the aggregation of a-synuclein in 6-hydroxy dopamine stressed
C.elegans; a transgenic model expressing “human” alpha synuclein!®®. The neuroprotective
action of B.monnieri was also studied in context of potency to attenuate the aggregation of AB.
The studies suggested that B.monnieri extract rescued the primary cortical neurons from A
mediated neurotoxicity. Ethylcholine aziridinium ion (AF64A) has high affinity for choline
receptors and induces AD like symptoms. The oral administration of B.monnieri extract to AF64
stress wistar rats reduced the loss of cholinergic neurons and improved the cognitive function,
The active component of B.monnieri also inhibited the aggregation of Af, Bacoside A inhibited
the Ap fibril formation and reduced the cytotoxicity*°.
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Aims of the Study

AD is a progressive type of dementia, the aggregates of microtubule-associated protein Tau
are one of the AD’s hallmarks. The presence of Tau aggregates led to the generation of
various cellular dysfunctions such as ROS production, reduced cell viability, cytoskeletal
deformities, impaired nucleocytoplasmic transport etc. Phosphorylation is one of the main
PTM which is reported to be closely associated with Tau pathology. The kinase such as GSK-
3B phosphorylated Tau at various positions leading to generation Tau pathology. In our work,
we focussed on studying the potency of photo-excited dyes (Rose Bengal/Toluidine Blue)
against various aspects of Tau aggregation. Another aspect of our study was to check the
effect of ethanolic extract of Bacopa monnieri against Tau aggregation, Tau phosphorylation,
Tau-mediated toxicity and oxidative stress. Our work aims to study the role of photo-excited
dyes and Ayurvedic extracts against Tau aggregation. The specific aims are,

To study the role of Toluidine blue and photo-excited Toluidine blue against Tau aggregation
and preformed fibrils.

Studying the role of Rose Bengal and photo-excited Rose Bengal against Tau aggregation.

Studying the effect of Bacopa monnieri against invitro Tau aggregation and mature Tau
aggregates. Understanding the role of Bacopa monnieri in the modulation of nuclear
transport and Tau phosphorylation.
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Chapter 2

Materials and methods

2.1.1 List of chemicals and cell growth media

Materials and Methods

Sr. No | Chemical/Reagent/Media Company
1. 3-(4, 5-dimethylthiazol-2-yl)-2, Sigma
5-diphenyltetrazolium bromide (MTT reagent)
2. 4' 6-diamidino-2-phenylindole (DAPI reagent) | ThemoFisher Scientific
3. 8-Anilinonaphthalene-1-sulfonic acid (ANS | Sigma
dye)
4. Acrylamide Invitrogen
5. Advanced DMEM F12 Invitrogen
6. Agarose Invitrogen
7. Ammonium acetate MP Biomedicals
8. Ammonium persulphate (APS) MP Biomedicals
9. Ampicillin MP Biomedicals
10. BES Sigma
11. Bicinchoninic acid Sigma
12. Bis-acrylamide Invitrogen
13. Bovine Serum Albumin (BSA std) Sigma
14. Bradford Reagent Bio-Rad
15. Bromophenol blue MP Biomedicals
16. Calcium chloride dihydrate Sigma
17. Clarity™ Western ECL Substrate Bio-Rad
18. Coomassie brilliant blue R-250 MP Biomedicals
19. Copper sulfate (1) Sigma
20. Dimethyl sulfoxide (DMSO) Life Tech /MP biomedicals
21. Dithiothretol Calbiochem
22. Dulbecco's Modified Eagle Medium (DMEM) | Invitrogen
23. EnzChek™ Caspase-3 Assay Kit Thermo Scientific
24. Ethanol MP Biomedicals
25. Ethylene glycol tetraacetate (EGTA) MP Biomedicals
26. Fetal Bovine Serum Thermo Fisher
27. Formaldehyde MP Biomedicals
28. Gel Loading Dye (6X) (For DNA) New England Biolabs
29. Glacial acetic acid MP Biomedicals
30. Glycerol MP Biomedicals
31. Glycine Invitrogen
32. Heparin (MW~17500 Da) MP Biomedicals
33. Horse serum Invitrogen
34. IPTG MP Biomedicals
35. Isopropanol MP Biomedicals
36. Lactate dehydrogenase release assay kit Thermo Scientific
37. L-glutamine Invitrogen
38. LB Broth Invitrogen/HiMedia
39. LB Agar Invitrogen
40. Magnesium chloride hexahydrate MP Biomedicals
41. MES hydrate Sigma
42. Methanol MP Biomedicals
43. Penicillin-Streptomycin Invitrogen
44. Polysorbate 20 MP Biomedicals
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45, Polyvinylidene fluoride membrane Merck Milipore
46. Potassium acetate MP Biomedicals
47. Potassium chloride MP Biomedicals
48. Potassium phosphate dibasic trinydrate MP Biomedicals
49, Potassium phosphate dibasic trihydrate MP Biomedicals
50. Potassium phosphate monobasic anhydrous | MP Biomedicals
51. Protease inhibitor Cocktail Roche
52. Precision Plus ProteinTM Dual Color | Bio-Rad
Standards

53. RIPA buffer Thermo Scientific
54. Rose bengal Sigma
55. Sodium acetate trihydrate MP Biomedicals
56. Sodium azide MP Biomedicals
57. Sodium bicarbonate MP Biomedicals
58. Sodium carbonate anhydrous MP Biomedicals
59. Sodium chloride MP Biomedicals
60. Sodium dodecyl sulfate Sigma
61. Sodium hydroxide MP Biomedicals
62. Sodium phosphate dibasic anhydrous MP Biomedicals
63. Sodium phosphate monobasic mono hydrate | Sigma
64. Sodium thiosulfate pentahydrate MP Biomedicals
65. Tetramethylethylenediamine Invitrogen
66. Thioflavin S Sigma
67. Toluidine Blue Sigma
68. Tris base Biorad
69. Tris HCI Invitrogen
70. Triton X 100 Sigma
71. Trypan blue Invitrogen
72. Trypsin-EDTA Invitrogen

2.1.2 List of antibodies
Sr. | Antibodies Company
No
1. | GSK3B monoclonal antibody (MA5-15109 ThermoFisher Scientific
2. | Phospho-GSK3B (Ser9) monoclonal antibody | ThermoFisher Scientific

(MA5—14873)

Nrf2 poly clonal antibody (PA5-68817)

ThermoFisher Scientific

EB1Monoclonal Antibody (KT51)

ThermoFisher Scientific

Pan Tau (K9JA) (A0024)

Dako

Phospho-Tau (Thr212, Ser214) (MN1060)

ThermoFisher Scientific

Beta-actin loading control (MA515739)

ThermoFisher Scientific

Goat anti-mouse - alexa fluor 555 (A28180)

ThermoFisher Scientific

Goat anti-mouse IgG HRP (32430)

ThermoFisher Scientific

Dako

BB |N|o |0~ w

0. | Goat anti-rabbit - alexa fluor 488 (A-11008)
1. | Goat anti-rabbit IgG HRP (31460)

ThermoFisher Scientific

2.1.3 Laboratory Instruments and Equipment

Sr. | Instrument/Equipment
No

Suppliers

1. | AKTA Pure FPLC system

GE Healthcare

2. | AKTA Start FPLC system

GE Healthcare
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3 Amersham Imager 600 GE Healthcare

4. | Amersham Semi Dry blotting apparatus GE Healthcare

5. | Analytical weighing balances Mettler Toledo

6 Autoclave Spire

7 Avanti JXN26 High speed Centrifuge Beckman Coulter

8. | BioSafety cabinet/Clean bench Thermo Fisher Scientific
9. | CO2 incubator Thermo Fisher Scientific
10. | Dry bath Genei

11. | Far-UV CD spectrometer J-815 Jasco

12. | Forma 900 series -80°C Thermo Scientific

13. | Gel rocker Benchmark

14. | Heratherm Hot Air Oven Thermo Scientific
15. | Heraeus Incubator Thermo Scientific

16. | High Speed Centrifuge 5804R Eppendorf

17. | Homogenizer Constant Systems Ltd.
18. | Laminar Air Flow Microfilt

19. | Magnetic Stirrer Genei

20. | Microcentrifuge 5418 R Eppendorf

21. | MiliQ Unit Direct 16 Millipore

22. | Microplate reader Infinite 200 PRO Tecan

23. | Miniprotean Tetra vertical electrophoresis system Bio-Rad

24. | MiniSpin Plus Table top centrifuge Eppendorf

25. | Molecular Imager Gel Doc™ XR+ Bio-Rad

26. | Optima XPN10 Ultracentrifuge Beckman Coulter

27. | Optima MAX-XP Ultracentrifuge Beckman Coulter
28. | Avanti JXN-26 centrifuge Beckman Coulter

29. | pH meter Five Easyplus Mettler Toledo

30. | Shaker Incubator (H1010-MR) Benchmark Scientific
31. | Shaker Incubator Multitron Standard Infors HT

32. | SimpliNano (Nanodrop) GE Healthcare

33. | T20 Transmission Electron Microscope Tecnai

34. | UV-Visible spectrophotometer V-530 Jasco

35. | Vacuum Pump Millipore

36. | Vortexer mixer Genei

37. | Water bath Genei

38. | Zeiss Axio observer 7 microscope with Apotome 2.0 | Zeiss

2.2 Sodium dodecyl sulphate—polyacrylamide gel electrophoresis

The SDS-PAGE is a technique of separating proteins on the basis of molecular mass. The
SDS used in this method acts and denaturant and masks the protein with a uniform negative
charge hence the proteins are separated on basis of molecular weight®!. The loading dye used
in this technique contains bromophenol blue, glycerol, DTT, Tris and SDS. DTT acts as a
reducing agent, which helps in denaturing the protein; bromophenol blue is used to trace the
mobility of protein. The glycerol helps to impart density to the solution, which facilitates the
loading of protein onto the gel. The solutions of 39% acrylamide + 1% bisacrylamide,
ammonium persulfate, 10% SDS and TEMED were mixed to prepare the SDS-PAGE of
desired percentage. Bisacrylamide cross links to acrylamide, ammonium persulphate
generates the free radicle which accelerates the polymerization, while TEMED helps to
stabilize the free radicles. Various percentages of SDS-PAGE are prepared based on the
alternation of acrylamide proportion, the higher percentage of gels are used of proteins of low
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molecular weight and vice versa. The SDS-PAGE has two portions one resolving (pH 8.8) and
stacking (pH 6.8 and 5% gel). The stacking portion of PAGE helps to align the protein, while
the resolving gel helps to resolve the protein based on molecular weight. The gel running
buffer is composed of glycine, Tris and SDS. SDS imparts the denaturing condition for protein,
tris maintains the buffer conditions while glycine helps in stacking of proteins. As the SDS
imparts a negative charge to protein, protein migrates from negative pole to positive pole under
the influence of electric field. After the resolution of protein, the gel was stained with the
solution containing coomassie brilliant blue R-250, methanol, and glacial acetic acid.

2.3 Protein purification
2.3.1 Expression of protein in bacteria

The bacteria (BL 21* strain) from glycerol stock was inoculated in Luria Bertani Broth (LB)
supplemented with ampicillin. The primary culture was incubated at 37°C for overnight in a
rotatory shaker incubator. The secondary culture supplemented with ampicillin was inoculated
from a primary culture and incubated at 37°C in a rotary shaker. Once the culture reaches to
exponential phase (ODsoo= 0.5), the culture was induced using 0.5 mM IPTG and further
incubated at 37°C. After the incubation, the culture was pelleted by centrifugation at 4,500 rpm
for 10 minutes. The bacterial pellets were suspended in lysis buffer and proceeded for protein
purification. The bacterial cells were lysed using the mechanical lysis method. Bacterial cells
were lysed under high pressure using the constant cell disruption homogenizer pellet was
resuspended in the lysis buffer composed of 50 mM MES (pH 6.8), 5 mM DTT, 1 mM EGTA,
1 mM PMSF and protease inhibitor cocktail. The suspension was subjected to
homogenization, while passing through the narrow orifice, high-pressure (15,000 psi) was
applied on cells, which results in cell lysis. The lysis cycle was repeated 2-3 times and the
lysis was collected and kept on ice.

2.3.2 Purification of protein by cation-exchange chromatography

The purification of Tau protein was carried out as per well established procedure in the lab®.
The cell lysate was supplemented with 5 mM DTT and 0.5 M NacCl; the lysate was heated for
20 minutes at 90°C. The lysate was centrifuged at 40,000 rpm for 45 minutes at 4°C and kept
overnight for dialysis in a buffer composed of 20 MM MES (pH 6.8), 1 mM EGTA, 50 mM NacCl,
2 mM DTT, 1 mM MgCI2, and 0.1 mM PMSF. The lysate was centrifuged at 40,000 for 45
minutes and with the help of a super-loop loaded on the Sepharose fast-flow column (GE17-
0729-01) pre-equilibrated with buffer A. Tau has pl of 8.24, hence -cation-exchange
chromatography was used for purification of Tau. The cation-exchange column was washed
trice with buffer A for removing the unbound protein. The Tau protein was eluted by a linear
gradient of NaCl. In first step 6 column wash of 0-60% gradient of 1 M NaCl and in the second
step 3 column volume of 60-100% gradient of 1 M NaCl was given for elution. The elution
fractions were collected and the quality of protein was checked by SDS-PAGE. The protein
fractions were concentrated using vivaspin concentrator 3 kDa (GE healthcare).

2.3.3 Purification of protein by size-exclusion chromatography

Size-exclusion chromatography (SEC) works on the principle of separating the proteins based
on their size''. The column is packed with matrix whose pore-size is selected based on the
size of the proteins needs to be separated. The buffer used in the SEC serves as mobile phase
whereas, the matrix acts as the stationary phase. The molecules of higher size elute out first,
whereas the smaller molecules enter in the void space of the matrix; hence they have more
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retention than large molecules. For the Tau protein purification, Superdex 75pg HiLoad 16/600
was used. The concentrated protein was loaded onto the column with the help of a capillary
loop. The protein was eluted by giving the isocratic floe of 1X PBS (pH 7.4). The protein
fractions were collected and concentrated using vivaspin concentrator 3 kDa (GE healthcare).

2.3.4 Estimation of protein concentration

The Bicinchoninic Acid assay (BCA) is a reliable method for the estimation of protein
concentration!'?, The BCA works on the principle of reduction of Cu?* to Cu* by protein in an
alkaline medium. The first step of assay involves the chelation of Cu by a protein which forms
a light pale blue colour complex in an alkaline environment. In the second step of the BCA
reacts with this complex which forms a purple complex having absorbance at 562 nm. The
intensity of the purple complex increases with respect to the concentration of protein, which is
measured at 562 nm in a spectrophotometer. The protein concentration is estimated by
plotting the standard graph of known protein concentration. The BCA assay solution was
prepared by mixing 1 part of CuSO4 and 49 parts of BCA.

2.3.5 Tau aggregation

Tau is a positively charged protein; the pl of full-length Tau is 8.24. In the presence of DTT
the intra chain disulphide bonds are not formed properly, which delays the process of
aggregation. In our work, polyanionic molecule heparin was used for inducing the aggregation.
One molecule of heparin (17,500) was incubated with four molecules of Tau, heparin is
considered to interact with the repeat region and insert region of Tau. The charge
compensation and conformational changes resulted from initiation of Tau assembly33. The
aggregation of Tau is carried in 20 mM BES buffer supplemented with 25 mM NaCl, 2 mM
DTT, 5 uM heparin, 0.01% NaNs and protease inhibitor cocktail. The NaCl maintained the ionic
strength, NaNs; was added for avoiding bacterial growth and a protease inhibitor cocktail was
added to reduce the degradation of Tau protein. The assembly was kept at 37°C for 72 hours
and the aggregation was monitored by SDS-PAGE and ThS assay.

2.3.6 ThS fluorescence assay

The natively unfolded soluble Tau has a random coil structure while the aggregated Tau has
a prominent B-sheet structure. The conformational changes in the repeat region, proline-rich
region and N-terminal region results in generation of 3-sheet in Tau. Thioflavin S is a
fluorophore which has excitation at 440 nm and emission at 520 nm. ThS binds to B-sheet-
rich region of Tau and generates fluorescence. Hence, the aggregation of Tau could be
tracked by monitoring the changes in ThS fluorescence!!®. In our work ThS was mixed with
Tau in stoichiometric proportion of 4:1 (4 parts ThS and 1 part Tau). 8 uM ThS was prepared
from 200 UM sub stock, which was dissolved in 50 mM ammonium acetates (pH 5.5). 8 uM
ThS was mixed with 2 uM Tau the mixture was incubated in dark for 10 minutes at room
temperature. The fluorescence was measured at excitation of 440 nm and emission
wavelength of 521 nm.

2.3.7 Transmission electron microscopy
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Electron microscopy uses high-energy electrons for the visualization of the specimen. The
high-energy electron are focused on the specimen; in transmission electron microscopy, the
electrons are passed through the sample. The absorbance and diffraction of electron is based
on the chemical nature of sample!!4. The samples are generally stained with the elements
having high electron density, which facilitates producing contrast to images. In our
experiments, 2% Uranyl acetate was used for the negative staining. The carbon-coated copper
grids were first incubated with protein samples for 60 seconds, after the incubation, the grids
were washed twice with Mili Q water (30 seconds each wash). The grids were incubated with
2% Uranyl acetate solution for 5 minutes; the grids were allowed to air dry at room
temperature. The imaging was done using Tecnai T20 at 200 kV.

2.3.8 Sedimentation assay

Tau protein aggregates to form heterogeneous population aggregates, oligomer and soluble
Tau monomer protein (60-150 kDa). The higher molecular weight Tau aggregates can be
separated from the soluble Tau protein with the help of ultracentrifuge. The pellet fraction
obtains after ultracentrifuge contains the higher-order Tau aggregates and the supernatant
contain the soluble monomer fraction of Tau. The extent of aggregation can be observed by
running the supernatant and pellet fractions on SDS-PAGE. Tau aggregates were centrifuged
at 60,000 rpm for 60 minutes at 4°C. The supernatant was collected gently and the pellet
fraction was suspended in BES buffer. The pellet fraction, supernatant and total aggregates
fractions were mixed with gel loading dye and loaded on 10% SDS-PAGE; the samples were
allowed to resolve at 90 kV in Bio-Rad.

2.3.9 CD spectroscopy

The secondary structure of the Tau protein is determined by CD spectroscopy. The polarized
molecules differentially absorb the left and right circularly polarized light which makes the basis
of CD spectroscopy. The natively unfolded Tau has a random coil structure whereas [3- sheet
structure are observed in aggregated Tau®®. Nitrogen gas was purged in Jasco J-815 CD
spectrometer for creating the inert environment. The CD spectra of 50 mM phosphate buffer
were acquired and used for further baseline corrections. The samples of soluble Tau and
aggregated Tau and Tau treated with various compounds were diluted (1-3 pM) using
phosphate buffer. The CD spectra was acquired in quartz cuvette of 1 mm path length 1 nm
band width at 100 nm/min scanning speed. The average of 5-10 acquisitions were recorded
by scanning at wavelength 250-190 nm.

Dark chamber

Scheme 1. The schematic diagram of photo irradiation apparatus
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2.4 Photodynamic treatment assay

For analyzing the effect of photo-excited TB/RB on Tau aggregates, aggregates were
incubated for one hour in the dark with varying concentrations of TB/RB (2, 5, 10, 20, 40 uM).
200 pL of the reaction mixture was added in 96 black well plate (Eppendorf) and was irradiated
in dark using red/green LED. For PDT, three controls were considered; dark control (DC)
containing TB/RB treated Tau aggregates, which are not irradiated. The light control (LC)
containing light irradiated aggregates, which are not incubated with TB. The untreated,
aggregated control (C). The samples were irradiated for different time intervals ranging from
30 to 300 minutes.

2.5 Cytotoxicity assay ,

The cytotoxicity assay was carried out as per standardized protocol in lab. For cell viability
assay MTT (Methylthiazolyldiphenyl-tetrazolium bromide) assay was used. 1*10* N2a cells
were cultured in advanced DMEM-F12 (Dulbecco’s modified Eagle’s Media) media
supplemented with 10% fetal bovine serum and glutamine. After 24 hours of incubation, the
cells were treated with various concentration of compounds dissolved in cultured media.
Following 24 hours of compound treatment, MTT (Methylthiazolyldiphenyl-tetrazolium
bromide) was added to cells at concentration of 0.5 mg/mL and incubated at 37°C for 4 hours.
Subsequent to incubation, the media was removed from the wells and the formazan crystals
were dissolved in 100 pL of 100% DMSO (Dimethyl sulfoxide). Cell viability was evaluated by
measuring the absorbance at 570 nm.

2.6 ROS Production

The effect on various compounds on ROS production was estimated in N2a cells using
DCFDA assay. ROS oxidizes 2,7dichlorofluorescindiacetate (DCFDA) to 2,7
dichlorofluorescein (DCF), leading to the generation of fluorescence. For the assay 10,000
cells/well were seeded in 96 well plate and incubated for 24 hours. The cells were treated with
various concentrations of compounds. After treatment, the cells were washed subsequently
twice with 1X PBS (pH 7.4). The cells were supplemented with 10 uM DCFDA and incubated
for 20 minutes. After incubation, the cells were again washed twice with 1X PBS. In the final
step the PBS was replaced with phenol red-free DMEM media and the fluorescence was
measured at 535 nm upon exciting at 485 nm.

2.7 Western Blotting
2.7.1 Protein extraction form cells

Neuro2a cells seeded in density of 3*10°8 /well were studied for the effect of formaldehyde
stress on various signalling protein and the protective action of BME. The experiment
composed of four treatment groups viz, untreated cell control, 0.5 mM FA treatment, 5ug/mL
BME treatment, FA+BME treatment. The cells were exposed to specific treatment for 4 hours,
the cells were harvested and pelleted down. The cells were lysed with RIPA buffer and lysate
was centrifuged at 12,000 rpm for 20 minute at 4°C.

2.7.2 The western Blotting
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The protein concentration was estimated by Bradford assay and 75 pg protein was loaded on
SDS-PAGE. After resolution on SDS-PAGE the protein was transferred on activated PVDF
membrane. The blot was incubated with 10% skimmed milk for blocking the nonspecific
interaction sites. The blot was incubated with the 1° antibody for overnight at 4°C. After three
wash of PBST, HRP-tagged secondary antibody was added to blot. After 60 minutes of
incubation at room temperature the blot was washed subsequently trice by PBST. The
chemilumnisence was developed using Bio-Rad Clarity Western ECL blotting substrates
solution and the blots were imaged by Amersham AI600 chemiluminescent imager.

2.7.3 Stripping procedure

The blot was washed with stripping buffer having SDS, twin 20 and pH 2.8. After two
consecutive washes of stripping buffer (10 minutes each) the blot was washed twice with PBS
(pH 7.4), and blocked with 10% skimmed milk. The probing of next set of antibody and
development blot was performed similarly as explained previously.

2.8 Immunofluorescence microscopy

Immunofluorescence microscopy is a technique to study the localization and endogenous
expression of protein of interest. The technique involve the fluorescently tagged antibodies
against target protein!'®. In our experiments, 2.5*10* cells were seeded on the 12 mm
coverslip. After the specific treatment, cells were treated with chilled methanol for 20 minute
at -20°C. The permeabilization step involves the treatment of non-ionic detergents such as
triton X 100. The permeabilization is followed by step of blocking, blocking involves treatment
of cells with solution of 1-5% horse serum. The permeabilization and blocking was performed
simultaneously by treating cells with PBS supplemented with 2% horse serum and 0.2% Triton
X-100. After 60 minutes of incubation the cells were washed trice with PBS (10 minutes of
each wash). The 1° antibody was prepared in PBS supplemented with 2% horse serum, the
cells were incubated over night with 1° antibody. After incubation the coverslips were washed
trice with PBS. The alexa flour tagged 2° antibody were added on the cells and incubated for
60 minutes at room temperature. After the incubation the coverslips were washed trice with
PBS. 4',6-diamidino-2-phenylindole (DAPI) is a fluorescence dye which have strong affinity
for adenine- thymine rich region of DNA. The cells were incubated with 300 nM of DAPI for 5
minute. The coverslips were mounted using prolonged diamond anti fade mounting media.
The coverslips were scanned by Zeiss Axio Observer 7 with Apotome 2 using 63X oil
immersion. The fluorescence images were processed by Zen blue 2.3 software.

2.9 Drosophila experiments

2.9.1 Fly Stocks and Genetics

The transgenic Drosophila strain used in this study was UAS-Tau E14. ELAV-Gal4 driver lines
were obtained from the National Drosophila Stock Centre at the University of Mysore, Mysore,
and Karnataka, India. Drosophila strains raised on standard medium were crossed at 25°C.

2.9.2 Fly husbandry

Flies were maintained on standard banana-jaggery medium (SM) under standard laboratory
conditions of 24+1°C temperature, 75+5% relative humidity, and 12:12 L:D cycle (SLC). Flies
were maintained in a 2-week discrete generation cycle for 10 generations before being used
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in this study. The adult density was regulated at about 100 flies per half-pint bottle with 25 mL
of SM. There was total of 10 bottles. Flies from 10 bottles were combined into a single breeding
cage, hereafter referred to as parental cage (PC).

2.9.3 Preparation of TB/RB-supplemented diet

A total of 2.5 L of SM was prepared following the procedure and split into 5 batches of 500 mL
each. For the control group, SM was poured into the bottles. For the TB/RB-supplemented
media, 2.5, 5.0, 10 or 25 pM of TB/RB was added and mixed thoroughly just before pouring
into the bottles. All bottles were plugged with non-adsorbent cotton and the media was allowed
to set under room temperature. All other laboratory reagents used in this study were
purchased from Merck, unless otherwise mentioned.

2.9.4 Larval feeding behaviour assay

The eggs obtained were transferred at a density of 50 eggs/6 mL of SM and allowed to develop
till early third instar. The early third instar larvae were removed from the SM vials and used in
the feeding behaviour assay. The larvae were individually transferred to an assay petri plate
of 5 cm diameter containing 10 mL of either liquid SM (SM without agar) or liquid SM
supplemented with different concentrations of TB/RB and allowed for 5 seconds for
acclimation. The feeding rate was measured as the mean number of sclerite retractions in 2
consecutive 30-second intervals. The feeding rate of larvae was considered by taking average
of the 2 rates. Each treatment group has 20 larvae and the assay was replicated 4 times.
Thus, a total of 160 larvae were assayed for feeding rate.

2.9.5 Fecundity assay

Flies from the holding vials were sexed under light CO, anaesthesia and single-pair (one male
+ one female) were transferred to the vial with ~3 mL SM. For each treatment group in a
population 20 vials were set up. The conscious flies were transferred to fresh SM vials every
24 hours, and the eggs laid during the previous 24 hours were counted under a microscope
and recorded. The daily egg counts were carried out till the death of the female fly in each test
vial.

2.9.6 Negative geotaxis assay

The physical fitness of flies could be monitored by their ability to climb on the wall of vessels.
The vertical climbing ability of male flies that emerged from different treatment bottles was
assessed. Twenty male flies per treatment group were collected and transferred to the empty,
0-15 cm graduated vial. The vial was gently tapped and placed in the vertical position. The
number of flies that crossed the 15 cm mark in 30 seconds were counted. Three trials were
conducted on each set of 20 flies. The data are expressed as the percentage of flies crossed
the 15 cm mark.

2.9.7 Viability of fly from egg to adult
The eggs from the media plate were collected and dispensed into a different treatment groups
of bottles at a density of ~100 eggs/bottle with 45 mL media. Ten bottles were prepared for
the five treatment groups of SM, SM+ 2, 5, 10 and 25 yM TB/RB. Bottles were maintained at
standard laboratory conditions. The flies emerge from different treatments; SM and SM+2, 5,
10 and 25 uM of TB/RB were designated collected and counted. All the assays were carried
out on SM using mated flies. The total number of flies that emerged from each bottle were
used to calculate the viability of flies emerging from each treatment group.
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2.9.8 Larval olfactory behaviour

The olfactory test was carried out by employing previous method with minor modifications. 30
larvae were briefly dried on a filter paper before being placed in the centre of petri dish. The
petri dish containing 20 pL of Quinine sulphate dispensed on each of the two 0.5 cm radius
filter discs were placed in the diametrically opposite to Quinine zones. After 2 minutes of
placing the larvae and covering the petri dish, the numbers of larvae in different zones were
counted to calculate the percentage of larvae having ability to avoid the bad odour.

2.10 Preparation of ethanolic extract of Bacopa monnieri

Bacopa monnieri whole dried plant was collected from Indore, Madhya Pradesh, India and
authenticated by a botanist. The plant material was powdered with the help of a grinder. 70
grams of plant powder was extracted using rectified spirit (300 mL x 4) at room temperature
with constant stirring for 24 hours. The crude ethanol extract was filtered and combined
together. Further, it was concentrated under reduced pressure using a rotary evaporator at
40° C. The dark green viscous crude extract was obtained after subjecting to high vacuum,
stored at 4° C and used for further investigation.

2.10.1 The preparation of Bacopa monnieri extract

{ Bacopa monnieri (Whole plant)

l

The whole plant was powdered using grinder (70 g)

l

The extract was prepared with 95% ethanol (300
mL8*4)

l

The ethanolic extract was concentrated using rotary
evaporator

l

The extract was collected and lyophilized

Scheme 2. The schematic representation of Bacopa monnieri extract formation
2.10.2 HPLC and TLC Conditions

A thin layer chromatogram (TLC) was developed twice on silica gel G pre-coated plates
(Merck, 0.25 mm) with 50% ethyl acetate in hexane as the mobile phase. Spots were
visualized by dipping the TLC plate in a solution of 3.0% anisaldehyde, 2.8% H>S0O4, 2% acetic
acid in ethanol with subsequent heating. The dried plant extract was dissolved in HPLC-grade
methanol and proceeded for HPLC analysis. After filtration, 20 pL sample was manually
injected. The samples were eluted through an X Bridge C-18 reverse phase column of
dimension 250x4.6 mm and 5 pm patrticle size and monitored by a Diode-Array Detection
(DAD) detector at 254 nm. The mobile phase used was milli-Q water containing 0.1% formic
acid (solvent A) and methanol (solvent B). The flow rate was 1 mL/min. Gradient elution was
employed, commencing at 10% B, increased to 90% B over 8 minutes, and then decreased
to 60% B for the next 4 minutes and after the next 7 minutes, it decreased to 10% B, where it
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was held for two minutes. The solvent blank readings were considered as reference for
subtracting background noise from experimental readings. Data were analyzed through
Agilent’s Open lab CAD software.

2.10.3 UPLC-ESI (+)-MS condition

Samples were dissolved in LC-MS grade methanol, filtered and 5 pL of it was injected. The
separation was performed with the X bridge C18 column (4.6 mm x 250 mm, particle-size
5um) using a similar solvent program used for HPLC as described above. The flow rate was
set as 0.6 mL/min. MS runs were carried out using the tuning method as follows: sheath gas
(nitrogen) flow rate 45 units, auxiliary gas (nitrogen) flow rate 10 units, sweep gas (nitrogen)
flow rate 2 units, spray voltage 3.60 kV, spray current 3.70 A, capillary temperature 320 °C, s-
lens RF level 50, heater temperature 350 °C. In positive ion mode, ESI-MS data were recorded
within the mass range m/z 100-1500. Data were analyzed through Thermo X calibur software.

2.11 Statistical data analysis

The statistical data for the fluorescence measurement or viability assay was plotted using
either duplicate or triplicate reading. We have used student’s t-test for finding significance of
the values in the aggregation inhibition assay, disaggregation assay, immunofluorescence
guantification, MTT assay, DCFDA assay, and caspase-3 assay. *p<0.05, **p<0.001,
***n<0.0001, correspond to the statistical difference between control and treated groups Raw
data were analysed and plotted by Sigma Plot software.
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Chapter 3
Photo-excited Toluidine Blue Inhibits Tau Aggregation in Alzheimer’s disease
3.1 Background

The application of dyes were restricted to staining and diagnostic purposes, but in recent years
research has expanded the application of dyes as therapeutic molecules. After discovery of
photodynamic therapy, various dyes ofclasses such as xanthene, phenothiazine, and
porphyrin have gained enormous attention!'®, The photosensitizers are the dyes or
compounds which upon irradiation of specific wavelength of light leads to the generation of
singlet oxygen species’. The photosensitive dyes are majorly applied to treat carcinomas
such as lung, bladder, skin etc. The clinical approval of photosensitive dyes e.g. Photofrin,
Temoporin, Talaporin, Cholin6, 5-ALA has facilitated the non-invasive treatment of numerous
diseases!!®. These dyes are also emerging as promising treatment molecules in AD; different
classes of dyes target various aspects of AD-related pathologies™. Methylene blue (MB) is a
phenothiazine dye that has been studied extensively for its potency in AD. MB inhibited the
Tau aggregation, which is the hallmark of AD pathology. The MB treatment improved
mitochondrial respiration by elevating cytochrome C levels in mitochondria!®. The derivatives
of MB, including Azure A, Azure B and natural red are also observed to be effective against
oxidative stress in AD'?. The photo-excited dyes are recently reported for their therapeutic
efficiency in AD. The photo irradiated MB inhibited the aggregation of AB-42 and reduced their
toxicity to cells®2. Apart from MB, several other photo-excited compounds have also showed
efficiency against AD. The photosensitizers such as RB/UCNP@ROS and
BNaYF4:Yb/Er@SiO2@RB are the compounds that have excitation wavelength in the infrared
region; these compounds have inhibited the A fibril formation. Polyoxometalate, Thioflavin T,
Tetra (4-sulfonatophenyl) porphyrin (TPPS) were also observed to have potency in inhibiting
the AB aggregation and AB-mediated cytotoxicity!?*. Similarly xanthene dye Rose Bengal
disaggregated the AR aggregates and improved the longevity of the Drosophila model of AD®°.
The effect of photo-excited dyes on Tau aggregation has not yet been reported. Toluidine blue
(TB) is an acidophilic phenothiazine dye, which has been widely used in histology'??. TB is
known to have photo-excitation properties like its parent compound MB. The exposure of 630
nm red light leads to the photo-excitation of TB'?3. Although, the therapeutic potency of TB
has been reported for the treatment of cancer and bacterial biofilms, but its effect in AD is still
unexplored®?*. The four repeat region of Tau plays a crucial role in the aggregation; VQIINK
and VQIVYK hexapeptides present in the second and third repeat has majorly contributed to
the aggregation propensity in Tau. The repeat region (244Q- 369K) has a basic charge with a
pl of 9.6'!2. The amino acid residues in the repeat region are the targets of several post-
translational modifications e.g. phosphorylation. Since the repeat region of Tau is necessary
for the assembly of Tau and microtubules, various conformational studies have been carried
out to study the role of various mutations in repeat Tau residues. The repeat region of Tau
forms the core of PHFs; hence the repeat is targeted for studying various aspects of Tau
aggregation. The structural analog inhibitors targeting VQIINK and VQIVYK have potency
against the Tau aggregation!!!. The anthraquinone such as Daunorubicin, Andriamycin, and
Emodin are known to inhibit the aggregation of repeat Tau in vitro and in vivo®. Another class
of compounds based on Rhodanines are found to reduce the Tau oligomer-mediated toxicity
in Neuro2a cells!?®. The Tau inhibitors belonging to the phenylthiazolylhydrazide class, interact
with the repeat Tau region via hydrophobic bonding which is formed by the involvement of
nitroaromatic and imidazole amines?®. Similarly, N-phenylamine-based Tau aggregation
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inhibitors such as Meclofenamic acid reduces the toxicity and aggregation of repeat Tau in
Neuro2a cells bearing K18AK280 mutation?. In recent screening, Aminothienopyridazines
were observed to be potent in inhibiting the aggregation of P301L K18 Tau. Among all these
phenothiazine dyes that have been studied extensively against Tau aggregation inhibition,
Methylene blue (MB) was reported to inhibit the aggregation of the repeat Tau via modulation
of cysteine residues. Methylene blue oxidizes the cysteine residue, which restricts the
formation of disulphide bonds?8¢. MB treatment restores the cognitive defect in the transgenic
mice bearing Tau-AK280 mutation’2. The phenothiazine dyes also have the potency of photo-
excitation; the effect of photo-excited MB has been illustrated against AR aggregation and AB-
mediated neurotoxicity®2. But the role of photo-excited dyes against Tau aggregation is yet to
be explored. Toluidine blue (TB) is the derivative of MB, which is a well-known photosensitizer.
Although the potency of PE-TB has been reported in the treatment of various diseases e.g.
cancer, its role in the neurodegenerative disease is still not addressed. We aim to study the
aggregation study of TB against in vitro Tau aggregation. We have studied the role of PE-TB
against mature Tau fibrils. Actin and tubulin are the major cytoskeletal proteins that are
involved in various functions such as maintaining cell integrity, formation of synaptic
connections, etc'?’. Similarly, cell End-binding protein 1 (EB 1) is plus-end-binding protein,
which localizes on the growing end of microtubule. Thus to study cytoskeleton modulation, the
role of TB and PE-TB was observed on actin, tubulin and EB 1 protein. The overall aim of this
work was to study the potency of TB and PE-TB in various aspects of Tau aggregation.

3.2 Results
3.2.1 Toluidine Blue inhibited the aggregation of full-length Tau in vitro

The potency of TB was studied against various aspects of Tau aggregation (Fig. 8A). The in
vitro aggregation kinetics of Tau was tracked by ThS fluorescence assay. 40 uM of heparin-
induced Tau was incubated with various concentrations of TB (2, 5,10,20,40 uM) for 72 hours
at 37°C. The ThS readings were taken at periodic intervals and the kinetics were plotted. The
fluorescence assay suggested that TB potentially inhibited the in vitro aggregation of Tau (Fig.
8B). Tau incubated with 40 uM of TB were observed to have 280% inhibition of aggregation
(Fig. 8C). The aggregation of Tau results in generation of conformational changes in it's
secondary structure. Under native conditions, Tau has random coil structure, whereas the
aggregated Tau has prominent (B-sheet structure, where we studied the conformational
changes in Tau aggregates upon TB treatment. The CD spectroscopy indicates that untreated
Tau aggregates has a partial B-sheet structure while the TB treated Tau showed a slight shift
towards the random coil (Fig. 8D). The morphological studies of Tau aggregates were
performed with the help of electron microscopy. We observed that the untreated aggregates
had long thick morphology, whereas TB treated samples had small broken pieces of Tau,
which indicated potent disaggregation (Fig. 8E). We carried out UV-visible spectroscopy to
calculate the affinity of TB for Tau. Our results showed that Tau has a very weak affinity for
TB (Fig. 8F).
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Figure 8. The in vitro Tau aggregation inhibition by TB. A) The schematic diagram explains the strategy that is
followed in carrying out the experiments. B) ThS fluorescence kinetics shows the effect of various concentrations
of TB on heparin-induced Tau aggregation. The kinetics showed that TB potentially inhibited the in vitro Tau
aggregation. C) The graph shows the percentage of aggregation inhibition at the end of 72 hours. 40 uM of TB
showed 80% aggregation inhibition of Tau. D) The changes in the secondary structure of Tau aggregate after TB
treatment were monitored by CD spectroscopy. Untreated Tau aggregates showed partial -sheet structure while
TB treated samples that had shifted towards the random coil. E) Electron microscopic images shows the changes
in the morphology of TB treated and untreated aggregates. F) UV-visible spectroscopy for studying the interaction
between Tau and TB.

3.2.2 Photo-excited Toluidine Blue disaggregates full-length Tau aggregates in vitro

TB is a well-known photosensitizer, the exposure of 630 nm red light photo-excites TB. Thus
we aimed to study the potency Photo-excited Toluidine Blue (PE-TB) on pre-formed Tau
aggregates (Fig. 9A). 40 uM of Tau aggregates were incubated with various concentrations of
TB (2, 5, 10, 20, and 40 pM), the samples were irradiated for 180 minutes under 630 nm red
light in a dark chamber. After irradiation, the samples were run on 10% SDS-PAGE. We
observed that untreated control, dark control and light control had characteristics of higher-
order bands, whereas PE-TB treated samples, were lacking the higher order bands, which
indicated the potential disaggregation (Fig. 9B). The disaggregation potency of PE-TB was
also studied by ThS fluorescence assay. We observed a decrease in fluorescence PE-TB
treated samples in concentration-dependent manner; 40 uM PE-TB showed maximum
disaggregation in comparison to the untreated samples (Fig. 9C). The changes in Tau
aggregate’s morphology upon PE-TB treatment were studied by electron microscopy. The
untreated aggregates were observed to have long thick fibrils while the PE-TB treated samples
had small broken filaments that indicated potential disaggregation (Fig. 9D).
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Figure 9. Disaggregation of Pre-formed Tau aggregates by PE-TB. A) The schematic diagram explains the
hypothesis designed to carry out the experiments. B) SDS-PAGE shows the effect of PE-TB on Tau aggregates.
The untreated control had bands at higher molecular weight, while the PE-TB treated aggregates were not having
the higher-order bands. C) The disaggregation of PE-TB treated Tau aggregates was monitored by ThS
fluorescence. The ThS assay indicated that PE-TB treated samples lack the aggregates as compared to the
untreated samples. D) The electron microscopic images of the untreated aggregates showed long thick fibres,
while the PE-TB treated samples had small broken filaments.

3.2.3 TB inhibited the aggregation of repeat Tau in vitro

The repeat region of Tau is known to have a high drift of aggregation. As the repeat region is
considered to be involved in the generation of Tau pathology, several molecules have been
studied for their potency to inhibit repeat Tau aggregation (Fig.10A). The molecules of various
origins e.g. EGCG, limonoids etc. metal-based complexes etc., reported to be potent in
inhibiting the aggregation of repeat Tau. In our work, we aim to study the aggregation inhibition
potency of TB against repeat Tau. The uniform concentration of repeat Tau (40 uM) was
incubated with TB of various concentrations (2- 40 uM). The assay was performed at 37°C
and the aggregation kinetics was observed by monitoring the ThS fluorescence periodically.
The graph of aggregation kinetics indicated that untreated repeat Tau sample aggregated
rapidly than the TB treated repeat Tau. The untreated sample extortionate ThS fluorescence
compared to the TB treated samples, which indicated that TB treatment inhibited the repeat
Tau aggregation (Fig.10B). The endpoint analysis of assay suggested that 40 uM of TB
inhibited 280% aggregation of repeat Tau. In lower concentration of TB (10 puM) 250%
decrease in aggregation was observed after 60 hours of treatment (Fig.10C). Thus from this
set of experiments we observed that TB potentially inhibited the aggregation repeat Tau in
vitro.
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Figure 10. TB inhibited the aggregation of repeat Tau in vitro. A) The four repeat region of Tau is prone to
aggregation. The mutation and PTMs in the repeat region modulates the aggregation propensity of Tau. B) ThS
kinetics shows the effect of TB on repeat Tau aggregation. TB treated aggregates had low fluorescence than the
untreated aggregates. C) The graph shows the percentage inhibition at the endpoint of assay. 280% of aggregation
inhibition was observed in the presence of TB.

3.2.4 Photo-excited TB potentially disaggregated the pre-formed repeat Tau aggregates

TB belongs to the phenothiazine class of dyes, which is a well-known class of photosensitive
dyes. Phenothiazine dyes are known for their application against cancerous cells, drug-
resistant microbial infections, skin lesions etc'?®. The role of photo-excited dyes is emerging
in the treatment of AD®. We studied the effect of photo-excited TB on mature repeat Tau
aggregates (Fig.11A). Repeat Tau aggregates (40 uM) were incubated TB (2-40 uM), the
reaction mixture was exposed to 630 nm red light for 180 minutes. Soluble repeat Tau protein
observes as 18 kDa band on SDS-PAGE, but the aggregates of repeat Tau have
characteristics of heterogeneous higher-order protein bands. Thus, to study the effect of PE-
TB on repeat Tau aggregates, the PE-TB treated samples were run on SDS-PAGE. The
untreated repeat Tau aggregates had heterogeneous higher-order protein bands, whereas the
PE-TB treated samples were lacking the higher order protein bands, which were an indication
of disaggregation (Fig.11B). ThS dye binds to the Tau aggregates and emits the fluorescence
thus by quantifying the ThS fluorescence the disaggregation potency of PE-TB could be
monitored. The untreated aggregates were having elevated fluorescence than PE-TB treated
aggregates. The distinct decrease of fluorescence in concentration-dependent manner of PE-
TB suggested that PE-TB potentially disaggregated the mature repeat Tau aggregates (Fig.
11C). The structural changes in Tau aggregates after treatment of PE-TB were studied by
electron microscopy. The untreated repeated Tau aggregates were observed to have long
thick filamentous morphology, while small broken pieces of Tau filaments were observed in
samples exposed to PE-TB (Fig.11D-E). Thus, the cumulative result of these experiments
suggested that repeat Tau efficiently disaggregated the pre-formed Tau aggregates.

3.2.5 The biocompatibility of Toluidine Blue in neuronal cells
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The effect of molecules on cell viability is one of the crucial aspects for studying its therapeutic
potency. The response of molecule in the context of the viability of host cells, determines its
compatibility to be applied in biological system.
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Figure 11. PE-TB disaggregated pre-formed repeat Tau aggregates. A) The schematic diagram shows the
hypothesis followed to study the effect of PE-TB on repeat Tau aggregates. B) The effect of PE-TB on repeat Tau
aggregates was studied by SDS-PAGE. The untreated control had heterogeneous bands of higher-order
aggregates, while PE-TB treated samples lacked the higher-order bands. C) The graph shows the difference in
ThS fluorescence reading. The untreated samples had higher fluorescence than the PE-TB treated samples. D)
Electron microscopic images of untreated aggregates. E) The electron microscopy images show the morphology
of PE-TB treated samples.

The minimal degree of cytotoxicity is one of the major concern to determine the optimal dose
of therapeutic molecule. The higher concentrations of organic dyes are known to generate cell
toxicity. Thus the effect of various concentrations of TB and PE-TB in neuronal cells was
studied by MTT assay. The cytotoxicity studies for TB were performed in Neuro2a cells. The
cells were incubated at various concentrations of TB for 24 hours. The viability and metabolic
activity of cells was monitored by methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay.
The result of the MTT assay suggested that lower concentrations of TB has no adverse effect
on cell viability (Fig.12A). Further, the neuro2a cells were incubated with higher concentrations
of TB and PE-TB (1-120 uM) and the percentage viability of cells were calculated in
comparison to untreated cells. NeuroZ2a cells incubated with various concentrations of higher
TB concentrations were observed to have reduced cell viability. The cells incubated with TB
at a concentration of 20-120 yM had viability <40% (Fig.12B). Similarly, the cells exposed to
PE-TB also showed reduced viability. At the same time, PE-TB was observed to induce
pronounced toxicity at concentration ranging from 10-120 uM (Fig.12C). The phase-contrast
imaging for studying the morphological changes in TB and PE-TB treated cells indicated that
at concentrations 220 yM TB internalized to cells. The cells incubated with a higher
concentration of TB (=80 uM) had prominent internalization of TB (Fig.12D). The studies
suggested that the higher concentrations of TB induce an adverse effect on the viability of
NeuoZ2a cells. The irradiation of TB generates singlet oxygen species. Thus, we aim to observe
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the effect of PE-TB on ROS production in cells. The intracellular ROS was tracked by
fluorescence DCFDA assay. The cells were treated with various concentrations of TB (0.025
to 2.5 uM). The DCFDA results indicated that TB-treated cells produced more ROS as
compared to untreated cells. However, the cells observed low level of oxidative stress in lower
concentration of TB treatment (Fig. 12E). Thus we stated that in lower concentrations, TB
could be considered as a biocompatible molecule.
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Figure 12. The biocompatibility of TB. A) The effect of various concentrations of TB on neuro2a cells was studied
by MTT. The lower concentration of TB did not show any adverse effects on cell viability. B) The graph of MTT
assay, shows the effect of a higher concentration of TB on cell viability. The concentration above 10 uM and above
was found to be toxic to cells. C) The graph of the MTT assay indicates the effect of higher concentrations of PE-
TB on cells. D) The phase-contrast images of TB and PE-TB treated cells. At higher concentrations, TB gets
accumulated in cells leading to the generation of toxicity. E) The effect of TB on intracellular ROS production was
studied by DCFDA assay. TB was observed to produce a low level of oxidative stress in cells.

3.2.6 Toluidine Blue and photo-excited Toluidine Blue modulate the cytoskeleton of
neuronal cells

The neurodegenerative diseases result in generation of various cytoskeleton deformities **°.
Earlier studies have suggested that several potent PSs such as 3,3'-dihexyloxacarbocyanine
iodide, Tetra-cationic platinum (Il) porphyrins, 5-aminolevulinic acid target the cytoskeleton®.
The role of PSs on neuronal cytoskeleton needs to explored extensively. Thus we are focused
on studying the effect of TB and PE-TB on cytoskeleton modulation. Tubulin protein
polymerizes and forms microtubules that play an essential role in maintaining the integrity of
neurons, formation of synaptic connection, cell division, and early neuronal development!L,
The photosensitizers like meta-tetrahydroxyphenyl chlorin (nNTHPC), TMPyP—Porphyrine etc
causes, disassembly of microtubules!*2. We studied the effect of TB and PE-TB on tubulin
expression was observed by immunofluorescence. The results showed that the cells exposed
to 0.5 uM TB and PE-TB had increased tubulin intensity and neuritic extension as compared

43



Chapter 3

to unexposed cells. The increase in tubulin intensity after the exposure of TB supported the
modulation of tubulin network (Fig.13).
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Figure 13. TB modulated tubulin cytoskeleton of neurons. Tubulin plays a crucial role in maintaining the
integrity of cells. Immunofluorescence images of TB and PE-TB treated cells were observed to have elevated
tubulin intensity compared to untreated cells.

Similarly, actin is another important protein of the cytoskeleton. The F-actin are formed by
polymerization of globular G-actin®3. These F-actin crosslinks and forms actin-rich structures
e.g. filopodia and lamellipodia. The filopodia are thin hair-like structures mainly involved in
making cell- to-cell contact and synapse formation, while lamellipodia are fan-like structures
involving cell adhesion (Fig.14A)*34. Various photosensitizers target the actin cytoskeleton.
Sinoporphyrin, 5-ALA, hypericin are examples of photosensitizers, which inhibit the
polymerization of F-actin'®®. We observed that exposure to TB and PE-TB increases the actin-
rich filopodia and lamellipodia structure in the neuron as compared to untreated cells. These
results indicate that TB and PE-TB have the potency to modulate actin cytoskeleton (Fig.14B,
Q).

3.2.7 TB modulates the EB1 levels in neuronal cells

Microtubules have a critical role in regulating of cell dynamics and maintaining of cell integrity.
The polymerization of tubulin on growing end of microtubule is facilitated by EB1.Thus, by
tracking the levels of EB1 and Tau, the rate of microtubule polymerization could be
understood’*®. We studied the effect of TB and PE-TB on the EB1 and Tau level in neuronal
cells. The result of IF studies suggested that the cells exposed to TB have an increased
intensity of EB1 as compared to untreated cells. Whereas, no differential changes were
observed for PE-TB treated cells. The observation of these studies supported that the TB
treatment modulated the EB1 level in cells, which ultimately indicated the polymerization of
microtubules. However, no difference in total Tau intensity was observed after treatment of
TB and PE-TB (Fig.15 A, B). The result of the experiment indicated that TB could have potency
to modulate microtubule polymerization.
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Figure 14. Modulation of the actin cytoskeleton by TB and PE-TB. Actin is another essential cytoskeleton
protein in cells. A) The schematic diagram shows the actin modulation hypothesis by PE-TB treatment. B)
Immunofluorescence images of PE-TB and TB treated neurons showing increase in the number of filopodia and
lamellipodia. C) The quantification of IF images suggested that TB and PE-TB modulated the actin cytoskeleton.
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Figure 15. TB and PE-TB modulated EB1 levels in cells. A) Immunofluorescence images showing the effect of
TB and PE-TB on EBL1 level in Neuro2a cells. The intensity of EB1 was higher in TB treated cells than in untreated
cells. B) The quantification of IF images indicated the difference in EB1 intensity in TB treated and untreated cells.
The increased intensity of EB1 supported the modulation of the cytoskeleton.

3.2.8 Toluidine Blue and photo-excited Toluidine Blue modulate the longevity and
learning in UAS E-14 Tau mutant of Drosophila

Drosophila is one of the model system for studying neurodegenerative diseases, as it has
advantages such as annotated genome, short life cycle and flexible culturing conditions.
Several molecules have been tested for their neuroprotective potency in Drosophila system*3’.
We studied the effect of TB and PE-TB on the viability and learning of Drosophila (Fig. 16A).
The Tau mutant of Drosophila was fed on food supplemented with various concentrations of
TB (2-25 puM). The results suggested that the treatment of TB and PE-TB improved the life
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span of Drosophila. We observed a bell-shaped pattern in our results that suggested that 5
MM of TB was the optimum concentration of TB (Fig.16B). The exposure to PE-TB and TB
improved the egg-laying in flies, which indicated the improved longevity of flies (Fig.16C).
Similarly, we carried out the assay for avoidance of bad odour of quinine to study the learning
behaviour. The result showed that the TB and PE-TB-fed flies were able to avoid the bad
odour more efficiently than the untreated flies (Fig.16D). The negative geotaxis assay
suggested that the exposure of TB and PE-TB improved the locomotor activity of flies as the
number of flies escaped were more in the TB and PE-TB treated flies than untreated flies (Fig.

16E). Thus the results of in vivo studies supported the potency of TB and PE-TB against Tau-
mediated deformities.
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Figure 16. TB and PE-TB improved the longevity and learning behaviour of the UAS E-14 Tau mutant of
Drosophila. A) The schematic diagram explains the strategy followed to study the effect of TB and PE-TB on
Drosophila. B) Graph showing the effect of TB and PE-TB on survival rate of flies. The result clearly indicates that
TB and PE-TB treatment improved the survival rate of flies. C) The egg laying assay was performed to observe the
longevity of flies. The treatment of TB and PE-TB improved the egg laying of female flies. D) The learning behaviour
of flies was monitored by their ability to avoid quinine. PE-TB and TB-treated flies efficiently avoided the bad odour
of quinine as compared to untreated flies. E) The result of negative geotaxis assay indicating the improved
locomotor behaviour of flies after treatment of TB and PE-TB.
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3.3 Summary

The intracellular neurofibrillary tangles composed of Tau are one of the major hallmarks of
Alzheimer’s disease. In recent years, the potency of photo-excited molecules against AD-
related amyloid protein has been reported in recent studies. Our study is focused on observing
the efficiency of photo-excited Toluidine Blue on Tau aggregation. TB potentially inhibited the
aggregation and disaggregated pre-formed matured Tau fibrils. The cell-based studies
suggested that TB and PE-TB generate low level of cytotoxicity and ROS production in
neuronal cells. TB and PE-TB treated cells had increased neuritic extension and increased
lamellipodia and filopodia in cells. The immunofluorescence images showed that TB treated
cells were having elevated level of EB1 protein. The invivo studies carried on UAS Tau E14
transgenic Drosophila model suggested that photo-excited Toluidine Blue was potent enough
to improve the longevity and learning behaviour of Drosophila. Thus, this part of work,
suggests that Toluidine Blue is a potent molecule in inhibiting the Tau aggregation.
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Chapter 4

Photodynamic exposure of Rose-Bengal inhibits Tau aggregation and modulates
cytoskeletal network in neuronal cells

4.1 Background

The involvement of intracellular aggregates of Tau protein in the generation of AD pathology
has gained the interest to target these aggregates for treatment of AD pathology*8. The novel
strategies involving the various chemical formulations of natural and synthetic origin have
been studied for inhibition of Tau aggregation'*®. Photodynamic therapy (PDT) is a strategy
involving application of photo-excited molecules as therapeutic agents!4®. Methylene blue,
cyanine dyes, Rose Bengal are examples of photosensitizers showed promising results
against protein aggregates”82121, Rose Bengal (RB) is a xanthene dyes. The photo-excited
RB has been studied for the treatment of cancers like colon cancer, melanoma and microbial
infections!#!, RB attenuated the formation of AR aggregates, the PE-RB disaggregated the
mature AB aggregates in vitro and reduced the brain vacuole formation 2, In our study we
aim to check the potency of RB and PE-RB for aggregation inhibition of Tau and
disaggregation of mature Tau aggregates. We studied the effect of RB and PE-RB on neuronal
cytoskeleton modulation. We have carried out assays on UAS E-14 Tau mutant of Drosophila
for studying the effect of RB and PE-RB on learning, memory and locomotor behaviour. The
overall objective of our study was to observe the neuroprotective potency of RB and PE-RB
in various aspects of Tau aggregation.

4.2 Results
4.2.1 Attenuation of in vitro Tau aggregation by RB

The potency of xanthene dye Rose Bengal was studied against in vitro Tau aggregation. (Fig.
17A). In our experiments Tau protein (40 uM) was incubated with RB (2-40 uM) and the
aggregation of Tau was traced using ThS fluorescence assay. The ThS kinetics showed that
RB has potency to inhibit the aggregation of Tau (Fig.17B). We observed a significant
decrease in ThS fluorescence for RB treated samples as compared to untreated samples. The
endpoint analysis of the assay suggested a 285% aggregation inhibition for the RB treated
samples (Fig.17C). The secondary structure of Tau aggregates has a prominent 3-sheet-rich
structure thus we studied the changes in Tau protein’s secondary structure upon treatment of
RB. The CD spectroscopy indicated that untreated Tau aggregates had a partial B-sheet
structure, whereas RB treated sample showed a shift towards random coil structure (Fig.17D).
Tau aggregates have characteristic long thick entangle fibrillar morphology. We observe that
the untreated samples had long thick filamentous Tau aggregates, while the RB treated
samples had small broken pieces of Tau. This morphological differences supported the
aggregation inhibition potency of RB (Fig.17E). The overall results suggested that RB
efficiently attenuated the Tau aggregation.

4.2.2 Photo-excited RB disaggregates the pre-formed Tau aggregates

The disaggregation of mature Tau aggregates is another strategy for the treatment of AD. RB
is a recognized photo-sensitizer, the exposure of 480 nm green light leads to excitation of RB.
PE-RB has been used as a therapeutic agent in various carcinomas and other diseases'#?.
Earlier studies have reported, the inhibitory effect of RB and PE-RB on AB aggregation, in the
context of Tau aggregation, the studies have not yet been reported*?*,
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Figure 17. RB inhibits the aggregation of Tau in vitro. A-B) The inhibitory potency of RB against heparin-induced
Tau aggregation was monitored under in vitro conditions. C) ThS fluorescence monitored the aggregation of Tau.
ThS fluorescence kinetics showed RB potentially inhibited Tau aggregation. D) The endpoint analysis showed the
presence of RB 285% of aggregation inhibition. E) The changes in the secondary structure of Tau after RB
treatment was monitored by CD spectroscopy. The untreated sample had absorbance in 3-sheet region, while RB
treated sample had a shift towards random coil. F) The untreated aggregates had characteristic long tangled
morphology, while RB treatment generated small broken pieces of Tau.

We studied the effect of photo-excited RB (PE-RB) on pre-formed Tau aggregates in vitro
(Fig.18A). To avoid the exposure of PSs from surrounding light, the reaction was carried out
in a dark chamber. Heparin-induced mature Tau aggregates (40 uM) were incubated with
various concentrations of RB (2-40 uM). After 180 minutes of irradiation, the samples were
run on SDS-PAGE. The untreated control was observed to have band of higher-order
aggregates, whereas the higher order bands were absent in PE-RB treated samples indicating
the disaggregation potency of PE-RB (Fig.18B). The disaggregation potency of PE-RB was
monitored by ThS assay. The untreated aggregates were observed to have high ThS
fluorescence, while in PE-RB treated samples had reduced fluorescence in a concentration-
dependent suggesting the disaggregation of Tau (Fig.18C). The untreated aggregates and
PE-RB treated samples were scanned under the electron microscope for studying the
morphological changes. The untreated aggregates had long thick fibres of Tau; on the contrary
the exposure of PE-RB disaggregated the fibrils into small broken pieces (Fig.18D). Thus, the
overall results suggested that PE-RB potentially disaggregates the pre-formed Tau
aggregates.

4.2.3 RB induces no adverse effect of neuronal viability

The effect of the therapeutic molecules on the viability of cells is a crucial point of
consideration. To carry out various assays on the cellular systems, preliminary the effect of
various concentrations of molecules on cell viability has to be studied.
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Figure 18. PE-RB disaggregates mature Tau fibrils. A) Schematic diagram showing the hypothesis of work. The
effect of PE-RB was studied on pre-formed Tau aggregates. B) The SDS-PAGE for the aggregates after PE-RB
treatment. Untreated samples had protein bands at higher order, while PE-RB treated samples lacked higher-order
bands. C) The ThS reading shows the difference in PE-RB treated samples and untreated control. The PE-RB
treated samples showed a decrease in ThS fluorescence in a concentration-dependent manner. D) The electron
microscopic images show the morphological difference between PE-RB treated and untreated samples. The
untreated sample had fibrils of elongated morphology, while PE-RB treated sample had broken filaments.

RB is a synthetic xanthene dye; upon photo-excitation, it generates the singlet oxygen species,
and thus we studied the effect of RB and PE-RB on cell viability. The cell viability and metabolic
activity were monitored by classical MTT assay. Neuro2a cells were incubated with various
concentrations of RB (25-500 nM), the cells were exposed to 10 minutes of irradiation. The
results of MTT showed that RB and PE-RB-induced had no adverse effect on cell viability (Fig.
19A, B).

4.2.4 RB and PE-RB modulate the tubulin cytoskeleton

The cytoskeleton plays a crucial roles in neuron which includes transport, axon elongation,
maintenance of cellular integrity etc. Several studies have targeted the microtubule
cytoskeleton for understanding the pathology outcome of AD. We aim to study the effect of
RB and PE-RB on the tubulin network of neurons Neuro2a cells incubated 100 nM RB and
PE-RB were observed for cytoskeleton modulation (Fig. 20A). The results of IF microscopy
suggested that the neuron exposed to PE-RB had distinctively extended neurites, whereas
the untreated cells had comparatively shorter neurites (Fig. 20B, C). However, no difference
in total intracellular Tau intensity was observed. This observation of IF microscopy supported
that RB and PE-RB could have the potency to modulate tubulin cytoskeleton.
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Figure 19. RB and PE-RB have no adverse effect on cell viability. A) The MTT graph showing the effect of
various RB concentrations on Neuro2a cell viability. B) MTT graph shows the effect of PE-RB on Neuro2a cells
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Figure 20. RB and PE-RB modulate the Tubulin cytoskeleton. A) The schematic diagram shows the effect RB
and PE-RB on tubulin cytoskeleton. B) The immunofluorescence images show the effect of RB and PE-RB on
tubulin network. PE-RB treated cells showed elongated neurites. C) The graph shows the quantification of neurite
length. The PE-RB treated cells have elongated neurites as compared to untreated cells.

4.2.5 RB and PE-RB modulate actin cytoskeleton

The actin cytoskeleton plays an important role in structural modification of adult neurons and
neuronal development. The actin cytoskeleton is a crucial aspect to be considered while
studying neurodegeneration. Several studies suggested that PDT efficiently targets the actin
cytoskeleton. 5-ALA-mediated PDT caused the alteration of cellular morphology indicting, the
modulation of actin cytoskeleton4®. D54Mg glioma cells exposed to 5-ALA PDT showed
reduced growth cone and surface blabbing. The SW480 cells treated with photo excited Ce6
cause the downregulation of F-actin formation!*. We aim to study the effect of RB and PE-
RB on the actin cytoskeleton (Fig.21A). The modulation of actin cytoskeleton was studied after
incubating cells with 100 nM RB and PE-RB. We observed an increased number of hair-like
structure filopodia in RB and PE-RB treated cells (Fig.21B-D). Podosomes are three-
dimensional actin-rich structures. We observed that exposure to RB increased the number of
podosome-like structures in neurons. The RB and PE-RB treated cells had more podosome-
like structures than the untreated cells (Fig.22 A,B). These results indicated that the treatment
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of RB and PE-RB could have the potency to modulate the actin cytoskeleton and to for the
maintenance of cell synapse and integrity.
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Figure 21. RB and PE-RB modulate the actin cytoskeleton. A) The schematic diagram shows the hypothesis
that RB and PE-RB' modulate cytoskeleton. B) The immunofluorescence images show RB and PE-RB’s effect on
actin cytoskeleton. The RB and PE-RB treatment showed modulation of actin-rich filopoida and lamellipodia. C)
The graph showing percentage of cells bearing lamellipodia. The number of cells bearing lamellipodia were
increased after RB and PE-RB treated. D) The graph showing percentage of cells bearing filopodia. The percentage
of cells bearing filopodia was more in RB and PE-RB treatment group.
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Figure 22. RB and PE-RB induces Podosome-like structures. A) The immunofluorescence images showed the
modulation of the actin cytoskeleton. The cells exposed to RB and PE-RB showed an increased number of actin-
rich podosome-like structures. B) The graph showing quantification of membrane-bound actin intensity.

4.2.6 RB and PE-RB ameliorate the longevity and memory in UAS E-14 Tau mutant of
Drosophila

The neuroprotective effect of molecule is evaluated based on efficiency in improving the
memory, learning and longevity. Drosophila model is considered as one of the reliable model
systems for studying neurodegeneration. Several molecules e.g. curcumin have been studied
for their neuroprotective efficiency'**. We have studied the neuroprotective property of RB and
PE-RB the experiments were carried on UAS E-14 Tau mutant of Drosophila. The potency of

RB and PE-RB on learning and viability was assessed by larvae crawling assay, survival
51



Chapter 4

assay, negative geotaxis assay (Fig. 23A). The negative geotaxis assay suggested that flies
treated with RB and PE-RB efficiently climbed over in comparison on to untreated mutant flies
(Fig. 23B). The learning behaviour of flies were studied by their ability to avoid bad odour of
guinine (Fig. 23C). Similarly, the larvae fed on food supplemented with RB were able to cross
more grids in comparison to untreated larvae (Fig. 23D). Our assay suggested that RB and
PE-RB treated flies were more potent to avoid the bad odour than the untreated flies. We
observed a bell-shaped pattern, which indicated that 20 uM RB was the optimum
concentration for Drosophila. The overall result of in vivo studies indicated that RB and PE-
RB showed neuroprotective properties against Tau-mediated toxicity, memory dysfunction
and locomotor impairment.
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Figure 23. RB and PE-RB show neuroprotection in the UAS E-14 Tau mutant of Drosophila. A) The schematic
diagram shows the strategy followed to study the effect of RB and PE-RB in vivo. B) The graph showing negative
geotaxis assay. PE-RB and RB treated flies efficiently climb over as compared to untreated mutants. C) The graph
shows flies learning behavior after RB and PE-RB treatment. RB and PE-RB treated flies were more potent in
avoiding the bad order of quinine. D) The larvae crawling assay was performed for studying the locomotor
behaviour. The graph showed RB and PE-RB treated larvae crossed more grids than untreated larvae.

4.3 Summary

The accumulation of Tau aggregates results in generation of AD pathology. RB is a known
photosensitizer, which was observed to be effective in inhibiting AR aggregation and improving
the longevity of AB model of Drosophila. We have shown the inhibitory effect of RB against
Tau aggregation. The results suggests that RB potentially attenuated the aggregation of Tau.
The photo-excited RB potentially disaggregated the mature Tau fibrils. The viability assay
suggested that RB and PE-RB have no adverse effect on cell viability. AD leads to the
generation of cytoskeleton deformities, the Neu2a cells exposed to RB and PE-RB were had
extended neurites and increased number of actin-rich structures. The in vivo studies on UAS
E-14 Tau mutant of Drosophila indicated that RB and PE-RB improve flies longevity, memory
and locomotor function of flies. Thus, based these results, we stated that RB and PE-RB could
be considered a potential molecule against AD.
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Photodynamic exposure of Rose-Bengal inhibits Tau aggregation and modulates
cytoskeletal network in neuronal cells

4.1 Background

The involvement of intracellular aggregates of Tau protein in the generation of AD pathology
has gained the interest to target these aggregates for treatment of AD pathology*8. The novel
strategies involving the various chemical formulations of natural and synthetic origin have
been studied for inhibition of Tau aggregation'*®. Photodynamic therapy (PDT) is a strategy
involving application of photo-excited molecules as therapeutic agents!4®. Methylene blue,
cyanine dyes, Rose Bengal are examples of photosensitizers showed promising results
against protein aggregates”82121, Rose Bengal (RB) is a xanthene dyes. The photo-excited
RB has been studied for the treatment of cancers like colon cancer, melanoma and microbial
infections!#!, RB attenuated the formation of AR aggregates, the PE-RB disaggregated the
mature AB aggregates in vitro and reduced the brain vacuole formation 2, In our study we
aim to check the potency of RB and PE-RB for aggregation inhibition of Tau and
disaggregation of mature Tau aggregates. We studied the effect of RB and PE-RB on neuronal
cytoskeleton modulation. We have carried out assays on UAS E-14 Tau mutant of Drosophila
for studying the effect of RB and PE-RB on learning, memory and locomotor behaviour. The
overall objective of our study was to observe the neuroprotective potency of RB and PE-RB
in various aspects of Tau aggregation.

4.2 Results
4.2.1 Attenuation of in vitro Tau aggregation by RB

The potency of xanthene dye Rose Bengal was studied against in vitro Tau aggregation. (Fig.
17A). In our experiments Tau protein (40 uM) was incubated with RB (2-40 uM) and the
aggregation of Tau was traced using ThS fluorescence assay. The ThS kinetics showed that
RB has potency to inhibit the aggregation of Tau (Fig.17B). We observed a significant
decrease in ThS fluorescence for RB treated samples as compared to untreated samples. The
endpoint analysis of the assay suggested a 285% aggregation inhibition for the RB treated
samples (Fig.17C). The secondary structure of Tau aggregates has a prominent 3-sheet-rich
structure thus we studied the changes in Tau protein’s secondary structure upon treatment of
RB. The CD spectroscopy indicated that untreated Tau aggregates had a partial B-sheet
structure, whereas RB treated sample showed a shift towards random coil structure (Fig.17D).
Tau aggregates have characteristic long thick entangle fibrillar morphology. We observe that
the untreated samples had long thick filamentous Tau aggregates, while the RB treated
samples had small broken pieces of Tau. This morphological differences supported the
aggregation inhibition potency of RB (Fig.17E). The overall results suggested that RB
efficiently attenuated the Tau aggregation.

4.2.2 Photo-excited RB disaggregates the pre-formed Tau aggregates

The disaggregation of mature Tau aggregates is another strategy for the treatment of AD. RB
is a recognized photo-sensitizer, the exposure of 480 nm green light leads to excitation of RB.
PE-RB has been used as a therapeutic agent in various carcinomas and other diseases'#?.
Earlier studies have reported, the inhibitory effect of RB and PE-RB on AB aggregation, in the
context of Tau aggregation, the studies have not yet been reported*?*,
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Figure 17. RB inhibits the aggregation of Tau in vitro. A-B) The inhibitory potency of RB against heparin-induced
Tau aggregation was monitored under in vitro conditions. C) ThS fluorescence monitored the aggregation of Tau.
ThS fluorescence kinetics showed RB potentially inhibited Tau aggregation. D) The endpoint analysis showed the
presence of RB 285% of aggregation inhibition. E) The changes in the secondary structure of Tau after RB
treatment was monitored by CD spectroscopy. The untreated sample had absorbance in 3-sheet region, while RB
treated sample had a shift towards random coil. F) The untreated aggregates had characteristic long tangled
morphology, while RB treatment generated small broken pieces of Tau.

We studied the effect of photo-excited RB (PE-RB) on pre-formed Tau aggregates in vitro
(Fig.18A). To avoid the exposure of PSs from surrounding light, the reaction was carried out
in a dark chamber. Heparin-induced mature Tau aggregates (40 uM) were incubated with
various concentrations of RB (2-40 uM). After 180 minutes of irradiation, the samples were
run on SDS-PAGE. The untreated control was observed to have band of higher-order
aggregates, whereas the higher order bands were absent in PE-RB treated samples indicating
the disaggregation potency of PE-RB (Fig.18B). The disaggregation potency of PE-RB was
monitored by ThS assay. The untreated aggregates were observed to have high ThS
fluorescence, while in PE-RB treated samples had reduced fluorescence in a concentration-
dependent suggesting the disaggregation of Tau (Fig.18C). The untreated aggregates and
PE-RB treated samples were scanned under the electron microscope for studying the
morphological changes. The untreated aggregates had long thick fibres of Tau; on the contrary
the exposure of PE-RB disaggregated the fibrils into small broken pieces (Fig.18D). Thus, the
overall results suggested that PE-RB potentially disaggregates the pre-formed Tau
aggregates.

4.2.3 RB induces no adverse effect of neuronal viability

The effect of the therapeutic molecules on the viability of cells is a crucial point of
consideration. To carry out various assays on the cellular systems, preliminary the effect of
various concentrations of molecules on cell viability has to be studied.
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Figure 18. PE-RB disaggregates mature Tau fibrils. A) Schematic diagram showing the hypothesis of work. The
effect of PE-RB was studied on pre-formed Tau aggregates. B) The SDS-PAGE for the aggregates after PE-RB
treatment. Untreated samples had protein bands at higher order, while PE-RB treated samples lacked higher-order
bands. C) The ThS reading shows the difference in PE-RB treated samples and untreated control. The PE-RB
treated samples showed a decrease in ThS fluorescence in a concentration-dependent manner. D) The electron
microscopic images show the morphological difference between PE-RB treated and untreated samples. The
untreated sample had fibrils of elongated morphology, while PE-RB treated sample had broken filaments.

RB is a synthetic xanthene dye; upon photo-excitation, it generates the singlet oxygen species,
and thus we studied the effect of RB and PE-RB on cell viability. The cell viability and metabolic
activity were monitored by classical MTT assay. Neuro2a cells were incubated with various
concentrations of RB (25-500 nM), the cells were exposed to 10 minutes of irradiation. The
results of MTT showed that RB and PE-RB-induced had no adverse effect on cell viability (Fig.
19A, B).

4.2.4 RB and PE-RB modulate the tubulin cytoskeleton

The cytoskeleton plays a crucial roles in neuron which includes transport, axon elongation,
maintenance of cellular integrity etc. Several studies have targeted the microtubule
cytoskeleton for understanding the pathology outcome of AD. We aim to study the effect of
RB and PE-RB on the tubulin network of neurons Neuro2a cells incubated 100 nM RB and
PE-RB were observed for cytoskeleton modulation (Fig. 20A). The results of IF microscopy
suggested that the neuron exposed to PE-RB had distinctively extended neurites, whereas
the untreated cells had comparatively shorter neurites (Fig. 20B, C). However, no difference
in total intracellular Tau intensity was observed. This observation of IF microscopy supported
that RB and PE-RB could have the potency to modulate tubulin cytoskeleton.
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Figure 19. RB and PE-RB have no adverse effect on cell viability. A) The MTT graph showing the effect of
various RB concentrations on Neuro2a cell viability. B) MTT graph shows the effect of PE-RB on Neuro2a cells
viability. PE-RB has no adverse effect on the Neuro2a cell viability.
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Figure 20. RB and PE-RB modulate the Tubulin cytoskeleton. A) The schematic diagram shows the effect RB
and PE-RB on tubulin cytoskeleton. B) The immunofluorescence images show the effect of RB and PE-RB on
tubulin network. PE-RB treated cells showed elongated neurites. C) The graph shows the quantification of neurite
length. The PE-RB treated cells have elongated neurites as compared to untreated cells.

4.2.5 RB and PE-RB modulate actin cytoskeleton

The actin cytoskeleton plays an important role in structural modification of adult neurons and
neuronal development. The actin cytoskeleton is a crucial aspect to be considered while
studying neurodegeneration. Several studies suggested that PDT efficiently targets the actin
cytoskeleton. 5-ALA-mediated PDT caused the alteration of cellular morphology indicting, the
modulation of actin cytoskeleton4®. D54Mg glioma cells exposed to 5-ALA PDT showed
reduced growth cone and surface blabbing. The SW480 cells treated with photo excited Ce6
cause the downregulation of F-actin formation!*. We aim to study the effect of RB and PE-
RB on the actin cytoskeleton (Fig.21A). The modulation of actin cytoskeleton was studied after
incubating cells with 100 nM RB and PE-RB. We observed an increased number of hair-like
structure filopodia in RB and PE-RB treated cells (Fig.21B-D). Podosomes are three-
dimensional actin-rich structures. We observed that exposure to RB increased the number of
podosome-like structures in neurons. The RB and PE-RB treated cells had more podosome-
like structures than the untreated cells (Fig.22 A,B). These results indicated that the treatment
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of RB and PE-RB could have the potency to modulate the actin cytoskeleton and to for the
maintenance of cell synapse and integrity.
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Figure 21. RB and PE-RB modulate the actin cytoskeleton. A) The schematic diagram shows the hypothesis
that RB and PE-RB' modulate cytoskeleton. B) The immunofluorescence images show RB and PE-RB’s effect on
actin cytoskeleton. The RB and PE-RB treatment showed modulation of actin-rich filopoida and lamellipodia. C)
The graph showing percentage of cells bearing lamellipodia. The number of cells bearing lamellipodia were
increased after RB and PE-RB treated. D) The graph showing percentage of cells bearing filopodia. The percentage
of cells bearing filopodia was more in RB and PE-RB treatment group.
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Figure 22. RB and PE-RB induces Podosome-like structures. A) The immunofluorescence images showed the
modulation of the actin cytoskeleton. The cells exposed to RB and PE-RB showed an increased number of actin-
rich podosome-like structures. B) The graph showing quantification of membrane-bound actin intensity.

4.2.6 RB and PE-RB ameliorate the longevity and memory in UAS E-14 Tau mutant of
Drosophila

The neuroprotective effect of molecule is evaluated based on efficiency in improving the
memory, learning and longevity. Drosophila model is considered as one of the reliable model
systems for studying neurodegeneration. Several molecules e.g. curcumin have been studied
for their neuroprotective efficiency'**. We have studied the neuroprotective property of RB and
PE-RB the experiments were carried on UAS E-14 Tau mutant of Drosophila. The potency of

RB and PE-RB on learning and viability was assessed by larvae crawling assay, survival
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assay, negative geotaxis assay (Fig. 23A). The negative geotaxis assay suggested that flies
treated with RB and PE-RB efficiently climbed over in comparison on to untreated mutant flies
(Fig. 23B). The learning behaviour of flies were studied by their ability to avoid bad odour of
guinine (Fig. 23C). Similarly, the larvae fed on food supplemented with RB were able to cross
more grids in comparison to untreated larvae (Fig. 23D). Our assay suggested that RB and
PE-RB treated flies were more potent to avoid the bad odour than the untreated flies. We
observed a bell-shaped pattern, which indicated that 20 uM RB was the optimum
concentration for Drosophila. The overall result of in vivo studies indicated that RB and PE-
RB showed neuroprotective properties against Tau-mediated toxicity, memory dysfunction
and locomotor impairment.
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Figure 23. RB and PE-RB show neuroprotection in the UAS E-14 Tau mutant of Drosophila. A) The schematic
diagram shows the strategy followed to study the effect of RB and PE-RB in vivo. B) The graph showing negative
geotaxis assay. PE-RB and RB treated flies efficiently climb over as compared to untreated mutants. C) The graph
shows flies learning behavior after RB and PE-RB treatment. RB and PE-RB treated flies were more potent in
avoiding the bad order of quinine. D) The larvae crawling assay was performed for studying the locomotor
behaviour. The graph showed RB and PE-RB treated larvae crossed more grids than untreated larvae.

4.3 Summary

The accumulation of Tau aggregates results in generation of AD pathology. RB is a known
photosensitizer, which was observed to be effective in inhibiting AR aggregation and improving
the longevity of AB model of Drosophila. We have shown the inhibitory effect of RB against
Tau aggregation. The results suggests that RB potentially attenuated the aggregation of Tau.
The photo-excited RB potentially disaggregated the mature Tau fibrils. The viability assay
suggested that RB and PE-RB have no adverse effect on cell viability. AD leads to the
generation of cytoskeleton deformities, the Neu2a cells exposed to RB and PE-RB were had
extended neurites and increased number of actin-rich structures. The in vivo studies on UAS
E-14 Tau mutant of Drosophila indicated that RB and PE-RB improve flies longevity, memory
and locomotor function of flies. Thus, based these results, we stated that RB and PE-RB could
be considered a potential molecule against AD.
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Ethanolic extract of Bacopa monnieri attenuates the in-vitro Tau aggregation, Tau
phosphorylation, and Tau-mediated toxicity

5.1 Background

Ayurveda is the science of studying human health, which is based on treating diseases by
either applying herbal formulations, diet modulation or basic yoga exercises!*. Alzheimer's
disease (AD) is the most severe and prevalent type of dementia characterized by accelerative
loss in memory and locomotory functions*’. The phosphorylation of Tau is one of the main
PTMs-related to AD pathology. GSK-3p is the proline-directed Ser/Thr kinase, which is
considered to be involved in AD. The hyperactivity of GSK-3 has been observed in various
models of AD. GSK-3 phosphorylates Tau at different sites leading to the generation of Tau-
mediated toxicity'*®. The hyper-phosphorylated Tau impairs diverse signalling cascades in
neurons!*®, Hence GSK-3B and phospho-Tau are emerging as important targets for studying
the potency of molecules in AD'*°. Several GSK-3B inhibitors e.g. lithium, valproate, tideglusib
etc. were studied for the treatment of AD*!. Tau mediated intracellular oxidative stress is
another factor, widely studied in the context of AD. Tau is reported to induce oxidative stress
in neurons via modulating various trafficking and signalling cascades!®?. Thus, the chelators
of ROS e.g. melatonin, serotonin (5-hydroxytryptamine), tacrine, lipoic acid, Carotene,
lycopene, retinol etc. showed protective action against Tau mediated stress in AD. Bacopa
Monnieri has been known reported as herb having memory-enhancing, anti-inflammatory,
analgesic, antipyretic, sedative, anti-depressant, anti-anxiety, anti-oxidant and anti-epileptic
properties?®®. Bacoside A is considered the major chemical moiety known to be responsible
for neuropharmacological effects and the nootropic action of Bacopa Monnieri***. Bacopa
Monnieri is also known to upregulate the expression of antioxidant enzymes SOD and
catalase!®, The treatment of BME has improved the conative function in AD models. The
treatment of BME rescued primary neuronal cells from ABR-mediated oxidative stress and
toxicity. Although the role of BME in the context of Tau phosphorylation and Tau toxicity is still
yet to be addressed. In our work we aim to study the role of BME in downregulation the Tau
phosphorylation, reducing the oxidative stress in neuroblastoma cells and improving the
nuclear transport. The objective of the present study was to analyze the therapeutic potency
of BME against Tau toxicity and AD.

5.2 Results
5.2.1 Phytochemical extraction and characterization of Bacopa monnieri

Bacopa monnieri (BM) is known for its neuroprotective property; in traditional therapy, various
herbal formulations of BM have been prescribed for treatment of neurological disorders (Fig.
24A). We aim to study the effect of ethanolic extract of BM (BME) on various aspects of Tau
aggregation. The crude extract of BM was prepared by extracting powdered dried BM with
rectified spirit. The crude extract was characterized by subjecting to Thin-layer
chromatography (TLC), High-pressure liquid chromatography (HPLC) and Liquid
chromatography high-resolution mass spectrometry (LC-HRMS) analysis. The TLC analysis
indicated the presence of various compounds in the BME, which HPLC and LC-HRMS were
further identified. The 21 peaks in the HPLC chromatogram suggested the presence of a
mixture of compounds in the extract (Fig. 24B-D). The phytochemical present in the crude
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extract were identified on the basis of molecular weight and molecular formulae, comparing
ESI (+)-MS data with the earlier reports the probable compounds were identified (Table 2).
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Figure 24. The phytochemical extraction of Bacopa Monnieri. A) Bacopa Monnieri is a herb found in marshy
areas and considered to have a neuroprotective effect. Various formulations of Bacopa Monnieri such as kwath,
asav, churna, vati have been prescribed to patients of neurological disorders. B) HPLC chromatogram of BME
showing the presence of a mixture of compounds in the extract. C) The LC-MS analysis of BME indicted the
presence of 21 peaks, corresponding to various compounds in the extract. D) The dried powder of Bacopa Monnieri
was extracted rectified spirit, and the crude extract was subjected to TLC.

5.2.2 BME potentially modulated the aggregation of full-length Tau

The role of BM in the aspect of Tau aggregation was still unexplored, the effect of BME on in
vitro Tau aggregation was studied (Fig. 25A). In the present study, heparin-induced Tau was
incubated with various contractions of BME (10, 25, 50, and 100 pg/ml), the aggregation
kinetics was studied by the ThS fluorescence assay. At a concentration of 25 pg/ml and above,
an explicit reduction in ThS fluoresce was observed, which attested to the aggregation
inhibition (Fig 25B). We studied the untreated Tau aggregates that were observed to have a
partial B-sheet structure, at the same time BME treated Tau aggregates had shifted towards
the random coil, which suggested the aggregation inhibition (Fig. 25C). Tau aggregates have
long filamentous morphology, the electron microscopic images of untreated samples showed
extended inter tangled thick Tau fibrils. While the BME treated samples had broken filaments,
thus the morphological differences in Tau fibrils suggested that BME inhibited aggregation of
Tau (Fig. 25D). The overall results supported that BME could be considered as a potent
compound against Tau aggregation.

5.2.3 The disaggregation of pre-formed Tau fibrils by BME

The efficiency of a compound to disaggregate the mature Tau fibrils aids to its therapeutic
potency. We studied the disaggregating potency of BME against mature Tau aggregates.
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Figure 25. BME attenuated the aggregation of soluble Tau in vitro. A) The schematic diagram shows the
hypothesis that BME attenuates the aggregation of in vitro Tau aggregation. B) The ThS kinetics show the potency
of BME against Tau aggregation. The untreated sample had higher fluorescence than the BME treated samples
indicating the inhibition of aggregation. C) CD spectroscopy graph indicating the changes in the secondary structure
of Tau after the treatment of BME. The untreated Tau aggregates had a partial 3-sheet-rich structure, whereas
BME treated samples showed a shift towards the random coil. D) The electron microscopic images of BME treated
and untreated aggregates. The untreated aggregates had long thick filamentous morphology; the BME treated
aggregates had small broken pieces.

The ThS assay suggested that at higher concentrations of BME (100 pg/ml), moderately
disaggregated Tau fibrils (Fig. 26A). Subsequently, the assay samples were subjected to
sedimentation assay. In the untreated sample, prominent bands of the higher molecular weight
were visible on SDS-PAGE, whereas in samples treated with a higher concentration of BME,
the higher-order bands were absent indicating the disaggregation potency of BME (Fig. 26B).
The electron microscopic images revealed that the untreated aggregates were having
fibrillary, long morphology (Fig. 26C). Whereas the BME treated aggregated were observed
to have small broken pieces which indicated potent disaggregation (Fig. 26D). The overall
results suggests that BME could have a potency of disaggregation at higher concentrations.

5.2.4 The rejuvenating property of BME in neuronal cells

The compounds which improves the viability of neuronal cells are considered as
neuroprotective. Crude extract of the herb contains a mixture of compounds belonging to
different classes. Hence, the effect of crude extract on cell viability has to be considered for
addressing its neuroprotective effect (Fig. 27A). Caspase-3 are important executional
caspases that could be traced for monitoring apoptosis®®. In the present study, effect of BME
on cell viability and metabolism were studied by MTT assay. Tau aggregate exposed cells
were observed to have reduced cell viability; on contrary, the BME treatment improved the
viability of cells (Fig. 27B).
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Figure 26. BME disaggregated the mature pre-formed aggregates. A) The graph for the ThS fluorescence
kinetics of BME treated aggregates. At higher concentration, BME showed moderate disaggregation potency. At
the lower concentration no significant disaggregation was observed. B) The SDS-PAGE for the sedimentation
assay. BME treated and untreated aggregates were differentiated for supernatant and pellet fractions. The higher
order bands were absent in the pellet fraction after BME treatment. C) The electron microscopic images of mature
Tau aggregates. The untreated Tau aggregates were observed to have a long thick fibrils. D) The electron
microscopic images of BME treated aggregates. The BME treated aggregates had broken morphology indicating
the potent disaggregation.

Tau aggregates are known to initiate the process of apoptosis in neurons. In this study,
Neuro2a exposed to Tau aggregates had elevated Caspase-3 activity than the cells exposed
to BME, which indicated that BME potentially reduced the apoptosis (Fig 27C). The presence
of Tau aggregates induces oxidative stress in cells. The result of the 2',7'-Dichlorofluorescein
(DCFDA) assay suggested that BME potentially quenched the intracellular ROS in Tau
stressed cells. A significant reduction (240%) of intracellular ROS was observed in cells
treated with 100 pg/ml BME (Fig. 27D). Hence the results of these assays supported the
rejuvenating and antioxidant potency of BME.

5.2.5 BME modulated the Nrf2 levels in neurons

The Nrf2 signalling cascade is involved in the cellular antioxidant machinery (Fig. 28A). We
aim to study the antioxidant property of BME by modulation of Nrf2 levels. The formaldehyde-
stressed Neuro2a cells (0.5 mM formaldehyde) were treated with BME (5 pg/ml BME). The
western blot suggested that FA downregulated the Nrf2 levels, while BME treated cells were
having elevated levels of Nrf2 (Fig. 28B-C). Additionally, in immunofluorescence studies, the
BME-treated cells were observed to have an elevated intensity of Nrf2, than FA-treated cells.
The modulation of Nrf2 level in cells after BME treatment indicated that BME supported the
cells in overcoming the FA-mediated oxidative stress (Fig. 28D-E). Hence, from results of this
experiment supported the antioxidant property of BME.
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Figure 27. BME rescues the neuron from Tau-mediated toxicity. A) Tau induces toxicity in neurons by the
generation of oxidative stress. The neurons undergo apoptosis in the presence of Tau aggregates. BME treatment
rescue the Tau mediated toxicity in neurons. B) The graph showing the result of MTT assay stressed cells had
reduced viability, BME treatment improved the viability of Tau stressed cells. C) Tau treated neurons had elevated
Caspase-3 activity. BME treated downregulated the Caspase-3 activity. D) BME act as an antioxidant, The DCFDA
assay showed the potency of BME to quench the intracellular ROS levels in Tai stressed neurons.

5.2.6 BME restores the nuclear transport in neuronal cells

Nucleoporins (Nups) are the nuclear pore complex (NPC) forming proteins, which act as a
passage through the nuclear membrane which facilitates the nucleocytoplasmic transport of
macromolecules (Fig. 29A)'*’. Neurodegenerative diseases are associated with dysfunction
in nucleocytoplasmic transport and distorted morphology of nuclear envelop®®®. AD has been
reported to be associated with disorganization of Nup98'®°. The most significant protein of
the Nup complex is Nup358 which localizes on the cytoplasmic side of NPC and acts as a
clamp of NPC. In our study, the effect of BME on Nup358 arrangement in FA-stressed
Neuro2a cells were observed. The FA stressed cells had a distorted arrangement of Nup358
around the nucleus; on contrary, the BME treatment restored the arrangement of Nup358
suggesting the constructive role of BME on Nups358 (Fig. 29B-C). These indicated that BME
potentially rescues the nucleocytoplasmic transport from FA-mediated stress.

5.2.7 BME modulates GSK-3B phosphorylation in neurons

GSK-3 plays a central role in Tau phosphorylation and generation of AD pathology. Several
studies have targeted GSK-3f for evaluating the potency of therapeutic molecules in AD. In
our study, the effect of BME was observed in formaldehyde stressed cells. The western blot
showed that FA treatment elevated the GSK-33 phosphorylation. The FA-treated cells and
cells treated with BME had distinguished difference in pGSK-3 band intensity.
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Figure 28. BME modulated the Nrf2 level in cells. A) Nrf2 signalling acts as the antioxidant machinery in cells.
The oxidative stress activates the Nrf2, which binds to ARE in cells leading to the expression of antioxidant
enzymes. B) The western blot showed the effect of BME in FA stressed cells. BME was observed to elevate the
expression of Nrf2. C) The quantification of Nrf2 blot indicates a clear difference in expression of Nrf2 in FA stressed
cells and BME treated cells. D) Immunofluorescence images showing the effect of BME in FA-stressed cells. The
BME-treated cells were having high intensity of NRf2 than the FA stressed cells. E) The quantification of IF images,
indicates the difference in Nrf2 intensity in various treatment groups.

Similarly, in the cells treated with both BME and FA a low level of pGSK-33 was observed.
Interestingly, no significant difference was observed in the GSK-3f levels for all four groups
(Fig. 30A-C). The immunofluorescence studies indicated that FA-treated cells were having
elevated levels of pGSK-3B as compared to cell control and BME-treated cells. Which
supported that FA led to phosphorylation of GSK-33. Whereas BME attenuated the FA-
mediated phosphorylation of GSK-3B (Fig. 30D-F).

5.2.8 BME reduced the formaldehyde-mediated Tau phosphorylation

Tau phosphorylation is one of the crucial events related to Tau aggregation generation (Fig.
31A). The studies have targeted the phosphorylated Tau for analysing the therapeutic potency
of molecules. In our study, the effect of BME was observed on FA-mediated Tau
phosphorylation. The dot blot assay indicated that FA treatment induced the Tau
phosphorylation in cells. Whereas, BME-treated cells had a reduced level of phospo-Tau
(Thr212/Ser 214) as compared to FA treated cells (Fig 31B). The immunofluorescence studies
suggested that FA stressed cells had increased intensity of phospho-Tau, while BME treated
cells had significantly reduced intensity of phospho-Tau (Fig. 31C,D). The overall results of
these experiments suggested that BME has a protective role against Tau phosphorylation,
which aids in its therapeutic potency in AD.
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Figure 30. BME modulated the GSK-3f phosphorylation. A) The western blot designated for the effect of BME
on GSK-3B phosphorylation in FA stressed cells. The FA-induced phosphorylation of GSK-33, whereas BME
treatment downregulated the GSK-38 phosphorylation. B) The quantification of western blot indicating the
difference in band intensity of pGSK-38 in various treatment groups. C) The quantification graph of western blot
for GSK-3B8. There was no difference in GSK-33 were observed in various treatment groups. D) The
immunofluorescence images of various treatment groups having difference in intensity of pGSK-3 and GSK-3f3
levels. D-F) The quantification of IF images, the difference in pGSK-3p levels in FA treated cells and BME treated
cells, suggested the modulation of GSK-3p phosphorylation. There were no significant changes in GSK-3f level
was observed.
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Figure 31. BME reduced the Tau phosphorylation. A) Formaldehyde (FA) treatment led to phosphorylation of
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reduction in phospho-Tau intensity after BME treatment in FA stressed cells.

Table .2
- - -
S. Retgntlon Chemical M+H M+Na error Frag Name of pro_bable
No. Time formula (ppm) ments phytochemicals
493.169 . .
7.95 C24H28011 3 -2.3462 Monnieraside Il
2. 8.38 C27H30015 595é166 617.1484 0.7598 Luteolin-7-rutinoside
3. 8.52 Ca23H26011 479%154 -0.197 Plantioside B
757.218 Luteolin-7-rutinoside-3'-
4, 8.77 C33H40020 3 779.1994 -0.3263 glucoside
757.218 Luteolin-7-rutinoside-4'-
5. 8.80 Cs3H40020 3 779.1994 -0.3263 glucoside
6. 9.14 C21H24010 | 437.143 -2.856 Monnieraside Il
7. 9.78 CaoHe4017 839.4 -4.2256 Deprenyl-ara-glc-ara
8. 9.85 Cs4Hg0024 1135.493 -0.1163 579 Bacobitacin C
9. 9.98 C21H19012 463é087 485.0693 0.2542 Luteolin-7-glucuronide
10. 1018 | CaHoOu | “%1° | 47200 | 05008 Luteolin-7-glucuoside
11. 10.39 C21H19012 4632087 485.0693 0.2542 Luteolin-7-glucuronide
12. 10.62 C46H74018 937.4777 0.9865 Oxy-p-glc-ara
13. 10.64 C3sHs60s 605é403 -1.6295 475%’4 Bacopasaponin H
14. 10.69 C32H460s 5595328 3.4799 Cucurbitacin B
15. 10.77 C47H76018 951i493 -1.7747 igf; Bacoside A3 isomer
16. 10.84 Ca6H74017 921.4828 1.0487 jz_)é’ Bacoside A2
17. 10.94 Ca2H66015 811"1447 -0.0738 487 Methyl-p-2glc
797.468 ) 779, Bacopasaponin N1/
18. 11.21 C42He3014 0 0.2075 635 Bacopasaponin Nz
19. 11.36 Ca6H74017 921.4828 1.0487 5:1?32 Bacopaside X
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20. | 1142 | CisHio0s | 22700 Luteolin
797.467 Bacopasaponin N1
21. 11.43 Ca2H68014 3 -1.1260 779 /Bacopasaponin Nz
22. 11.54 C15H100s5 271(')060 Apigenin
23. 11.69 Ca7H76019 967.488 0.7609 Oxy-p-2glc-ara
767.457 Bacoside V /Bacoside IV/
24. 11.76 Ca1He6013 1 -0.6855 Bacopasaponin D
Bacoside Al/
737.444 605, Bacopasaponi A/
25. 11.83 Ca0He4012 > -4.8442 437 Bacopasaponi G/
Bacopasaponin B
Bacoside A1/
737.447 Bacopasaponin A/
26. 11.89 Ca0He4012 2 -3.5199 Bacopasaponin G/
Bacopasaponin B
767.458 Bacoside V /Bacoside IV/
27. 11.92 C41He6013 8 1.5413 473 Bacopasaponin D
28. 12.2 C32H4609 5755320 -1.6752 Cucurbitacin A
29. 1235 | ©oMNO | 290 269 0.1446 Imino diethanol
Bacoside Al/
737.449 Bacopasaponin A/
30. 12.79 Ca0He4012 3 3.0186 Bacopasaponin G/
Bacopasaponin B
767.459 Bacoside V /Bacoside 1V/
31. 13.19 C41He6013 3 2.1775 605 Bacopasaponin D
Bacoside Al/
737.446 ) Bacopasaponin A/
32. 13.38 Ca0He4012 5 0.7886 Bacopasaponin G/
Bacopasaponin B
1167.55 Deoxy-p-2glc-ara-
33. 17.29 CssHgeO24 91 0.7729 phenylglucoside

Table 2. LC-HRMS analysis shows the molecular formula list, retention time and the respective phytochemicals
identified based on protonated, Na adduct and m/z fragments.

5.3 Summary

In our study, the potency of ethanolic extract of Bacopa monnieri was studied against Tau
aggregation, Tau-mediated oxidative stress, cytotoxicity, and Tau phosphorylation. The BME
potentially inhibited the invitro aggregation of Tau. The treatment of BME improved the vitality
of Tau stressed cells, and downregulated the apoptosis via modulating the Caspas-3 activity.
The BME was also found to have efficiency of quenching intracellular ROS. Additionally BME
upregulated the Nrf2 level in cells, which indicated the antioxidant property of BME. The
Neuro2a cells incubated with BME had low level of phospho-Tau and phospho-GSK-3(3, which
indicated the potency of BME against Tau phosphorylation. It was observed that BME restored
the Nup358 arrangement in FA-stressed cells, which facilitated the nucleocytoplasmic
transport. These results advocated that BME could be considered as a potent herb in
attenuation of Tau aggregation and Tau toxicity.

61



Discussion

Chapter 6
Discussion
6.1 The diverse role of Tau in neuron

Alzheimer’s disease (AD) is a neurodegenerative disease characterized by progressive loss
of memary, cognitive function and behavioural impairments. The accumulation of extracellular
AB plaques and intracellular Tau aggregates are causes of AD®. The Tau protein is known
to be closely involved with the AD-related pathology. Physiologically, Tau is a microtubule-
binding protein, which provides stability to microtubules®. Under-pathological conditions such
as AD, the dissociation of Tau from microtubules led to microtubule disintegration, while Tau
monomers self-aggregates resulting in neurotoxic Tau aggregates'®l. The aggregates of Tau
are known to interfere with various vital signalling cascades of neurons. The accumulation of
Tau is reported to impair the protein quality check machinery in the endoplasmic reticulum?62,
Similarly Tau aggregates and oligomers are reported to induce mitochondrial dysfunction63,
Tau protein is localized in the cytosol, but the studies evidenced the presence of nuclear Tau.
Tau found to be associated with dysfunction of nucleocytoplasmic transport?. The missorted
Nup98 interacts with Tau protein resulting in impairment of nucleocytoplasmic transport64,
Since Tau is associated to the microtubule, the presence of Tau aggregates modulates the
cytoskeleton of the neuron. The neuron having Tau aggregates stress had reduced neuritic
extensions, similarly Tau aggregates led to modulation of actin cytoskeleton network?!,
Additionally, the generation of oxidative stress and autophagy are the common symptoms
generated in presence of Tau aggregates. The molecules having potency against Tau
aggregates were targeted to evaluate the neuroprotective potency in AD. The compounds of
natural origin e.g. curcumin, cinnamaldehyde, anthraquinones, daunorubicin, baicalein,
epigallocatechin-3-gallate (EGCG), limonoids etc; have shown a remarkable potency against
Tau aggregation!*®, At the same time, the synthetic Tau aggregation inhibitors such as
Methylene blue and Tideglusib successfully cleared the phase Il clinical trial but failed in the
subsequent clinical trials®. Henceforth, it could be stated that the presence of Tau aggregates
imparts the toxicity to neurons by interfering with cellular components of neuron.

6.2 Tau phosphorylation and Neurotoxicity

Several post-translational modifications viz, glycation, glycosylation, ubiquitination, nitration,
phosphorylation have been associated with Tau aggregation and pathology!®. Tau
phosphorylation is one of the extensively studied PTM, in vitro and in vivo studies have
evidenced the neurotoxicity of hyper-phosphorylated Tau 1. Tau is a phospho protein, one
mole of Tau is known to have two-three moles of phosphate. A total of 85 phosphorylation-
prone sites, including serine (S), threonine (T), and tyrosine (Y) are present on Taul®”18,
These sites are phosphorylated by various kinase e.g. proline-directed glycogen synthase
kinase-3 (GSK-3, cyclin-dependent kinase 5 (cdk5), and 5 adenosine monophosphate-
activated protein kinase (AMPK), non- proline-directed kinase kinases (MARKS), cyclic AMP-
dependent protein kinase A (PKA)%9170. The hyper-phosphorylated Tau detaches from the
microtubule and aggregates at an accelerated rate'’. The accumulation of AR accelerated the
phosphorylation of Tau caused toxicity in Tg2576 mice'’2. Chronic oxidative stress increased
the phosphorylation of Tau, which generated toxicity in neuroblastoma cells'’®. Similarly, the
presence of hyper-phosphorylated Tau imparts adverse effects on nucleocytoplasmic
transport!’*. Additionally, the deficiency of vitamin B upregulated the Tau phosphorylation via
modulating GSK-3B!"®. Hence, several molecules and compounds have been screened for
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their efficiency to downregulate Tau phosphorylation. Methylene blue was observed to reduce
MARK4/PAR1-mediated Tau phosphorylation resulting in attenuation of synaptic toxicity®®.
The treatment of Harmine, a 3-carboline alkaloid, inhibited the Tau phosphorylation at multiple
sites!’®, Lithium is a well-known GSK-3B inhibitor; treatment of lithium reduced the Tau
phosphorylation via downregulation of GSK-3 in aged 3xTg-AD mice!’’. Caffeic acid is a
plant-derived neuroprotective phenolic compound. The treatment of caffeic acid reduced the
Tau phosphorylation in AB stressed PC12 cells!’®. The mice exposed to high doses of iron
were observed to have elevated level of phospho-Tau in the brain. The treatment of iron
chelators e.g. Deferoxamine, reduced the Tau phosphorylation’®. The natural compounds
e.g. curcumin, ginsenoside Rd, Peloruside A etc; are also reported to downregulate the Tau
phosphorylation in neuronal cells!®%81 The treatment of chemical stress e.g. 0.5 mM
formaldehyde, led to phosphorylation of Tau at multiple sights. The formaldehyde treatment
also elevated the activity of Tau specific kinase GSK-3p in neuro2a cells!®2. In the presence
of resveratrol the level of phospho-Tau were reduced to an appreciable extent'®3. Hence the
previous studies conclude that downregulation of Tau phosphorylation is a reliable therapeutic
strategy against AD.

6.3 The effect of photo-excited molecules on protein aggregates

Photodynamic therapy is a non-conventional therapeutic strategy that implies photo-excited
dyes against the target tissues. In recent years, PDT has evolved as a therapy for the
treatment of neuronal tissues!®*185, Various photosensitizers have potency to effect the brain
tissues. The application of PDT for treatment of neuronal tissues has always been a
challenging approach in treatment of neurological disorders, PDT has several challenges to
be answered (Table 3). Although, the recent advancement and research in field of PDT have
indicated potency of photosensitizers for the treatment of neuronal disorders. The 5-
aminolevulinic acid (5-ALA) is a well-researched and reviewed photosensitizer for treatment
of neuronal tissues including brain tumours!®. In recent years numerous photosensitizers (PS)
have been reported for their potency to disaggregate the AR fibrils. Polyoxometalates (POMs)
are fullerene-like inorganic molecules; in recent studies, it was observed that photo-excited
POMs efficiently inhibited the aggregation of AR and disaggregated the mature A aggregates
in vitro*®”. Similarly, another photo-catalytic compound, Bismuth vanadate (BiVO4) was also
observed to photo-oxidize the AB aggregates resulting in irreversible degradation of AB
aggregates!®®. The photo-sensitive porphyrin—peptide (KLVFF) hybrid molecules were studied
to attenuate the AR®. meso-tetra(4-sulfonatophenyl)porphyrin (TPPS) is the photosensitizer
which has excitation in blue light; in vitro studies showed that photo-excited TPPS inhibited
the aggregation of AB. In another study, AB has treated riboflavin in the presence of white light
irradiation. The result of these studies showed that riboflavin treated AB peptides had lower
potency for aggregation and cytotoxicity!®. In a study, the photo-sensitive ruthenium (Il)
{[Ru(bpy)3]2+} complex was tested against AR aggregates. The in vitro studies such as CD
spectroscopy, ThT fluorescence assay, Fourier transform infrared spectroscopy suggested
that treatment of white light irradiated ruthenium (lI) complex inhibited the aggregation of in
vitro aggregation of AR and cytotoxicity in PC12 cells®?,

Rose Bengal (RB) belongs to xanthene dyes, RB is known to have photosensitivity when
irradiated with green light. In recent studies, the role of photo-excited RB has been reported
against AB aggregation. The photo-excited RB attenuated the aggregation of A under in-vitro
conditions. Moreover, the treatment of photo-excited RB also observed to rescue the PC12
cells from AB mediated toxicity®. Similarly, the phenothiazine dye Methylene blue inhibited
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the AB aggregation and toxicity. The treatment of photo-excited Methylene blue (MB)
disaggregated the mature A fibrils. Whereas, under in vivo studies, the photo-excited MB
improved the crawling behaviour of UAS-AB42 Drosophila larvae and reduced the brain
vacuole formation in adult flies®2. BNaYF4:Yb/Er@SiO2@RB and RB/UCNP@ROS are
examples of photo-sensitive compounds which have excitation at 980 nm. The preliminary
studies have demonstrated the effectiveness of these compounds in attenuation of AR
aggregation!?!, Although the effect of photo-excited dyes against Tau fibrilization and Tau-
mediated toxicity was not studied exclusively. Our work, observed that the treatment of
phenothiazine dye Toluidine blue (TB) appreciably inhibited the aggregation of heparin-
induced Tau. Additionally, treatment of photo-excited TB resulted in potent disaggregation of
pre-mature Tau aggregates. Similarly, the xanthene dye Rose Bengal (RB) was also studied
for its potency against Tau aggregation. The in vitro studies clearly suggested that the
treatment of RB attenuated the aggregation of heparin-treated Tau. The photo-excited RB
treatment led to disaggregation of mature Tau filaments, which was confirmed by biochemical
and biophysical techniques such as ThS assay, SDS-PAGE and electron microscopy. The
behavioral studies were performed in Drosophila model suggested that the treatment of both
the dyes viz; photo-excited RB and photo-excited TB improved the memory, longevity, and
locomotor function of UAS-A14 Tau Drosophila. Hence, the photo-excited dyes RB and TB
were observed to have potency against against Tau aggregation and Tau toxicity (Fig. 32).
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Figure 32. The photo-excited dyes disaggregate the protein aggregates. Amyloid-f3 aggregates are formed by
the activity of y-secretase on APP. The mature aggregates of amyloid-f3 are neurotoxic. . The treatment of photo-
excited dyes e.g Rose Bengal, methylene blue etc., inhibits the aggregation of amyloid-f, which reduces the
amyloid-B-mediated toxicity. Tau aggregates are toxic to neurons, which modulate several cellular signalling
ultimately resulting in toxicity. The treatment of photo-excited dyes e.g. Rose Bengal and Toluidine blue,
disaggregates the Tau aggregates.

6.4 Cytoskeleton deformities and PDT
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The cytoskeleton plays a crucial role in the maintenance of the neuronal integrity, neurite
extension, synapse formation, axonal elongation etc. The modulation in the microtubule
network led to various changes in neurons. The studies showed that cholesterol treatment
attenuated the dendritic outgrowth by the microtubule network!®2. Similarly, overexpression of
microtubule destabilizing factor SCG 10 resulted in reduced neuronal outgrowth'®:, The
treatment of lysophosphatidic acid (LPA) led to tubulin modulation and Tau hyper
phosphorylation. The neurons exposed to LPA treatment were observed to have retracted
neurite outgrowth!®4. Lipid peroxidation results in formation of various stress molecules such
as 4-hydroxy-2(E)-nonenal (HNE). HNE interfered with the microtubule stability which caused
the reduction in neurites length!®. Similarly, the modulation of another cytoskeleton protein
actin also results in various neuronal defects. The recent studies suggest that accumulation
and bundling of F-actin result in Tau-mediated neurodegeneration in Drosophila®.
Huntington’s disease is another neurodegenerative disease known to be caused from
Huntingtin protein. It was observed that mutation in the huntingtin protein led to modulation in
actin cytoskeleton!®’. The accumulation of actin/cofilin rods are among the common processes
observed in several neurodegenerative diseases such as AD, PD, HD!%, The localization of
AB causes the oxidation of F-actin, while the treatment of Glutaredoxinl inhibited the F-actin
oxidation resulting in restoration of cognitive function®°.
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Figure 33. Cytoskeleton modulation by photo-excited dyes. The cytoskeleton plays various crucial roles in
neurons. The processes such as synaptic connection formation, neuronal development, and axonal guidance have
the role in the cytoskeleton. Neurodegenerative diseases are known to be associated with cytoskeleton deformities
the treatment of photo-exited Rose Bengal and Toluidine blue up regulated the polymerization of tubulin resulting
in neurite extension. The actin cytoskeleton is also modulated by photo-excited dyes. The filopodia are hair-like
actin-rich structures, whereas the lamellipodia are the fan-like structures involved in cell addition and cell-cell
communication. The cells exposed to photo-excited Rose Bengal and Toluidine blue had increased actin rich
structures in membrane indicating the modulation of actin cytoskeleton.

Thus, the deformities in the neuronal cytoskeleton are closely associated with
neurodegenerative diseases. Photodynamic therapy is known to target the cytoskeleton. The
PDT using aminolevulinic acid showed the alternation of glioma cell morphology via actin
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cytoskeleton?®, The Photofrin-mediated PDT resulted in microtubule depolymerisation?°®.
Similarly, the application of photo-excited 3,3'-dihexyloxacarbocyanine iodide and TMPyP—
Porphyrine resulted in depolymerisation of microtubules’2°2, Thus, we studied the effect of
photo excited dyes Rose Bengal and Toluidine blue on neuronal cytoskeleton modulation. We
observed that the exposure of photo-excited RB, and TB potentially modulated the actin
cytoskeleton. Elevated number of actin-rich hair like structures filopoida and fan-like
lamellipodia were observed in cells exposed to photo-excited RB and TB. The photo-excited
RB treated cells were having podosome-like structures actin rich structures, which suggested
the modulation of actin cytoskeleton. Tubulin are another important cytoskeleton protein. In
our studies we observed that treatment of photo-excited RB and TB resulted in modulation of
tubulin network which was evidenced by presence of long neurite extensions having elevated
intensity of tubulin. Hence, the overall result of these studies suggested that treatment of
photo-excited dyes may have potency to modulate neuronal cytoskeleton (Fig. 33).

6.5 Ayurveda and neurodegeneration

Ayurveda includes the approach that deals with prevention, diagnosis, and therapeutic
strategies for diseases. Ayurveda counsels about the diet and nutrition for an individual based
on analysis of body components or "Prakriti”. Charaka Samhita and Sushruta Samhita (400
BC-200 AD) are ancient literature, which include various formulations of Ayurveda®®,
According to Ayruveda, the neuronal system of the human body is dominated by the Vata
component (dosha). There are medicinal plants that are believed to have potency against
Alzheimer's disease??*. The application of various formulations of these herbs were found to
improve the memory deficits (Table 4). Withania somnifera, Convolvulus prostrates,
Nardostachys jatamans and Bacopa monnieri are acknowledged to have nootropic potency?®.

Table. 4
S.No. | Name of Herb Medicinal Bioactive Function Reference
part of plant | component
1. Ashwagandha Roots withanine, Reduction of | Kaur etal.,
(Withania somnifera) withananine, neuroinflammation, 2001
somniferine, Depression,
sominone, Memory deficit
somnine
2. Jatamansi Roots sesquiterpenoids | Memory deficit, Insomnia | Rather A et
(Nardostachys , valeriananoids al., 2012
jatamansi)
3. Sarpagandha Roots Reserpine Hypertension, Insomnia, | Lobay et al.,
(Rauvolfia sepentina) Depression 2015
4, Turmeric (Curcuma | Roots Curcumin Reduction of | Monroy et
longa) Neuroinflammation, al., 2013
neurodegeneration ,
memory deficit
5. Shankhpushpi Leaves Shankhapushpin | improvement of memory | Agarwa et
(Convolvulus e, convolamine, | and learning ability al., 2013
pluricaulis) convoline,
6. Brahmi (Bacopa | Leaves Bacoside A, | Imporovement in memory | Augiar et al.,
monnieri) Betulininc acid, | and cognitive function 2013
Bacoposide
7. Gotu kola (Centella | Leaves Asiaticoside A, | Improvement of memory | Dey et al,
asiatica) Asiaticoside B, and learning 2015
Asiatic acid
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Xu Y et al,
2008
8. Jyotishmati Seed/Seed Pristimerin Antioxidant Summers et
(Celastrus oil Memory enhancer al., 2004
paniculatus)
9. Giloy (Tinospora | Leaves Tinocordioside Anti-depressant Saha et al,
cordifolia) Cordiosides 2012
10. Tulsi (Ocimum | Leaves Eugenol Acetyl choline booster Pattanayak
santum) etal ., 2010
11. Neem ( Azadirchta | Leaves Limonoids Improvement of cognition | Raghvendra
indica) etal ., 2013
12. Bringraj (Eclipta alba) | Leaves Wedelolactone Antioxidant Vidhya shree
Improves learning et al., 2018
13. Vacha (Acorus | Rizome Asarone, Improves the learning Kumar A
calamus) Asareldehyde 2013
14. Shatavar (Asparagus | Rizome Shatavarin IV Antioxidant Smita S et al;
racemosus) Anti-Parkinson’s herb 2017
15. Vidari Kanda | Rizome Tuberosin Antioxidant Rao et
(Pueraria tuberosa) Nootropic al;2008
16. Kesar (Crocus | Stigma, styl | Crocins Antioxidant Shaterzadeh
sativus) of flower H et al; 2018
17. Almond (Prunus | Seed Morin Destabilises the Amyloid- | Lamkul JA et
amygdalus) B Firbils al; 2010
18. Garlic (Allium | Cloves Crude exract Downregulation of | Guo JP et al;
sativum) Amyloid-p induced | 2010
apoptosis in PC12 cells.
19 Ginger (Zingier | Rizome Crude extract Inhibition of Amyloid-B | Guo JP et
officials) aggregation al;2010

Table 3. The Ayurveda applies various formulations of herbs for the treatment of neurodegenerative diseases. The
table showing list of plant considered to have neuroprotective property.

The protein aggregates is considered as one of the reason for AD. Numerous plants contain
mildly toxic non-mutagenic flavone “Apigenin”. The apigenin treatment reduces the copper-
mediated AP aggregation and oxidative stress in neurons. The apigenin treatment reduced
the AB burden in the APP/PS1 mice model of AD?®, It was also observed that oligomers of
AB -induced toxicity to the astrocyte and neurons obtained from the cortex of newborn and
embryonic wistar rats, whereas apigenin rescued the neuronal and astrocyte from A
mediated toxicity??’. Baicalein is another naturally occurring flavone isolated from the roots of
Scutellaria baicalensis. The recent studies suggested the neuroprotective property of
Baicalein against Ap and Tau-mediated toxicity. Baicalein (10—-50 mg/kg, i.p.) reduced the A3
mediated amentia in mice?®. The treatment of Baicalein reduced the AB-mediated toxicity, cell
apoptosis and oxidative stress in PC12 cells?®. Curcuma longa is an acknowledged herb in
Ayurveda; curcumin is the polyphenolic bioactive component isolated from blubs of Curcuma
longa?®. The injection of curcumin in aged Tg2576 mice reduced the formation of senile
plaques®. The inhibition of Tau aggregation is another important therapeutic strategy against
AD. Curcumin treatment inhibited the B-sheet formation and aggregation of Tau in vitro?**. The
conjugate of Ruthenium(ll) and curcumin efficiently inhibited the aggregation of peptide
corresponding to R3 repeat of Tau?'?. Another derivative of curcumin PE859 was observed to
inhibit the aggregation of both A and Tau in vitro furthermore, the treatment of PE859 reduced
the load of Tau aggregates and improved the cognitive behavior in senescence-accelerated
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mouse prone 8 (SAMP8)23. Withania somnifera is another nootropic herb in Ayurveda,
withanamide is one of the active components of Withania somnifera, the treatment of
withanamide rescued the viability of AR stressed PC12 cells?'4, The crude root extract of
Withania somnifera reduced the H.O, and AR mediated toxicity in differentiated PC12 cells?*°.
Crocus sativus or saffron is known for it's antihypertensive, anticonvulsant, antitussive,
antigenotoxic and cytotoxic effects?!6. In recent studies Crocus sativus was observed to have
neuroprotective efficiency against AD, the extract prepared from the stigma of Crocus sativus
inhibited the fibrillogenesis of AB?!". Crocin is a carotenoid isolated from stigma of Crocus
sativus, the treatment of crocin efficiently inhibited the aggregation of AB peptides in vitro?8,
The administration of crocin improved the AB mediated memory deficits and long-term
potentiation in rats?'®, The aggregates of a-Synuclein are considered to be associated with
Parkinson’s disease??. Epigallocatechin gallate (EGCG) is an active component of green tea,
which is known to have potency in inhibiting the aggregation of AR and AB mediated toxicity.
EGCG was found to be effective in attenuation of Tau aggregation34?21, Bacopa monnieri is a
nootropic herb that has been studied in various aspects of neurodegeneration. The extract of
Bacopa monnieri protected the primary cortical neurons from AB-mediated toxicity and
oxidative stress. Extract of Bacopa monnieri also showed the improvement of cognitive
behavior and memory dysfunction in AD model'®®. Bacoside-A is an active compound isolated
from Bacopa monnieri, was found have significant inhibitory effect on AR aggregation®s. In
our studies we have also observed that the crude extract of Bacopa monnieri inhibited (BME)
the aggregation of Tau in vitro. The results of ThS assay, electron microscopic analysis, CD
spectroscopy supported the aggregation inhibition potency of BME.

6.6 The rejuvenating effect of BME

Accumulation of Tau aggregates results in impairments of various signalling cascades that
direct the cells for apoptosis or necrosis??2. Several key Tau aggregation modulators have
been observed to improve the vitality of cells. Heptelidic acid is one of the Tau aggregation
inhibitors, the treatment of heptelidic acid improved the viability of cells?>2. The Caspase-3
activity was also reduced by heptelidic acid treatment indicating the reduction in cell death.
Azadirachta indica is known for its exceptional medicinal property, nimbin and salanine are
two limonoids isolated from Azadirachta indica fruits. Nimbin and Salanine were found to
inhibit the aggregation of Tau in vitro. Additionally, these limonoids demonstrated a protective
effect in cells and rescued them from Tau-mediated toxicity*°. Baicalein is another naturally
occurring flavonoid that can attenuate Tau aggregation and Tau-mediated toxicity 3311, Our
study also observed that BME rescues the cells from Tau-mediated toxicity. Additionally, we
observed that the cells had improved viability after BME treatment. The BME was also found
to downregulate the apoptosis by modulating the activity of Caspase-3. Thus, we stated that
BME has a rejuvenating effect in Tau stressed cells.

6.7 The antioxidant property of BME

The oxidative stress is one of the principle reason for generation of neurodegeneration. The
Ayurvedic herbs and their active components are known to have antioxidant properties.
Withania somnifera reduced the Bisphenol A (BPA) induced oxidative stress in mice model??*,
Similarly, the root extract of Withania somnifera demonstrated neuroprotective action by
reducing the oxidative stress in maneb (MB) and paraquat (PQ) mice models??. The treatment
of curcumin defended the neurons from AP induced oxidative stress. Rotenone treatment
induces Parkinson’s disease like pathology via generation of oxidative stress. The
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administration of resveratrol reduced the 1-methyl-4-phenylpyridinium ion (MPP*) mediated
oxidative stress in neurons??®, Bacopa monnieri is widely acknowledged for its antioxidant
properties. The treatment of BME upregulated the Nrf2 level, which protected the rat against
oxidative stress'®. Similarly, the administration of BME upregulated the expression of
antioxidant enzymes e.g. superoxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx) in brain of wistar rats!?, Similarly, in primary cortical cultured neurons BME
treatment reduced the AB-mediated oxidative stress and glutamate-induced toxicity??’. In our
experiments, the cells treated with BME were having low level of intracellular ROS and
elevated levels of Nrf2 which suggested the antioxidant property of BME.

6.8 BME recued Tau phosphorylation

The hyper-phosphorylation of Tau is considered to be one of the crucial factors in the
generation of Tau aggregation and Tau pathology??®. Proline-directed kinase e.g. GSK-3p,
CDKS5, JNK and non proline-directed kinase e.g. PKA, PKC, CaMKIl, MARK or CKII etc?®.
The accumulation of hyper-phosphorylated Tau induces oxidative stress, neurotoxicity and
impairment in signalling cascades?®?3, The compounds of natural origin have potency to
downregulate Tau phosphorylation. The natural plant derivative “Isobavachalcon”, was

Bacopa Monnieri

Formaldehyde

Jd

s N Tau monomers

Heparin

Tau aggregates

Disruption of nuclear envelop

Nrf2 downregulation

= Tau phosphorylation
In-vitro aggregation

Figure 34. The Bacopa monnieri extract (BME) have neuroprotective property against Tau toxicity. The Tau
aggregation is one of the hallmarks of AD; under in vitro conditions, the Tau aggregation is mimicked by incubation
with polyanionic compounds such as heparin. The BME potentially attenuated the aggregation of Tau in vitro. In
the presence of BME the viability of neurons improved, which aids to its neuroprotective property. The
phosphorylation of Tau led to the generation of its pathology. Formaldehyde treatment results in Tau
phosphorylation and neurotoxicity. The treatment of FA increased the intracellular ROS and disrupted the nuclear
envelope. BME treatment reduced the intracellular ROS and upregulated the Nrf2 pathways, which supports its
antioxidant property. The BME treatment assists in the reorganization of Nup358 around the nucleus, which aids
in its neuroprotective property.
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studied to have a neuroprotective effect as it reduced the Tau phosphorylation by modulating
the activity of GSK-3B and PP2A°, Similarly the natural compound “wogonin”, tested to be
effective in reducing the Tau phosphorylation via inhibiting the GSk-3p activity?*2. The naturally
occurring polyphenol “curcumin”, was observed to have neuroprotective potency via
modulating the level of phospho-Tau. Curcumin treatment effect the GSK-3f activity in SH-
SY5Y cells, and thus, it reduces the level of phospho-Tau?®. Epigallocatechin-3-gallate
(EGCG) s another polyphenol found in green tea, recent studies suggested that EGCG
reduced the formaldehyde-mediated phosphorylation of Tau in neuro2a cells®*. Trans-Crocin
4 and trans-Crocetin are the bioactive components of Crocus sativus, which are known to
have neuroprotective potency. In the presence of trans-Crocin 4 and trans-Crocetin the activity
of GSK-3B and ERK1/2 were downregulated resulting in rediced phospho-Tau levels in SH-
SY5Y cells?®*, The plant-derived stilbenoid resveratrol reduced the formaldehyde-mediated
Tau phosphorylation 3, In our work, we observed that the formaldehyde treated Neuro2a
cells had a significantly elevated level of phospho-Tau, whereas BME treatment reduced the
phospho-Tau. Interestingly the BME was also observed to modulate the phosphorylation of
GSK-3B. We observed that in formaldehyde treated cells, pGSK-3B3 level were more as
compared to untreated cells. On the contrary the BME treatment decreased the level of pGSK-
3B. Thus, we stated that BME has the potency to modulate the Tau phosphorylation in neurons
(Fig. 34).
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Abstract

The intracellular Tau aggregates are known to be associated with Alzheimer’s disease. The
inhibition of Tau aggregation is an important strategy for screening of therapeutic molecules
in Alzheimer's disease. Various compounds of natural and synthetic origins have been
screened for the potency against Tau aggregation. The photo-excited dyes showed inhibitory
effect on amyloid protein aggregation and toxicity. In the present work, we studied the effect
of two acknowledged photosensitizers Toluidine Blue (TB) and Rose Bengal (RB) against Tau
aggregation. The aim of this work was to study the protective role of these dyes against Tau
aggregation and cytoskeleton modulations. The studies carried out with help of ThS
fluorescence, circular dichroism, and electron microscopy suggested that TB and RB
attenuated the in vitro Tau aggregation. Whereas, the PE-TB and PE-RB disaggregated the
mature Tau fibrils. In our studies, we observed that PE-RB and PE-TB Bengal modulated the
cytoskeleton network. The Neuro2a cells exposed to PE-RB and PE-TB were having
extended neurite, which indicated the modulation of tubulin network. Similarly, the treatment
of photo-excited dyes modulated actin structures in cells. Neuro2a cells exposed to PE-RB
and PE-TB had increased actin-rich filopodia and lamellipodia. The behavioural studies on
Drosophila transgenic models suggested that exposure to these dyes improved the longevity
and egg laying capacity of flies. Similarly the negative geotaxis assay suggested that flies
exposed to PE-RB and PE-TB were having improved locomorter function. The treatment of
PE-RB and PE-TB improved memory and learning of UAS E-14 Tau mutant of Drosophila.

Bacopa monnieri is a nootropic herb described in Ayurveda. In our work the ethanolic extract
of Bacopa monnieri was studied for its potency to inhibit Tau aggregation and rescue of
viability of Tau stressed cells. Bacopa monnieri was observed to inhibit the Tau aggregation
invitro. The cells exposed to Bacopa monnieri were also observed to have low level of ROS
and caspase-3 activity. The western blot and immunofluorescence analysis showed that the
Bacopa monnieri elevated the Nrf2 levels and downregulated phospho-Tau level in cells.
NUP358 are the key proteins involved in nuclear transport. It was observed that Bacopa
monnieri treatment restored NUP358 arrangement in formaldehyde stressed cells.

The overall results of our studies suggested that PE-TB and PE-RB have potency against Tau
aggregation and Tau-mediated toxicity. Whereas, Bacopa monnieri showed potency against
Tau phosphorylation and Tau aggregation. Hence these compounds could be considered for
further studies in treatment of Alzheimer’s disease.
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1. Tushar Dubey, Priti Kushwah, H. V. Thulasiram and Subashchandrabose

Chinnathambi*. Brahmi attenuates the Tau-mediated Alzheimer’s pathology, 2019-
National Science day, CSIR-National Chemical Laboratory. (Best poster award )
Abstract

Alzheimer’s disease (AD) is the dominant type of dementia emerging worldwide as a
leading health concern. Tau under pathological conditions leads to formation of
neurotoxic aggregates, which leads to AD. Thus considering Tau as hallmark of AD,
various molecules have been studied for their potency against Tau aggregation.
“Ayurveda’, is an ancient science, which implies the application of natural compounds
for restoring the disease related symptoms. Ayurveda include several neuroprotective
herbs, and brahmi is the commanding herb among them. The objective of present
study was to reveal the effect of ethanolic extract of brahmi in various aspect of Tau-
mediated neurotoxicity. The biochemical, cell biology and microscopic studies
suggested that brahmi owns rejuvenating properties against Tau stressed neuronal
cells. Brahmi reduces ROS, Tau hypephosphorylation and accelerates cell viability,
nuclear transport and cell proliferation. The overall study indicated that brahmi is a
potent herb against Tau pathology in Alzheimer’s disease.

Tushar Dubey, and Subashchandrabose Chinnathambi*. Understanding Role of
Tau in Nuclear Transport, 2017-XXXV Annual Conference of Indian Academy of
Neuroscience.

Abstract

Alzheimer’s disease is a neurodegenerative disorder characterized by progressive
decline in cognitive functions and memory. The two hallmarks of Alzheimer’s disease
are the extracellular senile plaques and intracellular neurofibrillary tangles.
Neurofibrillary tangles are formed by aggregation of microtubule-associated protein
Tau. Its main function is to stabilize the microtubule, thus maintaining the axonal
integrity in neurons. In our current work the studies are being carried out to understand
the novel role of Tau in nuclear transport. Objective of our work is to identify the novel
interaction of Tau and the hydrotrope (GTP/ATP) in nuclear transport system.
Following our hypothesis we are targeting the RAN GTPase which is the key protein
in nuclear transport. The preliminary experiments evidenced the cysteine directed
GTPase activity of human Tau. Additionally, Pull-down assays signifies role of Tau in
nuclear transport.

Tushar Dubey and Subashchandrabose Chinnathambi*. Photodynamic exposure
of Rose-Bengal inhibits Tau aggregation and modulates cytoskeletal network, 2021-
National Science day, CSIR-National Chemical Laboratory.

Abstract

The intracellular Tau aggregates are known to be associated with Alzheimer’s disease.
The inhibition of Tau aggregation is an important strategy for screening of
therapeutic molecules in Alzheimer's disease. Rose Bengal is a Xanthene dye, which
has been widely used as a photosensitizer in photodynamic therapy. The aim of this
work was to study the protective role of Rose Bengal against Tau aggregation and
cytoskeleton modulations in neuronal cells. The aggregation inhibition and
disaggregation potency of Rose Bengal and photo-excited Rose Bengal were
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observed by in vitro fluorescence, circular dichroism, and electron microscopy. In our
studies, we observed that Rose Bengal and photo-excited Rose Bengal modulate the
cytoskeleton network of actin and tubulin. The immunofluorescence studies showed
the increased filopodia structures after photo-excited Rose Bengal treatment.
Furthermore, Rose Bengal treatment increases the connections between the cells and
actin-rich podosome-like structures. Thus, the overall results suggest that Rose Bengal
could have a therapeutic potency against Tau aggregation.

Tushar Dubey, Abhishek Ankur Balmik, and Subashchandrabose Chinnathambi*.
Signalling Cascades and Post-translational modifications of Tau, 2015-EMBO-
Meeting, Indo-French Conference.

Abstract

Tauopathy is one of the most widely accepted pathological symptom of Alzheimer's
disease. Tauopathy or generation of neurofibrillary tangles are associated with
aggregation of Tau protein. Posttranslational modifications (PTMs) and deregulation
of Tau Signaling cascade are the main culprits for pathological condition of Tau. Many
kinases are involved in signaling cascades, among all those molecules CDK is drawing
attention of researchers because it is known to be involved in early neuronal
development. In normal condition, activity of CDK5 is regulated by p35 protein, but
under stress condition the calpain-mediated proteolytic cleavage of p35 leads to
generation of p25 and p10. The CDK5/p25 complex hyperphosphorylates Tau and
facilitates its aggregation whereas, p10 is known to provide survival signals to cells. In
our lab we will emphasize on demonstrating the effect of pl0 peptide on Tau
hyperphosphorylation.
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ABSTRACT: The aggregates of microtubule-associated protein Tau are considered as a
major hallmark of Alzheimer’s disease. Tau aggregates accumulate intracellularly leading to
neuronal toxicity. Numerous approaches have been targeted against Tau protein aggregation,
which include application of synthetic and natural compounds. Toluidine blue is a basic dye
of phenothiazine family, which on irradiation with a 630 nm light gets converted into a
photoexcited form, leading to generation of singlet oxygen species. Methylene blue is the
parent compound of toluidine blue, which has been reported to be potent against tauopathy.
In the present work, we studied the potency of toluidine blue and photoexcited toluidine
blue against Tau aggregation. Biochemical and biophysical analyses using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, ThS fluorescence, circular dichroism spectrosco-
py, and electron microscopy suggested that toluidine blue inhibited the aggregation of Tau in
vitro. The photoexcited toluidine blue potentially dissolved the matured Tau fibrils, which
indicated the disaggregation property of toluidine blue. The cell biology studies including the
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cytotoxicity assay and reactive oxygen species (ROS) production assay suggested toluidine blue to be a biocompatible dye as it
reduced ROS levels and cell death. The photoexcited toluidine blue modulates the cytoskeleton network in cells, which was
supported by immunofluorescence studies of neuronal cells. The studies in a UAS Tau E14 transgenic Drosophila model
suggested that photoexcited toluidine blue was potent to restore the survival and memory deficits of Drosophila. The overall
finding of our studies suggested toluidine blue to be a potent molecule in rescuing the Tau-mediated pathology by inhibiting its
aggregation, reducing the cell death, and modulating the tubulin levels and behavioral characteristics of Drosophila. Thus,

toluidine blue can be addressed as a potent molecule against Alzheimer’s disease.

B INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by decline in the cognitive function,
inefficacy to perform regular work, social withdrawal, and poor
judgment. AD is associated with short-term memory loss,
which predominantly affects CAl1, CA3, and dentate gyrus
regions of hippocampus. Extracellular senile plaques composed
of amyloid-f (Af) and intracellular neurofibrillary tangles
(NFTs) are the hallmarks of AD."™* In physiological
conditions, Tau is found to be associated with microtubules
and functions to stabilize the microtubules. In pathological
conditions, Tau undergoes various post-translational modifi-
cations, oxidative stress, and truncation, resulting in its
aggregation.”™ The molecules that are potent in inhibiting
the aggregation of Tau fibrils are now being considered as a
therapeutic for AD.>'® Small molecules of natural and
synthetic origin were being studied extensively for their
medicinal potency against AD Patho]ogy.“‘é:‘ll Dyes have
been reported for their medicinal potency in AD, and different
classes of dyes including porphyrins, phenothiazine, xanthine,

W ACS Publ\-caj[ions © 2019 American Chemical Society

etc. showed therapeutic potency in AD. Certain dyes have the
property of photoexcitation and are applied in the treatment of
several dermatological, microbial, and cancerous disorders.
Photodynamic therapy (PDT) or the application of photo-
excited (PE) dyes is widely used for the treatment of
carcinomas, biofilms, dental plaques, dermatological problems,
etc. Photoexcited toluidine blue (TB) is widely used as
bactericide, but its effect on neuronal degeneration is yet to be
addressed. Principally, the therapy is based on targeting the
disaggregation potency of photoexcited dyes against patho-
logical protein aggregates. PDT was found to be effective in
inhibiting amyloid-f/# aggregation and increasing its disaggre-
gation by employing xanthene and porphyrin dyes. TB has
been reported for its inhibitory properties against proteins like
prion, amyloid-f, Tau, etc.'"””"* Methylene blue (MB) and its
derivatives were found to be more potent against AD.'®
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Figure 1. Tau inhibition by toluidine blue. (A) Schematic hypothesis of Tau aggregation inhibition by TB. The bar diagram demonstrates the
domain organization of 441 amino acid long full-length Tau. Structurally, Tau can be divided into two domains, viz., the projection domain and the
microtubule-binding domain. The four-repeat regions contribute majorly in aggregation of Tau, and the proline-rich region is a target for many
post-translation modifications. (B) Effect of TB on inhibiting Tau aggregation was monitored by the ThS fluorescence assay. (C, D) Electron
micrograph of Tau aggregates revealed long fibrillar morphology of Tau aggregates, whereas in the presence of TB, small broken fibrils were
observed. Tau aggregates after incubating with TB exhibited the population of small, broken filaments after PDT treatment. This indicated the
potency of TB in disintegrating Tau aggregates. (E) Native Tau has a random coil conformation, but as it aggregates, it attains a f-sheet
conformation. Treatment with TB inhibited the conformational change in Tau, in concentration-dependent manner. (F) The absorbance maximum
curve of TB in the presence of Tau at a fixed wavelength of 630 nm was measured, and the hyperbolic curve with a Kj, value of 14 yM was

observed.

Moreover, MB inhibits oligomer formation in amyloid-f,
which is more toxic and accelerates the less toxic fibril
formation. HT-22 cells were used to study the role of oxidized
and reduced forms of MB in neurodegenerative disorders.'®
Additionally, photoexcited MB was also found to inhibit the
aggregation of Af. Drosophila has a similar organization of
brain to that of humans, where Tau plays a critical role in
maintaining the integrity of the cytoskeleton of neurons. The
mutation of Tau protein in Drosophila brain leads to formation
of NFTs, which mimic the tauopathy condition of human
brain.'” The earlier works have demonstrated the potency of
photoexcited xanthene dyes and porphyrin dyes against Af
aggregation. The potency of photoexcited dyes with respect to
Tau aggregation has not been reported. The aim of the present
work was to study the potency of TB and PE-TB against Tau
aggregation and its biocompatibility. The hypothesis was
evaluated using the biochemical and biophysical assays such as
the ThS fluorescence assay, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE), transmission
electron microscopy (TEM), and circular dichroism (CD)
spectroscopy. The biocompatibility of TB and PE-TB was
tested in Neuro2a cells and the transgenic Drosophila model.
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The aim of the present study was to evaluate the potency of
TB and PE-TB in tauopathy. The in vitro and in vivo studies
suggested the potency of TB against Alzheimer’s-related
pathology.

B RESULTS

Toluidine Blue Inhibits Tau Aggregation in Vitro. Tau
protein domain organization comprises a projection domain
and a microtubule-binding domain. The schematic hypothesis
depicts the domain organization of full-length Tau and its
interaction with TB (Figure 1A). The four-repeat region of
Tau, R1 to R4, is the aggregation-prone region. The potency of
TB for inhibiting in vitro Tau aggregation was studied. For the
assay, the heparin-treated Tau was incubated with various
concentrations of TB ranging from 0 to 40 uM. The
aggregation was measured by observing ThS fluorescence at
different time intervals, and the fluorescence kinetics suggested
that TB showed potent Tau aggregation inhibition. The 40 uM
concentration of TB was found to show appreciable inhibition
of Tau assembly (Figure 1B). Moreover, the morphological
changes in TB-treated Tau were studied by electron
microscopy. The electron micrographs suggested long

DOI: 10.1021/acsomega.9b02792
ACS Omega 2019, 4, 1879318802
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Figure 2. PE-TB disaggregates the mature Tau fibrils. (A) SDS-PAGE analysis of Tau aggregates treated with varying concentrations of PE-TB
ranging from 2 to 40 #uM demonstrates a clear decrease in higher-order aggregates. These results indicate the effective role of PDT against higher-
order aggregates. The red box indicates the disappearance of higher-order aggregates on SDS-PAGE, which was apparent in the control group. (B,
C) Electron microscopy shows long, thick, matured fibrils of Tau, whereas after incubating with PE-TB, Tau exhibits the population of small,
broken filaments. This indicated the potency of TB in disintegrating Tau aggregates. (D) ThS fluorescence analysis of PE-TB-treated Tau
aggregates. In PDT-treated samples, the fluorescence intensity decreased drastically. Here, 40 yuM TB showed the maximum effect in disaggregating

the mature aggregates.

extended filamentous Tau aggregates in the control sample,
whereas incubation with TB resulted in small broken pieces of
Tau, which indicated the inefficacy of Tau to aggregate (Figure
1C,D). The conformation of Tau plays an important role in
pathophysiology of AD. In physiological conditions, Tau has a
typical random coil conformation, but during aggregation, Tau
attains a ff-sheet conformation that absorbs at 220 nm. In our
work, the effect of TB treatment on the secondary structure of
Tau was studied. The untreated Tau aggregates showed CD
spectrum of a f-sheet structure, whereas the TB-treated
protein was found to be random coil (Figure 1E). TB has an
absorption maximum at 630 nm (Figure S1A,B). Furthermore,
the binding constant of TB for Tau was measured by UV
spectroscopy. The binding constant (Kp,) for TB and Tau was
calculated by measuring the long-range spectrum of TB on
incubating with various concentrations of full-length Tau. As
Tau and TB both have basic charge, TB showed low affinity for
Tau. A high Kp value of 14 yM suggested a weak interaction
between the dye and protein (Figure 1F).

Photoexcited Toluidine Blue Disaggregates Tau
Filaments. The potency of PE-TB in dissolving the preformed
Tau aggregates was studied by incubating mature Tau fibrils
with varying concentrations of PE-TB. In present experiments,
TB was irradiated with red light (630 + 10 nm), which led to
photoexcitation of TB. The effect of PE-TB on Tau
disaggregation was characterized by different biochemical and
biophysical methods. SDS-PAGE showed the characteristic
signature of higher-order aggregates in control samples (Figure
2A), while the treated samples showed no higher-order
aggregates on SDS-PAGE. These results firmly indicated the

18795

effective role of photoexcited TB in destabilizing preformed
Tau aggregates in vitro. Moreover, TEM studies indicated the
disaggregation potency of PE-TB for Tau, as Tau aggregates
were disassembled into short and fragile aggregates (Figure
2B,C). The ThS fluorescence assay suggested that PE-TB
potentially reduces the Tau fibrils as a decrease in fluorescence
intensity was observed in a concentration-dependent manner
(Figure 2 D). Here, we speculate that the disaggregation
potency of PE-TB could be a cumulative effect of TB and the
singlet oxygen species produced after photoexcitation.
Biocompatibility and Toxicity of TB. TB is a photo-
sensitizer; thus, the efliciency of TB to produce singlet oxygen
species in cells was estimated by the fluorometric 2',7'-
dichlorofluoresceindiacetate (DCFDA) assay. In our work,
neuronal cells were treated with various concentrations of PE-
TB and TB (Figures 3A and S2A) ranging from 0.025 to 2.5
#M. The results indicated the neuroprotective property of TB,
as it generated low reactive oxygen species (ROS) levels. The
effect of TB and PE-TB was studied for cellular toxicity. The
methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay
suggested that in the presence of TB the viability of cells
was rescued in the Tau-stressed group (Figures 3B and S2B).
TB-treated cells were exposed to 10 min of irradiation so as to
observe the cytotoxicity of PE-TB. The results suggested that
PE-TB was not toxic to cells up to 500 nM, but the high
concentration of PE-TB was found to be toxic. The results
suggested that viability of Tau-assaulted Neuro2a cells was
rescued in the presence of PE-TB. Morphologically, no
distinguished change was observed after the TB treatment,
but the PE-TB treatment at lower concentration (500 nM) led

DOI: 10.1021/acsomega.9b02792
ACS Omega 2019, 4, 18793-18802

90



ACS Omega

Publications

A

500

400 e

300

200

Fluorescence (a.u.)

100
0
‘,@'ﬁﬁé &r\& JCEEEN Wb‘@ &
Concentration of TB (pM)

c

Photo-excited TB treated
B Aggregates Toluidine Blue

Photo-excited
TB treated
Aggregates

B
120

100
80
60
40

% Cell viability

0 0.0250.05 01 05 1 25 DM CC
Concentration of TB (uM)

Figure 3. Biocompatibility of PE-TB. (A) The DCFDA assay indicated the extent of ROS production by PE-TB in Neuro2a cells treated with 2.5
#M Tau aggregates. These data suggest that in the presence of TB low levels of ROS were produced. (B) MTT analysis showed that the presence
of TB rescued cell viability after exposing to Tau aggregates. PE-TB exhibited a protective role on cell viability in Tau-stressed cells. (C) Cell
morphology did not alter after exposure to TB and PE-TB, which indicated healthy cells.

to the formation of neuronal outgrowths in Neuro2a cells,
which was indicative of cytoskeleton modulation (Figure 3C).

Toluidine Blue Modulates the Cytoskeleton. Micro-
tubules are the key component of the cytoskeleton network.
The effect of TB on the cell cytoskeleton was studied by
immunofluorescence assays. The effect of TB and PE-TB on
cytoskeleton modulation was studied by targeting tubulin
levels in cells. The cells treated with lower concentration of TB
(0.5 M) found to have healthy morphology with long neurite
outgrowth and high tubulin expression as compared to
untreated cells. On the contrary, a higher concentration of §
p#M of TB and PE-TB generates toxicity to the cells, leading to
change in cell morphology. Additionally, the cells were also
tagged with the pan-Tau K9JA antibody to observe the levels
of Tau expression. The treatment showed increased Tau
expression, which supports the fact that PE-TB modulates the
cytoskeleton network. The fluorescence images of single
neuronal cells clearly indicated that distribution of tubulin
and Tau was increased after the PDT treatment. The
distribution of Tau and tubulin in neurons was clearly
observed in the florescent microscopic images of single
neuronal cells (Figure 4).

Effect of TB and PE-TB on Transgenic Drosophila
Model. The overexpression of Tau in the nervous system of
Drosophila mimics tauopathy, i.e., the neuronal accumulation
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of Tau aggregates leading to abnormal behavior. The effect of
TB and PE-TB on various behavioral aspects of UAS-E14 Tau
mutant Drosophila was studied. Drosophila behavioral studies
were carried out in two sets: the first set was with TB and the
other was with PE-TB. The parameters chosen for the studies
were feeding behavior, locomotory dysfunction, and loss of
memory and potency to reproduce. The current data suggest
that PE-TB has a rescuing effect on transgenic flies (Figure
SA). The flies treated with PE-TB showed increased food
uptake when compared to the group exposed to TB. There was
no concentration-dependent change in either set of TB
exposure (Figure 5B). The next set of experiments were
carried out to analyze the effect of TB and PE-TB on olfactory
sensation of Drosophila larvae, that is, basically, the ability to
avoid bad odor. The objective behind the experiment was to
check the memory deficit in UAS Tau El4 transgenic
Drosophila larvae after treatment with dye. The transgenic
UAS Tau E14 larvae were unable to avoid the odor efficiently
as compared to wild-type flies. The TB treatment restored
olfactory sensation, indicating the potency of TB to affect the
nervous system of E14 Tau Drosophila. Here, the photoexcited
dye showed more potency over non-photoexcited TB. In the
case of concentration-dependent treatment, a Dbell-shaped
pattern was observed, which indicates that 5 yM PE-TB has
maximum activity in restoring olfactory sensation of flies

DOI: 10.1021/acsomega.9b02792
ACS Omega 2019, 4, 18793—-18802
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(Figure SC). Succeeding experiments were performed to
examine the effect of TB and PE-TB on the locomotor system
in Tau flies. The negative geotaxis assay was performed, and
the numbers of flies escaped were plotted against the time to
interpret results in terms of percentage. The results showed a
similar bell-shaped pattern as in the earlier experiment. The S
UM concentration of PE-TB was estimated to be potent for
rehabilitating the locomotor activity of flies (Figure SD).
Furthermore, the effect of TB and PE-TB was observed on the
longevity of flies. For this objective, two assays, viz, the
viability assay and fecundity assay, were carried out. It was
observed that PE-TB increases the longevity of flies more
efficiently than TB. After the treatment of dye, survival and egg
laying ability of flies increased and a bell-shaped pattern was
observed, indicating the efficiency of 5 uM dye to increase
survival of tauopathy Drosophila mutant UAS Tau E14 flies

(Figures SE and S3). The overall experimental data concluded

that TB was effective in restoring the adverse effect of

tauopathy in Tau E14 flies. Additionally, PE-TB was more
effective than non-photo-excited TB. Of all concentrations, S
UM concentration of TB and PE-TB was found to be optimal

and most effective in treating Drosophila tauopathy.

Bl DISCUSSION

Pathological Tau leads to generation of paired helical filaments
(PHFs), which are characteristic features of AD.®* The
importance of small molecules has been reported, which
include synthetic and naturally originated compounds.'®"?
Dyes were tested thoroughly for their medicinal property
because of being inexpensive, highly specific, and more potent.
Their photoexcitation property was explored against various
protein aggregates including Af, Tau, Prion, etc.'>*%?!
Toluidine blue is a phenothiazine dye, which was known to
decrease the AD pathology. TB was reported to decrease the
secretion of pathological A#-40 and Ap-42.2* Furthermore, TB
was found to modulate the amyloid-protein-mediated pathol-
ogy in hippocampus; on the contrary, TB was unable to rescue
the Tau phosphorylation in transgenic 3 X Tg mice.”?
Moreover, in the present study, we investigated the effects of
TB and PE-TB against Tau aggregation. MB, the parent
compound of TB, has been reported in the literature as a
potent Tau aggregation inhibitor. In our experiments, the Ky
value of 14 uM indicated weak binding affinity of TB for Tau,
which could be due to the basic charge of TB. However, in this
contemporary study, the potency of PE-TB in dissolving the
preformed Tau aggregates has also been analyzed by various
biochemical and biophysical methods such as ThS fluo-
rescence, SDS-PAGE, CD spectroscopy, and electron micros-

DOI: 10.1021/acsomega.9b02792
ACS Omega 2019, 4, 1879318802
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4M concentration of PE-TB demonstrated appreciable potency in restoring the olfaction. (D) Negative geotaxis assay was performed to examine
the effect of TB on locomotion of flies. The bell-shaped graph indicated 5 #M PE-TB to be effective in rescuing the locomotory system of E14 Tau
Drosophila. (E) Data indicates S uM TB to have appreciable effect on the survival rate of transgenic flies. The significance was calculated using
Student’s -test in SigmaPlot 10.0, where *p < 0.05, ¥*p < 0.001, and ***p < 0.0001, the statistical difference between control and treated groups
before photoexcitation, and #p < 0.05, ##p < 0.001, and jiljM“p < 0.0001, the statistical difference between control and treated groups after
photoexcitation.

copy. Additionally, TB possesses the tendency of photo- singlet oxygen species is a characteristic of a photosensitizer,
excitation like its parent compound MB and exposure at 630 and belmi a potent photosensitizer, TB generates singlet
nm leads to generation of singlet oxygen species.23 The ThS oxygen.” " TB is a reported photosensitizer; thus, the levels of
binding revealed the role of TB in inhibiting the aggregation of ROS produced by PE-TB have been studied. The minimal
Tau. The aggregates formed were analyzed qualitatively using generation of ROS by PE-TB projects it as a biocompatible
TEM, which details the effect of small molecules on the photosensitizer, which can be further implied in vivo to check
aggregate morphology. The phenothiazine dye MB effectively its efliciency. Protein aggregates are known to induce oxidative
inhibited Tau aggregate formation.”* However, other dyes such stress in cells.*” ! Thus, we studied the effect of TB in the
as methyl yellow, azo dye, and ponceau, a sulfonated dye, had context of ROS production, and the result suggested that in
no effect on Tau aggregation.zs The morphology of Tau in the Tau-stressed cells low levels of ROS generated in the presence
presence of TB evidenced the potential in preventing aggregate of TB. A dye is considered as biocompatible if it generates low
formation, resulting in fragmented filaments. The protein loses levels of toxicity in cells.** Our findings suggested that TB has
its native conformation during aggregation, and this was shown moderate cytotoxic potency at lower concentrations. Addi-
by change in absorbance in the far-UV region. Studies showed tionally, it protects cells from oxidative stress and other toxic
that photoexcited MB prevented the conformational changes insults.”® Similar results were observed in the present
in Af from a random coil to a fi-sheet-rich structure.*® experiments, which evidenced TB to be nontoxic in Neuro2a
Similarly, TB also prevented conformational changes in Tau cells up to a sub-micro-molar level. There are studies
and maintained its random coil conformation. Generation of suggesting the fact that treatment with natural compounds
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such as curcumin and resveratrol increases the neurite
outgrowths and helps in proliferation of cells.** Similarly, the
high throughput screening of cerivastatin identified it as a
neurite growth accelerator.® Likewise in our experiments, TB
and PE-TB were found to increase the neurite outgrowth in
Neuro2a cells. Drosophila has been proven to be an ideal
model for neurodegenerative diseases. Several mutants of
drosophila have been reported in the context to tauopathy.*
Recently, the studies stated that photoexcited MB decreased
the vacuole formation in Drosophila brain, indicating the rescue
from neurodegeneration.’” Human Tau pathology has been
effectively modeled in Drosophila, which was based on
overexpression of mutant Tau in fly brain. PE-TB rescued
the tauopathy in Drosophila. We found that PE-TB reversed
tauopathy-induced neurodegenerative phenotypic disorders
like olfactory disability, reproductive potentiality, loss of
memory, and locomotory disability in UAS Tau El4
Drosophila mutants. The behavioral deficits were targeted for
studying the effect of Tau expression in Drosophila neurons.
These results indicate that PE-TB could suppress behavioral
defects by reducing the formation of Tau aggregates in
Drosophila brain. Collectively, behavioral analysis in Drosophila
indicates that tauopathy-induced behavioral defects were
rescued after TB treatment. Neurons are essential for olfactory
learning, which is elicited by memory retrieval or stability. This
underlies the cognitive deficits observed early in many
tauopathies. The overall studies on TB in various in vitro
and in vivo systems strongly support its efficiency against AD-
related tauopathy.

B CONCLUSIONS

The Tau aggregates are considered to be one of the leading
causes of AD. Thus, for studying a new therapeutic molecule
for AD, Tau aggregates are being targeted. We investigated the
potency of TB against Tau aggregation, and the results of all of
the studies suggested that TB possesses a dual property of
aggregation inhibition and disaggregation. In this study, we
addressed, for the first time, the role of PE-TB against mature
Tau aggregates. The in vitro assays supported that PE-TB has
potency to dissolve the pathological Tau fibrils. Additionally,
the low levels of singlet oxygen species generation by PE-TB
make the dye more appropriate for administration in a
biological system. The in vivo studies on the Drosophila model
of tauopathy also supported TB as well as PE-TB to be a
biocompatible molecule. The overall results of our study
provide evidence to support the efficiency of TB as well as PE-
TB as a novel molecule against tauopathy.

B MATERIALS AND METHODS

Chemicals and Reagents. MES, heparin, BES, bicincho-
ninic acid (BCA), CuSQO,, thioflavin S (ThS), ANS, toluidine
blue, MTT, and dimethyl sulfoxide (DMSO) were purchased
from Sigma. IPTG and dithiothreitol (DTT) were purchased
from Calbiochem. Other chemicals such as ampicillin, NaCl,
KCl, Na,HPO,, KH,PO,, ethylene glycol tetraacetic acid
(EGTA), MgCl,, phenylmethylsulfonyl fluoride (PMSE),
ammonium acetate, and bovine serum albumin (BSA) were
obtained from MP and protease inhibitor cocktail was obtained
from Roche. Copper-coated carbon grids were purchased from
Ted Pella, Inc. Advanced DMEM/F-12 media, fetal bovine
serum (FBS), pensterp cocktail, and anti-anti were purchased

from Gibco. All laboratory reagents used for Drosophila studies
were purchased from Merck.

Recombinant Preparation of Tau. The recombinant full-
length Tau was purified as per the published protocol.'!
Briefly, the recombinant full-length Tau was expressed in the
Escherichia coli BL21% strain. The cells were grown at 37 °C till
the ODgg, reached 0.5 to 0.6. They were then induced with 0.5
mM IPTG and were further incubated for 4 h and harvested by
centrifugation at 4000 rpm for 10 min. The protein isolation
and purification were done as described previously.’® The
lysing of cells was done using homogenizer constant cell
disruption systems. The cells were resuspended in buffer A
composed of 50 mM MES, 1 mM EGTA, 2 mM MgCl,, 5 mM
DTT, 1 mM PMSF, and 50 mM NaCl and were subjected to
homogenization at 15000 psi pressure. The obtained lysate
was heated at 90 °C for 20 min in the presence of 0.5 M NaCl
and 5 mM DTT. This was cooled and centrifuged at 40000
rpm for 45 min. The supernatant was collected and dialyzed
overnight against buffer A before loading to a cation exchange
column. Increasing the ionic gradient of NaCl to 1 M, the Tau
protein was eluted. The protein quality was analyzed by SDS-
PAGE, and the protein was further passed through size
exclusion chromatography columns. The obtained protein was
analyzed, pooled, and concentrated. The concentration was
estimated by the BCA assay, and the protein was stored at —80
°C till further use. Tau aggregation was induced at 37 “C with
heparin as previously described.*” Tau in the presence of an
anionic inducer such as heparin, RNA, arachidonic acid, etc.
undergoes aggregation. Among all of these molecules, the
heparin-induced Tau aggregation is a widely accepted model
for in vitro tauopathy studies. Earlier studies suggested the
heparin-mediated Tau aggregation model to demonstrate the
transition of Tau from random coil to f-sheets upon
aggregation.”® Taniguchi et al. demonstrate the inhibition of
heparin-induced Tau filaments by phenothiazine, polyphenols,
and porphyrims.25 In the present work, Tau aggregation was
induced by heparin where the soluble full-length Tau was
mixed with heparin (17 500 Da) at a ratio of 4:1. The reaction
was carried out in 20 mM BES buffer supplemented with 25
mM NaCl, 1 mM DTT, and 0.01% NaN, and protease
inhibitor cocktail mixtures.

Thioflavin S Fluorescence Assay. The effect of TB on
the aggregation property of Tau was measured by the thioflavin
S (ThS) fluorescence assay.'” ThS is a mixture of methylated
dehydrothiotoluidine and sulfonic acid and has the property to
fluoresce on binding to f-sheet structures. The fluorescence
measurement was carried out by incubating 2 M Tau with
ThS in a 1:4 ratio for 15 min in the dark. All of the reaction
mixtures were measured in triplicate, in a TECAN Infinite
M200 PRO spectrophotometer, at an excitation of 440 nm and
emission of 521 nm. Further, the data was analyzed using
SigmaPlot 10.0.

Circular Dichroism Spectroscopy. The conformational
changes in Tau were analyzed using CD spectroscopy in the
far-UV region. In native conditions, Tau has a typical random
coil conformation, but the aggregation causes a conformational
change to f#-sheet, which absorbs at around 220 nm. The effect
of TB on conformational changes in Tau was studied as
described previously.*" All of the spectra were measured in a
Jasco J-815 spectrometer by diluting full-length Tau to 3 uM in
50 mM phosphate buffer at pH 6.8.

Binding Constant. The binding constant of TB with Tau
was estimated by UV—visible spectroscopy. The experiment
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was performed using a 96-well clear bottom plate (Eppendorf),
and measurements were recorded in a Tecan Infinite M200
PRO spectrophotometer. TB (20 uM) was incubated with
varying concentrations of Tau (0, 10, 20, 30, 40, and 50 uM).
The binding constant (Kp) value was calculated after recording
the spectrum ranging from 230 to 800 nm. The absorption
maximum of Tau was observed at 314 nm. All of the samples
were diluted in phosphate buffer, at pH 6.8.

Here, [Py] is the initial protein concentration, [L] is the free
ligand concentration, [PL] is the concentration of the protein—
ligand complex, and Kj, is the dissociation constant.

Light-Induced Inhibition of Tau Assembly. For
analyzing the effect of photoexcited TB on Tau aggregates,
aggregates were incubated for 1 h in the dark with varying
concentrations of TB (2, 5, 10, 20, and 40 #M). Then, 200 uL
of the reaction mixture was added in a 96-well black plate
(Eppendorf) and was irradiated in the dark using red LED.
After 1 h of incubation, the samples were analyzed by ThS
fluorescence and SDS-PAGE for the presence of disintegrated
Tau.

Light-Induced Inhibition of Tau Aggregates Ana-
lyzed by SDS-PAGE. The inhibitory effect of TB on Tau
aggregation was observed by SDS-PAGE. Various TB-treated
reaction mixtures were analyzed. Aggregates have a character-
istic pattern of higher molecular weights around 250 kDa; thus,
the effect of TB on aggregation propensity of Tau can be easily
observed by SDS-PAGE. The experiments were performed
using a GE miniVE electrophoresis unit and a BIORAD Mini-
PROTEAN electrophoresis unit.

Transmission Electron Microscopy. The morphological
analysis of Tau fibrils was done by electron microscopy, and
the sam{)les were prepared according to the published
protocol. ' For electron microscopic analysis, 2 #M Tau was
incubated on carbon-coated copper grids. Following this, the
samples were negatively stained with 2% uranyl acetate. The
images were captured by TECNAI T20 at 120 kV.

ROS Production in Neuro2a Cells. The effect of
photoexcited TB on ROS production was estimated in
Neuro2a cells using the 2',7'-dichlorofluoresceindiacetate
(DCEDA) assay.** ROS oxidizes 2,7-dichlorofluorescindia-
cetate to 2',7'-dichlorofluorescein (DCF), leading to the
generation of fluorescence. For the assay, 10000 cells/well
were seeded in a 96-well plate and incubated for 24 h. The
cells were treated with various concentrations of TB following
10 min of irradiation in the dark. After treatment, the cells
were washed twice with 1x PBS (pH 7.4), supplemented with
10 uM DCEDA, and incubated for 20 min. After incubation,
the cells were again washed twice with 1 PBS. Finally, 100 uL
of phenol red-free Dulbecco’s modified Eagle medium
(DMEM) was added in each well and fluorescence was
measured at 535 nm upon exciting at 485 nm.

Cytotoxicity Assay. The cell viability was analyzed by the
methylthiazolyldiphenyl-tetrazolium bromide (MTT)
assay. %% Neuro2a cells were cultured in advanced
DMEM/F-12 media supplemented with 10% FBS and
glutamine. The cells were trypsinized with a 0.25% trypsin-
EDTA solution. A total of 10000 cells/well were seeded in 96-
well plates for the assays. After 24 h, the cells were treated with
various concentrations of TB for 24 h, followed by addition of

MTT at a concentration of 0.5 mg/mL and incubation at 37
°C for 4 h. The formazan crystals formed were dissolved in 100
uL of 100% DMSO. Cell viability was evaluated by measuring
the absorbance at 570 nm. Similarly, cells were incubated with
2.5 uM aggregates to observe the cytotoxicity of Tau
aggregates; additionally, TB was also added to cells along
with aggregates for analyzing the effect of TB in the presence
of aggregates. TB-treated cells were subjected to 10 min of
irradiation for the cytotoxicity analysis of PE-TB.

Immunofluorescence Analysis of Tubulin Expression
in Neuro2a Cells. Neuro2a cells were seeded at a density of
50000 cells on glass cover slips. The cells were treated with
various concentrations of TB (0.5, 5, and 50 gM) and
incubated overnight at 37 °C. Similarly, another set of cells
treated with various concentrations of TB were irradiated with
red light for 10 min and incubated at 37 “C. The cells were
fixed with absolute methanol for 20 min at —20 °C. After
fixation, cells were permeabilized by 0.2% Triton X-100. After
3 subsequent washes of PBS, the cells were incubated with 5%
horse serum for 1 h. The cells were incubated with the anti-
tubulin (Thermo PA1-41331) and K9JA (Dako A0024)
antibody. After overnight incubation, the cells were incubated
with Alexa Fluor 488 (A11034)- and Alexa Fluor 555
(A32727)-tagged secondary antibodies. The nucleus was
stained with DAPL The cells were scanned by a Zeiss Axio
observer 7.0, apotome 2.0 inverted microscope using 63X
magnifications in oil immersion and at 40% light intensity.

Fly Stocks and Genetics. The transgenic Drosophila strain
used in this study was UAS Tau E14. The ELAV-Gal4 driver
line was obtained from the National Drosophila Stock Center
at the University of Mysore, Mysore, Karnataka, India.
Drosophila strains were raised on standard medium. Fly
cultures and crosses were carried out at 25 °C.

Fly Husbandry. Flies were maintained on standard banana-
jaggery medium (SM) under standard laboratory conditions of
24 + 1 °C temperature, 75 + 5% relative humidity, and 12:12
light and dark cycle (SLC).* Flies were maintained in a 2
week discrete generation cycle for 10 generations before being
used in this study. The adult density was regulated at about
100 flies per half-pint bottle with 25 mL of SM in 10 bottles.
Flies from 10 bottles were combined into a single breeding
cage, hereafter referred to as parental cage.

Preparation of TB-Supplemented Diet. A total of 2.5 L
of SM was prepared and split into five batches of 500 mL each
as described previously.*® For the control group, SM was
poured into the bottles. For the TB-supplemented media, 2.5,
5.0, 10, and 25 uM TB was added and mixed thoroughly just
before pouring into the bottles. All bottles were plugged with
nonadsorbent cotton, and the media were allowed to set under
room temperature.

Larval Feeding Behavior Assay. The eggs obtained were
transferred at a density of 50 eggs/6 mL of SM and allowed to
develop till early third instar. The early third instar larvae were
removed from the SM vials and used in the feeding behavior
assay. Larvae were individually transferred to an assay Petri
plate of 5 cm diameter containing 10 mL of either liquid SM
(SM without agar) or liquid SM supplemented with different
concentrations of TB and allowed to acclimate for S s. The
feeding rate was measured as the mean number of sclerite
retractions in two consecutive 30 s intervals. The average of the
two rates was taken as the feeding rate of that larva. Then, 20
larvae were assayed for each of the two treatment groups. The
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feeding rate assays were replicated four times. A total of 160
larvae were assayed for the feeding rate.

Fecundity Assay. Flies from the holding vials were sexed
under low CO, anesthesia, and a single pair (one male + one
female) was transferred to a vial with ~3 mL of SM. Then, 20
such vials were set up per treatment, per population. Flies were
transferred without anesthesia to fresh SM vials every 24 h, and
the eggs laid during the previous 24 h were counted under a
microscope and recorded. The daily egg counts were carried
out till the death of female fly in each test vial.

Negative Geotaxis Assay. The ability to move against
gravity and climb indicated the level of physical fitness of test
animals. Vertical climbing ability of male flies that emerged
from different treatment bottles was assessed. Twenty male
flies per treatment group were collected and transferred to the
empty, 0—15 cm graduated vial. The vial was gently tapped
and placed in a vertical position. The number of flies that
crossed the 15 cm mark in 30 s was counted. Three trials were
conducted on each set of 20 flies. The data was expressed as
percentage of flies that crossed the 15 cm mark.

Viability of Fly from Egg to Adult. The eggs from
medium plates were collected and dispensed into diflerent
treatment groups of bottles at a density of ~100 eggs/bottle
with 45 mL of media. Ten bottles each for five treatment
groups of SM and SM with 2, 5, 10, and 25 uM TB were
prepared. Bottles were maintained at standard laboratory
conditions. The flies emerged from different treatments, SM
and SM with 2, 5, 10, and 25 uM TB, were designated,
collected, and counted. All of the assays were carried out on
SM using mated flies. The total number of flies that emerged
from each bottle were used to calculate the viability of flies
emerging from each treatment group.

Larval Olfactory Behavior. The olfactory test was carried
out by employing the previous method with minor
modifications.”” A total of 30 larvae were briefly dried on a
filter paper before being placed in the center of the Petri dish.
The Petri dish containing 20 uL of quinine sultbad odate
dispensed on each of the two 0.5 c¢m radius filter disks were
placed in a diametrically opposite position to quinine zones.
After 2 min of placing the larvae and covering the Petri dish,
numbers of larvae in different zones were counted to calculate
the percentage of larvae avoiding the bad odor after training.

Statistical Analysis. Using either duplicate or triplicate
reading, the statistical data were plotted. Untransformed (raw)
data were analyzed and plotted by SigmaPlot 10.0 software.
The data were analyzed for significance by Student’s f-test,
where *p < 0.05, **p < 0.001, and ***p < 0.0001.
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Photodynamic exposure

of Rose-Bengal inhibits Tau
aggregation and modulates
cytoskeletal network in neuronal
cells

Tushar Dubey®?, Nalini Vijay Gorantla'?, Kagepura Thammaiah Chandrashekara® &
Subashchandrabose Chinnathambi®%#*

The intracellular Tav aggregates are known to be associated with Alzheimer's disease. The inhibition
of Tau aggregation is an important strategy for screening of therapeutic molecules in Alzheimer's
disease. Several classes of dyes possess a unique property of photo-excitation, which is applied as a
therapeutic measure against numerous neurological dysfunctions. Rose Bengal is a Xanthene dye,
which has been widely used as a photosensitizer in photodynamic therapy. The aim of this work was
to study the protective role of Rose Bengal against Tau aggregation and cytoskeleton modulations.
The aggregation inhibition and disaggregation potency of Rose Bengal and photo-excited Rose
Bengal were observed by in-vitro fluorescence, circular dichroism, and electron microscopy. Rose
Bengal and photo-excited Rose Bengal induce minimal cytotoxicity in neuronal cells. In our studies,
we observed that Rose Bengal and photo-excited Rose Bengal modulate the cytoskeleton network

of actin and tubulin. The immunofluorescence studies showed the increased filopodia structures

after photo-excited Rose Bengal treatment. Furthermore, Rose Bengal treatment increases the
connections between the cells. Rose Bengal and photo-excited Rose Bengal treatment-induced actin-
rich podosome-like structures associated with cell membranes. The in-vivo studies on UAS E-14Tau
mutant Drosophila suggested that exposure to Rose Bengal and photo-excited Rose Bengal efficiency
rescues the behavioural and memory deficit in flies. Thus, the overall results suggest that Rose Bengal
could have a therapeutic potency against Tau aggregation.

Abbreviations

AD Alzheimer’s disease

BCA Bicinchoninic acid

BSA Bovine serum albumin

DMSO Dimethyl sulfoxide

MB Methylene blue

MTT Methylthiazolyldiphenyl-tetrazolium bromide
NFTs Neurofibrillary tangles

PDT Photodynamic treatment

PHFs Paired helical filaments

RE Rose Bengal

SDS-PAGE  Sodium dodecyl sulphate—polyacrylamide gel electrophoresis
SEC Size-exclusion chromatography
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ThS Thioflavin S

TEM Transmission electron microscopy

Alzheimer’s disease (AD), is the severely emerging neurological disorder, which is considered as a principal cause
of dementia'”. The aggregates of Tau are being considered as the hallmarks of AD. Tau protein belongs to type
I1 microtubule-associated protein, which are associated with the stabilization of microtubules®. Under physi-
ological conditions, Tau assists in maintaining the microtubule integrity while under pathological conditions,
Tau detaches from microtubules leading to the formation of intracellular aggregates of Tau**. The interference
of Tau aggregates in various cellular metabolism processes leads to the generation of toxicity ultimately resulting
in the generation of the disease state. Several factors including post-translational modifications (PTMs), reactive
oxygen species (ROS), neurotoxin stress, hypertension, physical trauma, diabetes, etc., have been reported to
induce modulation in Tau structures, which triggers the aggregation of Tau™®. The modulation in cytoskeleton
is considered as one of the major cause for neuronal death’. In order to investigate molecules against AD, Tau
aggregation inhibition has been considered as an important target of these studies. An array of natural and
synthetic molecules have been screened for the potency to inhibit Tau aggregation®. Natural molecules-like Ole-
ocanthal, Anthraquinones, Nimbin, Salannin, Curcumin and Cinnamaldehyde have been reported to possess the
potency of aggregation inhibition" ', Additionally, synthetic molecules as cyanine dyes, methylene blue, congo
red, phenyl amines were studied for inhibition of Tau aggregation'>'*. Moreover, metal complexes and metal
nanoparticles are also reported to have potency against Tau aggregation'®'". Several model systems have been
studied for screening therapeutic molecules, the in-vitro heparin-induced Tau aggregation and transgenic E14
Drosophila is widely examined as a model system for Tauopathy'® %, Rose Bengal (RB) is a xanthene dye, which
is known to possess the property of photo-excitation and hence it has been widely used as a photo-sensitizer®’.
RB is reported to be effective against various bacterial infections and cancerous cells”*, The potency of RB in
inhibiting the Amyloid-p aggregation-induced toxicity was reported earlier™, Several factors have been reported
for microtubule disassembly; the post-translational modification of Tau is one of the major cause resulting in
microtubule destabilization. In present work, we focused on studying the efficiency of RB and photo-excited RB
(PE-RB) against Tau aggregation. Our studies were based on the in-vitro biochemical and biophysical methods
including SDS-PAGE, Thioflavin S (ThS) fluorescence assay, circular dichroism (CD) spectroscopy, and electron
microscopy, which were performed to observe the potency of RB against Tau aggregation. Furthermore, the
biocompatibility of RE and PE-RB was studied by monitoring the cell viability assays, which include MTT assay.
Moreover, the effect of RB on cytoskeleton modulation was studied by immunofluorescence assay. Drosophila
melanogaster is an ideal system for studying the neurodegeneration. The transgenic Drosophila overexpresses
Tau in the nervous system which mimics the human Tauopathy. In our work, the in-vivo studies on UAS E-14
Drosophila model were conducted for confirming the protective property of RB against Tau-mediated memory
and locomotor dysfunction. Several dyes have been reported to be effective as a therapeutic molecule, the aim
of the present study was to analyze the potency of RB and PE-RB against Tauopathy.

Results

Rose Bengal inhibits in-vitro Tau assembly.  Tau is natively unfolded, randomly coiled protein with 441
amino acid in its longest isoform of Tau. The domain organisation of Tau comprises of projection domain, pro-
line-rich domain and microtubule-binding domain. Tau has four repeats in the microtubule-binding domain,
which are prone to aggregation”%, Tau protein aggregates and forms paired helical filaments that are considered
to be the cause of AD pathology™**. RB is an anionic Xanthene dye, which is applied in various clinical diagnosis
purposes (Fig. 1A). The potency of RB in restraining in-vitro Tau aggregation was studied by various biochemi-
cal and biophysical methods. For studying the aggregation inhibition potency of RE, recombinant Tau was incu-
bated with heparin and various concentrations of RB (2-40 uM). The results suggested that reduced Thioflavin
5 (ThS) fluorescence in RB treated Tau, indicating aggregation inhibition (Fig. 1B-C). Tau has a random coil
structure in native state whereas, aggregated Tau has characteristic f-sheet. Circular dichroism spectra (CD) of
RE treated Tau were analyzed to study the effect of RE on Tau aggregation. The CD spectra analysis suggested
that RBE induces conformational changes in Tau at concentrations of 20 and 40 pM (Fig. 1D). Furthermore, the
electron microscopic analysis was performed to observe the change in aggregates morphology after incubation
with RB. These results suggested that RB treatment inhibited the Tau aggregation as small broken filaments were
prevalent in the sample. On the contrary, the untreated sample has long, thick filaments (Fig. 1E). The overall
studies suggested that RB efficiently inhibits in-vitro Tau aggregation.

Mature Tau fibrils dissolved by photo-excited Rose Bengal.  RB is one of the well-studied photosen-
sitizers reported to be applied as a therapeutic molecule. The potency of photo-excited RB (PE-RB) was tested
against mature Tau filaments. The pre-formed mature Tau aggregates incubated with various concentrations of
RB (2-40 uM) were irradiated with green light for 180 min at an irradiance of 9.9 x 10 W/m?. The disaggrega-
tion potency of PE-RB was addressed by various biochemical and biophysical assays (Fig. 2A). The heteroge-
neous Tau aggregates could be observed as the higher-order species on SDS-PAGE. Thus, the PE-RB treated
aggregates were analyzed by SDS-PAGE for the presence of higher-order species. The SDS-PAGE suggested
the dissolution of higher-order aggregates in PE-RB treated samples as a comparison to untreated aggregates
where higher-order species were visible (Fig. 2B). Furthermore, the extent of disaggregation was analyzed by
ThS fluorescence assay. The reduced fluorescence in PE-RB treated samples in comparison to untreated aggre-
gates suggested a potent disaggregation of Tau fibrils by PE-RB treatment (Fig. 2C). Furthermore, the PE-RB
treated aggregates observed to have modulation in secondary structure. The PE-RB treated samples observed
to have minimal spectral dip in the random coil region whereas, changes as compared to untreated aggregates
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The aggregation inhibition of Tau by Rose Bengal
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Figure 1. RB inhibits the Tau aggregation in vitro. (A) The domain organization of Tau. Tau is a natively
unfolded protein having two domains, projection domain and a microtubule-binding domain. Rose Bengal is an
anionic Xanthene dye widely used in clinical diagnosis. (B) The aggregation kinetics demonstrating a reduction
in ThS fluorescence in samples incubated with various concentrations of RB. 40 uM RB showed maximum
inhibition of Tau aggregation. (C) The graph showing the percentage of aggregation inhibition at the end of

72 h. (D) CD spectroscopy of RB treated samples, 40 uM RB and 20 pM RB observed to induce conformational
changes in Tau aggregates. (E) The electron microscopy images of the RB treated sample have small broken
fragments of Tau while the untreated sample has long tangled filaments.

(Fig. 2D). Thus, the CD results suggested that PE-RB treatment could break the B-sheet rich aggregates of Tau.
The morphological studies including electron microscopy images showed that the untreated Tau aggregated
were having long filamentous structure whereas, PE-RB treated samples have broken filament, which evidenced
a potent disaggregation (Fig. 2E). Thus, the above-results divulge the disaggregation potency of PE-RB against
mature Tau aggregates.
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PE-Rose Bengal Disaggregates Tau filaments
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Figure 2. PE-RB disaggrcgalcd the mature Tau filaments. (A) The schematic diagram demonstrating the irradiation assembly. A dark
chamber was designed for irradiating the RB treated Tau aggregates where the green LED was used as a light source. (B) The SDS-
PAGE analysis of Tau aggregates trcalcd with various concentrations of RB. PE-RB was found to dissolve the aggregates as no hlghcr-
order bands were visible in the treated sample compared to untreated control (CC). The gel has been cropped for better repr

of results. Raw SDS-PAGE is available with supplementary information. (C) The bar graph showing the decrease in ThS fluorescence
in PE-RB treated samples indicating an efficient disaggregation of Tau filaments. (D) CD spectroscopic analysis of PE-RB treated Tau
aggregates showed a shift in random coil region wh the untreated aggregates have a dip near f-sheet structure. (E) The electron
microscopy images of PE-RB treated samples showed broken Tau filaments; unlikely, the untreated samples have intact long filaments.
p<0.05, **p<0.001, ***p <0.0001 represents the statistical difference between control and treated groups.
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Effect of Rose Bengal on cell viability
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Figure 3. The effect of RB on cell viability. {A) The MTT assay performed for observing the effect of various
concentrations of RB on cell viability. RB showed minimal cytotoxicity up to 500 irradiation. (B) The PE-RB
showed negligible cytotoxicity at a concentration of 500 nM. Whereas, the cells treated with 2.5 pM Tau
aggregates also showed very minimal reduction in cell viability. p=<0.05, **p<0.001, ***p<0.0001 represents the
statistical difference between control and treated groups.

The biocompatibility of Rose Bengal. The preliminary test to check the biocompatibility of melecule
has been investigated based on their effect on cell viability. Thus, to address the therapeutic potency of dye, we
aimed to test the effect of various concentrations of RB and PE-RB in Neuro2a cells. The effect of RB and PE-RB
on cell viability was observed by MTT assay. Neuro2a cells were incubated with various concentrations of RB.
The RB treated cells were irradiated for 10 min at room temperature for photo-excitation. The MTT results indi-
cated that RB and PE-RB showed a minimal detrimental effect on cell viability. An 80% rescue of cell viability
was observed even at higher concentrations of RB (Fig. 3A,B). There was minimal cytotoxicity observed after the
exposure of Tau aggregates. Hence, due to the generation of low cytotoxicity, RB and PE-RB could be advocated
as biocompatible molecule.

RB and PE-RB modulate the cytoskeleton. AD has been reported to be associated with various
cytoskeletal deformities™. Thus, we studied the cytoskeleton modulation in context of RB treatment. Tubulin
and actin are the basic cytoskeleton network, which are involved in cell integrity and cell migration™. Tubulin
has an important role in microtubule stability, cell integrity, cellular trafficking and cell division®'. The globular
actin (G-actin) polymerizes to form filamentous actin (F-actin}, which has been reported to be involved in
several cellular functions such as cell motility, organelle movement and cell signalling etc.,”* . Actin-rich struc-
tures e.g. filopodia and lamellipodia are associated with the cell membrane that assist in cell motility, synapse
formation and cell adhesion™*, In our work, we aimed to study the effect of RE and PE-RE on the cytoskeleton
network (Fig. 4A). Based on the results of cell viability assay, we observe 100 nM of RB as the optimal concentra-
tion for cell culture studies, thus further studies were done considering 100 nM of RB. These results suggested
that cells exposed to PE-RB treatment were having long neurite extensions in comparison to untreated cells.
Although, the modulation in tubulin network was not observed after the treatment (Fig. 4B). Furthermore,
we have quantified the length of neurite extensions from the fluorescence images. Here, tubulin was used as
a marker of neurite extension. The quantitative data generated using Image | software suggested a significant
increase in the length of neurites after the treatment of RBE and PE-RB, which indicated the modulation of
cytoskeleton by RB and PE-RE (Fig. 4C).

RB and PE-RB modulates actin network. Actin is a class of cytoskeletal protein that assists in cell
motility and migration™. Thus, we studied the effect of RB and PE-RB on the actin cytoskeleton. The effect of
PE-BB and RE on the modulation of actin modulation was observed by immunofluorescence (Fig. 5A). The
cell treated with 100 nM RE showed an increased number of filopodia whereas; lamellipodia structure was not
altered as compared to untreated control. Moreover, the increased number of connections were observed in
RBE treated cells, which was not prominent in untreated cells. PE-RB treated cells were observed to have modu-
lated actin networks, as the cells have prominent growth cone and differentially increased number of filopodia
(Fig. 5B). The elevated presence of filopodia structure in RE and PE-RE treatment group suggested that RBE has
a potency to target the cytoskeleton (Fig. 5C,D). Podosomes are the actin-rich structure, which assists in cell
migration. Cell motility and cell adhesion are considered to be the main functions of podosomes. In our work,
the cells were treated with 100 nM RE observed to have an increased podosome-like structure in the mem-
brane (Fig. 6A). The quantification of fluorescence images suggested that in PE-RE and RB treatment increased
the membrane-associated actin localization, which supported the fact that RE and PE-RB could modulate the
cytoskeleton by targeting actin dynamics (Fig. 6B).
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Rose Bengal modulates the neurite extensions
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Figure 4. Modulation of the cytoskeleton by RB. (A) The effect of RB and PE-RB was monitored on the
cytoskeleton network in neuro2a cells. (B) The RB and PE-RB treated cells had extended axonal outgrowth with
high tubulin intensity. (C) The quantification of neurite extension suggested that RB and PE-RB could modulate
the tubulin cytoskeleton.

Irradiation time influences cytoskeleton modulation. Time-dependent irradiation is one of the fac-
tors for deciding the irradiance dose on target. Several studies suggest that irradiance have a role in deciding
the potency of photosensitizer”. In present work, the effect of varying times of irradiation on actin dynamics
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Rose Bengal alters the actin cytoskeleton
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Figure 5. Modulation of the actin cytoskeleton by RB. (A) The effect of RB and PE-RB treatment on the actin
cytoskeleton was monitored by immunofluorescence. (B) The immunofluorescence studies suggested that

RB and PE-RB treatment generates various changes in actin cytoskeleton. (C) The quantification of images
depicting the percentage of cells bearing lamellipodia in each experiment group. (D) The cells were quantified
for the presence of filopodia using Image | software. The increased number of filopodia were observed in PE-RB
treated cells.
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Rose Bengal induces Podosome-like structure
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Figure 6. RB and PE-RB increase podosome-like structure in cells. (A) The immunofluorescence studies for
actin cytoskeleton modulation in presence of RB and PE-RB. The podosome-like structure in the cell membrane
were observed after RB and PE-RB treatment. (B) The quantification of membrane-associated actin suggesting
the increased localization of actin in the membrane after RB and PE-RB treatment.
was also studied. In our work, 10 and 30 min irradiated cells were observed to possess an increased number of
filopodia extensions. On the contrary cells exposed to 60 min of irradiation observed to have reduced filopodia
numbers in comparison to cells with shorter irradiation time. The reduced potency of RB upon longer expo-
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sure to irradiation could be a result of the photo-bleaching of dye (Fig. 7A,B). Thus, we speculate that RB and
PE-RB treatment might accelerate the cell-migration as distinguished filopodial and growth cone modulation
was observed after the treatment. Hence, the time-dependent studies suggested that understood that PE-RE and
RE potentially modulated the cytoskeleton.

Protective effect of PE-RB in transgenic Drosophila. Tau mutant of Drasophila mimics the condi-
tion of human Tauopathy by overexpressing the Tau in the central nervous system of Drosophila. UAS E14 Tau
lines carry 14 disease-associated mutations in Ser-Thr-Pro sites. Many studies have been carried on the Dros-
ophila model for screening the molecules against AD. Drosophila UAS-E 14 flies overexpressing Tau mimics the
behavioural aspects of Tauopathy. RB and PE-RB were studied for their potency to rescue the memory and loco-
motor impairment in mutant Drosophila (Fig. 8A). Based on results of in-vitro assay on recombinant Tau, we
have studied RB in concentration ranging from 10 to 500 pM. The aim to use the higher concentration of RB was
to observe the extent of RB toxicity in the in-vivo model. Negative geotaxis assay allows a rapid, high throughput
screening of molecules on a large population of flies. A negative geotaxis assay was performed to study the effect
of RE and PE-RB on the locomotory dysfunctions of UAS E-14 Drosophila. The flies treated with RB and PE-RB
observed to have restored locomotory function. 20 pM of RB and PE-RB observed to be maximum effective
whereas, compared to RB, PE-RB found to more efficiency in rescuing the locomotory impairment (Fig. 8B).
Succeeding larval crawling experiments were performed for studying locomotory behaviour. In our studies, we
noticed that bell-shaped curve in the context of the number of grids crossed by larvae per minute. The larval
crawling assay provides precise information for the early locomotor disabilities in Drosophila, thus the assay
is being performed for screening of various therapeutic molecules. In our studies, 20 uM of PE-RB efficiently
restored the locomotory activity of larvae (Fig. 8C). Furthermore, the flies were tested for olfactory dysfunctions
in order to study the protective effect of RB and PE-RB on the memory dysfunction. The flies exposed to RB and
PE-RB were observed to be efficient in avoiding the bad oedour of quinine as compared to untreated mutants.
20 puM of RB showed a remarkable rescue of memory deficit in the flies (Fig. 8D). Thus, RB was found to be
effective in rescuing Tau-mediated locomotory and memory deficit in flies. Overall results of in-vivo studies
suggested that RB and PE-RE have the potency to rescue the Tau-mediated memory and locomotor impairment
thus it could be considered as a therapeutic molecule against Tau.

Discussion

AD is prevailing at an exponential rate worldwide, which has emerged as a major cause of dementia®™. Various
aspects of AD have been studied for screening of therapeutics. Intracellular aggregates of microtubule-associated
protein Tau is considered to be a leading cause of neurodegeneration in ADY. In physiological conditions, Tau
is abundantly distributed in axons, which functions to stabilize the microtubules. Furthermore, Tau is being
reported to be localized in the nucleus and dendrites, which might function in maintaining the synaptic plas-
ticity and DNA integrity*!. Accumulation of Tau aggregates alters the viability of neuron in numerous ways as
they interfere with signalling cascades, induce ROS and downregulates the cytoskeleton machinery*. Different
classes of dyes have been investigated as therapeutic molecules in AD. The diazo dye Congo red was reported
to attenuate the amyloid-p-related toxicity. Similarly, a cyanine dye N744 was reported to efficiently inhibit the
aggregation of Tau'’. Methylene blue and its derivatives have been studied as Tau aggregation inhibitors*’. Rose
Bengal (RB) is a xanthene dye, which has been widely applied as a photosensitizer in photodynamic treatments™.
In our studies, RB was investigated for its efficiency against Tau aggregation. RB has been reported to inhibit
the fibrilization of another AD-related protein AB-42%. In present work, RE was observed to be efficient in
attenuating the Tau aggregation even at the lower concentrations. In the present study, dual property of RE was
observed, as RB inhibited the aggregation of soluble Tau and additionally, the PE-RB dissolved the mature Tau
filaments. The biocompatibility of a molecule is among the necessary criteria to be evaluated for a therapeutic
molecule. Thus, the toxicity of molecule in neuronal cells have to be considered*. In our studies, RB and PE-RB
showed low levels of cytotoxicity even at higher concentrations. Microtubules are the basic cytoskeleton ele-
ments that assist in maintaining the integrity and structure of cells. Microtubules can be addressed as "poly-
mers” of Tubulin protein as a and B-tubulin polymerizes to generate the microtubules®. Cytoskeleton network
is a one of the potential for the screening of drugs against various diseases. Several cytoskeleton defects as
microtubule destabilization, disturbed actin dynamics and axonal transport are being reported to be related to
neurodegeneration’’. Thus, as a strategy for studying drugs for neurodegeneration, therapeutic molecules have
been screened for their potency to revert the cytoskeleton defects*. Molecules having the mode of action against
the cytoskeleton integrity have been screened as a therapeutics for various diseases®. Colchicine, rhizoxin, may-
tansine, centauriedin, combretastatin, etc.; are the therapeutic molecule, which targets tubulin™**. Photodynamic
therapy modulates cytoskeleton assembly in various aspects. The photo-excited porphyrin dye reported to inhibit
the tubulin assembly, whereas the xanthene dye RB was observed to disrupt the actin network in cells™*. In
our studies also, we observed that RBE and PE-RB treatment modulates the cytoskeleton networks of cells. The
growth cone and filopodia structure assist the cells in migration, cytokinesis etc™. Our results suggests that
RE and PE-RE can regulate the filopodia length, which suggested that the treatment might induce accelerated
cell motility. Another function of filopodia is to facilitate the synapse formation™. Here, we stated that RB and
PE-RB treatment assists in the development of connections between the cells, increased filopodia, and actin-rich
podosome structures suggested that the RE and PE-RB may induce the modulation in cell migration. Filopodia
are actin-rich protrusions that assist the cell in migration and cell motility™. AG1478 and cetuximab results in
reduced cell migration by inhibiting actin dynamics™. Calumenin-15 has been reported to increase filopodia
formation by targeting member of TGF-f superfamily . Similarly, jasplakinolide (Jasp) also induces F-actin
polymerization by activating ERK and AKT pathways . Here based on present study we hypothesized that
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Irradiation time influences cytoskeleton modulation
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Figure 7. Time of irradiation influences the cytoskeleton. (A,B) The cells were irradiated for different time
points (10, 30 and 60 min). The 10 min and 30 min experimental set showed increased number of filopodia in
treated cells. Cells subjected to an irradiation for 60 min showed decreased number of filopodia.

RB and PE-RB may have potency to modulate various signalling cascades, which are involved in cytoskeleton
dynamics. Tubulin is known to play role in neuronal differentiation®. The result of our present studies suggested
that the PE-RB modulated the tubulin network of cell, thus it could be stated that PE-RB might have potency to
induce the neuronal differentiation. Drosophila has a small, completely annotated and simple genotype. Dros-
ophila has a 69% homology with human genotype, thus for several in-vivo studies, Drosophila has been chosen
as a model organism®. UAS E14 Tau is a transgenic flies, which mimics the condition of AD as it overexpresses
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Effect of Rose Bengal on Drosophila longevity
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Figure 8. RB and PE-RB rescue the Memory and locomotor deficits. (A) UAS E-14 Drosophila flies treated with
B and PE-RE, various locomotor and olfactory assay was carried for observing the potency of RB against Tau
toxicity. (B) A rescue in locomotor function after RB and PE-RB treatment was observed in negative geotaxis
assay. (C) The larval crawling assay suggesting the positive regulation of locomotor activity by RBE and PE-RE
treatment. (D) Olfactory learning assay suggested that the cognitive function in Tau mutant flies were restored
after RB and PE-RB treatment. (*p <0.05, **p<0.001, ***p < 0.0001, assigned for the difference between control
and treated groups before photo-excitation. “p<0.05, “p<0.001, **p < 0.0001 represents the statistical difference
between control and treated groups after photo-excitation. ).
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Rose Bengal attenuates Tau toxicity
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Figure 9. Rose Bengal attenuates the Tau toxicity. The RB attenuates Tau aggregation and photo-excited RB
dissolves the Tau fibrils. The RB and PE-RB positively modulate the cytoskeleton. Memory and locomotor
dysfunctions of UAS E14 Tau mutants were rescued after the RB and PE-RB treatment. Thus, RB was found
effective against the various aspect of Tauopathy supporting it to be a neuroprotective molecule.

the Tau protein in nervous system™. The screening of therapeutics have been done on the basis of their ability to
restore the behavioural and memory deficits in flies®. We found that 20 uM RB and PE-RB efficiently restores
the memory deficit and locomotor dysfunctions of mutant flies. The cumulative result of all the studies projects
PE-RB and RB as a potential therapy against Tau aggregation and hence can be studied for further therapeutic
property in AD (Fig. 9).

Conclusions

Tau aggregation is the major consequence of AD. The antagonist of Tau aggregation could be studied in the
aspect of AD therapy. In our study, we observed that RB and PE-RB efficiently inhibit Tau fibrillization. The RB
and PE-RB positively modulated the neuronal cytoskeleton. Additionally, in-vivo studies clearly suggested that
RB and PE-RB have protective property against memory deficits and locomotor dysfunction in flies. Thus, it
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could be suggested that RB and PE-RB are effective in in-vitro and in-vivo system against Tauopathy and could
be studied as a lead molecule in the treatment of AD.

Materials and methods

Chemicals and reagents. MES (M3671), BSA (9048-46-8), BES (10191-18-1), BCA (B9643), CuSO4
(C2284), ThS (T1892), MTT (M2128) and Rose Bengal (330000) were purchased from Sigma. [PTG (420322) and
DTT (3870) were purchased from Calbiochem. Other chemicals such as Ampicillin (2007081), NaCl (194848),
KCI(194844), Na,HPO, (191437), KH,PO, (19142}, EGTA (194823), MgCl, (191421}, PMSF (195381), Ammo-
nium acetate (191404), Heparin (904108) and DMSO were from purchased from MP biomedicals and pro-
tease inhibitor cocktail was from Roche (11697498001). Copper coated carbon grids were purchased from Ted
Pella (01814.F, carbon type-B, 400 mesh Cu), DMEM advanced F12 media (12634010), Fetal Bovine Serum
(16000044), Pensterp cocktail (04693159001) and Anti-anti (15240062) were purchased from Gibco. Tubulin
(Thermo PA1-41331), actin (Thermo MAS-15739) were procured from thermo, total Tau antibody K9JA was
purchased from Dako (K9JA, Dako A0024). The secondary antibodies Alexa Fluor 488 (A11034) and Alexa
Fluor 555 (A32727) were purchased from thermo.

Preparation of Tau.  The recombinant full-length Tau was purified as per published protocol’. The recom-
binant Tau was expressed in E.coli BL21* strain. The culture was incubated at 37 °C till 0D, reached 0.5 to
0.6. It was then induced with 0.5 mM IPTG and was further incubated for 4 h. The cells were harvested by
centrifugation at 4,000 rpm for 10 min. The cells were lysed using Constant Cell Disruption systems. The cells
were resuspended in Buffer A composed of 50 mM MES, 1 mM EGTA, 2 mM MgCl,, 5mM DTT, 1 mM PMSF
and 50 mM NaCl, this was subjected to homogenization at 15,000 psi pressure. The obtained lysate was heated
at 90 °C for 20 min in presence of 0.5 M NaCl and 5 mM DTT. This was cooled and centrifuged at 40,000 rpm
for 45 min. The supernatant was collected and dialyzed overnight against Buffer A before loading to the cation
exchange column. Tau protein was eluted by applying ionic gradient of 1 M NaCl The protein quality was
analyzed by SDS-PAGE and further subjected to size-exclusion chromatography. The obtained fractions was
analysed on SDS-PAGE, pooled and concentrated. The concentration was estimated by BCA assay and stored at
— 80 °C until further used.

In-vitro Tav aggregation. Tau aggregation was induced at 37 °C with heparin as previously described'®.
Tau in the presence of anionic inducer such as heparin, RNA, arachidonic acid, etc. undergoes aggregation.
Among all these molecules heparin-induced Tau aggregation is the widely accepted model for in vitro Tauopathy
studies. Previous observations suggested the heparin-mediated Tau aggregation demonstrates the transition of
Tau from random coil to f-sheets. Taniguchi et al. demonstrated the inhibition of heparin-induced Tau filaments
by phenothiazine, polyphenols, and porphyrins. In present study Tau aggregation was induced by heparin where
the soluble full-length Tau was incubated with heparin (17,500 kDa) at a ratio of 4:1. The reaction was carried
out in 20 mM BES buffer supplemented with 25 mM NaCl, 1 mM DTT, 0.01% NaN, and protease inhibitor
cocktail mixtures.

Thioflavin S fluorescence assay. The effect of RB on aggregation of Tau was measured by Thioflavin
S (ThS) fluorescence assay'”. ThS is a mixture of methylated dehydrothiotoluidine and sulfonic acid and has a
property to fluoresce to P-sheet structures. The fluorescence measurement was carried out by incubating 2 uM
of Tau with ThS at a ratio of 1:4 for 15 min. All the reaction mixtures were measured in triplicate in TECAN
Infinite M200 PRO spectrophotometer at an excitation of 440 nm and emission of 521 nm. Further, the data were
analyzed using SigmaPlot 10.0.

Circular dichroism spectroscopy. The conformational changes of Tau were analyzed by using CD spec-
troscopy in the far-UV region. In native conditions, Tau has typical random coil conformation, but the aggrega-
tion causes its conformational change to f-sheet. The effect of RB on conformational changes of Tau was studied
as described previously'®. All the spectra were measured in Jasco J-815 spectrometer by diluting full-length Tau
to 3 uM in 50 mM sodium phosphate buffer at pH 6.8 (Supplementary information 1).

Photodynamic treatment of Tav aggregates. For analyzing the effect of photo-excited RB on Tau
aggregates, the aggregates were incubated for 1 h in dark with varying concentrations of RB (2, 5, 10, 20 and
40 pM). 200 pL of the reaction mixture was added in 96 black well plate (Eppendorf) and was irradiated in dark
using green LED. After 1 h of incubation, the samples were analyzed by ThS fluorescence assay and SDS-PAGE
for the presence of disintegrated Tau. The irradiation dose or irradiance was calculated by the formula

Power ) . e
E= + Time of irradiation
Area

where E is irradiance, time was calculated in terms of seconds.

SDS-PAGE. The inhibitory effect of RB on Tau aggregation was observed by SDS-PAGE. Aggregates are
resolved around 250 kDa as higher molecular weight species thus, the effect of RB on aggregation propensity
of Tau can be observed by 10% SDS-PAGE. The experiments were done by using BIO-RAD Mini-PROTEAN
electrophoresis unit.
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Transmission electron microscopy. The morphological analysis of Tau fibrils were done by electron
microscopy and the samples were prepared according to published protocol'”. For electron microscopic analysis,
2 uM of Tau was incubated on carbon-coated copper grids. Following this, the samples were negatively stained
with 2% uranyl acetate. The images were captured by TECNAI T20 at 120 kV.

Cytotoxicity assay. The cell viability was analyzed by methylthiazolyldiphenyl-tetrazolium bromide
(MTT) assay. The method was followed according to published protocol™. Neuro2a cells (ATCC CCL-131)
were cultured in advanced DMEM F-12 media supplemented with 10% FBS and glutamine. 10,000 cells/well
were seeded in 96 well plates for the assays. After 24 h, the cells were treated with various concentrations of RB
for 24 h; followed by the addition of MTT at a concentration of 0.5 mg/mL and incubated at 37 °C for 4 h. The
formazan crystals formed were dissolved in 100 pL of 100% DMSO. Cell viability was evaluated by measuring
the absorbance at 570 nm. Similarly, cells were incubated with 2.5 pM of full-length Tau aggregates to observe
their cytotoxicity. Additionally, RE was also added to cells along with aggregates for analyzing its effect of RB in
the presence of aggregates. RB treated cells were subjected to 10 min of irradiation for the cytotoxic analysis of
photo-excited REB.

Immunofluorescence. Neuro2a cells were seeded at a density of 25,000 cells on glass coverslips. The cells
were treated with 100 nM RB and incubated overnight at 37 °C. Similarly, another set of cells treated with
100 nM of RB were irradiated with green light for 10 min and incubated at 37 °C for 24 h. The cells were fixed
with absolute methanol for 20 min at — 20 *C. After fixation, cells were permeabilized by 0.2% Triton X-100 and
after 3 subsequent PBS washes the cells were incubated with 5% horse serum for 1 h. Further primary antibodies
against tubulin (Thermo PAL-41331), actin ( Thermo MA3-15739) and Tau (K9]A, Dako A0024) were added and
incubated overnight. The cells were incubated with Alexa Fluor 488 (A11034) and Alexa Fluor 555 (A32727)
tagged secondary antibodies. The nucleus was stained with DAPIL. The cells were scanned by Zeiss Axio observer
7.0, apotome 2.0 inverted microscope using 63X magnifications in oil emersion.

Fly stocks and genetics. The transgenic Drosophila strain used in this study was UAS-Tau E14. ELAV-
Gal4 driver line was obtained from the National Drosophila Stock Centre at the University of Mysore, Mysore,
Karnataka, India. Drosophila strains were raised on standard medium. Fly cultures and crosses were carried out
at 25 °C. The stocks has been maintained as per published protocol™ .

Fly husbandry. Flies were maintained on standard banana-jaggery medium (5SM) under standard labora-
tory conditions of 24+ | °C temperature, 75+ 3% relative humidity, and 12:12 light and dark cycle (SLC)™. Flies
were maintained in a 2 week discrete generation cycle for 10 generations before being used in this study. The
adult density was regulated at about 100 flies per half-pint bottle with 25 mL of SM in 10 bottles. Flies from 10
bottles were combined into a single breeding cage, hereafter referred to as parental cage (PC).

Preparation of diet. A total of 2.5 L of SM was prepared and split into 5 batches of 500 mL each as described
previously™. For the control group, only SM was poured into the bottles. For the RB-supplemented media, 10,
20, 50,100 and 500 uM of RB was added to SM and mixed thoroughly just before pouring into the bottles. All
bottles were plugged with non-adsorbent cotton and the media was allowed to solidify under room temperature.

Larval feeding behaviour assay. The obtained eggs were transferred at a density of 50-eggs/6 mL of SM
and allowed to develop till early third instar(as referred in™"). The early third instar larvae were removed from the
SM vials and used in the feeding behaviour assay. Larvae were individually transferred to an assay Petri plate of
5 cm diameter containing 10 mL of either liquid SM (SM without agar) or liquid SM supplemented with different
concentrations of RB and allowed for 5 s for acclimation. The feeding rate was measured as the mean number
of sclerite retractions in 2 consecutive 30 s intervals. The average of the 2 rates was taken as the feeding rate of
that larva. 20 larvae were assayed for each of the 2 treatment groups. The feeding rate of assays were replicated 4
times. A total of 160 larvae were assayed for the feeding rate.

Megative geotaxis assay. The ability to move against gravity and climb indicates the level of physical fit-
ness of test animals(as referred in®). The vertical climbing ability of male flies that emerged from different treat-
ment bottles were assessed. 20 male flies per treatment group were collected and transferred to empty, 0-15 cm
graduated vial. The vial was gently tapped and placed in a vertical position. The number of flies that crossed the
15 cm maark in 30 s were counted. Three trials were conducted on each set of 20 flies. The data were expressed as
the percentage of flies that crossed 15 cm mark.

Larval olfactory behaviour. The olfactory test was carried out by employing the previous method with
minor modifications (as referred in®"). Larvae were briefly dried on a filter paper before being placed at the cen-
tre of the Petri dish. The Petri dish containing 20 pL of Quinine sulphate dispensed on each of the 2 0.5 cm radius
filter discs were placed in the diametrically opposite position to Quinine zones. After 2 min of placing the larvae
and covering the petri dish, the numbers of larvae in different zones were counted to calculate the percentage of
larvae avoiding the bad odour after training.
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Statistical analysis.  The statistical analysis was done using unpaired Student’s t-fest. Untransformed (raw)

data were analyzed and plotted by SigmaPlot 10.0 software. The statistical analysis were represented as *, ** and
*** where *p <0.05, **p <0.001, ***p <0.0001.

Data availability

All the data generated during various experiments are available from the authors on reasonable request.
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Photodynamic sensitizers modulate cytoskeleton structural
dynamics in neuronal cells
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Abstract

The neuronal cytoskeleton plays a crucial role in maintaining cell integrity and func-
zAcademy of Scientific and Innovative R e g
Research (ACSIR), Ghaziabad, India tioning of neurons. Cytoskeleton deformities have been reported to be associated
with neurodegenerative diseases thus; cytoskeleton can be targeted for therapeutic
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strategies. The therapeutic application of photosensitive molecule is termed as pho-
todynamic therapy (PDT). PDT has been applied in the field of dermatology, cancer
biology, and antimicrobial therapy. PDT induces several changes in cells, which
include induction of apoptosis, DNA damage, and induction of inflammatory
response. PDT has been also reported to modulate cytoskeleton such as actin
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tubulin, and Tau aggregation. In this review, we focused on the effect of photo-
sensitized molecules on various cytoskeleton proteins. We hypothesize that PDT
could have potency against Alzheimer's disease and other neurodegenerative
disorders.
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1 | OVERVIEW OF PHOTODYNAMIC state to the singlet excited state. Since the excited singlet state is

THERAPY: THE EMERGING THERAPY FOR
VARIOUS DISEASES

Photodynamic therapy (PDT) is the novel strategy for the application
of photoexcited molecules to the target, which leads to the generation
of singlet oxygen species (Gold, 2007). PDT involves two main steps,
first is the absorption of light by the photosensitizer and second is the
transfer of energy by the excited state of the photosensitizer mole-
cule to the oxygen molecule. In the first step, the photosensitizer

upon absorption of light undergoes the transition from the ground

Abbreviations: AD, Alzheimer's disease; Arp2/3 complex, actin-related protein 2/3 complex;
CDC 42, cell division control protein 42 homolog; DAAM, Disheveled-associated activator of

hy is; F-actin, fil actin; G-actin, globular actin; LPA, lysophosphatidic acid;
MAPs, microtubule-associated proteins; MB, Methylene Blue; MTOC, microtubule
organization center; PDT, photodynamic therapy; PTMs, posttranslational modifications; RB,
Rose Bengal; Rho, Ras homologous (Rho) protein; Sirt2, Sirtunins; TB, Toluidine Blue; WASP,
Wiskott-Aldrich syndrome family protein.

short-lived, it gets converted to a triplet state via a process known as
“intersystem crossing” (Juarranz, Jaén, Sanz-Rodriguez, Cuevas, &
Gonzélez, 2008). This triplet state is relatively long-lived and partici-
pates in two types of reaction called Type | and Il reactions. In Type |
reaction, it reacts with a substrate and molecular oxygen to form free
radicals. In Type |l reaction, the triplet state transfers its energy to
oxygen directly and converts to a singlet state. The singlet oxygen
species is considered to be responsible for the effect of PDT
(Castano, Demidova, & Hamblin, 2004) (Figure 1). PDT involves the
application of various light sensitive molecules termed as “photosensi-
tizer.” These photosensitizers upon irradiation with a characteristic
wavelength of light leads to the generation of singlet oxygen species
(Levy, 1994). The molecules having tetrapyrrole structures belonging
to classes porphyrin, choline, bacteriochlorin, pthalocynin, and so
forth, are generally considered as photosensitizers (Chilakamarthi &
Giribabu, 2017). The tetrapyrrole photosensitizers generally follow

232 © 2021 Wiley Periodicals LLC.
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FIGURE 1 The effect of photodynamic therapy (PDT) in cells. PDT involves the excitation of photosensitizer after irradiation, which
generates singlet oxygen species. In cells, photosensitizer accumulates in various organelles as lysosomes, endoplasmic reticulum, and
mitochondria. PDT targets several components of cells, cytoskeleton modulation, DNA damage, and induction of inflammation

Type | reaction for the generation of singlet oxygen species. The
porphyrinoid compounds, including chlorins, bacteriochlorins, phthalo-
cyanines, and other related structures are majorly used as photosensi-
tizer (Abrahamse & Hamblin, 2016). The porphyrin compounds such
as meta-tetra(hydroxyphenyl) porphyrin, the meta isomer of
5,10,15,20-tetra(hydroxyphenyl)porphyrin, and 5,10,15,20-tetrakis
(4-sulfanatophenyl)-21H,23H-porphyrin are considered as second-
generation photosensitizer (Wilson, 2007). The methyl ester of
aminolevulinic acid (ALA), methyl aminolevulinate, and the n-hexyl
ester of ALA “hexaminolevulinate” have been approved as therapeutic
agents for the treatment of carcinomas (Stepp et al., 2007). Several
compounds belonging to the cholin family have been applied as pho-
tosensitizers. Meta-tetra(hydroxyphenyl)chlorin, tin ethyl etiopurpurin,
N-aspartyl chlorin e6 are examples of cholin-based photosensitizer

isolated from chlorophyll A. Pheophorbides are another class of

pyrrole-based photosensitizer, which is derived from chlorophyll.
WST09 and WST11 are the bacterial origin pyrrole-based photosensi-
tizer derived from bacteriochlorphyll A (Beems et al., 1987). Phthalo-
cyanines are the class of photosensitizer having metal ions at the
core. Most of the porphyrin-based photosensitizers have Amax
between 630 and 700 nm (Bonnett, 1995). In addition to
porphyrinoid-based photosensitizers, the non-porphyrinoid com-
pounds including anthraquinones, phenothiazines, xanthenes, cya-
nines, and curcuminoids are also used as photosensitizers (Sobotta,
Skupin-Mrugalska, Piskorz, & Mielcarek, 2019). A variety of synthetic
photosensitizers are available which belong to various classes of dyes
such as phenothiazine, xanthene, benzophenothiazinium salt, and so
forth (Kwiatkowski et al., 2018). Phenothiazines dyes Methylene Blue
and Toluidine Blue (TB) have A, at 666 and 630 nm, respectively
(Rice, Wainwright, & Phoenix, 2000). Methylene Blue is known to be

115



Publications

DUBEY anp CHINNATHAMBI

2 | WILEY_§

effective in the treatment of carcinomas and microbial biofilms. TB
(tolonium chloride) is the acidophilic metachromatic dye with IUPAC
name (7-amino-8-methylphenothiazin-3-ylidene)-dimethylammonium
chloride. The dye has the chemical formula Cq5H1¢N3S* and a molecu-
lar mass 270.374 g/mol (Sridharan & Shankar, 2012). The cationic dye
TB is known to have high affinity for sulfates, carboxylates, and phos-
phate radicals of mammalian tissues, hence widely used in histology
(Gandolfo et al., 2006). The potency of photoexcited TB has been
reported against pathological microbes such as Candida albicans, Pseu-
domonas aeruginosa, Acinetobacter baumannii, and Staphylococcus
epidermidis (Pourhajibagher et al., 2016; Sharma et al., 2008; Sharma,
Bansal, & Gupta, 2005). Rose Bengal is another photosensitizer
belonging to xanthene dye. It is the salt of 234 5-tetrachloro-
6-(2,4,5,7-tetraiodo- 6-hydroxy-3-oxoxanthen-9-yl)benzoic acid,
which is widely used as fluorochrome and a histological dye. The dyes
are readily soluble in water and have a molecular mass of 973.67 g/
mol. Rose Bengal is known to behave potency of photoexcitation at
Amax Of 546 nm (Vanerio, Stijnen, de Mol, & Kock, 2019). Rose Bengal
has been known for its inhibitory property against several carcinoma
and microbial infections. Silica nanoparticles decorated with Rose
Bengal are reported to inactivate the methicillin-resistant Staphylococ-
cus aureus (Guo, Rogelj, & Zhang, 2010). The gold nanorods conju-
gated with Rose Bengal has been proven to be effective against the
oral carcinomas (Wang et al., 2014). Rose Bengal PDT was observed
to inhibit the P. aeruginosa keratitis isolates (Durkee et al, 2020).
Hence, TB and RB are two emerging non-porphyrin photosensitizer
having potency against several diseases. The dyes belonging to
squaraine, BODIPY, phenalenone are also studied for their potency
against microbes and carcinomas (D'Alessandro & Priefer, 2020).
Along with dyes, the transition metal complexes such as ruthenium,
rhodium and iridium were observed to be good photosensitizers
against microbes and carcinoma cells in vitro (Li & Chen, 2020). The
natural compounds have been reported to be a potent photosensi-
tizer. Hypericum-derived “Hypericin” belongs to perylenequinone
class, which is known to have potency against microbial infection and
cancerous cells (Waser & Falk, 2007). Similarly, hypocrellin is another
perylenequinone isolated from fungi Hypocrella bambuase sacc has the
property of photoexcitation (Zhenjun & Lown, 1990). The food sup-
plements riboflavin and curcumin have been recently used as photo-
sensitizer (Cardoso, Libardi, & Skibsted, 2012; Crivello & Bulut, 2005).

Recent studies suggested that PDT also has potency against neu-
rodegenerative diseases (Aghaie et al., 2019). PDT using ALA has been
reported to be effective against squamous carcinoma and basal cell
carcinomas. Similarly, PDT was also found to be potent against cuta-
neous T-cell lymphoma (Sando et al., 2020). Photosensitizer such as
chlorin 6 and photofrins showed anticancer activity against esopha-
geal and lung carcinomas (Qiu, Kim, Penjweini, & Zhu, 2016;
Srdanovi¢ et al., 2018). Whereas the dyes such as RB and TB were
observed to have inhibitory efficiency against various microbial bio-
films formation (Li, Yuan, Jia, Qin, & Wang, 2020; Parasuraman
et al., 2019). The porphyrin photosensitizer ALA has been studied to
have an inhibitory effect against papillomaviruses, leishmaniasis, and

onychomycosis (Souza et al, 2017; Xie et al, 2019). Hence, the

overall studies suggest that PDT is an emerging therapy that could be

applied in the treatment of wide range of diseases.

2 | NEURONAL CYTOSKELETON: THE
CRUCIAL COMPONENTS FOR MAINTAINING
CELL MORPHOLOGY

The cytoskeleton is the network of polymerized proteins, mainly com-
prised of microfilaments, microtubules and intermediate filaments (Kast &
Dominguez, 2017). Each filamentous protein comprises of distinct globu-
lar protein that acts as the basic unit of these structures (Sheetz, 2001).
In neuronal cells, the cytoskeleton plays various roles including transport,
neurites extension, axon elongation, growth cone elongation, and
maintaining the integrity of intracellular compartments (Gordon-Weeks &
Fournier, 2014). Microtubules are one of the important cytoskeleton
compenents of the neuron. The studies have suggested the contribution
of microtubules in various aspects of neuronal integrity and intracellular
transport. Neurite outgrowth formation is the initial phenomenon of neu-
ronal polarization. The neurite outgrowths are known to have an abun-
dance of bundled microtubule and actin-rich growth cones (Kapitein &
Hoogenraad, 2015). Microtubules also play a crucial role in neuronal dif-
ferentiation. Studies have suggested that the modulation of microtubule
dynamics, for example, taxol treatment leads to the generation of multi-
ple axons in neurons (Subramanian & Kapoor, 2012). Microtubules have
also known to be associated with axonal elongation. The migration of
neurons in the initial stages of brain development assisted by microtu-
bules and actin (Suter & Miller, 2011). Another unit of neuronal architec-
ture is the actin cytoskeleton. The migration, synaptic connection, and
axonal polarization are the basic functions govemed by the actin cyto-
skeleton (Morris & Hollenbeck, 1995). The cytoskeleton is being consid-
ered to be a crucial component in the neuron, thus any deformities in the
microtubule functioning result in neurodegeneration. Cytoskeleton has
been considered a potent target for studying therapeutics against neuro-
degenerative diseases. The microtubule stabilization drug epothilone D
was reported to reduce axonal dysfunction and protect the neurons from
toxicity (Zhang et al., 2012). The microtubule targeting agent such as pac-
litaxel was reported to have a protective mechanism against brain injury
and neurodegeneration (Hur & Lee, 2014). Similarly, the treatment of
nocodazole, vinblastine, and taxol was studied to protect the neurons
from axonal swellings in spastin knockout (KO) mice (Fassier et al., 2013).
Hence, the cytoskeleton has been considered as a major aspect in study-
ing the therapeutics of neurodegeneration and neuronal development
(Figure 2) (Table 1).

3 | TAUPROTEIN: THE CYTOSKELETON
PROTEIN IN MAINTENANCE OF NEURONAL
DIFFERENTIATION AND INTEGRITY

Tubulin is an acidic globular protein of molecular weight 50 kDa,
which polymerizes to form microtubules. The «- and p-tubulin poly-

merize with help of GTP, where the tubulin rods are arranged in a
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FIGURE 2 The neuronal
cytoskeleton. The globular proteins
a-tubulin and p-tubulin polymerize
and form the microtubules. The

‘ a-Tubulin
) B-Tubulin

“~ Tau
/

microtubules assist the neurons in
the maintenance of growth axonal
growth and axonal guidance. The G-
actin polymerizes to F-actin. The
actin cytoskeleton assists the
neurons in the formation of dendritic
spines, the establishment of
connections, endocytosis, and so
forth. Actin filaments and
microtubules both contribute to the
growth and polarity of the

growth cone

Dendrites ’

TABLE 1

Tubulin polymerization

9 —
o 09

G-actin

&>

F-actin

l

Lamelliopodia

Actin polymerization

Axon

Growth cone
Microtubule
Actin

Cytoskeletal components of neuron

The component of neuronal cytoskeleton. Neuronal cytoskeleton includes mainly the tubulin and actin protein. Several associated

protein assist actin and tubulin polymerization and stabilization of cytoskeleton

Localization

S. No. Cytoskeleton structure Function
1. a-Tubulin

2. p-Tubulin

3. MAP 2a, MAP 2b, MAP 2c
4. Tau

5. Vimentin (IF Type 3)

6. Type 4 IF (NFH, NFM, NFL)
7. Actin

8. Fimbrin

9. Ankyrin

10. Tropomyosin

Monomer unit of microtubule

Monomer unit of microtubule
Stabilization of microtubule

Stabilization of microtubule

Stabilization of neuronal cytoskeleton
Stabilization of neuronal cytoskeleton
The monomeric subunit of microfilaments
Cross-linking of actin filaments

Connects the microfilament to membrane

Stabilizing of microfilaments

All the cells including neurons

All the cells including neurons
Dendrites of neurons

Predominantly in axon

Precursors of neurons and glia cells
Abundantly found in neurons
Predominantly in neurons and microglia
Predominantly in neurons and microglia
Neurons

Neurons

9 + 2 arrangement to form a hollow cylindrical structure, termed as
microtubules (Rosenbaum, 2000). The end where the tubulin dimer is
added is referred to as the plus end of microtubules, whereas the
(Howard &
Hyman, 2003). Minus end of microtubules is attached to the per-

opposite end is designated as the minus end

icentriolar complex termed as microtubule organization center
(MTOC). The axonal microtubules have a length of >100 nm and it

appears not to be associated with MTOC (Sanchez & Feldman, 2017).
The axonal cytoskeleton was found mostly oriented toward the distal
end of cells (Kirkpatrick & Brady, 1994). On contrary, the dendritic
microtubules have a short length and mixed polarity (Kapitein &
Hoogenraad, 2015). Several proteins are involved in stabilizing the
microtubules. The stability of microtubules is assisted by the interac-

tion of several microtubule-associated proteins (MAPs) (Drewes,
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Ebneth, & Mandelkow, 1998). Various classes of MAPs such as
MAP1A, MAP1B, MAP2A, and MAP2B have been reported. Tau is
one of the MAPs that stabilize microtubules (Drewes et al., 1998).
The Tau gene is present at chromosome 17q21, which results in the
generation of six isoforms by alternative splicing (Andreadis, 2005).
Tau plays a crucial role in pathology related to neurodegenerative
diseases such as Alzheimer's disease (AD) (Dixit, Ross, Goldman, &
Holzbaur, 2008). Several studies have demonstrated that the modu-
lation of microtubule affects neuronal morphology in various aspects
(Adamo et al., 2010). The treatment of lysophosphatidic acid (LPA) is
known to cause neurite retractions. The studies suggested that the
LPA treatment causes modulation of tubulin and elevated the phos-
phorylation of Tau protein by GSK-3p (Sayas, Moreno-Flores,
Avila, & Wandosell, 1999). The posttranslational modifications
(PTMs) of tubulin play a crucial role in the maintenance of microtu-
bule stability, where the tyrosinated tubulin induces the remodeling
of neuronal growth cone (Gordon-Weeks, 1991). Similarly, the acet-
ylation of tubulin contributes to the stability of microtubules and
(KIF5A) in
Kneussel, 2010). The mutant Phrl associate with the microtubule

guides the kinesin proteins neurons (Janke &
cytoskeleton leads to defects in spinal cord development and motor
neuron development (Lewcock, Genoud, Lettieri, & Pfaff, 2007). The
deacetylase Sirtunins (Sirt2) is considered to be involved in neuronal
differentiation, the acetylation level of tubulin was observed to be
altered during neuronal differentiation (Tang & Chua, 2008). Simi-
larly, another protein PAX 3 reported to inhibit the expression of
p-1ll tubulin and neuronal differentiation in neuronal stem cells
(Enzmann, Tamo, Trepp, & Wolf, 2014). The mutant Wnt and PI3K
signaling affect the microtubule cytoskeleton by elevating the phos-
phorylation of Tau protein (Park et al., 2019). The destabilized
microtubule structure results in alterations in the neuronal morphol-
ogy of cortical neurons (Gavet, el Messari, Ozon, & Sobel, 2002).
The exposure to 4-hydroxy-2(E)-nonenal, a major product of lipid
peroxidation reduced the goth of neurite by disintegrating the
microtubules (Neely, Sidell, Graham, & Montine, 1999). Similarly, the
mercury treatment-induced neuronal membrane degeneration by
Syed, &
Lorscheider, 2001). The N-homocysteinylated Tau was ohserved to

affecting the  microtubule integrity  (Leong,
have a reduced affinity for tubulin which leads to neurodegeneration
(Karima et al., 2012). The treatment of neuropeptide cerebrolysin
affects the microtubules network of the neuron and enhances the
(Masliah & Diez-

Tejedor, 2012). In the same way, the proteins which promote disas-

neurogenesis and neuronal elongation
sembly of tubulin ultimately promote the loss of neuronal integrity
and neurodegeneration. SCG 10 is a protein, which is involved in
microtubule stabilization and the phosphorylation of SCG 10 acceler-
ated the disassembly
Bondallaz, Ruchti, & Cadas, 2004). Spastin is another MAP, the stud-

elevated the

microtubule (Grenningloh, Soehrman,

ies suggested that spastin deletion tubulin
polyglutamylation which induced the impaired neuronal transport
(Lopes et al., 2020). Hence, the earlier studies advocated that tubulin
and microtubules are closely associated with maintaining neuronal

integrity.

4 | THECYTOSKELETAL COMPONENTS
INVOLVED IN THE ESTABLISHMENT AND
THE MAINTENANCE OF NEURONAL
POLARITY

Microfilaments or actin cytoskeleton is one of the classes which has
the most diverse arrangement and distribution in neurons (Luo, 2002).
Actin is the monomeric unit of microfilaments. The globular actin (G-
actin) has a molecular weight of 42 kDa (Schmidt & Hall, 1998). The
G-actin polymerizes and leads to the formation of filamentous actin
(F-actin) (Dominguez & Holmes, 2011). Although actin microfilaments
are distributed through the neuron, their presence is prominently
observed in a neuronal membrane having presynaptic terminals, den-
dritic spines and growth cones (Spooner & Holladay, 1981). F-actin is
known to be involved in the formation of several membrane-
associated structures such as filopodia, lamellipodia, podosome, and
so forth. Filopodia are hair-like projections that facilitate synapse for-
mation (Mattila & Lappalainen, 2008). Lamellipodia (lamina-sheet,
pod-foot) are actin-rich fan-like structures, which are considered to
have a role in endocytosis (Machesky, 2008). Several proteins have
been reported to be associated with the actin cytoskeleton which aid
in its stability (Schmidt & Hall, 1998). Proteins such as fimbrin and
spectrins are involved in the crosslinking of actin filaments, tropomyo-
sin, and P-thymosins contribute in stabilizing the actin filaments,
whereas ankyrin bridges between actin filaments and the plasma
membrane (Baines, 1990; Gunning, O'Neill, & Hardeman, 2008;
Héfer & Drenckhahn, 1999). The actin cytoskeleton has a variety of
crucial roles in the neuron, which includes plasma membrane proteins
distribution, maintenance of cell morphologies, and segregation of
axonal and dendritic proteins into respective cellular compartments
(Luo, 2002; Sekino, Kojima, & Shirao, 2007). The growing end of poly-
merizing actin is called the “barbed end.” Disheveled-associated acti-
vator of morphogenesis, Ena/VASP proteins, MRL proteins are
examples of such protein, which binds to barbed end (Barkd
et al., 2010; Barzik et al., 2005; Hansen & Mullins, 2015). On contrary,
proteins-like  Mical
(Giridharan & Caplan, 2014). The actin cytoskeleton is reported to be

arranged in dendrites in the form of branched F-actin-rich patches,

causes the depolymerization of F-actin

longitudinal actin fibers and actin rings (Nicholson-Dykstra, Higgs, &
Harris, 2005). The dendritic actin is involved in synapse formation
(Toni et al, 2007). Protein such as Rho GTPase, Wiskott-Aldrich syn-
drome family protein (WASP), and CDC42 regulate the localization of
actin in dendrites (Blanchoin et al, 2000; Higgs & Pollard, 2000;
Newey, Velamoor, Govek, & van Aelst, 2005). The actin-rich presyn-
aptic and postsynaptic dendritic spines contribute to the formation
and maintenance of synapse (Allison, Chervin, Gelfand, & Craig, 2000;
Gordon-Weeks & Fournier, 2014). The Ca®* also plays important role
in the regulation and maintenance dendritic actin cytoskeleton
(Oertner & Matus, 2005). The axonal growth cone consists of a “fan-
shaped™ actin-rich structure, having the central dense core of actin
and fine figure-like structures protruding from it (Kater, Mattson,
Cohan, & Connor, 1988). Growth cone has an important role in the

initiation and growth of the axon. The leading microfilament of the
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growth cone forms the axon, while others contribute to the formation
of dendrites (Kalil, Szebenyi, & Dent, 2000). Thus, it could be stated
that the actin cytoskeleton dynamics have a crucial role in establishing
the polarity of the neuron. The modulation of the actin cytoskeleton
affects (Gallo &

Letourneau, 1999). The mutation of Unc-115 gene, which codes for

directly axonal growth and guidance
the actin-binding protein, modulated the actin polymerization and
growth cone development (Gitai, Timothy, Lundquist, Tessier-
Lavigne, & Bargmann, 2003). Similarly, the Plexin-B semaphorin recep-
tor which regulates actin dynamics via interacting with Rac, ultimately
induce changes in axonal growth (Driessens et al., 2001). The guid-
ance of axon is also considered to be associated with actin cytoskele-
ton (Lykissas, Batistatou, Charalabopoulos, & Beris, 2007). Hence, the
actin cytoskeleton plays a vital role in the generation of the growth
cone and axonal development. The deregulation in cytoskeleton integ-
rity is being considered to be associated with neurodegeneration

(Figure 2).

5 | THE MICROTUBULE-ACTIN CROSS
TALK FACILITATE THE AXONAL GROWTH

The actin cytoskeleton is known to be directly involved in axonal
growth and guidance, but the studies suggested that the involvement
of microtubule in the axon, which leads to the generation of the con-
cept of microtubule-actin cross talk in neuronal development (Coles &
Bradke, 2015). The cross talk is mediated via several microtubules and
actin-associated protein, which serves as a link between the proteins
(Seetharaman & Etienne-Manneville, 2020). The actin network act as
a physical barrier for the microtubule, which retard their growth and
promotes catastrophe (Walczak, 2000). The growth cone is consid-
ered to be an actin-rich structure in the neuron, but the presence of
microtubule has also been reported in previous studies (Gordon-
Weeks, 2004). In the growth cone, the bundles of microtubules are
found to be arranged longitudinally to the actin rods (Williamson,
Gordon-Weeks, Schachner, & Taylor, 1996). The significance of
microtubule in growth is considered to the turning of the growth cone
(Tanaka & Kirschner, 1991). The microtubules facilitate the nucleation
of actin protein. The binding of growth arrest-specific 2-like
1 (Gas2L1) to the microtubule induces the stabilization of actin and
thus contributes to maintaining ace of axonal morphology (van de
Willige et al., 2019). The studies suggested that microtubule plus end-
directed protein-like CLIP170 induces the polymerization of actin
(Lewkowicz et al., 2008). The drebrin acts as a cross liker between
EB-3 of microtubules and actin protein (Oh et al, 2006). ACF7 is
another protein, which bridges the actin and EB-1, which helps the
microtubule invasion to the growth cone (D'Souza-Schorey, 2005).
p140Cap-Cortactin is a protein, which interacts with EB-3 of the
microtubule, also known to mediate the actin polymerization (Repetto
et al., 2014). The MAP2 also interacts with actin, which assists in the
initiation of neurite formation (Dehmelt & Halpain, 2004). The actin-
binding protein, formins also have an affinity for microtubule thus it

contributes to the crosstalk of actin-microtubules (Bartolini &

Gundersen, 2010). The protein complex Doublecortin (Dex)-
spinophilin (Spn, or neurabin 2) reported to interact with both micro-
tubule and actin, which leads to microtubule organization in the
growth cone (Bielas et al., 2007; Fu et al., 2013). Thus, the recent
studies suggested that the crosstalk between microtubule-actin plays
a pivotal role in axonal development, guidance, and stability of neu-

rons (Figure 2).

6 | THESIGNALING CASCADES CONTROL
THE CYTOSKELETON DYNAMICS IN CELLS

The cellular cytoskeleton dynamics are governed by complex signaling
cascades, which include several crucial proteins. Rho GTPase family
including Rho, Rac, and CDC42 play a crucial role in actin dynamics
and signaling (Machesky & Insall, 1999). Rho is a family of signaling
proteins, which include small GTPase. Rho protein has been reported
to be involved in neuronal morphogenesis, axon growth, guidance,
and dendritic formation via modulation of the cytoskeleton
(Luo, 2000). Several studies have demonstrated that the crucial role of
Rho GTPase in cytoskeleton modulation. The mutation in Nogo-A was
found to alter the development of the growth cone, modulation of
Rho-GTP/LIMK1/cofilin pathways in C57BL/6 Nogo-A KO mice
(Montani et al., 2009). Similarly, the overexpression of cRac 1B
increases the neurite formation in neuronal cells, on the contrary, the
inhibition of cRac 1B causes a reduction in neurite numbers. The
norepinephrine-mediated stress response targets the Rac 1, which
results in a change in neuronal morphology (Swinny &
Valentino, 2006). The Amyloid-p42-mediated stress has stimulated
the activity of Racl/Cdc42 Rho GTPases. The upregulation of Rac
1 induces the formation of F-actin in hippocampal neurons (Mendoza-
Naranjo, Gonzalez-Billault, & Maccioni, 2007). Cell division control
protein 42(CDC42) is another protein of Rho GTPase family involved
in actin cytoskeleton regulation. CDC42 is known to retard the actin
polymerization (Ma, Rohatgi, & Kirschner, 1998). The neuropeptide
galanin has stimulated the neurite outgrowth in the sensory neuron
by attenuating CDC42 (Hobson, Vanderplank, Pope, Kerr, &
Whynick, 2013). The Ca?*-mediated interaction of Lis1 to scaffolding
proteins activates CDC42 which causes retardation of actin polymeri-
zation (Kholmanskikh et al., 2006). ROCK is a ser/Thr kinase that plays
a key role in the maintenance of actin polymerization. ROCK kinase
upregulates the activity of LIM kinase, where LIM kinase phosphory-
lates cofilin-1 and hence it facilitates the polymerization of G-actin to
F-actin (Maekawa et al, 1999). In the thrombin and nocodazole-
treated cells, the downregulation of LIM-1 was observed which ulti-
mately results in destabilization of microtubules and inhibition of actin
polymerization (Gorovoy et al., 2005; Leonard, Marando, Rahman, &
Fazal, 2013). Similarly, PAK-1 protein activates the LIM kinase, which
induces alterations in actin cytoskeleton dynamics (Edwards, Sanders,
Bokoch, & Gill, 1999). Cofilin-1 is a neuronal-specific protein, which
binds to G-actin and attenuates the further polymerization of actin
(Wioland et al., 2017). Cofilin-1 is known to present in two forms in

cells, phosphorylated form, and non-phosphorylated form. In
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phosphorylated form, cofilin-1 loses its affinity for actin, and hence
the polymerization of G-actin to F-actin took place in presence of
phosphorylated cofilin (Ono, 2003). Reelin is a matrix protein, which
regulates the radial migration of cortical neurons. Reelin induces the
phosphorylation of cofilin at Ser-3, which causes the stabilization of
the actin cytoskeleton (Chai, Férster, Zhao, Bock, & Frotscher, 2009).
Whereas the mutation in cofilin results in impaired neuronal migration
leading to brain deformities (Bellenchi et al., 2007). The mutation of
cofilin results in impaired neuronal tube development in defective
embryos (Gurniak, Perlas, & Witke, 2005). The inactivation of cofilin
also results in the deregulation of AMPA receptors which reduces the
synaptic plasticity in cortical neurons (Gu et al., 2010). Several pro-
teins such as Arp 2/3 complex induces the crosslinking of F-actin. Arp
2/3 complex is composed of seven subunits, the complex induces the
branching and polymerization of actin (Goley & Welch, 2006). The
binding of Arp 2/3 complex induces the nucleation of actin which in
turn induces the activity of other proteins such as WASP (Yamaguchi
et al., 2005). Activation of the Arp 2/3 complex results in the
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generation of lamellipodia and filopodia structures in the cell mem-
brane. The inhibition of Arp 2/3 complex by protein interacting with C
Kinase-1 causes the attenuation of actin polymerization (Nakamura
et al, 2011). Similarly, cortactin directly binds to Arp 2/3 complex
which leads to activation of actin polymerization (Uruno et al., 2001).
Phosphatidylinositol 4,5-bisphosphate causes the movement of lipid
raft which further modulating the actin cytoskeleton by Arp 2/3 com-
plex (Rozelle et al., 2000) (Figure 3). Thus, the involvement of various
signaling proteins makes the cytoskeleton an interesting and potential
therapeutic target for studying the diseases.

7 | THECYTOSKELETON DEFORMITIES IN
NEURODEGENERATION

Cytoskeleton deformities are considered to be associated with neu-
rodegeneration. a-Synuclein aggregates are one of the characteristics

of Parkinson's disease. The aggregates of «-synuclein induce
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FIGURE 3 Thesignaling cascades involved in actin polymerization. Several proteins are involved in actin polymerization. Rho GTPase are
closely known to be related to actin polymerization. The ROCK protein phosphorylates LIMK kinase, which in turn causes the inactivation of
cofilin-1. Proteins such as Arp 2/3 complex and Wiskott-Aldrich syndrome family protein (WASP) facilitate the cross-linking of F-actin
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mitochondria dysfunction via actin-mediated mislocalization of Drp-1
(Ordonez, Lee, & Feany, 2018). In AD conditions, the cofilin protein is
reported to be associated with actin rods formation, which contrib-
utes to AD pathology (Bamburg et al., 2010). AB-42 aggregates are
reported to induce the collapse of the actin network in neuronal cells
ultimately resulting in dendritic spine degeneration. The presence of
AB-42 aggregates is known to induce the phosphorylation of cofilin
protein, which leads to destabilization of actin filaments causing the
impairment in synaptic plasticity (Penzes & VanLeeuwen, 2011). Hir-
ano bodies are the intraneuronal structures observed in AD condi-
tions. Recent studies have suggested that these inclusions are rich in
actin, thus it was stated that they are formed as a result of mis-
localization of the actin cytoskeleton (Galloway, Perry, &
Gambetti, 1987). The neurodegenerative disease-like AD was found
to have impairment in actin-microtubule cross talk. Recent studies
suggest the accumulation of F-actin in the Tauopathy model of Dro-
sophila, which indicates the cross talk of Tau and actin cytoskeleton
(Fulga et al., 2007). The PTMs of tubulin, for example, acetylation,
polyglutamylation, tyrosination, and detyrosination were observed to
be associated with AD pathology (Baird & Bennett, 2013; Sonawane,
Raina, Majumdhar, & Chinnathambi, 2020). Recent studies suggested
that microtubule contributes to the dendritic spine formation and
maturation, thus it was stated that the abnormality in microtubule
dynamics leads to the deformities in neuronal spine formation in AD
(Gu, Firestein, & Zheng, 2008). CCP1, CCP4, and CCPé6 are the pro-
teins belonging to tubulin deglutamylation, which are reported to play
crucial role in neurodegeneration (Rogowski et al., 2010). In the diag-
nosis, patient with neurodegeneration observed to have mutation in
deglutamylase CCP1 which causes the accumulation of glutamylated
tubulin in cells (Shashi et al., 2018). Current studies indicated that
tubulin polyglutamylation modulated the dynein motor activity.
HDACS is another enzyme associated with tubulin acetylation, the
studies suggested that downregulation of HDAC6 improves the cog-
nitive defect in mouse (Govindarajan et al., 2013). The stabilization of
microtubules by epothilone B initiated the axon regeneration, which
assist in recovering the neuronal injury (Ruschel et al., 2015). The
overall studies suggest that cytoskeleton plays a crucial role in neu-
rodegeneration and hence it could be targeted for studying the thera-

peutic strategy against AD.

8 | THEEFFECT OF PDT ON CELL
ORGANELLES AND CYTOSKELETON

The cytoskeleton plays a crucial role in maintaining the integrity of
neurons which include maintenance of cell morphologies and segrega-
tion of axonal and dendritic proteins into respective cellular compart-
ments. PDT is reported to target the cytoskeleton. PDT targeting
prostate-specific membrane antigen was observed to induce the dis-
ruption of tubulin network, actin cytoskeleton, and intermediates fila-
ments in tumor cells (Liu, Wu, & Berkman, 2010). The ALA-mediated
PDT on glioblastoma cells shown a change in cell morphology associ-

ated with alteration of the actin cytoskeleton (Karmakar, Banik,

Patel, & Ray, 2007). Similarly, the PDT of Sinoporphyrin sodium has
inhibited the migration of MDA-MB-231 cells by attenuating the
F-actin formation (Wu et al., 2016). In colon adenocarcinoma cells, the
treatment of hypericin was reported to alter the organization of
F-actin (Stloglu, Selmanoglu, & Akay, 2015). Furthermore, PDT using
TMPyP-porphyrine photosensitizer leads to microtubules disorganiza-
tion and mitotic catastrophe in G361 cells (Cenklova, 2017). The
photofrin-mediated PDT has induced an increase in intracellular Ca®*,
which ultimately leads to microtubule depolymerization (Sporn &
Foster, 1992). The use of 3,3 -dihexyloxacarbocyanine iodide as pho-
tosensitizer causes the damage of microtubule, but the other cytoskel-
eton element including actin stress fibers, vimentins, and intermediate
filaments were not affected by PDT (Lee, Wu, & Chen, 1995). Thiazine
dyes were also reported to cause damage to the microtubule network
in Hela cells (Stockert, Juarranz, Villanueva, & Canete, 1996). Thus,
the previous studies suggest that cytoskeletal elements act as a prom-
inent target by various photosensitizers which ultimately results in
alteration and reorganization of the cytoskeleton. PDT has been
shown to affect various cellular components in different forms. Vari-
ous photosensitizers accumulate specifically in different cell organ-
elles, for example, RB is known to be accumulated in mitochondria
whereas, phosphoindole oxide-based photosensitizer accumulates in
the endoplasmic reticulum and leads to the generation of autophagy
(Zhuang et al., 2020). Nile blue accumulates in lysosomes, while the
Chlorin 6 and its derivative accumulate in mitochondria, endoplasmic
reticulum, and lysosome and induces photo-oxidative damage to cell
(Brilkina et al., 2019; Kang, 2018). Generally, PDT is known to induce
several responses in the cell, which include induction of apoptosis and
caspase (Figure 3)
(Qi et al, 2019). PDT using ALA induces apoptosis in lesioned
T-lymphocytes of psoriatic plagues and malignant
(Du et al., 2017). Similarly, PDT using a pheophorbide-based photo-

sensitizer induces apoptosis by targeting a mitochondrial pathway in

activation are the common responses

T-cells

human uterine carcinoma (Tang, Liu, Zhang, Fong, & Fung, 2009).
Another photosensitizer protoporphyrin IX reported inducing apopto-
sis in Hela cells (Bednarz, Zawacka-Pankau, & Kowalska, 2007). The
induction of inflammatory pathways is also reported as a response to
PDT. Photofrin and benzoporphyrin derivative-mediated PDT were
reported to induce cytokine release in cells (Firczuk, Nowis, &
Golah, 2011). The treatment of photoexcited photosensitizer
2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a was observed to
initiate the expression of pro-cytokines and chemokines, which ulti-
mately lead to the secretion of interleukins such as IL-6 (Castano,
Mroz, & Hamblin, 2006). PDT in the BALB/c mouse model showed
the altered expression of IL-6 and IL-10. The PDT-treated dendritic
cells were observed to have increased secretion of IL-1 and IL-6,
whereas the expression of TNF-a was reduced (Gollnick, Liu,
Oweczarczak, Musser, & Henderson, 1997). PDT has also been
reported to induce DNA damage in cells. The photosensitizer based
on fp-carboline derivatives was found to intercalate between DNA and
caused DNA damage (Guan et al., 2006). The PDT of liposomal zinc
phthalocyanine induces cell death by damaging the DNA of tumor
cells (Broekgaarden et al., 2017) (Figure 1).
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9 | EFFECT OF PDT ON THE NEURONAL
CYTOSKELETON

The crucial role of the cytoskeleton in maintaining neuronal integrity
and cognition has been already reported (Hirokawa, 1993). Cytoskeletal
element such as microtubule helps the neuron to maintain cell structure,
whereas the microfilaments and actin cytoskeleton assist the neurons
in establishing the neuronal network via facilitating the synapse forma-
tion (Witte & Bradke, 2008). The PDT has been studied to modulate
the cytoskeleton of neuronal cells. Several photosensitizers have been
reported which target the neuronal cells (Table 2). ALA/PDT was
observed to suppress the matrix formation and migration of glioblas-
toma cells (Etminan et al., 2011). Exposure to PDT induced morphologi-
cal alterations in glioma cells. This alteration of morphology and cell
migration was associated with the modulation of the actin cytoskeleton
(Kamoshima, Terasaka, Kuroda, & Iwasaki, 2011). The sub-lethal treat-
ment of ALA/PDT of D54Mg glioma cells causes the changes in actin
cytoskeleton in growth cones resulting in retraction of protrusions, and
surface blebbing (Uzdensky, Kolpakova, Juzeniene, Juzenas, &
Moan, 2005). The PDT-mediated with meta-tetrahydroxyphenyl chlorin
causes the reduction in neurite length, which indicated the modulation
of the microtubule network (Wright et al, 2009). Tau is one of the
important cytoskeleton proteins of neurons, which is known to be asso-
ciated with the maintenance of assemblies and microtubules stability
(Gorantla, Shkumatov, & Chinnathambi, 2017). The 441 amino acid pro-
tein Tau is considered to be natively unfolded. Under pathological con-
ditions, Tau loses its affinity for microtubules and undergoes several
conformational changes in structure, which leads to the formation of
intracellular Tau aggregates (Sonawane & Chinnathambi, 2018). The
four tandem repeats of Tau are considered to be responsible for Tau
aggregation, VQIINK in R2 and VQIVYK of R3 are the sequences that
initiate Tau aggregation (Sonawane, Balmik, Boral, Ramasamy, &
Chinnathambi, 2019). The aggregates of Tau are considered to be
closely involved with several diseases including progressive supra-
nuclear palsy, cortico-basal syndrome, pick's a disease and chronic trau-
matic encephalopathy, and AD (Spillantini & Goedert, 1998). Tau
aggregates are considered a major hallmark of AD. The oligomers and

aggregates of Tau lead to several metabolic and signaling defects in

TABLE 2 Various classes of photosensitizers and their application

neurons such as the generation of intracellular ROS, apoptosis, mito-
chondrial dysfunction, abrupt nuclear transport, and so forth (Ighal,
Liu, & Gong, 2016). Hence, several studies target the cytoskeletal-
associated protein Tau for evaluating the potency of therapeutic
molecules against AD. Some recent studies have suggested that the
application of photoexcited dyes have potency modulate the Tau aggre-
gation. TB is a basic phenothiazine dye having the potency to generate
the singlet oxygen species when excited at a wavelength of 630 nm. TB
was observed to inhibit the aggregation of in vitro Tau, whereas when
the premature aggregates of Tau were exposed to photoexcited TB, a
potent disaggregation of Tau fibrils was observed. The study also claims
that the exposure of photoexcited TB modulated the tubulin cytoskele-
ton as the TB treated neurons were observed to have longer neurite
extensions than untreated cells (Dubey, Gorantla, Chandrashekara, &
Chinnathambi, 2019). Rose Bengal is well-known photosensitizer
known to be effective against various targets including the microbial
biofilms to extracellular neuronal aggregates of Amyloid-p (Lee, Lee, &
Park, 2015). In recent studies, the efficiency of photoexcited RB to
modulate wvarious neuronal cytoskeleton components has been
reported. As mentioned earlier that, Tau is one of the cytoskeletal pro-
tein, which forms the pathological aggregates in AD (Balmik
et al, 2019). The studies suggested that photoexcited RB has
the potency to induce the conformational changes and disaggregate the
mature Tau fibrils. Tubulin is the monomeric unit of microtubules, the
a- and B-tubulin polymerizes leading to the formation of microtubules
(Parness & Horwitz, 1981). The photo-exited RB was observed to
induce the neurotic extensions, which indicated that the RB might have
the potency to modulate tubulin assembly in neurons. Thus, from these
studies, it is evidence that photoexcited RB might have an effect on
microtubule dynamic as it was two microtubule related proteins,
namely, tubulin and Tau (Dubey, Gorantla, Chandrashekara, &
Chinnathambi, 2020). Furthermore, photoexcited RB was found to
induce changes in the actin cytoskeleton. The neurons exposed to pho-
toexcited RB were observed to have an increased number of filopodia
and lamellipodia. Filopodia and lamellipodia are the structures that form
by the accumulation of F-actin (Nobes & Hall, 1995). The increased
number of filopodia and lamellipodia indicated that photoexcited RB

might have the efficiency to accelerate the polymerization of G-actin to

S. No. Photosensitizer Class Amax (nm) Application

1. Methylene Blue Phenathiazine 665 Anti-biofilm, disaggregation of Ap plagues

2. Toluidine Blue Phenothiazine 630 Inhibition of microbial biofilm, disaggregates Tau filaments

3. Acridine orange Aminoacridines 488

4. Rose Bengal Xanthene 585 Anti-biofilms, reduces the carcinomas, disaggregates
Tau and Ap filaments

5. Photofrins Porphyrins 630 Treatment of esophageal and lung carcinomas

6. Aminolevulinic acid Porphyrins 456 Treatment of actinic keratosis, carcinomas

7. Temoporfins Porphyrins 652 Treatment of esophageal and lung carcinomas

8. Chlorin 6 Chlorin 406.5 Treatment of malignant tumors

9. Azulene Monoterpenes 304 —
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F-actin. The studies suggested that shorter durations of light exposure
(up to 30 min) induced the formation of filopodia but the longer expo-
sure (60 min) reduced the filopodia numbers in cells. Interestingly the
treatment of photoexcited RB was found to induce the actin-rich
podosome-like structures in cells (Figure 4) (Dubey et al., 2020).
Although the effect of photoexcited RB on the actin signaling dynamics
was not reported yet. It would be interesting to observe the effect of
photoexcited RB on signaling molecules involved in actin polymerization
such as Arp 2/3, WASP, CDC-42, LIMPK, and Cofllin-1 (Figure 5). The
studies gave hint about the potency of photoexcited RB in altering the
cytoskeleton in vivo as the locomotory behavior of the Tau mutant Dro-
sophila was improved after exposure to photoexcited RB. Hence, the
recent results suggested that PDT has the potency to modulate the
neuronal cytoskeleton in various aspects.

10 | PHOTODYNAMIC TREATMENT AS AN
EMERGING THERAPY IN
NEURODEGENERATION

PDT has emerged as a novel and promising therapeutic strategy in the
treatment of neurodegenerative disorders that involve the misfolded
protein aggregates. AD is one of the major neurodegenerative

Tau oligomers Tau aggregates

Disintegrated
Microtubule

FIGURE 4 Photoexcited dyes
modulate microtubule cytoskeleton.
Tau is one of the microtubules-
associated protein, the treatment of
photoexcited Toluidine Blue
(tolonium chloride) (TB) and RB
disintegrate the Tau fibrils. The
neuron exposed to photoexcited RB
and TB was observed to have
extended neurites indicating the
modulation of the tubulin network

Disaggregation of Tau aggregates
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diseases which is known to be associated with the accumulation of
extracellular Ap aggregates and intracellular aggregates of MAP Tau
(Dubey & Chinnathambi, 2019). Recently, these protein aggregates
have been targeted for studying the neuroprotective potency of sev-
eral therapeutic molecules (Calcul, Zhang, lJinwal, Dickey, &
Baker, 2012). Methylene blue (MB) is a phenothiazine dye that is
already known to be effective against Tau aggregation (Schirmer,
Adler, Pickhardt, & Mandelkow, 2011). MB and N-demethylated deriv-
atives azure A and azure B induces the intermolecular crosslinking of
two cysteine residues via reversible oxidation mechanism, the modifi-
cation in C291 and C322 leads to inhibition of Tau aggregation
(Akoury et al., 2013). Similarly, MB-induced autophagy and attenuated
the Tau induced toxicity in FTD mice model (Sun et al., 2016). In
recent studies, MB irradiated with 686 nm of red light was found to
have potency against in vitro Ap aggregation and Ap-induced cytotox-
icity. The treatment of photoexcited MB has reduced the damage to
the neuromuscular junction by suppressing the synaptic toxicity in the
Drosophila model of AD (Lee, Suh, Chung, Yu, & Park, 2017). Another
dye RB from the xanthene family have the potency to photoexcited
after irradiating at 570 nm, RB was also reported to be effective in
the photoexcited state against Ap aggregates mediated toxicity and
aggregation (Lee et al., 2015). Additionally, the photoexcited TB and
RB are reported to disintegrate the mature Tau fibrils and reduce the

Increased neurite extensions
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Increased neuronal
connections ??

Modulation of growth cone??

Lamellipodia

Filopodia

FIGURE 5 The effect of photodynamic therapy (PDT) on the actin cytoskeleton. Rose Bengal (RB)-mediated PDT induces the formation
of filopodia and lamellipodia in neurons. The mechanism of action is still needed to be described. PDT could have an effect on the activity
of LIMK, Rho, ARP 2/3 complex, and cofilin-1 which are involved in the actin polymerization

Tau-mediated toxicity (Dubey et al., 2019; Dubey et al, 2020).
Creutzfeldt-Jakob disease is the human transmissible spongiform
encephalopathies or human Prion diseases which is a rare neurode-
generative disease (Collinge, 1999). The disease is known to be asso-
ciated with the spread of misfolded protein commonly termed as
Prion protein. The normal protein PrPC is found on the membranes of
cells, but the misfolded protein PrPSc has the potency to convert the
conformation of normal PrpC into the infectious PrpSc. Thus, several
investigations have been carried out to inhibit the spread of PrpSc
protein (Glatzel, Abela, Maissen, & Aguzzi, 2003). Sulfonated phthalo-
cyanines (Pcs) are cyclic teroles that are also used as photosensitizers
(Janouskova, Rakusan, Karaskova, & Holada, 2012). The studies

suggested that Pcs treatment inactivated the prion protein in brain

homogenate. Hence, the recent studies evidenced that the photoex-
cited molecule could be an effective strategy in the treatment of vari-
ous neurodegenerative disorders (Table 3).

11 | ADVANTAGES OF PDT

Though several questions have to be answered for PDT, the tech-
nique has multiple benefits that support its application. The technique
of PDT requires a light source and photosensitizers this reduces the
cost of treatment which gives this technique an edge (Taylor &
Brown, 2002). Another benefit of PDT is the low degree of invasive-

ness, for the delivery of photosensitizers, the patient has to face
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TABLE 3 The effect of photosensitizers on neurodegeneration-related proteins

S. No. Name of photosensitizer Targeted neuronal protein
1. Methylene Blue Ap
2. Toluidine Blue Tau
Tubulin
3. Rose Bengal Tau
Tubulin
Actin
Ap
4. Phthalocyanines Prion

minimum surgery (Choudhary, Nouri, & Elsaie, 2009). Additionally,
PDT was found to have fewer side effects as compared to other radia-
tion therapies (Borgia et al., 2018). The technique has the advantage
of a shorter duration of treatment; unlike other radiation therapies,
the shorter duration of light exposure has shown the potent effect on
a target. The photosensitizers, which are used for the treatment are
reported to have a low degree of toxicity and high specificity which
support the therapeutic application of PDT (Tabish et al., 2018). Thus
based on above-mentioned point we can state that PDT could emerge

as a better therapeutic method in the future.

12 | CHALLENGESINPDT

PDT is one of the emerging strategies in several fields of treat-
ment. The therapy has several advantages which include slight
invasiveness, shorter duration of treatment, and low cost of ther-
apy. Several points need to be considered for justifying the
in vivo application of PDT on neuronal cells. The first and most
important question regarding the therapy is the extent of inva-
siveness, how the neuronal cells would be irradiated in vivo?? The
challenge of irradiating the brain cells hurdles its application in
the field of neuronal treatment. In the initial studies, prototypes
have of intranasal irradiation probes have been proposed but the
applicability still needs to be elucidated in the case of the human
brain (Dimauro, Attawia, Lilienfeld, & Holy, 2008). The next chal-
lenge in the field of PDT is to deliver the photosensitizer to the
brain, the question arises whether the photosensitizer will be able
to cross the blood-brain barrier and reach the targeted area of
the brain? The next challenge is the photosensitivity of cells post-
treatment? The therapy should include the application of a photo-
sensitizer that would not produce any photosensitivity and
toxicity after the treatment. Despite several questions, there is

hope in further research to answer the drawbacks of PDT.

13 | CONCLUSION

The effect of PDT has been tested in various areas including can-

cer, microbial infections and dermatological diseases. In the case

Effect
Inhibition of aggregation

Disaggregation of Tau aggregates,
Increased neurotic extension by modulating disaggregation of
Amyloid-p aggregates tubulin

Disaggregation of Tau aggregates, increased neurotic
extension by modulating tubulin, modulation of the actin
cytoskeleton and increased in filopodia, disaggregation of
Amyloid-p aggregates

Inhibits the spread of prion protein

of neurodegenerative disease, PDT showed promising results
under in vitro conditions. Several neurodegenerative disorders
are related to misfolded protein aggregation, in recent studies,
PDT has shown the potency to disaggregate the protein filaments.
Additionally, the cytoskeleton deformities are also considered as
the consequence of neurodegeneration. In primary studies, PDT
was observed to have potency in modulating various cytoskeleton
components such as actin and tubulin network. However, various
questions are still to be answered under in vivo conditions. Thus,
it could be said that PDT might have the potency to emerge as a
novel therapeutic strategy against AD and other neurodegenera-

tive disorders.
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ABSTRACT

The application of photo-excited dyes for treatment is known as photodynamic therapy (PDT).
PDT is known to target GTPase proteins in cells, which are the key proteins of diverse signalling
cascades which ultimately modulate cell proliferation and death. Cytoskeletal proteins play critical
roles in maintaining cell integrity and cell division. Whereas, it was also observed that in neuronal
cells PDT modulated actin and tubulin resulting in increased neurite growth and filopodia. Recent
studies supported the role of PDT in dissolving the extracellular amyloid beta aggregates and
intracellular Tau aggregates, which indicated the potential role of PDT in neurodegeneration. The
advancement in the field of PDT led to its clinical approval in treatment of cancers, brain tumour,
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and dermatological acne. Although several question need to be answered for application of PDT
in neuronal cells, but the primary studies gave a hint that it can emerge as potential therapy in

neural cells.

Overview of photodynamic therapy: the
principle and components of PDT

Photodynamic therapy (PDT) involves the use of
photo-excited molecules against target cells or tissues.
The main components of PDT are the photosensitizers
and light source [1]. Photosensitizers are molecules that
get excited on irradiation of specific wavelength of light
leading to the generation of singlet oxygen species [2].
Several molecules have the potency of photo-excitation
but all photo-excited molecules cannot be chosen for
treatment. (i) The ideal photosensitizers should have
a characteristic high quantum yield, and should be able
to generate singlet oxygen. (ii) The localization of
photosensitizer plays a crucial role in its selection,
which should specifically localize to the target tissue.
(iii) Photosensitizers should not produce dark toxicity
to cells and upon treatment, should be released out of
cell rapidly. (iv) The photosensitizers should be cost
effective, easily available for the treatment of patients
[3]. Various classes of chemicals have been reported to
have the property of photo-excitation. The compounds
containing tetrapyrrole ring such as heam, chlorophyll
and bacteriochlorophyll are widely present in the nat-
ure. Derivative of these compounds such as Photofrin,
Chlorin(e6), talaporfin sodium, LUZ11,
Chloroaluminium sulphonated phthalocyanine

(CASP), Silicon phthalocyanine (PC4) are the examples
of commonly known photosensitizers [4-6]. Apart
from natural compounds, synthetic compounds are
reported to have photo-excitation properties. The phe-
nothiazine dye methylene blue, toluidine blue,
xanthene dye rose bengal, DIMPy-BODIPY, Zinc(II)-
dipicolylamine di-iodo-BODIPY, transition metal com-
plex iridium, rhodium, ruthenium are well-known
photosensitizers [7-10]. The mechanism of PDT
involves two steps. In the first step, the photosensitizer
absorbs the energy and in the second step, the absorbed
energy is transferred for the generation of singlet oxy-
gen species. The excited state is short lived and it
follows the intersystem crossing after which the triplet
oxygen either follows type 1 or type 2 reaction. In type
1 reaction, the triplet oxygen species form free oxygen
radical and in type 2 reaction, it directly gets converted
into singlet oxygen species (Figure 1) [11].

PDT induces the cell death via activation of
various pathways

Apoptosis is the programmed cell death, which
includes series of events like nuclear fragmentation,
shrinking of cell, and change in their morphology
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Figure 1. The principle and compenent of PDT. PDT involves the excitation of photosensitizer (PS) after exposure of specific
wavelength of light. In the excited PS either follows type 1 and type 2 mechanism after intersystem crossing. The excited PS
generated triplet and singlet oxygen species return to ground state. The singlet oxygen species act on target tissues to produce the
effect. The basic components of PDT involve the photosensitive dye (photosensitizer), the light source to irradiate the photo-
sensitizer and dark chamber to avoid exposure of undesirable light.

[12]. Generally apoptosis follows two pathways, intrin-
sic and extrinsic pathways, which include the formation
of the death-inducing signalling cascades assisted by
Caspases and other signalling molecules, e.g. BcL-2
[13]. On other hand, necrosis is the traumatic cell
death induced due to cell injury. The exposure of cells
to PDT induces the cell death by initiating apoptosis,
necrosis, and autophagy (Figure 2). PDT treatment
induces the release of cytochrome C from mitochon-
dria, which leads to triggering of Caspase-9-mediated
apoptotic response. Bel-2 is a known anti-apoptotic
protein and it is observed that PDT inhibits Bcl-2
activity and initiates cell apoptosis. Sinoporphyrin
sodium-mediated photodynamic therapy was studied
to induce apoptosis and the levels of cleaved caspase-3
and Bax protein were higher in PDT-treated cells [14].
Phenalenone mediated photodynamic therapy induced
the apoptosis via activation of caspase-8 and p38-
MAPK (mitogen-activated protein kinase). Similarly,
the oxidative stress generated by indocyanine-
mediated PDT also induced the apoptosis [15].
Berberine is a photosensitizer, which is known to
cause apoptosis caspase-3 activation [16]. The phos-
phindole oxide containing photosensitizers were
observed to induce the endoplasmic stress in cells

leading to initiation of apoptosis. The activation of
tumour necrosis factor after PDT treatment led to
induction of necrosis [17]. Further, RIP1 binds with
RIP3 leading to formation of necrosome after the
PDT treatment [18]. As PDT damages Bcl-2, it also
helps to stimulate the protein such as Beclinl, Atg5
and Atg7 which ultimately leads to autophagy response
in cells [19].

The effect of photodynamic therapy on GTPase

The proteins belonging to GTPase family have property
to hydrolyse GTP (Guanosine triphosphate) to GDP
(Guanosine diphosphate) [20]. GTPases are known to
be involved in several cellular mechanisms such as
signal transduction, differentiation, translocation, divi-
sion, nuclear transport, etc. [20]. Thus, these small
GTPases have crucial role in cell division, embryogen-
esis, cytoskeleton dynamics, neurotic development and
cell proliferation [21]. The general structure of GTPase
has three subunits alpha, beta, and gamma. The alpha
subunit has the GTPase activity while the dimer of
beta-gamma subunits has several distinct roles [22].
The binding of activator molecules leads to dissociation
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Figure 2. Induction of cell death after PDT. PDT is known to induce the cell death. PDT induces cell death via initiating apoptosis,
necrosis and autophagy pathways. PDT upregulated the cytochrome C release from mitochondria, which leads to caspase-
9-mediated apoptosis of cell. Similarly the ROS produces after PDT induces necrosis in the cells. PDT also causes inhibition of anti-

apoptotic protein Bcl-2, which facilitates the apoptosis.

of GDP from alpha subunit with the help of GEFs
(Guanine nucleotide exchange factor) and facilitates
GTP binding. Whereas GAPs (GTPase-activating pro-
teins) lead to release of GTP resulting in signal termi-
nation [23]. The modulation of GTPase signalling has
been associated with various pathological conditions.
Rho GTPase has been reported to be associated with
several pathologies such as inflammation and cancer
[24,25]. Rho is known to be involved in cell apoptosis,
whereas the activation of Rac pathway elevated the cell
survival. Rac GTPase activates the PAK kinase, which
ultimately generates the survival signal via MAPK
[25,26]. On contrary, Rho GTPase stimulates the
ROCK pathways, which facilitates caspase-3-mediated
apoptosis [27].

GTPase plays a key role in Cytoskeleton
network

Rho GTPase is known to promote actin modulation in
neurons. The Rho-mediated activation of LIMK
induces the downregulation of cofilin-1, which results
in polymerization of G-actin to F-actin [28]. The
impairment of Rho GTPase leads to generation of sev-
eral neurodegenerative disorders [29]. The studies on
brain from AD patients suggested that Rac and PAK
levels were depleted as compared to normal brain [30].

Similarly the aberrant increase of Rho GTPases were
observed in the neuroblastoma cells, which leads to
neurite retraction [31]. Gene silencing studies of topo
T3 resulted in downregulation of CDC42, Rac land
upregulation of Rho A, which leads to Parkinson’s
disease-like symptoms [30]. Similarly RhoA/ROCK,
Racl, and Cdc42 signalling cascades have been reported
to be involved in various aspects of AD . Extracellular
treatment of AP aggregates leads to localization of Rho
A, which upregulated the phosphorylation of collapsin
response mediator protein-2 (CRMP-2) in SH-SY5Y
cells [32]. In myeloid precursor protein transgenic
mice (J20) it was observed that the activity of caspase-
2 downregulated due to the presence of amyloid aggre-
gates. Rho GTPase plays key role in dendrites forma-
tion, the activity of Rho GTPase is modulated by
Caspase-2. The studies suggested that the downregula-
tion of caspase leads to reduced dendrites [33]. The
studies carried on AD patients suggested that Rac and
Cdc activity were downregulated whereas Rho was
found to be co-localized with phosphorylated Tau
[34]. Ran GTPase is the class which is known to be
involved in the nucleocytoplasmic transport. It was
observed that presence of Tau aggregates downregu-
lated the expression of Ran leading to impaired nuclear
transport [35]. Other neurodegenerative diseases such
as Parkinson’s disease (PD), Huntington’s Disease
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(HD), are reported to be associated with deregulation
of Rho and Rac pathways. The Rac activity was reduced
in HD fibroblast cells, whereas the modulation of Rac
activity was restored after lowering of hungtin in cells.
In HD140Q/140Q primary neurons, the Rac activity
was observed to be higher than wild type, which causes
the upregulation of NOX (NADPH oxidase). The upre-
gulation of NOX increased the production of reactive
oxygen species [24]. The enhanced PAK expression
enhanced the Htt aggregation in-vitro [36]. In PD,
Rac plays a crucial role and rotenone is known to
induce the PD like symptoms. The neurons exposed
to rotenone were observed to have increased and
decreased levels of Rho and Rac respectively [37].
LRRK2 (Leucine-rich repeat serine/threonine-protein
kinase 2) phosphorylates several signalling protein and
thus is known to be involved in processes like neuronal
plasticity, autophagy, and vesicle trafficking, etc. The
LRRK2 mutant SH-SY5Y cells observed to have
retracted neurites. When Racl was overexpressed in
cells the neurite retraction was rescued [38].
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The involvement of deregulated of GTPase
machinery in cancer

Cancer is another disease which has an extensive invol-
vement of small GTPase as it has a major function in
cell differentiation and migration [39]. The Rac GTPase
and Rab35 are the common GTPases known to be
involved in cell migration and proliferation [29,40].
Recent studies have demonstrated that the proliferation
of cancerous cells is closely associated with the dereg-
ulation of Rab35. Hence, these small GTPases have
been widely studied in various aspects of therapeutic
strategies [41]. The recent studies have indicated the
effect of PDT on various GTPase pathways (Figure 3).
Talaporfin sodium is an improved photosensitizer
belonging to second generation, which activated the
Rho/ROCK signalling pathways resulting in blockage
of tumour vessels [42]. The treatment of pancreatic
cancer cells with alkyl modified cationic porphyrins
downregulates the expression of KRAS and NRAS
(Neuroblastoma RAS viral oncogene homolog) [43].
Ras/MEK is an important signalling cascade involved
in cell proliferation and division. The inhibition of

"{‘cupau-n (]

cytc

Initiation of Caspase -9
mediated apoptosis

Figure 3. The modulation of key GTPase after PDT. PDT effects various signalling pathways in cell. The Rho and Ras GTPase are
among the key GTPase protein which are known to involve in several cellular pathways. PDT is known to modulate the exchange of
GTP and GDP which caused alternation in Rho GTPase function leading to downregulation several cellular pathways such as
cytoskeleton modulation. Similarly PDT downregulated the Ras GTPase pathways leading to inhibition of cell division and
proliferation. Apart from Rho and Ras, PDT also effects several other GTPase signalling cascades which results in modulation of

various cellular functions.
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MEK improved the potency of PDT in cancerous cells.
The HeLa cells exposed to 5-aminolevulinic acid photo-
dynamic therapy (ALA-PDT) was observed to have
modulated Ras/Raf/MEK/ERK pathways, which ulti-
mately reduced the papillomavirus load via induced
autophagy [19]. Similarly, the combinatorial PDT treat-
ment of natural isothiocyanate ‘sulforaphene’ and
photofrin reduced the cell proliferation of FRO
(human anaplastic thyroid carcinoma cells) cells by
modulation of Ras/Raf/MEK/ERK pathways [44]. The
potency of photo-active radachlorin was tested on
HEC-1-A endometrial adenocarcinoma cell lines, and
the results of these studies suggested that PDT showed
efficiency against cancerous cells by downregulation of
signalling molecules including VEGFR2 (Vascular
endothelial growth factor receptor 2), EGFR
(Epidermal growth factor receptor),) Ras homolog
gene family/ member A (RhoA) [45]. The effect of
PDT has been reported to be associated with the inhi-
bition of GTP-GDP exchange. Various studies carried
on GTPase suggested that PDT modulated the
exchange of GTP-GDP. Pheophorbide A (PhA) and
delta-aminolevulinic acid-mediated PDT are known to
hamper the GTP-GDP exchange in cancerous cells [46].
The studies have been done in context of the role of
PDT in modulating GAP (GTPase-activating proteins).
It was observed that in the presence of TAT-RasGAP
(317-326) the effect of mTHPC-mediated photody-
namic therapy (PDT) was increased [47]. Racl/PAK1/
LIMK1/cofilin signalling plays a crucial role in regula-
tion of the cell migration by effecting actin dynamics.
Chlorin e6 (Ce6-PDT)-mediated PDT downregulated
the Racl/PAKI1/LIMKI/cofilin which
retarded the migration of colon cancer SW620 cells
[48]. Similarly Ce6-PDT was observed to destroy actin
network of colon cancer SW480 cells which could be
a consequence of downregulation of Rho GTPase path-
way [49]. These studies indicated that proteins belong-
ing to GTPase family are behaving as a preliminary
target for PDT.

signalling,

Photodynamic therapy in neurodegenera

Neurodegenerative disorders are characterized by pro-
gressive loss of neuron, memory deprivation, language
dysfunction, impaired problem solving and thinking
skills, motor nerves dysfunction. Parkinson’s disease,
Huntington’s disease, Creutzfeldt - Jakob disease,
Fronto-temporal dementia, and Alzheimer’s disease
are examples of neurodegenerative disorders [50].
Neurodegenerative diseases have been reported to be
associated with protein misfolding, oligomerization and
accumulation of protein aggregates [51]. Aggregates of
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a-synuclein lead to generation of lewy bodies, which
are considered as a cause for the progression of
Parkinson’s disease. Several studies suggest that muta-
tion in a-synuclein locus leads to generation of familial
Parkinson’s disease [52,53]. Similarly, the misfolded
prion protein leads to the generation of sporadic
Prpsc (scrapie isoform of the prion protein), resulting
in generation of Creutzfeldt-Jakob disease. The tri-
nucleotide disorder such as Huntington’s disease
involves the aggregation of Huntingtin protein [53].
Intracellular Tau aggregates and extracellular senile
plaques are known to be hallmarks of Alzheimer’s dis-
ease. Alzheimer’s disease is the neurodegenerative dis-
ease characterized by progressive memory loss and
behavioural impairments [54]. PDT is widely used for
the treatment of microbial infections, carcinomas, and
dermatologic lesions (Figure 4). Several queries have
been raised for the application of PDT on neuronal
tissues. In recent years, advanced studies and techni-
ques led to the hope that PDT cold be used against
neurodegenerative diseases (NDs). Several photosensi-
tizers were tested for their efficiency against these
pathological protein aggregates of NDs. Fullerene-
sugar hybrid was designed and tested against AP aggre-
gates of Alzheimer’s disease. Fullerene-sugar photo
activated by 365 nm UV light potentially inhibited the
aggregation AP peptides [55]. Similarly,
Polyoxometalate irradiated with 365 nm UV light
degraded the Ap fibrils [56]. 3-(4'-
trifluoromethylphenyl)-5-(4'-methoxyphenyl)

-1,2,4-oxadiazole is another photosensitizer, which is
reported to degrade AP fibrils and reduced the AP-
mediated cytotoxicity in neuroblastoma cells [57].
Moreover, the photosensitizers having excitation in
visible region are reported to have the potency against
AP aggregates [58,59]. Tetra (4-sulfonatophenyl) por-
phyrin (TPPS), which is excited by blue light and
Thioflavin T, are the compounds which are used
against AP aggregation. The dyes such as Rose Bengal
and methylene blue attenuated the AP aggregation
upon irradiation with particular wavelength of light
[60,61]. Additionally, the metal-based compounds
such as Bismuth Vanadate and Zn phthalocyanine dis-
aggregated AP aggregates efficiently. In recent studies,
compounds having excitation in IR range are reported
for their efficiency against AP. RB/UCNP@ROS and
PNaYF4Yb/Er@SiO2@RB are the compounds when
irradiated with 980 nm of light lead to dissolution of
AP aggregates [55]. Tau aggregation, which is
a hallmark of several neurodegenerative diseases such
as AD, progressive supranuclear palsy, corticobasal syn-
drome, pick’s disease, chronic traumatic encephalopa-
thy, efc. [62-64]. In some reported studies it was
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Figure 4. PDT modulates various cytoskeleton elements. The cytoskeleton is one of the primary targets of PDT. In cancerous cells
PDT targets the cytoskeleton components such as actin, tubulin, and integrin the destruction of these elements ultimately leads to
induction of cell death. In neuronal tissues PDT observed to modulate the cytoskeleton. The increased neurite extensions after PDT
evidenced the effect of PDT on tubulin whereas cell exposed to PDT had increased actin-rich structures.

suggested that the photo-excited dyes could have ther-
apeutic potential against Tau aggregation. The photo-
active phenothiazine dye, Toluidine Blue (TB), induces
the disaggregation of Tau fibrils. TB was found to
attenuate the aggregation of soluble Tau in-vitro. The
in-vivo studies on Drosophilamodel suggested that TB
and PE-TB treatment improved the cognation, learning
and survival of Drosophila [62]. Similarly, the effect of
xanthene dye Rose Bengal (RB) was studied for its
potency against Tau aggregation. The in-vitro studies
suggested that RB efficiently attenuated the aggregation
of Tau, whereas the treatment of photo-excited RB
disrupted the mature Tau aggregates (Figure 5). The
exposure to RB and PE-RB improved the cognation and
survival of UAS Tau E14 transgenic Drosophila [65].
Apart from these studies, dyes which have the potential
for photo-activation have been reported to attenuate
Tau and AP aggregation. Erythrosine B (ER) is

a xanthene dye, which is used as food colouring
agent. The dye has high lipid solubility and hence,
can cross the blood-brain barrier. It was observed that
ER modulated the aggregation of AP and helped in
reducing APB-mediated toxicity [66]. Curcumin is the
polyphenol isolated from Curcuma longa. Curcumin is
known to attenuate the in-vitro aggregation of AB[67].
Although the studies are in preliminary phase but the
data obtained from all the studies suggested that photo-
dynamic therapy could emerge as a new strategy
against neurodegenerative diseases.

Photodynamic therapy in neuroglial activation

Microglial cells are specialized type of macrophages,
which have protective functions in nervous system.
The microglia cells perform continuous surveillance
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Figure 5. PDT attenuates the Alzheimer's disease-related amyloid aggregates. Extracellular amyloid beta and intracellular Tau
protein aggregates are known to be closely associated with Alzheimer’s disease. Several photo-excited molecules such as methylene
blue, rose Bengal etc dissolve the mature amyloid beta aggregates and rescues the cells from toxicity. Similarly, photo-excited
toluidine blue and rose Bengal improves the viability of Tau treated cells and disaggregated the matured Ta fibrils in-vitro.

of neuronal tissues and provide the first line of defence
against invading pathogens. In resting state, microglia
possesses ramified or branched morphology whereas,
after activation microglia acquire an amoeboid mor-
phology [68-70]. Actin modulation plays a crucial role
in migration of microglia. The actin-rich structures
such as fan like lamellipodia and figure like filopodia
assist the microglia in migration [71]. The microglia
cells deposit near the site of injury and release the pro-
inflammatory cytokines such as TNF-y, IL-13, TNF-a,
etc which results in inflammation [72]. Microglia cells
are known to be involved in homeostasis of neuronal
tissues. The microglial specific receptors such as
CX3CR1, CDI11b, Ibal, and F4/80, P2ryl2 and
TREM2 are known to be involved in sensing,

autophagy, inflammation, and neurodegeneration
[73,74]. Microglia are known to clear the AP plaques
from neurons and deregulation of microglial machin-
ery leads to elevated amyloid beta deposits and Tau
hyperphosphorylation [75]. Hence, it was observed that
microglia has a wide functional aspect which could be
further studied. In 1980s the photofrin-mediated PDT
was first tested against glioma [76]. The oxidative stress
generated by PDT led to apoptotic responses in neu-
rons and glial cells. The studies carried on using
THPC-PDT on rat neurons and satellite glia, compared
with human adenocarcinoma cells (MCE-7) suggested
that MCE-7s and satellite glia were more sensitive to
PDT than neurons. The ALA-PpIX-mediated PDT
improved the survival and reduced the inflammation
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in glioblastoma rat cells [77]. The PDT leads to gen-
eration of nitric oxide and various studies have evi-
denced that the NO generated after PDT leads to death
of glial cells [78]. The study carried on crayfish sug-
gested that the radachlorin-mediated PDT induced the
autophagy response in sensory neurons of glial envel-
ope. Another study on crayfish model indicated that
PDT induces the nitric oxide stress in glial cells, which
ultimately causes death of cells [79]. The glial death
after PDT was studied to be associated with several
signalling cascades such as phospholipase C/Ca2+,
Ca2+/calmodulin/CaMKII, Ca2+/PKC, Akt/mTOR,
MEK/p38, and protein kinase G efc. It was observed
that alumophthalocyanine-mediated PDT reduced the
release of natural neuroglial mediator
N-acetylaspartylglutamate resulting in generation of
apoptosis  [80]. The treatment of phospholipid-
conjugated indocyanine green (LP-iDOPE) in rat 9 L
glioblastoma model enhanced the immune response by
accumulation of CD8 + T-cells and HSP70, which
helped in improving survival [81]. It was observed
that the Photofrin-mediated treatment induced transi-
ent proliferation of microglia, which indicated the
modulation on glioma microenvironment [82]. The
evidence generated by various studies indicated that
PDT effects glial cells significantly.

Photodynamic therapy in clinical use

The recent research advancements in PDT led to its
clinical implication against several diseases. The PDT
has been found to be effective against pre-cancerous
lesions, non-myeloma skin cancers, skin infections,
ache, and microbial infections (Table 1). The first clin-
ical approval of PDT was reported in year 1993 which
includes the application of Hematoporphyrin-derived
photosensitizers [83]. Photofrin is one of the early
photosensitizer that was used clinically for treatment
of carcinomas. Photofrin was used in the treatment of
head and neck tumours. Subsequently, UK, USA, and
Canada approved porfimer sodium for the treatment of
various carcinomas like lung and oesophageal cancer
[84,85]. After 2000, various new photosensitizers have
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been approved for the clinical use such as Temoporfin
and Talaporfin, which have been used for treatment of
lung and oesophageal cancers [86,87]. Another class of
photosensitizer, Motexafin Lutetium (MLu), was found
to be effective on patient suffering from prostate cancer
(88]. After the year 2010 the advancements in field of
PDT led to approval of some more photosensitizers
such as Hexaminolevulinate and Padeliporfin in USA,
Sweden and Mexico for the treatment of prostate and
oesophageal cancer.Verteporfin is another clinically
approved photosensitizer which is used in the treat-
ment of age related macular degeneration (AMD). In
recent years, PDT has been used as a combinatorial
therapy for treatment of cancer [89]. This combinator-
ial strategy helped to overcome several side effects of
chemotherapy and radiotherapy. The application of
platinum (IV) complex-based prodrug monomer
(PPM) and 2-methacryloyloxy ethyl phosphorylcholine
(MPC) observed to facilitate the drug delivery and
helped in overcoming the problem of multidrug resis-
tance in tumour [90]. Similarly, the combination of
doxorubicin and chlorin e6 loaded (Dox@MSNs-Ce6)
on silica nanoparticles efficiently entered A549 lung
cancer cells and increased the potency of the drug
[91]. In 2000, USA approved the use of ALA-PDT for
the treatment of dermatological conditions. In 2003,
ALA-PDT got the approval for the treatment of Acne
[92]. Addition to ALA-PDT, MLA based PDT were also
approved for clinical use in the treatment of dermato-
logical problems such as actinic keratosis (AK) [93].
Additionally, PDT has also been used for the treatment
of microbial infections such as streptococci and
Lactobacillus (Figure 6). Hence, PDT has emerged as
a potent therapeutic approach in several fields and the
recent researches on PDT provides a strong hint that
PDT application would be increased in all other clinical
areas as well.

PDT has advantages over classical therapies

PDT is emerging therapy in several areas. Various
photosensitizers have been approved for clinical use
and some of them are showing promising leads in pre-

Table 1.
S.No. Name of photosensitizer Target Year of clinical approval
1. Photofrin Head and neck carcinoma and lung cancer 1993 In Canada, 1995 in USA, 1998 in UK
2. Temoporfin Qesophageal cancer 2001 In china
3. Talaporfin Lung cancer 2003 In Japan
4. Chlorin e6 Ladder cancer 2006 In Russla
5. ALA Brain tumour 2017
6. Padeliporfin Prostate cancer 2018 In Mexico
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Figure 6. The clinical application of PDT against various disease. Several advancements have been made in field of PDT which
facilitated its clinical application. The involvement of new generation of photosensitizer and combinatorial therapies have supported
the use of PDT against several diseases which are showing promising results.

clinical trials. The advantages of PDT which gives it
edge over other therapies include-

e PDT has a limited long-term side effects and the
degree of side-effects is certainly low as compared
to other techniques such as chemotherapy.

e Low degree of invasiveness- PDT treatment
requires very less or no invasive surgery. In several
cases, the topical irradiation showed the effect
while surgery is required only for internal tissues
present under the skin.

e PDT is cost effective and affordable therapy as

compared to other techniques like chemo and
radio therapy. The photosensitizer and irradiation
are easy to setup thus the cost of treatment
reduces to appreciable extent.

Post PDT, the treated area recovered rapidly leav-
ing very little scars.

The therapeutic strategies such as chemotherapy
or radiotherapy require multiple rounds of treat-
ment while in PDT single exposure causes the
desired effect on target tissues.
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The challenges of PDT

PDT can only be applied to cells which are present

on surface since the irradiation of cells plays

a challenging role for deep tissues.

¢ Another key drawback is that the PDT can
only be applied to localized tissues. The meta-
static tissues cannot be treated with PDT

efficiently.
The dark toxicity is one of the major concern, as

the molecules applied for PDT are very sensitive
to light thus it is very important for a patient not
to expose to light after the treatment.

The most important question arises when we wish
to apply PDT in neuronal cells. The choice of
photosensitizer which can cross blood brain bar-
rier and the delivery of light to neuronal tissues
are two major challenges arises in case of PDT.
Another challenge is in choosing the photosensi-
tizer which will not accumulate in body for long
time. If the body will not be able excrete these
photosensitizers they may lead to cytotoxicity.

Consent for publication

All authors consent to the publication.

Acknowledgments

Tushar Dubey acknowledges the fellowship from University
Grant Commission (UGC), India. We thank Chinnathambi’s
lab people for their fruitful discussion on manuscript.

Disclosure statement

The authors declare that they have no competing interests.

Funding

This project is supported in part by grant from in-house
CSIR-National Chemical Laboratory grant MLP101726.

Author contributions

TD and SC collected and reviewed the literature and wrote
the manuscript. SC conceived the idea for the project,
resource provided, supervised and wrote the manuscript.
Both the authors read and approved the final manuscript.

ORCID

Subashchandrabose Chinnathambi

http://orcid.org/0000-

0002-5468-2129

Publications

References

(1]

(2]

(3]

(4]

(5]

(6]

(71
(8]
(9]

[10]

[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

Zhao ], Duan L, Wang A, et al. Insight into the effi-
ciency of oxygen introduced photodynamic therapy
(PDT) and deep PDT against cancers with various
assembled nanocarriers. Wiley Interdiscip Rev
Nanomed Nanobiotechnol. 2020;12:e1583.

Meimandi M, Ardakani MRT, Nejad AE, et al. The
effect of photodynamic therapy in the treatment of
chronic periodontitis: a review of literature. J Lasers
Med Sci. 2017;8:57.

Lan M, Zhao §, Liu W, et al. Photosensitizers for
photodynamic  therapy. Adv  Healthc = Mater.
2019;8:1900132.

Abrahamse H, Hamblin MR. New photosensitizers for
photodynamic therapy. Biochem J. 2016;473:347-364.

Agostinis P, Berg K, Cengel KA, et al. Photodynamic
therapy of cancer: an update. CA Cancer ] Clin.
2011;61:250-281.

Kou J, Dou D, Yang L. Porphyrin photosensitizers in
photodynamic  therapy and its  applications.
Oncotarget. 2017;8:81591.

Kamkaew A, Lim SH, Lee HB, et al. BODIPY dyes in
photodynamic therapy. Chem Soc Rev. 2013;42:77-88.
Ormond AB, Freeman HS. Dye sensitizers for photo-
dynamic therapy. Materials. 2013;6:817-840.

Shi C, Wu ]B, Pan D. Review on near-infrared hepta-
methine cyanine dyes as theranostic agents for tumor
imaging, targeting, and photodynamic therapy.
] Biomed Opt. 2016;21:050901.

Li L, Chen Y, Chen W, et al. Photodynamic therapy
based on organic small molecular fluorescent dyes.
Chin Chem Lett. 2019;30:1689-1703.

Allison RR, Moghissi K. Photodynamic therapy (PDT):
PDT mechanisms. Clin Endosc. 2013;46:24.
Lawen A. Apoptosis—an introduction.

2003;25:888-896.

Cohen GM. Caspases: the executioners of apoptosis.
Biochem J. 1997;326:1-16.

Wang H, Wang X, Zhang 5, et al. Sinoporphyrin
sodium, a novel sensitizer, triggers
mitochondrial-dependent apoptosis in ECA-109 cells
via production of reactive oxygen species.
Int ] Nanomedicine. 2014;9:3077.

Salmeron ML, Quintana-Aguiar J, De La Rosa JV,
et al. Phenalenone-photodynamic therapy induces
apoptosis on human tumor cells mediated by cas-
pase-8 and p38-MAPK activation. Mol Carcinog.
2018;57:1525-1539.

Wang X, Gong Q, Song C, et al Berberine-
photodynamic therapy sensitizes melanoma cells to
cisplatin-induced apoptosis through ROS-mediated
P38 MAPK pathways. Toxicol Appl Pharmacol
2021;418:115484.

Wang H, Xiong L, Xia Y, et al. 5-aminolaevulinic
acid-based photodynamic therapy induces both necro-
sis and apoptosis of keratinocytes in plantar warts.
] Cosmet Laser Ther. 2020;22:165-170.

Bin L, Xu G, Wang Z-Q, et al. Shikonin induces glioma
cell necroptosis in vitro by ROS overproduction and
promoting RIP1/RIP3 necrosome formation. Acta
Pharmacol Sin. 2017;38:1543-1553.

Bioessays.

136



Publications

Archives of Biochemistry and Biophysics 676 (2019) 108153

Contents lists available at ScienceDirect

Archives of Biochemistry and Biophysics

journal homepage: www.elsevier.com/locate/yabbi

Review article

Brahmi (Bacopa monnieri): An ayurvedic herb against the Alzheimer's disease @ M)
Check for

Tushar Dubey™”, Subashchandrabose Chinnathambi®"* S

# Neurobiology Group, Division of Biochemical Sciences, CSIR-National Chemical Laboratory, Dr. Homi Bhabha Road, 411008, Pune, India

® Academy of Scientific and Innavative Research (AcSIR), 411008, Pune, India

ARTICLEINFO ABSTRACT

Keywords:

Brahmi

Reactive oxygen species
Neuroinflammation

Ayurveda is the medicinal science, dealing with utilization of naturally available plant products for treatment. A
wide variety of neuroprotective herbs have been reported in Ayurveda. Brahmi, Bacopa monnieri is a nootropic
ayurvedic herb known to be effective in neurological disorders from ancient times. Numerous approaches in-
cluding natural and synthetic compounds have been applied against Alzheimer's disease. Amyloid-p and Tau are

ﬁ:ﬁ?ﬁ?ﬂaﬂon the hallmarks proteins of several neuronal dysfunctions resulting in Alzheimer's disease. Tau is a microtubule-
Tau associated protein known to be involved in progression of Alzheimer's disease. The generation of reaction oxygen
Amyloid beta species, increased neuroinflammation and neurotoxicity are the major physiological dysfunctions associated

with Tau aggregates, which leads to dementia and behavioural deficits. Bacoside A, Bacoside B, Bacosaponins,
Betulinic acid, etc; are the bioactive component of Brahmi belonging to various chemical families. Each chemical
component known have its significant role in neuroprotection. The neuroprotective properties of Brahmi and its
bioactive components including reduction of ROS, neuroinflammation, aggregation inhibition of Amyloid-p and
improvement of cognitive and learning behaviour. Here on basis of earlier studies we hypothesize the inhibitory
role of Brahmi against Tau-mediated toxicity. The overall studies have concluded that Brahmi can be used as a
lead formulation for treatment of Alzheimer's disease and other neurological disorders.

Alzheimer's disease

1. Introduction

Ayurveda is an ancient science, dealing with understanding,
screening the medicinal property of naturally available plant products
and their role in treatment of various diseases [1]. According to
Ayurveda, the human body influenced by three energies or doshas viz
“Vata”, “Pitta”, and “Kapha”. The imbalance between these components
would lead to generation of diseases [2]. The predominance of “Vata”
dosh generates neurological disorders, symptomized as memory loss,
poor blood circulation, anxiety etc. The “Pitta” imbalance leads to
gastric troubles and imbalanced “Kapha” correlates to cholesterol re-
lated diseases in body. Thus, ayurveda implies the medicines and for-
mulations of herbal origin to balance dosha aiming to cure the diseases
[3]. Imbalanced “Vata” results in neurodegenerative diseases, hence the
prescribed herbal formulations to patients targets stabilization of the
“Vata” component of body [4]. Brahmi (Bacopa monnieri), Shankh-
pushpi (Convolvulus pluricaulis), Jatamansi (Nardostachys jatamansi),
Ashwagandha (Withania somanifera), Sarpgandha (Rauwolfia sepentina),
are herbs of ayurveda, which are regularly administered for

rehabilitating the neurological problem in various formulations such as
Kwath, Churna, Asav, Vati etc., [5] (Fig. 1). Ayurveda has been re-
markably noticed in from past few years by modern science as various
extract of these medicines have been shown neuroprotective potency
against various neurological disorders (Table 1) [6]. The extract of
ayurvedic herbs known to comprises of several bioactive component
belonging to different categories. A total of 20 phytochemical have
been reported to be present in ethanolic extract of Brahmi. Similarly
chemical belonging to alkaloids, saponins, alcohols etc. are also present
in extract of other ayurvedic herbs.

1.1. Neurodegeneration and Alzheimer's disease

Neurodegeneration is characterised by gradual loss of neurons,
impairment of memory, locomotion and cognition are the prominent
consequences of neurodegeneration [7]. The neuronal disorders such as
Alzheimer's, Parkinson's, Huntington's disease, Schizophrenia etc., have
been categorized under neurodegeneration [8]. The risk factor for
neurodegeneration include increased load of amyloid aggregates,

Abbreviations: AD, Alzheimer's disease; Nrf2, Nuclear factor erythroid 2-related factor 2; ERK, Extra cellular signal regulated kinase; CCAP, Caspase cysteine aspartic
protease; CDK5, Cyclin dependent kinase 5; TNF, tumour necrosis factor; IL-1, interleukin 1; ROS, reactive oxygen species
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Fig. 1. The broader overview of Neurodegeneration. The hippocampal region is involved in generation of episodic memory. CA1, CA3 and dentate gyrus are the
region which are preliminary effected in AD. Several stress factors as neurotoxin, hypertension, ROS leads to the aggregation of microtubule-associated Tau protein
resulting in neurodegeneration, In ayurveda a spectrum of herbs have been reported are administered in various formulation so as to recover brain from degen-
eration. Brahmi, Shankhpushpi, Jatamansi and Ashwagandha are the common herbs, which are reported to have neuroprotective properties.

elevated oxidative stress and genetic mutations [9,10]. AD is prominent
dementia emerging worldwide at an exponential rate [11]. An estimate
of 46.8 million people worldwide have been reported for suffering from
AD in 2015, this number would increase to a 75 million till 2030 [12].
The statistical data suggested that by 2050 prevalence of AD would be
increase to an intensity that at every 33 s one person would be diag-
nosed for AD [13]. The definite cause of AD is still debatable, but three
hypothesis viz. protein aggregation, cholinergic neuron and gene mu-
tation hypothesis are being given more consideration. The cholinergic
neuron hypothesis states that the loss of acetyl choline transmission
leads to neurodegeneration in AD [14,15]. The genetic risk factors of
AD include the mutation in ApoE, APP, PSlgenes, which leads to im-
paired protein metabolism resulting in neuronal loss [16,17]. The de-
position of protein aggregates extensively studied as a cause for gen-
eration of AD and this would be an emerging cause of AD [18,19].

1.2. Ayurvedic herbs in Alzheimer's disease

AD is neurological disorder, which generally reported in patients of
above the age of 60 years. The worldwide increased rate of AD emer-
gence directed the researches for studying the remedy for the disease
[12]. The approaches for treatment of AD include application of various
molecules of natural as well as synthetic origin. Ayurvedic herbs have
diverse chemical composition that gives liberty to test numerous for-
mulations against various aspects of AD. Ashwagandha, the Indian
ginseng is known to be effective against AD, the alkaloids of

Ashwagandha is known to increase the cognitive function by mod-
ulating the acetyl choline levels and attenuating the amyloid-B ag-
gregation [20]. Similarly Curcuma longa reported to reduce the Amy-
loid-B-induced oxidative stress and neuroinflammation in cells. In-vitro
the down regulation of peroxidase activity after Curcuma longa treat-
ment has been reported [21]. Shankhpushpi is a Indian herb, which has
been known to reduce the cognitive dysfunction by altering acet-
ylcholine esterase activity in CA1 and CA3 region of rats [22]. Similarly
Ghotu kola, Jatamansi and Guggulu are the distinguished herbs, which
reduce oxidative stress in brain and act as neuroprotective agent
[23,24]. Ginkgo biloba showed neuroprotective activity similar to
common AD drug Donepezil, which increases the cholinergic neuron
activity in brain [25,26]. Rosmarinus ofiicinalis contains numerous cy-
clooxygenase-2 (COX-2) inhibitors such as Apigenin, Eugenol thus it is
considered to be beneficial in Alzheimer-related pathology [27].
Moreover Acrorus calamus is also been reported for its property to im-
prove the memory. The asarone present in Acorus inhibits the acet-
ylcholine esterase activity and thus reduces the risk of AD [28]. Re-
serpine obtained from Rauvolfia sepentina possess antipsychotic and
anti-depressant activity, which designate it as a neuroprotective herb
[29,30]. Among all these herbs Brahmi and its active component have
been exclusively studies in context of neurodegeneration. Brahmi have
been proven to possess antioxidant and neuroprotective activity, thus
making it most promising herb in treatment of AD [31].
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Fig. 2. The MVA pathway. The triterpenoids Bacoside is generated as an end
products of Mevalonate pathway (MVA) in Brahmi. The MVA pathway starts
with Acetyl Co-A. Acetyl Co-A converted to HMG-CoA via reaction catalysed by
HMG-CoA synthase. Further HMG-CoA converted to Mevlonic acid via action of
HMG-CoA reductase. IPP formed by Mevlonic acid via action of variety of en-
zyme such as mevalonate-5-phosphatase kinase. The final product of MVA cycle
results in generation Triterpenoids from Isopentenyl di-phosphate (IPP).

1.3. Tau and its role

Tau is a microtubule-associated protein (MAP), functioning as a
stabilizer of microtubule integrity. The pathological conditions, leads to
downregulation of Tau affinity for microtubules ultimately resulting in
formation of toxic aggregates [32-35]. Tau is encoded by gene located
at 1721 chromosome, six isoforms of Tau are being reported so far,
which are generated as a result of alternative splicing. Tau aggregates
generates of neurotoxicity that causes neurodegeneration, thus the ag-
gregation inhibition of Tau is considered as important target for
studying the therapeutic potency of molecules [36-38]. The repeat
region of Tau have two hexapetides VQIINK and VQIVYK, which are
considered to be responsible for its aggregation. Physiological role of
Tau is to stabilize the microtubules whereas; in several post-
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translational modifications (PTMs) of Tau including phosphorylation,
glycation, ubiquitination, glycosylation, etc., leads to the pathological
Tau. Phosphorylation of Tau protein is the important PTM reported to
be associated with AD pathology [39,40]. GSK3p, CDK5/p25, MAPK
are the kinase involved in the hyperphosphorylation of Tau leading to
generation of Tau aggregates [41,42]. Various synthetic as well as
natural compounds have been studied for inhibition of neurotoxic Tau
aggregation. Compounds extracted from natural origin e.g. Galanta-
mine, Curcumin, EGCG, limonoids, Homotaurine., have also been tested
for their potency against Tau [43-47]. Flavonoid of Hibiscus Cinna-
maldehyde from Cinnamonium gzelanicum and Procynadines also been
reported to inhibit Tau aggregation [48]. Likewise B-sitosterol and B-
estrodiol from tender coconut juice and gisenoside from ginseng also
exhibits the protective potency against Tauopathy [49]. The effect of
Brahmi extract has not been studied in case of Tauopathies yet. Hen-
ceforth, the studies related to role of Brahmi extract against Tau ag-
gregation would lead the researches in a way to investigate the cure for
AD. The nootropic herb Brahmi is known to up regulate the cell me-
tabolism by decreasing many of risk factors, Hence, the neuroprotective
efficiency of Brahmi in context of various neurodegenerative conditions
and future applications of Brahmi in Alzheimer's disease are the key
points that are addressed in the present review.

2. Brahmi and its active components

Brahmi is a creeper plant of height 2-3 feet with branched leaves
and purple flowers, inhabitating the damp and marshy areas. It was
previously addressed in Ayurveda as a ‘medhya rasayana’, or “the
memory booster herb” [50,51]. The phytochemical analysis of Brahmi
extract revealed the presence of several bioactive component in the
extract [52], The Brahmi extract reported to contain compounds be-
longing to triterpenoids saponins, alkaloids, glycoside and alcohols. The
Brahmi extract contains alkaloids such as “Brahmine”, Nicotine and
Herpestine. The dammarane type triterpenoids saponins such as Baco-
side A [3-(a-L-arabinopyronsyl)-O-B-D-glucopyronaside, 20-dihy-
draoxy-16-keto-dammar-24-ene] is considered as a major bioactive
component of Brahmi. Further studies have reported presence of tri-
terpenoid saponin 3-f-[0-f-p-glucopyronosyl (1-3)-O-[a-L-arabinofur-
anosy (1-2)]-0-p-p-glucopyranosyl)oxy], which is named as Bacoside
A3. The glycoside component of Brahmi extract contain chemicals such
as pseudojujubogenin, which is chemically identified as 3-O-[«-1-ara-
binofuranosyl (1-2) B-d-glucopyranosyl]. The methanolic extract of
Brahmi yielded two pseudojujubogenin glycoside identified as 3-0-a-L-
arabinofuranosyl-1(1-2)-[6-0-sulphonyl-B-D-glucopyranosil-(1-3)]-a-
L-arabinopyranosyl pseudojujubogenin and 3-O-a-i-arebinofuranosyl-
(1-2)-[ B-D-glucopyronosil-1(1-3)] B-b-glucopyranosyl  pseudojujubo-
genin [53]. One of noval saponin named bacopasaponin G was isolated
from ethanolic extract of Brahmi, which chemically identified as 3-O-
[a-1-arabinofuranosyl-1(1-2)]-a-L-arabino-pyrosyl jujubogenin [54].
A, phenylethanoid glycoside, 3,4-dihydroxyphenylethyl alcohol (2-O-
ferulolyl)-B-p-glucopyronoside and phenylethyl alcohol [5-O-p-hyroxy-
benzoyl-B-p-apifuranosyl-(1-2)-B-p-glucopyranoside [55] “Bacoside A”
and “Bacoside B” are the main components reported to be responsible
for Brahmi's neuroprotective efficiency. Bacoside A is a mixture of
various saponins as Bacoside A3, bacopaside, jujubogenin, bacoposa-
ponin C. The synthesis of bacoside took place by mevalonate (MVA) and
methyl-D-erythritol-4-phosphate (MEP) pathway [56] (Fig. 2 and
Table 2).

3. Brahmi as an antioxidant

Reactive oxygen species are the oxygen-derived free radicals, which
have short half-life and unpaired electron in their valence shells.
Excessive ROS accumulation in cells leads to damage of cellular ma-
chinery resulting in diseases such as inflammation, cancer, and neuro-
degeneration [57,58]. Oxidative stress or ROS generates numerous
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Table 2
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The bioactive component of Brahmi extract. Brahmi extract comprises of a variety of bioactive component belonging to different chemical families. Most of the
bioactive component of Brahmi are identified as Triterpanoids. All the chemical structures were adapted from Pubchem-data base.

S.No. Bioactive component [UPAC Name Chemical Chemical Category
Formula Structure

1 Bacoside A2 2-[2-[3,4-Dihydroxy-5-(hydroxymethyloxolan-2-yl Joxy-1-[3,4-dihydroxy-5-[[16- C46H74017 Triterpanoids
hydroxy-2,6,6,10,16-pentamethyl-17-(2-methylprop-1-enyl)-19,21dioxahexacyclo saponins
[18.2.1.01,14.02,11.05,10.015,20] tricosan-7-yl]oxy Joxolan-2-y1] ethoxy | oxane-
3,4,5-triol

2 Bacoside A [3-(@-L-arabinopyronsyl)-0-B-D-glucopyronaside, 20-dihydraoxy-16-keto-dammar-  C40H64012 Triterpanocids
24-ene] saponins

3 Bacoside A3 3-f-[0-f-p-glucopyronosyl (1-3)-0-[a-L-arabinofuranosy (1-2)]-0-B-p- C47H76018 Triterpanoids
glucopyranosyl)oxy] saponins

{

4 Pseudojujubogenin 3-0-[a-1-arabinofuranosyl (1-2) f-d-glucopyranosyl] C46H74017 Glycoside

5 Nicotine (S)-3-[1-Methylpyrrolidin-2-yl]pyridine C10H14N2 Alkaloid

6 Betulinic acid (3p)-3-hydroxy-lup-20(29)-en-28-oic acid C30H4803 triterpanoid

7 Bacopasaponin G 3-0-[a-1-arabinofuranosyl-1(1-2)]-a-L-arabino-pyrosyl jujubogenin C46H74017 Saponins

8 Cucurbitacin E [(E,6R)-6-[8S,9R,10R,13R,148,16R,17R)-2,16-dihydroxy-4,4,9,13,14,pentamethyl- C32H4408 triterpene
3,11-dioxe-8,10,12,15,16,17-hexahydro-7H-cyclopentala]phenantren-17-yl ]-6-
hydroxy-2-methyl-5-oxohept-3-en-2-yl] acetate

9 Luteolin-7-rutinoside ~ 2-(3,4-dihydroxyphenyl)-5-hydroxy-7-[(25,45,55)-3,4,5-trihydraoxy-6-[ [2R,45,5R)-  C27H30015 Triterpanoids
3,4,5 -trihydroxy-6-methyloxan-2-yl]Joxymethyl]oxan-2-yl]oxychromen-4-one

10 Monnieraside 111 ([(2R,3R,45,55,6R)-2-[2-(3,4-Dihydroxyphenyl)ethoxy]-4,5-dihydroxy-6- C21H24010 X Triterpanocids
(hydroxymethyl)oxan-3-yl] 4-hydroxybenzoate) e 1

A
oY

neurological dysfunctions, including oxidization of enzymes, protein
aggregation and membrane disruption, resulting in gradual loss of
neurons [59]. To overcome the oxidative stress neurons have the an-
tioxidant machinery, comprises of enzymatic as well as non-enzymatic
pathways. The enzymatic machinery of cell to overcome oxidative
stress includes the proteins like-SOD, catalase, GSH peroxidase. Glu-
tathione (GSII) is a tripeptide of Glutamate, Cysteine and Glycine ma-
jorly act as defence mechanism in cells [60]. Oxidative stress activates

transcription factors Nrf2, triggering the antioxidant response elements
(AREs) in nucleus [61]. NF Kappa-p is a transcription factor known to
be activated by ROS [62]. The downregulation of cellular defense
machinery against oxidative stress results in generation of neuronal
toxicity and neurodegeneration [63]. ROS accumulate in mitochondria,
which leads to generation of several mitochondrial dysfunction as it
damages the cytochrome IV and V complexes resulting in increased
oxidative burden in cells [64]. Hence several antioxidant molecules
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have been studied for their therapeutic potential in AD. The antioxidant
property of Brahmi have been evidenced by several studies. Brahmi
treatment found to upregulate expression of various antioxidant mole-
cules as SOD and GSH. Furthermore, Brahmi studied to quenche the
Hs0s-mediated oxidative stress in-vitro as well as in-vivo [65]. Lipox-
ygenase enzyme degrade the cell membrane by deoxygenation of
polyunsaturated fatty acids leading to degeneration of cell. Brahmi
reportedly down regulate the lipoxygenase activity in mouse brain and
facilitates the rescue from oxidative stress [66]. Furthermore, oral ad-
ministration of Brahmi extract in streptozotocin-induced diabetic
mouse, increases the activity of SOD, glutathione peroxidase and reduce
glutathione [67]. Additionally administration of Brahmi down regu-
lated the catalase activity in diabetic mice [68]. Nrf2 and Nf-kappa p
are two major transcription factor involved in antioxidant machinery of
cells. Low doses of Brahmi found to increase Nrf2 and NF-kappa-p ex-
pression in okadaic acid treated wistar rat [69]. The aqueous and
ethanolic extract of Brahmi showed a potent free radical scavenging
activity [70]. Moreover, the in-vitro studies evidenced Brahmi to be a
potent free radical scavenger [71]. In addition to cellular studies, in-
vitro studies also supported the free radicle quenching potency of
Brahmi [72]. Reactive nitrogen species (RNS) also contribute in pro-
ducing stress to cells as ROS, arginine-derived nitric oxide induces cell
damage by deactivating many enzymes required for cellular metabo-
lism. Recent studies suggested that in addition to oxygen stress, Brahmi

e
| e >
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Nucleus

Publications

Archives of Biochemistry and Biophysics 676 (2019) 108153

also found to reduce S-nitroso-N-acetyl-oi-penicillamine (SNAP) in-
duced NO stress in cells [73] (Fig. 3).

4. Brahmi in neuroinflammation

A number of factors such as brain injuries, exposure to toxins, de-
position of protein aggregates trigger the inflammatory responses in
central nervous system (CNS). The microglia residing in CNS are the
principle immune cells, which leads to neuroinflammation via several
signalling proteins predominantly the interleukins IL-6, IL-10 and TNF-
a, and cytokines [74,75]. The exposure of LPS, Amyloid-p fibres etc.,
are the immunogenic factor, which triggers the activation of microglia
from resting to activated stage. M1 microglia secrets pro-inflammatory
protein including IL-1B, IL-6 and TNF-a, which leads to neuroin-
flammation [76,77]. Mesodermal hematopoietic cell-derived microglia
enters in brain at developmental stages and ultimately forms 5-20% of
total glial cells population [78]. Microglia obtains variety of shapes and
morphology viz. ramified, activated and amoeboid microglial cells [79].
Immunological pathways are known to be involved in AD, where ac-
tivated microglia secretes pro-inflammatory cytokines causing neuro-
toxicity [80]. As a neuroprotective herb, the effect of Brahmi has been
studied illustratively in context of downregulating neuroinflammation.
Lower doses of Brahmi extract treatment was found to reduces the in-
terleukin and TNF-a levels in LPS-induced N9 microglial cells [81].

Mitochondria

oi*%.

Fig. 3. Brahmi possess antioxidant properties and reduces oxidative stress in cells. The cell have defence machinery to overcome the oxidative stress. Nrf2 is a
transcription factor which under oxidative stress translocate to nucleus. The binding of Nrf2 to antioxidant response element (ARE) leads to translation of enzymes as
SOD, Catalase and GSH, which provides shield to cells against oxidative stress. Accumulation of ROS in cells leads to generation of mitochondrial fragmentation in
AD. Brahmi found to possess the antioxidant property as exposure of Brahmi in cells increases the levels of Nrf2, SOD and GSH in cells. On contrary the levels of H202,
peroxide ions downregulated in presence of Brahmi. Thus, Brahmi is considered as a potent antioxidant herb.
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Fig. 4. Brahmi attenuate the neuroinflammation and leads to neuroprotection. Neuroinflammation is majorly related to activation M1 microglia. Under
conditions as inflammation, the triggered microglial activation lead to release of pro-inflammatory cytokines. ROS is the prominent factor which activate NF-Kappa B
and MAPK signalling cascades. Caspase 1 accelerate the secretion of inflammatory cytokines like TL-12, TL-6, IL-1p and TNF-a ultimately resulting in neuroin-
flammation. Tau hyperphosphorylation and amyloid plaques formation are the prominent consequences of neuroinflammation. Recent studies demonstrated anti
inflammation property of Brahmi which involved downregulating inflammatory cytokines-like IL-1p, IL-6 and TNF-a and attenuated caspase-1 activity leading to

protection of neurons from inflammation.

Caspase are the cysteine aspartate proteases, which are majorly in-
volved in apoptosis and inflammatory pathways. Caspase-10 is an in-
terleukin converting enzyme (ICE), involved in proteolytic cleavage of
precursor protein interleukins precursor protein. Brahmi reportedly
down regulated the caspase-10 level in cells and reverberated in re-
duction of neuroinflammation [82,83]. Furthermore, Brahmi-derived
peptide found to increase the caspase-3 activity, the leaf extract of
Brahmi was found to downregulate caspase-3 levels in sedium ni-
troprusside treated human embryonic lung epithelial cell line (L132)
[73,84]. Betulinic acid (BA) is one of bioactive component of Brahmi
BA was found to reduce the LPS-mediated pro-inflammatory response in
cells as it reduced the COX-2 expression and prostaglandin E2 pro-
duction. Additionally it also attenuates the Akt and ERK signalling
cascade [85] (Fig. 4). The assessment of all previous studies suggested
that Brahmi could be designated as a potent anti-inflammatory herb
protecting the cells from the neurodegeneration.

5. Role of Brahmi in Tau and Amyloid-f

Inhibition of Amyloid- and Tau aggregation is an emerging
strategy for attenuation of AD. Numerous ayurvedic extracts such as
Withania Somanifera (ashwagandha) and Brahmi have been reported for
their potency in inhibiting the Amyloid-B-mediated toxicity [86,87].
Amyloid-p oligomers are the extracellular aggregates of Amyloid-p 42
peptides. The cleaving of amyloid precursor protein (APP) by action of
B-secretase and y-secretase leads to generation of Amyloid-p peptide
monomers [88,88,89]. These soluble monomer aggregates in choles-
terol-rich region of neuronal membrane leading to formation of soluble
Amyloid-B oligomers, which could obtain diverse B-sheet rich

structures. The interaction of these oligomers with various receptors eg.
NMDA, NGF, insulin, frizzled etc; leads to generation various metabolic
impairments such as increased GSK-3p kinase activity, impaired insulin
signalling, increased ROS, which ultimately results in cytotoxicity [90].
Amyloid-B oligomers and Tau oligomers are being reported as a major
cause of mitochondrial dysfunction, which leads to neuronal toxicity
resulting in Alzheimer's disease [91]. One of the cause of mitochondrial
dysfunction is the inhibition of Cytochrome C by Amyloid-p oligomers,
additionally Dynamin-related protein 1(Drpl) was observed to mediate
the Amyloid-B 42 related mitochondrial dysfunction in AD [92,93].
Thus Amyloid B oligomers are considered as a main target for AD
treatment. Recent studies advocated the defensive property of Brahmi
against AP-mediated toxicity in primary cultures. Brahmi treatment
also found to reduce amyloid-B-induced acetylcholine levels in cells.
The bioactive component of Brahmi, Bacoside A showed neuroprotec-
tive activity against Amyloid-B-induced cytotoxicity in SH-SY5Y cells.
The rescue of Amyloid-B-induced neuronal toxicity in presence of Ba-
coside A has been well reported in earlier [31] Bacoside A dissolves the
matured aggregates of Amyloid-B and hence it was suggested that Ba-
coside could act in revising the amyloid-B-mediated toxicity in cells
[94]. Furthermore Bacoside A reportedly reduced the amyloid levels in
PSAPP mouse supporting the feasibility of Bacoside A in crossing the
blood-brain barrier [95]. Unlike bacoside, betulinic acid (BA) induces
the rapid fibrilization of Amyloid-B and reduces the oligomer formation
of Amyloid-B [96] (Fig. 5). In contrast to extracellular Amyloid-p ag-
gregates, intracellular aggregates of Tau are also considered as a cause
of AD. However the effect of Brahmi against Tauopathy has not been
studied illustratively, some of the recent studies of Brahmi extract on
Tau protein suggested that the Brahmi extract treatment in NGF-
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Fig. 5. The role of Brahmi in reducing the Protein aggregate related pathology. Extracellular amyloid plaques and intracellular tangles are the two hallmarks of
AD. Y- Secretase mediated cleavage of APP led to generation of Amyloid-p 42 peptides which self-aggregates in shape of plaques and leads to neurotoxicity. Ap-42
oligomers leads to mitochondrial dysfunction resulting in eytotoxicity. Brahmi is reported to inhibit the Amyloid-p-mediated toxicity in neuron ultimately protecting
the neurons. Mircotubule-associated protein Tau is another AD related protein, which under pathological condition as exposure to neurotoxin, ROS or PTMs as
phosphorylation led to generation of toxic intracellular PHFs. Here we are hypothesizing that Brahmi could rescue the Tau-mediated pathology by down regulating
the Tau hyperphosphorylation, neuroinflammation, and ROS production. The effect of Brahmi would be studied in context of Tau phosphorylation, ROS production,

and neuroinflammation.

deprived PC12 cells reduces the phospho-Tau levels and attenuates Tau-
mediated toxicity [97]. The role of Brahmi in context of rescuing the
Tau-mediated toxicity is still need to be studied illustratively as several
aspects such as phosphorylation, generation of oxidative stress, in-
hibition of aggregation have not been investigated.

Cognition is the ability of individual to acquire knowledge, logical
thinking and analysing the facts which include judgment, language and
problem solving [63]. Neurodegenerative conditions lead to declination
of learning and memorizing ability of individual in great extent. Hen-
ceforth, medications are being targeted to improve the cognitive func-
tion of brain. Brahmi is a designated memory booster herb, hence it is
regularly administered for various neurological disabilities. Recent
studies proved Brahmi as a nootropic drug, ie: it restores the cognitive
and learning efficiency of brain [52]. The ethylcholine aziridium in-
duced Wistar rat model of AD, Brahmi showed rescuing of cognitive
efficiency. Oral administration of Brahmi extract showed improved
escape latency time in morris water maze test indicating improved
cognitive behaviour [68,98]. Moreover, the Brahmi treatment of
100-200 mg/kg showed the revision of scopolamine-induced amnesia
and natural aging in mice [99]. Epilepsy leads to deregulation of NMDA
receptors, whereas Brahmi treatment brings back the NMDA receptors
near to control level. Apart from animal models, clinical trials also
carried out using standardized Brahmi extract. The reported results

suggest that Brahmi has mild effect in improving the cognitive beha-
viours of humans [100].

6. Downside of ayurvedic formulations

Ayurvedic formulations despite of being plant origin known to have
side-effect. If the standardized protocol have not followed for synthesis,
the errors including contamination of heavy metals, excessive alcohol
generation in formulations leads to unexpected ill effects in patient
[101,102]. Furthermore, the bioavailability of ayurvedic herbs also
need to be increased as the course for these medicine extent for months
[103]. Thus the current studies needs to be focused more on improving
the bioavailability of theses herbs with generation of minimum side-
effects.

7. Poly-pharmacological evaluation of Brahmi

The researches have been strongly focussed on formulating the
therapeutic molecules against AD. Despite of illustrate studies no pro-
minent remedy of AD have been invested. Till date three drugs,
Donepezil, Rivastigmine, Galantamine are being widely accepted and
prescribed by medical practioners [104-106]. Here on the basis of all
the current studies we can hypothesize that poly-pharmacological
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formulations of brahmi along with classical anti-dementia drug could
increase the pharco kinetic property of drugs. The combination of these
drugs with Brahmi could result in stable recovery the AD patient.

8. Conclusion and perspectives

Alzheimer's disease is associated with various neurodegenerative
symptoms. The aggregates of Tau protein are the predominant cause of
AD. The current pharmacological approaches are mildly effective in
attenuating AD. Thus, certain new approaches have been tested for AD,
which prominently includes application of natural products. Brahmi
(Bacopa Monnerei) is a well-known neuroprotective herb. The effect of
Brahmi is well elucidated in various aspects of neurodegeneration.
Previous studies have suggested the antioxidant, anti-inflammatory,
viability and proliferative effect of Brahmi. Here we are hypothesizing
that Brahmi could be effective in overcoming the Tau-mediated pa-
thology in neurons. Henceforth, nootropic herb Brahmi could be ben-
eficial in overcoming the AD symptoms and pathology.
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