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Abstract

Protein aggregation, their mechanisms and trends in the field of neurodegenerative diseases is still far from completely
being decoded. It is mainly attributed to the complexity surrounding the interaction between proteins which includes vari-
ous regulatory mechanisms involved with the presentation of abnormal conditions. Although most proteins are functional
in their soluble form, they have also been reported to convert themselves into insoluble aggregates under certain conditions
naturally. Misfolded protein forms aggregates which are mostly unwanted by the cellular system and are mostly involved in
various pathophysiologies including Alzheimer’s, Type II Diabetes mellitus, Kurus’s etc. Challenges lie in understanding
the complex mechanism of protein misfolding and its correlation with clinical evidence. It is often understood that due to the
slowness of the process and its association with ageing, timely intervention with drugs or preventive measures will play an
essential role in lowering the rate of dementia causing diseases and associated ailments in the future. Today approximately
more than 35 proteins have been identified capable of forming amyloids under defined conditions, and nearly all of them
have been associated with disease outcomes. This review incorporates a major understanding from the history of diseases
associated with protein misfolding, to the current state of neurodegenerative diseases globally, highlighting challenges in
drug development and current state of research in a comprehensive manner in the field of protein misfolding diseases. There
is increasing clinical association of protein misfolding with regards to amyloids compelling us to thread questions solved
and further helping us design possible solutions by generating a pathway-based research on which future work in this field
could be driven.
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Introduction

The clinical significance of amyloids and amyloidosis have
been more prevalent since nineteenth century although there
have been reports of specific significant abnormalities in
both liver and spleen (“white stone” in spleen) related to pro-
tein misfolding as early as 1639 which was later reviewed by
Cohen et al. (1986). The term “amyloid” was first introduced
by Rudolf Virchow when he examined large tissue abnor-
malities in cerebral corpora amylacea and wax-like deposits
from spleen, kidney and liver (Virchow 1854; Kumar et al.
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2009). The first association of amyloids with a definitive role
in diseased conditions was investigated when Alois Alzhei-
mer first reported the presence of senile plaques along with
neurofibrillary tangles in the brain of a middle-aged woman.
She was suffering from a loss of memory and progressive
loss of cognitive function. It was indeed the first reported
evidence of Alzheimer’s disease (AD) (Forman et al. 2004).
The pathological hallmarks of other similar neurodegenera-
tive conditions like Parkinson’s disease, Lewy bodies (LB)
and Lewy neuritis (LN) were further reported by Friedreich
Lewy (Lewy et al. 1912).

The primary structure of proteins which, is an assembly
of a series of amino acids joined by peptide bonds is stable
in terms of thermodynamics and its own intracellular and
extracellular conditions. It is well dependent on the cellular
microenvironment related to pH, temperature and cellular
contents. Its primary structure governs the proper folding
of the protein into its native state, as concluded by Afinsen’s

pisllase ol ay .
Ay &) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-020-2166-x&domain=pdf

193 Page2of22

3 Biotech (2020) 10:193

experiment in 1973 (Afinsen 1973; Kumar et al. 2009). A
shift in the standard conditions of the cellular environment
in terms of pH encounters with destabilizing agents, and
in vivo changes like mutation can often disturb the primary
sequence of the protein which ultimately leads to improper
folding of the entire protein or parts of the protein which
drives the loss in native structure and leads to aggregation
and misfolding of proteins (Dobson 2003; Kumar et al.
2009). Various factors such as the nature of protein being
synthesised, the concentration of the protein, the in vivo
action of multiple molecular chaperones and proteases
and the molecular crowding effect, all have been identified
as essential factors that influence the improper folding of
proteins followed by aggregation (Minton 2001). Since the
native structure of the protein is of primary importance, it
is evident that any disturbance leading to the formation of
the native state will be fatal in terms of the functioning of
the protein (Goldberg et al. 2003; Konar et al. 2019). Mis-
folding of proteins often leads to awkward transitions in the
structure which might result in the exposure of the deeply
buried hydrophobic residues from the core of the protein
to the solvent side. This, in turn, acts as an epicentre for
the formation of well-ordered and insoluble larger fibrillar
aggregates known as amyloid fibrils.

In vivo mechanisms for combating protein
misfolding

The molecular mechanisms underlying protein misfold-
ing and aggregation is still mysterious to the majority of
biophysicists (Dubey et al. 2005; Nallamsetty et al. 2007).
Majority of the proteins synthesised undergo the folding
process in the cytoplasm once they cross the quality control
checkpoints of the ribosomes and begins to interact with
heat shock proteins and molecular chaperones. Recent stud-
ies also prove that chaperones are not only essential in cor-
rectly folding improperly folded proteins but also try and
prevent proteins from misfolding by rescuing misfolded pro-
teins, giving them an apparent second chance to gain their
native structure. This process is energetically dependent, and
hence it is now understood that why ATP is required in high
amounts or is present in high amounts in regions associated
with cellular stress (Dobson et al. 2003; Agbas et al. 2018).
There are many heat shock proteins like Hsp 70, Hsp 90,
Hsp 40, along with various catalysts like protein disulphide
isomerase and prolyl peptidyl isomerase which helps in the
folding of the protein in vivo (Sarkar and Dubey 2010). An
active presence of protein quality control in the living cell
often recognizes and degrades proteins which are misfolded
to prevent further aggregation. If the quality control system
of the present cell is compromised, it might lead to the depo-
sition of misfolded proteins in various tissues and organs
(Kaganovich et al. 2008; Sarkar and Dubey 2010).
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The Endoplasmic reticulum serves as excellent quality
control equipment for monitoring proper folding of proteins
and also is a reservoir of the variety of chaperones (Dob-
son 2004). The endoplasmic reticulum is home to a large
number of folding catalysts which makes it the go-to cell
organelle for protein folding and hence is also closely associ-
ated with protein misfolding diseases (Kaufman et al. 2002;
Agbas et al. 2018). Aggregation of proteins also leads to
impairment of the ubiquitin—proteasome system, which even
aggravates the collection of proteins (Kumar et al. 2009).
The mechanism of aggregation of protein is in itself a multi-
complex phenomenon involving many intermediates. The
intermediates are responsible for the formation of the aggre-
gates. The insoluble aggregates have been well characterised
which are now called as amyloid fibrils (Dobson et al. 1999;
Chiti et al. 1999).

The intermediate states have been inferred to be as an
essential stage in the process governing the folding of
proteins to reach the native state. This folding pathway is
often referred to as Non-cooperative or multistate folding.
In many cases, these states may lie away from the produc-
tive path called “off-pathway intermediates”. Irrespective
of when these intermediates are formed or populated, they
end up interacting with each other driving the formation
of aggregates and hence shifting the equilibrium towards
protein aggregation. At this state, intermolecular interac-
tions are greater than intramolecular interactions. These
aggregates are classified as either amorphous or ordered, of
which “amyloid fibril” is the most commonly found ordered
state. Also, the formation of amyloids is highly dependent on
factors like pH, temperature, peptide, protein concentration
and ionic strength (Calamai et al. 2005).

Amyloids not associated with diseases

Most significant research in the field of amyloidosis has been
emphasised on the pathogenic form of amyloids. There have
been numerous studies which reported amyloids are formed
by proteins not necessarily associated with disease but in
general. There are also many proteins which are known to
form amyloid-like features under in vitro conditions but are
not associated with any diseased conditions, which indicate
that the formation of amyloid structures is an inherent prop-
erty of any polypeptide chain and this type of association
has been found in nature as well (Stefani and Dobson 2003;
Fink et al. 2004; Chiti and Dobson 2006). This statement is
further strengthened when functional amyloid formation in
Escherichia coli was reported formed from the self-assembly
of the protein Curlin, which is utilised by E. coli to colonise
inert surfaces and mediate host binding proteins. The Curlin
amyloid was characterised and was found to be consistent
with other amyloid structures, with the diameter ranging
from 6-12 nm also containing extensive § sheet structure
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(Chapman et al. 2002; Fowler et al. 2007). Streptomyces
coelicolor, a filamentous bacterium which is known to pro-
duce aerial hyphae, is mainly due to a secreted protein called
Chaplin. Chaplins have been found in the hyphae of this
bacterium and have the ability to form amyloid fibrils which
can act cooperatively bringing significant changes in aerial
development (Mackay et al. 2001; Chiti and Dobson 2006).
Other than these examples from bacteria, functional amy-
loids formation have recently been highlighted in mammals.
Melanosomes, which are lysosome-related organelles differ-
entiate into melanocytes thus permitting epidermal produc-
tion of melanin have also been characterised by intralumi-
nal fibrous striations on which melanin granules are formed
(Berson et al. 2003; Chiti and Dobson 2006). Among more
recent studies, another example of such functional amyloid is
the RNA- binding protein-Cytoplasmic polyadenylation ele-
ment-binding protein (CPEB). Other than the structural part
which binds with the RNA regulating it to translate a subset
of cellular mRNAs, it also contains an alternative amyloid-
forming domain. The protein also has a similar domain
reported in fruit fly as Orb2. Several studies in the fruit fly
Drosophila, sea slug Aplysia, and in mice, all have shown

that the amyloid formed by Orb2/CPEB in these organisms
has a role in the consolidation of the memory which is inde-
pendent of its RNA binding motif (Roberts 2016). Studies
on Orb2/CPEB had already revealed that the ones found in
the fruit fly and the ones found in sea slug are available in
two isoforms: Orb2a and Orb2b having a common Prion-
like domain (PLD). It is important to note that the Orb2a
isoform is a synaptic protein and has an octapeptide (YNK-
FVNFI) sequence before the prion-like domain, which is
important for both efficiencies, as well as the amyloid-like
oligomers, formed. The Orb2b form has a longer 162 amino
acid portion before the PLD which is canonical to CPEB in
its RNA binding functions. The PLD of Orb2a acts in long
term memory consolidation independent of its RNA binding
domain (Khan et al. 2012) (Fig. 1).

Elucidation on the structure of amyloids
During the initial phase, protein molecules were thought not

to interact with each other and exist as an independent entity.
The molecular structures of amyloid fibrils have always been

N
Single 0 -plo .elll
subunit Csmndial misfolding
ntermediate 7 its
state C Functional pathway and its
Native state Hber fates.
‘ S B

1 E—
_—
Misfolded

Intermediate

state Misfolded
Degraded subunit
2 fragments

\/x\

Native proteins

aggregate

I =i

Beta pleated

sheet of
amyloids

Fibrilliar aggregate

Fig. 1 Schematic representation of some of the states which can be adopted by polypeptide chains during folding, and pathways by which they
can obtain various intermediate states and form aggregates ultimately leading to beta pleated sheets and fibrillar aggregates
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important as the proper representation of molecular struc-
ture help us understand the interaction between monomers
of the protein which drive the formation of amyloids. The
importance of structural studies lies in the fact that these will
help us study the mechanism of formation of amyloids; the
kinetic studies associated with the formation, the interactions
which will help us design and develop inhibitors against the
fibrillization. In 1997 the first study was carried out to elu-
cidate the structure with the help of synchrotron X-ray dif-
fraction method which revealed the common core structure
of the amyloid aggregates which consists of the helical array
of beta-sheets parallel to the long fibre and the strands at a
right angle to the axis (Blake 1997). Other than the structural
characterisation, in vitro and in vivo detection techniques
were also developed. Usually, the detection of both amyloids
and protein aggregates poses a unique challenge. In vitro
detection techniques would include turbidity measurements,
light scattering, Thioflavin T assay and various imaging
techniques including AFM, SEM and TEM (Khan et al.
2012). During the initial period, there were low-resolution
methods for structural studies on proteins before the advent
of better and advanced techniques. For a long time, only
methods like TEM followed by Atomic Force Microscopy
and X-ray crystallography (Blake 1997; Serpell et al. 2000;
Chiti and Dobson 2006). Until the early 2000s, one of the
major problems as stated in literature was the difficulty in a
detailed molecular level characterisation of amyloid fibrils
mainly due to its inability to form crystals and also to be
too large for NMR spectroscopic studies (Chiti and Dobson
2006). In vivo detection of amyloids includes correlated flu-
orescence spectroscopy, magnetic resonance spectroscopy
and current methods also include single photon emission
computed tomography and multi-photon microscopy etc.
(Khan et al. 2017). Though Thioflavin T is commonly used
to detect the amyloid fibrils but not amorphous aggregates
both in vivo and in vitro, its activity is largely dependent on
pH, changes in pH might cause Thioflavin T to form micelles
and decrease the fluorescence by several folds (Khurana
et al. 2005; Khan et al. 2017).The situation changed with
the advent of solid-state NMR (SS-NMR) spectroscopy for
structural studies on amyloid fibrils. It also helped in being
able to generate nano and microcrystals peptide fragments
having amyloidogenic fibrillar characteristics (Petkova et al.
2002; Ritter et al. 2005; Chiti and Dobson 2006). With the
use of SS-NMR along with computational energy minimiza-
tion processes, Tycko and co-workers had for the first time
put forward a structure of amyloid P fibrils formed from the
first 40 residues of amyloid-f peptide, pH maintained was
7.4 and temperature was 24 °C under quiescent conditions
(Petkova et al. 2002; Chiti and Dobson 2006). The struc-
ture of AP1-40 elucidated arrangement in form of a pair
of p-strands, involving regions approximately from 12th to
24th residue and 30th to 40th residue in the core region
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of the fibrils. The interesting feature in this arrangement is
that there a loop from residues 25-29 which connects these
two P strands which do not belong to the same f sheet but
instead form parts of two distinct f sheets within the same
protofilament. The different AP molecules are stacked upon
each other in a parallel arrangement (Petkova et al. 2002;
Chiti and Dobson 2006). Rigorous structural studies with
TEM, Scanning Transmission Electron Microscope (STEM)
have shown that the single protofilament consists of four
B-sheets which are separated by distances of approximately
10A (Chiti and Dobson 2006). The key features highlighted
in this structure was further validated by Site-directed spin
labelling couple to electron paramagnetic resonance (SDSL-
EPR) (Torok et al. 2002; Chiti and Dobson 2006). With
advancements in SSNMR, a technique which gives us the
liberty to measure specific internuclear distances and tor-
sional angles have allowed researchers to carefully decipher
the structure of an 11-residue fragment of the protein tran-
sthyretin within amyloid-like fibril. This study revealed that
the peptide fragment adopted an extended P strand within
the fibrils. This study was also important from the point
that it revealed that the molecules within there are a certain
degree of uniformity within the fibrils in terms of torsion
angles associated with the side chain which had previously
been associated with crystal structures. It laid the founda-
tion for further analysis through X-ray crystallography
(2002; Jaroneic et al. 2004; Chiti and Dobson 2006). One
of the highs in the structural study of amyloids came when
a Sup35 derived small hexapeptide sequence (GNNQQNY)
which was incubated to generate a three-dimensional crys-
tal possessing the critical features of amyloids. This study
helped to gain information on the structure of the peptides,
and in the way, the molecules are packed themselves with
unprecedented resolution using high-resolution X-ray Crys-
tallography. The crystals consisted of a pair of p sheets in
parallel orientation in which each molecule contributed to a
single fp strand. The P strands were stacked parallel to each
other in both the sheets. The sheets interacted mainly via
the side-chain interactions of Aspargine at second and sixth
position and Glutamine at fourth position. The interactions
were such that there was no water in the region formed in
between them. Other side chains which were external had
more hydration and were at a considerable distance from the
next [ sheet pair which suggested for a less intimate interac-
tion specifically about crystal contact instead of representing
a characteristic of amyloid fibrillar state (Chiti and Dobson
2006) (Fig. 2).

Studies on ss NMR, cryo-electron microscopy (cryo-EM)
and X-ray micro crystallography have been able to generate
a large amount of data which has increased our knowledge
about the structure of amyloid fibrils in a detailed manner by
drastically comparing a vast array of peptides and proteins.
The details of the arrangement of Ap40protofilaments and
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Fig.2 Diagram showing two proteolytic pathways of the amyloido-
genic precursor protein. ED and ID are extracellular and intracellu-
lar domain, respectively. APP is a membrane bound type-1 protein
which can be processed by two pathways, the amyloidogenic and non
amyloidogenic pathway. In the non amyloidogenic pathway, there is
proteolysis of the APP in the ectodomain of the protein which pro-
duces bigger soluble AP fragments. This step is catalysed by the o
Secretase. In addition to this, the C-terminal domain of the potein is

two of their models helped us understand both the simi-
larities and the differences in particular among the differ-
ent polymorphic forms of this vital system (Paravastu et al.
2008; Petkova et al. 2006; Chiti and Dobson 2017).

The structural models were developed based on the con-
straints modelled for ssNMR, TEM imaging and mass per
length measurements obtained with STEM. In one of the
models, the protofilaments are 6 nm in width and have lateral
association to form a striated ribbon-like structure (Petkova
et al. 2006; Chiti and Dobson 2017) although Paravastu
et al. reported that the protofilaments are 7 nm in width and
has no association and hence does not form striated ribbon
appearance (Paravastu et al. 2008). The similarity between
the two models includes that each polypeptide chain has a
flexible N- terminus and residues from the 10-22nd posi-
tion and 30—40th position forms pair of § strands which is
linked by a loop. Similarities also include that the strands
are stacked into P sheet, lying along the axis of the protofila-
ments, strands being arranged in parallel having a few inter-
molecular contacts via a side chain. Despite these standard
features between the two models, the polymorphism in the
AP40 with striated ribbons, each protofilament is reported
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attached to the membrane is processed by y Secretase which produces
smaller fragments with very less cytotoxicity called p3 and the intra-
cellular domain of APP which is known to show certain neuroprotec-
tive activity. In the amyloidogenic pathway, the enzyme that causes
proteolysis of the APP in the N terminal, APPp and CTF p. CTFp is
further processed by y secreatse which produces AP fragments insol-
uble (Carrillo-Mora et al. 2014)

to consist of four p sheets having overall twofold symmetry
with the second polymorph has six § sheets are present and
has threefold symmetry. The differences between the two
polymorphs also include their respective side-chain interac-
tions. Other structures which have been reported of Ap40
and AP42 in recent times using ssNMR have indicated that
there are more possible polymorphs which could be obtained
with the same peptide (Colvin et al. 2016; Chiti and Dobson
2017).

Studies involving other proteins which have modelled
are human IAPP, the median of whose protofilaments have
been deduced using similar techniques. Specific other pro-
teins from other diseased systems have also been worked
upon. However, the detailed protofilaments structure have
not been worked out yet although the regions or sequences
which can form f strands in the fibrils have been identified
like transthyretin, Human PrP, human insulin, calcitonin
and B-microglobulin (Helmus et al. 2011; Yang et al. 2010;
Bateman et al. 2011; Daebel et al 2012; Chiti and Dobson
2017). More recently, the fibril structure of the prion domain
(218-289) of HET-s from P. anserina have been worked
out using ss-NMR. This structure revealed that it is a single
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protofilament fibril consisting of a left-handed f-solenoid or
B helix structure in which each molecule contributes to two
windings of P solenoid and eight $-strands, where the first
four strands add to the primary winding and the last four
strands contribute to the second winding resulting in four
parallel § sheets running along the fibril axis (Van Meleke-
beke et al. 2010; Vasquez-Fernandez et al. 2016; Chiti and
Dobson 2017). A similar structure has also been elucidated
for human prion protein based on the X-ray fibre diffraction
data collected, although each molecule in this structure con-
tributes to four windings in the p-helix (Vasquez-Fernandez
et al. 2016). Transthyretin 11 residue peptide corresponding
to the sequence of amino acids from 106—115 have also been
carried out using high-resolution structural analysis using
a series of experimental techniques. The high-end atomic
resolution structures at 5 nm of a three fibril polymorph hav-
ing pairs of two, three and four protofilaments were solved
(Fitzpatrick et al. 2017).

The X-ray diffraction studies have also helped us increase
our knowledge about the various types of interactions which
are most likely to be present in amyloid fibrils. These studies
have been made on microcrystals of short peptides generally
fewer than ten amino acids. This system has been already
used to study model conditions related to approximately
thirty states revealing series of standard features among all
these conditions. Participation of each peptide molecule in
formation of p-strand and in-register alignment of f-strands
within fB-sheet which helps in optimizing intermolecular
interactions, the presence of pairs of p-sheets parallel to
each other drives formation of aggregation along the fibril
axis along with right interactions of the side chain within
these pairs. The various structures have been classified based
on specific characteristics: (a) whether the strands in the
sheet are parallel or antiparallel (b) whether the -adjacent
sheets interact with face-to-face orientation or face-to-back
orientation (c) whether the corresponding strand termini
from different sheets point the same or opposite directions
(Eisenberg and Jucker 2012; Chiti and Dobson 2017). A
novel micro electron diffraction technique has been applied
to determine an 11 residue peptide structure which was
assembled into nanocrystals ata 1.4 A resolution which fur-
ther strengthened our ability to solve formation of amyloids
up to atomic resolution (Rodriguez et al. 2015; Chiti and
Dobson 2017). Electron microscopic studies can be used to
differentiate polymorphic fibrils and help us understand the
structural differences among amyloids. Characterisations of
amyloids are surrounded on the degree of twist, the number
of filaments in each fibril as well as the diameter and mass
per unit length of the fibril (Riek 2017).

Solid-state NMR spectra can also observe structural poly-
morphism, can be as separate peak signals due to differential
chemical shift resonance or as extensive lines which indi-
cate the actual macroscopically observed polymorphisms at
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atomic levels. When high-resolution X-ray crystallography
is performed to study short amyloid peptides, they tend to
form microcrystals of different confirmations of steric zip-
pers (Colletier et al. 2011; Riek 2017). Different types of
polymorphisms are observed-(a) the packing polymorphism
is dependent upon the differences in packing between f
strands when they are arranged either in parallel or antipar-
allel orientation. (b) The segmental polymorphism is where
particular segments of the amyloid protein or peptide are
involved in the cross P sheet formation; for instance, in the
Ap42 protein, there are various segments which are identi-
fied as regions which form cross-linked sheets individually
and also are part of 3 sheet core. (c) There are also assembly
polymorphisms between different amyloid proteins which
are mainly due to the interactions of the individual protofila-
ments forming a fibril although the atomic structure could
show the same arrangement. The probable cause behind the
strong interactions of the protofilaments forming the fibril is
the repeated interactions of the weak forces, which in sum-
mation increases their potency. (d) Lastly, there is also a
possibility of the polymorphism occurring due to the side
chains of the individual amino acids.

The transition of § structured aggregates into amyloid
fibrils occurs by monomer or protofibrils addition varying
from protein to protein which forms p- aggregates. The dif-
ferent conformational states, interconversions between them
are well-governed and monitored by the local cellular envi-
ronment. The various states of proteins are all utilised by the
cells for various biological functions, including the unfolded
proteins and amyloid fibrils, and conformational diseases
occur when the regulation within the cells fail similarly to
an occurrence of metabolic disorders (Fig. 3).

The role of amyloids and amyloid-like
structures in human disease biology

Some diseased conditions in humans arise due to the failure
of a specific protein peptide to adapt to its functional state.
Even if the protein’s primary structure is formed with the
correct amino acid sequence, improper folding of the protein
makes it attain a different structure other than the native
state which might often cause pathological conditions to
form which are referred to as protein misfolding or protein
conformational diseases. Improper folding of the protein
not only reduces its actual biological role but also affect its
production at the natural level. This reduction might also
be a result of various posttranslational modifications like
the increased probability of the protein being degraded by
the quality control system involving the Golgi-endoplasmic
reticulum system. There is a large chunk of protein misfold-
ing diseases is associated with the conversion of parent pro-
teins or specific peptide sequences from their soluble state to
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Fig.3 Graphical representation of various classes of drugs in Phase
III clinical trials as of January, 2018 (Cummin et al. 2018). Majority
of the drugs currently in the market are targeted towards anti amy-
loidogenic activity with very few drugs are targeted towards being
neuroprotective or acting on the metabolic activity. Neurotransmitters
(NT) are second to Anti amyloidogenic drugs in the pipeline

highly ordered fibrillar aggregates (Chiti and Dobson 2006).
These structures are also called amyloid fibrils or plaques
when they accumulate extracellularly and form intracellu-
lar inclusions, which is a more appropriate term when the
morphological comparison of amyloid fibrils built intracel-
lularly, and extracellular plaques are compared (Westermark
et al. 2005; Chiti and Dobson 2006; Ashraf et al. 2014). The
other group of protein folding diseases is due to improper
protein folding due to mutations which shifts the amino acid
blueprint (Ashraf et al. 2014) (Fig. 4).

Precisely 37 peptides or proteins have already been found
to be associated with amyloid deposits causing pathological
conditions in humans. The proteins involved in these condi-
tions are both secretory and cytosolic. Secretory proteins
tend to form extracellular deposits and the proteins which
are cytosolic form intracellular deposits having amyloid-like
characteristics. An interesting fact is that the polypeptides
which form amyloids are mostly very short in size having
lesser than 100 amino acid residues and only four has greater
than 400 residues, and none has more than 700 residues
(Chiti and Dobson 2017). Some of the proteins associated
with amyloidosis forms deposits in the central nervous sys-
tem, which causes the vast array of neurodegenerative dis-
eases such as Alzheimer and Parkinson. In contrast, other
proteins form deposits in different types of tissues which
results in amyloids in non-neuropathic diseases. More than
half of the amyloid-related diseases are sporadic in nature
which usually have a history of late-onset which also sug-
gests that the sporadic group of disorders is more so because
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Fig.4 Graphical representation of various mechanisms of actions of
drugs in Phase II clinical trials as of January, 2018 (Cummin et al.
2018). 1. Monoclonal Antibody, 2. Polyclonal Antibody, 3. Mast Cell
Stabilizer, 4. NMDA Receptor, 5. BACEI Inhibitor, 6. Nor Epineph-
rine Reuptake Inhibitor, 7. Insulin Signalling Modulator, 8. Anti-
Viral therapy 9. 5-HT6 inhibitors, 10. AchE Inhibitors, 11. Agitation
therapy 12. Anti- Psychosis 13. Anti-Inflammatory 14. Phosphodies-
terase Inhibitors 15. RAGE antagonist, 16. Anti- Tau aggregator, 17.
Serotonin Reuptake Inhibitor, 18. Dopamine Receptor Modulator, 19.
Dual-Orexin Receptor Antagonist. Based on the mechanism, most of
the drugs are targeted as BACE1 inhibitors and the second highest
being the use of monoclonal antibodies. This figure marks the areas
in which future drug research in the field of neurodegenerative dis-
eases could be targeted

of a result of progressive loss in regulatory control with age-
ing although some have been reported to be hereditary (Dob-
son 2003; Powers et al. 2009; Knowles et al. 2014; Chiti and
Dobson 2017) (Table 1).

Interestingly a small number of amyloidosis could also be
as a result of medical treatments including dialysis-related
amyloidosis, haemodialysis, injection localized amyloido-
sis associated with treatment of type 1 diabetes and iatro-
genic Creutzfeldt—Jakob disease which results from organ
transplants or from biological derivatives which might be
contaminated with prion proteins (Chiti and Dobson 2017).
Creutzfeldt-Jakob disease is also known to be caused by the
consumption of meat from carcasses of cattle infected with
the bovine form of the disease (Chiti and Dobson 2017). The
factors which cause a high rate of transmission of prions
diseases in humans are now are strict regulation which has
resulted in the diagnosis of no new diseases in the recent
few years (Chiti and Dobson 2017). Neurodegenerative
conditions where aggregations occur in the brain, like Alz-
heimer’s and Parkinson’s are mostly sporadic, but heredi-
tary forms are also reported. Both AA amyloidosis and AL
amyloidosis are sporadic, whereas the transthyretin peptide
associated amyloidosis is reported to be both sporadic as
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Table 1 Neurodegenerative diseases associated with the formation of amyloid-like characteristics in humans

Protein/peptide Associated disease

Native structure

Amyloid p peptide Alzheimer’s disease

Prion protein

o Synuclein

Tau Frontotemporal Dementia with Parkinson’s

Superoxide dismutase

Atrophin 1 associated with Poly Q expansion

atrophy
Ataxin and Poly Q expansion Spinocerebellar ataxias
Huntingtin-associated Poly Q expansion Huntington’s disease

TATA box- binding protein and poly Q expan-
sion

Spinocerebellar ataxia
Androgen receptor with Poly Q expansion

ABri peptide
ADan peptide

Spongiform encephalopathy

Parkinson’s and Dementia with Lewy bodies

Amyotrophic Lateral Sclerosis
Hereditary dentatorubralpallidoluysian

Spinal and bulbar muscular atrophy

Familial British Dementia
Familial Danish Dementia

Unfolded native structure

Unfolded native structure (1-120) and o helical
(121-230)

Unfolded native structure

Unfolded native structure

All g and Immunoglobulin-like fold
Not known

All B-, AXH domain, TBP like residues
Large native unfolded structure
Both a+ f structure

o dominant structures, nuclear receptor ligand
binding domain

Unfolded Native structure

Unfolded native structure

well hereditary. The Apo A proteins I and IV mainly affect
multiple organs, although Apo proteins II and III mainly
cause renal amyloidosis. Lysozyme, gelsolin and cystatin
associated amyloidosis are also systematic and hereditary
(Chiti and Dobson 2017).

Molecular mechanism of beta-amyloid formation

Amyloids are formed by sequential cleavage of APP pro-
tein. APP is a significant Type I integral membrane protein
of 695—770 amino acids which is sequentially cleaved by
BACE 1 or a-Secretase to CTFB-99 amino acids and CTF
a-83 amino acids, respectively. Overexpression of APP pro-
tein causes a higher amount of Amyloidp formation. It is
generally accepted that APP protein is first transported to the
cell surface, where it is processed by aSecretase to CTF o

Table 2 Details of human Nonneuropathic systematic amyloidosis

followed by processing by ySecretase which resides in multi-
ples locations in Golgi bodies and cell surface. APP which is
not handled by aSecretase is internalised by endocytic vesi-
cles and is processed by BACE 1 (Beta-site APP Cleaving
Enzyme), an aspartic protease with acidic pH cleaving it to
generate CTFp, further processed by ySecretase to Ap40 and
ApPA42 which is then transported to cell surface and secreted
via recycling vesicles (Carillo Mora et al. 2014; Ashraf et al.
2014). The elongated AP variant as compared to the Ap40
has more aggregation, and it is assumed that the length of
AP is an essential feature for both neurotoxicity and patho-
genesis of AD (Table 2).

Strangely the normal function of A peptide is still yet
to be fully explored. It is known to have functions related
to activation of kinases, protection from damages caused
by metal oxidation, help in the transport of cholesterol

Protein or peptide Associated disease

Native structure

Immunoglobulin light chain fragments
Serum amyloid A protein

Serum amyloid A protein fragments
Transthyretin—wild type
Transthyretin- mutant type

B2- microglobulin

N terminal fragments of Apo Al, All and ATV
Gelsolin mutant fragments

Lysozyme mutants

Fibrinogen variants

Cystatin C

N terminal fragments of Apo IV

AL Amyloidosis

AA amyloidosis

Familial Mediterranean fever

Senile systematic amyloidosis

Familial amyloidotic polyneuropathy
Haemodialysis related amyloidosis
ApoAl, ApoAll and ApoAIV amyloidosis
Finnish hereditary amyloidosis

Lysozyme amyloidosis

Fibrinogen amyloidosis

Icelandic hereditary cerebral amyloid angiopathy
Apo IV amyloidosis

All B and immunoglobulin-like

All o helical with unrecognised fold
All o helical with unrecognised fold
All B and prealbumin like folds

All B and prealbumin like folds

All p and immunoglobulin-like
Unknown

Natively unfolded structure

a+ p folds, lysozyme fold

Unknown

o+ p folds, cystatin fold

Unknown
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and damages to ion channels (Malnoney and Lahiri 2011;
Yang et al. 2014). The amyloid precursor protein is a
common protein which is expressed almost in all mamma-
lian tissues. It is highly expressed in kidneys and brains,
and similar proteins are found in organisms like Dros-
ophila and Caenorhabditis elegans, which suggests that
the proteins also function in developmental biology and
during the development of organisms. In vitro studies also
suggests cleavage of APP products also play a role in cell
adhesion and growth of neurons (Yang et al. 2014). Over
the past few decades, there have been enough studies on
understanding the molecular mechanisms underlying the
development of the of various neurodegenerative diseases
with special emphasis on Alzheimer’s disease. Pathologi-
cal remarks include plaques formed extracellularly and
intracellular neurofibrillary tangles in brain comprises
mainly of A protein and tau protein in its hyperphospho-
rylated state. The hyperphosphorylated tau protein also
forms extracellular deposits which disrupt synaptically
dense regions. The AP deposits in both extracellular and
intracellular regions also show synaptotoxic effects exist-
ing in a highly dynamic equilibrium between the small,
soluble forms and larger, insoluble fibrillar aggregates.
Recent studies have also revealed locations in other por-
tions of the central nervous system outside the brain
like deposits in the retina of cataract patients. Clinical
data from various researches converges ultimately link-
ing A accumulation and neuroinflammation, synaptic
loss, impaired neuronal function and loss in cognition
and memory (Selkoe 2001, 2002; Querfurth and LaFerla
2010; Jucker and Walker 2013; Meliet al. 2014; Zuroff
et al. 2017) (Table 3).

Table 3 List of nonneuropathic localised amyloidosis type diseases

Mechanism of formation

The formation of amyloids is a cooperative process that in
general adheres to the nucleation-dependent polymerisation
model-2 phases: the lag phase, where peptide self-associates
into small oligopeptides transiently which is followed by
the formation of a thermodynamically unfavourable nucleus
which is used as a template in elongation phase for fibril
growth. Increased B-sheet formation, confirmed via CD and
FTIR (De Toma et al. 2012). Research indicates there is a
high propensity of formation of beta-sheet motifs in proteins
involved in AD and T2DM. The transition from alpha to
sheet exposes a lot of hydrophobic amino acids on the sur-
face of the protein, which causes them to form aggregates.
These proteins are also responsible for interacting with other
proteins in their native state and influencing them to undergo
changes turning them into abnormal proteins and hence are
also called infective proteins (Ashraf et al. 2014) (Table 4).

9-10 nm microfilaments called neurofilaments are usu-
ally localised within neuronal cell body, axon and dendrites
which forms a significant portion of neuronal cytoskeleton
thus providing structural support. Neurofibrillary Tangles
(NFTs) occurring in the hippocampal pyramidal cells are
signature features associated with AD and similar changes
have been reported to occur in Down syndrome’s patient
causing mental retardation and also happen in lesser intellec-
tual people. Paired Helical Twisted Filaments (PHF) is usu-
ally the building components of NFTs which are either neu-
rofilaments or microtubules and is majorly formed by Tau
protein’s C terminal hyperphosphorylation intracellularly.
Conformational changes in tau protein and the formation of
NFTs impair any communication and transport between the
cell body and synapses which is prime importance in the

Protein or peptide Associated disease

Native structure

Amylin or Islet amyloid polypeptide IAPP)  Type II diabetes
Calcitonin Medullary carcinoma of the thyroid
ANF Atrial amyloidosis

Amyloid B peptide mutants
Prolactin Pituitary prolactinoma
Insulin, Enfuviritide
Keratin

Amyloid p peptide

Lung surfactant protein C
y- crystallin Cataract
Corneodesmosin

Lactotransferrin

Hereditary cerebral haemorrhage and amyloidosis

Injection localised amyloidosis
Cutaneous lichen amyloidosis
Inclusion body myositis
Pulmonary alveolar proteinosis

Hypotrichosis simplex of the scalp
Corneal dystrophy gelatinous like

Native structure unfolded
Native structure unfolded
Native structure unfolded
Native structure unfolded

o helical and 4-helical cytokines
o helical and insulin-like

Not known

Native structure unfolded

Not known

P sheets like y crystallin

Native structure unfolded

o+ p both, periplasmic binding protein II

All of the nonneuropathic localised diseases mentioned above are sporadic although hereditary forms have also been reported except hereditary
cerebellar haemorrhage and pulmonary alveolar proteinosis which are predominantly genetic although sporadic forms have also been reported

(Chiti and Dobson 2017)
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Table 4 Subtypes of amyloid diseases

Subtype of amyloid Precursor protein

Current treatment regimen

Immunoglobulin light chain amyloidosis

Amyloid A Serum Amyloid Protein

Amyloidogenic transthyretin
Wild type hereditary

{3, microglobulin

Apolipoprotein Al Variant Apolipoprotein Al

Apolipoprotein All Variant Apolipoprotein AIl

Lysozyme (hereditary) Lysozyme (Variant)

Monoclonal free Ig light chains

Wild type transthyretin and variant transthyretin

B, microglobulin with chronic dialysis

Chemotherapy to treat the cellular morphological
changes

Treatment targeting the underlying inflammatory
condition

Optimization of supportive fluids, cardiac trans-
plantation, tafamadis, renal + liver 4+ cardiac trans-
plantation in case of mutant Transthyretin

High flux dialyser membranes, haemodialysis, 3,
microglobulin adsorption columns, renal trans-
plantation

Renal + liver transplantation
Renal transplantation

Renal transplantation

context of neuronal function and survival. In normal condi-
tions, neuronal microtubules are usually bound by tau pro-
teins and stabilise them, but when hyperphosphorylated tau
fails in binding with microtubules which destabilises them,
and hence aggregation of hyperphosphorylated tau proteins
cause the formation of NFTs which with time change into fil-
amentous form interfering with various neuronal functions.

Signatures of AD

NFTs, Cerebral Amyloid Angiopathy (CAA), neuroinflam-
mation and synaptic loss are the primary drivers of the dis-
ease towards clinical diagnosis (Ashraf et al. 2014). This is
along with miscompartmentalization of metal like Cu, Fe
and Zn (De Toma et al. 2012) which might also contribute
to AD onset and progress.

Oxidative stress hypothesis

Reactive Oxygen and Nitrogen Species are often produced
by various cellular processes in humans which often play a
dual role as beneficial in cellular signalling pathways as well
as can be deleterious which might lead to damage of cellular
structures including lipid membrane, nucleic acids et cetera.
Since there is a higher consumption of oxygen in the brain
cells as compared to cells in other tissues, it implies that
the cells in brain are more prone to oxidative stress. Since
neurons contain a high amount of polyunsaturated fatty
acids which can interact with ROS and lipid peroxidation
can occur along with molecular apoptosis. Less proportion
of glutathione in neurons also makes them more prone to
oxidative damage (Nunomura et al. 2006; Mohsenzadegan
and Mishrafiey 2012; Pocernish and Butterfield 2012; Liu
et al. 2017).
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Cholinergic hypothesis

Bartus et al. first proposed that dysfunction in the choliner-
gic activity of brain in healthy and early dementia patients
has a role to play in causing dementia and relative cognitive
impairments. Repairing damages to cholinergic pathways
may lead to reduce the effect of serious loss in cognitive
functions. Studies have shown that Acetylcholine (Ach)
which is an important neurotransmitter in the brain, mainly
regulating processes dealing with memory and function is
greatly reduced owing to loss of its both muscarinic and
nicotinic receptors. Along with Acetylcholinesterase (AchE)
and Choline acetyltransferase (ChAT) in the brain of patients
suffering from AD, Acetylcholine shows a continuous
decline. Acetylcholine is made from acetyl CoA, and cho-
line and the process is catalysed by Choline acetyltransferase
and the acetylcholine receptor along with transfer of nerve
impulses (Auld et al. 2003; Kihara and Shimohama 2004,
Schliebs and Arendt 2006; Schliebs and Arendt 2011; Liu
et al. 2017).

Inflammatory response

Chronic inflammatory response in the brain is another patho-
logical hallmark of AD. In comparison to normal patients,
there is overexpression of acute-phase proteins and pro-
inflammatory cytokines. Microglia and astrocytes are the
main causes of the inflammatory response. The activated
cells produce pro-inflammatory mediators like interleukin
1, interleukin 6, tumour necrosis factor, interleukin 8, pros-
taglandin, leukotriene, coagulation factors, protease and pro-
tease inhibitors et cetera. The production of these substances
actually kills the neighbouring neurons (Griffith and Mrak
et al. 2002; Tuppo and Arias et al. 2005; Town et al. 2005;
Finch and Morgan 2007).
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Metal ion hypothesis

There is an important role played by metals ions in main-
taining homeostasis. The relationship between metal ions
and neurodegeneration has recently been an attractive area
of study (Farina et al. 2013; Savelieff et al. 2014; Liu et al.
2017). Metal ions present in the brain are usually a part of
the various metalloprotein enzymes as cofactors. The con-
centration of the various metal ions in the brain are regulated
directly by the blood—brain barrier and when the system of
this homeostasis between the metal ions and the blood-brain
barrier breakdown, it begins to affect the oxidative stress
response of the mitochondria and causes wrong folding of
proteins ultimately leading to neurodegeneration (Jomova
et al. 2010; Popescu and Nichol 2011; Zheng and Monnot
2012; Muhoverac and Vidal 2013; Liu et al. 2017). Stud-
ies have shown that aluminium, zinc, copper and iron leads
to changes in the conformation of the amyloid § protein.
Aluminium leads to accumulation of AP and tau protein;
also aluminium and copper lead to the development of nerve
inflammation (Kawahara 2005; Walton 2013; Liu et al.
2017).

Prevalence of disease

The global prevalence of dementia has increased recently
accounting for some 35.6 million around 2010 and projected
to be almost double by 2030 and expected to reach up to 65.7
million by 2030 inclusive of both industrialised and develop-
ing countries (Ashraf et al. 2014). It was also reported that
the annual incidence of AD was 4.6 million cases (Carillo
Mora et al. 2014).

Factors governing the amyloid formation

It is well known that amyloid formation is primarily a
result of properties which are fairly common to all peptides
and proteins. Protein biochemistry also suggests that the
sequence of amino acids in a particular protein which might
be accessible which majorly influences the relative stability
of the protein in its native state via the entire folding process.
This plays a key role in a particular sequence of a protein
having more tendencies to develop amyloids. Polypeptides
with different sequences can form amyloids at various rates
although they have a common starting point of a partially
folded structure or an improperly folded native state.

Hydrophobicity, charge and secondary structure
One of the common factors among various amyloids formed

is the relative abundance of hydrophobic amino acid resi-
dues. Substitutions of amino acids in sequences which play

critical role in governing the structure of the protein or the
folding process by hydrophobic residues or replacing hydro-
phobic amino acids with hydrophilic residues can increase
the chances of the sequence to develop amyloids or amyloid-
like properties or decrease it in case of the latter (Chiti et al.
2002; Wurth et al. 2002; Chiti and Dobson 2006). Also, it
has been reported that naturally occurring proteins tend to
avoid major hydrophobic clusters as part of evolution (Chiti
and Dobson 2006). The net charge of a peptide or overall
sequence locally, also affects the formation of amyloids. In
an experiment with AcP, propensity of the protein to aggre-
gate was tested by single amino acid substitution. It was
reported that increasing the net positive charge of the protein
decreased its propensity to aggregate and decreasing the net
positive charge increased the aggregate formation which was
verified by its binding with Congo red and Thioflavin T.
It was also reported that the protein aggregation could be
accelerated in the presence of macromolecules which would
exhibit an overall positive charge on the protein (Konno
2001; Chiti and Dobson 2006). On the contrary, large studies
comparing a vast majority of proteins in its native, as well
as non-native state, states that non-native states of protein
have a lower amount of hydrophobic residues and have a
lower overall charge as compared to the native state. This
also confirms that the non-native state of proteins has a low
probability of forming amyloid-like aggregates under nor-
mal physiological conditions (Chiti and Dobson 2006). Also,
one other factor that governs the amyloid formation is the
presence of the f sheet. Evolution of proteins naturally has
assured that there is the elimination of sequences containing
alternating hydrophobic and hydrophilic sequences which
favour the formation of the f sheet (Chiti and Dobson 2006).

Amino acid sequence

In the experiment related to AcP, various amino acid sub-
stitutions were performed to study the effect of sequences
on the rate of formation of aggregates which also helped in
the development of an equation which could also validate
the formation of aggregates for various other proteins. This
study also helped us understand the similarity in principles
and the mechanisms which govern the mechanism of forma-
tion of polypeptide molecules. A number of other factors
like the number of aromatic side chains, exposed surface
area of the amino acids, net dipole moment also play an
important role in determining aggregate forming capability.
The relationship between these simple factors and the rate
of formation of amyloids is mostly related to the cluster of
amino acids forming a simple polymer on the contrary to
the proper molten globule state during the normal process
of folding which consists of the major secondary structures
present in the native state. Increasing understanding of the
factors governing the formation of amyloids by increasing
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the probability of the P sheet formation has helped bioin-
formatics to develop newer software which could predict
the amyloidogenic precursor regions in a protein in unstruc-
tured peptides or proteins. This software has been validated
for correctly predicting the amyloid-forming regions of the
amyloid p protein and o synuclein protein. The sequences
predicted by the software to form amyloids was found to be
true when the sequences were determined experimentally
to form a stable fibrillar core or play a role in the formation
of the fibrils (Pawar et al. 2005; Chiti and Dobson 2006).

Unfolded regions within the protein

Although the key regions that associate with the formation
of the fibrils can now be easily identified based on various
physicochemical parameters of amino acids, actual aggre-
gation of polypeptides exhibiting various levels of second-
ary structure and wide-range of interactions are also influ-
enced by additional factors. Studies on AcP with limited
proteolysis revealed that in the presence of trifluoroethanol
in moderate amount, the regions or the sequences which
were found to promote amyloid aggregation were flexible
and solvent-exposed along with having a high propensity to
develop aggregates. Regions that are not involved in aggre-
gation although having high propensities to aggregate were
found to be partially buried in the residual structure and
other solvent-exposed regions which are not involved in the
aggregation process have a low propensity for the formation
of amyloid fibrils (Chiti and Dobson 2006).

Role of nucleotide imbalance
and neurodegeneration

There is a particular requirement of maintaining a constant
level of nucleotides in both dividing cells and quiescent
cells. It is equally essential for neural tissues as it requires
a high amount of ATP produced by mitochondria. Mito-
chondria are prone to oxidative stress considerably along
with associated damages to DNA, since an imbalance in
nucleotide ratio results in mitochondrial depletion because
of improper DNA replication. These sorts of genetic defects
could often lead to infantile death, although there is a right
amount of variability among the manifestations of clinical
symptoms in this form of diseases.

Maintenance of the right ratio of nucleotides is critical
for proper DNA integrity and prevention of neurodegenera-
tion. Nucleotide levels are kept proper in eukaryotes by two
pathways, namely: de novo and salvage pathway (Micheli
et al. 2011; Fasullo and Endres 2015). DNA damage results
in increased synthesis of dNTP levels which is required for
DNA replication and repair (Chabes et al. 2003; Fasullo
and Endres 2015). Single gene defects which result in
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deficiencies of critical enzymes in the pathways have often
led to conditions resulting in pathological conditions related
to neurology. Purine nucleotides salvage resulting in con-
ditions like gout, neurodegeneration and odd behavioural
problems (Fu et al. 2014; Fasullo and Endres 2015). To have
a comprehensive understanding of the various pathologies, it
is essential to understand the role of dNTPs in neurological
physiology, basic biochemistry of the pathways by which the
purine and pyrimidine nucleotides are balanced within nor-
mal conditions and the effects on cellular conditions when
they are imbalanced. Understanding these concepts is also
crucial for designing novel drug targets and develops strate-
gies for applications of gene therapy in future.

Nucleotide metabolism needs to be regulated properly
in the nervous system, because although the matured, and
differentiated cells do not undergo cell division, but there is
still a high requirement and metabolism of ATP. Astrocytes
and glycolytic pathway do produce lactate, but the neurons
still use oxidative phosphorylation as their main source to
derive energy and the lactate produced by the astrocytes
is consumed. To maintain the high level of ATP, there is
the need of maintenance of high copy number of the mito-
chondrial DNA without any errors (Belanger et al. 2011;
Federico et al. 2012; Fasullo and Endres 2015). Other than
acting as a source of energy source, also as co-factors and
building blocks of nucleic acids, nucleotides and bases also
have a significant role in maintaining cell physiology and
signalling (Abbaracchio et al. 2009; Fasullo and Endres
2015). cAMP is important for the regulation and develop-
ment of neuronal connectivity. ATP is also an important
co- stimulator motor- sensory-motor, hypothalamus, para-
sympathetic and sympathetic nerves and also has neuro-
protective functions and helps in regeneration of neurons
from stem cells (Averaimo et al. 2014; Fasullo and Endres
2015). Guanosine is also known to modulate glutamatergic
neurotransmission by facilitating the uptake of L-glutamate
by glial cells (Fasullo et al. 2015). Since our cellular system
constantly requires dNTPs hence, it becomes imperative
that it is both generated as well as destroyed. Sometimes
the dNTPs can also be formed from the freely circulat-
ing bases, and for this reason, there is a greater depend-
ence on the salvage pathway than the de novo pathway for
the generation of the purines and pyrimidines. In de novo
pathway the constituents for purine synthesis are- phospho-
ribosyl pyrophosphate (PRPP), glycine and glutamine and
for pyrimidine synthesis constituents include carbamoyl
phosphate, aspartate and PRPP. Main regulatory enzyme for
purine synthesis is glutamine PRPP amidotransferase which
can be inhibited feedback mechanism upon the synthesis of
ribonucleotide monophosphates (Fu et al. 2014; Fasullo and
Endres 2015). Pyrimidine de novo pathway is regulated at
the step of carbamoyl phosphate synthetase (Nelson et al.
2008). In neural tissues, salvage pathway is one of the major
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pathways for the generation of purines and pyrimidines. The
purine bases in free form like hypoxanthine and guanine
can be salvaged by hypoxanthine—guanine phosphoribosyl
transferase (HGPRT). HGPRT phosphoribosyltransferase is
located in the nervous system and is found in high amounts
in the brain. DNA repair and nucleotide salvage mechanisms
are of particular importance in neuroprotection. It can be
concluded that nucleotide imbalance might often lead to
wide varieties of neurodegenerative diseases; as a result,
there are multiple changes in neural physiology. Diseases
like Lesch—Nyhan syndrome and Mitochondrial depletion
syndrome both show the importance of salvage of guanine
hence illustrates the importance of guanine nucleotides in
maintaining physiology and integrity of the nervous sys-
tem. Recent studies on various uracil derivatives have been
shown to cause inhibition of the enzymes acetylcholinest-
erase (AchE) and butyrylcholinesterase (BuChE) which are
often targeted for the treatment of Alzheimer’s disease. Stud-
ies have also shown that that dCTP are actually deficient in
certain neurodegeneration cases and hence can be a viable
factor for neurodegenerative diseases (Gonzalez-Vioque
et al. 2011; Fasullo and Endres 2015).

Effect of amyloids on physiology
Effect on cells

It is well reported in various studies that the intermediate
stages in amyloid formation, the oligomers have cytotoxic
effects on cells. However, there is lack of consensus among
the researches as to what exactly is the underlying mecha-
nism (Gharibayan et al. 2007; Sayed et al. 2015). Another
school of thought that also exists is that the precursor stages
to the formation of the amyloids are actually cytotoxic
which later manifests to the point of amyloidosis although
the actual aggregates are inert in nature (Gharibayan et al.
2007; Yang et al. 2014). Several works conclude that the
soluble oligomeric intermediates are the toxic species which
are responsible for the cytotoxic effects (Glabe and Kyed
2006; Yang et al. 2014). Amyloid fibrils are already known
to disrupt various ion channels in the cell membrane, spe-
cially the Calcium ion channels (Glabe and Kayed 2006).
Also, another possible mechanism is that the oligomers
interact directly with the cell membrane surface and tissue
surface virtue of their exposed hydrophobic surfaces which
cause the cytotoxic effects (Pepys 2006; Ghabriyan et al.
2007; Yang et al. 2014). Cellular damages due to oligomers
also happen due to interaction of the oligomers interacting
with various cellular receptors (Yang et al. 2014). It is also
believed that if the oligomers get too large, it can disrupt the
plasma membrane by further interactions (Lee et al. 2012;
Yang et al. 2014). The ultimate lack of consensus in the

exact mechanisms underlying the various effects of the oli-
gomers on the cells is mainly because of the high amount of
polymorphism among the beta sheet oligomers (Ghabriyan
et al. 2007; Yang et al. 2014). The cytotoxic pathways of
the amyloidogenic oligomers have pretty general pathways
of exerting their effect although there are also some specific
pathways reported for some proteins. The most cytotoxic
effect is seen by the soluble oligomeric state which precedes
the actual amyloidogenic state. They are so because of their
solubility properties which can easily penetrate the cell
membrane which causes the influx of calcium ions from the
surrounding endoplasmic reticulum ultimately causing the
apoptosis of the cells (Glabe and Kayed 2006; Hamley 2012;
Yang et al. 2014). Other than the solubilising effect of the
oligomers, they also cause thinning of membranes, a carpet-
ing effect and detergent effect, where the amphipathic amy-
loid fibrils interact with the phospholipid bilayer membrane
resulting in leakage across membranes (Yang et al. 2014).
Since the concentration of the naturally forming amyloid
B peptide within the cells is at a much lower concentration
than what is required for the formation of the amyloids, it is
believed that the preceding soluble oligomeric states inter-
act with certain portions within the cell membrane which
accelerates the formation of amyloid fibrils in vivo. Hence
the formation of amyloid fibrils within the cells proves that
the oligomeric states do interact with certain specific regions
within the cells as a step towards the formation of amyloid
fibrils in vivo (Yang et al. 2014). Lastly, amyloid fibrils have
been known to cause cell death via both necrotic and apop-
totic pathways, but it is difficult to differentiate between the
two as both the necrotic and apoptotic pathway markers are
present in the affected cells (Gharibayan et al. 2007; Yang
et al. 2014). Under specific interactions that the amyloido-
genic proteins show, primary examples are A peptide which
interacts with microglial receptors causing inflammation.
Another example is the transthyretin protein and its amyloid
fibrils interacting with the receptors for advanced glycation
end products (RAGE) causing receptors to undergo oxidative
stress and inflammation and other cytotoxic effects (Sousa
et al. 2001; Butterfield et al. 2001; Yang et al. 2014).

Effect on tissues and organs

Amyloidosis is the condition of deposition of amyloids in
various organs within the body. Cellular death due to depo-
sition of amyloids or due to their other oligomeric states
often affects the organs and tissues at large, which ultimately
leads to the death of the tissues and organ failure at large.
There are also reports suggesting that the actual death of
the tissues and organs have taken place before the actual
formation of the amyloids at large, suggesting the role of
the soluble oligomers and protofilaments showing cytotoxic
effects. Hence it also becomes important to differentiate
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between amyloidosis conditions that are actually due to the
amyloidogenic deposits or due to the oligomeric action of
oligomers and protofilaments of certain species of protein
(Dember 2006; Yang et al. 2014). The effect of amyloid-beta
fibril is more pronounced in organs such as heart, where
large deposit amyloid fibrils can cause significant changes
in the gross physiological and morphological properties of
the heart which can often lead to cardiac dysfunction. The
major underlying mechanism is because of the loss of elastic
property of the heart muscles, which reduces overall ven-
tricular filling causing heart failure. Also, the infiltration of
the amyloid fibrils causes necrosis of the cells and tissues
of the heart (Roberts and Waller 1983; Pepys 2006; Yang
et al. 2014).

Current trends in Amyloid disease treatment
and research into new therapeutics

There are many approaches for the treatment of amyloid
depositing diseases. This review shall include a brief of the
current therapies for various amyloid-forming diseases and
strategies for development of new drugs for the treatment of
diseases due to amyloidogenic diseases.

There have been extensive researches which have focused
majorly on identifying the underlying mechanisms of Ap
neurotoxicity which as a result have yielded identification
and association of various pathways. Among the various
pathways involved most of them have identified axonal
degeneration and oxidative stress (Butterfield et al. 2013;
Salvadore et al. 2017), mitochondrial dysfunction (Kerr et al.
2017; Salvadore et al. 2017) and abnormal calcium signal-
ling (Salvadore et al. 2017). Till recent times drug devel-
opment strategies against AD have focused on the amyloid
hypothesis and most of the randomized clinical trials have
been designed to target this protein (Salvadore et al. 2017).
The outcomes of the clinical trials have had an overall failure
rate of 99.6%, and a major reason for this has been the late
diagnosis of the disease, where there are extensive pathol-
ogy and neurodegeneration (Cummings et al. 2014; Salva-
dore et al. 2017). Now that it has been identified that axonal
degeneration is one of the early signs of AD disease progres-
sion, understanding the mechanisms which trigger this phe-
nomenon can be an interesting point for future drug devel-
opment (Salvadore et al. 2017). Current researches have
revealed that actual accumulation of Af peptide starts occur-
ring 15 years before the onset of the disease which beckons
future research to be focused on the development of methods
to identify the disease at early stages (Grimaldi et al. 2018).
Current prognosis of the disease is based on the cognitive
assessments of the patients who present significant cogni-
tive and behavioural changes. Computed Tomography scan
(CT) and Magnetic Resonance Imaging (MRI) scan are used
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for initial diagnosis of cases in patients with cognitive AD
signs (McKhann et al. 2011; Dubois et al. 2014; Grimaldi
et al. 2018). Also less frequently used is Positron Emission
Tomography (PET) to visualise the amyloid plaques mainly
in cases, where confirmation is needed. Since the PET scan
comes in costly, it cannot be used for widespread diagnosis
of the disease. Besides the PET scanning of amyloid images,
some other pathophysiological markers inclusive of cerebro-
spinal fluid tests looking for the presence of Ap1-42, total
tau, ptau et cetera have also been used for diagnosis. It is
shown that lower levels of ApB1-42 in CSF along with higher
levels of ptau are more strongly correlated with the AD dis-
ease progression (Johnson et al. 2012; Frisoni et al. 2017,
Grimaldi et al. 2018). It is noteworthy that therapeutically,
clinical trials are hugely hindered, partly because of the lack
in availability of biomarkers and reliable methods to moni-
tor and understand the proper development and progress of
the disease. In this regard, the currently available biomark-
ers are expensive and invasive and have majorly focused
on brain and CSF (Grimaldi et al. 2018). A recent study by
Grimaldi et al. has concluded that retina is used as a model
for the brain as the pathological changes associated with
the brain during AD can be seen in the retina, and hence
newer therapeutic strategies could be developed keeping
the retina in mind. The research has successfully identified
retinal biomarkers which could be used for understanding
the progress of AD and hence anticipates future treatments.
Grimaldi and colleagues identified the presence of amyloid
plaques, tau tangles, neurodegeneration and astrogliosis at
the pre-symptomatic stage in the retinal ganglion cell layer
in mice models. They also report that retinal microglia at the
pre-symptomatic stage were anti-inflammatory which had
changed its phenotype to pro-inflammatory during disease
progression and hence becoming neurotoxic (Grimaldi et al.
2018).

Role of A1 and A2A receptors in neurodegenerative
diseases

At present neurological pharmacology mainly deals with
symptomatic interventions and trying to lower the sympto-
matic effects on the patients. There is a lack of drug devel-
opment which can inhibit disease from happening. In recent
times the ribonucleoside adenosine has come into light with
its neuromodulatory activity in case of neurodegenerative
diseases. Research also suggests that adenosine receptors
play an important role in the modulation of cognitive func-
tion (Rahman 2009). Adenosine is a very common nucleo-
side which is found in all cells including glia and neurons
and plays a role in synaptic transmission, neuronal excit-
ability in the CNS. It generally exerts its effect by four
(A1, A2A, A2B and A3) G protein-coupled receptors ulti-
mately regulating vital processes such as sleep and arousal,
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cognition, memory, neurodegeneration et cetera. The pow-
erful pharmacological effect of adenosine is mediated by
Al and A2A receptors. There have been studies which have
investigated the expression of Al, and A2A receptors and
studies have been done on developing antagonists for these
receptors experiments have shown positive results in elevat-
ing cognitive effects by down regulation of A1 and A2A
receptors (Cunha 2001; de Mendonca and Ribeiro 2001;
Angulo et al. 2003; Rahman 2009). Pieces of evidence
from post mortem analysis of AD patients also suggest that
adenosine receptors change their pattern of localization and
density from various regions in the brain in case of normal
and diseased brains (Albasanz et al. 2008).It is important
to note that both A1 and A2R receptors and caffeine can all
regulate the brain metabolism although it is unclear whether
there is any relation between the modulatory effects of aden-
osine and the effects of the receptors and caffeine on the
brain tissue. In general, adenosine has a homeostatic role in
the majority of eukaryotic cells (Joo et al. 2007; Peart et al.
2007; Wendler et al. 2007; Gomes et al. 2011). Observations
suggest that extracellular levels of adenosine are modified
in conditions of brain damage. This is probably due to the
increased requirements of ATP, which is required for main-
tenance of cell viability which leads to disproportionally
higher levels of adenosine (Gomes et al. 2011). The sources
and clarification of extracellular adenosine is though unclear.
Although the literature suggests that obnoxious stimuli in
brain causes an increase in extracellular levels of adenosine
(Cunha 2001; Fredholm et al. 2005; Gomes et al. 2011).

Challenges in the development of neuroprotective
drugs

At various stages of translational research, scientific reports
fail to differentiate between the exact mechanisms of the
drug. A drug could be working upon the improvement of
symptoms, or it could help reduce the side effects of the
disease. Any drug that does either of the work may be con-
sidered as neuroprotective. When a drug goes for clinical
trials, the promoter has to decide the exact mechanism of
the drug for measuring the trial’s outcome. There are sev-
eral reasons why clinical trials for neurodegenerative drugs
take improvement of symptoms as the major parameter for
a successful clinical trial (Franco and Navarro 2018). Since
for ethical reasons, patients continue taking the already
prescribed medicine; it becomes difficult to understand the
effect of any new drug used via clinical trials. In cases of
Parkinson’s clinical trial, patients continue taking levodopa,
and to understand the effect of any new drugs, there should
be long terms effects of the new drug which must be vis-
ible even after leaving the use of levodopa. There are lack-
ing consensual rules for proper evaluation and approval of
drugs which can function via prevention of neuronal death;

in other words, drugs which modify the progression of neu-
rodegenerative disease. The current scientific community
is also fast working towards developing reliable biomark-
ers which could be used to measure the extent and progress
of neurodegeneration in humans in vivo via Positron emis-
sion tomography. Regulatory bodies should also look for
the approval of safe drugs to be used in large population for
cohort studies on long term effects on neuroprotection with a
general thumb rule that the drug should delay clinical symp-
toms or disease progression (Franco and Navarro 2018).

Drug discovery strategies used against amyloidosis

According to population studies, it is estimated that by
2050 one in every eighty, five people will be suffering from
AD. Eightfold of this probability do end up showing early
signs of AD and dementia and are at risk of progressing
to manifest off the disease. Disease-modifying therapies
(DMT) which will prevent the onset or delay the progres-
sion of the disease are urgently needed. A 1-year delay in
onset of the disease by 2020 will reduce the number of
affected patients by 9.2 million people worldwide by 2050
(Brookmeyer et al. 2007, 2017; Cummings et al. 2018). Mul-
tiple therapeutic strategies are in place to identify disease
ameliorating compounds and their effects on the diseased
state. Natural compound based identification includes eth-
nobotanical knowledge from earlier days which had effects
of improving cognition and memory. Reports are suggest-
ing that the Mediterranean diet which is rich in vegetables,
fruits, cereals and olive oil have reduced risk for develop-
ment of Alzheimer’s in cohort studies carried out in small
population from New York. Diets containing a high rate of
flavonoids and polyphenolic compounds, consumption of
red wine which contains resveratrol also have a protective
effect against the development of dementia and associated
conditions. Curcumin, a compound found in the turmeric
spice which is commonly used in Southeast Asian diets
along with Epigallocatechin-3-gallate (EGCG), myricetin
and certain polyphenolic compounds found in green tea are
associated with lowering cognitive disabilities (Luchsinger
and Mayeux 2004; Arntzen et al. 2010; Eisele et al. 2015;
Yamada et al. 2015).

Transthyretin Amyloidosis is caused by Transthyretin
a homotetrameric protein which is mainly involved in the
transport of Vitamin A and thyroxine in its wild type form,
and it is the wild type form which is associated wild type
transthyretin amyloidosis (WtTTR) which was formerly
known as senile systematic amyloidosis. The conversion of
normal transthyretin into amyloidogenic form requires the
dissociation of the homotetramer into individual monomers,
specific conformational changes and assembly of fibrils. The
propensity to form the amyloids is majorly influenced by
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specific amino acid substitutions and micro environmental
factors such as pH and oxidative stress (Sayed et al. 2015).

Systematic AA amyloidosis results in organ dysfunction
because of extracellular deposition of N-terminal fragments
of SAA in the form of amyloid fibrils insoluble in nature.
Glycosaminoglycans like heparin sulphate are known to act
as promoters of amyloid fibrils formation in its early phase
by acting as chaperones. Eprodisate is negatively charged
sulphonated molecule which is structurally analogous to
heparin sulphate and hence undergoes competitive binding
inhibition between SAA and glycosaminoglycans. It has
reduced AA amyloid development in experimental mouse
models (Dember et al. 2007; Sayed et al. 2015).

Inhibitors of amyloid fibril formation

One of the current strategies for development of drugs
against amyloidosis includes identification of lead com-
pounds which work against (1) toxic amyloid formation or
stabilisation of the native form and prevention of the aggre-
gation, (2) remodelling or degradation of already formed
insoluble oligomers or fibrils.

There have been multiple approaches to develop inhibi-
tors at various stages of amyloid fibril formation. One of
the major attractive potential therapeutic approaches was,
paving the way for the development of metal ion chelators,
especially iron and copper. They have been shown to play an
important role in the amyloid p formation and has now been
investigated as a treatment option to a great extent (Regland
et al. 2001; Hardy and Selkoe 2002; Hamley 2012; Yang
et al. 2014). There are various approaches which have been
used including those of in vitro cell-based approaches or
platforms which are used widely to screen various small
molecules that inhibit the formation of fibril focusing on
overall effect rather than focussing on one particular mech-
anism (Kim et al. 2006; Chen et al. 2010; Velander et al.
2017).

Tafamidis

Tafamidis is a drug that is orally administered, which pref-
erentially bind to the homotetrameric form of transthyretin
and stabilises it and does not carry the risk of non-steroidal
anti-inflammatory drugs use. The most common side effects
included urinary tract infections (UTI) and diarrhoea. There
have been no reports of Tafamidis, causing any thyroid-
related hormonal problems (Sayed et al. 2015). Tafamidis
is known to bind to the thyroxine-binding site of the Tran-
sthyretin tetramer and inhibits its dissociation into mono-
mers, thus blocking the rate-limiting step in Transthyretin
amyloidosis (Castano and Maurer 2020).
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Oligonucleotide based therapies

Oligonucleotide based therapies which include small
interfering RNAs (siRNA) and antisense RNAs can cause
changes at the translational level without integrating them-
selves within the genome. Antisense oligonucleotides
are small 13-25 nucleotides long single-stranded DNA
molecules that bind to mRNAs and degrade them hence
affecting the transcription of the same. Oligonucleotide
therapies for transthyretin inclusive of that of siRNA and
antisense oligonucleotides are already in clinical trials and
are being regularly investigated in clinical studies (Sayed
et al. 2015).

Peptide-based Amyloid inhibition strategies

Until a major part of the twentieth century, peptides were
usually not seen as good candidates belonging to lead like
molecules as compared to other small molecules. Major
weaknesses were attributed to proteolytic degradation, low
bioavailability, high clearance rates and poor physical or
chemical instability, though they are particularly suitable
as drugs because of their high specificity, selectivity and
potency (Henninot et al. 2018; Armiento et al. 2019). Pep-
tides are an attractive alternative to small molecules as anti-
amyloid drugs. Small molecules lack large surfaces which
are required for proper interaction between an amyloido-
genic region of a protein and the anti-amyloid molecule.
Other than this, antibodies which are also another alternative
have very high costs of production owing to its purity and
sensitivity, might have a low cell membrane and/blood—brain
barrier permeability. Keeping all these factors in mind,
developing small peptides can be a better alternative which
can combine several factors to its advantage like low cost of
production, better selectivity, lesser immunogenicity and so
on (Craik et al. 2013; Armiento et al. 2019). Current strate-
gies for development of peptide-based amyloid inhibitors are
mainly based on (a) recognition of amyloid self-assembly
core regions, (b) cross- amyloid interactions, (c) interactions
with chaperones and other non-amyloidogenic peptides and
the fourth strategy includes designing inhibitors using com-
binatorial libraries optimized using peptide chemistry tools
(Armiento et al. 2019).

Natural product-based amyloid inhibitors

Majority of the polyphenol based compounds identified till
date is chiefly associated reducing the effects of the late
and progressive disease pathology. Major examples include
oleuropein and oleocanthal found in olive oil, resveratrol
found commonly in fruits and red wine, curcumin found in
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turmeric, EGCG and catechin found in green tea, rosama-
rinic acid found in certain culinary herbs.

Epigallocatechin-3-gallate

Recent in vitro studies suggest that concentrations in the
range of micromole/litre which is commonly found in green
tea efficiently inhibits fibril formation in amyloid formation
related to f-protein, a-synuclein and TTR converting exist-
ing fibrils into non-fibril conformers. Transthyretin tetramer-
ization is observed when epigallocatechin-3-gallate binds to
wild type and variant TTRs at three different sites other than
the thyroxine-binding sites (Sayed et al. 2015). EGCG has
progressed to clinical trials for the treatment of Alzheimer’s.
Also, the multiple effects on the inflammatory pathway, anti-
oxidant activity and preventing metal-chelating pathways,
polyphenols is a class of compound that often exhibits the
structural backbone for the rational drug design process for
the development of anti-amyloid compounds (Velander et al.
2017).

Taxifolin

In a recent study by Mahdvamhier et al. (2017), it was
reported that taxifolin which is a novel ubiquitous com-
pound, commonly found in natural herbs and foods had
been shown to bind to the amyloid fibrils and reduce their
related toxicity. Taxifolin binds to amyloid and causes it to
form a very large globular chain like fibrils. Various amy-
loid specific indicators were used to track the entire process.
Taxifolin was seen to bind to prefibrillar species of amy-
loids rather than stabilising its native state. It was also stated
that that binding of taxifolin diverts the amyloid-forming
pathway from the beta-sheet aggregates to a more globular
chain which has much lower beta-sheet content as well as
much lower exposed hydrophobic patches. Taxifolin binding
capacity is much reduced when the aggregates are formed
at large by the end of the growth phase. ThT fluorescence
monitored this specific test. These results do indicate that
natural products like these could be used as amyloid fibril
inhibitors (Mahdaviembhier et al. 2017).

Curcumin

Curcumin, have been reported in multiple cases to modulate
various amyloid-forming activities in various protein sys-
tems. Curcumin has been identified as a pan- assay interfer-
ence compound implying that it tends to give false-positive
results in high throughput screening and hence there is a
requirement of multiple validations by various orthogonal
assays. Nevertheless, curcumin has been reported in a wide
source of literature to have anti-amyloidogenic activity
by inhibiting the formation of amyloids, amyloid induced

cytotoxicity and providing beneficial assistance and effects
against amyloid structures and reducing the plaque bur-
den in vivo. Possible mechanisms include (1) inhibition of
amyloid aggregation in proteins like amylin and amyloid 8
and (2) acceleration of a- synuclein aggregation activity to
skip the slow pre fibrillar forming stages hence skipping the
more cytotoxic intermediates. Computational studies includ-
ing curcumin has helped us understand that it makes new
non-covalent interactions with the typical cross beta spinal
structure called the steric zipper within amyloid fibrils (Ono
et al. 2004; Yang et al. 2005; Guerro-Munoz et al. 2015; Jha
et al. 2016; Nedumpully-Goovindan et al. 2016; Nelson et al.
2017; Valender et al. 2017). A study by Sarkar et al. a molten
globule like intermediate was identified in 2,5-diketo-d-glu-
conate reductase A (DKGR) at pH 2.5 having a considerable
B-sheet structure. The molten globule state amyloidogenic
property at protein concentrations greater than 50 uM. A
1:1 molar ratio of the protein along with curcumin prevents
amyloid formation based on results of Thioflavin T assay and
AFM imaging (Sarkar et al. 2009). The computational stud-
ies also helped us realize curcumin is basically intercalated
between hydrophobic amino acid residues in the beta-sheets
irrespective of the amyloid structure and its parent protein.
This study also helped in understanding that curcumin would
also be able to bind to the alpha amyloid structures formed
during the earliest stage of the generation of amyloids
(Knight et al. 2006; Abedini et al. 2009).

Non- catechol

Non-catechol derived compounds- In recent studies which
included cinnamomum tree extract showed anti-amyloido-
genic and anti-fibril formation activity in tau and hen egg-
white lysozyme proteins. It was also reported that cinnamal-
dehyde, the major constituent cinnamon bark oil acts against
Tau 187 amyloid-forming without affecting the tau- associ-
ated microtubule assembly (Peterson et al. 2009; George
et al. 2013; Ramshini et al. 2015; Velander et al. 2017).

Oleocanthal

Derived from olive oil also prevents tau amyloid forma-
tion by preventing its change in conformation to beta sheet
secondary structure in a dose dependent manner. Further
studies with the help of Mass spectrometry had revealed
an adduct formation full length with the lysine residue in a
small hexa peptide sequence via formation of Schiff’s base
in the tau protein. The complete mechanism was not been
able to deciphered because of the lack of clarity in the exact
way oleocanthal binds with the lysine residue in tau protein
and also due to high signal:noise ratio in the MS reports (Li
et al. 2009; Velander et al. 2017).
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Recent studies also showed another Nordihydroguaiaretic
(NDGA), resveratrol and myricetin were successful in
remodelling the preformed amyloid oligomers and fibrils
towards SDS stable aggregates along with exhibiting low-
ered cytotoxicity compared to controls which contained
untreated preformed oligomers. Other assays also revealed
various other naturally derived polyphenol derivatives like
rufigallol, trihydroxybenzophenone and exifone as well as
porphyrin and hematin were shown to inhibit the amyloid
formation by tau protein indicated by the presence of a
higher amount of soluble tau protein fraction compared to
the insoluble portion between treated and untreated samples.
These results were also validated by orthogonal TEM and
ThT assays (Taniguchi et al. 2005; Velander et al. 2017).

Challenges and future perspectives

One of the significant issues with natural inhibitors which
have already been tested so far have moderate inhibition
potential. Various validation studies such as synthesis of
structural analogue and structural and functional relationship
are often required based on medicinal chemistry studies.
Another common issue is also their solubility and bioavail-
ability in the human system (Valender et al. 2017). There is
a significant number of animal studies which are based on
similar physicochemical properties and generally covers the
majority of polyphenolic compounds and flavonoids. Only a
few animal studies are present which have tested compounds
which are structurally different. We realise that a limited
amount of structural diversity among various compounds
will be a limiting factor in the discovery of new inhibitors
for neurodegenerative diseases. To identify a large number
of compounds, large scale platforms for virtual screening
are required, which needs a large platform. Some work has
already been done by Lee et al. when they had implemented
a quantitative high throughput screening method for screen-
ing of a large number of compounds for the discovery of
inhibitors for tau assembly. Valender et al. had also devel-
oped a semi high throughput fluorescent 384 well plate
which can be readily expanded up to 1596 well plate mainly
to screen inhibitors for various amyloidogenic proteins.
We are yet to fully discover the exact mechanistic path-
ways by which various amyloidogenic proteins become
amyloidogenic in the first place. Apart from the various
biochemical factors for a protein which triggers the pro-
cess development of amyloidosis, there are certain factors
which are yet to be discovered or understood. Currently,
there is a significant gap in knowledge in our understand-
ing of the exact mechanism of an inhibitor in preventing
the formation of amyloids or how do they decrease the
formation of preformed amyloids. There is also a lack of
proper biophysical characterization of the state, where the
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inhibitor and the protein is interacting and how they are
interacting. Advanced techniques related to mass spec-
trometry might help us understand the effect of inhibitors
on the various post-translational changes associated with
proteins in the amyloidogenic state. They will also lead
us to understand what sort of covalent and non-covalent
interactions are majorly responsible for the interaction
and inhibition of amyloids in vivo. This knowledge will
ultimately help us for shifting our strategy towards more
structure-based drug design. Due to lack of knowledge in
development of new drugs by factors involving money,
time involved in clinical trials, and dearth of knowledge
in the subject, it is of prime importance to focus our strat-
egies on natural inhibitors despite its shortcoming along
with the idea of drug re-prescribing which implies the use
of already approved FDA drugs available in the market for
nervous system diseases so as to reduce the cost and the
time investment on their pharmacological studies involv-
ing ADMET and various other assays.
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