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ABSTRACT

Transthyretin (TTR) is a 55 kDa multifunctional plasma protein. Human
native TTR is a B-sheet-rich homotetramer with monomers comprising of 127 amino
acid residues. Its canonical functions include the transport of thyroid hormones and
vitamin A, aided by retinol-binding protein within the blood and cerebrospinal fluid.
Under certain conditions, TTR acquires a gain in toxic function role associated with
the development of a severe disorder, transthyretin (ATTR) amyloidosis. ATTR
amyloidosis are a group of progressive, debilitating and often fatal disease for which
there is currently no cure. They are characterized by systemic deposition and
accumulation of abnormal, misfolded/mis-aggregated TTR in vital organs leading to
degeneration and dysfunction. With limited therapeutic options there is need for
investigations aimed at developing safe and effective remedies for these ailments.
Given that they key molecular event underlying the etiopathogenesis of TTR
amyloidogenesis is the dissociation of the homotetramer into monomers only which
could enter the amyloid cascade, preventing tetramer dissociation using small ligands
or stabilizers which enhance the kinetic barrier for dissociation had been promoted as
a pragmatic therapeutic strategy to combat ATTR amyloidosis. The primary objective
of this work was to determine and elucidate the TTR amyloidogenic inhibitory
activities of two popular nervines, Centella asiatica and Bacopa monnieri. Chemical
characterization showed that both extracts were replete with antioxidant bioactive
compounds. Tetramer stability assays by urea- and acid-mediated denaturation
revealed that both extracts protected against tetramer dissociation into monomers.
Aggregation-inducing assays suggest that both extracts inhibited the formation of

mature amyloid fibrils from TTR. However, only B. monnieri extract prevented
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formation of TTR aggregates. From the ANS and NBT-redox cycling assays, it could
be inferred that both extracts were able to bind at the hydrophobic thyroxine-binding
sites putatively increasing dimer-dimer interactions. While the binding interactions
between TTR and C. asiatica seems to be covalent, that between the protein and B.
monnieri extract was weak and non-covalent. Together, these findings suggest that C.
asiatica and B. monnieri inhibited TTR amyloidogenesis in vitro and highlighted the
potential of these bioactives as plausible therapeutic candidates and sources for the
mining of novel drug scaffolds targeted against TTR amyloidosis.
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CHAPTER 1

Introduction and Literature Review

1.1 Introduction
Proteins are some of the most interesting biomolecules found in nature. With a

long list of physiological roles including locomotion (actin and myosin filaments),
transport  (hemoglobin), storage (ferritin), signal transduction (G-proteins),
enhancement and regulation of metabolic reactions (enzymes), just to mention a few,
it is clearly indicative of the fact that they are vital to the survival of living systems on
earth. Biosynthesis of a fully functional protein requires the folding of its
polypeptide(s) into the appropriate three-dimensional structure, a process that is
tightly regulated by the cell. Aberration in this process leads to several protein folding
diseases in humans (Gutteridge and Thornton, 2005).

The delicate balance between properly folded proteins and misfolded proteins
or non-native toxic aggregates in nature may have necessitated cells to evolve highly
complex mechanisms to ensure the structural fidelity of functional proteins vital for
life. These systems are collectively known as protein homeostasis or "proteostasis”,
and comprise a vast network that ranges from synthesis and folding (i.e., ribosomes,
chaperones, etc.) to degradation (i.e., proteases, autophagy, lysosomal targeting, etc)
(Blancas-Mejia and Ramirez-Alvarado, 2013). For example, the presence of
incorrectly folded protein would normally trigger complex biological responses such
as heat shock response and unfolded protein response (UPR), which assist with
protein folding and degradation (Powers et al., 2009). When the equilibrium between
properly folded proteins and misfolded proteins is disturbed due to overloading or
failure in proteostasis, it leads to: 1) loss in protein function such as in Marfan
syndrome and cystic fibrosis or 2) gain-of-toxic function protein misfolding diseases
characterized by unfolding/misfolding, aggregation and/or accumulation of the non-
native protein, which might induce cellular and tissue damage such as in many
neurodegenerative diseases e.g., Alzheimer's and Parkinson (Greenwald and Riek,
2010).

Protein misfolding is at the center of many human diseases, one of the most

common being amyloidosis or amyloid diseases (Johnson et al., 2012). A major



feature of amyloidosis is the presence of fibrillar amyloid aggregates composed of the
originator protein. The amyloid fibril protein is a protein that is deposited as insoluble
fibrils, mainly in the extracellular spaces of organs and tissues as a result of changes
in protein the protein conformation (Sipe et al., 2014). Generally, amyloid fibrils
irrespective of the precursor protein share some common features such as binding to
Congo Red dye and exhibiting a green, yellow or orange birefringence under
polarized light microscopy. Isolated amyloid fibrils display a characteristic cross-p
diffraction pattern when analyzed by x-ray diffraction (Sipe et al., 2014). To date,
over 30 different amyloid precursor proteins have been identified in human involved
in various types of amyloidosis such as amyloid beta (AB) peptide in Alzheimer's
disease (AD), a-synuclein in Parkinson disease and transthyretin in transthyretin
(ATTR) amyloidosis (Benson et al., 2018).

Transthyretin (TTR) is a major protein in extracellular fluids that binds to
thyroid hormone (TH). In human, it carries virtually all the retinol binding protein
(RBP) (hence vitamin A) in the blood and 15% of total thyroxine in plasma. It is the
only thyroid hormone binding protein synthesized in the cells of the blood-CSF. Most
of the TTR found in the blood is synthesized in the liver. Extracellular misfolding,
misassembly and subsequent aggregation of TTR are associated with systemic organ
dysfunction, including peripheral neuropathy, cardiomyopathy, nephropathy,
ophthalmopathy and central nervous system (CNS) amyloidosis (for review, see
Johnson et al., 2012). Deposition of wild-type TTR- containing amyloid fibrils,
preferentially in the heart leads to sporadic amyloid disease called senile systemic
amyloidosis in individuals over 65 years of age, often leading to heart failure. An
earlier onset and often more severe familial amyloidotic polyneuropathy (FAP) and
cardiomyopathy (FAC), in which an amino acid substitution from a single point
mutation in the TTR gene results in deposition of amyloid aggregate composed of the
variant protein in peripheral and autonomous nervous system and heart, respectively.
In FAC and senile systemic amyloidosis (SSA), the fibrils are accumulated at the
heart of the patient resulting in cardiomyopathy, a chronic and progressive condition
that leads to arrhythmias, biventricular heart failure, and death. FAP typically causes
length-dependent polyneuropathy that starts in the feet with loss of temperature and

pain sensation, progresses with gastro-intestinal, cardiac or even renal dysfunction



leading up to cachexia and death within a decade on average (Sekijima, 2014). Over
a hundred TTR gene mutations have been reported with several variants of the protein
exhibiting tissue selective deposition and pathology. TTR Y78F is the most
aggregate-prone variant under physiological conditions while, TTR V30M in addition
to having a high tendency to aggregate and deposit in peripheral nerves, heart, eye and
carpal tunnel, also happens to be the most frequent of all the variants, while TTR
L55P is known to be associated with the most aggressive form of TTR amyloidosis
(Benson and Kincaid, 2007). It is worth mentioning that TTR can also have anti-
amyloidogenic activity in the context of Alzheimer’s disease (Rios et al., 2019).

At the moment, there is no cure for TTR amyloidosis. Conventional therapy
for FAP had been orthotopic liver transplantation since liver is the major source of the
mutated protein in the blood. Besides minor secretions of variant TTR from retinal
pigment epithelial cells and choroid plexus, which contribute to post-transplantation
clinical manifestations of the disease, liver transplantation is also very invasive and
unsuitable for some patients, thus, an alternative less invasive treatment is needed. A
new drug called Tafamidis was recently approved for the treatment of early stage
(stage 1) V30M FAP in Europe and FAP of every stage in Japan. However, little is
known about the efficacy of Tafamidis in non-V30M FAP as well as its long term
side effects (Bulawa et al., 2012).

Familial TTR amyloidosis was for a long time considered a rare and endemic
disease; however, recent improvements in diagnosis using genetic and
immunochemical tests have indicated that it is a pandemic phenomenon (Sekijima,
2014). Advancement in medical technology and healthcare delivery is increasing the
geriatric population globally and hence SSA. With no cure for TTR amyloidosis, there
is a need for more research in the development of safe, effective and suitable
therapies.

Although there are still some gaps in current understanding of the precise
molecular mechanism of TTR fibrillation, it is widely accepted that it is preceded by
tetramer destabilization followed by a rate-limiting tetramer dissociation leading to
the formation of partially unfolded monomers with low conformational stability,
which self-assemble into non-fibrillar aggregates, protofibrils and mature fibrils
(Quintas et al., 2000; Cardoso et al., 2001). This understanding favored the
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development of the therapeutic approach involving the use of small molecules
referred to as kinetic stabilizers to stabilize the soluble native TTR tetramers.
Subsequently, several non-steroidal anti-inflammatory drugs (NSAIDs) and natural
products have been investigated. Tafamidis is the first and only pharmaceutical agent
to be approved in this category (Ueda and Ando, 2014).

Much research in the identification and development of anti-amyloidogenic
plants-derived agents had involved the use of phytochemicals. For example,
epigallocatechin 3-gallate (EGCG), the most abundant polyphenol in green tea was
shown to inhibit TTR aggregation and amyloid fibril formation in vitro and in vivo in
a well-characterized animal model (Ferreira et al., 2012). Also, curcumin the major
bioactive polyphenol in turmeric was reported to strongly suppress TTR fibril
formation in an in vitro study either by stabilization of TTR fibril formation or by
generating innocuous non-fibrillar intermediates. In vivo, using a well characterized
FAP animal model, it was indicated that curcumin significantly increased TTR
resistance and reduced TTR load in as much as 70% and lowered cytotoxicity
associated with aggregation (Ferreira et al., 2013).

For multifactorial and complex disease like TTR amyloidosis with a plurality
of toxic species, there are several factors driving its origin and pathogenicity. When
this is taken together with the heterogeneous genetic and clinical nature of the disease,
it becomes clear that it is unlikely that a single therapeutic approach will adequately
and effectively address all the TTR-related amyloidosis. A synergy of different
therapeutic strategies, targeted at different aspects molecular mechanisms of the
disease has thus envisaged as a viable alternative (Hammarstrom et al., 2003;
Azevedo et al., 2011). This may involve protection against TTR-induced cellular
toxicity in addition to stabilization of soluble TTR, inhibition of aggregation of
amyloidogenic intermediates and disruption of insoluble deposits (Saraiva, 2002). A
plant extract which is by nature a multicomponent entity has the potential to serve as a
multitarget agent against ATTR amyloidosis. In this work, the anti-TTR amyloidosis
activities of two popular medicinal plants Centella asiatica and Bacopa monnieri are
explored in view of validating their potential as candidates for therapeutic

development.



1.2 Amyloidosis

The native protein structure is vital for its physiological performance in living
systems. The folding process is a crucial step in the development of mature and
functional proteins and thus, cells have evolved complex mechanisms to protect
folding and avoid any related malfunction (Blancas-Mejia and Ramirez-Alvarado,
2013). More than 40 proteins are known to misfold into different aggregates such as
oligomers, protofibrils and amyloid fibrils (Dobson 2001; Chiti and Dobson, 2006).
Protein misfolding is at the centre of a significant number of human diseases such as
Alzheimer's disease, Parkinson disease and Huntington's disease. A relevant group of
protein misfolding diseases is amyloidosis (Eisele et al., 2015).

Amyloidoses are associated with tissue, organ or systemic dysfunction
resulting from accumulation of extracellular deposits of insoluble protein fibrils
known as amyloids, for example, beta amyloid (AP) fibrils implicated in the
pathology of Alzheimer's disease (AD) (Sipe et al., 2014).

All amyloid fibril proteins share very similar properties in terms of
morphology and structural features: They occur in tissue deposits as rigid, non-
branching fibrils of approximately 7-10 nm in diameter; the fibrils bind to Congo Red
dye and exhibit a green, yellow or orange birefringence under polarized light
microscopy; they are mainly constituted by polypeptide chains arranged in a p-sheet
extended shape, with the B-strands perpendicular to the axis of the fibril (Figure 1
below). In addition, they form fluorescent complexes with thioflavin S and T (Sipe et
al., 2014).

The word, "amyloid" was first introduced in the 19" century for what was
observed as microscopic tissue deposit originally thought to be cellulose but
characterized as starch as it stained with iodine. Later, Friedreich and Kekule'
demonstrated that amyloids are actually proteinaceous in nature. Further investigation
revealed that amyloids are also fibrous (Cohen and Calkins, 1959). Later, the
composition of amyloid fibrils was analyzed. The first amyloid fibrils constituent

protein was TTR or prealbumin (Costa et al., 1978; Skinner et al., 1982).
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Figure 1.  Detailed structure of amyloids (A) Long amyloid fibrils filaments that are
visible in negatively stained TEM micrographs. (B) Schematic
representation of the cross-f sheets in a fibril, with the backbone
hydrogen bonds represented by dashed lines. (C) The typical fibre
diffraction pattern. Source: Greenwald and Riek, (2010)

Currently, over 31 amyloidogenic proteins have been identified in human. Two of
these are iatrogenic in nature and nine have also been identified in animals (Sipe et
al., 2014).

1.3 Transthyretin

Transthyretin (TTR) is an extracellular protein synthesized in the liver
hepatocytes, choroid plexus and retina pigment epithelial cells. TTR binds to thyroid
hormones (THs) and is involved in the extracellular transport of retinol binding
proteins (RPB), and by extension, vitamin A. In human, TTR serves as an auxiliary
transporter of thyroxine (T4) in plasma and the main transporter in the cerebrospinal
fluid (CSF) (Johnson et al., 2012).

1.3.1 Transthyretin structure
TTR exists in vivo mainly as a tetrameric protein with a molecular mass of 55

KDa. Each of the four identical subunits comprises 125 t0136 amino acid residues,
depending on the animal species (for review, see (Prapunpoj and Leelawatwattana,

2009). The TTR monomer has a B-sandwich conformation consisting of eight -



strands (designated A to H) arranged into two B-sheets (labelled DAGH and CBEF),
and a short a-helix between the E and F strands, as shown in Figure 2 (Pinto et al.,
2011).

The B-strands are connected by loops to form a barrel structure. Dimers are
formed through hydrogen bonds between H-H and F-F strands of two monomers.
Homotetramers are composed of two dimers linked through hydrophobic interactions
between AB loop of one monomer and the H-strand of the adjacent dimer (Blake et
al., 1978)(Blake et al., 1978). This TTR tetramer presents a central channel in the
dimer-dimer interface where the two equivalent binding sites which display negative
cooperativity are located. The two binding sites can accommodate simultaneously two
molecules of the natural ligand, thyroxine (T4) as well as other small molecules. The
outer surface of the molecule houses four binding sites for the vitamin A specific
carrier, retinol-binding protein (Monaco et al., 1995).

TTR is produced in the liver and secreted into the circulation. In the central
nervous system (CNS), the choroid plexus synthesizes TTR and releases it to the
cerebrospinal fluid. Transthyretin is also produced in the retinal pigment epithelial
cells, alpha (glucagon) cells of the islets of Langerhans in the pancreas as well as skin
and peripheral Schwann cells (Murakami et al., 2010; Westermark and Westermark,
2008).

The established function of transthyretin in the blood is to transport
holoretinol binding protein; without binding to TTR, most of RBP will be lost in
glomerular filtration due to its small molecular weight (Monaco et al., 1995). TTR
transports about 15 percent of total plasma thyroxine and plays an important role in
thyroxine homeostasis (Sousa et al., 2000). The other thyroxine carrier proteins are
albumin and thyroxine-binding globulin (TBG). Of these three proteins, albumin has
the highest concentration ([albumin]=620uM; [TTR]=5uM; [TBG]=0.3uM), and
TBG has the highest affinity for T4 (Karec=0.1nM; Kgrtr=15nM; Kdaibumin=1.5uM)
(Bartalena and Robbins, 1992).



T4-binding
site

Figure 2  X-ray structure of TTR tetramer. Adapted from a model PDB ID :1RLB
Source: (Monaco et al., 1995).

These in addition to the low T4 concentration in the blood (0.1uM), mean that
only a minor fraction (<10%) of T4 in human blood is bound to TTR while virtually
all (>99%) of T4-binding sites in TTR remain unoccupied and available for small
molecule binding. Moreover, other small organic molecules such as drugs (diflunisal),
phytochemicals (polyphenols) and toxic compounds (polychlorinated biphenyls) have
been shown to bind with TTR, suggesting its role in the clearance of these compounds

from the system (Monaco et al., 1995).

1.3.2 Transthyretin production and physiological functions
Besides its main role as transport of thyroid hormones and vitamin A, recent

findings has indicated that TTR is involved in the cleavage of beta-amyloid peptide,
apolipoprotein A-l, neuropeptide Y and protection against apolipoprotein CIlI-
induced B-cell apoptosis, for detailed review, see (Prapunpoj and Leelawatwattana,
2009; Refai et al., 2005).

1.4 Transthyretin (ATTR)-related amyloidosis
Toxicity of abnormal TTR is implicated in a number of amyloid diseases such

as familial amyloid polyneuropathy (FAP), familial amyloid cardiomyopathy (FAC),

central nervous system-selective amyloidosis, and senile systemic amyloidosis (SSA).



For SSA, the deposited (mainly wild-type TTR protein) can be found in the brain,
pancreas, spleen, and especially, the heart. This disease has onset at 65 years and
affects about 25 percent of the population over 80 years (Sekijima, 2014).

Regarding familial TTR-related amyloidosis, more than 100 mutations have
been reported for the TTR protein, of which only 13 are non-pathologic (Steven et al.,
2012). The mutations are distributed along all the protein sequence, but the most
amyloidogenic aggressive mutations are related to residue55 (Sant’anna et al., 2013).
Y78F TTR is the most aggregate-prone variant under physiological conditions while,
V30M TTR in addition to having a high tendency aggregate and deposit in the
peripheral nerves, heart, eye and carpal tunnel, also happens to be the most frequent
of all the variants. L55P TTR is known to be associated to the most aggressive form
of TTR amyloidosis (Benson and Kincaid, 2007; Jacobson et al., 1992; Redondo et
al., 2000). These mutations are presumed to alter the stability of TTR resulting in
various familial TTR amyloidosis. Familial ATTR amyloidosis are generally more
severe and have earlier onset than SSA.

The first identified cause of familial amyloidotic polyneuropathy (FAP) was
V30M mutation. The penetrance and age in the onset of FAP among people carrying
the same mutation vary between countries. FAP typically causes a nerve length-
dependent polyneuropathy that starts in the feet with loss of temperature and pain
sensation, along with gastro-intestinal, cardiac or even renal dysfunction leading to
cachexia and death within 10 years on average (see Figure 3 below) (Ueda and Ando,
2014).

In familial amyloid cardiomyopathy (FAC) the fibrils are accumulated in the
heart of the patients. TTR-related cardiomyopathies are chronic and progressive
conditions that lead to arrhythmias, biventricular heart failure, and death. Both the
wild-type TTR protein and the mutant V122l can produce this disease. This single
point mutation is present in about 3-4 percent of the Afro-American population (for
review, see (Sekijima, 2014).

Strikingly, not all transthyretin mutations lead to pathology. Non-
amyloidogenic mutations, such as the T119M mutation, have been identified and
shown to stabilize the native fold of transthyretin. These mutations have also been

shown to have a protective effect against the development of disease in compound
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heterozygotic individuals i.e., individuals with different mutations in both alleles of

the transthyretin gene (Hammarstrom et al., 2003).

1.5 Pathophysiology of TTR-related amyloidosis
The exact molecular mechanism for TTR fibrillation is still poorly

characterized though it is generally accepted that it involves several steps preceded by
a rate-limiting tetramer dissociation (Ferreira et al., 2012) as represented in Figure 3
below. In vivo conditions for the formation of amyloid fibrils are still unknown, but
many studies have revealed that the crucial point in this pathway is the low TTR
tetramer stability (Sekijima, 2014).

Ligand-bound Feete Folded Misfolded
tetramer feeIRiale: monomer monomer
L
\ ™
) ;
A \j »;N Small oligomers,
\ WA )
—— | m( —= ) = ¢ = amorphous aggregates
ligand ) rate-limiting 2% monomer %aggregation idfibri
dissociation ¢ tetramer misfolding % amyloidfirils
\™ 4 dissociation
N ™

Functional TTR structures TTR structures associated with pathology
Figure 3  Transthyretin amyloidogenic pathway. Source:(Johnson et al., 2012)

In vivo, the formation of fibrils may be triggered by decreasing the pH of the
medium. It is even possible to correlate the pH value at which amyloidogenicity is
induced and the pathogenicity of a given TTR tetramer (Kelly and Lansbury, 1994) as
shown in Table 2 below.

Table 1. Stability of transthyretin in relation to disease pathology and onset

TTR pHmM* Disease Age of onset
WT 4.4 SSA >80

V3OM 4.7 FAP ~30

L55P 5.4 FAP Teens
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pHmM - midpoint of the equilibrium tetramer-monomer. Adapted from Kelly and
Lansbury, 1994
Many questions linger regarding the molecular mechanisms that triggers TTR
amyloid-induced cytotoxicity. Sousa et al. reported that neuronal stress in FAP
patients begins at a very early stage with soluble prefibrillar aggregates inducing
cytotoxicity similar to Alzheimer's disease pathology (Sousa et al., 2001). In AD,
there exists a correlation between soluble beta-amyloid levels and disease severity;
these transient toxic soluble oligomers are not peculiar to Alzheimer's disease alone
but are common to proteins involved in amyloid diseases including TTR. Kayed et al.
(2003) demonstrated that soluble oligomers from different amyloidogenic proteins are
more toxic than fibrils. In the same vein, TTR amyloid fibrils larger than 100KDa
were shown to be innocuous. The non-native monomeric TTR or relatively small,
rapidly formed aggregates of a maximum size of six subunits were the major
cytotoxic species (Reixach et al., 2004). Cytotoxicity of these pre-amyloid aggregates
had been linked to their large exposed hydrophobic surfaces, which may
inappropriately interact with a wide range of cellular components stimulating
inflammatory responses and oxidative stress that can lead to neuronal death (Sousa
and Saraiva, 2003). It is unclear whether this was due to the activation of a specific
signaling cascade or was a general stress response. Although increased oxidative
stress and increased pro-inflammatory cytokines had been observed in FAP patients
(Cardoso and Saraiva, 2006; Sousa et al., 2001)), recently, it was demonstrated that
TTR aggregates induced intracellular oxidative stress by promoting pro-oxidative
activities. The study reported that TTR aggregates stimulate the production of reactive
nitrogen and oxygen species in human Schwannoma cells, lead to a reduction in levels
of glutathione and catalase, and decrease overall cellular antioxidant capacity (V.-H.
Fong and Vieira, 2013; V. H. Fong and Vieira, 2013). Thus, perhaps, phytochemicals
with antioxidant capacity may counteract this pro-oxidative activity and protect the
cell by restoring oxidative balance.

In addition, TTR mutants that exhibit increased aggregation, e.g., L55P and
V30M, are known to increase membrane fluidity (Hou et al., 2007), and such changes

may affect cell function and contribute to toxicity. Also, V30M reportedly
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compromises cell membrane integrity and results in increased LDH release (Reixach
et al., 2006).

Interestingly, TTR has both amyloidogenic and anti-amyloidogenic properties
under physiological conditions (Schwarzman et al., 2004) (Schwarzman and Tsiper et
al.,, 2004). TTR itself contributes to its own set of disease; it has also been
demonstrated to sequester other amyloidogenic factors such as beta-amyloid peptide
in the brain. TTR can bind and cleave beta-amyloid (Costa et al., 2008), decrease
amyloid formation and amyloid-induced toxicity in the brain (Schwarzman et al.,

1994). This may have therapeutic implications for Alzheimer's disease.

1.6 Diagnosis of TTR-related amyloidosis
Accurate diagnosis is a pre-requisite for the effective treatment of any disease.

The diagnosis of TTR-related amyloidosis typically relies on target organ biopsies,
followed by histopathological staining of the excised tissue using Congo red dye and
microscopic examination under polarized light. Given a positive result,
immunohistochemical staining or amino acid sequence analysis is then performed to
ensure that the precursor protein is indeed transthyretin. A rapid method of identifying
the type of precursor protein and classify the type of amyloid disease including TTR
amyloidosis from tissue biopsies using tandem mass spectrometric analysis had earlier
been reported (Dogan, 2015; Vrana et al., 2009). For familial forms of the disease,
demonstration of mutation in the gene encoding TTR is needful for diagnosis to be

conclusive.

1.7 Therapeutic strategies for TTR-associated amyloidosis
The cure for TTR-related amyloidosis is still elusive. Current therapeutic

approaches can be grouped based on what step of the disease pathology they target
(see Figure 4).
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Figure 4 TTR amyloid formation and therapies for FAP. Source: Ueda and
Ando, 2014.

1.7.1 Prevent or decrease the production and secretion of amyloidogenic TTR
Liver transplantation (LT) is the standard care for TTR FAP. Exchange of a

FAP patient's diseased liver with a healthy liver from a donor causes the mutant TTR
in circulation to be replaced by wild-type, except for CSF and eyes into which mutant
TTR is secreted by choroid plexus and retinal pigment epithelial cells, respectively
(Ando et al., 2004). It has been reported that V30M FAP patients who underwent LT
had a decrease in the progression of the disease and lived longer (Ericzon et al.,
2009). It is worth noting that LT is not applicable to mutants that develop amyloidosis
in the CNS where TTR is also synthesized (Ueda and Ando, 2014). Furthermore, LT
has a number of disadvantages which include: slowing down rather than completely
treating the disease because TTR mutants can also be synthesized in the choroid
plexus and RPE cells; symptomatology is not improved due to the already existing
amyloid deposits; high difficulty of finding organ donors and the concomitant risk of
surgery; expensive cost; lifelong administration of immunosuppressants, and
sometimes, development of cardiac and ocular disorders.

Because of ocular complications after LT (Ando et al., 2004), retinal laser
photocoagulation (RLP) was investigated for the suppression of TTR-related ocular
disorders. RLP is a technique used to treat retinal diseases which damage the retinal

epithelial cells. It was reported that RLP prevented the progression of amyloid
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deposition in vitreous and on the retinal surface in certain FAP patients, without any
negative side effects (Kawaji et al., 2010).

Gene therapies to suppress TTR expression is a specific approach to the
inhibition of amyloidogenic TTR production by gene silencing. Two of the most
popular tools include the use of small interfering RNAs (siRNA) and antisense
oligonucleotides (ASO). siRNA and ASO therapies inhibit both mutant and wild-type
TTR in several studies (Ackermann et al., 2012). ASO reportedly suppressed TTR
MRNA levels in the liver and choroid plexus of the brain (Benson et al., 2010).
Because wild-type TTR also contribute to the formation of amyloid in FAP,
especially after LT, it is hoped that gene therapy will provide a better alternative to
LT. A phase 11/11l study evaluating the efficacy of ASO and siRNA in FAP patients
was underway in 2014 (Ueda and Ando, 2014).

1.7.2 Stabilization of native TTR tetramers
Tetramer dissociation is the proposed rate-limiting step in the formation of

amyloid fibrils. The therapeutic implication for this is that stabilizing the soluble TTR
tetramer would prevent the progression to amyloidosis (Johnson et al., 2012). Proof of
principle was provided by the observation that various non-steroidal anti-
inflammatory drugs (NSAID) stabilized the tetrameric form of TTR (Baures et al.,
1999). Through a structure-based drug design strategy, Dr. Jeffrey W. Kelly and
colleagues developed a very effective kinetic stabilizer known as Tafamidis. In
clinical trials, patients treated with Tafamidis had less neurological deterioration than
patients who began using the drug later; they also had some preservation of function
as measured by the Neuropathy Impairment Score-Lower Limb The drug is approved
in Europe for the treatment of early stage V30M FAP disease and in Japan for the
treatment of FAP disease of all stages (Coelho et al., 2012).

At the moment, little progress had been made pertaining to the effectiveness of
Tafamidis in non-V30M FAP patients with the exception of WT-TTR cardiac
amyloidosis. In a phase Il study involving twenty one patients with various non-
V30M variants who received 20 mg QD of Tafamidis for a period of 12 months; it
was reported that neurological function degenerated with a median increase of total
NIS by 5.3 within the period of study (Adams et al., 2014). Though Tafamidis is well
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tolerated, side effects such as urinary tract infections (UTI) and diarrhea have been
reported (Coelho et al., 2012).

Diflunisal, a NSAID can stabilize TTR tetramers and is currently undergoing
clinical development. Diflunisal reportedly reduced the rate of progression of
neurological impairment and preserved quality of life (Berk et al., 2013). However,
data on the effects of Tafamidis and diflunisal on long-term outcomes, cardiac
functions and ophthalmic symptoms are scanty. This is even more important
considering that these drugs will be consumed by the patients for a long time.

In addition to the aforementioned kinetic stabilizers, a number of structurally
diverse small molecules have been shown to bind and increase TTR stability, and
therefore inhibit amyloid fibrillogenesis. Examples include various dietary
phytochemicals like epigallocatechin 3-gallate, the most abundant polyphenol in

green tea (Ferreira et al., 2011).

1.7.3 Inhibition of amyloid deposits.
These are potential therapeutic agents targeted against the misfolding and

polymerization of non-native monomers and pre-amyloid state aggregates,
respectively. 4'-iodo-4'-deoxydoxorubicin (IDOX) and tauroursodeoxycholic acid
(TUDCA) are some of the drug molecules that have been investigated (Macedo et al.,
2008). Doxycycline influences many functions of mammalian cells such as
proliferation, migration, apoptosis, and matrix remodelling (Bendeck et al., 2002).
Cardoso and coworker investigated the therapeutic potentials of doxycycline in ATTR
V30M transgenic mice (Cardoso and Saraiva, 2006). TUDCA is a unique natural
compound with potent anti-apoptotic, antioxidant agent, and neuroprotective effects.
TUDCA treatment reportedly caused a significant decrease in the deposition of TTR
toxic aggregates in FAP mice (Macedo et al., 2008).

Serum amyloid P component (SAP) is a major component in amyloid deposits
in all amyloidosis. Recently, Bodin et al. (2010) investigated therapeutic effects of
anti-human SAP antibodies on AA amyloid deposition using a human SAP transgenic
mouse model. The antibodies removed AA amyloid deposits in the mouse model.

This antibody therapy might be applicable to FAP.
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Putting the afore mentioned findings together, at least two inferences can be
drawn: first, most of the therapies are still in their development, and second, it is not
likely that any one therapeutic option can effectively treat the wide TTR-related
amyloidosis. The genetic and clinical heterogeneity of the disease further complicates
the development of a single drug for all TTR amyloidosis; a synergy of various
therapeutic options each focusing perhaps on a different molecular mechanism, and
yet complementing one another seem a more plausible strategy for treating the
disease. As such there is need for further research effort targeted at the development
of effective, non-invasive and safe therapeutic agents that focus on different
molecular mechanisms underlying TTR-associated amyloidosis. These therapies must
equally be available, accessible and affordable to everybody; features which cannot be
attributed to liver transplantation and Tafamidis. With rising acceptance and use of
herbal medicine globally, a lot of interest have been shown in the use of medicinal

plants and their phytochemicals for combating various diseases.

1.7.4 Phytochemicals as potential therapeutic agents for amyloidosis
A good number of organic molecules have been investigated for their anti-

amyloidogenic potential. Curcumin, the major bioactive constituent in turmeric
strongly suppressed amyloid fibril formation in an in vitro study, either by
stabilization of TTR tetramer or by generating innocuous non-fibrillar intermediates.
The same investigators demonstrated that curcumin significantly increases TTR
tetramer resistance, reduced amyloid load by 70 percent and lowered cytotoxicity
associated with TTR aggregation in vivo in a well-characterized FAP mouse model
(Ferreira et al., 2013). Epigallocatechin 3-gallate (EGCG) the most abundant
polyphenol in green tea inhibited TTR aggregation and amyloid fibril formation in
both in vitro and in vivo studies (Ferreira et al., 2012). Hirohata et al. tested various
dietary phytochemicals in assays of beta-amyloid fibril formation, fibril extension,
and fibril inhibition. The greatest inhibitory effect of tested compounds was observed
on the fibril formation step (Hirohata et al., 2007). It was demonstrated in an in vitro
study that several organic compounds (e.g., wine-related polyphenols and NSAIDs)
not only inhibit beta-amyloid fibril formation and extension, but also destabilize beta-
amyloid fibrils dose-dependently (Naiki et al., 2010). Earlier, it was shown that the
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stilbene, resveratrol, inhibited beta-amyloid fibril formation and enhanced fibril
destabilization. Resveratrol decreased beta-amyloid-induced cell death as well as
moderated cell viability from exposure to toxic forms of TTR (Reixach et al., 2006).
Recent studies have confirmed the pro-oxidative effect of TTR aggregates (Fong and
Vieira, 2013). So, in addition to the direct effect on aggregate formation and stability,
another possibility for phytochemical protection against TTR amyloidosis is related to
the antioxidant effects of these compounds. The antioxidant phytochemical may be
beneficial in terms of neutralizing some of the reactive chemical species or otherwise
moderating cellular oxidative stress and re-establishing redox balance. Brahmi
represent two of such plants with phytochemicals capable of producing anti-
amyloidogenic effect by inhibiting fibrillogenesis and countering pro-oxidative
cellular damages

1.8 "Brahmi'* (Centella asiatica and Bacopa monnieri)
The Indian traditional system of medicine known as Ayurveda, one of the

most ancient worldwide describes the application of herbs for the treatment of CNS
disorders and relief(Singh et al., 2008). One of such alleged boosters of brain function
protection is "Brahmi" or Bacopa monnieri. Bacopa monnieri (BM) or water hyssop
is known locally as "phrommi” in Thailand. Early references to Brahmi are also
directed to Centella asiatica (CA) locally known in Thailand as "Boi-bok"
(Chomchalow, 2013; Kulkarni et al., 2012).

Bacopa monnieri is a small medicinal herb with oblong leaves and purple
flowers, commonly found in marshes, and indigenous to Australia and India. The
whole plant is used in folk medicine. In Ayurveda, it is used as a nervine, for the
enhancement of memory, adaptogen and for promoting general vitality (Russo and
Borrelli, 2005). The pharmacological effects of B. monnieri have been largely
attributed to the presence of triterpenoid saponins in the plant with jujubogenin or
pseudojujubogenin moieties as aglycone units (Sivaramakrishna et al., 2005). Based
on the result of several pharmacological studies (Nathan et al., 2001; Stough et al.,
2001), extracts of Bacopa monnieri claimed to contain bacosides A and B are now

widely available in the international nutraceuticals market. Besides, B. monnieri
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possesses other phytochemicals including polyphenols, alkaloids and betulic acid
(Russo and Borrelli, 2005).

Centella asiatica is a small perennial herb that is widely grown in many parts

of Asia for its medicinal value. In traditional Chinese medicine it is used as an
antipyretic, diuretic and antidote in the treatment of stroke, diarrhea, ulceration, and
traumatic disease. As already stated, it is one of the most important rejuvenating herbs
for nerve and brain cells in Ayurveda and is believed to be capable of improving
intelligence, longevity and memory (Cheng et al., 2004). In Thai traditional recipes,
‘boi-bok’ is regularly used as vegetable and herbal tonic sold as a popular refreshing
drink in most local markets (Maquart et al., 1990). The major active principles of C.
asiatica are triterpenoid saponins which include asiaticoside and madecassoside.
Other phytochemicals in C. asiatica include brahmoside, Brahminoside, cetelloside
and its derivatives. In addition, the plant extract contains sterols, flavonoids and other
components, largely polyphenols (Algahtani et al., 2015).
Plant bioactives have shown anti-amyloidogenic activities in several studies.
Polyphenols have been reported as being rich antioxidants, a property which can
modulate the pro-oxidative effects of TTR aggregates in the body. Likewise,
asiaticoside derivatives were shown to reduce hydrogen peroxide-induced cell death,
decreased free-radical concentrations and inhibit beta-amyloid-induced cell death in
vitro. C. asiatica reversed beta-amyloid pathology in the brains of PSAAP mice and
(Dhanasekaran et al., 2009; Gray et al., 2015). Similarly, B. monnieri extracts
protected neurons from amyloid beta induced cell death by inhibiting cellular
acetylcholine esterase activity (Limpeanchob et al., 2008).

Given the similarity in molecular pathogenesis of beta-amyloid and TTR, it is
plausible that Brahmi phytochemicals can also modulate TTR-related
amyloidogenesis. The high safety profile of both plants, widespread availability and
accessibility in local Asian communities and several parts of the world further add to

the appeal of these botanical as prospective candidates for investigation.

1.9 Aim of this thesis
Although there are still several points of contention pertaining to the molecular

mechanisms driving ATTR amyloidosis, it is widely accepted however, that
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dissociation of the native tetramer is the initial and critical step in the amyloid
cascade. As such, preventing tetramer dissociation had been promoted as a pragmatic
strategy to mitigate TTR amyloidogenesis. The success of this strategy was
demonstrated in the development and approval of the drug Tafamidis, for the
treatment of early-stage FAP. Tafamidis is a small molecule that binds at the T4-
binding sites and stabilize the native tetramer from dissociation. It slows but do not
prevent the progression of the disease, and the long-term side effects are yet to be
established. It is therefore pertinent to sustain the research efforts that could lead to
the development of novel therapies.

The general aim of this work was to search for novel therapeutic agents targeting
ATTR amyloidosis. The specific aims were to 1) determine the potential of C.
asiatica and B. monnieri to modulate transthyretin amyloidogenesis and, 2) elucidate

the plausible mechanism of inhibition.



2.1 Material

2.1.1 Instruments
Instrument
HPLC system
LC-MS

Microcentrifuge

micropipette

Microplate reader
Oven

Orbital shaking
incubator

Orbital shaker
Orbital shaker

pH meter

Rotary evaporator
Rotational vacuum
concentrator
Preparative gel

electrophoresis

Spectrophotometer
Spectrophotometer
Stirrer
Vortex-mixer
Water bath
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CHAPTER 2

Research Methodology

Model

1100 Series
micrOTOF-
QII™ESI-Qq-TOF
260D

Synergy™ HT
240 Litre

SH 30

MS-OR

713

Liftbasis

RVC 2-25 CDPlus
Mini  protean
system

Mini protean system
8453

G20

VX 100
WB-710M

3

Manufacturer
Hewlwtt-Packard

Bruker Daltonics

DENVILLE Gilson
Labmate Labnet
Nichipet EX

BioTek

Binder

GallenKamp
SANYO

FINEPCR

Major Science
Metrohm

Heidolph

CHRIST

Bio-Rad

Bio-Rad
Hewlett-Packard
Thermo

Corning

Labnet

Optima



2.1.2 Chemicals

Analytical grade reagents
Reagent

Absolute ethanol

Methanol

Acetic acid

Acrylamide

B-mercaptoethanol
Bis-acrylamide

Bovine serum albumin
Bromophenol blue

Coomassie brilliant blue G-250
Coomassie brilliant blue R-250
D-glucose

Dimethyl sulfoxide (DMSO)
Di-potassium hydrogen phosphate
Dithiothretol (DTT)
Ethylenediaminetetraacetic acid
(EDTA)

Folin & Ciocalteu’s Phenol Reagent
Formaldehyde

Glutaraldehyde

Glycerol

Glycine

HEPES, Free Acid

Hydrochloric acid
N,N,N’,N’-tetramethylenediamine
(TEMED)

Low molecular weight (protein marker)
High molecular weight (protein

marker)
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Manufacturer
Normapur
Lab Scan
Lab Scan
Fluka
Gibco
Fluka
Sigma
Bio-Rad
Bio-Rad
Bio-Rad
Univar
ACS
J.T.Baker
Fisher

Carlo

LABAChemie

Sigma

Sigma

Fisher Chemical
Fisher

Omni Pur Calbiochem
J.T.Baker

Bio-Rad

GE Healthcare
GE Healthcare
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Peptone Criterion
Potassium dichromate Sigma

Potassium dihydrogen phosphate Fisher

Silver nitrate Merck

Sodium carbonate Merck

Sodium chloride Lab Scan

Sodium dodecyl sulfate (SDS) J.T.Baker

Tris (Hydroxymethyl)-methylamine Bioland Scientific
Yeast extract Criterion

2.2 Methods

2.2.1 Protein purification

2.2.1.1. Purification of human transthyretin from plasma
Human transthyretin was purified from plasma in a series of steps. The crude

human plasma was first thawed on ice and filtered through a Whatman No.1 paper. To
reduce the albumin content prior to purification, the filtered human plasma was
loaded on a Cibacron blue 3GA affinity column pre-equilibrated in 50 mM phosphate
buffer pH 7.4. The unbound fraction was eluted from the gel using 50 mM PB, pH 7.4
at 1 mL/6 min while the bound fraction was later eluted using phosphate buffered
saline. Both fractions were analyzed on native-PAGE to confirm the reduction of
albumin in the unbound fraction. This pretreated human plasma was then concentrated
using a stirred ultrafiltration unit with a 30 kDa MWCO membrane filter. The
concentrated plasma was subsequently purified on preparative discontinuous native
PAGE having a stacking gel layer with 4 % acrylamide and a resolving gel layer of 12
% acrylamide. Purification was initiated by running the plasma through the stacking
layer at 20 W followed by separation on the resolving gel at 17 W. The resolved
protein fractions were collected at a flow rate of 1 mL/min after dye elution using 50
mM Tris-HCI buffer, pH 7.5. All fractions were analyzed on 10 % native-PAGE to
followed by silver staining for visualization of protein bands. Fractions containing

only TTR were pooled and concentrated by ultrafiltration. Purity was determined by
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SDS-PAGE followed by Coomassie brilliant blue-R250 staining. The concentration of
the purified hTTR was determined by Bradford assay as modified.

2.2.1.2 Purification of recombinant L55P TTR from P. pastoris culture
supernatant

Preparation of L55P TTR was accomplished via the P. pastoris expression
system following the manufacturer’s instruction (Invitrogen). Briefly, a colony of P.
pastoris clone grown on YPD agar plate was transferred (inoculated) into BMGY
medium (10 mL) and grown in a shaker incubator at 30 °C, 200 rpm to an OD600 of 2
to 4 within 16 to 18 hours. The P. pastoris culture was then transferred to 200 mL of
BMGY in 1-liter Erlenmeyer flask and further grown for 8 to 10 hours to reach an
ODG600 of 2 to 6. The Pichia culture was centrifuged at 300 rpm for 10 min at 4 °C
and the pellets resuspended in BMMY medium. The Pichia culture was allowed to
grow in the medium and expression of L55P TTR was instigated by the presence of
daily added 0.5 % methanol in the medium. After 2 days of incubation, the L55P
containing Pichia culture supernatant was collected by centrifuging at 10000 rpm for
30 min at 4 °C. The supernatant was concentrated by stirred ultrafiltration unit
equipped with 30 kDa MWCO membrane filter. Purification of L55P TTR from the

concentrated supernatant was accomplished as described above for hnTTR.

2.2.2 Preparation of plant extracts

2.2.2.1 Preparation of Centella asiatica extract
Fresh aerial parts of C. asiatica was washed with reverse osmosis water and

rinsed with distilled water. The fresh plant was air dried for 12 hours and oven dried
for another 12 hours at 50 °C. Dried C. asiatica was ground into fine powder using an
industrial blender and extracted with acetone/methanol/water (2:2:1; v/v/v) at a plant
to solvent ration of 1:4.5 (w/v) for 2 hours using an overhead stirrer. The extract was
then filtered through a Buchner funnel layered with Whatman No. 1 filter paper. The
filtrate collected was fractionated with n-hexane to remove fats and further
fractionated with dichloromethane to remove chlorophyll and other pigments. The
residual aqueous layer was concentrated to one-third of the initial extract volume and

further exposed to speed-vac under vacuum in order to ensure all organic solvents are
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evaporated. The extract was then lyophilized into a light brown powder which is

hereafter referred to as C. asiatica bioactives (CAB).

2.2.2.2 Preparation of Bacopa monnieri extract
Bacopa monnieri extract used in this work was a generous gift from Assoc.

Prof. Dr. Kornkanok Ingkaninan. The extract was prepared from B. monnieri shoot
that had been oven-dried in a hot air oven for 24 hours at 50 °C. The dried plant
material was blended into powder and extracted with 95 % ethanol at a plant to
solvent ratio of 1:6 (w/v). Extraction was carried out by sonication for 10 minutes.
The mixture was then filtered and the marc re-extracted. The combined filtrate was
subsequently dried under vacuum using rotary evaporator at 40 °C.

2.2.3 SDS-PAGE analysis
SDS-PAGE of proteins was performed according to Laemmli. Briefly, the

protein was mixed with loading buffer (containing 2 % SDS and 2.5 % B-
mercaptoethanol, final concentrations) and boiled at 100 °C for 30 minutes.
Thereafter, the protein solution was resolved on polyacrylamide gel containing 0.1 %
SDS (4% acrylamide in the stacking layer and 12 % acrylamide in the resolving layer)
and resolved under 100 V for 85 minutes. Separated bands on the gel were visualized

by staining with Coomassie brilliant blue-R250.

2.2.4 Tricine-SDS-PAGE analysis
Tricine-SDS-PAGE of TTR samples were carried out as previously reported.

The protein solution was initially mixed with loading dye containing 0.2 % SDS
before resolving on a 10 or 14 % Tricine-SDS-PAGE gel using running buffer
(concentration of SDS: 0.025%). These SDS concentrations had been reported to be
sufficient for clear resolution of TTR into its different quaternary structures without
favoring its dissociation under electrophoresis condition. The separated protein bands

were identified with Coomassie brilliant blue R-250 staining.

2.2.5 Glutaraldehyde chemical cross-linking assay
The quaternary structural conformations of TTR was determined by

glutaraldehyde cross-linking assay as previously reported. To protein solution
containing 1 pg of protein in 9 pL of buffer was added 1 pL of 25 % glutaraldehyde
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solution (final concentration 2.5 %) and incubated for 4 min at ambient temperature.
Cross-linking was quenched by addition of 1 puL of 7 % NaBH4 in 0.1 M sodium
hydroxide. The protein solution was immediately solubilized with SDS loading buffer
containing 2 % SDS and 2.5 % p-mercaptoethanol and boiled for 10 min. Cross-
linked protein solution was resolved on 10 % Tricine-SDS-PAGE followed by

Coomassie blue R-250 staining for protein band visualization.

2.2.6 Urea-mediated denaturation assay
TTR at a final concentration of 0.1 pg/uL was exposed to 6 or 7 M urea in

phosphate buffer, pH 7.4 for a period of 72 hour at 4 °C in the dark. Thereafter,
Tricine-SDS sample loading buffer was added to aliquot of the TTR solution and
resolved on 10 % Tricine-SDS-PAGE. Bands of folded TTR (i.e. tetramers, trimers
and dimers) will migrate a single band, distinct from the monomers. Separated protein
bands were visualized by staining with Coomassie blue R-250. The bands of folded
TTR was quantified via densitometry using gel documentation and taken for an

indication of the relative stability of the protein under denaturation stress.

2.2.7 Acid-mediated denaturation assay
In vitro, mild acidic conditions promote tetramer dissociation — required for

transthyretin amyloidogenesis. Thus, to determine the stability of TTR under
aggregation prone conditions, the pH of the protein solution was reduced to 4 by
addition 200 mM acetate buffer, pH 4. The protein solution was then incubated under
aseptic conditions at 37 °C for 7 or 14 days. Aliquot of the protein solution was mixed
with SDS loading buffer without B-mercaptoethanol and resolved on 12 % SDS-
PAGE. Under these conditions, tetrameric transthyretin migrates as an apparent dimer
distinct from the monomer. Separated protein bands were detected by Coomassie blue
R-250 staining and the tetrameric bands were quantified by using densitometry gel

documentation and taken for an inference for protein stability.

2.2.8 Protein fibril disruption assay
TTR fibril dissociation assay was performed using pre-formed fibrils. Fibrils

were performed under acid mediated denaturation conditions as described above. The

pre-formed fibrils were subsequently co-incubated with the extracts for 24 hours at 37
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°C. The extent of fibril disruption was ascertained by transmission electron

microscopy (TEM).

2.2.9 Transmission electron microscopy
To determine the morphology of TTR under aggregation prone-conditions,

protein samples were subjected to acid-mediated aggregation conditions and fibril
disruption conditions as described above. Aliquot of TTR solution (1 pL) was added
to 99 pL of Milli-Q water. A drop of this diluted protein solution (obtained as 10 pL)
was added to Formvar coated TEM copper grid for 3 min. Excess fluid was carefully
blotted away with a wedge of Whatman No. 1 filter paper. The grid was briefly rinsed
with a drop of Milli-Q water and stained with 2 % uranyl acetate solution in 70 %
methanol for 2 min. Excess stain was blotted and the grid and dried at ambient
temperature for 24 h. Micrographs were obtained using JEOL-JEM 2010 electron
microscope (JEOL Ltd. Tokyo, Japan) operating at 120 keV.

2.2.10 NBT-redox cycling assay
NBT redox cycling assay was used to determine initial binding interactions of

the TTR and the extracts by observing the formation of a colored product as earlier
described. TTR was co-incubated with the extract at 37 °C for 4 hours. Aliquot was
resolved on SDS-PAGE after boiling with SDS sample loading buffer for 10 minutes.
The gel was removed and proteins electroblotted on nitrocellulose membrane. The
membrane was then briefly rinsed with distilled water and stained with Ponceau S dye
for 1 hour. Ponceau S dye was destained from the membrane by washing with TBS-T
buffer and distilled water. The clear membrane was the re-stained with NBT dye in

glycinate buffer.

2.2.11 ANS binding displacement assay
ANS is a small fluorescent dye widely used for probing native TTR binding

interactions with small-molecule ligands. ANS in aqueous solution produces a weak
fluorescence. However, upon binding at the thyroxine binding sites of TTR which are
hydrophobic, the change in polarity of the microenvironment causes ANS to produces
a strong fluorescence intensity accompanied by a blue shift in maximum emission

wavelength from about 500 nm to 480 nm. To determine the possible binding
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interaction between extracts and TTR, native TTR solution was co-incubated with
ANS and subsequently, extracts with increasing concentrations. Solutions without
TTR was used as to control for blank. Fluorescence intensities were recorded at
excitation wavelength of 360/40 nm and emission wavelength of 460/40 nm on

Synergy HT microplate reader.

2.2.12 Chemical characterization of extracts

2.2.12.1 Total phenolic content
Total phenolic content was determined by the widely reported Folin-Ciocalteu

assay with minor modifications. Extract (10 pg/pL) and gallic acid (1 pg/pL) were
solubilized in methanol. Gallic acid (0 to 80 pg) was used as standard. Aliquot of the
extract, standard or blank (100 pL) was added to test tube followed by 10 % Folin-
Ciocalteu reagent (200 uL). The solution was vortexed and incubated for 5 min before
adding 700 mM sodium carbonate solution (800 pL). The mixture was incubated for 2
hours in the dark and absorbance was read at 765 nm using Synergy HT microplate
reader (Bio-Tek Instruments, Winooski, USA). The total phenolic content of extract

was obtained from gallic acid standard.

2.2.12.2 Total flavonoid content
The content of flavonoid in extracts was determined by aluminum chloride

colorimetric assay. Extract was solubilized in 50 % methanol while quercetin
(standard) was prepared in 100 % methanol. Extract, standard or blank (30 pL) was
added to a test tube followed by methanol (160 pL) and 10 % methanolic aluminum
chloride solution (30 pL). The solution was vortexed, and 1 M sodium acetate was
added followed by distilled water to make up the final volume to 1100 pL. The
solution was incubated for 30 minutes in the dark, absorbance was read at a
wavelength of 415 nm. The amount of flavonoid present in the extract was obtained
from a quercetin standard curve and expressed in mg quercetin equivalent per gram of

extract in dry weight.

2.2.12.3 Ferric reducing antioxidant power (FRAP) assay
The antioxidant ability of extracts was determined using FRAP assay as

described by Benzie and Strain. FRAP solution was freshly prepared containing 300
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mM acetate buffer pH 3.6, 10 mM 2,4,6-Tri (2-pyridyl)-s-triazine (aka TPTZ), 20
mM FeCl3.6H20 solution (10:1:1, v/v/v) and preincubated in the dark for 30 min at
37 °C. The extracts were prepared in 50 % methanol. Trolox or FeSO4 was used as
standard. The assay was performed by adding extract, standard or blank (10 pL) into
96-well microplate followed by FRAP solution (200 pL). The plate was incubated at
37 °C in the dark for 30 min. Absorbance of the solution was obtained at 593 nm. The
antioxidant activity was represented as FRAP value expressed as pmol Trolox
equivalent or mM Ferrous equivalent per gram of extract in dry weight.

2.2.12.4 DPPH radical scavenging assay
The capacity of extracts to scavenge free radical species was determined by

DPPH'" assay. Extract was solubilized in 50 % methanol and Trolox (standard) was
diluted with distilled water. The extract, standard or blank (10 pL) was added to 96-
well microplate followed by methanol (140 pL). DPPH radical dissolved in methanol
(0.1 mM, 150 pL) was added to the sample in microplate. For blanks, 150 pL of
methanol replaced DPPH" solution. The sample was incubated for 30 min in the dark
at room temperature before reading absorbance at 515 nm. The DPPH radical
scavenging activity of extract or Trolox was expressed as ICso, that is, the extract
concentration that scavenged 50 % of the DPPH radical.

2.2.12.5 LC-qTOF-ESI-MS analysis
Sample for the LC-MS analysis was prepared by solubilizing extract in methanol

(40mg/mL), centrifuged at 5000 rpm for 10 min and filtered through a 0.22 um nylon
filter. The clear, filtered extract was used for analysis. LC-MS analysis was performed
using Agilent Technologies Poroshell 120 EC-C18 column (4.6 x 150 mm, 2.7 um)
with water (eluent A) and acetonitrile (eluent B) both containing 0.1 % formic acid as
solvents. The separation gradient was maintained as follows: 0 to 5 min, 0 % B; 5 to
50 min, increased linearly to 80 % B; 50 to 53 min, maintained at 80 % B; 53 to 55
min, decreased to 0 % B; 55 to 60 min, re-equilibrated in 0 % B at a constant flow
rate of 0.3 mL/min. The separated analyte was detected on micrOTOF-QII™ESI-Qg-
TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) in a negative
ionization mode over a mass range of 50 to 1500 Da. Acquisition parameters for the

mass spectra included a capillary voltage of 3500 V, nebulizer pressure of 2.0 Bar and
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drying gas of 8.0 L/min. To ensure accuracy of the system calibration was performed
using 10 mM sodium formate solution. Data analysis was performed using Bruker
Compass DataAnalysis 4.0 software (Bruker Daltonics, Bremen, Germany). The
plausible compound identities were obtained using a combination of accurate mass,
retention time, reported bibliography on C. asiatica as well as online databases such as
ChemSpider and METLIN.

2.2.13 Statistical analysis

Data of the hTTR stability assays are presented as the mean + standard error of the
mean (for the effects Centella asiatica) or the mean + standard deviation (for the
effects of Bacopa monnieri) after having been statistically analysed via one-way
ANOVA followed byTukey-Kramer test. Differences were statistically significant at
P<0.05.
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CHAPTER 3

Inhibition of human transthyretin amyloidogenesis by Centella asiatica (L.)
Urban extract

An adaptation from a published journal article (Eze et al. Biomolecules.
2019 Apr; 9(4): 128)

3.1 Introduction
Formation of transthyretin aggregates of various sizes and morphologies had

been associated with the development of transthyretin amyloidosis. TTR
amyloidogenesis is known to be mediated by a downhill polymerization mechanism.
Here, the amyloidogenic species or oligomers formed are more energetically stable
than their precursors which are formed by tetramer dissociation. Also, given that the
process is dependent on the concentration of amyloid competent monomers,
preventing the formation of the monomers by increasing the tetramer stability have
been promoted as a reliable strategy for mitigating amyloidogenesis, for review see
(Johnson et al., 2012). In this section, we describe the TTR amyloidogenesis
inhibitory activities of C. asiatica, a small medicinal herb widely popular in Thailand,
Asia and many other parts of the tropics and subtropical regions of the world (for

detailed review, see Chapter 1).

3.2 CAB promotes the stability of native human transthyretin
TTR was successfully purified from human plasma using preparative

discontinuous native-PAGE and concentrated on a stirred ultrafiltration unit. The
purity of the TTR was confirmed using SDS-PAGE (Figure 5) and concentration by a
Bradford assay with slight modifications (Ernst and Zor, 2010).
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Figure 5 Purification of human TTR from plasma. (A) Silver-stained native PAGE
gels of collected fractions from preparative discontinuous PAGE. (B) SDS-PAGE
analysis of purified human TTR under reduced conditions.
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To determine the influence of CAB on hTTR structural stability, the purified
protein was preincubated with or without CAB and thereafter subjected to urea-
mediated denaturation assay. The urea-mediated denaturation is a reliable method for
estimating the relative stability of native TTR in vitro. Although a slightly weaker
denaturant than guanidine hydrochloride, urea is often the preferred reagent for TTR
stability assay. This is because while guanidine hydrochloride can cause the
denaturation of TTR regardless of its quaternary structure, urea only denatures TTR in
its monomeric form. The implication is that urea-mediated denaturation requires the
dissociation of TTR. By linking the quaternary structural changes to the tertiary
structural changes, the rate-limiting tetramer dissociation can be determined. This was
accomplished by incubating TTR with or without CAB in 6 M urea at 4 °C. The low
temperature enhances tetramer dissociation while the high urea concentration (>5 M,
beyond post-transitional region for tertiary structural changes) ensures that the
unfolding of the monomer remain irreversible. Under these conditions, WT TTR has
an extremely slow tetramer dissociates rate (tu2 = 9.6 h) (Hammarstrom et al., 2002)
followed by a rapid monomer denaturation (ty2 = 69 ms) (Jiang et al., 2001), giving a
five-magnitude fold increase. Thus, measuring the fraction of undissociated or non-
monomeric TTR (folded TTR) left in solution after 72 of denaturation stress using
Tricine-SDS-PAGE, an estimate of the relative stability of the native protein. could
be obtained. (Hammarstrém et al., 2002; Kelly et al., 1997). As shown in Figure 6, the
intensity of the folded hTTR band was more in the presence of CAB than in its
absence (GMSO). GMSO solution was a mixture of DMSO and GF buffer (1:1, v/v),
while GF buffer was 10 mM sodium phosphate buffer with 100 mM KCI and 1 mM
EDTA, pH 7.4). The percentage of folded hTTR left at the end of urea denaturation
stress in the presence of CAB was 89.65 + 4.6 compare to 58.87 + 4.37 in its absence
(Figure 6, B).
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Figure 6 Resistance to urea-mediated dissociation of native hTTR in the presence and
absence of C. asiatica bioactives (CAB). (A) Tricine-SDS-PAGE gel image (14%) of
resolved hTTR after denaturation and (B) Bar chart represents means of hTTR with or
without CAB (protein: CAB ratio of 1:100), and standard errors.
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To determine the effect of CAB on hTTR quaternary structural changes, the
protein solution was cross-linked with glutaraldehyde prior to Tricine-SDS-PAGE
analysis. Upon resolution of protein solution on gels, it was revealed that the intensity
of hTTR tetrameric band increases in a dose-dependent manner in the presence of
CAB. Correspondingly, monomeric band intensity decreases in similar manner. From
these results it can be inferred that CAB enhanced the quaternary structural stability
of hTTR (Figure 7).
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Figure 7. Tricine-SDS-PAGE (10%) gel representation of quaternary structural
analysis of hTTR without or with increasing concentrations of CAB by
glutaraldehyde cross-linking. M: Protein molecular weight marker; 1: 0 M urea +
GMSO only; 2: 7 M urea + GMSO only; 3: 7 M urea + CAB (3.33 pg/uL); 4: 7 M
urea + CAB (6.66 pg/uL); 5: 7 M urea + CAB (13.33 pug/uL).
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Further evidence of the role of CAB in hTTR amyloidogenesis was obtained
using acid-mediated denaturation assay. TTR dissociates and self-assemble into
cytotoxic aggregates when subjected to conditions of mild acidity (pH 4 to 5) in vitro.
The impact of CAB on hTTR stability under these aggregation-promoting conditions
was ascertained via acid-mediated denaturation assay (Figure 8). Glutaraldehyde
cross-linking followed by Tricine-SDS-PAGE of hTTR with or without CAB
subjected to acid denaturation stress revealed far more intense bands for hTTR
tetramers and trimers in the presence of CAB than in its absence. Quantification of
band intensities by gel documentation show that the percentage of hTTR tetramers
was higher in the presence of CAB (68.32 £ 0.81) than in its absence (30.24 £ 0.78).
The decrease in hTTR dissociation in the presence of CAB is thus suggestive of its
tetramer stabilizing activities and further supported the results earlier obtained using

urea-mediated denaturation.
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Figure 8. The resistance of human transthyretin in the absence or presence of CAB
against acid-mediated denaturation. hTTR (0.5 pg/pL) was incubated with or without
CAB (50 pg/uL) and subjected to acidic denaturation conditions for 2 weeks. (A) The
image represents the resolved protein mixtures on 10% Tricine SDS-PAGE gels after
cross-linking with glutaraldehyde. M: Protein molecular weight marker; 1: huTTR
with GMSO only, pH 4.0; 2: huTTR with CAB, pH 4.0; 3: huTTR with GMSO only,
pH 7.0. (B) The percentage of tetramers (%) left after denaturation
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3.3 CAB attenuated TTR fibril formation
The effect of CAB on TTR fibril formation was determined using acid mediated

fibril formation monitored by transmission electron microscopy. The TEM images
obtained revealed the different morphological changes in TTR under aggregation-
promoting conditions. From the electron micrograph Figure 9, it was revealed that in
the absence of CAB, TTR formed mature fibrils and heterogenous amorphous
aggregates. However, when CAB was co-incubated with TTR, there was no mature
fibril formed, nevertheless, oligomers of various sizes could be observed. Thus, it can
be deduced that CAB mitigated the formation of hTTR fibrils but does not prevent the
aggregation process.

3.4 CAB binds to the TBS of human transthyretin
Bioactive compounds possessing a catechol moiety for example flavonoids

and several other polyphenols are capable of forming quinone adducts with proteins.
If the protein-ligand complex formed are SDS-resistant, it can be detected by NBT
staining. In brief, the preincubated protein solution containing the bioactive
compounds are separated on SDS-PAGE and then electroblotted on nitrocellulose
membrane. The membrane is then stained with an alkaline buffer containing glycine
and NBT dye. Under these conditions, the bioactive compound autoxidizes into a
quinone and subsequently reacts with glycine with the concomitant release of
superoxide anion. The superoxide anion then reduces NBT into formazan which
produces a purple spot on the membrane.

In the presence of CAB (Figure 10B, Lane 2), a purple formazan band was situated at
~38 kDa suggestive of the presence of a tightly bound SDS-stable ligand with the
hTTR tetramer. Correspondingly, no such band was observed in the absence of CAB
(Figure 10B, Lanel). Thus, CAB reacted with TTR in a manner indicative of a

covalent interaction.
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Figure 9. Electron micrograph of hTTR with or without CAB after acid mediated
aggregation. A. Human TTR in GF buffer, pH 7.4 with buffer only (GMSO)
incubated at —20 °C. B. Human TTR with CAB, final pH 4.0 and incubated at 37 °C
for 7 days. C. Human TTR with GMSO, pH 4.0 and incubated at 37 °C for 7 days. D.

Same image as C, but with higher magnification
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To further explore the nature of CAB binding with TTR, ANS binding
displacement assay was performed. The propensity of ANS to bind to the thyroxine-
binding sites of TTR accompanied by a blue shift and increase in fluorescence
intensity have been exploited as a reliable probe for determining ligand interaction
with tetrameric TTR. As shown in Figure 11, in the absence of TTR, ANS produces a
weak fluorescence signal. When TTR was present, there was a dramatic increase in
the fluorescent intensity, which could be due to ANS binding to the hydrophobic T4-
binding sites of TTR. When CAB was included into the mixture, there was a dose-
dependent decrease in the fluorescence intensities of the ternary complex which could
be attributed to the displacement of ANS from the T4-binding sites by the bioactive
compound(s). From these results it can be surmised that CAB bound to the T4-
binding sites of hTTR and the interaction of CAB with the protein was partly

covalent.
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Figure 10. NBT-redox cycling staining to determine CAB binding to TTR (A).
Ponceau S staining of hTTR treated or non-treated (vehicle) with bioactives after
electroblotting of SDS-PAGE onto the nitrocellulose membrane (Protein: Drug ratio
of 1:10). (B). Nitroblue tetrazolium (NBT)/glycinate staining of the membrane above
after de-staining of Ponceau S dye. GA (gallic acid)
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Figure 11. Displacement of bound 8-anilino-1-naphthalene sulfonic acid (ANS) from
human TTR by increasing concentrations of CAB. The bar chart columns and error
bars are the means standard deviations of triplicates, respectively.

3.5 Chemical characteristics of CAB

An elucidation of the chemical constituents and properties of CAB was
determined in order to understand it’s biological effects on TTR. The antioxidant
activity of CAB was determined by FRAP assay, widely used for determining the
capacity of products of natural origin such as plant extracts, fruits, vegetables or
supplements to act as reductants by single electron transfers. The higher the FRAP
value, the more potent the compound or extract. CAB gave a FRAP value of 284.17
pmol Trolox equivalent per gram of CAB, which is considerably high in comparison
to previous reports. Furthermore, the ability of CAB to scavenge free radicals was
determined by the DPPH assay. Herein the extent to which the extract can scavenge
reactive free radical species deduced from its ability to quench the stable DPPH" by
donating hydrogen ions to it. From the DPPH assay, CAB demonstrated an ICso value
of 28.53 which can be considered to be moderate when compared to that of common
antioxidant standards like Trolox and ascorbic acid. It is widely accepted that several
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biological activities including the antioxidant properties of most plant-derived
products are attributable to their phenolic content. The total phenolic and flavonoid
content of CAB were determined by Folin-Ciocalteu and aluminum chloride
colorimetric assays, respectively. As shown in Table 3 below CAB had a high
phenolic and flavonoid content, which could be contributing to its protective ability
against TTR amyloidogenesis.

Table 2. Chemical characteristics of CAB

Characteristics

CAB

Phenolic content (mg gallic acid/g dry weight)
Flavonoid content (mg quercetin/g dry weight)

FRAP (umol Trolox)
DPPH [ICso] pg/mL

43.86 £ 0.34

13.89 £ 0.23

284.17 +14.21
28.81 £ 0.54

Table 3. HPLC-ESI-QTOF-MS Profile in the negative ion mode of Centella asiatic

bioactives (CAB)

Peak  Retention Observed Predicted Calculated Tentative identity of
. accurate mass

No. time (m/z) formula mass (Da) compound

4 2.0 503.1527 [M-H]~ C21H2s014 504.1479 Caffeic acid dihexoside

12 15.1 353.0877 [M-H] - C16Hi1sO9 354.0951 3-O-Caffeoylquinic acid

14 17.0 353.088 [M-H] - Ci16H1809 354.0951 5-O-Caffeoylquinic acid

93.279 M-H20- Nominili id 17-

21 213 6932790 IMEED- b0 7122042 omimiie - ad

H]- glucoside
Quercetin 3-0O-

22 21.6 477.0685 [M-H] - C21H1s013 478.0747 .
glucoronide
3,4-O-Dicaffeoylquini

23 24 5151195 [M-H]-  C»sHxOwn  516.1268 o reatieoylquimic
aci
3,5-O-Dicaffeoylquini

24 229 5151209 [M-H]-  CsHuOn  516.1268 - reatieoyquinie
aci
3,5-O-Dicaffeoyl-4-

25 23.3 601.1226 [M-H] - CasH26015 602.1272 . .
malonylquinic acid
4,5-O-Dicaffeoylquini

26 23.6 5151203 [M-H]-  CsHuOn  516.1268 L reatieoylquimic
aci
3,5-O-Dicaffeoyl-4-

27 24.0 601.1209 [M-H] - CasH26015 602.1272 malonylquinic acid
isomer

~ Eriodictyol 7-(6-

28 244 601.1228 [M-H] C2sH26015 602.1272 .

galloylglucoside)
1019.5149 L
29 24.7 CaoH79022 1019.5063 Asiaticoside B

[M+Formate] -
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1019.5149
30 24.8 Ca9H79022 1019.5063 Madecassoside
[M+Formate] -
3-Caffeoyl-4-
31 25.1 529.1351 [M-H] - C26H26012 530.1424 .
feruloylquinic acid
32 25.2 873.4522 CsHeoO 874.4562 Centell in B
. . entellasaponin
[M+Formate-H] - 43H69018 asapo
1003.5166
33 25.7 Ca9H79021 1004.5192 Centellasaponin A
[M+Formate-H] -
34 26.1 957.5088 [M-H] - CasH7s0n9 958.5137 Asiaticoside
36 27.8 1061.5180 [M-H]~  Cs1Hs2023 1062.5247 Avenacoside A
39 29.8 987.5213 [M-H] - Ca9H79020 988.5243 Soyasaponin I
571.0881 [M-H:0-
40 30.2 [ ? Cs0H20012 572.0955 Manniflavanone

H]-

Details of the individual bioactive metabolites present in CAB was obtained by
qualitative LC-MS screening of the extract (Table 4). It was revealed that CAB had
many chlorogenic acids (caffeoylquinic acids) such as 3-O-caffeoylquinic acid, 5-O-
caffeoylquinic acid, 3,5-O-Dicaffeoylquinic acid, 3,5-O-dicaffeoyl-4-malonylquinic
acid (Irbic acid) as well as triterpenoids such as asiaticoside, madecassoside,
centellasaponin B. This was consistent with previous reports that the major bioactive
components of C. asiatica aerial parts are the phenolics such as chlorogenic acids and
the pentacyclic triterpenoids (Algahtani et al., 2015; Maulidiani et al., 2014).

Summary

Here, we have demonstrated using a number of cell-free assays that C. asiatica
extract is capable of modulating TTR amyloidogenesis. CAB prevented hTTR fibril
formation and attenuated the quaternary structural alterations required for
amyloidogenesis by binding at the thyroxine binding site of the native tetramer and
putatively raised the kinetic barrier for dissociation. CAB is replete with antioxidant
bioactives which might be responsible for its anti-TTR amyloidogenic activities.
Thus, it is expected that with further investigations the potential therapeutic
application of this bioactive resource could be harnessed for ameliorating ATTR
amyloidosis
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CHAPTER 4

Transthyretin amyloidogenesis inhibitory and fibril disrupting activities of
Bacopa monnieri (L.) Wettst extract

An adaptation from a published journal article (Eze et al., Biomolecules.
2019 Dec 9;9(12)

4.1 Introduction

There is an abundance of circumstantial evidence linking the formation of human
transthyretin aggregates and/or amyloid fibrils with the ensuing tissue damages that
underlies the clinical manifestations of TTR amyloidosis. Although there is a paucity
of direct evidence on how amyloid fibrils alter the physiological microenvironment
leading to cytotoxicity, it is widely accepted that dissociation of native tetrameric
TTR into amyloid-competent monomers is the most critical and rate-determining step
in TTR amyloidogenesis; as such, preventing tetramer dissociation indeed poses a
conservative and viable therapeutic strategy. This strategy referred to as Kinetic
stabilization of native state transthyretin, undergirds the development of the
regulatory-approved drug Tafamidis for the treatment of some forms of TTR
amyloidosis. Likewise, several NSAIDs have also shown to be effective at stabilizing
TTR structure. However, Tafamidis is still limited in its effectiveness against late-
stage TTR amyloidosis and there are still concerns surrounding it long-term side
complications in patients. NSAIDs, on the other hand is rift with side effects such as
GIT disturbance which further exacerbates the malnutrition challenges faced by FAP
patients. At the moment, emerging therapeutic options such as Patisiran and Inotersen
are showing some promise in providing health benefits to TTR amyloidosis patients
(Gertz et al., 2019), but the long-term side effects are yet to be established. Thus,
there is a need for sustained research effort towards the identification of safe and yet
effective remedies for TTR amyloidosis (see Chapter 1 for detailed review).

In this section, we describe investigations pertaining to the impact of Bacopa
monnieri extract (BME) on TTR amyloidogenesis and fibril dissociation. Curcumin
(Cur), the major phenolic compound in Turmeric (Curcuma longa), was used as a
positive control in the tetramer stability assays. Human TTR was purified from
plasma as previously described, while recombinant L55P TTR was successfully
expressed using the Pichia pastoris expression system (Figure 12) and purified by
preparative discontinuous native PAGE (Figure 13). The impact of BME on hTTR
and L55P TTR amyloidogenesis is described thusly.
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Figure 12 Expression of L55P TTR in P. pastoris expression system. Lane 1(HP):
pretreated human plasma, Lanes 3 to 6: culture-free P. pastoris supernatant (Sup)
after incubation in BMMY.
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Figure 13 Purification of L55P TTR from concentrated culture-free P. pastoris
supernatant.
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4.2. Bacopa monnieri extract attenuated TTR fibril formation

The acid-mediated denaturation/fibril formation assay provides a reliable means
for ascertaining the extent of TTR amyloidogenesis in vitro. Under mildly acidic
conditions of pH 4, TTR tetramers dissociate into non-native monomers capable of
self-assembly/misassembly into various amyloidogenic quaternary structural
intermediates when present at physiological concentrations and temperature over an
extended period (>72 hours). This process can be monitored excellently on SDS-
PAGE which shows the native tetramers as dimers whereas the monomers and
sometimes, the amyloidogenic quaternary structural intermediates as monomers too
(Kelly et al., 1997). Thus, by quantifying the tetramers left at the end of denaturation
stress, an estimate of the relative stability of the TTR can be obtained.

As shown in Figure 14, in the absence of BME i.e. DMSO only, the
percentage of hTTR tetramers left at the end of acid-mediated denaturation reduced to
56.23 £+ 1.08 as opposed to 96.28 + 1.59 in the presence of BME. The higher amount
of tetrameric hTTR gives an indication of the protective effect of BME against acid-
mediated tetramer dissociation which is a prerequisite for amyloidogenesis. These
results were further supported by findings from the urea-mediated denaturation assay
(Figure 15). After hTTR was incubated in 6 M urea for 72 hours, it was revealed that
in the presence of BME the percentage of folded hTTR was higher compared to hTTR
in the absence of BME (DMSO only). The results for hTTR urea induced dissociation
was mirrored when L55P TTR was used (results not included).
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Figure 14 A. Representative Non-reduced SDS-PAGE gel image of hTTR resistance
to acid mediated denaturation without (Lane 3) or with (Lane 4) BME. Lane 1;
protein molecular weight marker. B. Quantitative analysis of the effect of BME on
hTTR tetramer resistance to moderate acidic denaturation conditions. Statistical
significance was defined as *P<0.05, **P<0.01 and ***P<0.001. Results are
presented as mean * standard deviation
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Figure 15 Impact of BME on native TTR dissociation under urea mediated
denaturation stress. Percentage of folded hTTR left after 72 hours of incubation in the

presence or absence of BME.

Further, the morphological changes associated with TTR with or without BME
was determined by transmission electron microscopy (TEM). Electron micrographs
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revealed (Figure 16) that in the absence of BME, mature fibrils were formed as well
as amorphous oligomers, presumably on the fibrillation pathway (Figure 16A).
However, in the presence of BME, no hTTR fibrils were observed nor were there any
aggregates (Figure 16B). This seems to suggest that BME inhibited the formation of
hTTR fibrils which could be due to the resistance to tetramer dissociation induced by
BME as earlier observed.

Figure 16 Electron micrographs of hTTR subjected to acid-mediated aggregation
assay in the absence (A) or presence (B) of BME after 14 days of incubation at 37 °C.

To determine the quaternary structural changes that is associated with hTTR
upon co-incubation the presence or absence of BME after denaturation stress,
glutaraldehyde cross-linking assay was performed. The Tricine SDS-PAGE image
reveals the profile of the different protein conformations present after denaturation
(Figure 17). It can be observed that in acid- and urea-mediated denaturation
conditions, in the absence of BME, there was a marked decrease in the intensity of
hTTR tetramers Figure 17A, B, Lane 3. Contrariwise, in the presence of BME, the
intensity of hTTR tetramer bands were enhanced Figure 17A, B, Lane 4. On
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increasing concentrations of BME, there was a general increase in the intensity of the
quaternary structural species of native TTR (i.e. tetramer, trimer and monomer)
(Figure 18). However, the difference in tetramer band intensity between the various
concentrations tested was not significant (P <0.05). This is presumably due to binding
saturation of the BME ligands to hTTR at all the concentrations tested. Thus, it can
be deduced from these results that the presence of BME preserved the quaternary
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Figure 17 Tricine-SDS-PAGE gel images of glutaraldehyde cross-linked protein
samples with or without BME after acid-mediated denaturation (A) and urea-mediated
denaturation (B) assays.
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Figure 18 (A) Quantitative analysis of dose-dependent activity of BME on urea-
mediated denaturation of hTTR. (B) Representative Tricine-SDS-PAGE gel image of
the effect of increasing BME amounts on hTTR tetramer stability. M; molecular
weight marker, 1; hTTR in DMSO, without urea, 2; hTTR in DMSO, 6M urea, 3;
hTTR in 1 pg/uL BME, 6M urea, 4; hTTR in 5ug/uL BME, 6M urea, 5; hTTR in
10pg/uL BME, 6M urea and 6; 10ug/uL curcumin, 6M urea.

4.3 Impact of BME on hTTR preformed fibrils

Transthyretin preformed fibrils were formed after aging for 14 days under acid-
induced denaturation conditions. The formation of mature TTR amyloid fibrils was
confirmed by TEM. Fibril disruption assay was performed by further incubation of
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the preformed fibrils with or without BME for 24 h at 37 °C. The effect of BME on
TTR preformed fibrils was determined by visualizing the protein using TEM (Figure
19). Electron micrograph revealed that in the absence of BME, the mature amyloid
fibrils were present after 24 h. In the presence of BME there was no change in the
morphology or amount of TTR fibrils compare to when BME was absent. The tricine-
SDS-PAGE image reflected similar observations. Thus, it can be surmised that BME
did not alter or dis-associate TTR preformed fibrils.
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Figure 19 Electron micrographs of pre-formed hTTR amyloid fibrils in the absence
(A) or presence of BME (B) after incubation for 24 h. (C) Tricine-SDS-PAGE gel
representation of hTTR fibril disruption activity of BME. Lane 1 (M); protein
molecular weight marker, Lane 2: hTTR pre-formed fibrils without BME, Lane 3:
hTTR pre-formed fibrils with BME
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4.4 BME displaces ANS from hTTR TBP

To determine the plausible molecular interactions between TTR and BME, ANS
binding displacement assay was performed. Most of the small molecule ligands that
had demonstrated kinetic stabilization of native transthyretin were shown to bind at
the thyroxine binding pocket of the tetramer. This interaction can be characterized by
ANS displacement assay. Figure 20A shows that ANS alone in the aqueous buffer had
a very low fluorescence intensity similar to TTR only. However, when ANS was co-
incubated with native TTR tetramer, the fluorescence intensity was sharply increased
which was suggestive of the binding of ANS to the thyroxine binding pockets (TBP)
native TTR. Interestingly, when BME was included, the fluorescence intensity
decreased dose-dependently. From this, it can be inferred that BME displaces ANS
from and occupies the TBP of TTR.

The nature of the binding interaction of BME presumably at the T4-binding
sites of TTR was further explored via NBT-redox cycling assay. Herein, the pre-
incubated protein sample with or without BME was resolved on SDS-PAGE followed
by electroblotting on nitrocellulose membrane. The membrane was soaked in a
solution of NBT dye in potassium glycinate buffer, pH 10. The membrane was
washed with ultrapure water and restained with Ponceau S dye. Bovine serum
albumin (BSA) and gallic acid (GA) served as positive controls. As shown in Figure
20, in the absence of GA (DMSO only) there was no purple coloration in the BSA
lane. However, when BSA was co-incubated with GA, an intense purple band
appeared indicative of a strong, SDS-resistant quinoprotein adduct. When hTTR or
L55P was co-incubated with BME, neither revealed any purple formazan band. From
these results it could be deduced that the binding interactions between BME and TTR
weak and certainly noncovalent.
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Figure 20. (A) Fluorescence intensities of ANS-TTR without or with increasing
concentrations of BME for the determination of inhibitor binding at the T4-binding
sites. (B) Nitrocellulose membrane with protein-inhibitor complex after NBT redox-
cycling. Upper Membrane was stained with NBT dye (upper), destained and restained
with Ponceau S dye (lower).
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4.5 Phytochemical properties of BME

Quantitative analysis of the major individual saponins present in BME was
determined by reverse-phase HPLC analysis using the pure compounds as standards.
The total saponin content was 16.03 % w/w of dried extract made up of Bacopaside |
(3.54 % wiw), Bacopaside Il (6.68 % wi/w), Bacoside A3 (2.22 % w/w), Bacopaside
X (3.25 % wi/w). These values were remarkably higher than previous reports on
similar extracts from the same plant (Lojewski et al., 2016). In addition, BME
contained significant amounts of phenolics and flavonoids (Table 5). Plant derived
phenolics, especially flavonoids had been associated with antioxidant activities. Thus,
the antioxidant and radical scavenging properties of BME were determined by FRAP
and DPPH assay, respectively. It was found that BME had a FRAP value of 306.82
pmol Fe (11)/g BME and DPPH IC50 value of 90.84 mg/L. The high FRAP value is
indicative of BME potent antioxidant capacity as a reductant while the DPPH value
suggests it ability to scavenge free radicals. The detailed LC-MS analysis of the
individual phytochemicals found in BME had previously been reported
(Nuengchamnong et al., 2016). These antioxidant bioactives might be responsible for
the observed anti-amyloidogenic activities of BME.

Table 4. Chemical characteristics of BME

Characteristics BME

Total saponin content (% w/w of dried extract) 16.03 £0.01
Phenolic content (mg gallic acid/g dry weight) 26.45 +0.34
Flavonoid content (mg quercetin/g dry weight) 176+15
FRAP (umol Trolox) 190 + 8.39
DPPH [ICso] pg/mL 90.84 +0.44
Summary

It can be surmised that in addition to its reported anti-amyloidogenic activities
on Alzheimer’s and Parkinson disease models, B. monnieri extract is capable of
inhibiting transthyretin amyloidogenesis in vitro. Through weak, non-covalent
binding interactions at the thyroxine-binding sites of the homotetramer, BME enabled
the resistance of the protein against acid- and urea-mediated dissociation into
monomers — the initial and rate determining step for amyloidogenesis. Thus, BME
contained bioactives that could have health-promoting implications for TTR
amyloidosis.
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CHAPTER5

Discussion
Native transthyretin is regarded as one of the most intriguing proteins recognized

to date because of its multi-functional roles. Besides its established functions as
transporter of thyroxine and vitamin A with the assistance of retinol binding protein,
transthyretin, inter-alia, has been noted to potentially participate in neuroprotection by
sequestering beta amyloid peptide, involved in the pathogenesis of Alzheimer’s
disease (Li et al., 2013). Under certain conditions this otherwise remarkably stable
protein unfolds, mis-aggregates and accumulates as toxic deposits in several organs
leading to many amyloid diseases such as familial amyloid polyneuropathy, familial
amyloid cardiomyopathy, central nervous system selective amyloidosis or senile
systemic amyloidosis (Kelly et al., 1997). For the past several decades, orthotopic
liver transplantation was the major therapeutic intervention, however, due to the
invasive nature, associated complications amidst other limitations, there had been a
significant push for safer, effective pharmacologic interventions with less discomfort
to the patients who are often fragile at the point of diagnosis. It is against this
backdrop that sustained research effort towards the identification alternative
therapeutic agents is indeed warranted (Johnson et al., 2012).

Tetrameric human TTR is a dimer of dimers whose stability is a net effect the
stabilizing and destabilizing intermolecular forces present. The stabilizing forces
include the inter-strand and monomer-monomer hydrogen bonds as well as many
noncovalent interactions. The destabilizing forces are perhaps typified by the
repulsive electrostatic interactions originating from the epsilon amino group of lysine
15 in one dimer such as A-B and its symmetrical counterpart, C-D located at the
interface of these two dimers. The repulsive charges help to compromise the tetramer
at this juncture potentially leading to a scission (Foss et al., 2005; Hammarstrém et
al., 2001). The dimer-dimer interface also creates a hydrophobic channel which bears
two funnel-shape tyrosine binding pockets. As early as 1994, it was recognized that
binding of thyroxine to these TBP reduced the tendency of the native protein to
dissociate and consequently, prevents it from adopting the amyloid compatible

monomeric structure. However, T4 and its analogues could not be adopted
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therapeutically for ATTR amyloidosis because of its hormonal activities.
Nevertheless, it served as a proof-of concept for the development of the therapeutic
strategy referred to as kinetic stabilization. Herein, small molecules kinetic stabilizers,
are designed to bind to the thyroxine binding channel of the tetramer with the
intention of stabilizing the native protein over its dissociative amyloidogenic
intermediates. The regulatory-approved drug Tafamidis, is a first-in-kind Kinetic
stabilizer with demonstrated health benefits to patients. While the drug is well
tolerated in patients, the long-term consequences and extremely high cost are obvious
sources of concern (Johnson et al., 2012). Recently, bioactive from natural sources
have been generating a lot of attraction not only as potential sources for
pharmacological scaffolds, but also as alternative treatments in stand-alone,
supplements or as part of combination regiments (Chaudhary et al., 2019). The
abundance of small molecule bioactives in plants also increases their appeal as
sources of Kinetic stabilizers. In this work, two plants Centella asiatica and Bacopa
monnieri were investigated for their abilities to modulate transthyretin amyloidosis in
vitro. Our findings suggest that C. asiatica bioactives (CAB) and B. monnieri extract
(BME) were able to stabilize and thus prevent tetrameric transthyretin from
dissociating to monomers by binding to the thyroxine binding sites of the protein. The
biological activities of these plant extracts could be attributable to the richness of their
phytochemical content, predominantly phenolics and triterpenoid saponins. Thus, C.
asiatica and B. monnieri could be considered for further investigations towards the
therapeutic development of TTR amyloidosis remedies.

Under normal physiological circumstances, native tetrameric TTR is
remarkably stable, a fact that has been attributed to its rich beta-sheet content. The
four identical monomers making up the quaternary structure of native TTR are each
composed of 127 amino acids arranged as eight -strands A to H, and a short a-helix.
Two monomers fold on edge to produce an extended dimer of 16 B-strand held
together by hydrogen bonds. Association between two dimers, mostly hydrophobic in
character forms the tetrameric structure with a hydrophobic channel running across
the dimer-dimer interface. This hydrophobic channel accommodates two funnel-
shaped binding sites for thyroxine (T4), the natural ligand for TTR (Blake et al.,
1978). Often the T4-binding sites of TTR in circulation (> 99 %) are not occupied by
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T4 creating room for ligand binding by small molecules which could alter the
conformation and properties of the tetramer (Purkey et al., 2001).

The binding of small molecule ligands to the T4 binding sites of TTR often
improves the intramolecular interactions across the two dimers with the consequent
enhancement of the kinetic barrier for dissociation. However, this does not always
translate to kinetic stabilization of the tetramer. Our results demonstrate that CAB and
BME reduced the dissociation of folded TTR, and in particular, TTR tetramers to
constituent monomers. These findings were buttressed by the glutaraldehyde chemical
cross-linking assay which established that extract treated TTR solutions had higher
resistance to dissociation induced by urea or mild acidic stress. The resultant higher
proportion of tetramers in the presence as opposed to be absence of extracts after
denaturation could be interpreted as an indication of protein kinetic stability conferred
by the plant bioactives (Florio et al., 2015; Yokoyama et al., 2014).

Detailed qualitative LC-MS profiling of both plant extracts revealed the
presence of numerous secondary metabolites, some of which had earlier been reported
for their anti-amyloidogenic activity. For instance, quercetin known to be an effective
Kinetic stabilizer, was identified in both extract as well as apigenin. In addition to
several phenolics, triterpenoid saponins such as asiaticoside and madecassoside were
present in CAB. In BME, the bacoside triterpenoid psuedojujubogenins and
jujubogenins were identified (Ferreira et al., 2011; Florio et al., 2015; Maulidiani et
al., 2014; Nuengchamnong et al., 2016). Triterpenoids as a class are interesting
because very few reports had noted their ability to inhibit amyloidogenesis, especially
as kinetic stabilizers. Thus, their presence in these extracts as main phytoconstituents
and putative bioactivities suggests the possibility of their structures serving as novel
scaffolds for the structure design of more effective TTR stabilizers.

Given that TTR amyloidogenesis is triggered by tetramer dissociation, in
addition to the fact that both extracts inhibited the unravelling of TTR tetramer into
monomers, it was therefore prudent to ascertain whether the tetramer stabilizing
effects of the extracts were translated downstream of the amyloidogenesis pathway
such as in fibril formation. Under mildly acidic conditions at physiological
temperature, when TTR was aged for 14 days without CAB or BME, amorphous
aggregates and mature TTR amyloid fibrils were generated. This was consistent with
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previous reports that acidification enabled the dissociation and conformational
changes needed for the formation of TTR amyloid species in vitro. This had earlier
been postulated as a reflection of the lysosomal acidic conditions which putatively
could modulate TTR fibrillation in vivo (Kelly et al., 1997). In the presence of CAB,
the formation of TTR amyloid fibrils was mitigated. Formation of amorphous
aggregates was however unimpeded. Similar to CAB, BME was able to attenuate the
formation of mature TTR amyloid fibrils. BME was also able to prevent the formation
of TTR aggregate from the dissociation of folded normal TTR. In the past, it has been
reported that several plant-derived bioactives especially phenolics inhibited the
dissociation and fibrillation of TTR as shown by both extracts. It has also been
reported that some plant phenolics such as EGCG binds to TTR and promotes their
aggregation into “off-pathway” oligomers which are non-cytotoxic. It is plausible that
the same is applicable to the interaction of CAB and TTR. On the other hand,
bioactives such as honeybee propolis and curcumin from Turmeric were shown to
inhibit fibril formation in similar manner to BME (Ferreira et al., 2011; Yokoyama et
al., 2014).

With the exception of EGCG and a few compounds binding at a separate and
unique site on TTR tetramer, most natural inhibitors of TTR fibrillation bind to the T4
binding sites (Ortore et al., 2016). Data from the NBT redox-cycling assay established
that CAB binds to TTR tetramer and monomer, though to a lesser extent. The binding
interactions between CAB and TTR was strong and SDS-resistant, suggestive of
covalent-type interactions. On the other hand, the NBT redox-cycling results for BME
and TTR was indicative of a non-covalent and transient binding interactions which
was non-stable under SDS-PAGE-NBT assay (Popovych et al., 2012). Probing further
into the extract-TTR interactions using the small fluorescent probe ANS, it was
deduced that CAB and BME bound at the T4-binding sites of the homotetramer. To
make sure the observed effects of the extracts were due to binding to transthyretin
rather than fluorescence quenching of the probe by the extracts, a counter experiment
was performed using bovine serum albumin (BSA) instead of TTR. BSA has a
hydrophobic groove to which ANS binds with a resultant increase in fluorescence.
When the extracts were added into a solution of BSA and ANS, there was no change
in the fluorescence intensity. Thus, it is plausible that by filling the T4-binding
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pockets of TTR, these bioactives enhance the intramolecular interactions between the
two dimers on either side of the hydrophobic channel with a consequent increase in
their kinetic stability (Pullakhandam et al., 2009). Also, it is possible that these plant
extracts contained anions capable of shielding epsilon amino groups of lysine 15 and
its symmetrical equivalent Lysine 15 across the crystallographic Z-axis responsible
for contributing towards tetramer dissociation by virtue of their electrostatic repulsion
(Hammarstrom et al., 2001). Although the precise mode of interaction between the
bioactives and TTR as well as the involvement of Lysine 15 residues is entirely
speculative, these results echoed similar patterns previously reported for the
stabilizing activities of small molecule ligands from natural products on TTR
amyloidogenesis (Popovych et al., 2012). Likewise, it worth mentioning that both
extracts demonstrated antioxidant activities just like previously reported anti-
amyloidogenic bioactive compounds. How the antioxidant property of the bioactives
directly contribute to the anti-amyloidogenic properties of the extracts is yet to be
investigated, but important clues might be found in fact that age-related oxidative
modifications and loss of albumin antioxidant function promote transthyretin
amyloidogenesis antioxidant molecules such as Carvedilol and TUDCA resist the
deposition of toxic TTR aggregates (Kugimiya et al., 2011; Macedo et al., 2010,
2008; Zhao et al., 2013). As such, compounds capable of modulating TTR
microenvironment by reducing the oxidant potential, could mitigate the tendency of
the protein to enter the amyloid pathway. It is expected that insights from the
investigations presented herein provides a rationale for further exploration of these

plant extracts as potential therapeutic candidates for ameliorating TTR amyloidosis.
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CHAPTER 6

Conclusions

The transthyretin amyloidosis is a group of progressive, devastating and often
fatal diseases. It is characterized by the systemic deposition and accumulation of
abnormal TTR aggregates in organs leading to deterioration and dysfunction. For
several decades, orthotopic liver transplantation was the only disease modifying
remedy and only for a few types of hereditary ATTR amyloidosis forms. Recent
breakthroughs in scientific investigations had culminated in the development of three
regulatory-approved therapeutic agents namely, Tafamidis, and the recently FDA-
approved gene therapies Inotersen and Patisiran (Adams et al., 2019; Gertz et al.,
2019) The rarity of treatment options necessitates continued research effort aimed
towards expansion of the array of safe, effective, available and less-expensive
therapeutic alternatives

C. asiatica and B. monnieri are popular nervine with a long history of use in
Ayurveda for improving cognition, reducing stress, ameliorating mental retardation
and as adaptogens. They are widely cultivated in Asia and several parts of the tropics
where they are consumed as spices, vegetable, herbal supplements or remedies.
Previous reports have demonstrated several pharmacologic and biologic activities
emanating from these extracts, attributable to triterpene saponins and phenolics — the
major bioactive ingredients in these plants. The resurgence of demand for natural
products over synthetic their counterparts, poor performance of synthetic agents
against complex multifactorial degenerative diseases and the general safety profile of
C. asiatica and B. monnieri increase their appeal as candidates for therapeutic
investigation against TTR amyloidosis (for review, see Chapter 1).

Here, it has been demonstrated that C. asiatica and B. monnieri extracts
possessed the ability to modulate TTR amyloidogenesis in vitro by virtue of binding
at the thyroxine-binding pockets of the homotetramer and consequently stabilizing the
protein against dissociation into monomers. The extracts also prevented the formation
of TTR fibrils, albeit, only B. monnieri was able to abrogate the entire amyloidogenic
pathway. Given their reported good safety profile, neuroprotective effects and the
evidence presented here for its protection against TTR amyloidogenic propensity, it
will be worthwhile to further explore these plant extracts as potential therapeutic
agents against TTR amyloidogenesis. Also, it has been reported that TTR plays a
potential neuroprotective role against Alzheimer’s disease, one which is directly
related to its stability (Alemi et al., 2017). The tetramer stabilizing effects of C.
asiatica and B. monnieri suggest that they might by extension exert neuroprotective
activities on Alzheimer’s disease. It is expected that further research efforts centered
on these botanicals will fully maximize their potential as prospective neuroprotective
agents for ameliorating amyloidoses.
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Abstract: Transthyretin is responsible for a series of highly progressive, degenerative, debilitating, and
incurable protein misfolding disorders known as transthyretin (TTR) amyloidosis. Since dissociation
of the homotetrameric protein to its monomers is crucial in its amyloidogenesis, stabilizing the native
tetramer from dissociating using small-molecule ligands has proven a viable therapeutic strategy.
The objective of this study was to determine the potential role of the medicinal herb Centella asiatica
on human transthyretin (huTTR) amyloidogenesis. Thus, we investigated the stability of huTTR with
or without a hydrophilic fraction of C. asiatica (CAB) against acid/urea-mediated denaturation. We
also determined the influence of CAB on huTTR fibrillation using transmission electron microscopy.
The potential binding interactions between CAB and huTTR was ascertained by nitroblue tetrazolium
redox-cycling and 8-anilino-1-naphthalene sulfonic acid displacement assays. Additionally, the
chemical profile of CAB was determined by liquid chromatography quadruple time-of-flight mass
spectrometry (HPLC-QTOF-MS). Our results strongly suggest that CAB bound to and preserved
the quaternary structure of huTTR in vitro. CAB also prevented transthyretin fibrillation, although
aggregate formation was unmitigated. These effects could be attributable to the presence of phenolics
and terpenoids in CAB. Our findings suggest that C. asiatica contains pharmaceutically relevant
bioactive compounds which could be exploited for therapeutic development against TTR amyloidosis.

Keywords: transthyretin; TTR amyloidosis; protein misfolding; neuroprotection; Centella asiatica;
antioxidants; triterpenoids; phenolics; HPLC-MS

1. Introduction

Misfolding and/or aggregation of proteins is at the heart of the etiopathogenesis of a group of
debilitating disorders referred to as amyloidosis [1]. Many of these diseases such as Parkinson’s
disease, Huntington’s, Alzheimer’s, and transthyretin (TTR) amyloidosis are still incurable. As a result,
a lot of investigative effort is focused on developing effective, safe, and reliable therapeutic agents.

In humans, TTR amyloidosis is a group of proteinopathies triggered by partial unfolding,
misfolding, aggregation, and accumulation of TTR into a spectrum of cytotoxic aggregates [2].
Under normal physiological circumstances, TTR is a homotetrameric protein that transports thyroid
hormones and retinol A via its interaction with a holo-retinol-binding protein [3]. In mature adults, a
late-onset acquired TTR amyloidosis also known as senile systemic amyloidosis (SSA) is caused by the
accumulation of wild-type in organs. SSA affects at least 25% of octogenarians, accounts for more than
10% of heart failure with preserved fraction [4], and is associated with the development of congestive
heart failure [5,6]. Accumulation of variant TTR precipitates familial TTR amyloidosis, such as familial
amyloidosis cardiomyopathy (TTR-FAC) [5], familial amyloidotic polyneuropathy (TTR-FAP), and
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central nervous system selective amyloidosis (CNSA) [7]. Onset for familial TTR amyloidosis could
occur within the second decade of life depending on the TTR mutant involved. TTR amyloidosis
can be very progressive and debilitating with mortality within the first 10 to 15 years of onset [8].
Orthotopic liver transplantation, with several limitations including highly invasive, unsuitability of
patients, lack of donors, etc., is still the primary form of disease-modifying therapy for most TTR-FAP
patients. Recently, the disease-modifying drug, Tafamidis, was approved for treating TTR-FAP [9].
However, in a just-concluded long-term study, it was observed that the slow progression of neuropathy
in TTR-FAP patients could not be prevented by Tafamidis [10]. Thus, it is pertinent to search for safe,
more effective, and less invasive therapeutic alternatives.

Although the current understanding of the molecular pathophysiology underlying TTR
amyloidosis is still incomplete, it is widely regarded that tetramer dissociation into monomers is the
initial and consequential step in its amyloidogenesis [11,12]. Thus, preventing tetramer dissociation by
enhancing its kinetic stability has been proposed as an effective therapeutic strategy [8]. The kinetic
stabilization strategy involves the use of small-molecule ligands to prevent conformational excursions
of the native tetramer by binding to its thyroxine (T4)-binding sites [8]. Kinetic stabilization of TTR
tetramers formed the rational basis for the development of the TTR-FAP drug, Tafamidis [13].

Native wild-type TTR, while significantly stable under normal physiological conditions [14], is
susceptible to oxidative modifications, which could alter its conformation and stability [15]. The role
of protein oxidation was noted in the increased amyloidogenicity of nitric oxide-modified TTR but not
in unmodified TTR [15]. Also, age-associated oxidation of TTR reportedly impacts the onset of senile
systemic amyloidosis [16]. Furthermore, while prefibrillar and mature TTR amyloid fibrils were not
or less cytotoxic, all forms of oxidized native TTR were shown to be cytotoxic [2,16]. This backdrop
highlights the role of oxidative damage in TTR amyloidogenesis and prompted the notion that, in
addition to kinetic stabilizers, antioxidant treatment could be considered as an alternative/supplement
therapy. Interestingly, most of the natural bioactives that have been reported to stabilize TTR such as
quercetin, epigallocatechin gallate (EGCG), gallic acid, curcumin, and propolis extract are also potent
antioxidants [17,18].

In addition, it has been noted that the protective effect exerted by antioxidants in chronic and
neurodegenerative diseases in vivo is derived mainly from the additive, synergistic, and complementary
effects of the several bioactive constituents present in the phytocomplex, such as plant extracts, fruits,
and vegetables, rather than individual phytocomponents [19]. The antioxidant activity of medicinal
plant extracts was also found to strongly correlate with their ability to limit the assembly of beta-amyloid,
which is central to Alzheimer’s disease pathology [20]. For a multifactorial disease with a complex
pathology such as TTR amyloidosis, plant extracts or products could provide potential multi-target
therapeutic agents.

Centella asiatica is a small, succulent, and herbaceous plant popular in several parts of the world for
its medicinal and culinary value. It is indigenous to the tropical and subtropical regions of Asia, Africa,
and the southern parts of the USA. In Thailand, it is known locally as Bua-bok and is used for making a
very popular herbal drink, Nam Bai Bua Bok. The fresh aerial parts are eaten with rice and are part of
many local food recipes. In folk medicine, C. asiatica is a popular nervine and adaptogen. It is used for
wound healing, treatment of neurological disorders, and promoting general wellbeing [21]. The major
bioactive components of C. asiatica are a group of pentacyclic triterpenoids known as centellosides. In
addition, C. asiatica is richly endowed with phenolics and flavonoids [22]. C. asiatica reportedly has
many pharmacological and biological effects including antioxidant, anti-inflammatory, inhibition of
3 amyloid peptide aggregation and toxicity, and anti-a-synuclein aggregation [23,24]. Despite these
reports, currently, there is no data on its potential pharmacological effect on TTR amyloidogenesis.
Together with its rich phytochemical and good safety profile, we decided to investigate the potential
role of C. asiatica in the modulation huTTR amyloidogenesis.

Thus, we examined the impact of a hydrophilic fraction of C. asiatica (CAB) on native huTTR
structural stability and fibril formation using urea/acid-mediated denaturation assays, and transmission
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electron microscopy, respectively. We also determined the plausible binding interactions of CAB-huTTR
complex and the chemical properties CAB. The present results provide relevant insight into the
neuroprotective potential of C. asiatica, specifically, with regards to TTR amyloidosis.

2. Materials and Methods

2.1. Purification of huTTR from Plasma

Human TTR from plasma was isolated in a two-step protocol which consisted of a decrease
in albumin burden and followed by preparative discontinuous native-PAGE as previously
described [25,26]. The eluting fractions were monitored for the presence of huTTR by 10% native-PAGE.
Protein bands were detected by silver staining. Fractions containing only huTTR were pooled,
concentrated, and checked for purity by SDS-PAGE with Coomassie blue R-250 staining. The
concentration of purified huTTR was determined by the Bradford assay [27] and stored at —20 °C.

2.2. Preparation of CAB

C. asiatica was obtained locally in Hat Yai city, Southern Thailand. The identity of the whole
plant specimen was authenticated by Associate Professor Dr. Kitichate Sridith, Curator-in-Chief of the
National Herbarium at Prince of Songkla University, Hat Yai, Thailand. A specimen was deposited in
the herbarium with voucher number EN.1 (PSU). Plant aerial parts were repeatedly washed with tap
water followed by reverse osmosis water. The plant sample was air-dried for 12 h to reduce moisture
content and then oven-dried at 60 °C for another 12 h. Dried C. asiatica was ground into a fine powder
and stored in an opaque container at —20 °C for extraction within 24 h.

C. asiatica powder (450 g) was extracted with 2 L of cold acetone/methanol/water (2:2:1 v/v/v)
containing 0.5% glacial acetic acid for 2 h as previously reported [28]. The plant mixture was filtered
through a Buchner funnel overlaid with filter paper (Whatman No. 1) using a vacuum pump. The
filtrate was concentrated to one-third of its original volume by a rotary evaporator at a temperature of
40 °C. Thereafter, the filtrate was defatted by partitioning in an equal volume of n-hexane twice, using
a separatory funnel. The lower phase was further partitioned in dichloromethane twice to remove
chlorophyll, waxes, and other less polar components. The upper hydrophilic phase in the separatory
funnel was collected and residual organic solvents were removed under vacuum by speed-vac to
remove residual organic solvents, and then lyophilized to a hygroscopic powder. This powder obtained
from the hydrophilic fraction of C. asiatica was hereafter referred to as CAB (C. asiatica bioactives). CAB
was aliquoted into opaque vials and stored at —20 °C. The scheme for CAB preparation is shown in
Figure S2.

2.3. Nitroblue Tetrazolium (NBT) Redox-Cycling Assay

The binding of CAB to huTTR was determined by NBT staining which distinguishes
quinone-modified from unmodified proteins [29]. Human TTR (2.1 pg/pL) in 50 mM Tris-HCI
pH 7.5 was incubated in the presence of CAB or gallic acid (GA), or DMSO (vehicle), at 10x the molar
equivalent of human TTR concentration. The samples were mixed with sample buffer containing 4%
SDS and immediately boiled for 10 min prior to separation by SDS-PAGE (15% resolving gel). The
gel was electrotransferred onto a nitrocellulose membrane. After transfer, the membrane was stained
with Ponceau S dye (0.1% Ponceau S in 5% acetic acid) for 1 h to confirm blotting. Subsequently, the
membrane was washed with distilled water, Tris-buffered saline with Tween 20 (TBS-T) and rinsed
with Milli-Q water to remove the Ponceau S stain. Then, it was re-stained with glycinate/NBT solution
(10 mg NBT tablet in 14 mL of 2 M potassium glycinate buffer, pH 10) for 45 min to identify proteins
that interacted with phenolics or related compounds.
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2.4. Determination of the Stability of huTTR in the Presence of CAB

TTR tetramer dissociation into monomeric subunits is quite slow under normal physiological
pH. However, dissociation of TTR tetramer and subsequent misfolding of monomers is significantly
increased in vitro under conditions of high urea concentration or mild acidity [14]. Resistance to
urea-induced or acid-induced dissociation of TTR tetramer to monomers provides insight into the
stability of native TTR against the partial denaturation of monomers required for amyloidogenesis. This
is because tetramer dissociation precedes monomer unfolding and misfolding [30]. Purified huTTR
in 50 mM Tris-HCI buffer pH 7.5 was dialyzed against 10 mM sodium phosphate buffer containing
100 mM KCl and 1 mM ethylenediamine tetraacetic acid (EDTA), pH 7.4 (GF buffer) for 24 h with 3
buffer changes prior to stability assays as follows.

2.4.1. Against Urea-Mediated Denaturation

The influence of CAB on huTTR stability against urea-mediated dissociation was evaluated as
previously described [31]. In brief, huTTR (1 ng) in a GF buffer, pH 7.4 was supplemented with
CAB (100x molar equivalents with respect to huTTR) dissolved in GF buffer containing DMSO, 50:50
v/v (GMSO) or GMSO only, and incubated for 2 h at 37 °C. Denaturation was triggered by adding
urea (in GF buffer containing 1 mM 1,4-Dithiothreitol, pH 7.4) into the protein complex to a final
concentration of 7 M and subsequently incubating for 96 h at ~6 °C in the dark. Folded huTTR (i.e.,
tetramers, trimers, and dimers) that remained after the denaturation was determined by 14% Tricine
SDS-PAGE. The running buffer contained 0.025% SDS and the sample loading buffer 0.2% SDS. It has
been suggested that these detergent concentrations are enough to prevent monomer reassociation,
but too low to trigger tetramer dissociation [32]. Resolved proteins were identified by staining with
Coomassie brilliant blue R-250 dye (0.1%) solution. Bands representing folded huTTR on the gel were
quantified by densitometry using gel documentation on LabWorks 4.0 software (UVP Ltd., Cambridge,
UK). The relative percentage of folded huTTR that remained after denaturation was calculated as an
indication of native huTTR stability.

2.4.2. Against Acid-Mediated Denaturation

The effect of CAB on the stability of huTTR under mildly acidic conditions was performed as
described previously [33]. Briefly, huTTR (0.5 pg/uL) in a GF buffer, pH 7.4 was supplemented with or
without 100x molar excess of CAB followed by incubation for 2 h at 37 °C. Tetramer dissociation was
initiated by reducing the pH of the reaction mixture to 4.0 by adding an equal volume of acetate/acetic
acid buffer containing 100 mM KCl, 1 mM EDTA, and 2 mM dithiothreitol (DTT), pH 4.0. Thereafter,
the protein complex was incubated at 37 °C for 14 days in the dark and under aseptic condition.
Glutaraldehyde cross-linking assay was performed to determine the amount and quaternary structure
of huTTR that remained after 14 days of denaturation stress. Briefly, glutaraldehyde was added to the
protein complex to a final concentration of 2.5%, and the assay mixture was incubated for 4 min at room
temperature. Cross-linking was terminated by the addition of NaBHy (7% in 0.1 M NaOH) at an equal
volume to glutaraldehyde. Then, the mixture was mixed with 4x loading buffer containing 8% SDS
and 5% beta-mercaptoethanol and boiled for 10 min prior to analysis by 10% Tricine SDS-PAGE. The
separated protein bands were visualized by Coomassie blue staining. The intensity of the tetrameric
form of huTTR was quantified by densitometry using gel documentation. The stability of huTTR was
inferred from the relative percentage of tetramer that remained after denaturation.

2.5. Determination of 8,1-ANS Binding Displacement from huTTR by CAB

Fluorophore, 8-anilino-1-naphthalene sulfonic acid (8,1-ANS), reportedly binds at the T4-binding
site of native huTTR in solution [34]. Thus, its displacement by small-molecule ligands is often
used to probe for ligand binding to the T4-binding site of TTR tetramer [33]. To perform 8,1-ANS
binding-displacement assay, huTTR (0.055 pug/uL) was incubated in the presence or absence of 8,1-ANS,
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(10 uM) for 10 min, followed by the addition of CAB at 25x and 50x molar equivalents with respect
to human TTR. To measure fluorescence, protein samples were excited at 385/40 and emission was
collected at 480/20 using a Synergy HT (Bio-Tek Instruments, Winooski, VT, USA) microplate reader.

2.6. Determination of the Influence of CAB on huTTR Fibrillation by Transmission Electron Microscopy (TEM)

TEM was used to study the impact of CAB on huTTR fibril formation as previously described [35].
Human TTR (1 pg/uL) in a GF buffer was supplemented with or without CAB (20x molar equivalents
with respect to huTTR). The mixture was subsequently incubated for 2 h at 37 °C to facilitate binding.
Fibril formation was initiated by reducing pH to 4.0, via the addition of an equal volume of acetate
buffer (pH, 4.0) to the mixture, and followed by incubation at 37 °C for 7 days. The extent of aggregate
and fibril formation was ascertained by TEM of the TTR mixtures. In brief, aliquots of the TTR mixtures
were diluted with Milli-Q water (1:20, v/v). A drop (~10 pL) of the solution was applied onto a 400-mesh
formvar-coated copper grid for 1 min. Excess sample was removed with a wedge of filter paper. The
grid was immediately rinsed with a drop of Milli-Q water, dried, and negatively stained with 2%
uranyl acetate in 70% methanol for 2 min. Excess stain was blotted out and the grid was thoroughly
air-dried. TEM images were obtained with a JEM-2010 (JEOL Ltd., Akishima, Tokyo, Japan) electron
microscope, running at 160 KV.

2.7. Determination of CAB Antioxidant Properties

2.7.1. DPPH (1,1-Diphenyl-2-picrylhydrazyl) Radical Scavenging Activity

CAB was tested for its scavenging effect on DPPH radical following the method as described [36].
CAB was prepared in 50% aqueous methanol while Trolox (purchased from Aldrich Chemical Company,
Steinheim, Germany) was prepared in distilled water and served as an antioxidant standard. CAB or
Trolox solution (10 uL) was diluted with methanol (140 uL), and then DPPH solution in methanol (150
uL, 0.1 mM) was added. The reaction mixture in which CAB was replaced with aqueous methanol and
Trolox was replaced with distilled water were included as controls. Blank probes contained methanol
(290 pL) and 10 pL of CAB or Trolox. Blank probes for controls contained only methanol (300 puL).
Sample and control reactions were incubated for 30 min before reading absorbance at 515 nm. After
blank correction, DPPH radical scavenging activity (%) was obtained from the equation:

inhibition (%) = (absorbance of control — absorbance of sample)/absorbance of sample X 100 (1)

A curve was plotted for inhibition versus concentration. The antioxidant activity of CAB and
Trolox was obtained from the curve and expressed as the concentration that scavenged the DPPH
radical by 50% (ICsp) in a mean + standard deviation of triplicates determination.

2.7.2. Ferric Reducing Antioxidant Power (FRAP)

The reducing power of CAB was determined by FRAP assay as described by [37]. FRAP solution
containing 300 mM acetate buffer pH 3.6, 10 mM TPTZ 2 4,6-Tri(2-pyridyl)-s-triazine (TPTZ) solution,
and 20 mM FeCl3.6H;O solution (10:1:1, v/v/v) was prepared and incubated for 30 min at 37 °C. CAB
solution was prepared by diluting the powder with 50% aqueous methanol. Trolox (up to 600 pmol/L)
was included as the antioxidant standard for calibration. The assay was performed in a 96-well plate.
Aliquots (10 pL) of CAB solution or Trolox solution were mixed with FRAP solution (200 pL) and
incubated for 30 min at 37 °C. Then, absorbance was monitored at 650 nm. CAB antioxidant activity
was expressed as a micromole of Trolox equivalents per gram of CAB. The higher the FRAP value, the
stronger the reducing potential.
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2.8. Determination of the Chemical Composition of CAB

2.8.1. Total Phenolic Content

The phenolic content in CAB was determined using the Folin—Ciocalteu assay with slight
modification [38]. CAB solution (10 ng/uL) and gallic acid (GA; 1 pg/uL) in DMSO/methanol (10:90,
v/v) were prepared in which the latter was used as a standard. Aliquot (100 puL) of CAB solution, blank
or standard solution (from 0 to 80 pg), was added into test tubes. Then, 200 pL of Folin—Ciocalteu
reagent (10%) was added and vortexed. After 5 min of incubation, 800 pL of Na,COj3 (700 mM) was
added and vortexed. The assay mixture was incubated in the dark at room temperature for 2 h. Then,
200 pL of the blue mixture formed was transferred into a 96-well microplate and absorbance was
measured at 765 nm, using a Synergy HT microplate reader (Bio-Tek Instruments, Winooski, VT, US). A
plot of the amount of gallic acid (ug) versus absorbance at 765 nm was prepared and used to obtain the
total phenolic content of the CAB. Linearity for the gallic acid standard curve for determining phenolic
content was obtained between 0 and 20 pg. Data obtained from quadruplicates were reported as mean
+ standard error of the mean and expressed in milligrams of gallic acid equivalent per gram of CAB.

2.8.2. Total Flavonoid Content

Total flavonoid content of CAB was determined by the aluminum chloride colorimetric assay
with slight modifications as previously described [39]. CAB solution (10 pg/uL) was prepared in
50% aqueous methanol, and quercetin standard (1 pug/uL) was prepared in 100% methanol. CAB or
quercetin solution (30 puL) was diluted with 160 pL of methanol and subsequently mixed with 10%
aluminum chloride (30 pL) and 1 M sodium acetate (30 uL) in a total volume of 1100 pL of the assay.
The mixture was vortexed and subsequently incubated in the dark for 30 min. Absorbance was read
at 415 nm. Sample and standard solutions were prepared in quadruplicates. The calibration curve
of the absorbance versus concentration of quercetin standard was plotted and used to calculate total
flavonoid content of which was expressed as the mean + standard error in milligrams of quercetin
equivalents per gram of CAB.

2.8.3. Thin-Layer Chromatography (TLC) Profile of CAB

To determine the major phytoconstituents present in CAB, TLC was conducted on
aluminum-backed silica gel 60 NH; Fpsss TLC plates (Merck Millipore, Darmstadt Germany). CAB
was reconstituted in methanol/water/acetic acid (100:10:4, v/v/v) and 5 pL (~300 pg) of CAB solution
was spotted on a TLC plate, and the plate was transferred to a glass jar lined with filter paper and
saturated for 30 min with developing solvent containing water/acetic acid/formic acid/ethyl acetate
(5:1:1:17, v/v/v/v). The separation was terminated after the solvent front had migrated about 8 cm
from the origin, and the plate was dried up in a fume hood to remove any residual solvent. One plate
was stained with p-Anisaldehyde-sulfuric acid reagent, another was dipped into 3% ferric chloride
reagent, and the third was sprayed with 2% AICls in methanol after saturation with ammonia solution.
All plates were observed under visible light and ultraviolet light (254 and 366 nm) before and after
derivatization, respectively.

2.8.4. High-Performance Liquid Chromatography-Mass Spectrometry (HPLC-MS) Fingerprint of CAB

LC-MS analysis of CAB was performed as previously described [40]. The sample was resuspended
in methanol and filtered through a 0.22 pm nylon membrane. Separation of analyte was performed
with a Poroshell 120 EC-C18 column (4.6 X 150 mm, 2.7 um), Agilent Technologies. The solvent system
consisted of water (as eluent A) and acetonitrile (as eluent B). Both eluents contained formic acid (0.1%
v/v). The flow rate was maintained at 0.3 mL/min. The gradient employed for the separation was as
follows: 0% B, 0-5 min; then increased linearly to 80% B, 5-50 min; maintained at 80% B, 50-53 min;
then returned to 0% B, 53-55 min; and finally, re-equilibrated in 0% B, 55-60 min. The stream of
separated components was channeled into a micrOTOF-QII™ESI-Qq-TOF mass spectrometer (Bruker
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Daltonics, Bremen, Germany) equipped with an electrospray ionization source. Ions were detected in
the negative mode within a mass range of 50-1500 Da. Parameters set for mass spectra acquisition
included a capillary voltage of 3500 V, nebulizer pressure of 2.0 Bar, drying gas of 8.0 L/min, and
drying temperature of 180 °C. Sodium formate solution (10 mM) was used as a calibration standard to
ensure that the mass/charge ratios recorded by the instrument were indeed accurate. Data acquisition
was performed on Bruker Compass DataAnalysis 4.0 software (Bruker Daltonics, Bremen, Germany).
Tentative identity of compounds was established by comparing the accurate mass measurements
obtained with previously identified compounds in C. asiatica reported in literature and online databases
including METLIN and ChemSpider.

2.9. Statistical Analysis

Data of the huTTR stability assays were presented as the mean + standard error of the mean (SEM).
The percentages of folded huTTR or tetramers preincubated with or without CAB that remained after
denaturation stress were compared using ANOVA followed by the Tukey—Kramer test. Differences
were considered statistically significant at p < 0.05.

3. Results

3.1. CAB Directly Binds to huTTR

To determine whether CAB binds directly to huTTR purified from human plasma (Figure S1),
we used nitroblue tetrazolium (NBT) redox-cycling staining [35]. Some natural product components,
especially phenolics and related compounds, reportedly auto-oxidize into quinones which can interact
with nucleophilic centers in protein such as the sulfhydryl group of a cysteine residue [41]. Under
alkaline pH conditions (for example, in the presence of NBT/potassium-glycinate solution, pH 10),
such quinoprotein adducts formed undergo redox cycling with glycine accompanied by a concomitant
reduction of NBT into a visible blue-purple formazan color on the membrane [29]. This color formation
indicates interaction between the bioactives and protein.

As shown in Figure 1a, Ponceau S staining revealed the presence of huTTR monomers and dimers
based on their positions on the membrane. TTR tetramer normally migrates as an apparent dimer
under non-reduced and non-boiled SDS-PAGE. [42,43]. The membrane was later distained of Ponceau
S. Upon subjecting the membrane to NBT/glycinate staining, purple huTTR bands were detected in the
lanes containing CAB, whereas no color reaction was observed in the absence of CAB (DMSO only)
(Figure 1a). In the presence of gallic acid (positive control), the NBT stain produced a bright formazan
color corresponding to the band position of the huTTR monomer. However, in the presence of CAB,
the formazan color was present at the position representing huTTR dimers and monomers (although,
quite faintly) (Figure 1a). The presence of the formazan color in the lane of CAB-associated huTTR
indicated direct binding interactions. The higher intensity of the formazan color associated with the
dimeric band suggested CAB binding preference for quaternary over tertiary huTTR forms, and that
the CAB-huTTR complex formed is quite stable under reduced SDS-PAGE conditions.
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Figure 1. (a) Ponceau S staining of human transthyretin (huTTR) treated or non-treated (vehicle) with
bioactives after electroblotting of SDS-PAGE onto the nitrocellulose membrane (above). Protein: Drug
ratio of 1:10. Nitroblue tetrazolium (NBT)/glycinate staining of the membrane above after de-staining
Ponceau S (below). (b) Displacement of bound 8-anilino-1-naphthalene sulfonic acid from huTTR by
increasing concentrations of Centella asiatica (CAB). The bar chart columns and error bars represent the
means of triplicates and standard deviations, respectively.

3.2. CAB Binds to the T4-Binding Sites of huTTR

To further understand the binding interactions between huTTR and CAB, 1,8-ANS binding
displacement assay was performed. The fluorescent dye, 8,1-ANS is very sensitive to its surrounding
chemical environment [44]. In aqueous environments, it produces a weak fluorescence; however,
the fluorescent quantum yield increases significantly with a blue shift in the emission maxima when
the surrounding becomes less polar [44]. ANS binds to the T4-binding sites of TTR tetramers with a
corresponding increase in the magnitude of fluorescent quantum yield and a blue shift from 515 nm
to about 465 nm [34]. Given the hydrophobic nature of the T4-binding pockets, the increase in
fluorescence due to 8,1-ANS binding makes sense. Thus, several studies have utilized the displacement
of 8,1-ANS from the T4-binding site as a probe to determine the binding of small-molecule ligands
to the T4-binding pockets of tetrameric TTR [18,33]. In addition, the ANS fluorescence could serve
as an indicator for the stability and compactness of the TTR core [45]. In this study, the binding of
ANS to huTTR increased the quantum yield (Figure 1b). The addition of CAB reduced the fluorescent
intensity dose-dependently, which suggests the displacement of 8,1-ANS from the T4-binding site
of huTTR tetramers (Figure 1b). These results suggest the binding of CAB at the T4-binding sites of
huTTR tetramers.

3.3. CAB Increases huTTR Structural Stability

To determine the impact of CAB on huTTR kinetic stability in vitro, urea-mediated denaturation
assay was performed. HuTTR was preincubated with or without CAB, and subjected to denaturation
by 7 M urea (final concentration). The intensity of folded huTTR was higher in the presence of CAB than
in its absence (Figure 2a). The percentage of folded CAB-associated huTTR that resisted urea-mediated
dissociation was 89.65 + 4.6%. In contrast, the percentage of folded huTTR in the absence of CAB
was lower, 58.87 + 4.37% (Figure 2b). These results demonstrated that CAB improved the stability of
huTTR tetramer against the denaturation stress.
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Figure 2. (a) Resistance to urea-mediated denaturation of huTTR in the presence and absence of
Centella asiatica bioactive (CAB) components. HUTTR (0.07 pg/uL) was incubated in the presence of
CAB (6.67 pg/uL) dissolve in GMSO or in the presence of GMSO only. (b) Bar chart represents the
means of huTTR with and without CAB (protein: CAB mass ratio 1:100) and with their standard errors.
* values are significantly different at p < 0.05. (c) Tricine SDS-PAGE gel (10%) of huTTR with increasing
concentrations of CAB subjected to urea-denaturation stress and cross-linked with glutaraldehyde. M:
Protein molecular weight marker; 1: 0 M urea + GMSO only; 2: 7 M urea + GMSO only; 3: 7 M urea +
CAB (3.33 ug/uL); 4: 7 M urea + CAB (6.66 pg/uL); 5: 7 M urea + CAB (13.33 pg/uL).

To further understand the potential role of CAB on huTTR amyloidogenesis, we examined the
quaternary structural changes in CAB-associated huTTR under urea denaturation by glutaraldehyde
cross-linking assay. Human TTR was preincubated without or with varying concentrations of CAB
and subjected to denaturation stress. Tricine SDS-PAGE of glutaraldehyde cross-linked huTTR
samples revealed protein bands of ~60 kDa and ~16 kDa, corresponding to huTTR tetramers and
monomers, respectively (Figure 2c). It is noteworthy that while the intensity of the monomeric
band diminished as the amount of CAB increased, the intensity of huTTR tetrameric band increased
correspondingly (Figure 2c). These findings indicated that CAB increased the quaternary structural
stability of huTTR concentration-dependently.

In vitro, TTR rapidly dissociates when subjected to mildly acidic conditions. This facilitates its
auto-aggregation [11,46]. In order to understand the impact of CAB on the stability of huTTR under
conditions which promote amyloidogenesis, acid-mediated denaturation assay was performed. After
subjecting huTTR samples to denaturation stress, the percentage of huTTR tetramers in the presence
of CAB was higher than in the absence (Figure 3). In the presence of CAB, the percentage of huTTR
tetramers that remained was 68.32 + 0.81% as opposed to 30.24 + 0.78% in its absence. These results
indicated that CAB enhanced the quaternary structural stability of huTTR and confirmed the findings
from the urea-mediated denaturation assay.
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Figure 3. The resistance of human transthyretin in the absence or presence of CAB against acid-mediated
denaturation. HuTTR (0.5 pg/uL) was incubated with or without CAB (50 ug/uL) and subjected to
acidic denaturation conditions for 2 weeks. (a) The image represents the resolved protein mixtures
on 10% Tricine SDS-PAGE gels after cross-linking with glutaraldehyde. M: Protein molecular weight
marker; 1: huTTR with GMSO only, pH 4.0; 2: huTTR with CAB, pH 4.0; 3: huTTR with GMSO only,
pH 7.0. (b) Bar chart represents the extent of huTTR stability, derived from the percentage of tetramers
(%) left after denaturation. * values are significantly different at p < 0.05.

3.4. CAB Prevents huTTR Fibril Formation

The influence of CAB on huTTR fibrillation was determined by examining the morphology of the
protein using transmission electron microscopy (TEM). Based on the electron micrographs, no huTTR
mature fibril was formed in the presence of CAB; however, the formation of aggregate was not impeded
(Figure 4b). Conversely, in the absence of CAB, not only did huTTR transform into aggregate, but also
produced mature fibrils (Figure 4c,d). These findings suggested that CAB prevented the formation of
mature huTTR fibrils under moderately acidic conditions in vitro. The electron micrograph of CAB
incubated alone under similar conditions is shown in Figure 54.

G

Figure 4. The TEM micrograph of huTTR incubated in the presence or absence of CAB. (a) Human
transthyretin (TTR) in GF buffer, pH 7.4 supplemented with GMSO and incubated at —20 °C. (b) Human
TTR supplemented CAB, final pH 4.0 and incubated at 37 °C for 7 days. (c¢) Human TTR supplemented
with GMSO, pH 4.0 and incubated at 37 °C for 7 days. (d) Same image as (c) but with higher
magnification. Arrows represent mature fibrils, filled arrow-heads large amorphous aggregates, and
not-filled arrow-heads oligomers.
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3.5. Antioxidant Activity of CAB

To determine the antioxidant activity of CAB, DPPH radical scavenging and FRAP assays were
performed. The DPPH assay measures the ability of component(s) to quench the DPPH radical by
transferring H to it. From the DPPH assay, CAB and the antioxidant standard displayed ICs; values of
28.53 and 2.81 pg/mL, respectively. While the radical-scavenging effect of CAB was lower than that of
the standard, the abilities of both substances to remove the free radical were of the same magnitude.
The FRAP assay showed that the reducing potential of CAB was 284.17 pmol Trolox equivalents per
gram of CAB which is considered high [47]. These results demonstrated that CAB possessed potent
antioxidant capacity.

3.6. Chemical Characterization of CAB

3.6.1. Total Phenolic and Flavonoid Contents

The antioxidant activities of many fruits and plants have been largely attributed to the presence
of phenolics and flavonoids [48]. In this report, Folin-Ciocalteu and aluminum chloride colorimetric
assays were used to determine the total phenolic and flavonoid contents of CAB, respectively. The
content of phenolics in CAB was 43.86 + 0.34 mg of gallic acid equivalent per gram, while the flavonoids
content was 13.89 + 0.23 mg of quercetin equivalents per gram of CAB.

3.6.2. TLC Profile of CAB

Phytochemical analysis to determine the major chemical profile of CAB was performed by thin
layer chromatography on an aminopropyl-modified silica gel TLC plate. After derivatization with
p-Anisaldehyde-sulfuric acid reagent, emergence of pink, purple, and yellow bands were observed
under white light, indicating the presence of terpenoids and phenolics (Figure S3d). The emergence of
bands that quenched the fluorescence indicator on the TLC plate under ultraviolet light at 254 nm
(Figure S3b), suggested the presence of phenolics. Likewise, the appearance of bright yellow colored
bands under white light, after the TLC plate was saturated with ammonia solution and sprayed with
2% methanolic AlCl;, (Figure S3c) was typical of phenolic acids and flavonoids [49].

3.6.3. HPLC-QTOF-MS Analysis of CAB

HPLC-QTOEF-MS was used to determine the chemical profile of CAB. The base peak chromatogram
(negative ion mode) is revealed in Figure 5. The tentative identity of the major peaks obtained, retention
times, accurate masses, and predicted molecular formulae are presented in Table 1. Identification of
compounds was accomplished by comparing the accurate masses obtained with those of previously
reported compounds present in C. asiatica found in the literature [40,50] and in online databases including
METLIN and ChemSpider. Eight caffeoylquinic acids (chlorogenic acids) were identified including
3-O-caffeoylquinic acid, 5-O-caffeoylquinic acid, 3,4-O-dicaffeoylquinic acid, 3,5-O-dicaffeoylquinic
acid, 3,5-O-dicaffeoyl-4-malonylquinic, 3-caffeoyl-4-feruloylquinic acid, and 4,5-O-dicaffeoylquinic
acid (Table 1). In addition, seven pentacyclic triterpenoids were present including asiaticoside B,
madecassoside, centellasaponin B, centellasaponin A, asiaticoside, avenacoside A, and soyasaponin I.
The flavonoids quercetin 3-O-glucuronide and eriodictyol 7-(6-galloylglucoside) were also identified
(Table 1). Thus, the prevalent chemical groups in CAB were chlorogenic acids and pentacyclic
triterpenoids. The chemical composition of CAB was similar to those previously reported for C.
asiatica [22,40,50].
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Figure 5. Base peak chromatogram of compounds in CAB obtained using HPLC-QTOF-MS in the

negative mode.

Table 1. Profile of major bioactives detected in CAB by HPLC-QTOF-MS.

Peak No Retention Observed Accurate Mass Predicted Calculated Tentative Identity of
- Time (m/fz) Formula Mass (Da) Compound
4 2.0 503.1527 [M — H]~ Cy1Hpg014 504.1479 Caffeic acid dihexoside
12 15.1 353.0877 [M — H]~ C16H1809 354.0951 3-O-Caffeoylquinic acid
14 17.0 353.088 [M — H]~ C16H1809 354.0951 5-O-Caffeoylquinic acid
21 21.3 693.2790 [M — H,O — H]~ C34Hyg016 712.2942 Nominilic acid 17-glucoside
22 21.6 477.0685 [M — H]~ Cp1H15013 478.0747 Quercetin 3-O-glucoronide
23 224 5151195 [M — H]~ Co5H4017 516.1268 3,4-O-Dicaffeoylquinic acid
24 229 515.1209 [M — H]~ Co5H4017 516.1268 3,5-O-Dicaffeoylquinic acid
25 233 601.1226 [M - H]- CasHasO1s 602.1272 2'C?:iO'D‘Caffe"yl'4'mal°“quumm
26 23.6 515.1203 [M - H]~ Cy5H24012 516.1268 4,5-O-Dicaffeoylquinic acid
27 24.0 601.1209 [M — H]~ CagHy6015 6021272 35-0-Dicaffeoyl-4-malonylquinic
acid isomer
- Eriodictyol
28 244 601.1228 [M — H] CogHp6O15 602.1272 7-(6-galloylglucoside)
29 247 1019.5149 [M + Formate]™ Cy9Hy79O0p 1019.5063 Asiaticoside B
30 24.8 1019.5149 [M + Formate]™ Cy9H79O 1019.5063 Madecassoside
31 25.1 529.1351 [M — HJ~ CasHosO12 530.1424 3-Caffeoyl-4-feruloylquinic acid
32 252 873.4522 [hﬁﬂf Formate — Cy3HgoO1s 874.4562 Centellasaponin B
33 257 1003.5166 %f Formate = ¢ Hy0y 10045192 Centellasaponin A
34 26.1 957.5088 [M — H]~ CusH75010 958.5137 Asiaticoside
36 27.8 1061.5180 [M — H]~ Cs1HgOn3 1062.5247 Avenacoside A
39 29.8 987.5213 [M — HJ~ CioH79029 988.5243 Soyasaponin I
40 30.2 571.0881 [M — H,O — H]~ C30Hz0012 572.0955 Manniflavanone

4. Discussion

In this study, we demonstrated that the bioactive compounds in CAB modulated huTTR
amyloidogenesis by binding to the T4-binding sites of the tetramer. This enhanced the quaternary
structural stability of huTTR against denaturation stresses. In addition, CAB prevented the fibrillation
of huTTR under acid-induced aggregation conditions and demonstrated potent antioxidant activity.

Biophysical evidence has shown that dissociation of TTR tetramer is the initial and most critical
step in TTR amyloidogenesis [8,11,12,51-53]. Thus, it is reasoned that enhancing TTR tetramer kinetic
stability would make for an effective therapeutic strategy. Kinetic stabilization of native TTR tetramers
can be accomplished by small-molecule ligands binding to the T4-binding sites of tetrameric TTR, which
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elevates the kinetic barrier for its dissociation [8]. Since TTR amyloidogenesis is a concentration-driven
process, by enhancing tetramer stability, the process is depleted of required amyloidogenic-competent
monomers [54].

Natural products such as curcumin and propolis are now receiving more attention as potential
kinetic stabilizers [18,55]. Commercial bee propolis (brand name: Bio30) extract, rich in caffeoyl
acid phenethyl ester, reportedly stabilized the tetramers and inhibited transthyretin amyloidogenesis
in vitro [18]. Our data demonstrated that CAB preserved the quaternary structural stability of huTTR,
as reflected by the resistance of CAB-associated huTTR against urea- and acid-mediated denaturation
conditions (Figures 2 and 3). These results concurred with previous findings of increased TTR
structural stability by natural products [18,35,55,56]. This often involves, as earlier noted, binding of
the small-molecule ligands at the T4-binding sites of the homotetramers [17]. The two T4-binding sites
are situated in a particularly weak dimer—dimer interface. Electrostatic repulsion by side chains of
symmetric residues (e.g., Lys 15, Lys15’) located at the surface of this hydrophobic pocket contributes
significantly to the decrease in tetramer stability [53]. Since more than 99.5% of the T4-binding sites of
TTR tetramers in serum are unoccupied under normal physiological conditions [57], an opportunity is
created for small-ligand binding. Binding of small-molecule ligands at the T4-binding sites within the
hydrophobic channel increase interactions and serve as tithers between the two dimers, and as potential
anion shields that reduce the effects of electrostatic repulsion between the dimers. Consequently, the
conformational stability of the tetramer is enhanced [53,56]. Thus, the increase in huTTR stability in this
study could be attributed to the binding of CAB as small ligands at T4-binding sites of the tetramers
as revealed by the ANS-binding displacement assay (Figure 1b). The increased ANS fluorescence
(Figure 1b) is also indicative of the compactness of tetramers and integrity of the protein inner core [45]
upon CAB binding. This was further supported by the preference of CAB binding to folded huTTR as
revealed by the NBT assay (Figure 1a). CAB is phenol-rich. It is plausible that the phenolic components
present in CAB form quinoprotein adducts with huTTR via Schiff base addition involving the Lys15,
Lys15’ residues within the T4-binding sites [58,59]. Details of the molecular interactions between CAB
and huTTR could constitute a future investigation.

CAB also binds (albeit, weakly) to huTTR monomers as indicated by the faint formazan color in the
NBT redox-cycling assay (Figure 1a). Non-native monomers are the precursors for TTR aggregation and
fibril formation [30,51]. The binding of CAB to huTTR monomers could partly explain the inhibition of
huTTR amyloid fibril formation under conditions of mild acidity (Figure 4). Previously, it was reported
that the aqueous extract of C. asiatica completely prevented the formation of amyloid-beta aggregates
from monomers, and disintegrated preformed fibrils [23]. While our data showed that CAB prevented
the formation of mature huTTR amyloid fibrils, the formation of aggregates was unabated (Figure 4b).
This could be because huTTR oligomers, after being modified by CAB could no longer proceed in the
amyloid cascade, (i.e., form mature fibrils). While such aggregates could be innocuous as previously
demonstrated [60] in some natural phenolic products, it is yet to be investigated in CAB. The LC-MS
data (Table 1) revealed that the major group of compounds in CAB are triterpenoids and phenolics.
The ability of CAB to modulate TTR amyloidogenesis and fibril formation could be partly explained by
the aromatic rings present in these compounds, and the formation of noncovalent interactions between
them and amino acid residues of the 3-sheet-rich core of the amyloidogenic protein [18,23,61].

Pro-oxidation is a feature in the pathophysiology of many neurodegenerative diseases including
TTR amyloidogenesis [15,16]. Cytotoxic TTR comes in various conformations including amyloidogenic
monomers, small soluble aggregates, and oxidatively-modified tetramers [16]. Upon interaction
with cells, amyloidogenic TTR reduces cell viability and induces the release of reactive species [62].
Oxidatively modified TTR reportedly influences amyloidogenicity and age of onset in senile systemic
amyloidosis [16]. In addition, a decrease in serum albumin antioxidant capacity was reported to
accelerate TTR amyloid deposition in FAP patients [63]. Contrariwise, administration of a potent
antioxidant, carvedilol, decreased TTR deposition, and oxidative and ER stresses in a FAP animal
model [64]. All this underscores the importance of pro-oxidants in the promotion of antioxidants in
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amelioration of TTR amyloidosis. Our data indicated that CAB possessed potent radical scavenging
activity and reduction ability as demonstrated by ICsy and FRAP values 28.53 ng/mL and 284.17
umol Trolox equivalents per gram of CAB, respectively. Compared with the previous reports on
44 plant extracts [47,65], CAB possessed excellent antioxidant capacity which could be attributed to
its high phenolic and flavonoid content [48,66] (Pittella et al., 2009). Thus, the mitigation of huTTR
amyloidogenesis by CAB could partly be attributed to its phenolic content [35,60,61] and antioxidative
ability [20,64,67]. In addition, CAB as an antioxidant could potentially enhance oxidative balance by
quenching reactive species and thus, reducing their deleterious effects on not only, huTTR, but also
lipids, genetic materials, and aggregated-TTR-induced oxidative stress [48,64].

A potential drawback of this study is the possibility that a single compound or group of compounds
might be responsible for the observed bioactivity of CAB. However, it has been widely reported
that the bioactivity exerted by phytochemicals in natural products such as plant extract is mainly
due to the additive, synergistic, and complementary effects of many rather than any individual
phytoconstituent [19] (Liu, 2003). Also, CAB as a phytocomplex, rather than an isolated phytochemical,
could make for a better multitarget agent for a complex multifactorial disorder such as TTR amyloidosis.

In this report, we have provided strong evidence that the hydrophilic fraction of C. asiatica contains
potentially useful bioactives or lead compounds that could ameliorate TTR amyloidosis. Since TTR
stability is vital in beta-amyloid clearance [68], CAB could also be relevant in Alzheimer’s disease
therapy. Prior, evidence had been presented for the neuroprotective and cognitive enhancement action
of C. asiatica extracts [69,70]. In addition, C. asiatica bioactives were shown to be neuritogenic [71],
synaptogenic [70], and anxiolytic [72]. Moreover, previous studies indicated that C. asiatica extracts
decreased oxidative damage [73], increased cyclic AMP response element binding protein (CREB)
phosphorylation, modulated the extracellular signal-regulated kinases (ERK) and protein kinase
B signaling pathways [69,71] and was anti-inflammatory [74], which suggests a wide spectrum of
biological activities. However, pertaining to the anti-TTR amyloidogenic activity of CAB, further
studies are still required in order to elucidate the potency and safety in cell and animal models of
the disease.

5. Conclusions

Based on the mechanistic studies presented herein, we determined that CAB might be a potential
candidate or source material for future therapeutic development for TTR amyloidosis and/or related
neurodegenerative diseases.
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Abstract: The homotetrameric plasma protein transthyretin (TTR), is responsible for a series of
debilitating and often fatal disorders in humans known as transthyretin amyloidosis. Currently,
there is no cure for TTR amyloidosis and treatment options are rare. Thus, the identification and
development of effective and safe therapeutic agents remain a research imperative. The objective of
this study was to determine the effectiveness of Bacopa monnieri extract (BME) in the modulation of
TTR amyloidogenesis and disruption of preformed fibrils. Using aggregation assays and transmission
electron microscopy, it was found that BME abrogated the formation of human TTR aggregates and
mature fibrils but did not dis-aggregate pre-formed fibrils. Through acid-mediated and urea-mediated
denaturation assays, it was revealed that BME mitigated the dissociation of folded human TTR
and L55P TTR into monomers. ANS binding and glutaraldehyde cross-linking assays showed that
BME binds at the thyroxine-binding site and possibly enhanced the quaternary structural stability
of native TTR. Together, our results suggest that BME bioactives prevented the formation of TTR
fibrils by attenuating the disassembly of tetramers into monomers. These findings open up the
possibility of further exploration of BME as a potential resource of valuable anti-TTR amyloidosis
therapeutic ingredients.

Keywords: antioxidants; amyloidosis; Bacopa monnieri; bioactive compounds; degenerative diseases;
fibrillation; transthyretin

1. Introduction

Transthyretin (TTR) is one of the most abundant plasma proteins and is involved in the transport
of thyroxine and vitamin A [1,2]. In the cerebrospinal fluid, this 55 kDa homotetrameric protein
synthesized in the choroid plexus is the main transporter of thyroxine (T4). Recent evidence seems to
suggest a neuroprotective role of TTR in Alzheimer’s disease. However, TTR in its pathological form,
amyloid transthyretin (ATTR), is responsible for a spectrum of progressive, debilitating, life-altering
neurodegenerative diseases known as ATTR amyloidosis which originated from the misfolding,
mis-aggregation and systemic deposition of ATTR in several organs. ATTR amyloidosis is a severe
clinical disorder leading to death in many cases within seven to ten years after the onset of clinical
manifestations [1]. At the moment there is no cure for the disease and effective therapeutic interventions
are very limited. Thus, there is a pressing need for investigations targeted toward the identification or
development of safe and effective therapeutic interventions.
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Native wild-type TTR is fairly stable under physiological conditions but possesses an intrinsic
propensity to dissociate into its monomeric form. This propensity is enhanced by single point mutations
in the TTR gene leading to variant TTR with altered and often reduced quaternary structural stability.
At the moment, there are over 130 variant forms of TTR, most of which are amyloidogenic. Systemic
deposition of aggregated variant TTR as amyloid fibrils in various organs of the body constitutes the
pathological hallmark of hereditary variant transthyretin (ATTRv) amyloidosis, such as the formally
known familial amyloidotic polyneuropathy (FAP) and familial amyloidotic cardiomyopathy (FAC).
Deposition of wild-type transthyretin leads to wild-type transthyretin (ATTRwt) amyloidosis or the
erstwhile senile systemic amyloidosis. ATTRwt amyloidosis is a leading cause of death in the elderly
often involving heart failure [3]. While the complete picture of the molecular mechanisms underlying
the transition of normal soluble functional transthyretin into its pathological counterpart is still
emerging, the prevailing hypothesis is that the initial and most important step is the dissociation of the
native tetramer into monomers [1]. Thus, investigations involving the identification and development
of small-molecule ligands that prevented tetramer dissociation, also known as kinetic stabilizers,
were considered a viable therapeutic strategy [4]. The recent development of kinetic stabilizers, such
as Tafamidis and diflunisal, in addition to TTR gene silencers, including Inotersen and Patisiran,
has provided patients with some positive treatment outcomes. However, limitations involving the
long-term consequences and failure to prevent neurologic impairment in patients remain major sources
of concern [5]. The investigations into safe and effective alternative therapeutic agents for preventing
TTR amyloidogenesis and/or disrupting the preformed fibrils (amyloid disrupters), therefore, are still
required. Recently, natural products from plants have been receiving increasing attention for their
anti-amyloid activities as well as alternative beneficial effects, such as antioxidants, anti-inflammatory,
and metal-chelating properties [6-8].

Bacopa monnieri (L.) Wettst also commonly known as Brahmi, Prom-mi, or water hyssop, is a small,
perennial herb commonly found in the marshy areas of Asia and many tropical and subtropical regions
around the world. B. monnieri is a member of the family Plantaginaceae for which there are about 100
species under the same genus. Three species of the plant are common in Thailand viz., B. floribunda
(R. Br.) Wettst (local name: Phak sam Ian), B. caroliniana (Walter) B. L. Rob (local name: Lam pailin),
and B. monnieri (L.) Wettst (local name: Prom mi). B. monnieri is the most common of the three due
to its prevalent use in Thai traditional medicine for alleviating cognitive impairment and enhancing
intelligence [9]. For thousands of years, Brahmi was widely used in Ayurveda, the Indian traditional
system of medicine for treating several neurological disorders and for improving overall well-being [10].
Several pharmacological investigations have demonstrated the antioxidant [11], anti-inflammatory [12],
and neuroprotective effects on disorders, such as Alzheimer’s disease, Parkinson’s disease, and brain
injury [13]. However, its impact on ATTR amyloidosis has yet to be investigated. Given its reportedly
good safety profile [14] and abundance of bioactive metabolites [15], the objective of the present study
was thus to determine the effect of Bacopa monnieri extract (BME) on transthyretin amyloidogenesis
and fibril disruption. Knowledge from this investigation could provide insights pertaining to the
therapeutic potential of BME against ATTR amyloidosis.

2. Materials and Methods

2.1. Expression and Purification of Recombinant L55P TTR

Recombinant L55P TTR was produced in Pichia pastoris expression system as described earlier [16].
L55P TTR was purified from the concentrated culture supernatant using preparative discontinuous
native-PAGE. Silver staining was used to determine fractions containing only L55P TTR, which were
subsequently pooled and concentrated by ultrafiltration. Concentration of the purified L55P TTR was
determined by Bradford assay using bovine serum albumin as standard. Pure L55P TTR was stored at
—20 °C until use.
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2.2. Purification of Human TTR from Plasma

Human plasma was pretreated by reduction of albumin via adsorption in a Cibacron blue
3GA (Sigma-Aldrich, St. Louis, MO, USA) column. The unbound faction was concentrated by
ultrafiltration. Human TTR was purified from the concentrated, pretreated human plasma by
preparative discontinuous native-PAGE using BIO-RAD Model 491 Prep Cell system (BIO-RAD,
Hercules, CA, USA) as described previously [17].

2.3. Plant Material Collection and Preparation of B. monnieri Extract (BME)

Fresh Brahmi was obtained from Naresuan University. Whole plant specimen was identified
and authenticated by Dr. Pranee Nangngam with voucher specimen (Saesong004) deposited at the
Herbarium of the Department of Biology, Faculty of Science, Naresuan University, Thailand. Brahmi
aerial parts of about 10 cm was washed and dried for 24 h at 50 °C in a hot air oven. The dried plant
material was then blended into powder. Brahmi powder was extracted as earlier reported [15]. Briefly,
pre-soaked plant material was extracted with 95 % ethanol (solid solvent ratio of 1:6 w/v) by sonicating
for 10 min. The residue was further extracted two more times. The ethanolic extracts were combined,
filtered and evaporated to obtain Bacopa monnieri or Brahmi extract (BME).

2.4. Chemical Characterization of Brahmi Extract

2.4.1. RP-HPLC Quantitative Analysis

It has been widely reported that saponins constitute the major bioactive components in B. monnieri,
thus the saponin content of Brahmi was quantified using reverse-phase high-performance liquid
chromatography as previously reported [18]. Five individual saponins standards, including Bacoside
A3, Bacopaside I, Bacopaside II, Bacopaside X, and Bacopopasaposin C were used. Total saponin
content was obtained as the sum of the individual saponin and expressed as the percentage weight of
the dried extract.

2.4.2. Total Phenolic Content

The content of phenolic compounds in BME was determined by Folin—Ciocalteu as previously
described [19]. BME or gallic acid (standard) was solubilized in DMSO: methanol (10:90 v/v). One
hundred microliters of BME, standard or blank was added into test tube followed by freshly prepared
10 % Folin—Ciocalteu reagent (200 pL). For the blank, 200 uL of distilled water was added in place of
Folin—Ciocalteu reagent. Five minutes later, 700 mM sodium carbonate solution (800 uL) was added
to develop a blue mixture. The solutions were incubated in the dark for 2 h at room temperature.
Absorbance was read at 765 nm and a standard curve was plotted from gallic acid (0-0.05 mg). Total
phenolic content of BME was obtained from the standard curve and expressed as mg gallic acid
equivalent per gram of Brahmi extract dry weight.

2.4.3. Total Flavonoid Content

Content of flavonoid compounds was determined by aluminum chloride colorimetric assay as
previously described [19]. One hundred and eighty microliters of BME, quercetin (standard) or blank
solubilized in DMSO: methanol (1:5 v/v) was introduced to test tubes. Methanolic aluminum chloride
10% wfv (30 uL) was added into the solution. Methanol was added to the blank instead of AlCI;.
Subsequently, 1 M sodium acetate (30 pL) and distilled water (850 uL) were added to the mixture and
vortexed. Due to the deep coloration of the extract, a blank for the extract was prepared containing all
the components but with methanol instead of methanolic AICl; solution. The sample, standard and
blank solutions were incubated in the dark at room temperature for 30 min. Absorbance was recorded
at 415 nm. A standard curve was plotted from quercetin (0-0.05 mg). The total flavonoid content of
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Brahmi extract was derived from the standard curve and expressed as mg quercetin equivalent per
gram of Brahmi extract dry weight.

2.4.4. Ferric Reducing Antioxidant Power (FRAP) Assay

The antioxidant capacity of Brahmi extract was obtained using FRAP assay as described by Benzie
and Strain [20] with slight modifications. Freshly prepared FRAP solution (300 mM acetate buffer
pH 3.6, 10 mM 2,4,6-Tris(2-pyridyl)-s-triazine) solution, 20 mM FeCls-6H,0) was warmed for 30 min at
37 °C in the dark. BME was solubilized in 50% DMSO while ferrous sulfate (0—2 mM) was prepared as
standard for calibration. BME or ferrous sulfate solution (10 uL) was added in a 96-well microplate
followed by FRAP solution (200 pL). The mixture was incubated at 37 °C for 30 min in the dark.
Absorbance was read at a wavelength of 593 nm. FRAP values were obtained from a calibration curve
prepared using ferrous sulfate and expressed as mmol ferrous equivalent per gram of Brahmi extract
dry weight.

2.4.5. DPPH Radical Scavenging Assay

The anti-radical activity of BME was determined by DPPH assay as described by Lesjak et al. [21].
Ten microliters of plant extract solution (8.33-166.67 mg/L) was added into the wells of a 96-well
microtiter plate. Methanol (140 pL) followed by 0.1 mM DPPH (150 pL) in methanol were added to the
extract. Methanol without the extract served as control while corresponding blank probes contained
10 pL of extract and 290 pL. of methanol. After 30 min of incubation, absorbance was read at 515 nm
and the DPPH radical scavenging effect of BME was expressed as ICsy, i.e., the extract concentration
that inhibited DPPH radical formation by 50%.

2.5. Transthyretin Tetramer Stabilization Assays

2.5.1. Urea-Mediated Denaturation Assay

The effect of BME on human TTR or L55P TTR tetramer stability was determined using
urea-mediated denaturation assay. The protein was pre-incubated with BME, curcumin or DMSO
(solvent) for 4 h at 37 °C in the dark. Urea solution was added to the protein solution (at a final
concentration of 6 M) to initiate dissociation of the tetramers. Protein solution was incubated at 4 °C in
the dark for 72 h. Thereafter, the amount of folded L55P TTR (i.e., dimers, trimmers, and tetramers) left
was obtained by resolving the protein solution on 10% Tricine SDS-PAGE gel followed by densitometric
analysis on LabWorks 4.0 software (UVP Ltd., Cambridge, UK) of the Coomassie brilliant blue R-250,
stained protein bands on the gels.

2.5.2. Acid-Mediated Denaturation Assay

Human TTR solution with or without BME was pre-incubated for 4 h to enable binding interactions.
Thereafter, protein solutions were subjected to denaturation by addition of acetate buffer, pH 4.0
and incubated at 37 °C in the dark for 14 days. To determine the extent of denaturation, protein
solutions were solubilized in SDS sample loading buffer without f-mercaptoethanol (i.e., 0.05 M
Tris-HCI, pH 6.8, 10% glycerol, 2% SDS, and 0.1% bromophenol blue dye). Protein samples (without
boiling) were resolved on 12% polyacrylamide gel containing 0.1% SDS and separated bands were
detected with Coomassie brilliant blue R-250 staining. In principle, under this SDS-PAGE condition,
tetrameric transthyretin will be observed as SDS-resistant dimers on the gel [22]. The fraction of human
TTR tetramers left after subjection to mild acid denaturation stress was quantified from the gel band
intensities via densitometric analysis using gel documentation.
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2.6. Transthyretin pH-Induced Fibril Formation and Disruption Assays

The effect of BME on human TTR aggregation and fibril formation was determined by
pre-incubating human TTR for 4 h with or without BME at 37 °C. Thereafter, the pH was adjusted to
4.0 with 200 mM acetate buffer, pH 4.0. Aggregation of human TTR was enabled by aging the protein
complex for 14 days in the dark at 37 °C under aseptic conditions. The extent of protein aggregation
and fibrillation were determined by transmission electron microscopy (TEM). For TEM analysis, a drop
of protein solution was spotted unto a formvar-coated copper grid for 3 min. Excess fluid was carefully
blotted with a filter paper wedge. The grid was then rinsed with a drop of Milli-Q water (Millipore,
Billerica, MA, USA) followed by staining with 2% uranyl acetate in 70% methanol for 2 min. The grid
was further rinsed with a drop of Milli-Q, excess fluid blotted away and dried at ambient temperature.
The TEM image was obtained using a JEOL JEM-2010 (JEOL Ltd., Akishima, Tokyo, Japan) electron
microscope operating at 160 kV. The fibril disruption assay was performed as previously described [6].
Preformed fibrils were prepared using acid-mediated aggregation assay and formation of fibrils was
confirmed by TEM. The pre-formed fibrils were further incubated with or without BME in the dark
at 37 °C for 24 h. Thereafter, fibril disruption activity was confirmed by TEM and glutaraldehyde
cross-linking assay followed by 10% Tricine-SDS-PAGE.

2.7. Transthyretin Quaternary Structural Alterations Determined by Glutaraldehyde Cross-Linking Assay

The quaternary structure of human TTR or L55P TTR subjected to urea-induced denaturation or
human TTR after acid-mediated denaturation stress was determined by chemical cross-linking assay
using glutaraldehyde. Aliquot of protein solution was obtained denaturation at stress. Glutaraldehyde
was added to the protein solution (final concentration of 2.5%) and cross-linking allowed for 4 min at
ambient temperature. Cross-linking reaction was quenched by addition of 7% NaBH4 in 0.1 M NaOH
(of equal volume to glutaraldehyde). The mixture was solubilized with 4x SDS sample loading buffer
(final SDS concentration of 2%) and boiled for 10 min before resolving on 10% Tricine-SDS-PAGE gel.
Protein bands were detected using Coomassie brilliant blue staining.

2.8. Determination of Inhibitor Binding by ANS Displacement Fluorescence Assay

The small fluorescent probe 8-anilino-1-naphthalene sulfonic acid (ANS), is widely used in
monitoring ligand or inhibitor binding to the thyroxine-binding site of native tetrameric TTR [23]. ANS
binding assay was performed on Synergy HT (BioTek Instruments, Winooski, VT, USA) microplate
reader. The ANS stock solution (2.47 mM) was prepared in 10 mM phosphate buffer, pH 7.4 and its
concentration was determined by absorbance (E359 = 5000 M~lem™) [24]. Human TTR (0.055 ug/uL)
was incubated in the presence of 10 uM ANS and varying concentrations of BME (0.0055-0.55 pg/uL).
Fluorescence intensity was measured after 10 min at excitation of 360/40 nm and emission at 460/40 nm
at a temperature of 37 °C.

2.9. Statistical Analysis

Statistical analysis was performed with the aid of Graph Pad Prism version 7 for Microsoft
windows (Graph Pad Software, San Diego CA, USA). The data was statistically analyzed by one-way
analysis of variance (ANOVA) followed by multiple comparison analysis using Tukey’s test. Statistical
significance was defined as * p < 0.05, ** p < 0.01, and *** p < 0.001. All determinations were performed
in triplicate and results represented as means + SD.
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3. Results

3.1. BME Prevented TTR Amyloid Fibril Formation

Amyloidogenesis and fibril formation by TTR is closely associated with the development of the
devastating clinical features that characterize ATTR amyloidosis. In order to determine whether BME
is able to modulate TTR amyloidogenesis, we accessed its effect on human TTR fibrillation in vitro
using acid-mediated aggregation and fibril formation assay. In vitro, human TTR is capable of forming
mature amyloid fibrils under mildly acidic conditions at a temperature of 37 °C. As revealed by the
TEM image in Figure 1A, human TTR did not only form amorphous aggregates, but also formed
mature amyloid fibrils after incubation for 14 days in the absence of BME (Figure 1B). Notably, in the
presence of 20 pug/uL BME (concentration of human TTR was 1 ug/uL) no oligomers nor fibrils were
observed as shown in Figure 1B. From these results, it can be inferred that BME inhibited human TTR
aggregation and fibril formation.

Figure 1. The effect of BME on human TTR aggregation and fibril formation. TEM images of human
TTR subjected to acid-mediated aggregation assay in the absence (A) or presence (B) of BME after
14 days of incubation at 37 °C.

3.2. Effect of Native TTR Stability under Urea-Induced Denaturation Stress

Since tetramer dissociation into monomers is the required and rate-limiting step in TTR
amyloidogenesis we speculated that BME might have an effect on native TTR dissociation given its
inhibition of fibril formation. Thus, we determined the effect of BME on human TTR and L55P TTR
resistance to urea-mediated denaturation stress as described in the Materials section. As shown in
Figure 2A (and its representative Tricine-SDS-PAGE image, Figure 2C), in the absence, but not in the
presence of BME, human TTR was substantially dissociated after 72 h of incubation in 6 M urea at 4 °C.
The percent of folded human TTR (i.e., tetramers, trimers and dimers) left after denaturation stress
was higher in the presence of 13.33 pg/uL BME (106 + 4.77) compared to in its absence (73.49 + 2.06).
Quantitatively the percentage of folded human TTR left after denaturation in BME was not different
from that of the control. Correspondingly, there was no formation of human TTR monomers in the
presence but not in the absence of BME as indicated by the lack of appearance of the 16 kDa protein
band on the gel (Figure 2C). The same trend of results was observed when L55P TTR was subjected to
urea mediated denaturation with or without 13.33 png/uL BME (Figure 2B,C), however, dissociation
of L55P TTR was not completely abrogated by BME as indicated by the presence of protein bands
around 14-20 kDa corresponding to monomers. These results thus suggest that BME mitigated the
dissociation of both human TTR and L55P TTR into monomers.
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Figure 2. The effect of BME on native TTR dissociation under urea mediated denaturation stress.
Bar charts (A,B) represent folded human TTR (hTTR) and L55P TTR, respectively, in percentage
left after 72 h of incubation in the presence or absence of BME. Images (C,D) are representative of
Tricine-SDS-PAGE images of human TTR and L55P TTR, respectively, after denaturation.

3.3. Effect of Human TTR Tetramer Stability under Mildly Acidic Denaturation Condition

TTR undergoes amyloidogenesis in vitro under mildly acid pH. However, this process requires
the dissociation of native TTR tetramers into monomers which are susceptible to amyloidogenic
transformation by partial unfolding. To ascertain the effect of BME on human TTR stability under
acid-mediated denaturation conditions, the amount of tetramer left after aging the protein for 14 days
with or without BME was quantified as described in above. As shown in Figure 3, incubation of human
TTR under mild acidity markedly reduced the percentage of tetramers in the absence but not in the
presence of 20 ug/uL BME. Correspondingly, the content of monomers produced due to acid mediated
denaturation of human TTR was higher in the absence than in the presence of BME as revealed by the
monomer band intensity (Figure 3B). These results suggest that BME mitigated human TTR tetramer
dissociation under mildly acidic conditions and further supports the earlier results observed under
urea mediated denaturation conditions.
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Figure 3. (A) Quantitative analysis of the effect of BME on human TTR (hTTR) tetrameric resistance to
moderate acidic denaturation conditions. (B) Representative Tricine-SDS-PAGE gel image of human
TTR (hTTR) resistance to acid mediated denaturation without (Lane 3) or with (Lane 4) BME. Lane
1—protein molecular weight marker.

3.4. Impact of BME on TTR Quaternary Structural Stability and Dose-Dependent Effect

As earlier stated, the key to TTR amyloidogenesis is its transition from tetramer to monomer,
thus the stability of the native tetramer is crucial in mitigating its amyloidogenesis. To determine
the effect of BME on the quaternary structural stability of human TTR, the protein solution with or
without the extract was subjected to urea mediated denaturation stress followed by cross-linking with
glutaraldehyde. Glutaraldehyde cross-linking assay gives a reflection of the protein in its different
conformations upon resolving on Tricine-SDS-PAGE [25]. As shown in Figure 4, the human TTR
solution with or without BME after denaturation stress contained tetramers, trimers, dimers, and
monomers, albeit in different proportions. In both the acid and urea mediated denaturation conditions
(Figure 4A,B, respectively), the proportion of human TTR tetramer left at the end of the denaturation
stress was greater in the presence than in the absence of BME as indicated by the protein band intensities.
The opposite was reflected with regards to the proportion of monomers left, especially in the case of
urea mediated denaturation (Figure 4B). However, based on the protein band intensities, the content of
monomers left after acid mediated denaturation appear to be lesser in the absence of BME. Presumably,
this may be due to their rapid conversion to amyloid competent species that are rapidly transformed
into higher molecular weight aggregates and fibrils [26] as earlier shown in Figure 1. Thus, it is possible
to deduce from these results that BME resisted the dissociation of TTR tetramer to monomers under
tetramer-dissociating acid and urea mediated denaturation stress conditions.

The dose-dependent effect of BME on human TTR stability was determined by varying the
concentrations of the extract in human TTR denaturation solution. As shown in Figure 4C, there was a
substantially higher percentage of human TTR tetramers left after denaturation stress in the presence
and not the absence of BME. However, the increase in the amount of human TTR in the presence of
increasing amounts of BME was not remarkably different. These observations may be due to fact that
the bioactive ligands responsible for tetramer stability was already saturated in its interactions with
human TTR at every concentration of BME tested. These results thus seem to suggest that it is possible
for BME to stabilize human TTR tetramer.
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Figure 4. The effect of BME on human TTR (hTTR) quaternary structural stability and its dose-dependent
effect. Representative Tricine-SDS-PAGE gel images of glutaraldehyde cross-linked protein samples
with or without BME after acid-mediated denaturation (A) and urea-mediated denaturation (B) assays.
(C) Quantitative analysis of dose-dependent activity of BME on urea-mediated denaturation of human
TTR. (D) Representative Tricine-SDS-PAGE gel image of the effect of increasing BME amounts on
human TTR tetramer stability. M—molecular weight marker; 1—human TTR in DMSO, without urea;
2—human TTR in DMSO, 6M urea; 3—human TTR in 1 ug/uL. BME, 6M urea; 4—human TTR in Spg/uL
BME, 6M urea; 5—human TTR in 10pug/uL BME, 6M urea; 6—10ug/uL curcumin, 6M urea.

3.5. Determination of Human TTR Amyloid Fibril Disrupting Activity of BME

In order to ascertain whether BME had any effect on already formed human TTR amyloid fibril,
the soluble protein was first converted into mature fibrils by aging for 14 days in 200 mM acetate
buffer, pH 4.0 at 37 °C. Formation of mature human TTR amyloid fibrils was confirmed using TEM.
The preformed human TTR fibrils was the co-incubated with or without BME at 37 °C for an additional
24 h. Thereafter, aliquot of the fibril solution was obtained and diluted by 100 times with Milli-Q water
and spotted on formvar coated copper TEM grid followed by negative staining with 2% uranyl acetate.
Electron micrographs were later obtained. From the TEM images obtained (Figure 5), it could be seen
that the presence of BME did not alter the fibril morphology. There was no disruption in the mature
preformed human TTR fibrils after 24 h of incubation of the given concentration of BME. Thus, it can
be concluded that BME did not possess any fibril disrupting activity on mature human TTR fibrils.
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Figure 5. Images of pre-formed human TTR amyloid fibrils in the absence (A) or presence of BME (B)
after incubation for 24 h. (C) Tricine-SDS-PAGE gel representation of human TTR fibril disruption
activity of BME. Lane 1—protein molecular weight marker; Lane 2—human TTR pre-formed fibrils
without BME; Lane 3—human TTR pre-formed fibrils with BME.

3.6. Determination of BME Binding to TTR

Binding interaction between BME and human TTR was monitored using the small fluorescent
probe ANS. ANS is very sensitive to the polarity of its environment. In aqueous environments, ANS
has a weak fluorescence and displays an emission of maximum at 500 nm. Upon binding to the
hydrophobic patches of proteins it produces a blue shift in its emission wavelength and an increase in its
fluorescence intensity the extent of which is dependent on the protein structure and milieu surrounding
ANS [27]. In the presence of human TTR tetramer, ANS binds specifically to the thyroxine-binding
sites within the hydrophobic cavity with a consequent increase in fluorescence intensity at about
480 nm [28]. As shown in Figure 6, human TTR and ANS separately in phosphate buffer had very weak
fluorescence intensities. However, upon co-incubation of human TTR and ANS in phosphate buffer,
there was a dramatic increase in the fluorescence intensity. This can be attributed to the binding of ANS
to the thyroxine-binding sites of human TTR tetramers as previously reported [7,28]. Interestingly,
introduction of BME reduced the ANS fluorescence intensities dose-responsively. These seem to
suggest that BME binds to the thyroxine binding sites of the tetramers and prevents ANS from its
preferred binding location on the protein. Out of the hydrophobic T4-binding sites, ANS thus gives
reduced fluorescence intensity.
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Figure 6. Human TTR-ANS fluorescence intensity without or with increasing concentrations of BME
for the determination of ANS displacement from human TTR T4-binding sites by BME.

3.7. Chemical Characterization of BME

The major bioactive phytoconstituents in BME were determined by RP-HPC quantitative analysis
as described in the Methods section. BME was found to contain Bacoside A (Bacoside A3 (2.22% w/w),
Bacopaside II (4.68% w/w), Bacopaside X (3.25% w/w)) and Bacopaside I (3.54% w/w), giving a total
saponin content of 16.03% w/w of dried extract. Previously it had been reported that the total Bacoside
A content of methanol extract of in vitro culture of Bacopa monnieri was 8.73 mg/g of dry weight [29].
The superior content of BME may be due to difference in our extraction method and solvent composition.
BME contain over sixty individual compounds. The metabolite profile of saponins, phenolics, and
other components present were previously determined by LC-ESI-qTOE-MS [15]. The total phenolic
content of BME was also determined using the widely accepted Folin-Ciocalteu assay. BME recorded
a phenolic content of 26.45 mg gallic acid equivalent/gram of dry weight. Compared to the phenolic
content of thirty common culinary herbs in Thailand previously reported, BME had a higher phenolic
content than twenty-three of them including Cucurbita moschata (pumpkin) leaves, Allium sativum
(garlic) cloves, Mentha canalenisa (peppermint) leaves, Curcuma longa (turmeric) rhizome. However,
the phenolic content of Ocimum basilicum (sweet basil) leaves, Ocimum sanctum (holy basil) leaves and
Acacia penneta (acacia) shoot tips were higher than BME. Given that flavonoids constitute a major
proportion of polyphenols in several plant species, the total flavonoid content in BME was determined
and found to be 17.6 mg quercetin equivalent/g of BME [30].

The antioxidant capacity of BME was determined using DPPH and FRAP assays, two of the most
commonly reported in vitro methods for ascertaining antioxidant content in fruits, vegetables, and
plant-derived constituents. The FRAP assay measures the reductive ability of all the redox-active
constituents in BME via single electron transfer (SET) mechanism while the DPPH assay determines
radical scavenging activity of the extract toward the DPPH radical by SET and hydrogen atom transfer
(HAT) mechanisms [31]. As shown in Table 1, BME had a FRAP value of 306.82 pmol Fe(Il)/g, which
is indicative of its ability to reduce ferric-TPTZ complex to its ferrous form. The DPPH ICs; value
for BME was 90.89 mg/L. Konczak et al. observed a high degree of correlation between the FRAP
value (in umol Fe(II)/g dry weight) of commercially grown native Australian herbs and spices and
their phenolic content (in mg gallic acid equivalent/g dry weight), which validated the notion that
antioxidant capacity of bioactive components from food and plants is a function of their natural
phenolic content [32]. Given that many of the health benefits associated with the consumption of
fruits, vegetables and bioactives from plant sources have been attributed to antioxidants, it can be
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speculated that the presence these small-molecule natural antioxidant phenolics and saponins might
be responsible for the anti-amyloidogenic properties of BME.

Table 1. Chemical profile and antioxidant activity of Brahmi extract.

Chemical Property Brahmi Extract
Total saponin content (% w/w of dried extract) 16.03 = 0.01
Total phenolic content (mg gallic acid/g BME) 26.45 + 0.34
Total flavonoid content (mg quercetin/g BME) 176 1.5
Ferric reducing antioxidant power (umol Fe (II)/g BME) 306.82
DPPH radical scavenging activity ICsy (mg/L) 90.84 + 0.44

4. Discussion

The objective of this work was to determine the ability of Bacopa monnieri extract (BME) to modulate
transthyretin amyloidogenesis and fibril disaggregation in vitro. The results obtained strongly suggest
that BME inhibited the formation of human TTR aggregates and mature fibril by stabilizing and
preventing the dissociation of native tetramers through binding at the thyroxine-binding sites of
the protein. However, BME could not disrupt preformed TTR fibrils. These findings suggest that
BME contained bioactive metabolites with potential therapeutic implications for the modulation of
ATTR amyloidosis.

Normal physiological native TTR is made up of four identical monomers often annotated A-D.
Each monomer is consisted of eight B-strands (A-H) and a short alpha helix, EF helix. Interaction
between monomers via hydrogen bonds produces dimers. The dimers self-associate furnished by
hydrogen bonds and hydrophobic interactions to form the functional tetramer which possesses a
central hydrophobic channel that contains two binding sites for thyroxine (T4) created by amino
acid residues from both dimers [33]. TTR is also capable of acquiring a gain-in-toxic function
by becoming amyloidogenic in human [34]. Indeed, TTR amyloidogenesis is associated with the
development of severe clinical complications including peripheral neuropathy, autonomic dysfunctions,
cardiomyopathy, or death in some cases, a condition which is generally referred to as ATTR amyloidosis.
Unlike in several other similar multifactorial diseases such as Alzheimer’s disease and Parkinson’s
disease where there are a lot of controversies surrounding their origin, in ATTR amyloidosis the
consensus is that the key molecular event underpinning its etiopathogenesis is destabilization of the
homotetrameric structure leading to its dissociation to monomers [1]. Given the pivotal role of tetramer
dissociation in initiating the TTR amyloid cascade, there had been a strong momentum in research
focused on the identification and development of kinetic stabilizers i.e., small-ligand agents which
binds to (typically at the T4-binding sites) and prevents dissociation of tetrameric transthyretin [4]. The
kinetic stabilization strategy led to the development of the regulatory approved drug Tafamidis, for the
treatment of early-stage FAP [1] or cardiomyopathy of ATTRw amyloidosis. However, with limitations
in Tafamidis such as its inability to prevent progression in neuropathy as well as its lack of effectiveness
in late-stage TTR amyloidosis and nonV30M ATTRv amyloidosis [35], it is, therefore, vital to continue
investigations aimed at identifying and developing effective and safe therapeutic alternatives.

In vitro, transthyretin is known to form amyloid fibrils under mildly acidic pH (5-4) at physiological
temperature [36]. Using the well-established acid-mediated aggregation and fibril formation assay,
we found that BME completely abrogated the formation of oligomers and mature amyloid fibrils by
human TTR after 14 days of incubation as shown by the electron micrographs of the aged protein
solutions. These findings are supported by earlier studies demonstrating the anti-amyloidogenic
potential of BME on a-Synuclein [37]. Parkinson’s disease is recently being considered as a type
of amyloidosis—of which the main neuropathological diagnostic feature is the accumulation of
cross-p sheet-rich aggregates of a-Synuclein as Lewy bodies in the brain [38]. The crucial step in
the pathogenesis of Parkinson’s disease is the aggregation of a-Synuclein [39], which is reportedly
attenuated by B. monnieri extract [37]. However, unlike o-Synuclein and beta-amyloid which aggregate
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and form fibrils via a nucleation-dependent polymerization mechanism, TTR follows a downhill
polymerization of amyloid competent monomers [40]. The implication here is that formation of
these amyloidogenic monomers mandates the dissociation of tetramers—the critical step in TTR
amyloidogenesis. Additionally, since this process is concentration-driven, a viable strategy to prevent
the TTR amyloidogenesis and fibrillation would certainly involve preserving the quaternary structural
integrity of tetramers [41]. Results from this study shows that BME indeed mitigated the urea-induced
dissociation of human TTR and its most pathogenic variant L55P TTR, into their constituent monomers.
These results were further supported by the resistance of human TTR in the presence but not in
the absence of BME against acid-mediated denaturation and fibril formation. However, BME was
incapable of disrupting preformed mature human TTR amyloid fibrils. These seem to suggest that
the inhibition of human TTR fibril formation by BME was due to the prevention of the rate-limiting
tetramer dissociation. Previous studies in the recent past have shown that natural products such as
curcumin from Curcuma longa (Turmeric), propolis from honeybee were able to prevent the dissociation
of TTR tetramers and, thus, modulate its amyloidogenesis [7,28]. The prevailing molecular mechanism,
especially in the case of propolis involved the binding of the small-molecule ligand at the T4-binding
site within the central hydrophobic channel of TTR tetramer with consequent increase in the tetramer
stability. BME binds to and displaced the fluorescent probe ANS from the T4-binding sites in native
tetrameric TTR as revealed by ANS displacement assay. The binding of BME at the T4-binding sites
presumably creates further interactions between the dimers which might explain the plausible increase
in stability of TTR tetramer observed in the glutaraldehyde cross-linking assay. This is supported by
similar observations in several previous studies, i.e., increased TTR tetramer stability by binding of
small-ligands at the T4-binding sites [7,19,28,42], as well as by mutations which fill the T4-binding
cavity [3].

BME possessed a high content of triterpenoid saponins as revealed by the RP-HPLC quantitative
analysis, as well as phenolics, especially flavonoids. These findings were in accord with previous
reports on the phytochemical constituents of B. monnieri extracts [15]. It is plausible that the tetramer
stabilizing and anti-amyloidogenic effects of BME are due to the binding interactions mediated by
these small-molecule ligands. In addition, BME also demonstrated a strong radical scavenging and
antioxidant capacity. The radical scavenging effect of plant bioactives rich in phenolics is based on
their ability to initiate single electro transfers, donate hydrogen atoms, or chelate transition metals [31].
In addition to BME binding directly and stabilizing TTR tetramers, its antioxidant bioactives might also
be relevant in modulating TTR amyloidogenesis. For instance, it has been well reported that, similar to
beta-amyloid in Alzheimer’s disease and x-Synuclein in Parkinson’s disease, TTR amyloidogenesis is
also influenced by environmental or physiological factors, such as post-translational modifications [41].
This is supported by the fact that aging is the most relevant risk factor in these pathologies, and
aging-associated oxidative modifications have been shown to modulate transthyretin amyloidogenesis
and disease onset [43]. The free thiol group on Cys-10 residue has been shown to be one of the most
susceptible free thiols in human plasma to oxidative modifications. Given its unique location close to
the surface of the tetramer and near the thyroxine binding site, oxidative modifications of Cys-10 alters
the structure of the homotetramer and reduces its stability [44]. The antioxidant and radical scavenging
attributes of BME might provide an indirect protection on TTR by altering the redox potential of the
milieu. A similar positive impact on TTR amyloidogenesis by natural agents with potent antioxidant
activities had been previously observed in carvedilol, TUDCA, curcumin, and green tea extracts, which
were shown to significantly reduce deposition of amyloid TTR despite their less impressive effect on
tetramer stability [45-48]. Previous studies have reported the neuroprotective effects of B. monnieri in
diseases such as Alzheimer’s disease [49], Parkinson’s disease [37], and neurotoxicant-induced brain
dysfunction [50]. Our investigation for the first time provides in vitro evidence for the protective role
of BME in modulating transthyretin amyloidogenesis.
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5. Conclusions

In conclusion, this mechanistic investigation using biochemical assays suggested that BME
inhibited TTR amyloidogenesis by attenuating the rate-limiting step in TTR amyloidogenesis pathway,
that is the dissociation homotetramers into monomeric constituents by binding at the thyroxine-binding
sites of and possibly stabilizing the native tetramer. Although these studies unveiled the potential of
BME in countering the causative mechanism of ATTR pathology, further investigations are warranted,
such as determining its potency and safety profile in disease animal models.
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