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ABSTRACT

Coumarins are a large group of phenolic compounds firstly found in the Tonka bean
called coumarou and known to show an extensive range of biological activities
including neuroprotective activities. Both natural coumarins and its synthetic analogues
represent promising scaffolds for the design and development of novel polyfunctional
drugs for the treatment and/or prevention of chronic neurodegenerative disorders
including Alzheimer’s (AD), Parkinson’s and Huntington’s (HD) diseases. Currently,
there are no therapies that meaningfully control or prevent the development of
neurodegenerative disorders. All the available therapeutic agents aim to treat the
symptoms only. In this context, the aim of our research was to evaluate the potential
antioxidant and neuroprotective effects of various natural coumarins such as esculetin
(ESC), scopoletin (SCOP), fraxetin (FRAX) and daphnetin (DAPH) in several
experimental models of AD and HD. In particular, we used: i) human neuronal SH-
SY5Y cells treated with tert-butyl hydroperoxide (t-BuOOH) and amyloid-$ (Ap)
protein oligomers, a specific neurotoxin for AD; ii) an inducible cell model (PC12 HD-
Q74) and a transgenic Drosophila melanogaster model (HTT93Q, pan-neuronal
expression), both of which express mutant huntingtin (HTT) exon 1 fragments, a typical

feature of HD.

Initially, we evaluated the coumarins ESC, SCOP, FRAX and DAPH in AD
experimental models. Among the studied coumarins, ESC showed the best profile of
biological activities in SH-SY5Y cells. ESC exerted the ability to prevent or counteract
the oxidative stress elicited by t-BuOOH in SH-SY5Y cells. The peroxide t-BuOOH

mimics the membrane peroxidation induced by Ap oligomers. Further, the treatment of



SH-SY5Y cells with ESC effectively increased intracellular glutathione (GSH) levels
and activated the translocation of Nrf2 into nucleus via Erk and Akt/GSK3p signalling
pathways. Similar treatment also showed the ability of ESC to prevent both the
oxidative damage and necrosis induced by Ap oligomers in SH-SY5Y cells. In order to
evaluate the role of GSH, Erk and Akt kinases in ESC neuroprotection we used the
respective inhibitors buthionine sulfoximine, PD98059 and LY294002. The addition of
the inhibitors markedly abrogated the neuroprotective effects of ESC against the
necrosis induced by AP oligomers in SH-SY5Y cells. Finally, ESC counteracted the
early and late neurotoxic events, in terms of formazan exocytosis and necrosis,
respectively, evoked by AP oligomers. Our results encourage further research in AD
animal models to better investigate the potential therapeutic profile of ESC as a

neuroprotective agent.

Subsequently, we evaluated the coumarin ESC in HD experimental models. The
treatment with ESC partially counteracted the aggregation of mutant HTT protein in
PC12 HD-Q74 cells induced by doxycycline. The same treatment with ESC ameliorated
the cell proliferation and counteracted the necrosis elicited by HTT74Q expression in
PC12 HD-Q74 cells. Further, ESC showed to counteract the oxidative stress as well as
to increase the intracellular GSH levels and restore the nuclear Nrf2 levels in induced
PC12 HD-Q74 cells. ESC also ameliorated the mitochondrial dysfunction observed in
induced PC12 HD-Q74 cells. In addition, we found that ESC significantly decreased
photoreceptor neurodegeneration in HTT93Q flies and enhanced in a dose-dependent
manner the emergence of adult HD flies from the pupal case. We also recorded that

ESC feeding improved the shortening of median life span in HD flies. Our results show



that ESC ameliorated different disease-related neurodegeneration parameters in both
PC12 HD-Q74 and Drosophila models suggesting its potential development as a novel

neuroprotective agent for the treatment of HD.
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Background

Background

1. Coumarins

Coumarins are a group of natural compounds widely distributed in the plant kingdom,
that consists of a fused benzene and a-pyrone ring as basic parent scaffold. Coumarins
are initially found in tonka bean (Dipteryx odorata Wild) in 1820 [1]. Currently, more
than 1300 coumarins have been identified in natural sources particularly from the
families Rutaceae, Umbelliferae, Clusiaceae, Caprifoliaceae, Oleaceae and Apiaceae
[2]. Some plants like Fructus cnidii, Fructus psoraleae, Angelica pubescentis, Radix
Angelica dahurica, Peucedanum praeruptorum Dunn, Cortex fraxini are very rich in
coumarins [3]. Further, the coumarins are found in green tea and other plants such as
chicory. Although distributed throughout all parts of the plant, the coumarins occur at
the highest levels in the fruits and seeds followed by the roots, leaves and latex. They
are also isolated at high levels in some essential oils such as cassia oil, cinnamon bark
oil and lavender oil. Environmental conditions and seasonal changes could influence the
incidence of coumarins in varied parts of the plant. The function of coumarins is not
clear, although suggestions include plant growth regulators, bacteriostats and fungistats.
Coumarins are divided into simple coumarins, furanocoumarins, pyranocoumarins and
other coumarins based on the substituent location and chemical structure. These
compounds are characterized by low weight, easy synthesis and high bioavailability.
Recently, they have become important lead compounds in drug research development
thanks to their pharmacological activities [4]. Coumarins exhibit a wide spectrum of
pharmacological activities including anti-inflammatory, antioxidant, anti-adipogenic,

anticancer, antiviral, anticoagulant and neuroprotective properties (Fig. 1). The
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relationship between their pharmacological effects and chemical structures represents

the basis for the design and development of novel therapeutic drugs [5].
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Figure 1. Pharmacological activities of coumarins (from Jameel et al., Coumarin: a
privileged scaffold for the design and development of antineurodegenerative agents,
Chem. Biol. Drug Des. 87 (2016) 21-38).
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2. Coumarins and evidences of neuroprotection

During the last years, the scientific research has focused on coumarins and its analogues
as possible multi-target drugs for the treatment of neurodegenerative disorders including
Alzheimer’s (AD), Parkinson’s (PD) and Huntington’s diseases (HD). Several studies
reported the evidence that the neuronal death in AD, PD and HD is associated with
glutamate excitotoxicity [6]. Thus, glutamate-induced toxicity has become a
pharmacological target for neurodegenerative diseases treatment. In this regard, some
dihydropyranocoumarins demonstrated notable protective activity against the
neurotoxicity induced by glutamate. In particular, six dihydropyranocoumarin
analogues including decursin and decursinol showed to markedly enhance the viability
of rat cortical cells treated with a toxic concentration of glutamate [7]. MAO-A and
MAO-B oxidize neurotransmitters via oxidative deamination which is important for
maintaining the normal neuronal homeostasis. MAO inhibitors are used for the
treatment of neurodegenerative disorders, especially PD. Several studies identified new
compounds derived by incorporating basic coumarin moiety as significant MAO
inhibitors [8]. In particular, four coumarin derivatives, praeruptorin A, xanthotoxin,
psoralen and bergapten exert in vitro MAO inhibitory effect with micromolar activities
[9]. N-methyl-D-aspartate receptors are known to be implicated in different
neurodegenerative diseases. A recent study reported a selective coumarin-based
analogue, 6-bromocoumarin-3-carboxylic acid, that is able to modulate NMDA
receptors function [10]. Neurotrophic factors such as brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) are also considerably involved in the
pathogenesis of neurodegenerative disorders [11]. BDNF, largely present in

hippocampus, cortex and basal forebrain, is found to be linked with many neurological
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disorders [12]. Neurotrophins are lower proteins that regulate neuron survival, neurite
outgrowth and neural stem cell differentiation [13]. Daphnetin has shown to increase
neurite outgrowth and neuronal survival in the primary cultured rat cortical neurons
probably by raising BDNF expression [14]. Chronic inflammation process in the central
nervous system is related to the neuronal cell death occurring in neurodegenerative
disorders [15]. Activated microglia that secretes trypsinogen is one of the prime
participants in the enhancement of neuroinflammation [16]. Numerous coumarins
including esculetin, scopoletin, marmin, umbelliferone and visnadine exhibit excellent
anti-inflammatory effects. Another derivate of coumarins, imperatorin, also shows
extremely good anti-inflammatory activity in vitro and in vivo. This compound
eliminates oedema fluid and protein from injured tissue via phagocyte stimulation [17].
Further, imperatorin blocks the protein expression of inducible nitric oxide synthase and
cyclooxygenase-2 enzyme. The reduction in acetylcholine is believed to play an
important role in the cognitive impairment associated with AD [18]. Accordingly,
increasing the levels in acetylcholine has been regarded as one of the most promising
approach for the symptomatic treatment of AD [19]. Different coumarin analogues have
also shown to exhibit potent AChE inhibition. Specifically, the natural coumarin
ensaculin, having benzopyranone scaffold, with piperazine substitution is under clinical
analysis for its potential against AD. The coumarin ensaculin improved learning and
memory in animal models and is well tolerated in daily doses up to 200 mg and with
inferior target organ toxicity. This compound effects neurotransmitter systems and
exhibits significant neurotrophic and neuroprotective characteristics [20]. Among the
natural coumarins, decursinol, mesuagenin B, scopoletin, scopoletin glucoside, (R)-(+)-

6’-hydroxy-7’-methoxybergamottin and (R)-(+)-6’7’-dihydroxybergamottin  were



Background

shown to possess effective anti-AChE activity, followed by bergapten, 4-
methylumbelliferone, feronielloside, marmesin and columbianetin [21-23]. Scopoletin
has been shown to potentiate long-term potentiation (LTP) in rat hippocampal slices
[24]. It improved LTP in CALl region of hippocampus and enhanced cognitive
properties in cholinergically impaired mice via NMDA dependent pathway. Moreover,
it is known to exert anti-inflammatory, antiproliferative and MAO inhibitory activity

along with radical scavenging and antioxidant properties [25-28].

However, there are no current studies that evaluate the potential ability of the natural
coumarins to prevent or counteract the pathogenetic events occurring in the onset and

progression of AD and HD.
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Chapter 1

1. Introduction

1.1 Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by
neuronal cell death that impairs memory and learning function. AD is the most common
form of dementia in elderly and according to the World Alzheimer Report 2018, there
are currently about 46 million people suffering with AD worldwide [29]. Brains of AD
patients exhibit cortical atrophy resulting from a massive loss of neurons and synapses.
Pathogenesis of AD is characterized by extracellular deposits of amyloid-p peptide and
intracellular neurofibrillary tangles in the brain. AD is classified into preclinical, mild,
moderate and late stage depending on the degree of cognitive impairments. The initial
symptoms are usually mild confusion, amnesia and personality change. These
symptoms are followed by impairment in problem solving, judgment, executive
functioning, lack of motivation and disorganization. Neuropsychiatric symptoms such
as apathy, disinhibition, agitation and psychosis are also common [30]. Until now only
five drugs have been approved by the Food and Drug Administration to treat AD. These
approved drugs including cholinesterase inhibitors, N-methyl-D-aspartate (NMDA)
receptor antagonist or their combination provide only temporary and incomplete
symptomatic relief accompanied by severe side effects. The marginal benefits were
unable to treat or slow the progression of AD. Thus, the development of novel
pharmacological strategies for the treatment of AD has become an urgent need. AD is a

multifactorial disease that involves many factors. The multiple mechanisms related to
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AD are still unclear and many hypotheses have been done in order to identify possible
pharmacological target to develop novel therapeutic compounds for the treatment of AD

[31].

1.2 AP cascade hypothesis

Extracellular deposits of amyloid-p peptide usually named senile plaques represent a
hallmark of AD. Amyloid-p (AB) peptide have long been viewed as a potential
therapeutic target for AD during the past twenty years [32]. AB plaques emerge roughly
15 years before the symptoms of AD appear and once AD develops the cognitive
decline caused by neuronal damage cannot be reversed. Thus, prevention of AP
accumulation is considered an important part of preventing AD [33]. AP peptide is
generated after enzymatic cleavage by B- and y-secretases of the Amyloid Precursor
Protein (APP), a type-1 trans-membrane protein expressed in various tissues, especially
in the central nervous system. The most direct strategy in anti-Ap therapy is to reduce

AP production by targeting B- and y-secretases [34].

1.3 Tau hypothesis

Neurofibrillary tangles composed of tau protein represent an intracellular hallmark of
AD. Tau is one of the microtubule-associated proteins that regulate the stability of
tubulin assemblies and are located mainly in axons. In pathological conditions, tau
aggregation impairs axons of neurons and causes subsequent neurodegeneration. After
numerous failures of AB-targeting drugs for AD, more interests are turning to explore

the therapeutic potential of targeting tau [35]. Normally, tau undergoes many
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modifications, including phosphorylation, arginine mono-methylation, lysine
acetylation, lysine mono-methylation, lysine demethylation, lysine and serine
ubiquitylation. In AD brains, tau is accumulated in a hyperphosphorylated state in the
pathological inclusions. Tau hyperphosphorylation leads to major aggregation, reduces
its affinity for microtubules and influences neuronal plasticity. Consequently, strategies
to target tau involve blocking of tau aggregation, stabilizing microtubules and

manipulating kinases and phosphatases that are responsible of tau modifications.

1.4 Inflammation hypothesis

Reactive gliosis and neuroinflammation are also considered hallmarks of AD. Emerging
genetic and transcriptomic studies consider central the role of microglia-related
pathways in AD risk and pathogenesis [36—40]. Microglia dysfunction in pruning and in
regulating plasticity is regarded as an early prime cause in AD evolution. Further,
reactive microglia and astrocytes can surround amyloid plagues and secrete numerous
pro-inflammatory cytokines. The recent advances in understanding the mechanisms that
underline microglia dysfunction in pruning, regulating plasticity and neurogenesis are
opening up to new opportunities for AD pharmacological interventions. Targeting these
aberrant microglia functions and thereby restore physiological homeostasis may

represent novel possibilities for AD therapy [41].

1.5 Cholinergic hypothesis

The cholinergic hypothesis suggests that AD is caused by a deficiency in the brain

levels of the cerebral neurotransmitter acetylcholine (Ach), which is hydrolysed by
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acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). Ach is an important
neurotransmitter used by cholinergic neurons that is involved in critical physiological
processes including attention, learning, memory, stress response and sensory
information. Cholinergic neurons damage is considered a critical pathological event
which correlates with the cognitive impairment observed in AD. Further, the BChE
activity is increased by 40-70% during the progression of AD. Cholinesterase inhibitors

represent currently the most available clinical treatment for AD patients [42,43].

1.6 Oxidative stress hypothesis

Oxidative stress due to an imbalance between oxidants and antioxidants species is
considered to play a crucial role in the pathogenesis of AD. Neurons in the brain are
more easily exposed to excessive ROS generation and oxidative damage because of
their high oxygen consumption and energy production. About 20% of all oxygen and
25% of all glucose are used for cerebral functions [44]. The vulnerability of neurons to
the oxidative damage include also the presence of redox active metals promoting ROS
formation, high content of polyunsaturated fatty acids that are more sensitive to
oxidation and modest levels of antioxidant enzymes [45]. Mitochondrial dysfunction
and enhanced apoptosis accompanied by a poor antioxidant status are considered the
mechanisms for AD pathogenesis. Several studies underlined the role of superoxide
anion, hydroxyl radical, hydrogen peroxide and nitric oxide in the oxidative stress
mediated neurodegeneration in AD. Microglia activation due to neuronal lesions
generates excessive superoxide radicals. The low rate of brain regeneration and
insufficient antioxidant potential in the brain lead to oxidative damage. Further,

mitochondrial autophagy serves as a major source of ROS production [46]. Recent
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studies reported also that the oxidative stress defence mechanisms are compromised in
AD brain. Specifically, post mortem analysis of the human brains as well as in vivo
analysis revealed decreased glutathione (GSH) levels and increased glutathione
disulphide (GSSG) amount in the brain regions affected by AD pathology, such as
frontal cortex and hippocampus. In addition to the altered GSH/GSSG balance, a
decreased activity of GSH reductase, GSH peroxidase and GSH S-transferase has been
detected. The activity of other important antioxidant enzymes, superoxide dismutase
and catalase, has been reported to be reduced in AD patients [47]. In addition, reduced
levels of thioredoxin, a potent ROS scavenger, as well as reduced transcription of
detoxifying genes and diminished expression of antioxidant enzymes have been
observed in amygdala and hippocampus. These data are in line with the decreased levels
of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) observed in the nucleus of
hippocampal neurons in human AD brains [48-50]. Accumulation of amyloid-f peptide
can also induce oxidative stress in the brain of AD patients by enhancing lipid
peroxidation. Several studies explored iron accumulation in the brain of AD patients
and found that it is capable of generating hydroxyl radical through the Fenton reaction.
Amyloid-f peptide could elevate oxidative stress by binding with iron. Also, the
accumulation of copper in amyloid plaques represents a well-established event in AD
pathogenesis. Copper can be coordinated to amyloid-p peptide and the resulting
complex could be directly involved in reactive oxygen species (ROS) production. The
neuronal death occurs due to ROS mediated changes in the neuronal lipid molecules,
which includes alterations in the membrane, fluidity, rigidity, permeability, and
transport [51]. Finally, it has been noticed that mitochondrial damage in AD could lead

to excessive generation of ROS and lowered ATP production [52,53]. Several evidences

10
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indicate that oxidative stress and impaired oxidative stress defence represent the main
early causes of neurodegeneration in AD. Thus, the development of novel AD therapies

targeting oxidant/antioxidant imbalance could be a promising pharmacological strategy.

In this context, the aim of our research was to investigate the potential neuroprotective
effects of the natural coumarins esculetin, scopoletin, fraxetin and daphnetin in in vitro
models of AD. We used human neuronal SH-SY5Y cells treated with t-BuOOH and Ap
oligomers, a specific neurotoxin for AD. Cells were incubated with the studied
coumarins before and during the treatment with t-BuOOH or A oligomers to evaluate
the capacity of coumarins to prevent and counteract, respectively, the pathogenic events
occurring in AD. Several neurodegeneration parameters including oxidative damage and
neuronal death, were assessed in order to investigate the neuroprotective activities of the

studied coumarins.

11
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2. Materials and methods

2.1 Coumarins

The phenolic coumarins esculetin (ESC, purity: 98%), scopoletin (SCOP, purity:
>09%), fraxetin (FRAX, purity: >98%) and daphnetin (DAPH, purity: >97%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) (Fig. 2). The powder was
dissolved in dimethyl sulfoxide (DMSQO) to obtain a 40 mM stock solution. Stock
solutions were then aliquoted and stored frozen at -20°C. At the time of use, stock
solutions were diluted directly in cell culture medium or in Hanks' balanced salt solution

(HBSS) to achieve the desired concentrations.
ESC SCOP FRAX DAPH
HO 0o HO 0 S0 Homo "o o0
OH OH
Figure 2. Chemical structure of coumarins.

2.2 Cell culture

Human neuronal (SH-SY5Y) cells were purchased from Lombardy and Emilia
Romagna Experimental Zootechnic Institute (Italy). SH-SY5Y cells were routinely
grown in Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 50 U/mL penicillin and 50 pg/mL streptomycin at

37°C in a humidified incubator with 5% CO:..

12
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2.3 Amyloid-p peptide

The human amyloid-p (1-42) peptide was purchased from AnaSpec (Fremont, CA,
USA). Peptides were first dissolved in hexafluoroisopropanol 1 mg/mL, sonicated,
incubated at room temperature for 24 hours and lyophilized. The resulting unaggregated
amyloid-B (APi-42) peptide film was dissolved in DMSO to obtain a 1 mM stock
solution. Stock solution was then aliquoted and stored at -20°C until use. The ABi-4
peptide aggregation to oligomeric form was prepared by dilute stock solution in DMEM
and store the diluted solution at -20°C for 24 hours. The morphology of oligomeric Ap..

s forms obtained was checked using the transmission electron microscopy.

2.4 Determination of neuronal viability

The neuronal viability was assessed using the tetrazolium salt colorimetric assay. To
establish the range of concentrations not associated with neurotoxicity, SH-SY5Y cells
were seeded in a 96 well plate at 2 x 10* cells/well, incubated for 24 hours and
subsequently treated with various concentrations of coumarins [2.5 — 80 uM] for 24
hours at 37°C in 5% CO2. The cell viability, in terms of mitochondrial metabolic
function, was evaluated by the reduction of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) to its insoluble formazan. Briefly, the treatment was
replaced with MTT in HBSS [0.5 mg/mL] for 2 h at 37°C in 5% CO,. After washing
with HBSS, formazan crystals were dissolved in isopropanol. The amount of formazan
was measured (570 nm, reference filter 690 nm) using a multilabel plate reader
(VICTOR™ X3, PerkinElmer, Waltham, MA, USA). The quantity of formazan was

directly proportional to the number of living cells (Fig. 3). The neurotoxicity is

13
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expressed as percentages of neuronal viability with control (untreated cells) taken as

100 % viability.

HEHN%N\% A RZHN/N\th

\ H

! , \ 7

Ra mitochondrial A
Dehydrogenase

Purple-eolored formazan

Figure 3. Reduction of yellow MTT to blue insoluble formazan by mitochondrial
Dehydrogenase.

2.5 Determination of intrinsic antioxidant activity

The intrinsic antioxidant activity of the studied coumarins was determined using both
2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-Azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS) radicals. Briefly, 150 pL of 100 uM DPPH in
ethanol was added to 50 pL of coumarins at different concentrations [2.5 — 40 uM] in a
96 well plate. The absorbance of the reaction solution was measured at 490 nm on a
VICTOR™ X3 multilabel plate reader after 30 min. Data are expressed as optical
density of DPPH solution in absence or presence of coumarins. The intrinsic antioxidant

activity of coumarins was also determined by using the ABTS radical-scavenging assay.

14
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Briefly, ABTS radical was generated by mixing a 2 mM ABTS solution with 7 mM
potassium persulfate (K2S20g) and incubating the obtained solution in the dark for 24
hours at room temperature. Before use, ABTS solution was diluted (1-25 mL of
phosphate buffered saline) to obtain an absorbance value of 0.70 £ 0.02 at 734 nm.
Upon addition of 1 mL of the diluted ABTS solution to 10 pL of coumarins at different
concentrations [2.5 — 40 uM], the absorbance at 734 nm was recorded after 1 min. The
final total antioxidant activity (TAA) of coumarins was calculated by comparing ABTS
decolorization with that of trolox, a water-soluble analog of vitamin E. Data are
expressed as millimole of trolox equivalent antioxidant activity per millilitre of sample

(mmolTE/mL).

2.6 Determination of direct and indirect antioxidant activity

The intracellular ROS formation was evaluated in SH-SY5Y cells by using the
fluorescent probe 2',7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) (Fig. 4).
Briefly, SH-SY5Y cells were seeded in a 96 well plate at 3 x 10% and 2 x 10* cells/well
to evaluate direct and indirect antioxidant activity, respectively. Plates were incubated
for 24 hours at 37°C in 5% COa. Subsequently SH-SY5Y cells were incubated for 2 and
24 hours with various concentrations of ESC, SCOP, FRAX and DAPH [2.5 — 20 uM].
At the end of incubation, the treatment was removed and 100 pL of the fluorescent
probe DCFH-DA [10 pg/mL] was added to each well. After 30 min of incubation at
room temperature, DCFH-DA solution was replaced with a solution of tert-Butyl
hydroperoxide (t-BuOOH) [200 puM] for 30 min. The reactive oxygen species (ROS)

formation was measured (excitation at 485 nm and emission at 535 nm) using a

15
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VICTOR™ X3 multilabel plate reader. The values are expressed as fold increases in

ROS formation induced by t-BuOOH.
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Figure 4. Oxidation of DCFH to DCF in the presence of intracellular ROS.
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2.7 Determination of antioxidant coumarins in membrane and
cytosolic fractions

The cellular uptake was determined indirectly by using ABTS assay. This experimental
approach allowed us to determine the cellular uptake of antioxidant molecules and their
ability to counteract free radicals at different subcellular levels. SH-SY5Y cells were
seeded in 60 mm dishes at 2 x 10° cells/plate and incubated for 24 hours at 37°C in 5%
CO.. Subsequently, SH-SY5Y cells were incubated for 2 hours with ESC and DAPH
[20 pM]. At the end of incubation, SH-SY5Y cells were washed 3 times with cold
phosphate buffered saline (PBS) and removed from dish by gently scraping with cell
lifter. Then cells were collected in 1 mL of PBS and centrifugated for 10 min at 10000
rpm at 4°C. The supernatant was removed and cells were washed with 1 mL of PBS.
This was repeated a further 2 times and the pellet was finally reconstituted in 600 pL of
lysis buffer containing Triton X-100 0.05%. Cells were then homogenized and allowed
to stand at 4°C for 30 min. Cytosolic fraction was obtained by centrifugation at 14000
rpm for 15 min at 4°C. The remaining pellet was solubilized in 400 pL of lysis buffer
containing Triton X-100 1% to obtain the membrane fraction. Cytosolic and membrane
fractions were stored at -20°C. Small amounts were removed for the determination of
the protein concentration using the Bradford method. The antioxidant activity of
coumarins was then measured on cytosolic and membrane fractions using ABTS assay.
The final total antioxidant activity (TAA) of cytosol and membrane fractions were
calculated by comparing ABTS decolorization with that of trolox. Data are expressed as
micromole of trolox equivalent antioxidant activity per milligram of protein

(umolTE/mg protein).
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2.8 Determination of intracellular glutathione levels

The intracellular glutathione (GSH) levels were evaluated in SH-SY5Y cells by using
the fluorescent probe monochlorobimane (MCB) (Fig. 5). SH-SY5Y cells were seeded
in a black 96 well plate at 2 x 10* cells/well and incubated for 24 hours at 37°C in 5%
CO». Subsequently, SH-SY5Y cells were incubated for 24 hours with various
concentrations of ESC and DAPH [20 puM]. At the end of incubation, the treatment was
removed and 100 uL of the fluorescent probe MCB [50 uM] was added to each well.
After 30 min of incubation at 37°C, GSH levels were measured (excitation at 355 nm
and emission at 460 nm) using a VICTOR™ X3 multilabel plate reader. The values are
expressed as fold increases.

To determine GSH levels after different treatment-time with ESC, SH-SY5Y cells were
seeded in 60 mm dishes at 2 x 10° cells/dish and incubated for 24 h at 37°C in 5% COx.
Subsequently, SH-SY5Y cells were incubated for 1, 2, 3, 6, 12 and 24 hours with ESC
[20 uM]. At the end of incubation, SH-SY5Y cells were trypsinized and counted to
obtain 5 x 10° cells/mL suspension from each dish. Then 100 uL of the cell suspension
and 100 pL of MCB [100 uM] were added to a black 96 well plate. After 30 min of
incubation at 37°C, GSH levels were measured (excitation at 355 nm and emission at
460 nm) using a VICTOR™ X3 multilabel plate reader. The values are expressed as

fold increases.
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Figure 5. Intracellular conjugation of MCB probe with GSH.

2.9 Nuclear extraction and determination of Nrf2 nuclear
levels

SH-SY5Y cells were seeded in 60 mm dishes at 2 x 10° cells/plate and incubated for 24
hours at 37°C in 5% CO>. Subsequently, SH-SY5Y cells were incubated for 1 and 3
hours with ESC [20 uM]. At the end of incubation, nuclear extraction and determination
of Nrf2 nuclear levels were performed using the Nuclear Extract Kit (Active Motif,
Carlsbad, CA, USA) and western blotting, respectively.

The nuclear extracts (50 pg per sample) were separated by SDS-polyacrylamyde gels
and were transferred onto nitrocellulose membranes, which were probed with primary
Nrf2 antibody (Santa Cruz Biotechnology, Dallas, TX, USA) and secondary antibody.
ECL reagents (Pierce, Rockford, IL, USA) were utilized to detect targeted bands. The
same membranes were stripped and reprobed with p-actin antibody (Sigma Aldrich).
Data were analysed by densitometry, using Quantity One software (Bio-Rad, Hercules,
CA, USA). Values are expressed as fold increases versus respective contralateral intact

site.
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2.10 Determination of Erk, Akt, GSK3p protein
phosphorylation

Phospho-Erk (p-Erk), Phospho-Akt (p-Akt), Phospho-GSK3p (p-GSK3p), Erk, Akt and
GSK3p antibodies were purchased from Cell Signaling Technology (Danvers, MA,
USA). The phosphorylation of Erk, Akt and GSK3p kinases was evaluated by using
western blotting method (Fig. 6-7). SH-SY5Y cells were seeded in 60 mm dishes at 2 x
10° cells/dish and incubated for 24 hours at 37°C in 5% CO>. Subsequently, SH-SY5Y
cells were incubated for 15, 30, 60 and 120 minutes with ESC [20 puM]. At the end of
incubation, SH-SY5Y cells were trypsinized and cellular pellet was resuspended in
complete lysis buffer containing leupeptin 2 pg/mL and PMSF 100 pg/mL. We
determined the protein concentration of the samples by using Bradford method. The
protein lysates (30 pg per sample) were separated by SDS-polyacrylamide gels and
were transferred onto nitrocellulose membranes, which were probed with primary
phosphorylated antibody p-Erk, p-Akt and p-GSK3p, and then with secondary
antibodies. ECL reagents (Pierce, Rockford, IL, USA) were utilized to detect targeted
bands. The same membranes were stripped and reprobed with Erk, Akt and GSK3f3
antibodies. Data were analysed by densitometry, using Quantity One software (Bio-
Rad). Values are expressed as relative protein expression (phosphorylated form/total

protein expression).
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Figure 6. Illustration of western blotting setup.
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Figure 7. Detection in western blotting.
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2.11 Determination of MTT formazan exocytosis

The neuroprotective activity of ESC against APi-42 oligomers was evaluated in SH-
SY5Y cells using MTT formazan exocytosis assay (Fig. 8). This method takes
advantage of the unique ability of APi.42 oligomers (OAp1-42) to rapidly induce the
exocytosis of formazan formed by MTT reduction. Briefly, SH-SY5Y cells were seeded
in a 96 well plate at 3 x 10* cells/well and incubated for 24 h at 37°C in 5% CO..
Subsequently, SH-SY5Y cells were incubated with ESC [20 uM] and Ap1-42 oligomers
[10 uM] for 4 hours. At the end of incubation, the treatment was replaced with MTT in
HBSS [0.5 mg/mL] for 1 hour at 37°C in 5% CO,. For sequential solubilization of
formazan, intracellular MTT granules were first solubilized by 1% Tween 20 at 37°C
for 10 minutes with shaking. Solubilized formazan in the supernatant was transferred to
a new plate as the Tween 20-soluble MTT (TS-MTT). The remaining cell surface
needle-like crystals were solubilized with 100% isopropanol as the Tween 20-insoluble
MTT (TI-MTT). Absorbance values at 570 nm were determined for each fraction using
690 nm as the reference wavelength. Values are expressed as percentages with control

(untreated cells) set at 100 %.
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} }
Q.f.ls = TI-MTT
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Figure 8. Sequential solubilization of intracellular MTT and exocytosed MTT. The
intracellular granules of formazan are completely solubilized by Tween 20 as the TS-

MTT while cell surface crystals are dissolved by isopropanol as the TI-MTT.

2.12 Determination of ROS formation induced by A1
oligomers

The neuroprotective activity of ESC against AB1-42 oligomers - induced ROS formation
was evaluated in SH-SY5Y cells using the fluorescent probe dihydroethidium (DHE)
(Sigma Aldrich). DHE freely permeates cell membranes and is useful for the detection
of ROS generation directly in living cells. DHE exhibits blue-fluorescence in the
cytosol until it is oxidized by ROS to form ethidium, which then intercalates into DNA
and stains the nucleus of living cells a bright fluorescent red (excitation at 535 nm and
emission at 610 nm). Briefly, SH-SY5Y cells were seeded in a 96-well plate at 5 x 10°
cells/well and incubated for 24 hours at 37°C in 5% CO,. Subsequently SH-SY5Y cells
were incubated for 24 hours with ESC [20 puM] and then for 3 hours with Api.42
oligomers. At the end of incubation, the treatment was removed and 100 pL of the
fluorescent probe DHE were added to each well. ROS formation was evaluated using an
inverted fluorescent microscope (Eclipse Ti-E, Nikon Instruments S.p.a, Firenze, Italy).

Data are expressed as arbitrary units of fluorescence (AUF).

2.13 Determination of necrosis induced by Ap1.42 0ligomers

To evaluate the ability of ESC to both counteract and prevent the necrosis evoked by
AP1-42 oligomers, SH-SY5Y cells were seeded in a 96-well plate at 5 x 10° cells/well

and incubated for 24 hours at 37°C in 5% CO.. Subsequently, SH-SY5Y cells were
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incubated for 24 hours with ESC [20 uM] and Api-42 oligomers [10 puM]. While to
determine the capacity of ESC to prevent the necrosis induced by AB1-42 oligomers, SH-
SYSY cells were incubated for 24 hours with ESC [20 uM] and then 24 hours with AP1-
42 oligomers [10 puM]. At the end of incubation, the necrosis was determined using the
fluorescent probe propidium iodide (PI) [25 pg/mL] (Sigma Aldrich). Pl is not permeant
to living cells, for this reason it is commonly used to detect dead cells in a population.
Pl binds to DNA by intercalating between the bases. Data are expressed as percentages
of necrotic cells. Under the same experimental conditions, the neuroprotective effects of
ESC were evaluated in the presence of DL-Buthionine-(S,R)-sulfoximine (BSO) [400
pM], PD98059 [5 puM] and LY294002 [10 uM] (Alexis Biochemicals, San Diego, CA,

USA).

2.14 Statistical analysis

Data are reported as mean + SD. Statistical analysis was performed using one-way
ANOVA with Dunnett or Bonferroni post hoc test and Pearson’s correlation coefficient
for relations among variables. Differences were considered significant at p < 0.05.
Analyses were performed using PRISM 5 software (GraphPad Software, La Jolla, CA,

USA).
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3. Results

3.1 Neurotoxicity of coumarins in SH-SY5Y cells

In the first part of the experiments, we determined the neurotoxicity of coumarins in
SH-SY5Y cells. After 24 hours of treatment with different concentrations of ESC,
SCOP, FRAX and DAPH [2.5 - 80 uM], the neuronal viability was measured using
MTT assay. As reported in figure 9, the treatment with concentrations up to 20 uM did
not affect neuronal viability. Therefore, we selected the range of 2.5 - 20 uM for all the

following experiments.

120+

100+ Eaz_‘*h§_

80- N

Neuronal viability
(% vs control)

604
—— ESC
404 -+ SCOP
—+— FRAX
204
0 et e
1 10 100

Concentration (uM)

Figure 9. Neurotoxicity of ESC, SCOP, FRAX and DAPH in SH-SY5Y cells. SH-
SY5Y cells were incubated for 24 hours with different concentrations of coumarins [2.5
- 80 uM]. At the end of incubation, the neuronal viability was measured using MTT
assay as described in the materials and methods section. MTT values are expressed as
percentages of neuronal viability with control (untreated cells) taken as 100 % viability.
Data are reported as mean £ SD of at least three independent experiments.
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3.2 Antioxidant activity of coumarins against t-BuOOH —
induced ROS formation

The intrinsic antioxidant activity of coumarins was evaluated using the DPPH and
ABTS assays. Coumarins showed to neutralize both the DPPH and ABTS radicals
according to the following order of strength ESC>DAPH>FRAX>SCOP (data not
shown). Then, we evaluated the ability of coumarins to counteract the ROS formation
induced by t-BuOOH. SH-SY5Y cells were incubated for 2 hours with various
concentrations of coumarins [2.5 — 20 uM] and then treated with t-BuOOH [200 uM]
for 30 minutes. At the end of incubation, the ROS formation was determined using the
fluorescent probe DCFH-DA. The treatment with 10 and 20 pM of ESC, FRAX and
DAPH counteracted significantly the ROS formation induced by t-BuOOH, while we
did not observe antioxidant activity with SCOP (Fig. 10A). The correlation between
ROS formation and total antioxidant capacity is shown in figure 10B. We can observe a
significant correlation for ESC (R? = 0.8257), FRAX (R% = 0.9272) and DAPH (R? =

0.7796) but no correlation is found for SCOP.
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Figure 10. ESC, FRAX and DAPH, but not SCOP, counteract t-BuOOH — induced
ROS formation in SH-SY5Y cells. (A) Cells were incubated for 2 hours with various
concentrations of coumarins [2.5 — 20 uM] and then treated with t-BuOOH [200 uM]
for 30 minutes. At the end of incubation, ROS formation was determined using the
fluorescent probe DCFH-DA as described in the materials and methods section. Values
are expressed as fold increases in ROS formation induced by t-BuOOH. Data are
reported as mean £ SD of at least three independent experiments (*p<0.05, **p<0.01,
***n<0.001 versus cells treated with t-BuOOH at one-way ANOVA with Dunnett post
hoc test). (B) Correlation between the ability of coumarins to counteract the ROS
formation induced by t-BuOOH and their total antioxidant capacity (TAA). TAA is
expressed as mmol of trolox equivalent antioxidant activity per mL of sample
(mmolTE/mL).

Then, we evaluated the ability of coumarins to prevent the ROS formation induced by t-
BuOOH. SH-SY5Y cells were incubated for 24 hours with various concentrations of
coumarins [2.5 — 20 uM] and then treated with t-BuOOH [200 uM] for 30 minutes. At
the end of incubation, the ROS formation was determined using the fluorescent probe
DCFH-DA. The treatment with 20 uM of ESC and DAPH showed to prevent

significantly the ROS formation induced by t-BuOOH (Fig. 11).
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Figure 11. ESC and DAPH prevent t-BUOOH - induced ROS formation in SH-
SY5Y cells. Cells were incubated 24 hours with various concentrations of coumarins
[2.5 — 20 pM] and then treated with t-BuOOH [200 pM] for 30 minutes. At the end of
incubation, ROS formation was determined using the fluorescent probe DCFH-DA as
described in the materials and methods section. Values are expressed as fold increases
in ROS formation induced by t-BuOOH. Data are reported as mean + SD of at least
three independent experiments (*p<0.05 and **p<0.01 versus cells treated with t-
BuOOH at one-way ANOVA with Dunnett post hoc test).
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The coumarins ESC and DAPH showed the ability to both counteract and prevent the
ROS formation induced by t-BuOOH. To investigate the molecular mechanisms
involved in the indirect antioxidant activities we evaluated the cellular uptake of ESC
and DAPH in SH-SY5Y cells. Cells were incubated for 2 hours with ESC and DAPH
[20 uM]. At the end of incubation, cytosolic and membrane fractions were separated
and submitted to the ABTS assay. As shown in figure 12, both the coumarins ESC and
DAPH enhanced in a significant manner the total antioxidant activity (TAA) of SH-
SY5Y cells cytosol. While we did not record antioxidant activity in membrane fraction
(data not shown). These results suggest the ability of ESC and DAPH to cross the cell

membrane and enter the cells.
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Figure 12. ESC and DAPH enhance the total antioxidant activity (TAA) of SH-
SY5Y cells cytosol. Cells were incubated for 2 hours with ESC and DAPH [20 uM]. At
the end of incubation, cytosolic fraction was separated and submitted to the ABTS assay
as described in the materials and methods section. TAA of the cytosol fraction is
expressed as upmol of trolox equivalent antioxidant activity per mg of protein

(umolTE/mg protein). Data are reported as mean + SD of at least three independent
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experiments (**p<0.01 and ***p<0.001 versus untreated cells at one-way ANOVA
with Dunnett post hoc test).

3.3 Effects of ESC and DAPH on neuronal antioxidant
response

The coumarins ESC and DAPH showed the ability to enter the cells. Thus, we decided
to further investigate the cytoprotective effects of the coumarins ESC and DAPH
evaluating their potential ability to increase GSH and Nrf2 levels in SH-SY5Y cells.
Cells were incubated for 24 hours with ESC and DAPH [20 uM]. At the end of
incubation, the intracellular GSH levels were determined using the fluorescent probe
MCB. The treatment with 20 uM of ESC showed to increase in a significant manner
GSH levels in SH-SY5Y cells. After the same treatment, DAPH did not show effects on
GSH levels (Fig. 13A). In parallel, the treatment with ESC [20 uM] at different times
(1, 2, 3, 6, 12 and 24 hours) registered to decrease GSH levels after short times of

treatment and increase significantly GSH levels after long times of treatment (Fig. 13B).
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Figure 13. ESC, but not DAPH, increases GSH levels in SH-SY5Y cells. (A) Cells
were incubated for 24 hours with ESC and DAPH [20 uM]. (B) Cells were incubated
with ESC [20 uM] for different times. At the end of incubation, GSH levels were
measured using the fluorescent probe MCB as described in the materials and methods
section. GSH levels are expressed as fold increases. Data are reported as mean + SD of
at least three independent experiments (*p<0.05, **p<0.01 and ***p<0.001 versus

untreated cells at one-way ANOVA with Dunnett post hoc test).

Subsequently, we investigated the ability of the coumarins ESC and DAPH to activate
the nuclear transcription factor Nrf2. Among the endogenous defence systems, Nrf2
regulates the transcription of several detoxifying and antioxidant genes by binding to
antioxidant response elements (ARES). Under quiescent conditions, Nrf2 is suppressed
by the negative regulator Kelch-like ECH-associated protein 1 (Keapl). Under
stimulation, Nrf2 escapes Keapl-mediated repression, translocates into the nucleus and
subsequently binds to AREs in the promoter regions of its target genes activating their

transcription. Nrf2 targets include genes that encode detoxification, antioxidant and
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anti-inflammatory proteins. The activation of Nrf2 also leads to the upregulation of
proteins involved in the synthesis of GSH, the main intracellular antioxidant. SH-SY5Y
cells were incubated with ESC and DAPH [20 uM] for 1 and 3 hours. At the end of
incubation, the expression of nuclear Nrf2 was detected by western blotting. We
registered a translocation of Nrf2 after 1 hour of treatment with ESC in SH-SY5Y cells.
In the same experimental conditions, the treatment with DAPH did not show the ability

to activate nuclear Nrf2 (Fig. 14).
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Figure 14. ESC, but not DAPH, activates the translocation of Nrf2 into nucleus in
SH-SY5Y cells. Cells were incubated with either ESC and DAPH [20 pM] for 1 and 3
hours. At the end of incubation, Nrf2 nuclear levels were analysed by western blotting

as previously described in the materials and methods section. Nrf2 levels are expressed
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as fold increases. Data are reported as mean = SD of at least three independent
experiments (**p<0.01 versus untreated cells at one-way ANOVA with Dunnett post
hoc test).

3.4 Effects of ESC on survival kinases pathways

Then we focused on the ability of ESC to activate Erk, Akt and GSK3p kinases to
underline the possible molecular mechanisms by which ESC exerts cytoprotective
effects in SH-SY5Y cells. The studied kinases are known to regulate diverse cellular
processes including cell survival and activation of Nrf2. Akt also controls the glycogen
synthesis through phosphorylation and inactivation of GSK3p. The phosphorylation of
Erk, Akt and GSK3p kinases was determined after different times of incubation (15, 30,
60 and 120 minutes) with ESC [20 uM] by western blotting. The treatment of 15 and 30
minutes with ESC decreased the phosphorylation of Erk kinase while the treatment of
120 minutes with ESC increased the phosphorylation of Erk kinase (Fig. 15A). In
parallel, after 120 minutes of treatment with ESC, we registered an increase of the Akt
kinase phosphorylation (Fig. 15B). Further, the same treatment showed to induce the

phosphorylation of GSK3p at Ser9, the inactive form (Fig. 15C).

35



Chapter | - Results

(A) 0 15 30 60 120  (min)
pErk | (D S e e

- . 5

- 1.5-
o
7
0
@
o
x < 1.0+
et
cy
£ 3
ou
o2 0.5-
©
=
©
@
0.0

(B)

p-Akt

Akt

c 0.5-

S ]

(7]

m *

[«}) 04' ——

f -

= 1

X 034

= § I T

Q é b

[

© % 0.2-

e -

Q S/

> 2

= 0.1- N?ff 95955

g

0] 1 77

x % 2 A
0-0 L] I' 4l L] -

0 15 30 60 120
Treatment time (min)

36



Chapter | - Results

(©)

0 15 30 60 120  (min)
p-GSK3p | S L - ‘

GSK3BEH’--

1.54

=
o
1

Relative protein expression
(p-GSK3B/GSK3B)
o
T
—

ool kSt B bR B
0 15 30 60 120

Treatment time (min)

Figure 15. Effects of ESC on the phosphorylation of Erk, Akt and GSK3p kinases
in SH-SY5Y cells. Cells were incubated with ESC [20 uM] for different times. At the
end of incubation, the phosphorylated Erk (A), Akt (B) and GSK3p (C) kinases levels
were measured by western blotting as previously described in the materials and methods
section. Protein levels are reported as relative protein expression (phosphorylated
form/total protein expression). Data are reported as mean + SD of at least three
independent experiments (*p<0.05 and ***p<0.001 versus untreated cells at one-way
ANOVA with Dunnett post hoc test).

3.5 Neuroprotective effects of ESC against Api-42 oligomers -
induced toxicity

We evaluated the ability of ESC to counteract the early and late neurotoxic events
induced by APi-42 oligomers (OAP1-42), in terms of formazan exocytosis and necrosis

respectively. SH-SY5Y cells were incubated with ESC [20 uM] and APi-42 oligomers
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[10 uM] for 4 hours. At the end of incubation, the ability of ESC to counteract the early
phase of Api42 oligomers - induced toxicity was measured by MTT formazan
exocytosis assay. As shown in figure 16A-B, both the decrease of intracellular formazan
and the increase of extracellular formazan were significantly counteracted by 4 hours of
treatment with ESC. These results suggest a steric interaction between OAP1.42 and
ESC. In parallel, SH-SY5Y cells were treated with ESC [20 uM] and OAB1-42 [10 puM]
for 24 hours. At the end of treatment, the necrosis was measured using the fluorescent
probe PI. The treatment with ESC showed to decrease in a significant manner the

necrosis evoked by OAB1-42 (Fig. 17A-B).
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Figure 16. ESC counteracts the early neurotoxic events induced by OApi-42 in SH-
SY5Y cells. Cells were incubated with ESC [20 pM] and OA1-42 [10 puM] for 4 hours.
At the end of incubation, intracellular Tween 20-soluble MTT (TS-MTT) (A) and
extracellular Tween 20-insoluble MTT (TI-MTT) (B) were measured by using MTT

38



Chapter | - Results

formazan exocytosis assay as previously described in the materials and methods section.
The levels of TS- and TI-MTT are expressed as percentages with control (untreated
cells) set at 100 %. Data are reported as mean + SD of at least three independent
experiments (®%¥p<0.001 versus untreated cells; ***p<0.001 versus cells treated with

OAp1-42 at one-way ANOVA with Bonferroni post hoc test).
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Figure 17. ESC counteracts the late neurotoxic events induced by OApi-42 in SH-
SY5Y cells. (A) Cells were incubated with ESC [20 uM] and OAB1-42 [10 uM] for 24
hours. At the end of incubation, the necrosis was determined using the fluorescent probe
Pl as previously described in the materials and methods section. (B) Representative
images of necrosis. Neurotoxicity values are expressed as percentages of necrotic cells.
Data are reported as mean + SD of at least three independent experiments (3p<0.001
versus untreated cells; ***p<0.001 versus cells treated with OAPi42 at one-way

ANOVA with Bonferroni post hoc test).

39



Chapter | - Results

Finally, we investigated the ability of ESC to prevent both the oxidative stress and the
necrosis elicited by OAB1-42. SH-SY5Y cells were incubated for 24 hours with ESC [20
pUM] and then treated with OAP1-42 [10 pM] for 3 hours. At the end of incubation, the
ROS formation was determined using the fluorescent probe DHE. The pre-treatment
with ESC showed to decrease significantly the ROS formation induced by OAp1-42 (Fig.
18). In parallel SH-SY5Y cells were incubated for 24 hours with ESC [20 uM] and then
24 hours with OAP1-42 [10 uM]. At the end of incubation, the necrosis was measured
using the fluorescent probe PI. The treatment with ESC prevented significantly the

necrosis induced by OAB1-42 in SH-SY5Y cells (Fig. 19).
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Figure 18. ESC prevents the ROS formation induced by OApi-42 in SH-SY5Y cells.
Cells were incubated with ESC [20 uM] for 24 hours and then treated with OAB1-42 [10
UM] for 3 hours. At the end of incubation, the ROS formation was determined using the
fluorescent probe DHE as previously described in the materials and methods section.

Values are expressed as arbitrary units of fluorescence (AUF). Data are reported as
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mean + SD of at least three independent experiments (333p<0.001 versus untreated cells;
*p<0.05 versus cells treated with OA1-42 at one-way ANOVA with Bonferroni post hoc
test).
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Figure 19. ESC prevents the late neurotoxic events induced by OApi-42 in SH-
SY5Y. Cells were incubated with ESC [20 uM] for 24 hours and then treated with
OAPi-42 [10 uM] for 24 hours. At the end of incubation, the necrosis was determined
using the fluorescent probe PI as previously described in the materials and methods
section. Neurotoxicity values are expressed as percentages of necrotic cells. Data are
reported as mean + SD of at least three independent experiments (3%¥p<0.001 versus
untreated cells; ***p<0.001 versus cells treated with OAB1-42 at one-way ANOVA with

Bonferroni post hoc test).

To understand if the neuroprotective effects of ESC were mediated by the activation of
Erk and Akt pathways we used PD98059 and LY294002, two neuronal specific
inhibitors of Erk and Akt phosphorylation respectively. We also evaluated the

neuroprotective effects of ESC in the presence of BSO, an inhibitor of GSH synthesis.
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SH-SY5Y cells were treated with ESC [20 uM] and the specific inhibitors PD98059 [5
puM], LY?294002 [10 puM] and BSO [400 pM] for 24 hours. Then cells were incubated
for 24 hours with OAP142 [10 pM]. At the end of incubation, the neurotoxicity was
measured using the fluorescent probe PI. We observed that the neuroprotective effects

of ESC were abrogated in SH-SY5Y cells by using these specific inhibitors (Fig. 20).
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Figure 20. Neuroprotective effects of ESC are abrogated by the specific inhibitors
BSO, PD98059 and LY294002 in SH-SY5Y. Cells were incubated for 24 hours with
ESC [20 uM] and with the specific inhibitors. Then cells were treated for 24 hours with
OAP142 [10 uM] and at the end of incubation, the necrosis was determined using the
fluorescent probe Pl as previously described in the materials and methods section.
Neurotoxicity values are expressed as percentages of necrotic cells. Data are reported as
mean + SD of at least three independent experiments (3p<0.05 versus untreated cells;
**p<0.01 versus cells treated with OAa1-42; °p<0.05 and °°°p<0.001 versus cells treated
with OAP1.42 + ESC at one-way ANOVA with Bonferroni post hoc test).
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4. Discussion

Alzheimer’s disease (AD) is characterized by a progressive decline in cognitive
functions with memory loss, language deficit, disorientation and inability to perform
everyday activities. The pathogenesis of AD involves a progressive neuronal loss
particularly in hippocampus and cortex, associated with abnormal accumulation of
extracellular amyloid-beta peptide and intracellular tau tangles. Although its causes are
still unknown it is clear that AD develops through a multifactorial process and several
factors were identified as responsible for increasing the risk of developing AD. Among
the most significant risk factors, it is well known that oxidative stress due to generation
of reactive oxygen species (ROS) is involved in the crucial events leading to the neural
death and contributing to the pathogenesis of neurodegenerative disorders including
AD. The involvement of oxidative stress in the incidence and progression of
neurodegenerative diseases has led to investigate into the potential for using antioxidant
molecules as therapeutic treatment. In our study, we focused on the natural phenolic
coumarins that are known to show an extensive range of biological activities including
antioxidant activity. Initially, we evaluated the intrinsic antioxidant activities of
coumarins against DPPH and ABTS radicals. ESC showed the strongest quenching
capacities against both the radicals, followed by DAPH. FRAX was less active in DPPH
and ABTS radicals scavenging while SCOP was not effective [54-56]. Further ESC,
FRAX and DAPH counteracted significantly the ROS formation induced by t-BuOOH
in SH-SY5Y cells. These results indicated that the catechol (orto-dihydroxyl) group
markedly contributed to the direct antioxidant activities of these coumarins. The
coumarins ESC, FRAX and DAPH having a catechol group can act like classic phenol

or quinone based antioxidants. Several studies reported that the phenolic coumarins
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such as ESC, FRAX and DAPH are excellent antioxidant and radical scavengers thanks
to its orto-dihydroxyl group [57,58]. Lin et al. suggest that the number of hydroxyl
groups on the ring structure of coumarins is correlated with their antioxidant effects.
Further, the catechol group connected to aromatic ring can carry free radical reactions
suggesting also the importance of the a-pyrone ring to the antioxidant activities of these

coumarins [59].

Subsequently, we investigated the indirect antioxidant activity of the studied coumarins
against the ROS formation induced by t-BuOOH. Among the coumarins, ESC and
DAPH registered the ability to prevent the ROS formation induced by t-BuOOH in SH-
SY5Y cells showing to possess indirect antioxidant activities. Bilgin et al. underline the
antioxidant property of coumarins including ESC in the prevention of oxidative stress
induced by carbon tetrachloride in rats [60]. Lin et al. showed that pre-treatment with
ESC significantly decreased the oxidative damage in primary cultured rat hepatocytes
induces by t-BuOOH [61]. Kim et al. recorded the ability of ESC to prevent the
oxidative stress evoked by hydrogen peroxide in hamster fibroblasts [62]. Further, ESC
and DAPH increased significantly the cytosolic TAA in SH-SY5Y cells suggesting their
ability to pass through the cell membrane and reach the cytoplasm. These results
suggest that both the coumarins ESC and DAPH possess a good lipophilicity to enter
the cells. ESC also showed the interesting ability to cross the intestinal and blood-brain
barrier in different animal models. In particular, ESC was able to prevent the

dopaminergic neuronal death in a mouse model of Parkinson’s disease [63,64].
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Recent studies have demonstrated that GSH depletion and GSH-related enzyme deficit
are involved in the onset and progression of neurodegenerative disorders including AD.
Decreased GSH levels have been reported in the blood and brain samples of AD
[65,66]. For this reason, we decided to examine the ability of the antioxidant coumarins
ESC and DAPH to enhance the intracellular GSH levels in neuronal SH-SY5Y cells.
We found that only ESC was able to increase intracellular GSH levels while DAPH did
not have effects. Among the endogenous antioxidant, we also focused on the
transcription factor Nrf2 that is considered a critical regulator of the cellular antioxidant
response to protect against oxidative stress [67]. Nrf2 activation mitigates multiple
pathogenesis processes involved in AD through upregulation of antioxidant defences,
inhibition of inflammation, improvement of mitochondrial function and maintenance of
protein homeostasis. Several inducers of Nrf2 have shown protective effects in
numerous human cell and animal models of neurodegenerative diseases [68].
Interestingly, ESC activated Nrf2 translocation to nucleus after 1 hour of treatment
while DAPH did not show activity in SH-SY5Y cells. Han et al. reported that treatment
with ESC inhibited H202 — induced ROS generation in C2C12 myoblasts and increased
phosphorylation of Nrf2 in a time dependent manner [69]. To investigate whether the
translocation of Nrf2 induced by ESC in SH-SY5Y cells involved Erk and Akt/GSK3p
signalling pathways, we assessed the phosphorylation forms of Erk, Akt and GSK3p.
Immunoblotting data indicated that phosphorylation of Erk, Akt and GSK3p occurred
after 120 minutes of treatment with ESC. These results suggest that Erk and Akt/GSK3p
signalling pathways are involved in the ESC-mediated activation of Nrf2. In particular,
the phosphorylation of GSK3p at ser9 leads to the formation of its inactive form and

seems to play a central role in AD pathogenesis. Evidence from different studies
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supports that GSK3p is intimately involved in the hyper-phosphorylation of tau,
memory and learning impairments, the increased production of Ap from APP (via 3 and
v secretase-mediated cleavage) and in microglial-mediated inflammatory responses in
the local vicinity of AP plaques. GSK3 also reduces acetylcholine synthesis, which is in
accordance with the cholinergic deficit present in AD. Moreover, GSK3 is a key
mediator of apoptosis and thereby might directly contribute to neuronal loss in AD.
GSK3p suppression in a mouse model of AD was found to increase nuclear Nrf2 and
total glutathione-S transferase, a Nrf2 transcriptional target, in cortex. Several studies
suggest the possible association between GSK3 inhibition and Nrf2 activation [70-72].
ESC exerts dual antioxidant effects: direct protective properties and indirect antioxidant

ability inducing antioxidant enzymes via Nrf2/ARE activation.

Amyloid-f (AP) peptide neurotoxicity has been identified as one of the major features
in AD pathology. The inhibition of MTT reduction by AB peptide is an early indication
of the Ap-induced impairment in the cellular redox activity. Recent studies reported that
AP peptite inhibits cellular MTT reduction by enhancing MTT formazan exocytosis
[73-75]. In this study, we recorded that the early MTT formazan exocytosis elicited by
AP1-42 oligomers (OAP1-42) was inhibited by 4 hours of treatment with ESC. On
microscope examination, SH-SY5Y cells treated with OAP1-42 and incubated with MTT
showed marked appearance of needle like exocytosed formazan crystals on the cell
surface compared with the intracellular formazan granules observed in the untreated
control cells. While, cells treated with OAPi.42 plus ESC or ESC showed intracellular
unexcytosed MTT granules indicating the neuroprotective effects of ESC on MTT

exocytosis. Interestingly, ESC counteracted also the necrosis induced by 24 hours of
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treatment with OAp1-42 in SH-SY5Y cells. These findings suggest that ESC is able to
counteract both the early and late neurotoxic events evoked by OAp1-42 in terms of MTT
formazan exocytosis and necrosis. We could hypothesize a direct interaction of ESC

with OAp1-42 as a result of neuroprotection.

Finally, we investigated the ability of ESC to prevent the oxidative damage and the
neurotoxicity induced by 24 hours of treatment with OAB1.42 in SH-SY5Y cells. ESC
prevented significantly both the ROS formation and necrosis induced by OAp1-42.
Recent studies reported that ESC is a potent agent in protecting cells from ROS-
mediated Ap-damage [76,77]. In addition, the protective effects of ESC against the
necrosis induced by OApi-42 were abrogated in SH-SY5Y cells pre-treated with BSO,
PD98059 and LY294002 suggesting the implication of survival signalling pathway as
well as endogenous antioxidant defence in the neuroprotective effects of ESC against

OAB1-42 - induced toxicity.

Taken together, these results showed the ability of ESC to prevent both the oxidative
stress and necrosis induced by OAP1-42. At this regard, recent studies reported that ESC
exhibited potent inhibitory activity against AChE, BChE and BACEL thanks to the
presence of the catechol group [33]. Thus, ESC with its substantial inhibitory activity
against BACEL may represent a potential novel candidate for AD treatment by targeting
AP formation and deposition. Our results encourage further research in Alzheimer’s
disease animal models to explore the potential profile of ESC as novel neuroprotective
agent and to further elucidate the molecular mechanisms involved in the neuroprotective

effects of ESC.
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Chapter 11

1. Introduction

1.1 Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant inherited neurodegenerative
disorder that affects approximately 5-10 individuals per 100,000. HD is caused by an
abnormal CAG trinucleotide repeat expansion within the exon 1 of the gene encoding
for the huntingtin (HTT) protein. Individuals typically suffer from involuntary
movements including chorea, dyskinesia and dystonia, psychiatric disturbances,
depression and cognitive deficits. With the progression of the disease, motor rigidity
and dementia predominate. The most striking neuropathological hallmark of this
disorder is the atrophy of the striatum as seen in post mortem brain tissue. The disease
preferentially affects the GABAergic medium size spiny neurons in the striatum and in
other regions such as the cerebral cortex. Cortical atrophy and early degeneration of the
hypothalamus are also important aspects of HD pathogenesis. Currently, treatment is
limited to suppress chorea, the involuntary and irregular movements that accompanies
HD. In affected individuals, the number of CAG repeats expands from 37 to more than
120 repeats. This leads to an elongated polyglutamine tract at the amino terminus of the
translated HTT protein that is associated with protein aggregation. The formation of
cytoplasmic aggregates and nuclear inclusions throughout the brain is considered a
hallmark of HD. Despite its monogenic nature, HD pathogenesis is very complex and

involves multiple cellular mechanisms (Fig. 1) [78,79].
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Figure 1. Major cellular pathways disrupted in HD. (i) Transcriptional dysregulation
of basal and inducible gene expression, (ii) impaired protein degradation, (iii) altered
protein folding, (iv) disrupted synaptic signalling and (v) perturbed energy metabolism
through altered mitochondrial maintenance and localization (from Labbadia and

Morimoto, Huntington's disease: underlying molecular mechanisms and emerging

concepts, Trends Biochem. Sci. 38 (2013) 378-385).
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1.2 Transcriptional dysregulation

The expression of mutant HTT protein affects the transcriptome suggesting that
transcriptional dysregulation represents a key feature of HD pathogenesis. Mutant HTT
protein interacts with the major components of the global transcriptional machinery
disrupting both general promoter accessibility and recruitment of RNA polymerase 1l
[80]. Several studies demonstrated that mutant HTT protein impairs the functions of
some important mediators of general promoter accessibility and transcription initiation
such as TATA box binding protein (TBP) and CAAT box transcription factor NF-y [81—
85]. The expression of mutant HTT protein also disrupts the activity of histone acetyl
transferases that results in histone hypoacetylation and increased heterochromatin

formation [86].

1.3 Impaired proteostasis

Under normal conditions, proteome integrity is maintained by the proteostasis network
that involves molecular chaperons and clearance machineries as main effectors. Chronic
expression of expanded polyglutamine peptides results in an age-dependent collapse of
proteostasis with an increased aggregation and mislocalization of metastable proteins.
Restoration of protein-folding capacity through chaperone overexpression or
enhancement of chaperone gene regulation pathways suppresses mutant HTT protein
toxicity in multiple models of HD [87]. Recent studies conducted in C. elegans
identified a new gene moag-4, that influences polyglutamine aggregation independently
of the proteasome or autophagy and without activation of stress response pathways or

upregulation of molecular chaperons [88]. The ubiquitin proteasome system (UPS)
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represents an important target since mutant HTT protein inclusions were identified
ubiquitin-positive. The mechanism by which mutant HTT protein causes dysfunction of
the UPS is still unclear. Brain tissue from HD patients and HD mice present an
accumulation of ubiquitin chains. Recent findings suggest that the accumulation of
ubiquitin chains in HD is not the result of direct proteasome inhibition by mutant HTT
oligomers. But it seems that mutant HTT protein aggregates interfere with the
proteostasis network leading to increased levels of polyubiquitylated proteins within the
cell. This abundance of polyubiquitylated proteins overloads the proteasome. In
addition, autophagosome formation and lysosomal fusion appear to be affected by the
expression of mutant HTT protein. Thus, UPS impairments and defects in autophagy

are thought to contribute to neurodegeneration in HD [89-91].

1.4 Disrupted neuronal circuitry

Perturbed neuronal activity underlines the cognitive and physical decline observed in
HD patients. The expression of genes important for calcium homeostasis, neuronal
differentiation, neuronal survival and neurotransmission are reduced in the early stage
of HD. In addition, mutant HTT protein dramatically impairs neurotransmitter release at
pre-synaptic junctions by physically impeding axonal transport and by reducing the
efficiency of synaptic cargos transport onto microtubules. Medium spiny neurons of the
striatum exhibit major vulnerability to the presence of mutant HTT protein aggregates.
This observation has been attributed to several factors including reduced neurotrophin
availability and glutamate receptor mediated excitotoxicity cell death. Glutamatergic
excitotoxicity of medium spiny neurons through aberrant NMDA receptors activity is

considered an important component in HD pathogenesis. NMDA receptors activity can
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be modified by neuroactive metabolites of the tryptophan degradation pathway,
particularly kynurenic acid (an NMDA antagonist) and quinolinic acid (an NMDA
agonist). Perturbations in the kynurenine pathway of tryptophan degradation have been
linked to the pathogenesis of neurodegenerative disorders including HD. Several studies
reported that the inhibition of the enzyme kynurenine-3-monoxoygenase (KMO)
improved neurodegeneration in diverse models of HD. The novel KMO inhibitor JM6
successfully suppresses disease in rodent models of HD without entering the brain but
modifying metabolites in the blood. Excitotoxicity can be also directly suppressed by
small molecules NMDA receptors antagonists. Treatment with memantine showed to

counteract neurodegenerative effects in HD mice [92-95].

1.5 Mitochondrial dysfunction

Numerous studies support a role for mitochondrial dysregulation in HD pathogenesis.
Mutant HTT protein leads to an impairment of electron transport chain complexes Il
and 111 with depletion of intracellular ATP levels and increased reactive oxygen species
(ROS). Specifically, it appears that mutant HTT protein inhibits the activity of succinate
dehydrogenase enzyme of complex Il of mitochondria leading to the bioenergetic deficit
observed in HD. The mitochondrial dysfunction in HD involves also the mitochondrial
trafficking. Retrograde and anterograde mitochondrial trafficking along axons is
impeded by mutant HTT protein aggregates causing disruption of mitochondrial
maintenance and reduced deposition of mitochondria at sites with high energy demand.
Moreover, mutant HTT protein directly impairs the ability of PGC-1a to activate
downstream target genes involved in mitochondrial biogenesis, thermogenesis and

oxidative phosphorylation. Further amplifying the damage, mutant HTT is able to
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promote calcium-dependent mitochondrial depolarization and mitochondrial swelling.
Mutant HTT protein interacts also with GTPase dynamin related protein-1 (DRP-1)
leading to an increase of its activity. This increase of DRP-1 GTPase activity is related
to aberrant mitochondrial fission and impaired mitochondrial transport. Interestingly,
treatment of HD transgenic mice with an inhibitor of DRP-1 restores normal

mitochondrial fission and transport improving HD mice phenotypes [96,97].

In this context, the aim of our research was to investigate the potential neuroprotective
effects of the natural coumarin esculetin in different Huntington’s disease models. We
used a stable inducible cell line (PC12 HD-Q74) and a transgenic Drosophila
melanogaster model (HTT93Q, pan-neuronal expression), both of which express mutant
huntingtin (HTT) exon 1 fragments, a typical feature of HD. Several parameters
including oxidative damage, mitochondrial dysfunction and neuronal death elicited by
mutant HTT, were assessed in order to evaluate the neuroprotective activities of

esculetin.
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2. Materials and methods

2.1 Cell culture

The stable inducible rat pheochromocytoma cell line (PC12) expressing GFP-tagged
exon 1 of the Huntington gene with 74 glutamine repeats (HD-Q74) was kindly
obtained by Dr. David C. Rubinsztein at the University of Cambridge (United
Kingdom). The cells were cultured in Dulbecco’s modified Eagle’s Medium (DMEM)
supplemented with 10% horse serum, 5% fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, 50 pg/mL G418 and 70 pg/mL
hygromycin B at 37°C in a humidified incubator with 5% CO,. The expression of
huntingtin (HTT) exon 1 fragment containing 74 glutamines fused to the green
fluorescent protein (GFP) is driven by a minimal cytomegalovirus promoter under the
control of a tetracycline responsive element. The expression of HTT exon 1 fragment
with 74 glutamines was induced by 72 hours of incubation with doxycycline 1 pug/mL

(Sigma Aldrich).

2.2 Determination of cell proliferation and necrosis

PC12 HD-Q74 cells were seeded in 100 mm dishes at 2 x 108 cells/dish and incubated
for 72 hours with doxycycline (DOX) at 37°C in 5% CO- to obtain the expression of
HTT exon 1 fragment. ESC [5 uM] was added during the last 24 hours of incubation
with DOX. At the end of incubation, cell proliferation and necrosis were both evaluated
by using the dye eosin (Sigma Aldrich). Briefly, the cell suspensions were simply mixed

with eosin (1:5) and then visually examined to determine viable and dead cells. Further,
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cells were counted to measure their proliferation activity. Cell proliferation and necrosis

values are expressed as number of total cells and percentages of necrosis, respectively.

2.3 Determination of mutant HTT protein aggregation

PC12 HD-Q74 cells were seeded in 100 mm dishes at 2 x 10° cells/dish and incubated
for 72 hours with DOX at 37°C in 5% CO: to obtain the expression of HTT exon 1
fragment. ESC [5 uM] was added during the last 24 hours of incubation with DOX. At
the end of incubation, cells were counted to obtain 5 x 10° cells/mL suspension from
each dish. Then 100 pL of the cell suspension were added to a black 96 well plate.
Mutant HTT protein aggregation was detected (excitation at 485 nm and emission at
535 nm) using a VICTOR™ X3 multilabel plate reader. Values are expressed as

arbitrary unit of fluorescence (AUF).

2.4 Determination of neurotoxicity

PC12 HD-Q74 cells were seeded in 100 mm dishes at 2 x 10° cells/dish and incubated
for 24 hours with different concentrations of ESC [2.5 - 10 uM] at 37°C in 5% CO,. At
the end of incubation, cells were counted to obtain 5 x 10° cells/mL suspension from
each dish. Then, stock solution MTT [5mg/mL] was added to each cell suspension (1:10
dilution). After 1 hour of incubation at 37°C in 5% CO, the cell suspensions were
centrifugated at 6000 rpm for 10 minutes and the obtained pellet containing formazan
crystals were dissolved in isopropanol. The amount of formazan was measured (570
nm, reference filter 690 nm) using a VICTOR™ X3 multilabel plate reader. The

neurotoxicity is expressed as percentages of neuronal viability.
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2.5 Morphological analysis of mitochondria

PC12 HD-Q74 cells were seeded in 100 mm dishes at 2 x 108 cells/dish and incubated
for 72 hours with DOX at 37°C in 5% CO: to obtain the expression of HTT exon 1
fragment. ESC [5 uM] was added during the last 24 hours of incubation with DOX. At
the end of incubation, cells were counted to obtain 1 x 10° cells suspension from each
dish. Subsequently, cells were fixed with a solution containing 2.5% (v/v)
glutaraldehyde in 0.1 M sodium cacodylate (pH = 7.4) for 1 hour at room temperature,
then quickly washed and post-fixed with 1% OsO4 in 0.1 M phosphate buffer for 1 h.
After dehydration in a graded series of ethanol, the samples were embedded in Epon
resin (Sigma Aldrich). Ultrathin sections were counterstained with uranyl acetate and
lead citrate and observed under a Philips CM10 (FEI Company, Eindhoven, the
Netherlands). The images were digitally captured by SIS Megaview Il CCD camera
(FEI Company). Mitochondria were individually traced, and size parameters were
obtaining using ImageJ software. Mitochondrial size in terms of mitochondrial area was
reported in squared micrometres (um?). Further, the number of mitochondria per viable

cell was reported. The same procedure was adopted to analyse cell necrosis.
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2.6 Determination of mitochondrial activity

The mitochondrial activity was indirectly measured by using the CellTiter-Glo®
Luminescent Cell Viability Assay (Promega, Madison, WI, USA), a homogeneous
method based on quantitation of adenosine triphosphate (ATP). PC12 HD-Q74 cells
were seeded in 100 mm dishes at 2 x 10° cells/dish and incubated for 72 hours with
DOX at 37°C in 5% CO> to obtain the expression of HTT exon 1 fragment. ESC [5 uM]
was added during the last 24 hours of incubation with DOX. At the end of incubation,
cells were counted to obtain 2 x 10° cells/mL suspension from each dish. Then 100 pL
per well of the cell suspension were added to an opaque-walled 96-well plate while
control wells containing medium without cells were prepared to obtain a value for
background luminescence. The plate and its contents were equilibrated at room
temperature for approximately 30 min. Subsequently, 100 pL of CellTiter-Glo® Reagent
was added to each well and contents were mixed for 2 min on an orbital shaker to
induce cell lysis. The plate was incubated at room temperature for 10 min to stabilize
luminescent signal. The luminescence was recorded using a VICTOR™ X3
luminometer (PerkinElmer). The luminescent signal is proportional to the amount of
ATP present in cells. The CellTiter-Glo® Assay relies on the properties of a
thermostable luciferase (Ultra-Glo™ Recombinant Luciferase), which generates a stable
luminescent signal in the presence of ATP. The luciferase reaction is shown in figure 2.

Values are expressed as ATP levels (nM) per viable cell.
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Figure 2. Mono-oxygenation of luciferin is catalysed by luciferase in the presence of

Mg?*, ATP and molecular oxygen.

2.7 Determination of antioxidant activity

PC12 HD-Q74 cells were seeded in 100 mm dishes at 2 x 10° cells/dish and incubated
for 72 hours with DOX at 37°C in 5% CO> to obtain the expression of HTT exon 1
fragment. ESC [5 uM] was added during the last 24 hours of incubation with DOX. At
the end of incubation, cells were counted to obtain 5 x 10° cells/mL suspension from

each dish. Then 100 pL of the cell suspension and 100 pL of DCFH-DA [20 pg/mL]
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were added to a black 96 well plate. After 30 min of incubation at room temperature, the
reactive oxygen species (ROS) formation was measured (excitation at 485 nm and
emission at 535 nm) using a VICTOR™ X3 multilabel plate reader. The values are

expressed as arbitrary units of fluorescence (AUF).

2.8 Determination of intracellular glutathione levels

PC12 HD-Q74 cells were seeded in 100 mm dishes at 2 x 10° cells/dish and incubated
for 72 hours with DOX at 37°C in 5% CO: to obtain the expression of HTT exon 1
fragment. ESC [5 uM] was added during the last 24 hours of incubation with DOX. At
the end of incubation, cells were counted to obtain 5 x 10° cells/mL suspension from
each dish. Then 100 pL of the cell suspension and 100 uL of MCB [100 puM] were
added to a black 96 well plate. After 30 min of incubation at 37°C, GSH levels were
measured (excitation at 355 nm and emission at 460 nm) using a VICTOR™ X3

multilabel plate reader. VValues are expressed as arbitrary units of fluorescence (AUF).

2.9 Determination of nuclear Nrf2 levels

PC12 HD-Q74 cells were seeded in 100 mm dishes at 2 x 10° cells/dish and incubated
for 72 hours with DOX at 37°C in 5% CO: to obtain the expression of HTT exon 1
fragment. ESC [5 uM] was added during the last 24 hours of incubation with DOX. At
the end of incubation, nuclear extraction and determination of Nrf2 nuclear levels were
performed using the Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA) and the

TransAM® Nrf2 Transcription Factor ELISA Kit (Active Motif), respectively.
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The TransAM® Nrf2 Kit is composed of a 96 wells plate in which oligonucleotides
containing ARE sequences (Nrf2 binding sites) are immobilized at the bottom of the
wells. Active Nrf2 contained in the nuclear extracts binds specifically the ARE
sequences. A specific antibody directed against Nrf2 and a secondary antibody
conjugated to horseradish peroxidase (HRP) provides a sensitive colorimetric reaction

that is easily quantified by spectrophotometry (Fig. 3).
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Figure 3. TransAM® Nrf2 ELISA-based assay.

2.10 RNA isolation and quantitative Real Time-PCR

PC12 HD-Q74 cells were seeded in 100 mm dishes at 2 x 108 cells/dish and incubated
for 72 hours with DOX at 37°C in 5% CO: to obtain the expression of HTT exon 1
fragment. ESC [5 uM] was added during the last 24 hours of incubation with DOX. At
the end of incubation, cells were centrifugated at 6000 rpm for 5 min at 4°C to obtain a
pellet. RNA was isolated from the obtained pellet by using the PureLink® RNA Mini
Kit (Life technologies, Carlsbad, CA, USA) (Fig. 4). Samples were lysed and
homogenized in the presence of guanidinium isothiocyanate, a chaotropic salt capable
of protecting the RNA from endogenous RNases. After homogenization, ethanol was
added to the sample. The sample was then processed through a Spin Cartridge
containing a clear silica-based membrane to which the RNA binds. The purified total
RNA was eluted in RNase-free water and then quantified spectrometrically with the
NanoVue Plus spectrophotometer (GE Healthcare, Chicago, Illinois, USA) for
quantitative Real-Time PCR (gRT-PCR). Reverse transcription of RNA was performed
using the SuperScript® VILO MasterMix (Invitrogen, Carlsbad, CA, USA). First-strand
cDNA synthesis was performed with 1 pg of total RNA. The CFX Connect™ Real
Time System (Bio-Rad, Hercules, CA, USA) was used for amplification and real time
quantification. PCR reactions of each sample were performed in triplicate in a final
volume of 20 pL in a 96-well plate. The PCR mixture contained 2 puL of cDNA [10
ng/uL], 10 pL of SYBR™ Select Master Mix (Invitrogen) and primers at a final
concentration of 300 nM was amplified with the following conditions: initial

denaturation at 95°C for 3 min, followed by 40 amplification cycles at 95°C for 3 sec
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and 60°C for 30 sec. After the amplification reaction, melting curve analysis was
performed starting at 65°C and increasing to 95°C with 5 acquisitions/°C. Relative
normalized expression were calculated according to the 2"44¢4 method with B-Actin and
Ywhaz (Life technologies) as reference genes and uninduced cells (- DOX) as control.

Primer sequences used in this study are listed in Table 1.

1 Lyse and homogenize

sample in Lysis Buffer
with 2-mercaptoethanol

Add ethanol,
mix thoroughly

- U’c—
- 4

i
Y

-] -

Add sample to Spin
Cartridge to bind RNA
to membrane

Wash sample 3X

Elute RNA into
Recovery Tube

v

Figure 4. lllustration of the steps for isolating total RNA using the PureLink® RNA
Mini Kit.
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Gene name Forward/Reverse | 5’ to 3* Sequence
B-Actin For CTGGCTCCTAGCACCATGA
Rev TAGAGCCACCAATCCACACA
Ywhaz For AAATGAGCTGGTGCAGAAGG
Rev GGCTGCCATGTCATCGTAT
NF-E2 related factor 2 For TTCCTAGCAGAGCCCAGTG
Rev TCAGAGAGCGACTGACTAATGG
NAD(P)H dehydrogenase quinone 1 | For TCAGCGCTTGACACTACGAT
Rev CGTGGGCCAATACAATCAG
Glutathione S-transferase pi2 For TGCTGGTCCACCAAGTCC
Rev GAGCCACATAGGCAGAGAGC
Catalase For AGCTTCAGCGCACCAGAG
Rev CATCTGCAGAGCACTGGCTA
Glutamate-cysteine ligase, catalytic | For AAGCCTCCTCCTCCAAACTC
subunit
Rev TACCTCCATTGGTCGGAACT
Heme oxygenase 1 For TCAAGCACAGGGTGACAGAA
Rev CAGCTCCTCAAACAGCTCAA
Glutathione peroxidase 1 For TCTGAATTCCCTCAAGTATGTCC
Rev CATTCACCTCGCACTTCTCA
Superoxide dismutase 1 For GAGAGGCATGTTGGAGACCT
Rev ATGGACACATTGGCCACAC
Metallothionein 3 For ATGCACGAACTGCAAGAAGA
Rev TTGGCACACTTCTCACATCC

Table 1. Primer sequences for quantitative RT-PCR.
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2.11 Drosophila melanogaster

Flies were maintained in standard maize food at 25 °C in light/dark cycle of 12:12. The
elavGAL4 [c155] fly stocks were obtained from the Bloomington Stock Center
(Bloomington, IN, USA). The transgenic line expressing mutant HTT exon 1 fragment
(HTT93Q) was kindly provided by prof. Flaviano Giorgini at the University of
Leicester (United Kingdom). Crosses were set up between male flies carrying
elavGAL4 driver and virgin females carrying the HTT93Q transgene. In the F1

generation only females expressed the HTT93Q, while males were used as controls

(Fig. 5).

Enhancer-trap GAL4 UAS-gene X

= enhancer — 1G4 M’

UAS
Tissue-specific expression Transcriptional activation
of GAL4 of gene X

Figure 5. Binary elavGAL4/UAS system.
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2.12 Drosophila compound feeding

For compound feeding experiments, maize food was heated until liquid and distributed
into vials. ESC (Sigma Aldrich) was freshly prepared in DMSO as 1000 X stock and

added to the food at 10 and 100 uM for growing experimental larvae or flies.

2.13 Pseudopupil analysis

This assay allows rapid visualization of rhabdomere arrangement in the ommatidia of
the compound eye which is a direct measurement of the number of surviving
photoreceptor neurons (Fig. 6). Appropriate crosses were carried out in order to obtain
the desired genotype. Newly emerged HTT93Q exon 1 flies were transferred to vials
containing normal or treated food, which was changed daily for 7 days. At day 7, flies
were anaesthetized with COg, their heads removed and mounted face-up on microscope
slides. A Nikon Optiphot-2 microscope at 50 X magnification was used for counting
rhabdomeres from approximately 100 ommatidia per fly and 12 flies per treatment.
Pseudopupil assay was performed also at day 0. Appropriate crosses were carried out
directly into vials containing normal and treated food. At the day of emergence from
pupal case, HTT93Q exon 1 flies were anaesthetized with CO> and their heads removed.
The decapitated head was mounted on a microscope slide and the eyes analysed under

Nikon Optiphot-2 microscope with 50 X oil objective.
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Figure 6. Structure of the Drosophila compound eye.

2.14 Eclosion analysis

Males carrying the sex-linked elavGAL4 driver were crossed to virgin females

homozygous for the UAS-HTT93Q transgene generating experimental females and

control males in the F1 generation. Parental flies were removed 5 days after mating.

Flies were allowed to lay eggs on vials containing normal or treated food. The number

of adult females and males emerging from the pupal case in each vial was counted every

day for 10 days (Fig. 7). Eclosion percent was determined by the following calculation:

(number of female flies / number of male flies) x 100.
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Figure 7. Drosophila life cycle

2.15 Longevity analysis

Virgin females of the desired genotype were collected and kept in groups of 10 in
separate vials containing normal or treated food. Vials were inspected and changed

every day. The number of flies remaining alive was scored. Data are expressed as
percent survival.
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2.16 Statistical analysis

Data are reported as mean + SEM. Statistical analysis was performed using one-way
ANOVA with Dunnett or Bonferroni or Newman-Keuls post hoc test. Differences were
considered significant at p < 0.05. Analyses were performed using PRISM 5 software

(GraphPad Software, La Jolla, CA, USA).
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3. Results

3.1 Neurotoxicity induced by HTT exon 1 expression in PC12
HD-Q74 cells

It has been shown that the PC12 HD-Q74 cell line with 74 glutamine repeats exhibits
many of the features of HD including the formation of aggregates with an EM structure
similar to those observed in vivo, reduced neurite outgrowth and moderate caspase
dependent cell death. In particular, we observed that the expression of expanded repeats
(Q74) leads to a time-dependent reduction of cell proliferation, an increase of necrosis
and aggregation of insoluble mutant HTT protein. After 72 hours of induction with
DOX, cell proliferation in terms of cytostatic effect and necrosis were assessed using
the dye eosin. The treatment with DOX decreased significantly the number of total cells
and increased the necrosis at 72 hours (Fig. 8A-B). Further, after 72 hours of induction
we observed insoluble aggregates produced by HD-Q74 cells that were localized both in
the cytoplasm and nucleus. The amount of insoluble aggregates of mutant HTT protein
was detected by using a VICTOR™ X3 multilabel plate reader (Fig. 8C). Aggregates
appeared as bright enhanced green fluorescent protein (EGFP) signals when analysed by
fluorescence microscopy. Uninduced HD-Q74 cells showed a uniformly distributed

EGFP with a lower fluorescence intensity (Fig. 8D).
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Figure 8. Expression of HTT exon 1 fragment containing 74 glutamines leads to
time-dependent neurotoxicity in PC12 HD-Q74 cells. (A) Cells were treated with
DOX [1 pg/mL] for different times (24, 48 and 72 hours) and cell proliferation was
assessed by using eosin as described in the materials and methods section. Values are
expressed as number of total cells. (B) Cells were treated with DOX [1 pg/mL] for 72
hours and the necrosis was evaluated by using eosin as described in the materials and
methods section. Values are expressed as percentages of necrosis. (C) Cells were treated
with DOX [1 pg/mL] for 72 hours and mutant HTT protein aggregation was assessed as

described in the materials and methods section. Values are expressed as arbitrary units
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of fluorescence (AUF). (D) Representative images of visible Q74 aggregates fused to
EGFP. Data are reported as mean+SEM of at least three independent experiments
(*p<0.05 and **p<0.01 versus - DOX at one-way ANOVA with Dunnett post hoc test).

3.2 Neurotoxicity of ESC in PC12 HD-Q74 cells

In the first part of the experiments, we determined the neurotoxicity of ESC in PC12
HD-Q74 cell line by using the MTT assay. After 24 hours of treatment with different
concentrations of ESC [2.5 - 10 uM] we observed that concentrations up to 5 uM did
not affect neuronal viability (Fig. 9). Therefore, we selected the concentration of 5 uM

for all the following experiments.

100+

40-

Neuronal viability (%)

20+

0 T T
0 2.5 5 10

Concentration of ESC (uM)

Figure 9. Neurotoxicity of ESC in PC12 HD-Q74 cells. Cells were incubated for 24
hours with different concentrations of ESC [2.5 — 10 uM]. At the end of incubation, the
neuronal viability was measured using MTT assay as described in the materials and
methods section. MTT values are expressed as percentages of neuronal viability. Data
are reported as mean + SEM of at least three independent experiments (**p<0.01 versus
untreated cells at one-way ANOVA with Dunnett post hoc test).
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3.3 Effects of ESC on mutant HTT protein aggregation

Mutant HTT protein aggregation is an important early and upstream process in the
development of HD. Therefore, we decided to investigate whether ESC could modulate
mutant HTT protein aggregation in HD-Q74 cells. ESC [5 uM] was added to the last 24
hours of treatment with DOX and at the end of incubation the fluorescence of EGFP-
tagged HTT74Q aggregates in PC12 cell line model was quantified by using a
VICTOR™ X3 multilabel plate reader. The measure based upon EGFP signal recorded

the capacity of ESC to partially modulate mutant HTT protein aggregates formation

(Fig. 10).
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Figure 10. ESC partially modulates HTT74Q aggregation in PC12 HD-Q74 cell
line. (A) Cells were incubated with DOX [1 pg/mL] for 72 hours and treated for 24
hours with ESC [5 uM]. The fluorescence of EGFP-tagged HTT74Q aggregates was
measured by using a multilabel plate reader as described in the materials and methods
section. (B) Representative images of HTT74Q aggregates in induced and uninduced
PC12 HD-Q74 cells. Values are expressed as arbitrary units of fluorescence (AUF).
Data are reported as mean + SEM of at least three independent experiments (33p<0.01

versus - DOX at one-way ANOVA with Bonferroni post hoc test).

3.4 Neuroprotective effects of ESC in PC12 HD-Q74 cells

Further, we investigated the ability of ESC to counteract the reduced cell proliferation in
terms of cytostatic effects and the necrosis induced by the expression of mutant HTT
exon 1 fragment with 74 glutamines. PC12 HD-Q74 cells were induced by 72 hours of
treatment with DOX [1 pg/mL] and ESC [5 uM] was added to the last 24 hours of
incubation with DOX. The treatment with ESC showed to counteract significantly both
the cytostatic effect and the necrosis induced by HTT74Q expression (Fig. 11A-B).
Further, low magnification TEM images of uninduced PC12 HD-Q74 cells showed the
presence of a few necrotic cells characterized by a pyknotic nuclear chromatin and
highly degraded cytoplasm. After the induction with DOX, the number of PC12 HD-
Q74 necrotic cells clearly increased, while it decreased in PC12 HD-Q74 cells treated

with both DOX and ESC (Fig. 11C).
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Figure 11. ESC counteracts the cytostatic effect and the necrosis induced by
HTT74Q expression in PC12 HD-Q74 cells. Cells were incubated with DOX [1
pg/mL] for 72 hours and treated with ESC [5 puM] for 24 hours. Cell proliferation in
terms of cytostatic effect (A) and necrosis (B) were assessed by using the dye eosin as
described in the materials and methods section. Values are expressed as humber of total
cells and percent necrosis. (C) Representative low magnification TEM images showing
the presence of necrotic (arrow) and living cells in uninduced PC12 HD-Q74 cells, in
induced PC12 HD-Q74 cells and in induced PC12 HD-Q74 cells treated with ESC
(scale bar: 20 um). Data are reported as mean = SEM of at least three independent
experiments (3p<0.05 and 58p<0.01 versus - DOX; *p<0.05 and **p<0.01 versus +
DOX at one-way ANOVA with Bonferroni post hoc test).
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3.5 Antioxidant effects of ESC in PC12 HD-Q74 cells

Oxidative stress due to imbalance in oxidant and antioxidant species has been known to
play a crucial role in the pathophysiology of neurodegenerative diseases, including HD.
The ability of ESC to counteract the oxidative damage elicited by HTT74Q expression
was evaluated by using the fluorescent probe DCFH-DA. After 24 hours of treatment
with ESC [5 uM] we recorded a significant reduction of ROS formation in induced
PC12 HD-Q74 cells (Fig. 12A). In parallel, the same treatment with ESC showed to
increase intracellular GSH levels and restore nuclear Nrf2 basal levels as the result of a
protective mechanism in PC12 HD-Q74 cells expressing EGFP-tagged HTT74Q (Fig.
12B-C). Recent combined micro array studies provide ample evidence for the induction
of a protective oxidative stress response in cells expressing mutant HTT. Strikingly,
ESC showed the ability to strengthen this protective response in induced PC12 HD-Q74

cells through activation of the Nrf2/ARE pathway.

(A) (B)
80000+ 8§ 20000~
n
2 60000- T 15000
> 2
c <
o * —
= O]
g 40000 - T 2 10000
S T
0 == o
8 20000- O  5000-
nd
O T T T 0
oY g O
P Y PN S
’ %0 X %O ’
& &
N N
o o
Q Q Q

75



Chapter Il - Results

(©

Nrf2 nuclear level
(fold increase)

Figure 12. ESC decreases the oxidative stress elicited by HTT74Q expression in
PC12 HD-Q74 cells. Cells were induced with DOX [1 pug/mL] for 72 hours and treated
with ESC [5 uM] for 24 hours. At the end of incubation, the ROS formation (A), the
intracellular GSH levels (B) and the nuclear Nrf2 levels (C) were evaluated as described
in the materials and methods section. Values are expressed as arbitrary units of
fluorescence (AUF) and fold increases, respectively. Data are reported as mean = SEM
of at least three independent experiments (33p<0.01 and 958p<0.001 versus - DOX;
*p<0.05 and ***p<0.001 versus + DOX at one-way ANOVA with Bonferroni post hoc
test).

3.6 Effects of ESC on mitochondrial activity in PC12 HD-Q74
cells

Disruption of mitochondrial homeostasis and subsequent mitochondrial dysfunction
play a key role in the pathophysiology of HD. The potential cytoprotective effects of

ESC against the mitochondrial dysfunction evoked by HTT74Q expression were
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investigated. The induction with DOX did not modify the mitochondrial number per
viable cell (Fig. 13A) while it increased the mitochondrial size in terms of area occupied
by each mitochondrion in the cytoplasm (Fig. 13B) as well as the amount of ATP per
viable cell (Fig. 13C). The expansion of mitochondrial area and the increase of ATP
levels could be associated with the mitochondrial dysfunction observed in HD. The
treatment with ESC did not change the number of mitochondria per cell in induced
PC12 HD-Q74 cells (Fig. 13A), but it decreased significantly the mitochondrial size as
well as the amount of ATP (Fig. 13B-C). To better characterize these results, PC12 HD-
Q74 cells were analysed by TEM. TEM images of uninduced PC12 cells showed well
preserved round shape morphology, both in nuclear and cytoplasmic components (Fig.
14A). At higher magnification, several tubular mitochondria were detected with dense
cristae clearly observed (Fig. 14A, insert). In induced PC12 cells a preserved cell
morphology was observed in low magnification images (Fig. 14B). On the contrary, the
cytoplasm showed several, small and round shape mitochondria, with less dense matrix
and swollen cristae (Fig. 14B, insert). Induced PC12 cells treated with ESC [5 uM] for
24 hours showed a regular round shape morphology (Fig. 14C) and tubular

mitochondria with dense matrix and regular cristae (Fig. 14C, insert).
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Figure 13. Effects of ESC on mitochondrial activity in PC12 HD-Q74 cells. Cells
were induced with DOX [1 pug/mL] for 72 hours and treated with ESC [5 uM] for 24
hours. At the end of incubation, the number of mitochondria per viable cell (A), the
mitochondrial area (B) and ATP levels per viable cell (C) were assessed as described in
the materials and methods section. Values are expressed as mitochondrial number per

viable cell, mitochondrial area measured in um? and ATP levels expressed in nM per
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viable cell, respectively. Data are reported as mean £ SEM of at least three independent
experiments (3%8p<0.001 versus - DOX; ***p<0.001 versus + DOX at one-way
ANOVA with Bonferroni post hoc test).

(A) (B)

- DOX + DOX + DOX/ESC 5 uM

Figure 14. Morphological analysis of mitochondria in PC12 HD-Q74 cells. (A)
Ultrastructural TEM images of uninduced PC12 HD-Q74 cells (scale bar: 2000 nm).
Detail of mitochondria showing a tubular shape with dense matrix and regular cristae
(insert; scale bar: 1000 nm). (B) Ultrastructural TEM image of induced PC12 HD-Q74
cells (scale bar: 2000 nm). Several mitochondria with round shape morphology,
extracted matrix and swollen cristae are observed (insert; scale bar: 1000 nm). (C)
Ultrastructural TEM image of induced PC12 HD-Q74 cells treated with ESC [5 pM]
(scale bar: 2000 nm). Mitochondria show a tubular shape, with dense matrix and regular
cristae (insert; scale bar: 1000 nm).
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3.7 Effects of ESC on Nrf2-responsive genes and oxidative
stress related genes in PC12 HD-Q74 cells

At the transcriptional level, ESC did not show the ability to modify the protective
response induced by HTT74Q expression in PC12 HD-Q74 (Fig. 15).
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Figure 15. ESC doesn’t modulate the protective response induced by HTT74Q
expression in PC12 HD-Q74 cells. Cells were induced with DOX [1 pg/mL] for 72
hours and treated with ESC [5 uM] for 24 hours. Nrf2-responsive genes and oxidative
stress related genes were examined by quantitative real time PCR as described in the
materials and methods section. VValues are expressed as relative mRNA levels compared
to expression levels of uninduced cells (- DOX) with B-Actin and Ywhaz as reference
genes. (A) Nrf2 and Nrf2-responsive genes involved in detoxification. Nrf2: NF-E2
related factor 2, NQO1: NAD(P)H dehydrogenase quinone 1, GSTP2: glutathione S-
transferase pi2. (B) Nrf2-responsive genes involved in antioxidant/reducing potential.
CAT: catalase, GCLC: the catalytic subunit of glutamate — cysteine ligase, HMOX1:
heme oxygenase 1. (C) Non-Nrf2 responsive genes involved in protection against
oxidative stress. GPX1: glutathione peroxidase 1, SOD1: superoxide dismutase 1, MT3:
metallothionein 3. Data are expressed as relative mRNA expression and reported as
mean + SEM of at least three independent experiments (3¥p<0.001 versus - DOX;
*p<0.05 versus + DOX at one-way ANOVA with Bonferroni post hoc test).
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3.8 ESC ameliorates photoreceptor neurodegeneration in
mutant HTT expressing fruit fly

Driven by these interesting results, we decided to further explore the neuroprotective
effects of ESC using fruit flies expressing a mutant HTT fragment. We employed a
widely studied fruit fly model of mutant HTT toxicity, in which the human mutant HTT
exon 1 fragment (HTT93Q) is expressed under control of the elavGAL4 pan-neuronal
driver using the binary GAL4/UAS system. These flies exhibit several phenotypes that
recapitulate HD symptoms, including neurodegeneration, locomotor impairments, and
reduced lifespan. Neurodegeneration can be easily assessed by scoring the number of
photoreceptor neurons, known as rhabdomeres, present in the fly eye. The compound
eyes of Drosophila contain repeating units of ommatidia. Each ommatidia contains
eight rhabdomeres, seven of which are visible by using the pseudopupil assay. At day 7
post-eclosion, wild type (WT) flies exhibit an average of 7 rhabdomeres while
HTT93Q-expressing flies present an average of 5 rhabdomeres (Fig. 16A). Rhabdomere
quantification was assessed during development (day 0) and after disease progression
(day 7 post-eclosion). ESC significantly ameliorates rhabdomere neurodegeneration in
pathogenetic HTT93Q flies, when administered during larval stage (at the time of the
disease onset) or during adult period (when the disease has progressed). In particular,
ESC reduces significantly the neurodegeneration in HTT93Q exon 1 flies at 100 uM
when administered during larval instar and ameliorates degeneration at all
concentrations tested when administered only during adult period (Fig. 16B). These
results indicate that ESC confers neuroprotection in HTT93Q exon 1 fruit flies and

provide support for our findings in in vitro cell line HD model.
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Figure 16. ESC ameliorates rhabdomere neurodegeneration in pathogenetic
HTT93Q flies. (A) Rhabdomeres in WT and HTT93Q flies at day 7 post eclosion. (B)
Drosophila expressing HTT93Q exon 1 pan-neuronally were exposed to ESC in their
food at different concentrations during development and adult period. Rhabdomeres

were scored via the pseudopupil assay at day 0 and at day 7 post eclosion as described
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in the materials and methods section. Data are expressed as mean rhabdomere count per
ommatidium = SEM (n = 12 per condition) (***p <0.001 versus HTT93Q flies treated
with DMSO at one-way ANOVA with Newman-Keuls post hoc test).

3.9 ESC feeding rescues HTT93Q-dependent eclosion defects

HTT93Q flies exhibit a variety of HD-relevant phenotypes including impaired
emergence of the adult fly from the pupal case (eclosion). HTT93Q flies show a
progressive degenerative phenotype characterized by a 70% of larvae lethality. WT flies
did not present defects in eclosion (Fig. 17A). Male flies carrying the elavGAL4 driver
were crossed to virgin females carrying the UAS-HTT93Q transgene in order to
generate females expressing HTT93Q and control males in the F1 generation. 10-35
crosses were set up in separate vials for each condition and parental flies were removed
5 days after mating. The number of female or male progeny emerging was scored over
10 days post-eclosion. We observed that the low level of emergence of adult HD flies
from the pupal case was enhanced by feeding of ESC in a dose dependent manner (Fig.
17B). These data suggest that ESC exerts neuroprotective effects ameliorating

HTT93Q-dependent eclosion defects.
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Figure 17. ESC rescues HTT93Q-dependent eclosion impairments. (A) Eclosion in
WT and HTT93Q flies. (B) Crosses were set up in food containing 10 and 100 uM
ESC. The number of adult females and males emerging from the pupal case was scored
by using eclosion analysis as described in the materials and methods section. Data are

expressed as mean = SEM (n = 100 per condition).

3.10 ESC enhances the reduced longevity in HTT93Q flies

Further we decided to investigate the ability of ESC to ameliorate the reduced survival
time in HTT93Q adult flies. The expression of the human mutant HTT exon 1 fragment
93Q leads to a reduced life span compared with control flies, whose maximum
longevity is 3 months (Fig. 18A). For longevity assay, newly emerged female flies of
the desired genotype were collected and kept in groups of 10 in separate vials. Flies

were moved to fresh food every day and the number of dead individuals scored daily.
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We observed a small but interesting improvement in the shortening of median life span

in HD flies fed with 10 uM ESC (Fig. 18B).
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Figure 18. ESC enhances average life span of HD flies. (A) Longevity in WT and
HTT93Q flies. (B) Appropriate crosses were carried out to obtain the desired genotype
and ESC was mixed in fly food at different concentrations for growing adult flies as
described in the materials and methods section. Data are expressed as mean + SEM (n =

100 per condition).
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4. Discussion

Huntington’s disease (HD) is a progressive autosomal dominant neurodegenerative
disorder characterized by a CAG trinucleotide repeat expansion in the coding region of
the HTT gene. The neuropathology of HD involves a selective dysfunction and death of
specific neuronal subpopulation within the central nervous system. The most striking
neuropathological change in HD is the early atrophy of the striatum. While disease
progresses, other brain structures also degenerate, including the cerebral cortex. The
HTT gene provides instruction for making a protein called huntingtin. Although the
function of this protein is not clear, it seems to play an important role in neuronal cell
survival by controlling apoptosis pathways, regulating intracellular transport machinery,
vesicle trafficking and secretion. In healthy individuals, the CAG segment is repeated 4
to 36 times within the gene. In individuals affected by HD, the CAG segment is
repeated 37 to more than 120 times. An increase in the size of the CAG segment leads
to the production of an abnormally expanded version of the HTT protein. The mutant
protein is cut into smaller toxic fragments that bind together and accumulate into
cytoplasmic and nuclear aggregates in neurons, disrupting the normal functions of these
cells. The formation of aggregates is considered a hallmark of HD. Currently there are
no therapies that meaningfully control or prevent the development of HD. Various
therapeutic targets are being focused to develop potential therapeutic drugs or
treatments which can slow down disease progression or delay disease onset.
Cytotoxicity and biochemical dysfunctions observed in HD models and patients are
attributed to the expansion of HTT gene. Several studies have demonstrated that
aberrant forms of HTT protein lead to significant impairment of the proteostasis

network, dysregulated transcription, mitochondrial toxicity, cellular energy imbalance,
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synaptic dysfunction and axonal transport impairment. A complete understanding of the
molecular pathways and how they may be altered in HD patients and disease models
can illuminate possible new pharmacological strategies for the treatment of HD.
Numerous in vivo and in vitro studies have documented the protective role of various
natural products including phenolic compounds with multiple cellular targets in the
prevention of neurodegenerative diseases, including HD [98]. In our research work, we
evaluated the potential neuroprotective effects of the phenolic coumarin esculetin (ESC)
against the toxic events occurring in HD pathogenesis using different HD models. We
used a stable inducible neuronal PC12 cell line that express HTT exon 1 fragment with
74 glutamines under doxycycline control [99]. In the first part of the experiments, we
reported a basic characterization of this cell line model investigating specifically the
mitochondrial activity in terms of cell proliferation, cell death and mutant HTT
aggregation. After 72 hours of induction with DOX, we recorded a significant reduction
of cell proliferation and a strong increase of cell necrosis. Further, we observed the
presence of mutant HTT aggregates fused to EGFP in the cytoplasm and nucleus. The
treatment with ESC for 24 hours partially interfered with the aggregation of mutant
HTT protein and it showed to ameliorate the cell proliferation as well as to counteract
the necrosis. The same treatment with ESC counteracted significantly the ROS
formation induced by the expression of mutant HTT exon 1 fragment and it increased
the intracellular GSH levels. Further, we recorded the ability of ESC to restore nuclear
Nfr2 basal levels in induced PC12 HD-Q74 cells. It has been seen that elevated
oxidative stress due to accumulation of HTT protein, imbalance in oxidant-antioxidant

status and impairment in electron transport chain, plays a critical role in the late stage of
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HD pathogenesis. A recent study reports that the expression of oxidative stress related

genes is altered in cells expressing mutant HTT [100].

Finally, ESC showed to ameliorate the mitochondrial activity in induced PC12 HD-Q74
cells. Mitochondrial dysfunction play an important role in neurodegenerative disorders
especially in HD. Several studies reported that mitochondrial morphological changes in
terms of abnormal dynamics and unbalanced fusion/fission mechanisms result in
dysfunction. Mitochondrial fusion and fission are significantly perturbed and
imbalanced in HD leading to accumulation of fragmented and damage mitochondria and
increased levels of oxidative stress in cell. Based on TEM analysis we saw that
mitochondria in induced PC12 HD-Q74 cells appeared smaller, shorter and more round
shaped compare to uninduced and induced PC12 HD-Q74 cells exposed to ESC. These
results display in induced PC12 HD-Q74 cells an imbalance in fusion/fission dynamics
with an excessive mitochondrial fission. The excessive mitochondrial fission could be

ascribed to dysfunction [101,102]. ESC is able to counteract this imbalance.

Esculetin-supplemented diet improved different neurodegenerative phenotypes in
HTT93Q transgenic Drosophila. In our present study, we demonstrated that ESC
administered since larval stage or only during adult period ameliorated rhabdomeres
neurodegeneration in pathogenetic HTT93Q flies. Further, we observed that ESC
feeding rescued HTT93Q-dependent eclosion defects in a dose dependent manner. We
also registered a small but interesting improvement in the shortening of median life span
in HTT93Q flies fed with 10 uM ESC. Our results show that ESC ameliorates several

disease-related neurodegenerative dysfunctions in both PC12 HD-Q74 cells and

89



Chapter Il - Discussion

Drosophila HTT93Q, suggesting its potential development as a novel neuroprotective

agent for the treatment of HD.
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