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Abstract






Huntington's disease (HD) is an adult-onset, neurodegenerative disorder. It is a
genetic dominantly inherited disease caused by a polyglutamine (polyQ)
expansion mutation in the huntingtin protein (Htt). Because of its lack of valid
treatment, development of more effective therapeutics for HD is urgently
required. Recently, pharmacological strategies that modulate mitochondrial
dynamics have shown promising results in several HD models. Mildronate, [3-
(2,2,2-trimethylhydrazinium) propionate; THP; MET-88], a compound able to
improve mitochondrial dysfunction, has demonstrated protective effects on a
wide range of neuropathological events, as in case of Parkinson’s and
Alzheimer’s disease. Interestingly, in the current study we found that
mildronate can effectively improve motor function in the Drosophila
melanogaster stock elav-HTT.128Q.FL and in Pmec—3htt57Q128::GFP
Caenorhabditis elegans strain, both animal models overexpressing human
mutant Htt. This improvement is evident by the significant increase in
performance on the behavioral assays after mildronate treatment. In an effort
to increase the activity of mildronate, we have designed, synthesized, and
characterized 22 compounds, among which 4 display superior ability to reduce
pathological biomarkers of HD as well as ameliorate mitochondrial dynamics
in in vitro and in vivo assays in comparison to mildronate. In particular, the
selected compounds decrease the level of HD aggregates in STHdhQ09/109
transfected cells more significantly than mildronate, without affecting the level
of transfected normal or mutant Htt. Finally, all the compounds have shown
the ability to decrease significantly the mitochondrial fragmentation in
STHdAhQW%1% and to reduce motor deficits in the animal models. This result
confirms that perturbation in mitochondrial dynamics may contribute to the
onset and progression of neurodegenerative disorders and that correcting

mitochondrial fragmentation, reduces motor deficits in HD animals.
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1. Huntington's chorea

Huntington's disease (HD) is an adult-onset, neurodegenerative and genetic
disorder. It is an orphan disease affecting fewer than 10 people per 100,000 in
the Caucasian population [1].

HD is clinically characterized by a combination of motor, affective and
cognitive deficits which result in a slow progressive neuronal degeneration in
selected brain areas, including the caudate and putamen of the striatum,
cerebral cortex, hippocampus, hypothalamus and sub-thalamus [2].

The main clinical features are motor disturbances (chorea, dystonia,
bradykinesia, rigidity), behavioral and psychiatric impairment (irritability,
impulsivity, depression, apathy, anxiety) and cognitive decline (executive
dysfunction, inattention, dementia) along with sleep disturbances and weight
loss [3] [4] .

Most clinical features of Huntington’s disease can be attributed to central
nervous system (CNS) degeneration, but there are other aspects mediated
outside the CNS, including weight loss, metabolic dysfunction and
endocrine disturbances. [5]. Within the brain, there is massive striatal neuronal
cell death, with up to 95% loss of GABAergic medium spiny projection
neurons.

Furthermore, there is atrophy in cerebral cortex, subcortical white matter,
thalamus, specific hypothalamic nuclei and other brain areas [6].

HD symptoms typically manifest between the ages of 35 and 45 years, then
progress slowly approximately 15 to 20 years until death.
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1.1  Genetics of Huntington's disease

HD is a genetic disease with an autosomal dominant inheritance.

The disease-causing gene mutation consists of an expanded polyglutamine
repeats (CAG repeats) in the coding region of exon 1 in IT-15 gene. The gene
is located on chromosome 4pl16.3 and it codes for a 347 kilo-Daltons
ubiquitary protein named huntingtin (Htt).

The length of the (CAG)n domain in IT-15 gene is genetically unstable and
susceptible to expansion. In its wild-type form, it contains 8-
26 glutamine residues. Intermediate numbers of repeats, between 27 and 35,
are not associated with disease expression but they can be meiotically
unstable in paternal transmission: the CAG length may expand in paternal
transmission, resulting in the disease in descendents. Repeats of 36-39 are
associated with reduced penetrance , whereas repeats of 40 or larger are

associated with disease expression (fig.1) [7] .
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Figure 1. Huntington mutated gene. The length of the (CAG)n domain in wild-type
form is 8-26 glutamine residues. Intermediate numbers of repeats, between 27 and 35,
are not associated with disease expression but they can be meiotically unstable;

repeats of 36 or larger are associated with disease expression.
Source: https://ghr.nlm.nih.gov/condition/huntington-disease.

The disease is inherited with age-dependent penetrance: there is a strong
inverse relationship between age at onset and number of CAG repeats.

Classic adult onset between the ages of 35 and 45 is associated with repeat
lengths between 40 and 49. CAG lengths greater than 50 are typically
associated with onset between 20 and 30 years of age. Longer CAG repeats
predict juvenile HD (JHD), which constitutes about 5% of all HD case and
occurs prior to the age of 21. Within JHD, repeat lengths longer than 60 are
associated with age of onset between 10 and 20, and more than 80 can

manifest in childhood onset, where the diagnosis is prior the age of 10 (fig.2)

[8].
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Figure 2. In HD the length of CAG repeat is inversely related to age of onset. This
relationship is reported with approximations of age of onset based on repeat length.
JHD, juvenile Huntington disease.

Source: P.C. Nopoulos, Dialogues in Clinical Neuroscience, 2016.

1.2 Huntingtin protein

Huntingtin (Htt) is a large protein of 3,144 amino acids, ubiquitously
expressed with the highest levels in CNS neurons and in the testes.

Htt has been found in different cellular locations, where it may act as a
scaffold protein for the activation and correct assembly, in time and space, of
specific molecular partners and pathways.

Intracellularly, Htt is associated with various organelles, including the nucleus,
endoplasmic reticulum and Golgi complex and it is also found in neurites and
at synapses, where it associates with vesicular structures [9].

It has many potential domains, but their activities are not fully understood.

The polyglutammine region is an important portion of the mammalian protein:
its physiological function is to regulate interaction among wild-type huntingtin
and several partners.

Huntingtin also contains the so-called HEAT (Huntingtin, Elongator factor3,
PR65/A regulatory subunit of PP2A, and Torl) repeats, ~40-amino-acid-long

sequences involved in protein-protein interactions [10].
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Their distribution within the Htt protein might confer a scaffolding role for
protein complex formation. The HEAT repeats are very similar in terms of
number, sequence and distribution along the length of the protein [11].

Downstream of these regions are three caspase and calpain cleavage sites
typically conserved in vertebrate [12]. Cleaved fragments of Htt are observed
in the nucleus, but their activity is yet unclear. Maybe cellular status might
affect proteolysis process, as shown in different studies that reported increased

proteolysis in diseased brain [13].

1.2.1 Physiological role of huntingtin protein

Wild-type huntingtin (wtHtt) is involved in several important cell activities.
With its large number of protein-protein interaction domains, has been found
to interact with more than 200 other proteins [14].

A large number of Htt protein interactors are involved in microtubule-based
axon trafficking. Huntingtin-associated protein 1 (HAP1) mediates the
interaction between Htt, microtubule motor proteins and their co-factors,
including kinesin, dynactin, and dynein [15].

Wild Htt plays a crucial function in embryonic development: its complete
inactivation in huntingtin-knockout mice leads to embryonic lethality. Other
study has shown that greatly reduced Htt levels are insufficient to support
normal mouse development [16].

After gastrulation, huntingtin becomes important for neurogenesis: a lower
dose of wHitt leads to defects in the epiblast with consequent neurogenesis
reduction and serious malformations of the cortex and striatum [17].

Wild Htt is also crucial for establishing and maintaining neuronal identity,

especially in the cortex and striatum region. Furthermore, it is important for
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the survival of mammalian neurons, in which it regulates many cell functions,
such as neuronal gene transcription, and axonal and vesicular transport [12].
Additionally, wHtt has an antiapoptotic role. Several studies established that
WHLtt is neuroprotective in brain cells exposed to apoptotic stimuli, such as
serum deprivation, mitochondrial toxins or the transfection of death genes
[18]. The neuronal inactivation of huntingtin led to apoptotic cells in the
hippocampus, cortex and striatum [19].

Wild-type protein level increase improves neuroprotection: it suggests a gene-
dosage effect [20].

Investigations highlighted molecular mechanisms of Htt antiapoptotic role: it
prevents cell death by inhibiting both the processing of pro-caspase 9 and the
formation of the pro-apoptotic protein interactor of huntingtin-interacting
protein 1 [21].

Wild Htt has also been associated to brain-derived neurotrophic factor
(BDNF), an important trophic factor in HD.

Loss or reduction in wild-type huntingtin activity might decrease BDNF
support to striatal neurons and disturb their transport along the cortico-striatal
afferents [22] .

Finally wHtt interacts with a lot of cytoskeletal and synaptic vesicle proteins

essential for exo- and endocytosis at synaptic terminals [23].

1.2.2 Mutant huntingtin: loss and gain of function

Numerous studies postulate that neurodegeneration results from a toxic “gain
and/or loss of function” of mutant Htt (mHtt) including enhanced protease
activity, protein misfolding, disruption of axonal transport, changes in
electrophysiological properties or induction of apoptotic mechanisms.
However, most of these hypotheses do not explain the selective loss of

GABAergic medium spiny neurons in HD.
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Mutation of CAG length in huntingtin leads to protein misfolding, promoting
an abnormal and toxic aggregation process, which triggers the formation of
intracellular insoluble aggregates, called inclusion bodies [24].

The rate of aggregation is proportional to the length of polyQ expansion [25].
Indeed, the presence of an expanded polyglutamine tract in the mutant protein
induces a conformational change which is believed to trigger a pathogenic
cascade. The toxic structure includes a compact anti-parallel [B-sheets
conformation, in which the strands are held together by intra- and
intermolecular hydrogen bonds. The abnormal folded protein can aggregate
and form fibrillar structures, likewise in other neurodegenerative diseases such
as Alzheimer’s disease, Parkinson’s disease and prion disorders [26].
Extensive research using cell cultures, animal models and postmortem brains
from HD patients suggests that, following the aggregation process, multiple
cellular changes can induce neuronal damage, such as transcriptional
deregulation, altered calcium homeostatis, aberrant protein—protein interaction,
abnormal mitochondrial dynamics and impaired axonal transport (fig.3) [27].
Among these, abnormal mitochondrial dynamics seems to be strongly
associated with HD pathogenesis and progression.
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Figure 3. Potential molecular pathogenesis of toxicity of mHtt aggregates. Mutant
huntingtin may sequester transcription factors leading to transcriptional dysregulation
of many genes. Moreover, mHtt causes defects in trafficking of vesicle and cellular
organelle such as mitochondria. Finally, mHtt directly influence to decrease the
Ca?* threshold for mitochondrial permeability transition (MPT) pore opening, leading

to Cyt c release and apoptosis.
Source: Kim S., Experimental Neurology, 2014.
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2. Mitochondrial matters in Huntington’s disease

It is a well-known fact that mitochondrial oxidative phosphorylation provides
the major source of ATP in neurons. From the classical viewpoint, adequate
levels of ATP are essential to maintain the neuronal plasma membrane
potential via the sodium—potassium ATPase, which consumes about 40% of
the energy. In addition, mitochondria are an important intracellular Ca?*
sequestration system, and especially synaptic mitochondria are indispensable
for neurotransmitter reserve pool mobilization in the presynaptic compartment.
Due to these important features, mitochondria can modulate neuronal
excitability and synaptic transmission. In addition, more recent evidence
shows that mitochondria in neurons are highly dynamic organelles undergoing
extensive fusion, fission, and have sophisticated mechanisms for quality
control, which is extremely relevant for a dependable long-lasting function of
these post-mitotic cells, working in highly specialized networks and being not

subject to further selection mechanisms.

2.1  Mitochondrial dysfunctions

Recent research has revealed multiple alterations in mitochondria, in HD
progression and pathogenesis, including: (i) reduced enzymatic activity in
several components of oxidative phosphorylation, including complexes 11, 11l
and IV of the electron transport chain, in HD postmortem brains and HD
mouse models, suggesting that mitochondria are involved in HD pathogenesis;
(ii) low mitochondrial ATP and decreased mitochondrial ADP uptake in HD
knock-in striatal cells and lymphoblasts from patients with HD, revealing

expanded polyglutamine repeats; (iii) defective calcium-induced
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mitochondrial permeability in HD cell lines and HD mice; (iv) mHtt-induced
defective mitochondrial trafficking in HD primary neurons; (v) age-dependent
mitochondrial (mt)DNA damage and mtDNA deletions in HD-affected
neurons; and (vi) biochemical, confocal and electron microscopy studies
revealed structurally damaged mitochondria with broken cristae and small and
round mitochondria in HD-affected neurons [28].

Current evidence suggests that mHtt might directly or indirectly impair
mitochondria function [29].

Direct mechanisms are supported by evidence that mHtt associates with brain
mitochondria, and that acute exposure of mitochondria isolated from rat brain
to pathological-length polyQ constructs perturbs mitochondria functionality,
resulting in an increase of reactive oxygen species (ROS) production [30] [31].
However, the precise mechanisms through polyQ constructs increase ROS
formation and if these apply to mHtt full-length or fragments remain uncertain
[29].

Evidence showing enhanced oxidative stress in HD brains includes an increase
in accumulation of lipofuscin, a product of unsaturated fatty acid peroxidation,
strand breaks in DNA and the accumulation of oxidative DNA damage
products 8-hydroxy-2'-deoxyguanosine in HD brain and blood [32]. A further
relevant indicator of increased oxidative stress is the induction of oxidative
defense mechanisms including mitochondrial and cytoplasmic superoxide
dismutase in HD brains of humans and transgenic animals [33] .
Abnormalities in some of the key mitochondrial enzymes involved in glucose
metabolism, including the pyruvate dehydrogenase complex (PDHC) and the
tricarboxylic acid (TCA) cycle, may contribute to mitochondrial dysfunction
[34]. Follow-up studies performed upon HD patient material documented
significant reductions in the enzymatic activities of complexes II, Ill, and IV
of the mitochondrial oxidative phosphorylation pathway in caudate and

putamen,[35], [36], [37]. This deficiency of respiratory chain complex has
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been found in postmortem studies of symptomatic HD patients but not in
presymptomatic patients, suggesting that respiratory chain defects are a
secondary phenomenon in the pathogenesis of HD [35], [38].

Alternatively, it was proposed an indirect mechanisms of action for mHitt.
Mutant Htt induces transcriptional deregulation by interfering with
transcription factors, cluttering gene promoters and even through direct DNA
binding [39]. An example of an indirect mechanism underlying HD
mitochondrial dysfunction is the mHtt-p53 interaction. Mutant protein binds
p53 and up-regulates its nuclear levels and transcriptional activity, thus
inducing expression of mitochondria associated proteins and up-regulation of
ROS levels [40].

A recent paper indicates a shift toward a larger free/bound NADH ratio (shift
toward anaerobic glycolysis) in the cytosolic region in the presence of mHitt.
This might indicate depletion of ATP production and an increase in oxidative
stress that can eventually lead to cell death [41]. Moreover it has been shown
that NADH interaction with regulatory proteins such as C-terminal-binding
protein (CtBP) and sirtuins influences their transcriptional activity: thus result
lead to the hypothesis that an increase in nuclear NADH leads to

transcriptional dysregulation [42].

2.2  Abnormal mitochondrial biogenesis

Mitochondrial biogenesis requires a tight coordination between the nuclear,
cytosolic and mitochondrial compartments, since only a minority (13 proteins)
of the full mammalian mitochondrial proteome (about 1100 to 1500 proteins)
is locally encoded in the mtDNA [43], [44]. The transcriptional co-activator
PGC-1a is considered the master regulator of the mitochondrial biogenesis
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program, acting in concert with nuclear respiratory factors NRF1 and NRF2
[45].

Proteins translated in the cytosol may be targeted to mitochondria via
positively charged N-terminal presequences recognized by the translocase of
the outer membrane (TOM), and then transferred to the translocase of the
inner membrane (TIM23) in a membrane potential-dependent manner [46].
Proteins within the TIM23 complex may fully translocate to the mitochondrial
matrix or insert into the inner membrane, where some will integrate into
respiratory complexes [47] [48].

Impaired PGC-la signaling and defective mitochondrial biogenesis were
implicated in the mechanisms of striatal vulnerability in HD following data
from PGC-1la knockout mice. These PGC-1a—/— mice exhibited behavioral
changes consistent with neurodegeneration, presenting spongiform lesions
primarily in the striatum and, less prominently, in the motor cortex and
hippocampus [49]. More recently, PGC-1a suppression in cultured neurons
was found to contribute to mHtt-induced increases in extrasynaptic NMDAR
activity and vulnerability to excitotoxic insults [50]. In wild-type mice, PGC-
lo. mRNA levels were identical in striatum and cortex, but
mitochondrial/nuclear DNA ratios (mtDNA/nDNA) and citrate synthase
activity were higher in the striatum [51] [52] . Interestingly, in R6/2 HD mice,
PGC-la mRNA levels were similarly decreased in the striatum and cortex;
however, only the striatum presented decreased mtDNA/nDNA, suggesting
that the striatum may be particularly susceptible to reduced PGC-la
expression [51].

In early-stage HD patients, PGC-1a. mRNA levels were decreased in the
striatum (caudate nucleus), but not in the hippocampus or cerebellum [53],
[54]. Within the striatum, data from CAG140 knock-in mice showed that
PGC-1la mRNA levels were decreased in MSNs and increased in cholinergic

interneurons, which are mostly spared in HD [53]. The mechanism by which
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striatal PGC-1a transcription is differently affected in MSNs and interneurons
Is unknown. Nevertheless, mHitt is thought to repress PGC-1a transcription by
associating with the promoter region and interfering with the activation
functions of the transcription factors CREB and TAF4 [53].

2.3 Abnormal mitochondrial dynamics

Mitochondrial dynamics are crucial events that determine mitochondrial
morphology and size as well as mitochondrial distribution and function. This
morphological plasticity of mitochondria results from the equilibrium between
fusion and fission processes. Fused mitochondrial networks are important for
energy dissipation to distant areas of the neuron and complementation of
mitochondrial DNA gene products. Because mitochondria have double
membranes, mitochondrial fusion is necessarily a well-coordinated and
multistep process, where the outer and inner mitochondria membranes fuse by
independent events. These fusion processes involve specific and distinct sets
of proteins that show distinct mitochondrial sublocalization. The mitofusins
Mfnl and Mfn2 are transmembrane proteins embedded in the mitochondrial
outer membrane which function depends on GTPase activity whereas Opal is
localized in the mitochondrial intermembrane space as soluble forms or tightly
attached to the inner mitochondrial membrane being responsible for the inner
membrane fusion.

Instead, fission is required for inheritance and partitioning of organelles during
cell division, for the release of pro-apoptotic factors from the mitochondrial
intermembrane space and for the turnover of damaged organelles by
mitophagy. The central protein player appears to be Drpl, an evolutionarily

conserved dynamin-related protein, member of the dynamin family of
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GTPases. Since Drpl is mainly cytosolic, receptor-like molecules on the
mitochondrial membrane are necessary to efficiently recruit Drpl for fission.
Different outer-membrane proteins have been proposed as Drpl-receptors,
including Fis1, Mff and the two homologous proteins Mid49 and Mid51.

Thus, any perturbation in mitochondrial dynamics particularly those affecting
the proteins that control the complementary processes of fission and fusion
may increase neuronal susceptibility to brain injuries and contribute to the
onset and progression of distinct neurodegenerative disorders.

In neurons that express mHtt, an imbalance between fission and fusion was
found to lead to abnormalities in mitochondrial structure and function, and to
damaged neurons. Several studies have reported such abnormal mitochondrial
dynamics in patients with HD, HD mouse models, damaged HD lymphoblasts,

HD cell lines and primary neurons that express mHtt [55].

2.3.1 Aberrant mitochondrial fission in HD

Mitochondria alterations in HD were first reported over four decades ago in
ultrastructural studies on HD brain biopsies showing aberrant dense
mitochondria with sparse cristae [56]. Consistent with these findings, recent
studies have demonstrated that mitochondrial dynamics in HD are unbalanced
towards fission. Thus, mitochondria from human HD lymphoblasts or from
murine HD primary striatal cultures were found greatly fragmented with
higher susceptibility to apoptotic stimuli [57].

This aberrant mitochondrial fragmentation was correlated with increased
levels of Drpl and Fisl and decreased expression of Mitofusins and Opal
[58]. Though the underlying mechanisms are not yet completely understood,

the expression of mHtt has emerged as the key casual factor. mHtt can
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enhance mitochondrial fission by direct association with the mitochondrial
surface and with the fission protein Drpl promoting its GTPase activity [31]
[59]. This interaction could facilitate abnormal assembly of Drpl oligomers on
the surface of mitochondria, thereby activating fission. Indeed, mHtt-induced
mitochondrial fragmentation and cell death can be rescued by a dominant
negative form of Drpl, supporting the idea that Drpl activation is a major
target of mHtt-induced toxicity.

Nevertheless, the bases of the increased sensitivity of mitochondria to
fragmentation in HD striatum have not been elucidated. Interestingly,
mitochondria from the striatum express higher levels of Drpl-receptor Fisl
and are more inherently shifted towards fission than mitochondria in cortical
brain areas [60]. Therefore, it has been hypothesized that this increase in
striatal Fisl levels may contribute to enhance the susceptibility of striatal
neurons to mHtt-induced up-regulation of Drpl activity leading to neuronal
cell death.

mHtt-mediated mitochondrial fragmentation may also contribute to defects in
mitochondrial transport. Neurons expressing exon-1 Htt with 46 polyQ show
excessive mitochondrial fragmentation together with a decrease in both
anterograde and retrograde mitochondrial transport and velocity that was even
more pronounced in neurons expressing exon-1 Htt with 97 polyQ [59].
Moreover, in neurons from BACHD mice excessively fragmented
mitochondria have altered mitochondrial biogenesis, remain in the soma and
cannot be transported to neuronal processes, ultimately leading to synaptic
deficiencies [61] [62].

Interestingly, emerging evidence indicates a role for the transcriptional
coactivator PGC-1a, as key upstream regulator of the mitochondrial dynamics
machinery. The results obtained by a study on postnatal growth of the heart
support the following conclusions: 1) PGC-1a coactivator is necessary for

normal mitochondrial ~maturation, and dynamics, during postnatal
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development; 2) PGC-1a coactivator regulates expression of a subset of genes
involved in mitochondrial fusion and fission; 3) PGC-la directly stimulates
transcription of the Mfnl gene by coactivating the orphan nuclear receptor
ERRa; and 4) PGC-la coactivator is required for high level expression of
nuclear- and mitochondrial-encoded genes involved in mitochondrial energy

transduction and OXPHOS pathways, and for full respiratory capacity [63].

2.4 PGC-1a, mitochondrial dysfunction and Huntington’s
disease

Peroxisome proliferator-activated receptor (PPAR)-y coactivator-1 (PGC-1)
family of coactivators plays a crucial role in integrating signaling pathways,
tailoring them to best suit the changing cellular and systemic milieu. The first
and perhaps the best studied member of the PGC-1 family of coactivators is
PGC-1a, which interacts with a broad range of transcription factors, including
nuclear respiratory factors, NRF-1 and NRF-2, and the nuclear receptors,
PPARa, PPARS, PPARYy, estrogen related receptor a (ERRa) [64]. These
transcription factors, in turn, regulate the expression of many nuclear-encoded
mitochondrial genes, such as Cyt ¢, complexes 1-V and the mitochondrial
transcription factor A (Tfam) [65]. Activation of the mitochondrial genes leads
to increased enzymatic capacity for fatty-acid B-oxidation, Krebs cycle, and
OXPHOS. Importantly, PGC-1a also induces the expression of genes involved
in heme biosynthesis, ion transport, mitochondrial protein translation and
protein import and stimulates respiratory function. In light of the above, PGC-

la is aptly termed a master co-regulator of mitochondrial function.
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In recent years, impaired PGC-1a expression and/or function has emerged as a
common underlying cause of mitochondrial dysfunction in HD. There is
substantial evidence for impairment of PGC-1a levels and activity in HD [53]
[54]. Involvement of PGC-1a in HD was first suggested by the findings that
PGC-1la knockout mice exhibit mitochondrial dysfunction, defective
bioenergetics, a hyperkinetic movement disorder and striatal degeneration,
which are features also observed in HD [49].

Impaired PGC-1a function and levels occur in striatal cell lines, transgenic
mouse models of HD and in postmortem brain tissue from HD patients, and
interference of mutant huntingtin with the CREB/TAF4 complex was shown
to be instrumental in this impairment [53].

Mutant Htt also increases transglutaminase (Tgase) activity, which impairs
transcription of PGC-1a, whereas Tgase inhibitors reverse this impairment
both in vitro as well as in Drosophila [66]. Microarray expression data from
the caudate nucleus of HD patient postmortem brain tissue showed that there
was reduced expression of 24 out of 26 PGC-1a target genes [54]. It is also
showed that the pathologic grade-dependent significant reduction in numbers
of mitochondria in striatal spiny neurons correlated with reductions in PGC-1a
and Tfam [58]. PGC-1a also plays a role in the suppression of oxidative stress,
and it induces mitochondrial uncoupling proteins and antioxidant enzymes,
including copper/zinc superoxide dismutase (SOD1), manganese SOD
(SOD2), and glutathione peroxidase (Gpx-1) [67]. Indeed, spongiform
degeneration of striatum is a well-known feature of HD and similar lesions
occur in SOD2 null mice [68]. In concert with the reduced PGC-1a expression
in the brains of R6/2 transgenic mice, it has been demonstrated that the
oxidative stress response genes such as hemeoxygenase-1 (HO-1), Nrf-2 and
Gpx1 are also reduced, resulting in increased oxidative stress as shown by an

increase in oxidative damage markers such as MDA and 8-OHdG [69].
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3. Current therapeutic approaches for Huntington's
disease

Although many advances have been made in the clinical, genetic and
neuropathological knowledge after the discovery of the HD genetic cause, at
the time there are no effective therapies available to stop or prevent the
progression of Huntington’s disease.

Several pharmacological approaches are currently undergoing studies in
preclinical models and in clinical trials. Many drugs have been evaluated for
their ability to reduce choreatic movements, such as neuroleptics,
benzodiazepines, antiepileptics, acetylcholinesterase inhibitors and glutamate
antagonists. Recently, the monoamine depletor tetrabenazine (TBZ) has shown
to be effective in reducing chorea in HD (tab.1) [70].

Recent data propose the use of stem cell therapy, to replace the lost striatal
neurons.

In conclusion, there is no effective therapy for HD yet, hence urging the need

to develop novel therapeutic strategies.

3.1  Gene and protein therapy

HD, a single-gene disorder, can be a good candidate for gene therapy.
Reducing mutant Htt expression may offer a treatment for HD. RNA
interference (RNAI) that blocks production of the dysfunctional Htt protein
has emerged as a potential therapeutic strategy for HD. Short RNAs including
short interfering RNA (siRNA), short hairpin RNA (shRNA), and microRNA
(miRNA) molecules can bind to the Htt mMRNA and trigger a cascade of events
that results in the degradation of the mRNA. In a HD transgenic R6/2 mouse
model, siRNAs against the Htt gene inhibited expression of transgenic mHtt
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and reduced brain atrophy and neural inclusion accompanied with a rescue of
motor deficits and an increase in survival [71].

A study using Adenovirus-mediated delivery of shRNA for transgenic HD
N171-82Q mouse model showed results as a decrease of mHtt mRNA
expression and a complete elimination of mutant HTT-positive inclusions with
improved behavioral deficits [72].

Overall, these results suggest that a reduction of mHtt expression can improve
the HD phenotype in mice. Non allele-specific Htt silencing approach would
save the cost of developing individual therapy for HD patients, but the ideal
gene therapy approach is to target specifically the mHtt as it represents the
safest strategy.

Antisense oligonucleotides (ASOs), the short synthetic single stranded
oligonucleotides that are complementary to a chosen sequence, can be used to
suppress mHtt specifically. ASO infusion study showed sustained
improvement of HD symptoms was achieved following a transient reduction
of Htt in HD mouse model [73].

Another upstream therapeutic approach targeting mHtt is to clear misfolded
proteins by increasing its degradation through therapeutic upregulation of the
ubiquitin-proteasome pathway [74].

Mutant Htt might also be cleared through enhancement of chaperones
molecular activity, which can promote refolding of misfolded proteins. Recent
data suggest that overexpression of one or both of the chaperones HSP104 and
HSP27 can suppress mHtt-mediated neurotoxicity in HD [75].

Despite the best efforts of researchers around the world, gene and/or protein
therapy as an alternative to existing pharmacological treatments for HD still
poses one of the greatest technical challenges in modern medicine due to the

problems with toxicity, immune activation and tumorigenic response.
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3.2  Therapies specifically acting on protein aggregate

Several studies are aimed to search anti-aggregation molecules able to inhibit
oligomerization of B-sheet containing peptide [76].

Azo-dye congo-red intraperitoneally injected to R6/2 HD transgenic mice after
onset of symptoms leads to the clearance of mHtt aggregates in vivo and
shows protective effects on survival, motor dysfunction and weight loss [77].
Likewise to Azo-dye congo-red, the disaccharide trehalose also prevents the
polyQ aggregation in R6/2 transgenic mouse model and it also improves
survival, striatal atrophy, weight loss and motor impairments [78].

On the other side both congo-red and trehalose cannot cross blood-brain
barrier [79]. In addition to these small molecules, polyglutamine binding
peptide 1 (QBP1) also significantly has shown to suppresses polyQ
aggregation in fly HD model [80].

Other approaches support the utilization of RNA aptamers, short RNA
oligonucleotides, which bind their target molecules with high affinity.

In a recent study they were selected which bound specifically to the mHtt N-
terminal fragment and they showed ability in inhibiting its aggregation in vitro
model of HD. Aptamers were able to solubilize mHtt fragment and inhibit
sequestration of essential cellular proteins [81].

Karpuj and colleagues suggest that inhibition of transglutaminase (TGase)
could be considered a new therapeutical approach to HD [82].

TGase seems to be significant to the HD pathogenesis, promoting the
formation of the protein aggregates via cross-linking huntingtin.

The inhibition of TGase activity through competitive inhibitor cystamine in
transgenic mice expressing exon-1 of mutant huntingtin interferes with the
course of their HD-like disease.

Data show that cystamine prolong survival, decreases tremor and irregular

movements and improves weight loss [83] [82].
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3.3  Mitochondria targeted therapeutic approaches

Increasing evidence shows the significant involvement
of mitochondrial dysfunction in the pathogenesis of HD. Therefore several
therapeutic strategies are aimed to surmount such mitochondrial impairments
[84].

Bioenergetics agents able to enhance normal mitochondrial function and
improve mitochondrial bioenergetic defects have been evaluated. Among
them, Creatine has been demonstrated to be beneficial and to exert
neuroprotective effects in transgenic HD mouse. Itis a naturally
occurring guanidine compound involved in buffering energy within the cell
[85]. Similarly, Coenzyme Q (CoQ) is a component of the electron transport
chain as well as a crucial antioxidant in mitochondrial and lipid membranes.
CoQ10 administration has been shown to be beneficial in transgenic mouse
models of HD [84].

An interesting agent for therapeutic intervention in HD patients suffering from
diabetes is exendin-4 (Ex-4), a FDA-approved antidiabetic glucagon-like
peptide 1 receptor agonist [86].

It acts by targeting both peripheral and neuronal deficits: Ex-4 treatment
ameliorated abnormalities in peripheral glucose regulation and suppressed
cellular pathology in brain of HD mouse model. The treatment also improved
motor function and extended their survival time. These clinical improvements
were correlated with reduced accumulation of mHtt protein aggregates in brain
cells [87].

Reduced expression of antioxidant enzymes and increased oxidative damage
occur in both HD transgenic mice and in postmortem brain tissue and body
fluids of HD patients. A particularly interesting approach to correct this
pathological condition is using the antioxidant TEMPOL linked to gramicidin
(XJB-5-131), which localizes it to the inner mitochondrial membrane.
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Administration of XJB-5-131 to a transgenic mouse model of HD resulted in
improvement in mitochondrial function, reduced generation of ROS, reduced
loss of striatal neurons, and amelioration of behavioral deficits [88].

Another approach to ameliorating oxidative damage is to activate the
Nrf2/ARE transcriptional pathway, which leads to increased expression of
hemeoxygenase 1, NADPH-oxidoreductase, antioxidant enzymes, heat shock
proteins, and enzymes which synthesize glutathione. It has been showed that
administration of the triterpenoids CDDO-ethylamide and CDDO-
trifluoroethylamide reduced oxidative stress, improved motor impairment,
reduced striatal atrophy and increased survival in a transgenic mouse model
[60].

3.3.1 Regulators of mitochondrial dynamics

The imbalance between mitochondrial fusion/fission events plays a critical
role in the pathogenesis of HD. Indeed, excessive fission in HD is a critical
player in the striatal vulnerability that characterizes this disease. This
phenomenon originates and is enhanced in the striatum due to mHtt expression
but also to the intrinsic susceptibility of striatal mitochondria to neuronal
insults.  Pharmacological approaches that modulate mitochondrial
fragmentation in order to prevent striatal degeneration have shown promising
results in several HD models. For instance, treatments with the selective
inhibitor of Drpl, P110, corrected defects in mitochondrial function and
reduced cell death in multiple HD cell models derived from either mice or
patients, including patient GABAergic striatal neurons differentiated from
patient-induced pluripotent stem cells [89]. Moreover, in HD transgenic mice,
P110 corrected mitochondrial fragmentation, cristae disruption and respiratory

inactivity that were associated with reduced motor deficits, neuropathology,
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and mortality. Another study reported the beneficial effects of Mdivil, a cell-
permeable selective mitochondrial fission inhibitor that arrests GTPase Drpl
activity by blocking the self-assembly of Drpl, resulting in a reversible
formation of elongated and tubular mitochondria. Mdivil-treated HD striatal
cells showed restored mitochondrial dynamics and function through down-
regulation of fission genes and increased expression of fusion and synaptic
genes [90]. Other pharmacological strategies addressed to prevent
mitochondrial dysfunction, such as mitochondrial calcium mishandling and
defective motility, have shown neuroprotective effects [91] [60].

In sum, all these studies suggest that retrieval of mitochondrial integrity is a

critical step in reducing the vulnerability of striatal MSNs in HD.

3.3.2 PGC-1a as a therapeutic target in HD

PGC-la is now increasingly being recognized as an important therapeutic
target for HD. As discussed above, there is plethora of evidence for impaired
PGC-1la expression and/or function in HD, therefore
pharmacologic/transcriptional activation of PGC-1a pathway is expected to
have neuroprotective effects. Indeed, overexpression of PGC-1a was shown to
enhance the mitochondrial membrane potential and to reduce mitochondrial
toxicity in in vitro models of HD [54]. Lentiviral delivery of PGC-1a to the
striatum of R6/2 HD mice completely prevented striatal atrophy at the site of
PGC-1la injection [53]. Another potential approach to activate the PGC-1a
pathway, and thereby improve mitochondrial function, is via activation of
peroxisome proliferator-activated receptors (PPARs). The PPARs are a
subfamily of nuclear receptors, which are ligand-modulated transcription
factors that regulate gene-expression programs of metabolic pathways. PPAR
agonists increase oxidative phosphorylation capacity in mouse and human

cells, and enhance mitochondrial biogenesis. Administration of a PPARy
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agonist, thiazolidinedione, was shown to produce beneficial effects on weight
loss, mutant huntingtin aggregates and global ubiquitination profiles in R6/2
mice [92]. Earlier, it was shown in STHdh®!! cells, that PPARYy activation by
rosiglitazone prevents the mitochondrial dysfunction and oxidative stress that
occurs when mutant striatal cells are challenged with pathological increases in
calcium [93]. Recently, it was shown that bezafibrate, which is a pan-PPAR
agonist, improved expression of PGC-la and downstream target genes,
improved behavioral deficits, survival, and striatal atrophy and reduced
oxidative damage, in the R6/2 transgenic mouse model of HD [69].

Another potential mechanism by which PGC-1a confers neuroprotection is by
its antioxidant activity. It is well known that PGC-1a plays an important role
in the suppression of oxidative stress, and it induces mitochondrial uncoupling
proteins and antioxidant enzymes, including SOD1, SOD2 (MnSOD), and
Gpx-1 [67]. The mitochondrial antioxidant enzymes form the first line of
defense against mitochondrial ROS, including SOD2, the enzyme that
scavenges superoxide anion to produce H202, and peroxiredoxin Il (Prx3), V
(Prx5), mitochondrial thioredoxin (Trx2), and mitochondrial thioredoxin
reductase (TrxR2). PGC-1la was found to be directly associated with the
regulatory promoter sequences of SOD2, UCP-2 and Prx5. Importantly, UCP-
2 has already been proposed to be a direct target of PGC-1a transcriptional
regulation [94]. GC-1a controls expression of SIRT3 in mitochondria, which
in turn activates SOD2 by deacetylating it and reduces ROS [95].

Therefore, therapeutic approaches targeting PGC-1a may be beneficial both in
improving mitochondrial function and biogenesis as well as in restoring the
expression of antioxidant enzymes and ameliorating oxidative damage in HD.
Recently Tsunemi et al. showed that increased PGC-la function could
ameliorate neuronal loss and some of the neurological symptoms of HD, by
crossing mice inducibly overexpressing PGC-la with a transgenic mouse

model of HD. The authors found that PGC-la overexpression virtually
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eradicates aggregates of mutant huntingtin protein in the brains of the HD
mice [96]. They further showed that PGC-1a’s ability to induce clearance of
mutant huntingtin protein aggregates stems from its capacity to switch on the
expression of TFEB, a master regulatory transcription factor that activates
genes in the autophagy-lysosome pathway of protein turnover [97]. These
findings highlight the important role of PGC-1a in maintaining mitochondrial
quality control, in accelerating mitochondrial biogenesis and increasing ATP
generation.

A number of other approaches to modulating PGC-la and ameliorating
mitochondrial dysfunction also have great promise. Activation of SIRT1
results in deacetylation of PGC-1a which increases its activity. Increased
SIRT1 is neuroprotective in transgenic mouse models of HD, while a
deficiency exacerbates the phenotype and reduces survival of HD transgenic
mice [98] [99].

Another approach to activating sirtuins is to increase NAD™ levels which can
be achieved with administration of nicotinamide precursors, such as
nicotinamide riboside [100]. This has the advantage of activating both SIRT1
and SIRTS3, leading to increased PGC-1a, as well as induction of antioxidant
enzymes, and SIRT3 mediated increases in SOD2 and mitochondrial reduced

glutathione.
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4. Mildronate: a possible candidate for HD treatment

Assuming that mitochondrial dysfunctions, including a wide range of
additional metabolic abnormalities, have a leading role in the HD
pathogenesis, a drug able to correct such mitochondrial abnormalities may be

taken into account.

4.1 Mildronate: a mitochondrial modulator

Mildronate (meldonium; 3-(2,2,2-trimethylhydrazinium) propionate; THP;
MET-88) is an antiischemic drug developed at the Latvian Institute of Organic
Synthesis (OSI) and clinically used in several countries [101]. It is a small
molecule with positively charged nitrogen and negatively charged oxygen,
capable to interact and form a cyclic conformation (figure 4).

It belongs to the aza-butyrobetaine class of compounds.

O
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Figure 4. Chemical structure of mildronate.

Its mechanism of action includes lowering of I-carnitine availability in body
tissues. L-carnitine is needful for the carnitine palmitoyltransferase-1 (CPT1)-
dependent transport of long-chain fatty acids (FA) to the mitochondria for R3-
oxidation. Therefore, mildronate-induced decreased I-carnitine availability

lead to a reduction of the of long-chain FA translocation into mitochondria,
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resulting in decreased fatty acid R-oxidation. This involves a lesser
accumulation of cytotoxic intermediate and decreased free radicals production,
both correlated to FA R-oxidation [102].

Additionally mildronate treatment induces a PPAR-a/PGCl-0 signaling
pathway activation [103]. The enhancement in the nuclear content of PPAR-
a/PGCl1-a lead to an increased activation of the peroxisomes proliferation and
the subsequent stimulation of peroxisomal FA oxidation [104].

Then the mildronate-induced decrease in I-carnitine availability protects
mitochondria against an FA metabolite overload by reducing translocation of
long-chain fatty acids (FA) to the mitochondria and redirecting FA
metabolism from mitochondria to peroxisomes.

The decreased I-carnitine content resulting from mildronate treatment also
affects glucose metabolism regulation, inducing increases in gene and protein
expression related to glucose metabolism [105] [106]. Several studies suggest
that the availability of acylcarnitines determines the interplay between FA and
glucose metabolism.

The way through which hypothetically mildronate induces changes in glucose
metabolism is by acting in the Randle cycle, as a compensatory mechanism of
decreased CPT1-dependent FA oxidation in mitochondria [107].

Moreover the upregulatation of pyruvate decarboxylase (PDC) genes
expression found in mildronate-treated animal hearts, together with the
lowering in lactate concentrations in ischemic hearts, indicate that mildronate
treatment might also stimulate aerobic oxidation of glucose [108].

Thus, a lowering in I-carnitine availability induced by mildronate involves not
only FA metabolism modulation but also glucose utilization stimulation,
resulting in an optimised balance between glucose and FA oxidation.
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4.2  Mildronate as neuroprotective drug

In addition to the cardioprotective field, ongoing studies suggest mildronate
also acts as a neuroprotective agent, providing evidences for its delivery into
the brain.

It is already used in neurological clinics for the treatment of brain circulation
disorders and recent data  also show its protective action against
azidothymidine-induced degenerative and inflammatory changes in mouse
brain tissue [101] [109]. In addition, several evidences show that mildronate
may stimulate learning and memory by acting on the expression of
hippocampal proteins which are involved in synaptic plasticity. This
mechanism probably involves also the ability of mildronate to regulate the
expression of neuro-glial proteins attributed to neuroinflammation and
apoptosis. All these evidences support that mildronate can deserve attention as

neuroprotective drug [110].
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5. Aim

Because of its devastating disease burden and lack of valid treatment,
development of more effective therapeutics for Huntington’s disease is
urgently required. The most pressing unmet need in Huntington disease is for
a therapeutic that shows evidence of disease modification — slowing,
preventing or even reversing the disease in mutation carriers. Despite a
multitude of therapeutic targets, few are well-validated and therapeutic
successes of new treatments (i.e., gene therapy) in model systems have failed
to translate to patients, partly because of the difficulty of applying these
treatments in living humans. Indeed, delivery is a challenge: the most part of
the agents proposed require direct administration to the central nervous system
— intrathecally into the lumbar cerebrospinal fluid for antisense
oligonucleotides and intraparenchymally or intraventricularly, encoded by a
viral vector or infused under pressure, for RNA interference.

One mystery is the extent to which the treatment of the mitochondrial
dysfunction characterizing Huntington disease, by agents acting directly or
indirectly on mitochondrial dynamics and/or function, might be capable of
modifying the course of the disease as some experimental studies have
suggested. Here, we examined the effects of neo-synthesized derivatives of
meldonium on mutant Htt accumulation and toxicity in cellular and animal
models of HD.

Mildronate (meldonium; 3-(2,2,2-trimethylhydrazinium)propionate; THP;
MET-88) is a neuro- and cardio-protective drug, which mechanism of action is
based on the regulation of energy metabolism pathways through I-carnitine
lowering effect.

Since I-carnitine is involved in the metabolism of fatty acids, the decline in its
levels stimulates glucose metabolism and induces a compensatory activation

of the PGC1-a signaling pathway.
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We have designed, synthesized, and characterized 22 compounds; some of
these display superior huntingtin aggregate inhibition relative to the
commercially available mildronate. To identify the potential neuroprotective
role of these molecules, the mildronate structurally related compounds were
screened in a Drosophila melanogaster and Caenorhabditis elegans
Huntington’s disease model; all selected compounds showed a protective
effect.

Taken together, our findings show that these new mildronate structurally
related compounds are protective for HD transgenic animals and suggest that

they could be novel drug candidates for treating Huntington’s disease.
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6. Materials and methods

6.1 Design and synthesis of mildronate structurally related

compounds

All reactions were performed using commercially available compounds
without further purification. All used reagents were analytical grade and were
purchased from Sigma-Aldrich (Milan-ltaly). Column chromatographic
purification of products was carried out using silica gel 60 (70-230 mesh,
Merck). The NMR spectra were recorded on Bruker DRX 400, 300, 250
spectrometers (400 MHz, 300 MHz, 250 MHz, 'H; 100 MHz, 75 MHz, 62.5
MHz 13C). Spectra were referenced to residual CHCIz (7.26 ppm, H, 77.23
ppm, 3C). Coupling constants J are reported in Hz. Yields are given for
isolated products showing one spot on a TLC plate and no impurities
detectable in the NMR spectrum. Mass spectral analyses were carried out

using an electrospray spectrometer Waters 4 micro quadrupole.

4-(dimethylamino) butanoic acid hydrochloride 2

A mixture of y-amino butyric acid 1 (1g, 9.71 mmol), 1.94 mL of
formaldehyde (59 mmol, 6 equivalent) and 2.52 mL of formic acid (67 mmol,
8.9 equivalents) was refluxed at 60°C for 16 hours. After cooling the solution,
1.2 mL of concentrated hydrochloric acid was added and the water removed
under reduced pressure. Crystallization with acetonitrile gave a white solid.
Yield: 71%. m.p. 97-98°C (acetonitrile). MS (ESI) m/z: 132.2 (M+H)* H
NMR (D20, 300 MHz) &: 3.05-2.99 (m, 2H), 2.73 (s, 6H), 2.34 (t, 2H, J=7.2),
1.90-1.79 (m, 2H). 3C NMR (D0, 75 MHz) &: 177.3, 58.5, 45.9, 33.8, 23.2.

47



6.1.1 General procedure for the synthesis of amides 3a-v

To a solution of 2 (50 mg, 0.31 mmol) in dichloromethane or tetrahydrofuran
(1 mL) under magnetic stirring, dicyclohexylcarbodiimide (0.31 mmol), 1-
hydroxybenzotriazole (0.31 mmol), triethylamine (0.45 mmol) and amine
(0.25 mmol). The reaction was allowed to stir overnight at room temperature.
The residue rinsed up with dichloromethane was extracted with 1N HCI: the
acidic phase was basified with NaOH 1N, and extracted for three times with

dichloromethane.

4-(dimethylamino)-N-propylbutanamide 3a

Waxy solid. Yield:75%. MS (ESI) m/z: 172.16(M+H)*. *H NMR (CDCls, 400
MHz) &: 6.52 (bs, 1H), 3.17 (q, 2H, J= 6.6 Hz), 2.30-2.23 (m, 2H), 2.20 (m+s,
8H), 1.76 (t, 2H, J= 6.8 Hz), 1.49 (q, 2H, J= 7.2 Hz), 0.90 (t, 3H, J= 7.3
Hz).2*C NMR(CDCls, 100 MHz) &: 172.7, 58.1, 45.9, 42.6, 34.2, 24.1, 23.2,
11.2.

4-(dimethylamino)-N-butylbutanamide 3b

Waxy solid. Yield: 74%. MS (ESI) m/z: 186.17(M+H)*. *H NMR (CDCls, 300
MHz) : 6.50 (bs, 1H), 3.21 (q, 2H, J= 7.0 Hz), 2.47 (t, 2H, J= 6.8 Hz), 2.34
(s, 6H), 2.26 (t, 2H, J= 7.0 Hz), 1.86-1.81 (m, 2H), 1.48-1.43 (m, 4H), 0.90 (t,
3H, J= 7.2 Hz). $3C NMR(CDCls, 75 MHz) §&: 172.7, 58.1, 45.9, 40.1, 34.2,
32.3,24.1,19.9, 13.8.

4-(dimethylamino)-N-(prop-2-ynyl)butanamide 3c

Waxy solid. Yield:72%. MS (ESI) m/z: 168.13(M+H)*. *H NMR (CDCls, 300
MHz) 5:7.67 (bs, 1H), 4.01-3.99 (m, 2H), 2.32 (q, 4H, J= 7.0 Hz), 2.21 (s,
6H+1H), 1.61 (g, 2H, J= 6.5 Hz). 3C NMR(CDCls, 75 MHz) §: 173.0, 78.1,
70.9,58.1, 45.9, 33.3, 30.0, 24.1.
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4-(dimethylamino)-N-(3-methoxypropyl)butanamide 3d

Waxy solid. Yield:74%. MS (ESI) m/z: 202.17(M+H)*. *H NMR (CDCls, 400
MHz) &: 6.64 (bs, 1H), 3.42 (t, 2H, J= 5.4 Hz), 3.22 (s, 3H), 2.41 (t, 2H, J= 6.6
Hz), 2.18 (s, 10H), 1.78-1.73 (m, 4H). *C NMR (CDCls, 100 MHz) &: 172.7,
71.7,59.3,58.1, 45.9, 36.7, 29.6, 24.1.

4-(dimethylamino)-N-hexadecylbutanamide 3e

Waxy solid. Yield:31%. MS (ESI) m/z: 354.5 (M+H)*. *H NMR (CDCls, 400
MHz) :6.44 (bs, 1H), 3.20 (t, 2H, J= 6.22 Hz), 2.29 (t, 2H, J=6.6 Hz), 2.23
(m+s, 8H), 1.77 (t, 2H, J= 6.8 Hz), 1.46 (s, 2H), 1.25 (s, 26H), 0.86 (d, 3H, J=
7.0 Hz). 3C NMR (CDCls, 100 MHz) &: 172.7, 58.1, 45.9, 40.4, 34.2, 31.9,
30.1,29.7,29.4, 26.8, 24.1, 22.8, 14.1.

N-cyclohexyl-4-(dimethylamino)butanamide 3f
Waxy solid. Yield:32%. MS (ESI) m/z: 212.3(M+H)*. *H NMR (CDClIs, 300
MHz) 5:6.49 (bs, 1H), 3.72 (d, 1H, J= 4.0 Hz), 2.26 (d, 1H, J= 2.9 Hz), 2.25
(s, 6H), 1.89-1.58 (m, 8H), 1.54-1.06 (m, 7H).*C NMR (CDCls, 75 MHz) §:
172.4,58.1, 47.4, 45.9, 33.8, 34.5, 28.0, 24.1, 22.9.

4-(dimethylamino)-1-(piperidin-1-yl)butan-1-one 3g

Waxy solid. Yield: 81%. MS (ESI) m/z: 198.2 (M+H)" *H NMR (CDCls, 400
MHz) &: 3.68 (t, 2H, J= 5.4 Hz), 3.62 (t, 2H, J= 7.3 Hz), 2.43-2.36 (m, 4H),
2.19 (s, 6H), 1.78 (t, 2H, J= 7.6 Hz), 1.60 (d, 2H, J= 5.2 Hz), 1.53-1.50 (m,
4H). C NMR (CDCls, 100 MHz) &: 147.7, 58.1, 45.9, 44.8, 32.0, 25.6, 25.4,
24.4.

4-(dimethylamino)-1-morpholinobutan-1-one 3h

Waxy solid. Yield:76%. MS (ESI) m/z: 200.2(M+H)*. *H NMR (CDCls, 300
MHZz) 6:3.62 (d, 6H, J=6.0 Hz), 3.46 (t, 2H, J=4.3 Hz), 2.36-2.26 (m, 4H),
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2.18 (d, 6H, J= 7.9 Hz), 1.79 (t, 2H, J= 7.3 Hz). 3C NMR (CDCls, 75 MHz)
§:171.1, 66.3, 58.1, 45.9, 45.6, 32.0, 24.4.

4-(dimethylamino)-1-(pyrrolidin-1-yl)butan-1-one 3i

Waxy solid. Yield:95%. MS (ESI) m/z: 184.2(M+H)*. *H NMR (CDCls, 300
MHz) 8:3.51-3.37 (m, 4H), 2.34 (q, 4H, J= 7.0 Hz), 2.22 (s, 6H), 1.99-1.75
(m, 6H). *C NMR (CDCls, 75 MHz) &: 174.7, 58.1, 48.8, 45.9, 32.0, 25.4,
24.4.

4-(dimethylamino)-N-fenilbutanammide 3j

Compound was purified by chromatography on silica gel in a gradient, using
as eluent a mixture of CHCI3/CH30OH 90:10 to elute the impurities and a
mixture of CH,Cl2/CH3OH/EtsN 90:10:0.2 to elute the compound as an oil
.Yield: 35%. MS (ESI) m/z: 207.3 (M+H)*. 'H NMR (CDCls, 300 MHz) &:
9.77 (bs, 1H), 7.55 (d, 2H, J= 7.7 Hz), 7.31 (t, 2H, J= 5.8 Hz), 7.26 (bs, 1H),
2.55-2.53 (m, 4H), 2.37 (s, 6H), 1.93-1.89 (m, 2H). **C NMR (CDCls, 75
MHz) 6: 173.0, 138.5, 129.0, 124.4, 121.6, 58.1, 45.9, 33.8, 24.1.

4-(dimethylamino)-N-(4-methoxyphenyl)butanamide 3k

Compound was purified by chromatography on silica gel in a gradient, using
as eluent a mixture of CHCI3/CH3OH 90:10 to elute the impurities and a
mixture of CH2CIlo/CH3OH/EtsN 90:10:0.5 to elute the compound as an oil.
Yield: 75%. MS (ESI) m/z: 236.3 (M+H)*. 'H NMR (CDCls, 300 MHz) &:
9.56 (bs, 1H), 7.45 (d, 2H, J= 8.9 Hz), 6.82 (d, 2H, J= 8.9 Hz), 3.75 (s, 3H),
2.57-2.49 (m, 4H), 2.38 (s, 6H), 1.92-1.87 (m, 2H). ¥C NMR (CDCls 75
MHz) &: 173.0, 156.3, 130.8, 122.6, 114.5, 58.1, 55.9, 45.9, 33.8, 24.1.

4-(dimethylamino)-N-(3,4-dimethylphenyl)butanamide 3l
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Compound was purified by chromatography on silica gel in a gradient, using
as eluent a mixture of CHCIs/CH3OH 90:10 to elute the impurities and a
mixture of CH2Cl2/CH3OH/EtsN 90:10:0.5 to elute the compound. Oil. Yield:
67% MS (ESI) m/z: 235.3 (M+H)". 'H NMR (CDCls, 300 MHz) &: 9.41 (bs,
1H), 7.34 (s, 1H), 7.21 (d, 1H, J= 7.8 Hz), 7.03 (d, 1H, J= 7.8 Hz), 2.47-2.38
(m, 4H), 2.27 (s, 6H), 2.17 (s, 6H), 1.86-1.83 (m, 2H). *C NMR (CDCls, 75
MHz) &: 173.0, 137.1, 135.4, 132.5, 129.2, 118.5, 58.1, 45.9, 33.8, 24.1, 17.8.
4-(dimethylamino)-N-(4-nitrophenyl)butanamide 3m

To a solution of 4-nitroaniline (82.9 mg, 0.6 mmol, 2 eq) in pyridine (1 mL),
phosphorous trichloride (26.2 pl, 0.3 mmol, 1 equivalent) at room temperature
was added and stirring was kept for 1 hour. Then 50 mg of 5 (0.31 mmol)
were put into the reaction mixture and temperature brought at 40°C for three
hours. Pyridine was removed under vacuum and the residue rinsed with
dichloromethane ,was extracted with 1N HCI: the acidic phase was basified
with NaOH 1N, and extracted for three times with dichloromethane. Product
was obtained as an oil. Yield: 72%. MS (ESI)m/z: 252.3 (M+H)*. *H NMR
(CDCls, 400 MHz) 6: 8.16 (d, 2H, J=9.0 Hz), 7.66 (d, 2H, J= 9.0 Hz), 2.56 (t,
2H, J= 6.2 Hz), 2.49 (t, 2H, J= 5.7 Hz), 2.34 (s, 6H), 1.86 (t, 2H, J= 5.9 Hz).
13C NMR (CDCls, 100 MHz) &: 173.0, 144.6, 144.0, 122.5, 121.3, 58.1, 45.9,
33.8,24.1.

N-benzyl-4-(dimethylamino)butanamide 3n

Compound was purified by chromatography on silica gel in a gradient, using
as eluent a mixture of CHCI,/CH30H 90:10 to elute the impurities and a
mixture of CH.Cl,/CH3OH/EtsN 90:10:0.2 to elute the compound. Waxy
solid. Yield: 87%. MS (ESI) m/z: 219.2 (M+H)*. *H NMR (CDCls, 300 MHz)
3:7.29 (q 5H, J= 6.4 Hz), 4.41 (d, 2H, J=5.5 Hz), 2.34-2.17 (m, 4H), 2.08 (s,
6H), 1.18-1.75 (m, 2H). 3C NMR (CDCls, 75 MHz) §: 173.0, 141.7, 128.6,
127.0, 126.8, 58.1, 45.9, 44.1, 34.2, 24.1.
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N-(4-chlorobenzyl)-4-(dimethylamino)butanamide 30

Oil. Yield: 42%. MS (ESI) m/z: 255.8 (M+H)*. 'H NMR (CDCls, 300 MHz) &:
7.34-7.19 (m, 5H), 4.37 (d, 2H, J= 5.6 Hz), 2.34-2.26 (m, 4H), 2.11 (s, 6H),
1.80-1.76 (m, 2H). 3C NMR (CDCls, 75 MHz) &: 173.0, 139.8, 132.3, 128.7,
128.4,58.1, 45.9, 34.2, 24.1.

4-(dimethylamino)-N-(4-methoxybenzyl)butanamide 3p

Qil. Yield: 49%MS (ES)m/z: 251.3 (M+H)*. 'H-NMR (CDCls, 250 MHz) &:
7.19 (d, 2H, J= 8.6 Hz), 6.84 (d, 2H, J= 8.6 Hz), 4.32 (d, 2H, J= 5.4 Hz), 3.78
(s, 3H), 2.29-2.24 (m, 4H), 2.09 (s, 6H), 1.79-1.73 (m, 2H). *C NMR (CDCls,
60 MHz) 6: 173.0, 158.7, 134.0, 128.0, 114.1, 58.1, 55.9, 45.9, 44.1, 34.2,
24.1.

4-(dimethylamino)-N-(4-nitrobenzyl)butanamide 3q

Product was purified by chromatography on silica gel in a gradient, using as
eluent a mixture of CHCIs/CH30OH 90:10 to elute the impurities and a mixture
of CH2Cl2/CH3OH/EtsN 90:10:0.2 to elute the compoundas an oil. Yield: 43%.
MS (ESI) m/z: 266.1 (M+H)*. *H NMR (CDCls, 300 MHz) §: 8.15 (d, 2H, J=
8.5 Hz), 7.77 (bs, 1H), 7.43 (d, 2H, J= 8.4 Hz), 4.49 (d, 2H, J=5.8 Hz), 2.41-
2.36 (m, 4H), 2.21 (s, 6H), 1.86-1.81 (m, 2H). 3C NMR (CDCls, 75 MHz) &:
173.0, 147.8, 146.4, 127.9, 120.9, 58.1, 45.9, 44.1, 34.2, 24.1.

(RS)-4-(dimethylamino)-N-(1-phenylethyl)butanamide 3r

Product was purified by chromatography on silica gel in a gradient, using as
eluent a mixture of CHCIs/CH3OH 90:10 to elute the impurities and a mixture
of CH2Cl2/CH30OH/EtsN 90:10:0.5 to elute the compound.Waxy solid. Yield:
30%. MS (ESI) m/z: 236.3 (M+H)". *H NMR (CDCls, 300 MHz) §: 7.43 (bs,
1H), 7.33-7.22 (m, 5H), 5.09-5.04 (m, 1H), 2.67 (t, 2H, J= 6.7 Hz), 2.49 (s,
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6H), 2.37-2.34 (m, 2H), 1.95 (t, 2H, J= 6.8 Hz), 1.47 (d, 3H, J= 6.5 Hz). 13C
NMR (CDCls, 75 MHz) §: 172.7, 143.5, 128.6, 127.0, 126.8, 58.1, 49.5, 45.9,
34.5,24.1.

N-(3,5-dimethoxybenzyl)-4-(dimethylamino)butanamide 3s

Product was purified by chromatography on silica gel in a gradient, using as
eluent a mixture of CHCIs/CH3OH 90:10 to elute the impurities and a mixture
of CH2CI2/CH3OH/EtsN 90:10:0.5 to elute the compound as an oil. Yield:
81%. MS (ESI) m/z: 281.2 (M+H)*. *H NMR (CDCls, 300 MHz) &: 7.21 (bs,
1H), 6.46 (s, 2H), 6.36 (s, 1H), 4.37 (d, 2H, J= 5.6 Hz), 3.80 (s, 6H), 2.59 (t,
2H, J= 6.7 Hz), 2.47-2.43 (m, 2H), 2.40 (s, 6H), 1.98-1.96 (m, 2H). *C NMR
(CDCls, 75 MHz) &: 173.0, 161.5, 143.7, 103.3, 98.4, 58.1, 55.9, 45.9, 44.7,
34.2,24.1.

4-(dimethylamino)-N-(4-metoxyphenylethyl)butanamide 3t

Waxy solid. Yield: 92%. MS (ESI) m/z: 265.4 (M+H)". *H NMR (CDCls, 250
MHz) &: 7.09 (d, 2H, J= 7.9 Hz), 6.82 (d, 2H, J= 7.9 Hz), 6.42 (bs, 1H), 3.77
(s, 3H), 3.48-3.43 (m, 2H), 2.73 (t, 2H, J= 7.0 Hz), 2.23-2.17 (m, 4H), 2.13 (s,
6H), 1.75-1.69 (m, 2H). 3C NMR (CDCls, 60 MHz) §: 172.7, 157.9, 131.8,
128.8,114.2,58.1, 55.9, 45.9, 40.7, 35.7, 34.2, 24.1.

4-(dimethylamino)-N-(4-nitrofeniletil)butanamide 3u

Product was purified by chromatography on silica gel in a gradient, using as
eluent a mixture of CHCIs/CH3OH 90:10 to elute the impurities and a mixture
of CH2Cl2/CH3OH/EtsN 90:10:0.2 to elute the compoundas an oil. Yield: 46%.
MS (ESI) m/z: 280.3 (M+H)*. *H NMR (CDCls, 300 MHz) §: 8.16 (d, 2H, J=
8.5 Hz), 7.37 (d, 2H, J= 8.3 Hz), 3.51 (t, 2H, J= 6.7 Hz), 3.00-2.91 (m, 2H),
2.56 (t, 1H, J= 7.2 Hz), 2.26-2.18 (m, 4H), 2.15 (s, 6H), 1.74 (t, 1H, J= 6.9
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Hz). 3C NMR (CDCls, 75 MHz) &: 172.7, 145.6, 128.7, 121.0, 58.1, 45.9,
40.7, 35.7, 34.2, 24.1.

4-(dimethylamino)-N-(3-phenylpropyl)butanamide 3v

Product was purified by chromatography on silica gel in a gradient, using as
eluent a mixture of CHCI3/CH30H 90:10 to elute the impurities and a mixture
of CH>CIl2/CH3OH/EtsN 90:10:0.2 to elute the compound as an oil. Yield:
49%. MS (ES)m/z: 247.2 (M+H)*. *H NMR (CDCls, 300 MHz) &: 7.18 (q,
5H, J=6.4 Hz), 6.95 (bs, 1H), 9.62 (t, 2H, J= 5.9 Hz), 2.60 (t, 2H, J= 7.6 Hz),
2.28 (t, 2H, J= 6.8 Hz), 2.17 (t, 8H, J= 7.4 Hz), 1.81-1.72 (m, 4H). °C NMR
(CDCls, 75 MHz) 6: 172.7, 138.1, 128.9, 128.2, 126.1, 58.1, 45.9, 40.0, 34.2,
33.1,29.1, 24.1.
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6.1.2 General procedure for the synthesis of ammonium salts 4a-v

A solution of compounds 3a-z (1 equiv.) in acetone (1 ml) was reacted with 2
equivalents of iodomethane and left overnight. Crystallization with diethyl

ether afforded the desidered products in good yields.

4-(propylamino)-N,N,N-trimethyl-4-oxobutan-1-aminium iodide 4a

White solid. Yield: 79%. m.p.:129-130 °C. MS (ESI) m/z: 187.2 (M+H)*. H
NMR (CDCls, 300 MHz) 4:6.61 (bs, 1H), 3.70-3.68 (m, 2H), 3.32 (s, 9H),
2.54 (t, 2H, J= 7.05 Hz), 2.22 (t, 2H, J= 7.2 Hz), 1.72 (s, 4H), 0.94 (t, 3H, J=
7.3 Hz). °C NMR (CDCls, 75 MHz) &: 172.7, 66.0, 54.7, 42.6, 35.0, 23.2,
22.8,11.2.

4-(butylamino)-N,N,N-trimethyl-4-oxobutan-1- aminium iodide 4b

Yellow powder. Yield:37%.m.p.:119-120°C. MS (ESI) m/z: 201.2 (M+H)*. 1H
NMR (CDCls, 300 MHz) 4:6.58 (bs, 1H), 3.33 (s, 9H), 3.20 (q, 2H, J= 6.9
Hz), 2.71 (s, 2H), 2.32 (t, 2H, J= 6.6 Hz), 1.77 (t, 2H, J= 6.8 Hz), 1.44 (t, 2H,
J=7.1 Hz), 1.33 (t, 2H, J= 7.6 Hz), 0.89 (t, 3H, J= 72 Hz). *C NMR (CDCls,
75 MHz) 6: 172.7, 66.0, 54.7, 40.1, 35.0, 32.3, 22.8, 19.9, 13.8.

4-(prop-2-ynylamino)-N,N,N-trimethyl-4-oxobutan-1- aminium iodide 4c
Pale yellow powder. Yield: 36%. m.p.:145°C (dec.). MS (ESI) m/z: 183.15
(M+H)*. *H NMR (CDCls, 300 MHz) §:7.62 (bs, 1H), 4.01-3.98 (m, 2H), 3.31
(s, 9H), 2.32 (q, 4H, J= 7.0 Hz), 2.21 (m,1H), 1.61 (g, 2H, J= 6.5 Hz). °C
NMR (CDCls, 300 MHz) &: 173.0, 78.1, 70.9, 66.0, 54.7, 34.1, 30.0, 22.8.
4-(methoxypropylamino)-N,N,N-trimethyl-4-oxobutan-1- aminium iodide
4d

White powder. Yield: 78%. m.p.:137-138°C. MS (ESI) m/z: 217.3 (M+H)". H
NMR (CDCls, 300 MHz) 8:6.69 (bs, 1H), 3.83-3.46 (m, 2H), 3.47 (t, 2H, J=

55



5.8 Hz), 3.33 (s, 3H), 3.38-3.35 (m+s, 11H), 2.44 (d, 2H, J= 6.6 Hz), 2.17-2.14
(m, 2H), 1.79 (t, 2H, J= 6.1 Hz).. ¥C NMR (CDCls, 75 MHz) &: 172.7, 71.7,
66.0, 59.3, 54.7, 36.7, 35.0, 29.6, 22.8.

4-(hexadecylamino)-N,N,N-trimethyl-4-oxobutan-1- aminium iodide 4e
Tan powder. Yield: 71%. M.p. 139-140°C. MS (ESI) m/z: 369.4 (M+H)*.*H
NMR (CDCls, 300 MHz) 6:6.23 (bs, 1H), 3.65-3.63 (m, 2H), 3.27 (s, 9H),
2.53-2.52 (m, 2H), 2.22-2.20 (m, 2H), 1.51 (d, 10H, J= 8.5 Hz), 1.27 (d, 20H,
J=7.5Hz), 0.92 (t, 3H, J= 9.4 Hz). *C NMR (CDCls, 75 MHz) &: 172.7, 66.0,
54.7,40.4, 35.0, 31.9, 30.1, 29.7, 26.8, 22.8, 14.1.

4-(cyclohexylamino)-N,N,N-trimethyl-4-oxobutan-1- aminium iodide 4f
Tan powder. Yield: 68%. m.p.:124-125°C. MS (ESI) m/z: 227.2(M+H)*. 'H
NMR (CDCls, 300 MHz) 6:6.64 (d, 1H, J= 7.9 Hz), 3.75-3.66 (m, 2H), 3.39
(s, 9H), 2.43 (t, 2H, J= 6.8 Hz), 2.12 (t, 2H, J= 8.0 Hz), 1.86-1.56 (m, 5H),
1.32-1.19 (m, 6H).13C NMR(CDCls, 75 MHz) &: 172.4, 66.0, 54.7, 47.4, 35.3,
33.8,28.0, 22.9, 22.8.

4-(trimethylammonio)-1-(piperidin-1-yl)butan-1-one iodide 4g

Pale yellow powder. Yield: 84%. m.p.:132-134°C. MS (ESI) m/z
213.2(M+H)*. *H NMR (CDCls, 300 MHz) §:3.80-3.74 (m, 2H), 3.52-3.51(m,
2H), 3.39 (s, 9H), 2.54 (t, 2H, J= 6.1 Hz), 2.16-2.08 (m, 2H), 1.65-1.53 (m,
8H). *°C NMR (CDCls, 75 MHz) §: 174.7, 66.0, 54.7, 44.8, 32.8, 25.6, 25.4,
23.1

4-(trimethylammonio)-1-(morpholine-1-yl)butan-1-one iodide 4h

White powder. Yield: 48%. m.p.:190-191°C. MS (ESI) m/z: 215.3(M+H)"*. H
NMR (CDCls, 300 MHz) 6: 3.81-3.79 (m, 2H), 3.68 (t, 4H, J= 4.8 Hz), 3.57
(d, 2H, J= 4.4 Hz), 3.48-3.42 (m+s, 11H), 2.57 (t, 2H, J= 6.2 Hz), 2.18-2.08
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(m, 2H). 3C NMR(CDCls, 75 MHz) §:171.1, 66.3, 66.0, 54.7, 45.6, 32.8,
23.1.

4-(trimethylammonio)-1-(pyrrolidin-1-yl)butan-1-one iodide 4i

White powder. Yield: 95%. m.p.167-168°C. MS (ESI) m/z: 199.3(M+H)*. H
NMR (CDCl3, 300 MHz) 6: 3.94-3.88 (m, 2H), 3.43-3.38 (m+s, 13H), 2.5 (t,
2H, J= 5.8 Hz), 2.15-2.12 (m, 2H), 1.97-1.87 (m, 4H). *C NMR (CDCls, 75
MHz) &: 174.7, 66.0, 54.7, 48.8, 32.8, 25.4, 23.1.

N,N,N-trimethyl-4-oxo-4-(phenylamine)butan-1- aminium iodide 4j

Pale oil.Yield: 69%. MS (ESI) m/z: 222.3 (M+H)*. *H NMR (CDsOD, 300
MHz) &: 7.57 (d, 2H, J= 8.0 Hz), 7.30 (t, 2H, J= 7.9 Hz), 7.09 (s, 1H), 3.48-
3.43 (m, 2H), 3.18 (s, 9H), 2.55 (t, 2H, J= 6.9 Hz), 2.15 (t, 2H, J= 8.1 Hz). 1°C
NMR (CDsOD, 75 MHz) &: 173.0, 138.5, 129.0, 124.4, 121.6, 66.0, 54.7,
34.6, 22.8.

4-[(4-methoxyphenyl)amino-N,N,N-trimethyl-4-oxobutan-1-aminium
iodide 4k

White powder. Yield: 83%. m.p: 189-190°C. MS (ESI) m/z: 252.2 (M+H)". H
NMR (CDCls, 300 MHz) &: 7.44 (d, 2H, J= 8.8 Hz), 6.80 (d, 2H, J= 8.9 Hz),
3.19 (s, 3H), 3.61-3.55 (m, 2H), 3.15 (d, 9H, J= 7.1 Hz), 2.54 (t, 2H, J= 6.8
Hz), 2.09 (t, 2H, J= 8.4 Hz). 3C NMR (CDCls;, 75 MHz) &: 173.0, 156.3,
130.8, 122.6, 114.5, 66.0, 55.9, 54.7, 34.6, 22.8.

4-[(3,4-dimethylphenyl)amino]-N,N,N-trimethyl-4-oxobutan-1-aminium
iodide 41

Yellow waxy gel. Yield: 82% MS (ESI)m/z: 250.4 (M+H)*.*H NMR (CDCls,
300 MHz) é: 7.37 (d, 2H, J= 7.8 Hz), 7.02 (d, 1H, J= 8.4 Hz), 3.77-3.74 (m,
2H), 3.31 (s, 9H), 2.69 (t, 2H, J= 6.8 Hz), 2.19 (d, 6H, J= 3.3 Hz), 1.71 (s,
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2H). 13C NMR (CDCls, 75 MHz) §: 173.0, 137.1, 135.4, 132.5, 129.2, 121.2,
117.5, 66.0, 54.7, 34.6, 22.8, 17.8.

4-[(4-nitrophenyl)amino]-N,N,N-trimethyl-4-oxobutan-1-aminium iodide
dm

White solid.Yield: 72%. m.p.: 244-245°C (dec.). MS (ESI) m/z: 265.2
(M+H)*. *H NMR (CDCls, 300 MHz) &: 8.14 (d, 2H, J= 7.0 Hz), 7.77 (d, 2H,
J= 6.9 Hz), 3.53-3.51 (m, 2H), 3.30 (s, 3H), 3.16 (s, 6H), 2.61 (m, 2H), 2.12
(m, 2H).1*C NMR (CDCls, 75 MHz) §: 173.0, 144.6, 122.5, 121.3, 66.0, 54.7,
34.6, 22.8.

N,N,N-trimethyl-4-oxo0-4-(benzylamino)butan-1-aminium iodide 4n

White solid. Yield: 98%. m.p.: 187-188°C (dec.). MS (ESI)m/z: 234.2
(M+H)*. 'H NMR (DMSO-ds, 400 MHz) &: 7.32-7.22 (m, 5H), 4.25 (s, 2H),
3.26-3.23 (m, 2H), 3.12 (s, 9H), 2.20 (t, 2H, J= 7.2 Hz), 1.93-1.88 (m, 2H).
13C NMR (DMSO-ds, 100 MHz) &: 173.0, 141.7, 128.6, 127.0, 126.8, 66.0,
54.7,44.1, 35.0, 22.8.

4-[(4-chlorobenzyl)amino]-N,N,N-trimethyl-4-oxobutan-1-aminium iodide
40

White solid. Yield: 98%. m.p:108-109 °C. MS (ESI) m/z: 269.8 (M+H)*. H
NMR (CDCl3, 300 MHz) &: 7.28 (m, 4H), 7.11 (bs, 1H), 4.36 (d, 2H, J=5.9
Hz), 3.84-3.78 (m, 2H), 3.30 (s, 9H), 2.54 (t, 2H, J= 6.6 Hz), 2.18-2.13 (m,
2H). 3C NMR (CDCls, 75 MHz) §: 173.0, 139.8, 132.3, 128.7, 128.4, 66.0,
54.7,44.1, 35.0, 22.8.

4-[(4-methoxybenzyl)amino]-N,N,N-trimethyl-4-oxobutan-1-aminium
iodide 4p
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White solid. Yield: 89%. m.p.: 110-111 °C. MS (ESI) m/z: 265.5 (M+H)*. H
NMR (CDCls, 300 MHz) &: 7.20 (d, 2H, J= 7.3 Hz), 6.87 (d, 2H, J= 7.1 Hz),
4.29 (s, 2H), 3.76 (s, 3H), 3.36 (s, 2H), 3.13 (s, 9H), 2.33 (t, 2H, J= 6.7 Hz),
2.09-2.04 (m, 2H).13C NMR (CDCls, 75 MHz) &: 173.0, 158.7, 134.0, 128.0,
114.1, 66.0, 55.9, 54.7, 44.1, 35.0, 22.8.

N,N,N-trimethyl-4-[(4-nitrobenzyl)amino]-4-oxobutan-1-aminium iodide
4q

Orange gel. Yield: 89%. MS (ESI) m/z: 279.4 (M+H)*. *H NMR (CDCls, 300
MHz) §: 8.18 (d, 2H, J= 8.5 Hz), 7.54 (d, 2H, J= 8.4 Hz), 4.49 (s, 2H), 3.47-
3.42 (m, 2H), 3.19 (s, 9H), 2.45 (t, 2H, J= 7.1 Hz), 2.17-2.00 (m, 2H).1*C
NMR (CDCls, 75 MHz) 6: 173.0, 147.8, 146.4, 127.9, 120.9, 66.0, 54.7, 44.1,
35.0, 22.8.

(RS)-N,N,N-trimethyl-4-oxo-4-[(1-phenylethyl)amino]butan-1-aminium
iodide 4r

White solid. Yield: 73%. m.p.: 153-154 °C. MS (ESI) m/z: 249.4 (M+H)*. H
NMR (CDCls, 300 MHz) &: 7.36-7.26 (m, 5H), 7.22 (bs, 1H), 5.06-4.99 (m,
1H), 3.41-3.34 (m, 2H), 3.16 (s, 9H), 2.46-2.38 (m, 2H), 2.12-2.00 (m, 2H),
1.48 (d, 3H, J= 7.0 Hz). 3C NMR (CDCls, 75 MHz) &: 172.7, 143.5, 128.6,
127.0, 126.8, 66.0, 54.7, 49.5, 35.3, 22.8, 21.6.

4-[(3,5-dimethoxybenzyl)amino]-N,N,N-trimethyl-4-oxobutan-1-aminium
iodide 4s

White solid.Yield: 98%. M.p.: 86-87°C. MS (ESI )m/z: 295.4 (M+H)*. H
NMR (CDCls, 250 MHz) 6: 8.06 (bs, 1H), 6.98 (s, 2H), 6.81 (s, 1H), 4.80 (d,
2H, J= 5.6 Hz), 4.26 (s, 6H), 4.15-4.12 (m, 2H), 3.79 (s, 9H), 2.97 (t, 2H, J=
6.7 Hz), 2.61 (m, 2H). *3C NMR (CDCls, 75 MHz) §: 173.0, 161.5, 143.7,
103.3, 98.4, 66.0, 55.9, 54.7, 44.7, 22.8.
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4-[(4-methoxyfenilethyl)amino]-N,N,N-trimethyl-4-ossobutan-1-aminium
iodide 4t

Waxy solid. Yield: 84%. MS (ESI) m/z: 279.4 (M+H)*. *H NMR (CDCls 300
MHz) &: 7.15 (d, 2H, J= 6.6 Hz), 6.84 (d, 2H, J= 6.6 Hz), 6.46 (bs, 1H), 3.77
(s, 3H), 3.69 (t, 2H, J= 8.2 Hz), 3.50-3.46 (m, 2H), 3.32 (s, 9H), 2.79 (t, 2H,
J=7.0 Hz), 2.42 (t, 2H, J= 6.3 Hz), 2.12-2.07 (m, 2H). *C NMR (CDCls, 75
MHz) 3: 172.7, 157.9, 131.8, 128.8, 114.2, 66.0, 55.9, 54.7, 40.7, 35.7, 35.0,
22.8.

N,N,N-trimethyl-4-[(4-nitrophenylethyl)amino]-4-ossobutan-1-aminium
iodide 4u

Yellow oil. Yield: 92% . MS (ESI) m/z: 293.4 (M+H)". *H NMR (CDCls, 300
MHz) §: 8.16 (d, 2H, J= 8.4 Hz), 8.10 (bs, 1H), 7.48 (d, 2H, J= 8.4 Hz), 3.50-
3.30 (m, 4H), 3.16 (s, 9H), 2.95 (t, 2H, J= 6.9 Hz), 2.30 (t, 2H, J= 6.9 H2z),
2.05-2.02 (m, 2H). C NMR (CDCls, 75 MHz) &: 172.7, 145.6, 128.7, 121.0,
66.0, 54.7, 40.7, 35.7, 35.0, 22.8.

N,N,N-trimethyl-4-(phenylpropyl)amino-4-oxobutan-1-aminium iodide 4v
Yellow oil. Yield: 74%. MS (ESI) m/z: 293.4 (M+H)*. *H NMR (CDCls, 300
MHz) &: 7.24 (g, 5H, J= 5.9 Hz), 6.96 (bs, 1H), 3.71 (s, 2H), 3.33-3.25 (m,
9H), 2.66 (t, 2H, J= 6.9 Hz), 2.46 (s, 2H), 2.12 (s, 2H), 1.87-1.83 (m, 4H).1*C
NMR (CDCls, 75 MHz) 6: 172.7, 138.1, 128.9, 128.2, 126.1, 66.0, 54.9, 40.0,
35.0, 33.1, 29.1, 22.8.
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6.2 Biological in vitro assay

6.2.1 Cell culture and treatments

NIH-3T3 is a murine fibroblast cell line and NRK is a rat kidney cell line.
Both these cell lines were grown and subcultured in Dulbecco's modified
essential medium (EuroClone, Milan, Italy), supplemented with 10% fetal
bovine serum (EuroClone), 2 mM glutamine, 10 units/ml penicillin, 100 pg/ml
streptomycin. STHdhQ%%1%9 and STHAh?"” were maintained at the permissive
temperature of 37 °C, in a humidified incubator with 5% CO2 [111].
STHdhQ%1% and STHAh?™7 cells were a kind gift of Elena Cattaneo (Milan,
Italy). STHdhQX%®'® cells are derived from the striata of homozygous Hitt
knock-in mice with each Htt allele bearing 109 CAG repeats; STHdh?"7 cells
are derived from the wild-type mice with each allele bearing 7 CAG repeats
[112]. Cells were grown and subcultured in Dulbecco's modified essential
medium (EuroClone, Milan, Italy), supplemented with 10% fetal bovine serum
(EuroClone), 2 mM glutamine, 10 units/ml penicillin, 100 pg/ml streptomycin.
STHdhQ9199 and STHAh?"" were maintained at the permissive temperature
of 33 °C, in a humidified incubator with 5% CO2 [111].

6.2.2 Cell proliferation assay

Following 24, 48 and 72h treatment with Mildronate 10, 20 and 50 uM and
with mildronate structurally related compounds (4a-v) 25, 50 and 100 uM (in
triplicate)NIH-3T3, NRK, STHdhQ910% and STHAh®"” cell lines proliferation
was determined by MTT assay following manufacturer’s protocol (Sigma-
Aldrich, Italy). The absorbance of each well was measured with a microplate
reader (Cytation3, ASHI) at 570 nm.
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6.2.3 Western blotting

Protein lysates from STHdhQ%%% and STHAhQ"7 cells were used for sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS page). SDS page
and immunoblotting were carried out according to standard procedures in
triplicate using 15 pg of total proteins lysate. Membranes were pre-blocked
then incubated with mouse monoclonal primary antibodies anti-
Polyglutamine-Expansion (1:2000, Merck Millipore) and mouse monoclonal
anti-p-Actin  (ACTB, 1:1000; Sigma-Aldrich). Blots were washed and
incubated with anti-mouse secondary antibody (1:10.000). Blots were then
washed again, incubated in lumi-light enhanced chemiluminescence substrate
and exposed to lumi-film .The relative expression, normalized respect to the
housekeeping protein ACTB, was quantified densitometrically using Quantity
One® 1-D analysis software (BioRad, Italy).

6.2.4 RNA isolation and quantitative Real-time PCR

Total RNA was extracted from cells using QIAzol reagent (Qiagen, Italy).

Retro-transcription (0.2 pg RNA) was performed according to the
manufacturer’s instructions (Promega Italy). To qPCR amplification specific
primers for PGC-la (forward: GATGGCACGCAGCCCTAT, reverse:
CTCGACACGGAGAGTTAAAGGAA)[G3] and for B-actin  (forward:
TTAGTTGCGTTACACCCTTTC, reverse: ACCTTCACCGTTCCAGTT) were
used. Quantitative PCR (qPCR) was run on an 7900HT Fast Real time-PCR
System. The reactions were performed according to the manufacturer’s
instructions using SYBR Green PCR Master mix (Invitrogen). All reactions
were run in triplicate, normalized to the housekeeping gene, and the results
expressed as mean £SD. 2-AACT method was used to determine the relative

quantification.
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6.2.5 Statistical Analyses

All guantitative data are presented as the mean = SD. Each experiment was
performed at least three times. Statistical significance was evaluated using a t-
test or one-way ANOVA analysis, followed by Bonferroni’s test for multiple
comparisons to determined statistical differences between groups. All the data
were analyzed with the GraphPad Prism version 5.01 statistical software
package (GraphPad, CA, USA).

6.3 Mitotracker fluorescence assay

Cells were cultured on 12-mm diameter glass coverslips and incubated with
200 nM MitoTracker® Red CMXRos (Molecular Probes) for 20 min in culture
medium. After incubation, cells were fixed with cold methanol for 5 min,
washed with PBS and then mounted in 50% glycerol in PBS. Images were
acquired using a Laser Scanning Microscope (LSM 510 META, Carl Zeiss
Microimaging, Inc.) equipped with a Plan Apo 63x oil-immersion (NA 1.4)
objective lens. Z-slices from the top to the bottom of the cell were collected

and 3D reconstruction were carried out using LSM 510 software.

6.4  Biological assay in Drosophila melanogaster

6.4.1 Drosophila melanogaster stocks and crosses

Flies were cultured in a humidified, temperature-controlled incubator with a
12-h on/offlight cycle at 25 °C in vials containing standard cornmeal medium

unless specified otherwise.

63



Fly stocks used in the present study were obtained from the Bloomington
Stock center w; P[9]f27b -Bloomington 33809-, that expresses human
Huntingtin (HTT) with a long polyQ (glutamine) repeat of 128 amino acids
under UAS control. that and w; P{GAL4- elav.L}2 —Bloomington 55635, that
expresses the GAL4 protein under the pan-neural promoter elav.

Expression of polyglutamine-containing human huntingtin (hHtt) was driven
by the bipartite expression system upstream activator sequence (UAS)-GAL4
in transgenic flies, so appropriate crosses were carried out in order to obtain
desired genotypes [113]. Flies bearing the hHtt construct under the control of a
yeast UAS were crossed to flies expressing the yeast GAL4 transcriptional
activator driven by the neuron-specific promoter elav that is expressed in all
neurons from embryogenesis onwards.

Their adult progenies carrying P{UAS-HTT.128Q.FL}f27b/P{GAL4-elav.L}2
were selected and analyzed for locomotor activity.

6.4.2 Climbing behavioral assay

The climbing assay takes advantages of the natural tendency of flies to move
against gravity when agitated in order to study genes or conditions that may
hinder locomotor capacities [114].

We used the negative geotaxis climbing reflex of Drosophila to examine
motor deficits in flies overexpressing human Htt with 128Q in the central
nervous system grown on food supplemented with the compounds and
comparing their performance to those of flies grown on food devoid of
compounds.

In principle, flies are tapped to the bottom of an empty vial and the number of

flies that can climb above a certain height is recorded.

Preparing the flies

Flies were maintained on standard cornmeal medium in a humidified,
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temperature-controlled incubator with a 12-h light/dark cycle at 25 °C,

After crosses, newly emerged adult flies with desired genotype were collected
under cold-induced anesthesia, sorted by sex, grouped in cohorts of 10 animals
in vials containing 3 ml of food supplemented or not with drugs and reared at
28°C. Mildronate and compounds 4k, 4l, 4m and 4v were dissolved in water
and absorbed on Adult Food (AF) at 50 uM while normal AF food devoid of
compounds was used for the control.

Flies were transferred to fresh vials without anesthesia and scored for motor
function every 2 days for 15 days. The gender difference on behavior is

significant so the assay was carried out without mix male and female flies.

Motor function assay

The motor function was addressed by their ability to climb up a climbing
apparatus prepared for each group by joining vertically two empty polystyrene
vials by tape. The vials (diameter, 2,2 cm) faced each other with the openings
perfectly aligned to provide an even climbing surface for the flies. 10 cm
above the bottom surface of the lower vial, was drawed a circle around the
entire circumference.

Before to start the assay, group of ten flies were acclimatized to the new
setting for 1 hour after their transfer to the climbing apparatus.

The flies were gently tapped down to the bottom of the vial and the number of
flies that could climb above the 10-cm mark within 10 seconds after the tap
was recorded.

This assay was repeated for the same group two times, allowing for 1 minute
rest period between each trial. The number of flies per group that passed the
10-cm mark was recorded as a percentage of total flies.

The test was repeated 3 times for each compound at the specified age.
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6.4.3 Data Interpretation and Statistical Analysis

The raw data generated from the climbing assay represents the number of flies
crossing the 10 cm mark in 10 seconds in each group. These values were
converted to percentage and the average pass rate for each group over 6
sessions was computed.

Data were represented graphically as an average pass rate per group with the

standard error of mean (SEM).
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6.5 Biological assay in Caenorhabditis elegans

6.5.1 Caenorhabditis elegans strain

Pmec—-3htt57Q128::GFP strain was a gift from J. Alex Parker, University of
British Columbia, Vancouver, BC, Canada [115]. Transgenic animals were
generated by standard transformation techniques [116]. The htt57Q128
construct was derived from pGBT9 plasmids containing 128 CAG repeats.
GFP plasmids were coinjected with a wild-type lin-15 marker plasmid into the
gonads of young, adult lin-15 hermaphrodites.

Nematodes are maintained on Nematode Growth (NG) agar plates seeded with
OP50, a uracilrequiring mutant of E. coli, and incubated at 20°C in Petri

dishes. Cultures require subculturing every 3 days.

6.5.2 Mechanosensory behavioral assay

Following a 72h incubation with mildronate, compounds 4k, 4l, 4m and 4v
10uM (dissolved in water and absorbed on NG agar) were tested through the
behavioral mechanosensory Assay.

It is the most generally used method to test C. elegans gentle touch sensitivity.
It consists of stroking the animals with an eyebrow hair finely tapered,
sterilized by dipping it into a 70% ethanol solution [117].

Test consists of touching animals five times at the head (just behind the
pharynx), for the anterior touch response, and five times at the tail (just before
the anus), for the posterior touch response. The responses were scored for
every animal separately at both, anterior and posterior touch: for example, if
animal responds 6 times out of 10 following anterior touch, this result is given

as 60% of anterior responsiveness. Strain that failed to respond to the light
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touch at the appropriate area is called posterior or anterior mechanosensory
defective phenotype (Pmec).

6.5.3 Data Interpretation and Statistical Analysis

The raw data generated from the mechanosensory assay represent the number
of nematodes that failed to respond to the light touch. These values were
converted to percentage and the average mechanosensory defective for each
group was computed.

Data were represented graphically as an average pass rate per group with the

standard error of mean (SEM).
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7. Results

7.1  Mildronate biological activity in in vitro HD model

Mildronate is clinically used as cardioprotective and neuroprotective drug in
Eastern Europe and it is able to affect FA mitochondrial metabolism.

This compound has never been investigated in HD. Thus, we have evaluated
the effects of the compound on the striatal murine cell lines, STHdh®0%109
and STHAhQ"7.  STHdhQ1% was obtained from the striata of homozygous
Htt knock-in mice with each Htt allele bearing 109 CAG repeats, while
STHdh®?"" was obtained from the striata of homozygous Htt knock-in mice
with each Htt allele bearing 7 CAG repeats (fig.5) [111].

Figure 5. Striatal STHdhQ%1% and STHdh®""cell lines.

To investigate whether mildronate interfered with striatal cell viability, we
incubated both STHAh?91% and STHAh?" cell lines with 10, 20 and 50 uM
mildronate for 24, 48 and 72h.

Striatal cells viability was measured by MTT assay.
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As shown in figure 6, treatment with mildronate did not affect the viability of
any of the two cell lines treated compared to untreated.
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Figure 6. Cell viability in STHdh®”" (A) and STHdh®%%1% (B) cell lines incubated
for 24h, 48h and 72h in presence of mildronate (10 uM, 20 uM and 50uM). Bars
represent mean cell viability percentage normalised to untreated control (mean + SD;
n=3).

72



7.1.1 Mildronate and mHtt aggregation

Mutant Htt aggregation seems to be crucial in the pathogenesis of HD. For this
reason, it is proposed a therapeutic approach to treat HD through inhibition of
mHtt aggregation [76].

To evaluate whether mildronate was able to inhibit and/or to decrease mHtt
aggregates, STHdAhQ991% cells were incubated for 72h with 50pM mildronate.
mHtt aggregates were assayed by Western blotting analysis following the
incubation time.

Results evidenced that mildronate induced a strong decrease in mHitt
aggregates in STHdhQ%10 (figure 7).
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Figure 7. Western blot analysis of mHtt aggregates in STHdhQ0%1% cell lines
incubated for 72h in presence of 50uM mildronate. Densitometric analysis was
performed using Quantity One® 1-D analysis software (BioRad, Italy). The bars
represent means * standard deviation (n = 3). Statistical significance: ** p<0.01
versus control.

Again, mildronate inhibited mHtt aggregates without affecting the level of
transfected normal Htt. Furthermore, Western blotting indicated that the same

compound did not influence the expression of mutant Htt.
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7.2 Synthesis of mildronate structurally related compounds:
4a-v

Starting from the promising results arising from our preliminaries studies, we
have designed and synthesized new compounds structurally related to
mildronate.

Recently Tars et al. also described the design, synthesis and properties of 51
compounds, which include both gamma butyrobetaine (GBB) and mildronate
analogues. Their study, however, was aimed to discover novel y-Butyrobetaine
dioxygenase BBOX inhibitors with improved IC50 [118]. Otherwise in the
present study we designed, synthesized and characterized 22 compounds in
order to find molecules more active on mHtt aggregation than the
commercially available mildronate.

Differently from Tars, we have maintained the quaternary nitrogen, bearing
the three methyl groups.

The structural modifications carried out on mildronate have included the
replacing of the —\NH group with the —CH: group and the transformation of the
carboxyl group in highly functionalized aliphatic and aromatic amides
(scheme 1, compounds 4a-v). The quaternary nitrogen, bearing the three

methyl groups, was maintained.

©
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Mildronate 4a-v

Scheme 1. Structural modification carried out on mildronate.
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Ammonium salts 4a-v were prepared following the route depicted in Scheme
2.

OH a \ OH
H,N — N
‘ . HCl
2 o]

1 O
yield: 70%
/ ’
©
! R R
N c N
VAN < N |
o ‘ 0
4a-v 3a-v
yield: 64-98% yield: 30%-96%

Scheme 2. a) HCOH 37%, HCOOH, 60°C, 16 h; b) amine, DCC, HOBT, EtsN,
CH.CI; or THF, r. t., 24h; PCls, pyridine, 3h, 40°C (for 4m); c) CHsl, acetone, 18h,
r.t.A

As reported in Scheme 2, y-amino butyric acid 1 was submitted to Eschweiler-
Clarke reductive amination reaction using formaldehyde and formic acid at
reflux at 60°C for 16h [119]. The obtained 4-(dimethylamino)butanoic acid 2
was treated with DCC, HOBt and triethylamine in THF or CH>CH> wih the
suitable amines at room temperature for 24 h [120], to obtain the amides 3a-v.
All compounds 3a-v were fully characterized by spectroscopic analysis
(*HNMR, ®CNMR and mass spectra) after purification. In some cases a
simple extraction was sufficient to give moderate-good yields, in other cases a

further purification on silica gel was necessary using a mixture of
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CH2CH2/MeOH/EtsN. Only for the amide 3m, due to the low reactivity of the
aromatic amine (4-nitroaniline), by applying the same procedure of the
preceding reactions, it was not possible to isolate the amide. Thus a new
procedure was followed, by reacting the 4-nitroaniline with phosphorous
trichloride in pyridine at 40 °C [121] .The desidered ammonium salts 4a-v
were obtained by simple methylation reaction with iodomethane in acetone for
18 h [118]. Crystallization with diethyl ether, let to recover the products in
yields between 64% and 98%.

The amines used in reductive amination reaction were acyclic short and long
chain alkyl amines alkyl amines, cyclic aliphatic amines, aromatic amines and
phenyl alkyl amines (table 1). The amines containing an aromatic ring were
chosen considering the spacer between the amino group and the aromatic ring
(from none spacer to a spacer up to three carbon atoms) and taking into
account of the substituents nature on the aromatic ring in terms of electron

withdrawing groups or electrondonor groups.
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Table 1. Amines used in reductive amination reaction.

Compound R R
4a -NHCH2CH2CH3 40 “HN
4b -NHCHCH2CH.CHs
4¢ -NHCH:CCH
4d “NHCH>CH2CH,0CHs Cl
4e “NHCHz(CHz)14CHs 4| _unT N
4f o |
“HN OCH,
49 N X NO,
4r
4h N /\ -HN
s
i N 4s OCH
4i D -HN 3
4] -HN
OCHs
4t -HN
4k -HN \/\©\
\@\ OCHg
OCHs 4u
-HN
41 -HN V\O\
\iji NO,
adm -HN av
—HN
NO,
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These modifications resulted in the synthesis of the 22 ammonium salts 4a-v,
showed in table 2.
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Table 2. Ammonium salts 4a-v.

Compound Structure
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7.3 Evaluation of mildronate structurally related compounds
in in vitro HD models

Differently from mildronate, already known in the literature as safe compound
for clinical use, 4a-v compounds were newly synthesized and their citotoxicity
was assessed. We evaluated their biocompatibility on two non-neuronal cell
lines, such as the rat kidney cell line (NRK) and the murine fibroblast cell line
(NIH). We incubated both cells with the compounds at a concentration of 25,
50 and 100 uM for 24, 48 and 72h. In figure 8, we only report the results for
the most stressful treatment for the cells, such as 72h at 100uM concentration.

Almost all of the compounds showed no toxicity on NRK and NIH cell lines
(figure 8). Only 4f partially affected cell viability in both cell lines compared

to untreated cells.
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Figure 8. Cell viability in NRK (A) and NIH-3T3 (B) cell lines incubated for 72h in
presence of 100 puM 4a-v compounds. Bars represent mean cell viability
percentage normalised to untreated control (mean + SD; n=3). Statistical significance:
* p<0.05 versus CTL.

Once established 4a-v compounds did not affect cell viability in non-neuronal
cell lines, we tested these compounds on STHdhQ%¥1%® and STHAhQ™” striatal
cell lines. We incubated both cells with the compounds at a concentration of
25, 50 and 100uM for 24, 48 and 72h.

In figure 9, we only report the results for the most stressful treatment for the
cells, such as 72h at 100uM concentration. As shown, compound 4f
significantly affected cell viability in both STHdhQ!%®% and STHdhQ™"
compared to untreated cells, while we found that all other compounds did not

interfere with striatal cell lines viability.
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Figure 9. Cell viability in in STHdh?"” (A) and STHdhQ%¥1%° (B) cell lines
incubated for 72h in presence of 100uM 4a-v compounds. Bars represent mean
cell viability percentage normalised to untreated control (mean = SD; n=3).
Statistical significance: ** p<0.01 versus CTL.

The results obtained from cell viability assays led us to avoid the 4f compound
in subsequent studies.

Contrariwise, the other 21 compounds showed a good biocompatibility on
neuronal and non-neuronal cellular models. Therefore, their biological activity

was further investigated on other HD models.
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7.3.1 Mildronate structurally related compounds and mHtt
aggregation

Following these preliminary assessments, we evaluated the effect of

compounds newly synthesized on mHtt aggregation.

Tests were conducted under the same conditions used previously for

mildronate: STHdAhQX%91% were incubated in presence of the different

compounds for 72h at a concentration of 50uM.

We found that compounds 4k, 4l, 4m and 4v significantly decreased mHitt

aggregates compared to untreated cultures.

Interestingly, they showed an effect on mHtt aggregates higher than

mildronate, (figure 10) without affecting the expression of both mHtt and

WHtt.
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Figure 10. Western blot analysis of mHtt aggregates in STHdAhQ%% cell lines
incubated for 72h in presence of 4a-v compounds 50uM. Densitometric analyses were
performed using Quantity One® 1-D analysis software (BioRad, Italy). The bars
represent means + SD (n = 3). Statistical significance: ** p<0.01, ***p<0.005 versus
no treated.

The results arising from biological studies allowed us to select the most active
compounds 4k, 41, 4m and 4v for the next phases of this study, involving
evaluation of mildronate and selected compounds activity on mitochondrial

dynamics and behavioral assays on in vivo HD models.
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7.4  Modulation of Pgc-1a mRNA expression by mildronate
and its structurally related analogues

As discussed above, there is substantial evidence that PGC-1a promotes
clearance of mHtt protein aggregates, decreasing mHtt neurotoxicity [96].

In order to evaluate whether mildronate and the neo-synthesized compounds
4k, 41, 4m and 4v decreased mHtt aggregates by modulating PGC-1a pathway,
we examined the Pgc-/a mRNA expression in STHdh®%% cell line before
and after treatment with selected compounds.

First, the Pgc-7a mRNA expression levels were determined by quantitative
Real-Time PCR in STHdh?"7 and STHdhQ%91% cell lines.

We found that Pgc-7a mRNA expression is significantly downregulated in
STHdhQ0%% ce|| line compared to STHdh™ cell line (figure 11).
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Figure 11. Relative mRNA Pgc-/a expression in STHdh?"” and STHdhQ09/10 cel|
lines. The expression of Pgc-/a mRNA was normalized to the housekeeping gene f3-
actin. The bars represent means £+ SD (n = 3). Statistical significance: ***p<0.005
versus STHAhQ" cell line.
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Quantitative Real-Time PCR analysis of STHdh®?'%1% cel| line incubated for
24h with 50uM mildronate revealed that Pgc-/a mRNA expression was

significantly upregulated, compared to untreated cells (figure 12).
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Figure 12. Relative mRNA Pgc-/a expression in 24h 50uM mildronate treated
STHdhQ0%0 ce[| line compared to untreated STHdh?%91% cell line. The expression
of Pgc-/o mRNA was normalized to the housekeeping gene [B-actin. The bars
represent means = SD (n = 3). Statistical significance: ***p<0.005 versus untreated.

Interestingly, our data show that the 4k and 41 mildronate derivates were able
to increase Pgc-/a mRNA expression more significantly than mildronate, at

24 h incubation time (figure 13).
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Figure 13. Relative mRNA Pgc-/a expression in 24h 50uM 4k, 41, 4m and 4v
treated STHdhQ0%1% cell line. The expression of Pgc-/a. The expression of Pgc-/a
mRNA was normalized to the housekeeping gene B-actin. The bars represent means +
SD (n = 3). Statistical significance: ***p<0.005 versus untreated.
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7.5 Regulation of mitochondrial dynamics by mildronate and
its structurally related compounds

Increasing evidences show that mitochondrial dynamics are mechanistically
linked to mitochondrial function [122]. Hence, we examined the overall
organization of the mitochondrial network in STHdh?”7 and STHdhQ10%/10% cel|
lines by confocal microscope incubating the cells with the MitoTracker Red
dye, a reagent that stains mitochondria in live cells according to their
membrane potential. While in STHdh®"” mitochondrial network exhibited a
branched, tubular morphology, in STHdhQ%1% cells expressing mutated Hit it
appeared fragmented with many small and short mitochondria (figure 14).
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Figure 14. Mitochondria in STHdh®""and STHdh?9%1% cell lines at the confocal
microscope. (A) Mitotracker (B). Mitotracker and DAPI.

We then investigated whether 72h 50puM treatment with mildronate affected
the mitochondrial network in STHdAhQX¥1%  Confocal microscopy analysis
revealed a rescue of the tubular morphology of mitochondria upon mildronate
treatment (figure 15). Mitochondria appear as long tubular structures
extending in the whole cytosol and only in few cells the mitochondrial
network resulted still fragmented (5-8%).
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STHAhQ¥1® pnp treated STHAhUW1E 72k 50pM mildronate

Figure 15. Confocal microscopy analysis of STHdh?%1% cell line incubated 72h in
presence of 50uM mildronate.

Finally we investigated whether treatment with 4k, 4l, 4m and 4v affected the
mitochondrial network in STHdhQ%1% at the same extent of mildronate.

Confocal microscopy analysis revealed a full rescue of the tubular morphology
of mitochondria upon 4k and 4l treatment. A less efficient reversion was
observed upon 4m derivative treatments since many mitochondria appear
shorter in a lot of cells. Moreover, we found partial rescue with 4v derivative

(figure 16).
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Figure 16. Confocal microscopy analysis of STHdh?'%%1% cell line incubated 72h in
presence of 50uM 4Kk, 41, 4m and 4v compounds.
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7.6 Rescue of neurological deficits in HD animal model by
mildronate and its structurally related compounds

To investigate the effect of mildronate and the selected compounds on
neurological deficits related to HD pathology, behavioural assays were carried
out in Drosophila melanogaster and Caenorhabditis elegans, both expressing

human Htt with a long polyQ repeat (128 residues).

7.6.1 Drosophila melanogaster HD stock

A significant contribution to understating of HD arises from studies utilizing
Drosophila melanogaster.

The short lifespan of flies, low cost of maintaining and propagation stocks,
genome completely sequenced and genetic tools available for in vivo
manipulation make them ideal for testing new therapeutic compounds [123].
Transgenic flies engineered to overexpress the human mHtt gene show protein
aggregation, neurodegeneration, a reduced lifespan and behavioral deficits
[124].

The transgenic fly stock used in the present study is the elav-HTT.128Q.FL
that expresses human mHtt with a long polyQ repeat of 128 CAG under UAS
control.

The expression of polyglutamine-containing human huntingtin was driven by
the bipartite expression system upstream activator sequence (UAS)-GAL4 in
transgenic flies, so appropriate crosses were carried out in order to obtain
desired genotypes (figure 17) [117].
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Figure 17. A schematic representation of the GAL4/upstream activation sequence
(UAS) bitransgenic system. This system allows one to “humanize” Drosophila by
expressing human Htt constructs. By crossing transgenic yeast GAL4 transcription
activator flies with flies carrying UAS sites controlling Htt expression, progeny
possessing both transgenes are obtained.

Adapted from: Mason R.P., C. Modeling Huntington Disease in Yeast and Invertebrates. [125]

7.6.2 Mildronate and its structurally related compounds on
neuronal deficits in the HD Drosophila model

Overexpression of human mHtt in the fly stock elav-HTT.128Q.FL used in
this study lead to the onset of neurological deficits in these organisms. In
particular, they exhibit motor deficits in the climbing behavior (negative
geotaxis).

Flies have a natural tendency to move against gravity when agitated: the
negative geotaxis climbing reflex [126].

Climbing behavioral assay takes advantages of this feature in order to study
genes or conditions that may hinder locomotor capacities.

Therefore, in order to examine the motor deficits correlated to overexpression
of human Htt in these flies, we carried out climbing assay that allowed us to

evaluate the negative geotaxis climbing reflex of Drosophila grown on food
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supplemented with the compounds and comparing their performance to those
of flies grown on food devoid of compounds.

The motor function was assessed by their ability to climb up: we scored the
number of flies crossing the 10 cm mark in 10 seconds in each group.
Mildronate and compounds 4k, 41, 4m and 4v were dissolved in water and
absorbed on Adult Food (AF) at 50 uM while normal AF food devoid of
compounds was used for the control.

The motor function was assessed by their ability to climb up: we scored the

number of flies crossing the 10 cm mark in 10 seconds in each group (fig. 18).

Figure 18. Exemplification of climbing assay.
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The number of flies per group that passed the 10-cm mark was recorded as a
percentage of total flies.

The test was repeated 3 times for each compound at the specified age.
Mildronate and compounds 4k, 4l, 4m and 4v were dissolved in water and
absorbed on Adult Food (AF) at 50 uM concentration while normal AF food
devoid of compounds was used for the control.

As reported in figure 19 mildronate and 4v treated flies showed a delay in
climbing disability onset, from day 14 to day 16, compared to untreated
control.

Compounds 4k and 41, as well as mildronate, postponed climbing disability
onset, but, in addition, they also led to a considerable rescue in percentage of
flies able to cross 10 cm, compared to untreated flies. This rescue was evident
in the first half of the treatment, at day 4, 6 and 8.

Finally, 4m treated flies had a climbing behavior comparable to untreated flies.
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Figure 19. Climbing assay in fly stock elav-HTT.128Q.FL in presence of 50uM
mildronate, 4k, 41, 4m and 4v. Data were represented graphically as an average pass
rate per group with the standard error of mean (SEM), n=50. Statistical significance:
** n<0.01, ***p<0.005 versus control.

Except the 4m compound, the other tested compounds showed a rescue of
motor deficits in the flies model: they partially corrected impaired climbing

behavior arising from overexpression of human mHitt.
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7.7 Caenorhabditis elegans HD strain

The ease by which C. elegans can be grown and maintained in a laboratory
makes it extremely attractive as a model organism. Its short generation time
and small size, together with the capacity to grow on agar plates seeded with
E. coli, makes this organism ideal for high-throughput experiments. The
transparency inherent to worms throughout their life span allows metabolic
processes to be viewed in real time with the use of fluorescent markers. The
simple nervous system of C. elegans, consisting of 302 neurons, provides a

means of analyzing the underlying behavior of the neural circuitry (figure 20).
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Figure 20. C. elegans nervous system possesses a simple nervous system comprising
302 sensory, motor, and interneurons. The entire nervous system consists of the nerve
ring and two parallel nerve cords (dorsal and ventral). The majority of the neuron cell
bodies are located in the head, forming large ganglia or the “brain” of the worm. Four
sensory neurons are highlighted in the diagram: the ASH, ASI, PHA, and PHB
neurons.

Source: Mason R.P., C. Modeling Huntington Disease in Yeast and Invertebrates

C. elegans is the only organism to have its entire nervous system mapped, a
task facilitated by the simplicity of the synaptic connectivity [127]

Because of the lack of an Htt orthologue in C. elegans, HD has been studied
using transgenic strains expressing portions of the human gene.

C. elegans strain we used in our analisys is Pmec—3htt57Q128::GFP. In this
strain Parker and his group expressed the first 57 aminoacids of human Htt
expanded polyQ fused to a fluorescent protein marker in touch receptor

neurons by using the mec-3 promoter (Pmec-3) [127].
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7.7.1 Mildronate and its structurally related compounds on
neuronal deficits in the HD C.elegans model

Increased polyQ expansion in these animals led to a significant
mechanosensory defective (Mec) phenotype: nematodes fail to respond to a
light touch at the tail.

To test whether mildronate and selected compounds were able to rescue this
neurological deficit, we used mechanosensory behavioral assays.

This is the most generally used method to test C. elegans gentle touch
sensitivity. It consists of stroking the animals with an eyebrow five times at
the head (just behind the pharynx), for the anterior touch response, and five
times at the tail (just before the anus), for the posterior touch response. The
responses were scored for every animal separately at both, anterior and
posterior touch: for example, if animal responds 6 times out of 10 following
anterior touch, this results is given as 60% of anterior responsiveness.

In figure 21 we reported the percentage of mechanosensory defective in
Pmec—3htt57Q128::GFP nematodes following 72h incubation with mildronate,
compounds 4k, 41, 4m and 4v 10 uM (dissolved in water and absorbed on NG
agar). All tested compounds significantly rescued the neuronal dysfunction
induced by 128Q in anterior responsiveness compared to Pmec—
3htt57Q128::GFP nematodes untreated. On contrary, posterior responsiveness
seems not to be affected by incubation with compounds.
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Figure 21. Mechanosensory behavioral assay on Pmec-3htt57Q128::GFP
nematodes following 72h incubation with mildronate, compounds 4k, 4l, 4m and 4v
10uM. Data were represented graphically as average of the percentage of
mechanosensory defective in anterior and posterior touch response per group with
the standard error of mean (SEM), n=50. Statistical significance: ** p<0.01 versus
control untreated.
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8. Discussion

HD shares many pathological features with other neurodegenerative diseases
that are caused by protein misfolding. These pathological features include age-
dependent accumulation of misfolded proteins and selective degeneration of
neuronal cells. Since HD is a monogenetic disorder caused by polyQ
expansion in Htt, it provides an ideal model for us to find therapeutics for
neurodegenerative diseases. However, there is still lack of effective treatments
for HD, despite large efforts being made to identify its therapeutics.

Recently, it has been suggested that mHtt may impair neuronal mitochondrial
dynamics and quality control by several mechanisms. Mitochondrial
biogenesis may be decreased through reduced PGC-1a expression, coupled
with impaired protein import attributed to mHtt interaction with TIM23.
Reduced expression of fusion proteins and increased expression/activity of
fission-associated Drpl are associated with excessive mitochondrial fission in
the HD striatum. These cumulative effects of mHtt on mitochondrial dynamics
and biogenesis are predictably detrimental to mitochondrial bioenergetics and
quality control, and are likely to impact neuronal homeostasis, given the high-
energy requirements, postmitotic nature, and polarized morphology of the
neuron.

Pharmacological strategies that modulate mitochondrial function have been
showing promising results in several HD models. Approaches to upregulate
the PGC-1a pathway (e.g. PPAR agonists) were neuroprotective in cellular
and mouse models of HD [69], and pharmacological inhibition of
mitochondrial fission with P110 prevented striatal neuronal loss and reduced
mortality of R6/2 HD mice [69].

Another study reported the beneficial effects of Mdivil, a cell-permeable
selective mitochondrial fission inhibitor that arrests GTPase Drpl activity by

blocking the self-assembly of Drpl, resulting in a reversible formation of
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elongated and tubular mitochondria. Mdivil-treated HD striatal cells showed
restored mitochondrial dynamics and function through down-regulation of
fission genes and increased expression of fusion and synaptic genes [90].
Mildronate has been found to have protective effects on a wide range of
neuropathological events [102]. Indeed, mildronate has demonstrated
protective effect on (a) stress- and haloperidol-induced impairment in memory
in rats [128], (b) brain damage by anoxia-reoxygenation and (c) loss of
learning/memory in trained rats.

Several studies investigated the mechanisms of mildronate neuroprotective
action. Acute mildronate administration was shown to modulate nitric oxide
and adrenergic signalling [129]. In a rat model of Parkinson's disease,
mildronate treatment prevented 6-hydroxydopamine-induced alterations of the
neuronal-glial pathways [105]. In addition, a recent study suggested that the
cholinergic and glutamatergic pathways are involved in mildronate action
[110].

Interestingly, in the current study we found that mildronate can effectively
improve motor function of Drosophila and C.elegans. This improvement is
evident by the significant increase in performance on the behavioral assays
after mildronate treatment.

In an effort to increase the activity of mildronate on HD, we have designed,
synthesized, and characterized 22 mildronate structurally related compounds,
among which 4 of these display superior ability to reduce pathological
biomarkers of HD as well as ameliorate mitochondrial dysfunction of HD in in
vitro and in vivo assays in comparison to mildronate.

In particular, compounds 4k, 4l, 4m and 4v decrease the level of HD
aggregates in transfected cells more significantly than mildronate, without
affecting the level of transfected normal Htt. Furthermore, Western blotting
indicates that the same compounds do not influence the expression of mutant

Htt, though they can reduce the formation of Htt aggregates in the HD cells.
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The present study supports the hypothesis that the decrease of mutant Htt
accumulation may be mediated by the ability of mildronate to activate the
PPAR-o/PGC1-a signaling pathway [110, 128]

Indeed quantitative Real-Time PCR analysis revealed that Pgc-/a mRNA
expression was significantly upregulated in transfected cells treated with
mildronate and selected compounds, compared to untreated cells. Particularly,
compounds 4k and 41 showed an activity higher than mildronate.

Several studies have indicated that PGC1-a is able to promote clearance of Htt
protein aggregates and rescue Htt neurotoxicity by the induction of
transcription factor EB (TFEB), a master regulator of the autophagy-lysosome
pathway.

This therapeutic effect is different from the previous findings for other
therapeutics, which rely on improving transcriptional function [130] metabolic
function [131], neurotrophic factor signaling pathways [132], mutant Htt
conformation, and its interactions with other proteins [133, 134].

Finally, the compound 4k and 4l have shown the ability to significantly
decrease the mitochondrial fragmentation. Though the mechanisms underlying
the abnormal mitochondrial fragmentation in HD neurons are not yet
completely understood, perturbation in mitochondrial dynamics, particularly
those affecting the control of the complementary processes of fission and
fusion, may increase neuronal susceptibility to brain injuries and contribute to
the onset and progression of distinct neurodegenerative disorders [135]. Thus,
correcting mitochondrial fragmentation, it was shown to reduce motor deficits,
neuropathology, and mortality in HD animals [89].

Although our findings demonstrate that mildronate structurally related
compounds reduce mutant Htt accumulation, abnormal mitochondrial
dynamics and the associated neurological phenotypes in HD animal models, it
remains to be investigated whether they can be wused in other

neurodegenerative diseases. Such investigation would require more in-depth
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studies with sophisticated tools that can explore whether these compounds can
affect the expression of other misfolded proteins.

In fact, the increased autophagic function by mildronate structurally related
compounds could be beneficial for other pathological conditions in which the
accumulation of misfolded proteins leads to neurodegeneration. Consistent
with this idea, mildronate has been found to reduce the neuropathology in AD
transgenic mice. It is also known that the accumulation of toxic forms of
peptides and misfolded proteins can lead to a variety of pathological events
such as inflammation and altered cellular signaling [136], which could allow
the use of our mildronate structurally related compounds on a variety of

pathological events.
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