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Alemana, Universidad del Desarrollo, Santiago, Chile

Neurological motor disorders (NMDs) such as Parkinson’s disease and
Huntington's disease are characterized by the accumulation and aggregation
of misfolded proteins that trigger cell death of specific neuronal populations
in the central nervous system. Differential neuronal loss initiates the impaired
motor control and cognitive function in the affected patients. Although major
advances have been carried out to understand the molecular basis of these
diseases, to date there are no treatments that can prevent, cure, or significantly
delay the progression of the disease. In this context, strategies such as
gene editing, cellular therapy, among others, have gained attention as they
effectively reduce the load of toxic protein aggregates in different models of
neurodegeneration. Nevertheless, these strategies are expensive and difficult
to deliver into the patients’ nervous system. Thus, small molecules and
natural products that reduce protein aggregation levels are highly sought after.
Numerous drug discovery efforts have analyzed large libraries of synthetic
compounds for the treatment of different NMDs, with a few candidates
reaching clinical trials. Moreover, the recognition of new druggable targets
for NMDs has allowed the discovery of new small molecules that have
demonstrated their efficacy in pre-clinical studies. It is also important to
recognize the contribution of natural products to the discovery of new
candidates that can prevent or cure NMDs. Additionally, the repurposing of
drugs for the treatment of NMDs has gained huge attention as they have
already been through clinical trials confirming their safety in humans, which
can accelerate the development of new treatment. In this review, we will
focus on the new advances in the discovery of small molecules for the
treatment of Parkinson’s and Huntington'’s disease. We will begin by discussing
the available pharmacological treatments to modulate the progression of
neurodegeneration and to alleviate the motor symptoms in these diseases.
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Then, we will analyze those small molecules that have reached or are currently
under clinical trials, including natural products and repurposed drugs.
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Parkinson’s disease, Huntington's disease, drug repurposing, pharmacological
therapy, small molecules, natural products

1. Introduction

As life expectancy has increased substantially during the past
decades, the global prevalence of neurodegenerative disease has
grown rapidly, as aging is one of the main factors involved in
neurodegeneration (Hou et al., 2019; Azam et al., 2021). Among
the wide range of neurodegenerative diseases, neurological
motor disorders (NMDs) such as Parkinson’s disease (PD) and
Huntington’s disease (HD) have increased their prevalence,
having a negative impact on public health as the associated
financial burden will continue to increase (Ou et al., 2021).
Moreover, NMDs and other neurodegenerative diseases are not
only a freight for the patients and public health systems, but
also negatively impact the quality of life of caregivers, which
are usually patient’s family members (Achenbach and Saft, 2021;
Rosqvist et al., 2022).

Even though patients from each NMD develop specific
combination of motor symptoms, there are some common
pathophysiological mechanisms in the development and
progression of these diseases. The motor symptoms described
in PD are triggered by the neurodegeneration of dopaminergic
neurons, partly due to an accumulation of intraneuronal
abnormal alpha-synuclein (a-syn) protein aggregates (Jankovic
and Tan, 2020). The loss of dopaminergic neurons causes the
decrease of an essential neurotransmitter: dopamine. Dopamine
is produced in different areas of the nervous system, especially
in the Substantia Nigra Pars Compacta (SNpc), and it is involved
in multiple brain functions, such as behavior, cognition, motor
activity, motivation, and reward (Schapira et al., 2017; Jankovic
and Tan, 2020). Dopamine deficiency leads to a dysfunction of
motor coordination in PD patients, among other problems.

On the other hand, Huntington’s disease (HD) is an
autosomal-dominant inherited neurological disorder caused by
an unstable trinucleotide CAG repeat expansion at the N-
terminus of the IT-15 gene, encoding the ~350 kDa huntingtin
protein (Htt) (Jimenez-Sanchez et al, 2017; Tabrizi et al,
2020). This mutation causes Htt to contain an abnormally long
polyglutamine (polyQ) tract, which confers Htt toxic properties
(Tabrizi et al., 2020). HD prevalence was estimated at 2.7
per 100,000 inhabitants, with differences between regions of
the world (McColgan and Tabrizi, 2018). A higher prevalence
rate of HD has been reported in populations of Caucasian
origin, not registering a difference between men and women
(McColgan and Tabrizi, 2018). The clinical manifestation of HD
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is characterized by the loss of motor functions in the initial
stages of the disease. Motor dysfunction continues throughout
the progression of the disease, to what is added the appearance of
psychiatric disorders and dementia (Tabrizi et al., 2020). Patients
follow a relentless course of cognitive and motor impairment,
which ultimately leads to death between 12 and 15 years
from the onset of the symptoms (Tabrizi et al., 2020). Recent
evidence indicates that mutant huntingtin (mHtt) aggregation
in susceptible neurons may be responsible for the onset and
progression of HD phenotypes, and death of affected neurons
are associated with the accumulation of mutant proteins in
insoluble aggregates (Tabrizi et al., 2020).

Despite numerous efforts being made to better understand
the cellular mechanisms underlying the development of
these disorders, to date there are no treatments that can
prevent, cure, or significantly delay the progression of the
disease (Troncoso-Escudero et al, 2020). Moreover, the
current pharmacological strategies are only palliative and
do not slow down or reverse the progression of the
disease. As an example, pharmacological approaches for PD
treatment aim to correct the loss of the fine motor control
using drugs that (I) increase dopamine availability with
dopamine precursors (Levodopa) or dopaminergic agonists
(Pramipexole), and that (2) inhibit dopamine degradation
by the monoamine-oxidase (Selegeline and Rasagiline) or
catechol-o-metyltransferase (Entocapone and Tolcapone) (Van
der Schyf, 2015; Carrera and Cacabelos, 2019). The chronic
administration of antiparkinsonian drugs results in a “wearing-
off phenomenon,” which produces additional psychomotor and
autonomic complications, like dyskinesia (Ammal Kaidery et al.,
2013; Cacabelos, 2017). Moreover, L-dopa pharmacokinetics are
unpredictable and commonly lead to increased administration,
complex regimens, and poor patient compliance. Nevertheless,
L-dopa treatment remains as the gold standard treatment for
movement disorder in PD patients (Oertel and Schulz, 2016; Fox
etal., 2018).

For HD, only one approved pharmacological therapy
for the treatment of motor symptoms has been approved:
tetrabenazine (Yero and Rey, 2008). This is a small molecule
that reduces dopamine neurotransmission via its depletion from
presynaptic vesicles by inhibition of the vesicular monoamine
transporter 2 (VMAT-2) (Yero and Rey, 2008). Tetrabenazine
treatment results in a reduction of the chorea symptom in HD
patients (Rodrigues and Wild, 2020). Nevertheless, sedation,
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anxiety, depression, and suicidality, have been observed as side
effects of its administrations, and its use is limited in HD patients
(Group et al., 2016; Rodrigues and Wild, 2020). On 2017,
the FDA approved a deuterated derivative of tetrabenazine,
deutetrabenazine, which has an improved pharmacokinetic
profile that enables a less frequent daily dosage with comparable
systemic exposure of the drug. The improved pharmacokinetics
results in a better safety profile of the drug (Group et al., 2016).
Given that the current FDA-approved drugs for the
treatment of PD and HD have several drawbacks, different
therapeutic alternatives have been explored for the development
of new treatments. In this context, novel therapeutic strategies
such as cellular replacement therapies and gene editing,
among others, have gained attention as they have shown
to effectively reduce the load of toxic protein aggregates in
different models of neurodegeneration, and thus, hold the
potential to have disease modifying effects (Troncoso-Escudero
et al., 2020). Cellular replacement therapies were among the
first treatments used for PD and HD, which looked to restore
the neuronal populations lost in the brain of the affected
patients. Despite some functional recovery being observed
in treated patients, important religious and ethical concerns
regarding the use of fetuses arose (Troncoso-Escudero et al.,
2020). Because of this, strategies to obtain dopaminergic or
GABAergic neurons from embryonic stem cells and induced
pluripotent stem cells emerged, with promising results in
animal models of PD and HD (Troncoso-Escudero et al,
2020). Interestingly, an ongoing clinical trial will evaluate if
dopamine progenitor cells derived from pluripotent stem cells
injected into the putamen of 10 PD patients is safe and well
tolerable, and if patients present potential side effects (NCT:
04802733). In addition to cell replacement, other strategies
have looked to correct the mutated genes found in PD and
HD patients. Several gene silencing/editing technologies have
been applied for this, such as RNA interference, antisense
oligonucleotides and CRISPR/cas9. Many clinical trials using
gene therapy for PD have been completed, showing modest
improvements in motor function (Troncoso-Escudero et al,
2020). Two promising clinical trials were evaluating the use
of antisense oligonucleotides to reduce the levels of HTT
(IONIS-HTTRx; NCT03342053, NCT03761849) and mHTT
(PRECISION HD1/2; NCT03225833, NCT03225846)
in the of HD patients. both
studies have been terminated due to lack of efficacy of

brains Unfortunately,
the treatments.

Considering all the above, the lack of consistent and
clinically relevant results for gene and cellular therapy, together
with the cost and difficulties for delivery, highlights the urgent
need to investigate other therapeutic approaches. In this critical
context and considering the numerous efforts that have helped
to define and/or re-define the pathophysiological mechanisms
underlying NMDs, there is an interesting avenue for the rational
design and development of new small molecules that target

Frontiersin Neuroscience

03

10.3389/fnins.2022.1084493

those mechanisms to halt and/or revert the progression of
NMDs. Moreover, we can also explore the chemical space
of natural products to discover new therapies for NMDs, an
strategy that is supported by several epidemiological studies
(Sanadgol et al., 2017; Polito et al, 2018; Rahman et al.,
2021; Uddin et al, 2021) and the ceaseless relevance of
natural products as drug leads (Newman and Cragg, 2020).
Furthermore, “old drugs” can still be useful in drug discovery
efforts through drug repurposing, as these compounds have
already been proved safe and thus, the development costs
would be potentially lower, and the development timelines
should be shorter (Pushpakom et al., 2019). In this review, we
discuss recent advances in the discovery of new small molecules,
natural products or natural extracts, and drug repurposing
for the treatment NMDs. Given the extensive amount of
literature regarding small molecules under investigation for the
treatment of NMDs (Elkouzi et al., 2019; Dash et al., 2021;
Devadiga and Bharate, 2022; Liu et al., 2022), this review focuses
primarily on those strategies that have reached clinical trials
and thus, have potential to reach approval for the treatment
of NMDs.

2. Synthetic small molecules for PD
and HD

In this section, we will focus on those synthetic
small that
the treatment of PD and HD. Nevertheless,
considered synthetic small molecules that are still under

molecules have reached clinical trials for

we also

pre-clinical investigation given that they represent novel
and promising strategies for the treatment of PD and HD
(Figure 1A).

2.1. Synthetic small molecules for PD
treatment

2.1.1. Synthetic small molecules that modulate
protein aggregation levels

Although several strategies have been explored for PD
treatment (Troncoso-Escudero et al., 2020), the identification
of a-syn accumulation as one of the key pathological features
of this disease has led to the development of pharmacological
strategies that directly or indirectly target o-syn misfolded to
prevent its aggregation and all the toxic events associated to
aggregate formation (Savitt and Jankovic, 2019; Teil et al,
2020). One example of small molecules that directly modulates
protein aggregation is NPT200-11, a totally synthetic small
molecule derivative of NPT100-18A, a de novo synthetized
molecule modeled to target specific regions of the a-syn protein
that are key players in oligomer formation (Wrasidlo et al.,
2016). Although treatment with NPT100-18A showed the effect
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A. Syntetic small molecules B. Natural sources

oxygen species (ROS) production.

C. Repropusing drugs

BIA6-512 Ambroxol
NPT200-11 EGCG Clenbuterol
Cu () ATSM Salbutamol
1ZD174 BIA6-512
EGCG
IRX4204
BRF110
IRL790
NYX-458 Nabilone
Isradipine
Deferiprone
FIGURE 1

Targets of small molecules in neurodegenerative motor disorders. Synthetic small molecules (A), small molecules from natural sources (B) or
Repurposing FDA-approved drugs (C) used to alleviate clinical symptoms of Parkinson's disease (blue box) or Huntington'’s disease (orange box).
These molecules participate in modified specific cellular pathways related to alleviating or delaying the neurodegenerative process, as protein
aggregation, inflammatory response (inflammosome), cellular differentiation, G protein coupled receptor, calcium channel activity or reactive
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of decreasing the a-syn accumulation in vitro and in vivo
models of PD (Wrasidlo et al., 2016), its poor bioavailability
led to the later development of NPT200-11, which retained its
effects over a-syn aggregation with improved physicochemical
and pharmacokinetic properties (Price et al., 2018). Recently,
oral treatment with NPT200-11 showed the ability to reach
the brain and to exert positive effects over neuropathological
and behavioral endpoints related to its ability to reduce o-
syn aggregation in a transgenic mouse model of PD (Price
2018). The safety and tolerability of NPT200-11 have
already been analyzed in a clinical trial where the drug was
administered to healthy subjects (NCT02606682, Table 1), but
its safety and efficacy in PD patients remains to be elucidated.
Interestingly, UCB0599, the R-enantiomer of NPT200-11, has
shown an acceptable safety and tolerability profile (Smit et al.,

et al.,

2022) and is currently under a phase 2 clinical trial to determine
its effects over clinical symptoms of PD (NCT04658186,
Table 1).
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2.1.2. Synthetic small molecules modulating
other cellular pathways
2.1.2.1. NLRP3 inhibitors

The recognition of the role in the loss of dopaminergic
neurons of the activation of the NLR family pyrin domain
containing 3 (NLRP3) inflammasome by a-syn aggregates in
PD pathology accounts for another pharmacological target that
can be exploited for PD treatment (Gordon et al., 2018; Wang
et al., 2019; Haque et al., 2020). The NLRP3 inflammasome is
a key component of the innate immune system involved in the
activation of caspase-1 and the secretion of pro-inflammatory
cytokines such as IL-lbeta and IL-18 (Kelley et al, 2019)
and, thus, it plays an important role in the pathogenesis
of inflammation-related diseases. Also, extracellular o-syn
acts as a pro-inflammatory molecule, which can trigger the
activation of NLRP3, contributing to the inflammatory state
in the PD brain (Otani and Shichita, 2020). In a proof-of-
concept experiment, the oral treatment with NLRP3 inhibitor
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TABLE 1 Description of synthetic small molecules used in Parkinson’s disease or Huntington'’s disease.

Clinical trials

Name Target Preclinical CT First Primary Population Stud Primary outcomes Results
models identifier purpose
(references)
NPT200- Specific regions of PD mice models NCT02606682 Phase 1 2015 Treatment | Healthy 55 Safety, as determined by the No study results
11 the a-syn protein (Rahman et al., subjects participants| number of participants with posted
2021) adverse events related to treatment,
the number of participants with
clinically significant changes in
blood pressure, heart rate and
respiration, the number of
participants with abnormal
laboratory values, the number of
participants with abnormal ECGs.
[Time frame: screening (28 days
prior to dosing) through Day 7]
UCB0599 R-enantiomer of NCT04658186 Phase 2 2020 Treatment | PD patients 450 Movement disorder society unified No study results
NPT200-11 participants|  Parkinson’s disease rating scale posted
(MDS-UPDRS) Parts I-I1I sum
score [Time frame: from baseline
up to 18 months]
MCC950 NLRP3 inhibitors PD mice models
(Sanadgol et al.,
2017)
1ZD174 NLRP3 inhibitors NCT04338997 Phase 1 2020 Basic PD patients 0 Concentration of IZD174 in No study results
science participants| plasma [time frame: pre-dose to 36 posted
hours post dose]. Plasma PK profile
following an intra-individual dose
escalation of IZD174

BRF110 Activate the PD mice models
NURRI1-RXR (Elkouzi et al.,
heterodimer 2019)

IRX4204 Activate the PD rats models NCT02438215 Phase 1 2015 Treatment | Early stage PD 15 The percent change from baseline No study results
NURRI-RXR (Dash et al., 2021) participants|  to end of dosing period (Day 30) of posted
heterodimer the striatal binding ratio (SBR).

[Time frame: 30 days]

Cu (II) Inhibit the PD mice models NCT03204929 Phase 1 2017 Treatment | Early 31 Recommended phase 2 dose as No study results

ATSM peroxynitrate- (Wrasidlo et al., idiopathic participants|  determined by the number of posted
induced a-syn 2016) Parkinson’s patients in each dose cohort with
aggregation Disease intolerance over up to 6 months

treatment. [Time frame: 6 months]
(Continued)
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TABLE 1 (Continued)

Clinical trials

Name Target Preclinical CT Primary Population Study Primary outcomes Results
models identifier purpose design
(references)

IRL790 Dopamine PD rats models NCT03368170 Phase 2 2017 Treatment | PD patients 75 The change from baseline to day 28 Analyze its safety
antagonist, (Smit et al., 2022) participants|  of treatment (Visit 4) in the sum of and tolerability in
antagonize the the items comprising the Unified PD patients and
D3/D2 receptors Dyskinesia Rating Scale (UDysRS). might have a

The Unified Dyskinesia Rating positive impact on
Scale (UDysRS) is administered to the quality of life of
assess dyskinesia. The scoring PD patients

range is 0-104, where higher score suffering of

means more dyskinesia. [Time dyskinesia and
frame: baseline and 4 weeks] psychosis

NYX-458 Modulator of the PD primates NCT04148391 Phase 2 2019 Treatment | PD patients 99 Change from baseline in physical No study results
NMDA receptor models (Wang with mild participants| examination [Time frame: subjects posted

etal, 2019) cognitive will be followed up to 14 days
impairment post-dose]
PBT2 Metal chelator HD mice models NCT01590888 Phase 2 2012 Treatment | Early to 109 Safety and tolerability of PBT2 in Treatment with
(Kelley et al., 2019) mid-stage HD participants|  patients with HD. As measured by PBT?2 also showed
the total number of participants in to improve the
each dose group who reported at cognitive

least one adverse events during the
study, [Time frame: baseline to 26
weeks]

performance of
treated patients, but
a larger study is
needed in order to
confirm its
beneficial effects in
HD patients

(Continued)

‘|e 19 elqiduely-za49d

£6¥7807 2202 SUlu}/68¢5°0T


https://doi.org/10.3389/fnins.2022.1084493
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

92UBIDSOIN3N Ul SI21U0IS

L0

BJo uisianuo.y

TABLE 1 (Continued)

Name

Target

Inhibitor of the
Sirtuin 1
deacetylase (SirT1)

Selisistat

Preclinical
models
(references)

HD mice models
(Decressac et al.,
2013)

CT
identifier

NCT01485965;
NCT01485952;
NCT01521585;
NCT01521832

Phase 1;
Phase 1;
Phase 2;
Phase 1

First
posted

2011;
2011;
2012;
2012

Primary Population

purpose

Treatment

Clinical trials
Study

HD patients

design

26
participants
55
participants;
144
participants
88
participants

Primary outcomes

To determine the effect of food on
the repeated dose
pharmacokinetics of SEN0014196
at 100 mg once daily in subjects
with Huntington’s disease [Time
frame: 14 days]; To determine the
change from baseline of a series of
pharmacodynamic markers in
peripheral blood mononuclear cells
[Time frame: baseline, day 7, day
14, follow-up]; Safety and
tolerability. Adverse event (AE)
reporting, 12-lead
electrocardiogram (ECG), vital
signs, physical examination
findings, and laboratory safety
tests. Suicide risk (Columbia
Suicide Severity Rating Scale,
C-SSRS) [Time frame: 12 weeks];
Safety and tolerability of ascending
single and multiple oral doses of
SEN0014196 in healthy male and
female subjects. Vital signs,
cardiovascular and neurological
function, laboratory safety
parameters. Type and frequency of
adverse events[Time frame: up to 7
days after single dose and up to 10
days following multiple dose]

Results

No study results
posted

Pridopidine Dopamine D2
receptor ligand

HD mice models
(Khan et al., 2018;
Waters et al., 2020)

NCT03019289

Phase 1

2017

Other

Healthy
subjects and
HD patients

23
participants

Sigma-1 receptor occupancy.
Receptor occupancy of pridopidine
to Sigma-1 receptors (SIR) in the
brain was assessed from Positron
Emission Tomography (PET)
imaging with
(S)-(-)-[18F]fluspidine [Time
frame: 2 hours after oral
administration of pridopidine]

Safety, tolerability
and efficacy as
already been tested,
but It’s properties as
a disease modifying
treatment for HD
remain to be

analyzed

(Continued)
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Name Target Preclinical CT First Primary Population Study Primary outcomes Results
models identifier posted  purpose
(references)
Pridopidine Dopamine D2 HD mice models NCT01306929; Phase 2 2011; Treatment | HD patients 134 Number of patients with at least Safety, tolerability
receptor ligand (Khan et al., 2018; NCT02006472 2013 participants; one adverse event [Time frame: and efficacy as a
Waters et al., 2020) 408 from signing of the informed symptomatic
participants|  consent through the end of the treatment of this
follow-up period, which was drug has already
defined as 30 days after the final been tested, but it’s
study visit in an individual patient, properties as a
an average of 2.8 years]; Change disease modifying
From Baseline in Unified treatment for HD
Huntington’s Disease Rating remain to be
Scale-Total Motor Score analyzed
(UHDRS-TMS) at Week 26. TMS
was defined as the sum of all
UHDRS motor domains ratings.
The motor section of the UHDRS
assesses motor features of
Huntington’s Disease (HD) with
standardized ratings of
oculo-motor function, dysarthria,
chorea, dystonia, gait, and postural
stability. Each of 15 assessments is
rated on a scale of 0 (normal) to 4
(marked impairment) for a TMS
range of 0-124. Negative change
from baseline values indicate
improvement [Time frame: 26
weeks].
Pridopidine Dopamine D2 HD mice models NCT00724048; Phase 3 2008 Treatment HD patients 227 Sum score of items 4-10 and 13-15 Safety, tolerability
receptor ligand (Khan et al., 2018; NCT00665223 participants;  of the UHDRS motor assessment. and efficacy as a
Waters et al., 2020) 437 The primary objective is to assess symptomatic
participants| the effects of ACR16 on voluntary treatment of this
motor function in HD patients, as drug has already

defined as the sum score of items
4-10 and 13-15 of the UHDRS
motor assessment (a modified
motor score in MS) at 26 weeks of
treatment [Time frame: 26 weeks];
The primary objective is to assess
the effects of ACR16 on voluntary
motor function in HD patients, as
defined as the sum score of items
4-10 and 13-15 of the UHDRS
motor assessment (a modified
motor score mMS) at 26 weeks of
treatment [Time frame: last
timepoint at which outcome is
assessed is after 26 weeks]

been tested, but it’s
properties as a
disease modifying
treatment for HD
remain to be
analyzed
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MCC950 was able protect dopaminergic neurons from o-syn
aggregates-induced activation of the inflammasome, improving
the motor performance in a preclinical mouse model of PD,
but due to patent problems MCC950 cannot be commercialized
(Gordon et al.,, 2018). IZD174 is a small molecule inhibitor
of NLRP3 that will be part of a phase 1 clinical trial with PD
patients that is currently recruiting subjects (NCT04338997,
Table 1) and which will evaluate its pharmacokinetics and
pharmacodynamics after oral treatment. Although targeting the
NLRP3 inflammasome seems like a promising strategy for PD
treatment, the lack of information on how the activation of
the NLRP3 inflammasome can directly affect the survival of
dopaminergic neurons has slowed down the progress in this
direction (Haque et al., 2020).

2.1.2.2. NURR1 activators

Another target with pharmacological potential for the
treatment of PD is the NURRI transcription factor. This
transcription factor is involved in the development and
differentiation of dopaminergic neurons in the midbrain and has
an important function in the continuing maintenance of these
types of cells under both physiological conditions and stress
(Decressac et al., 2013). NURR1 can form heterodimers with
the retinoid X receptor (RXR) and, consequently, RXR ligands
can modulate the functions of NURR1 (Wang et al., 2016).
BRF110 is a synthetic small molecule designed to specifically
activate the NURR1-RXR heterodimer, whose oral treatment
has shown to protect dopaminergic neurons from o-syn and
to restore dopamine synthesis in preclinical models of PD
(Spathis et al., 2017). Nevertheless, to our knowledge, no clinical
trials related to BRF110 have been posted to date. IRX4204
is another synthetic RXR ligand that can cross the BBB to
specifically activate the NURR1-RXR heterodimer (Wang et al.,
2016). The oral treatment with this drug significatively reduced
PD motor symptoms, restored the dopaminergic neuron loss,
and increased the expression of molecules related to dopamine
synthesis (Wang et al., 2016). A phase 1 clinical trial of IRX4204
in patients with early-stage PD has already been completed
(NCT02438215, Table 1), showed that the drug was safe and well
tolerated, but no changes in dopamine transporter binding was
observed (Sanders et al., 2016). Interestingly, patients presented
a trend toward improvement in motor symptoms, opening the
window for further analysis of IRX4204 (Sanders et al., 2016).

2.1.3. Other synthetic small molecules for PD
treatment

Cu (IT) ATSM is a cupper-containing radiolabeled imaging
agent that has shown to inhibit a-syn aggregation in vitro,
which mediated cell toxicity, and dopaminergic neuron loss in
preclinical models of PD (Hung et al., 2012). In a study aiming to
analyze other pathways involved in the neuroprotective activities
of Cu (II) ATSM, a RNAseq whole transcriptome sequencing
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approach was utilized to evaluate the changes in the SNpc upon
treatment with Cu (II) ATSM in a mouse model of PD (Cheng
et al., 2016). Results showed a set of genes related to brain and
cognitive development, neuroplasticity, regulation and cellular
response, whose expression was recovered upon oral treatment
with Cu (II) ATSM in PD animals (Cheng et al.,, 2016), thus
the beneficial effects of Cu (II) ATSM treatment are not only
related to its indirect effects over protein aggregation but might
also be related to its ability to restore gene expression. The
safety and tolerability of Cu (II) ATSM treatment in PD patients
has recently been analyzed in a multicenter phase 1 clinical
trial (NCT03204929, Table 1), although results haven’t been
posted yet.

Although it was not developed as a disease-modifying
treatment, IRL790 (Mesdopetam) is a novel compound that
has already been tested in clinical trials to analyze its safety
and tolerability in PD patients (Svenningsson et al, 2018)
and, recently, its efficacy in the treatment of PD-related
dyskinesia has also been evaluated (NCT03368170, Table 1).
IRL790 is a dopamine antagonist that was rationally developed
to antagonize the D3/D2 receptors (Waters et al., 2020). Upon
oral treatment, IRL790 was able to exert anti-dyskinesic and
anti-psychotic effects in preclinical models without having a
negative impact on the normal dopamine transmission and,
in consequence, in the normal motor function (Waters et al.,
2020). Hence, IRL790 treatment might have a positive impact
on the quality of life of PD patients suffering from dyskinesia
and psychosis.

NYX-458 is another example of a non-disease-modifier drug
being developed for the treatment of PD. Specifically, NYX-
458 is a modulator of the NMDA receptor that has shown the
effect of facilitating synaptic plasticity (Khan et al., 2018) and
chronic low-dose oral treatment with this drug resulted in an
improvement of the cognitive performance in a primate model
of PD (Barth et al., 2020). The safety and tolerability of NYX-
458 is being tested in a phase 2 clinical trial on PD patients with
mild cognitive impairment, where the drug’s effects on cognitive
performance are also being explored (NCT04148391, Table 1).
This clinical trial is expected to be completed by the end of 2022.

2.2. Synthetic small molecules for HD
treatment

2.2.1. Synthetic small molecules that modulate
protein aggregation levels

that mHTT
aggregation have also been under development for HD
treatment (Tabrizi et al.,, 2019). As in PD, the rationale behind
targeting mHTT aggregation is in line with its pathogenic role

Strategies directly or indirectly target

in the progression of the disease. PBT2 is an orally available
metal chelator with the ability to prevent protein aggregation
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TABLE 2 Description of small molecules from natural sources used in Parkinson’s disease or Huntington's disease.

Clinical trials

Name Composition Source  Target Preclinical CT Phase First Primary Population Study Primary
plants models identifier posted purpose design outcomes
(references)
Resveratrol | Polyphenolic Grapes Anti-oxidant, PD mice models NCT02336633 | Not 2015 Treatment | HD patients 102 Rate of caudate No study
compounds and anti- (Choudhary et al., Applicable participants | atrophy, results
blueberries inflammatory, 2013; Crichton Measurement of the posted
and anti- etal,, 2013; Maher, rate of caudate
aggregation. 2019; Reale et al., atrophy before and
Activation of 2020); HD mice after 1 year of
the ERK models (Pinto et al., treatment with
signaling 2015; Buhmann resveratrol in early
pathway etal, 2017, 2019) affected HD patients
using volumetric
MRI [Time frame: 1
year]
BIA6-512 Resveratrol Anti-oxidant, NCT03095105; Phase 1 2017 Treatment | PD patients 25 Cmax—the No study
derivative anti- NCT03093389; participants; | maximum observed results
inflammatory, NCT03091543 40 plasma posted
and anti- participants; | concentration (single
aggregation 20 dose) [Time Frame:
participants | Day 1: pre-dose 1,

and %, Y, %, 1, 1%,
2,3,4,6,8,12and
16 h post-dose];
Cmax—the
maximum plasma
concentration—first
dose (dose 1) [Time
Frame: Dose 1:
pre-dose and %, %,
%,1,1%,2,and 3
hours post-dose].
BIA 6-512
pharmacokinetic
parameters following
the first dose (Dose
1); Maximum
observed plasma
drug concentration
(Cmax) post-dose—
Levodopa [Time
frame: pre-dose, %,
¥%,1,1%,2,3,4,6,9,
12, 16 and 24 hours
post-dose].
Pharmacokinetic
parameters of
Levodopa following
oral administration
of single-doses of
Madopar® HBS 125
concomitantly with
placebo or BIA 6-512
25, 50, 100, and

200 mg

(Continued)
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TABLE 2 (Continued)

Clinical trials

Name Composition Source Preclinical CT Phase Primary Population Study Primary Results
plants models identifier purpose design outcomes
(references)
Green tea Polyphenolic PD mice models NCT00461942 | Phase 2 2007 Treatment | PD patients 480 Delay of progression No study
compounds (Petrussa et al., participants | of Motor results
2013) dysfunction posted
EGCG Flavonoid Green tea Anti-oxidant, PD mice models NCT01357681 | Phase 2 2011 Treatment | HD patents 54 Change of cognitive Effects on
anti- (Liu et al,, 2019); participants | functions cognitive
inflammatory, HD fly models (UHDRS-Cognition: function
and anti- (Cristino et al., composite score of of EGCG
aggregation. 2020; Morales and Stroop test, Verbal treatment
Activation of Jagerovic, 2020) fluency & Symbol for 1 year
the ERK Digit Modalities in
signaling Test) after 12 patients
pathway months in with HD
comparison to
baseline [Time
frame: month 0,
month 12]
Nabilone Phytocannabinoids | Cannabis Anti-oxidant PD mice and rats NCT03769896; Phase 2; 2018 Treatment | PD patients 48 Changes of Changes
sativa and CB2 models (Nagle etal, | NCT03773796| Phase 3 participants;  non-motor in motor
receptor 2006; Xu et al., 22 symptoms. changes and
agonist 2016; Di Meo et al., participants | in movement different
2020) disorders non-
society—unified motor
Parkinson’s disease symptoms
rating scale of PD
(MDS-UPDRS) part
I minimum points: 0,
maximum points:
52, higher score
values indicate a
worse outcome
[Time frame: from
baseline to 4 weeks
+ 2 days]; AEs in PD
patients taking
Nabilone, between V
1and V 3. Safety and
tolerability will be
evaluated with
reference to the
following: adverse
events (AE). [Time
frame: 6 months]
(Continued)
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associated with metal-mediated oxidative stress (Cherny et al.,
2012). The oral treatment with PBT2 has shown to reduce
neuronal damage, reverse motor dysfunction and extend

No study
results
posted

lifespan in preclinical models of HD which express polyQ

£ 8 .58 extended proteins that are able to form toxic aggregates (Cherny

7 2 g" § 5 s % g g —§ = et al,, 2012). The safety, tolerability, and efficacy of PBT2 has

bag) ,“é % £ S £ 3 g 53¢ % s already been tested in a phase 2 clinical trial including patients

e § E ceg % < i QE £ 8 g with early to mid-stage HD (NCT01590888, Table 1). The results

=3 5 g é é 2 é $5E E g g“‘g of this clinical trial showed that oral treatment with PBT2 is

” generally well tolerated and safe, as the incidence of serious

5, S adverse effects in all treated patients was low (Huntington Study

5 'g . § Group Reach2HD Investigators, 2015). Furthermore, treatment

SRS o with PBT2 also showed to improve the cognitive performance

@ 5 of treated patients, but a larger study is needed in order to

= & Z confirm its beneficial effects in HD patients (Huntington Study
E _§" § Group ReachZHD Investigators, 201?). N o

S a T Selisistat is a small molecule inhibitor of the Sirtuin 1

O N . deacetylase (SirT1), whose use as treatment has shown to protect

g g £ against mHTT toxicity in cellular and preclinical models of

T2 E HD (Smith et al, 2014). Its significant effects over mHTT

5 aggregation produced an improvement in the motor function

= %': _ and lifespan of treated animals (Smith et al, 2014). The

3 s effects of selisistat and other SirT1 inhibitors over protein

aggregation can be explained by the requirement of post-

9 ~ translational acetylation for the clearance of mHTT through the

§ é autophagy machinery (Jeong et al., 2009). Four clinical trials of

selisistat treatment in HD patients have already been performed

_E‘, g (NCT01485965; NCT01485952; NCT01521585; NCT01521832,

% é Table 1), from where its safety and tolerability have been

b g g confirmed (Stissmuth et al., 2015). Although selisistat treatment

did not show adverse effects on the motor and cognitive

performance of HD patients (Stissmuth et al., 2015), its efficacy
as a disease-modifying treatment of HD remains to be evaluated.

Preclinical
models
(references)
HD mice models
(Peball et al., 2019)

2.2.2. Synthetic small molecules modulating

2 other pathways

g % é As previously explained, the activation of NLRP3

|c:rs E é '31; inflammasome by o-syn aggregates has been related to
neuronal death in PD (Gordon et al.,, 2018; Wang et al., 2019;

8w 5 Haque et al.,, 2020). Recently, Paladino et al showed that the

§§ g expression of NLRP3 was significantly higher in R6/2 mice

wna O compared to control mice (Paldino et al., 2020). Moreover, oral

5 treatment of R6/2 animals with Olarapib, an FDA approved

= . drug commonly used for the treatment of ovarian cancer,

é ?;, 'g 0 significantly reduced the expression of NLRP3, the levels of

g g fg: % é; & neuroinflammation, and promoted neuroprotection in treated
£ ) £ 8 ! animals (Paldino et al., 2020). More recently, Chen et al. (2022),
5 - s showed that oral treatment with the highly selective NLRP3
~ g S -g inhibitor MCC950 suppressed NLRP3 inflammasome, reduced
E £ é g levels of pro-inflammatory cytokines and neuronal toxicity in
£ the R6/2 preclinical model and, more importantly, improved
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motor dysfunction and extended lifespan in treated animals
compared to non-treated mice.

Pridopidine is a dopamine D2 receptor ligand that upon
interaction destabilize the active conformation of the receptor
and, consequently, acts as a dopamine antagonist increasing
synthesis, release, and metabolism of dopamine in subcortical
areas (Waters et al., 2018). Preclinical data shows that treatment
with pridopidine has a higher affinity for the sigma 1
receptor, which is in the endoplasmic reticulum (ER), and
upon interaction with pridopidine promotes neuroprotection in
mouse primary cortical neurons and patient-derived induced
pluripotent stem cells (Eddings et al, 2019). Furthermore,
pridopidine treatment has also shown to improve behavioral
symptoms and reverse the changes in gene transcription related
to HD in a preclinical model of the disease (Garcia-Miralles
et al, 2017; Kusko et al, 2018). The safety, tolerability,
and efficacy as a symptomatic treatment of this drug has
already been tested in phase 1 (NCT03019289, Table 1),
phase 2 (NCT02006472, NCT01306929, Table 1) and phase 3
(NCT00724048, NCT00665223, Table 1) clinical trials. These
studies demonstrated that 90 mg of pridopidine acts as selective
SIR ligand (Grachev et al, 2021) and that treatment of HD
patients with pridopidine results in significant reduction in
the decline in Total Functional Capacity, a scale used to
assess independence, perform domestic work, among other
tasks (McGarry et al., 2020a,b). Further studies are needed
to determine its properties as a disease modifying treatment
for HD.

3. Small molecules from natural
sources for PD and HD drug
discovery

Although it’s been a long time since the golden era of natural
products drug discovery, small molecules from natural sources
still play an important role in drug development (Newman and
Cragg, 2020). Among the most distributed molecules in the plant
kingdom are polyphenolic compounds, with more than 10,000
different molecules described to date (Figueira et al., 2017).
The consumption of phenolic-rich foods has been identified by
several epidemiologic studies as beneficial for cognitive function
(Commenges et al., 2000; Devore et al., 2010; Lefevre- Arbogast
et al,, 2018), although there have been some controversies
(Crichton et al., 2013; Reale et al., 2020). The accumulation of
evidence has led to the preclinical analysis of the potential role
of polyphenolic compounds in the prevention and treatment
of neurodegenerative diseases by different studies (revised in
Mabher, 2019). In this section we will focus on in vivo and
clinical evidence for the use of polyphenolic compounds and
polyphenolic-rich plant extracts for prevention or treatment of
PD and HD. The neuroprotective properties of other types of
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phytochemicals and plant extracts can be found in Figure 1B
(Choudhary et al., 2013; Zhang et al., 2017; Javed et al., 2018).

3.1. Polyphenolic compounds in PD

3.1.1. Resveratrol
Previous the

neuroprotective capacity of polyphenolic compounds, showing

reviews  have  analyzed potential
that these types of compounds could be acting through
their antioxidant, anti-inflammatory, and anti-aggregation
activities (Zhang et al., 2017; Javed et al, 2018; Kujawska
and Jodynis-Liebert, 2018; Maher, 2019). One of the most
studied polyphenolic compounds is resveratrol. Resveratrol
is a stilbene most notably found in grapes and blueberries,
whose antioxidant and anti-inflammatory activities have been
extensively studied (revised in Diaz-Gerevini et al, 2016;
Repossi et al., 2020). Its neuroprotective properties have
also been analyzed and several mechanisms of action of this
molecule have been described (Bastianetto et al., 2015; Kou and
Chen, 2017; Gomes et al., 2018; Lin et al., 2018). In different
in vivo PD models, resveratrol has shown the ability to delay
the progression of the disease and improve motor function
through the rescue of dopaminergic neurons (Huang et al,
2019), induction of a-syn degradation by autophagy (Guo
et al,, 2016), inhibition of a-syn oligomerization and reduction
of neuroinflammation and oxidative stress (Zhang et al,
2018). Also, the concomitant use of resveratrol and L-dopa
in a mouse model of PD has been effective in reducing the
dopaminergic neuron loss and motor dysfunction, with the
advantage of a lower administration of L-dopa, and therefore,
less side effects manifestation (Liu et al., 2019). The potential
applications of resveratrol in the treatment of PD and other
diseases are limited by its poor solubility and extensive hepatic
metabolisms which lowers its bioavailability (Salehi et al., 2018;
Arbo et al., 2020). This issue has led to the development of
resveratrol derivatives with improved pharmacokinetics and
similar biological effects, whose potential uses in PD treatment
are reviewed in (Arbo et al., 2020). BIA6-512 is a resveratrol
derivative (trans-resveratrol) whose pharmacokinetics have
been analyzed in clinical trials as monotherapy (NCT03095105
and NCT03093389, Table 2) and in combination with L-dopa
(NCT03091543, Table 2), but no clinical trials studying the
efficacy of BIA6-512 treatment, alone or in combination, have
been performed to date.

3.1.2. Flavonoids

Flavonoids are one of the biggest family of polyphenolic
compounds found in plants with around 5000 molecules
described, classified by the degree of oxidation of their
central ring, their hydroxylation pattern, and the presence of
substitution in C3 (Petrussa et al., 2013; Maher, 2019). These
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compounds can be found in a variety of foods and food products
such as grapes, berries, tea and cocoa (Terahara, 2015) and
their neuroprotective effects have been extensively analyzed in
preclinical models (revised in Vauzour et al.,, 2008; Spencer,
2009; Vauzour, 2014; Flanagan et al., 2018; Gildawie et al,
2018; Bakoyiannis et al., 2019; Maher, 2019; Di Meo et al,
2020). Nevertheless, our search for clinical trials of flavonoids
related to PD revealed that not many of these plant metabolites
reach the clinical stage for the treatment of neurodegenerative
diseases. In this context, one clinical trial in phase 2 of green tea
polyphenols was found. In this clinical trial performed in China
(NCT00461942, Table 2), the safety and efficacy of the treatment
with a green tea extract was analyzed in PD patients not yet
taking prescribed PD-specific medications, but results are not
posted. The rationale behind the use of a green tea extract is
the presence of catechins, specifically EGCG (epigallocatechin-
3-gallate), a polyphenolic compound of the flavonoid family
(Nagle et al,, 2006). EGCG treatment has shown the ability
to inhibit a-syn in in vitro and human postmortem tissue
models of PD by directly interacting with specific amino
acid sequences in the protein and blocking aggregation-prone
regions by intermolecular hydrophobic interactions (Xu et al.,
2016). Furthermore, EGCG oral treatment rescued striatal
dopaminergic neurons by protecting them against oxidative
stress related to iron in a MPTP-induced PD mouse model
(Xu et al., 2016). EGCG treatment has also shown to modulate
autophagy and extend cell survival (Holczer et al., 2018), a
mechanism that could also be involved in its neuroprotective
properties of EGCG (Limanaqi et al., 2019). The effects of the
treatment with a standardized green tea extract have also been
analyzed in a preclinical model of PD (Pinto et al., 2015). In this
study, long-term treatment with green tea extract resulted in
positive effects on motor and behavioral performance of treated
animals with respect to control, and in a reversal of DA levels
in the striatum and protection against oxidative stress (Pinto
etal., 2015). More details on the neuroprotective mechanisms of
EGCG can be found elsewhere (Wang et al., 2022). Considering
the accumulated pre-clinical evidence, the disease-modifying
properties of EGCG should be further analyzed in clinical trials.

3.1.3. Cannabinoids

Cannabinoids are a class of secondary metabolites found
in Cannabis sativa, a plant whose leaves and flowers have been
used since ancient times for different purposes. Cannabidiol
(CBD) is the second most abundant component of the
plant, behind delta9-tetrahydrocannabinol (A°-THC). The
endocannabinoid system, mainly composed of CB1 and CB2
receptors, and their endogenous ligands, plays a key role in
the regulation of physiological processes and its alteration
has been observed in several pathological conditions, such as
movement disorders (Bilkei-Gorzo, 2012; Buhmann et al., 2017,
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2019). For this reason, many efforts to develop cannabinoid-
based therapeutics to target the endocannabinoid system for
the treatment of disease have been made, but these efforts
have been challenged by the complexity and promiscuity of
the cannabinoids actions (Morales and Jagerovic, 2020). In
the context of PD, the role of the endocannabinoid system
is still unclear (Cristino et al, 2020; Junior et al, 2020;
Morales and Jagerovic, 2020). Nevertheless, treatment with
different phytocannabinoids has shown neuroprotective effects
in preclinical animal models of PD (Garcia et al., 2011; Ojha
et al, 2016; Espadas et al., 2020). Moreover, Nabilone, a
synthetic analog of tetrahydrocannabinol, was included in 2
clinical trials (NCT03769896; NCT03773796, Table 2) to assess
its efficacy and safety for the treatment of non-motor symptoms
in patients with PD (Peball et al., 2019). Results from these
studies indicate that Nabilone treatment has beneficial effects
on sleep outcomes in PD patients that have been experiencing
sleep problems at baseline (Peball et al., 2022). Whether or
not phytocannabinoids or their synthetic derivatives can have a
significant impact on motor performance of PD patients remains
to be elucidated (Buhmann et al., 2017).

3.2. Polyphenolic compounds in HD

3.2.1. Resveratrol

Oral treatment with resveratrol extended lifespan in both
models and reversed motor impairment related to mHTT
expression in treated mice compared to control, effects that can
be explained by the activation of the ERK signaling pathway
(Maher et al.,, 2011). ERK signaling alterations have been related
to the development of movement disorders (Hutton et al,
2017) and, in turn, mHTT has shown to alter ERK signaling
in HD models (Apostol et al., 2006), which might explain the
neuroprotective effects of resveratrol treatment. Resveratrol has
also shown to protect against dopamine and mHTT toxicity
in a neuronal cell model of HD by preventing oxidative
stress and promoting autophagy-degradation of mHTT (Vidoni
et al., 2018). Also, resveratrol treatment has shown to improve
mitochondrial activity in a transgenic mouse model of HD,
an effect that correlated with a significant improvement in
motor function of treated animals compared to control (Naia
et al., 2017). The therapeutic potential of resveratrol was
analyzed in a clinical trial comprising 102 participants with
HD (NCT023366339, Table 2), where the primary output was to
assess the rate of caudate atrophy after 1 year of treatment. This
clinical trial was recently completed, but no results have been
posted yet.

3.2.2. EGCG
EGCG treatment inhibits early events of mHTT aggregation
in vitro, reduces the toxicity of mHTT in a yeast model of
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HD, and improves motor performance in a transgenic fly model
of HD (Ehrnhoefer et al., 2006). Also, treatment with a green
tea infusion has shown to modestly reduce neurodegeneration
related to mHTT aggregation in a fly model of HD (Varga
et al., 2020). A phase 2 multicenter clinical trial of EGCG,
denominated the ETON-Study (NCT01357681, Table 2), aimed
to analyze the effects on cognitive function of EGCG treatment
for 1 year in patients with HD and the safety and tolerability of
the treatment were also studied. This study was completed in
2015, but results were not posted.

3.2.3. Curcumin

Curcumin is one of the most active polyphenolic
compounds from Curcuma, has shown to possess anti-
oxidant and anti-inflammatory potential in the treatment of
several disorders including diabetes, cardiovascular, neurologic,
metabolic, inflammatory, and skin disorders, hepatotoxicity,
respiratory tract infections, and diseases of infectious origin
(Zhou et al., 2011; Khan et al., 2019). Curcumin treatment has
been analyzed in pre-clinical models of Alzheimer’s disease
(AD) and amyotrophic lateral sclerosis (ALS), which have
shown promising results (Chico et al., 2018; Voulgaropoulou
et al,, 2019; Mohseni et al., 2021; Lv et al., 2022). In these
studies, curcumin treatment has shown to inhibit protein
aggregation and decrease neuroinflammation, mechanisms that
could also be promissory for PD and HD treatment. Moreover,
curcumin treatment has also been analyzed in clinical trials
of AD and ALS (Ringman et al., 2012; Chico et al, 2018;
Voulgaropoulou et al., 2019; Mohseni et al.,, 2021; Lv et al.,
2022). Furthermore, a chronic administration of curcumin in
preclinical models of Huntington’s disease has been shown
to alleviate both the brain pathophysiology associated with
reduced levels of huntingtin protein aggregates and to alleviate
the motor symptoms described in R6/2 mice, along with
reduced inflammation and intestinal damage associated with
the progression of Huntington’s disease (Elifani et al., 2019).
Thus, curcumin treatment is a potential candidate for clinical
trials in PD and HD patients.

3.2.4. Cannabinoids

The evidence for the use of cannabinoids as treatment for
HD has been somewhat mixed given the high heterogeneity
of different motor and cognitive symptoms of HD patients.
Dronabinol is a synthetic form of delta-9-tetrahydrocannabinol
(A°-THC), the primary psychoactive component of cannabis.
This natural product is a partial agonist at Cannabinoid-
1 receptor (CBIR) and Cannabinoid-2 receptor (CB2R). In
a clinical trial (NCT01502046), treatment with dronabinol
showed beneficial symptomatic motor effects in HD patients
with dystonia as a primary motor syndrome (rigidity or muscle
contracture). It was also observed an improvement in weight and
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food intake in patients with more advanced disease stages, but
dronabinol treatment has failed to demonstrate positive effects
in the management of chorea (Saft et al., 2018).

4. Repurposing FDA-approved drugs
for PD and HD treatment

Considering that the translation from the accumulated
knowledge on human disease to successful therapeutics has
been slower than expected, repurposing drugs has become an
attractive strategy for the identification of new therapeutic uses
of already approved drugs (Oprea and Mestres, 2012; Chen et al.,
2019; Pushpakom et al., 2019; Roessler et al., 2021; Koponen
et al,, 2022). This has become especially important for those
diseases that, like neurodegenerative diseases, have an unmet
clinical need. The advantages of drug repurposing are diverse:
the failure risk is lower, the timeframe for development is
reduced, and less investment is needed, as the candidate drugs
have already been developed and their safety and tolerability
has been assessed in clinical trials (Pushpakom et al., 2019).
Drug repurposing strategies and examples of successful drug
repurposing can be revised on (Pushpakom et al., 2019). In
this section we will discuss examples of drugs that have been
repurposed or whose repurposing is being studied for the
treatment of PD and HD (Figure 1C).

4.1. Drug repurposing in PD

As mentioned before, the gold standard pharmacological
intervention for PD is L-dopa, a dopamine agonist, which
can be combined with MAO-B and COMT inhibitors to
improve its efficacy and lower its side effects. Since its discovery
and initial use for PD treatment, just a few drugs have
accomplished to be approved by the FDA, and most of them
share its mechanism of action. The imperative need to expand
the catalog of drugs available for patients has opened the
opportunity for the study of previous FDA-approved drugs.
This was the case back in the 1970s for amantadine, a NMDA
receptor antagonist drug that was originally developed as
an influenza prophylactic and later, after appropriate clinical
trials, repurposed as treatment for motor complications in PD
treatment (Athauda and Foltynie, 2018). Thereafter, several
drugs have been tested for its positive effects in PD patients.
Ambroxol is an expectorant drug that has been available
worldwide for more than 30 years. After a high-throughput
screen of an FDA-approved drugs library comprising 1,040
different compounds, ambroxol was identified and found to
be a pH-dependent, mixed-type inhibitor of glucocerebrosidase
(GCase), interacting with both active and non-active site
residues of GCase. Its inhibitory activity was maximal at
neutral pH in endoplasmic reticulum (ER), and the activity
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was undetectable at the acidic pH of lysosome (Maegawa
et al., 2009). Ambroxol acts as a pharmacological chaperone
with the ability to stabilize the GCase (Maegawa et al., 2009).
GCase has been identified as a potential pharmacological
target for the treatment of PD as mutations in its gene is
one of the strongest genetic factors for PD (Avenali et al,
2020), and thus, ambroxol properties have been analyzed
in different models of PD (Athauda and Foltynie, 2018). In
vivo data indicated that ambroxol could cross the blood-
brain barrier and reduce the levels of a-syn and p-a-syn in
brain mice (Migdalska-Richards et al., 2016). Also, ambroxol
treatment has recently demonstrated its safety and tolerability
in PD patients with and without GBAl gene mutations
(Mullin et al., 2020), and is currently under clinical trial to
demonstrate its disease-modifying properties in PD patients by
the evaluation of cognitive and motor test, also the detection
of neurodegeneration markers by MRI, the determination
of pharmacokinetics and pharmacodynamics of ambroxol in
plasma and the evaluation of GCase activity in lymphocytes
(Silveira et al., 2019) (NCT052875, Table 3).

An epidemiological study showed that long term treatment
with calcium channel blocker antihypertensives was related
with a lower risk of developing PD (Becker et al, 2008)
and, due to its affinity for calcium channels and brain
bioavailability, isradipine was considered as a promissory
candidate for PD treatment (Athauda and Foltynie, 2018).
The safety and tolerability of isradipine treatment have
already been analyzed in clinical trials (NCT00909545,
NCT00753636, Table 3) but recently, the STEADY-PD III
trial which studied the efficacy of isradipine treatment in
early PD, concluded that this intervention did not slow
the progression of the disease (NCT02168842, Table 3)
(Parkinson Study Group STEADY-PD III Investigators.,
2020).

Another drug that is being studied to be repurposed for
PD treatment is deferiprone, an iron chelator that can cross
the blood brain barrier (BBB) and remove the excess of iron
in the brain (Dexter et al., 2011; Martin-Bastida et al., 2017).
This drug was initially designed in the 1980s for the treatment
of iron overload related to blood transfusions (Hider and
Hoffbrand, 2018). More recently, it has been observed that
iron can accumulate in the brain during aging, mediating ROS
production and facilitating protein aggregation and neuronal
death (Guo and Scarlata, 2013; Joppe et al, 2019; Lévy
et al, 2019). Hence deferiprone might have effects over «-
syn aggregation. Furthermore, as iron is required for dopamine
synthesis, its concentrations are higher in substantia nigra
pars compacta (SNpc) dopaminergic neurons and, as these
neurons are more susceptible to the higher production of
ROS associated to aging (Choi et al., 2012; Trist et al., 2019),
the beneficial effects of deferiprone in the treatment of PD
might also be directly related to its iron chelation activity
(Devos et al., 2020). Thus, deferiprone treatment has been
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analyzed in order to assess its neuroprotective properties in
preclinical models of PD, observing that the subcutaneous
administration of deferiprone can rescue dopaminergic neuron
from degeneration (Dexter et al., 2011) and that its oral
administration can improve motor and cognitive performance
in treated animals, without having a significative effect over
a-syn aggregation (Carboni et al, 2017). Considering the
preclinical data, deferiprone treatment has also been analyzed
in clinical trials including PD patients. In a phase 2 clinical
trial (NCT02655315, Table 3), the short-term treatment with
deferiprone in patients with early-stage PD showed to be
safe, well tolerated, and able to reduce iron accumulation in
specific brain regions (Martin-Bastida et al., 2017). The evidence
accumulated through the years led to the development of a
large multicenter clinical trial which is currently evaluating the
disease-modifying properties of deferiprone on 372 subjects
(NCT02655315, Table 3). To date, no results regarding this trial
have been published.

An important line of investigation respecting drug
repurposing for PD is related to inhibiting or decreasing the
a-syn aggregation. In 2017, Mittal et al.,, uncovered a novel
function of a group of drugs previously approved by the FDA.
Under the premise of finding drugs that can reduce the levels
of the SNCA gene, and hence, the a-syn levels, a selective
B2-adrenoreceptor (B2AR) agonists reduced the expression
levels of SNCA (Mittal et al., 2017). The decrease in the
expression of SNCA and the a-syn levels using B2AR agonists
was confirmed using cell lines, primary neurons, and animal
models (Mittal et al., 2017). Interestingly, using mice treated
with MPTP, a chemical used to model PD, the investigators
found that treatment of these mice with clenbuterol, a B2AR
agonist, abrogated the neurodegeneration observed under
MPTP administration (Mittal et al., 2017). Moreover, these
findings were confirmed using iPSCs-derived neuronal cultures
from a PD patient (Mittal et al., 2017). Interestingly, the use
of salbutamol, a B2AR agonist and a drug typically prescribed
for asthma, was associated with a reduced risk of PD in the
Norwegian population (Mittal et al., 2017). The later finding
was also confirmed in a study using medical records of a large
Israeli cohort (Gronich et al., 2018). Salbutamol has also been
linked in the promotion of the expression of fibroblast growth
factor 20 (FGF20) in the striatum of naive rats (Fletcher et al.,
2019). FGF20 is a brain-specific factor that plays a crucial role
in the development, maintenance, and survival of dopaminergic
neurons. Interestingly, salbutamol increased dopaminergic
neuron survival in 6-OHDA-lesioned rats (Fletcher et al., 2019),
supporting the results of Mittal et al. (2017). Despite these
interesting results, other have found no association between
the use of P2AR agonists and PD risk (Searles Nielsen et al.,
2018), so further studies are needed to rather confirm or
disprove these findings. Moreover, to date no clinical trial for
the study of the association of salbutamol use and PD risk is
under way.
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TABLE 3 Description of repurposed FDA-approved drugs for Parkinson'’s disease of Huntington'’s disease.

Ambroxol

Chaperone that
stabilize the
glucocerebrosidase
(GCase) protein

Preclinical
models
(references)

PD mice and
nonhuman primate
models (Hutton
etal., 2017)

CT identifier

NCT05287503

Phase

Phase 2

First
posted

2022

Primary
purpose

Treatment

Clinical trials

Population

PD patients

60
participants

Primary outcomes

Change from baseline in Montreal
Cognitive Assessment score. This
30-point test investigates global
cognitive functions and it has been
recommended for the assessment
of Parkinson’s dementia. The lower
the score the worse the cognitive
functions [Time frame: baseline
and week 52]. Change from
baseline in conversion rate from
normal cognitive function (PD-N)
to mild cognitive impairment
(PD-MCI) and from PD-N or
PD-MCI to Parkinson-Dementia
(PD-D). Rate of conversion from
normal cognitive status to MCI or
from MCI to overt dementia over
the 52-week treatment period
[Time frame: baseline and week
52].

Results

No study
results
posted

(Continued)

‘|e 19 elqiduely-za49d

£6¥7807 2202 SUlu}/68¢5°0T


https://doi.org/10.3389/fnins.2022.1084493
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

92UBIDSOIN3N Ul SI21U0IS

8T

BJo uisianuo.y

TABLE 3 (Continued)

Name

Isradipine

Target

Calcium channel
blocker

Preclinical
models
(EEE )

PD mice models
(Hutton et al., 2017)

CT identifier

NCT00909545;
NCT00753636;
NCT02168842

Phase 2;
Phase 2;
Phase 3

First
posted

2009;
2008;
2014

Primary
purpose

Treatment

Clinical trials

Population

PD patients

Study
design

99
participants;
31
participants;
336
participants

outcomes

Tolerability of the three dosages (5,
10, and 20 mg) of Isradipine CR.
Tolerability will be judged by the
proportion of subjects enrolled in a
dosage group able to complete the
12 month study or to the time of
initiation of dopaminergic therapy
on their original assigned dosage.
Tolerability of each active arm will
be compared to placebo group
[Time frame: Baseline to 12
months or the time to require
dopaminergic therapyl;
Tolerability of isradipine based on
the number of participants that
complete the study [Time frame: 1
year]; adjusted mean change in
total unified Parkinson’s disease
rating scale (UPDRS) score.
Efficacy of isradipine to slow
progression of Parkinson’s disease
disability to be determined by the
change in the total (Part I-IIT)
UPDRS score in the active
treatment arm vs. placebo between
the baseline and 36 month visit.
The change of UPDRS ranges from
—30 to 80, larger value shows more
disability from PD [Time frame:
baseline to 36 months of
treatment]. Adjusted mean change
in adjusted UPDRS Score. Efficacy
of isradipine to slow progression of
Parkinson’s disease disability to be
determined by the change in the
adjusted UPDRS Score in the active
treatment arm vs. placebo between
the baseline and 36 month visit.
The change of adjusted UPDRS
ranges from—100 to 150, larger
value shows more disability from
PD [Time frame: baseline to 36
months of treatment]

Results

Safety,
tolerability
and efficacy
as already
been tested,
but its
properties
as a disease
modifying
treatment
for PD
remain to
be analyzed

(Continued)
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TABLE 3 (Continued)

Clinical trials

Name Target Preclinical CT identifier Phase First Primary Population Study Primary outcomes Results
models posted purpose design
(references)

Deferiprone | Iron chelator PD rats models NCT02655315 Phase 2 2016 Treatment PD patients 372 Global effect (symptomatic and No study
(Voulgaropoulou participants | disease modifying effects) on results
etal., 2019; motor and non motor handicap. posted
Koponen et al., The change in the total movement
2022) disorders society-unified Parkinson

disease rating scale score between
baseline and 36 weeks (i.e. the end
of the placebo-controlled phase for
analysis of both disease-modifying
and symptomatic effects) [Time
frame: at 36 weeks]

Clenbuterol | B2AR agonist PD mice models
(Chen et al., 2019)

Salbutamol | B2AR agonist PD rats models
(Athauda and
Foltynie, 2018)

Fenofibrate | Activation of HD mice models NCT03515213 Phase 2 2018 Treatment HD patients 20 Change in PGC-1alpha from No study
peroxisome (Becker et al., 2008) participants baseline to month 6. Change in results
proliferator- PGC-1alpha from baseline to posted
activated receptor-f month 6 [Time frame: baseline, 1,

(PPAR-B) 2, 3,4, 5, and 6 months]

KD3010 PPAR-5 agonist HD mice models
(Silveira et al., 2019)

Metformin Activation of HD mice models NCT04826692 Phase 3 2021 Treatment HD patients 60 Evaluate the effect of metformin on | No study

AMPK (Dexter et al., 2011; participants | the scores obtained in different results
Martin-Bastida cognitive subtests that make up the posted
etal, 2017; Hider unified Huntington’s disease rating
and Hoffbrand, scale [Time frame: baseline—week
2018) 52]
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4.2. Drug repurposing in HD

Several approved drugs have been analyzed for the treatment
of HD and some of them have been included in clinical trials, but
just a few currently remain under active development (Devadiga
and Bharate, 2022). Fenofibrate is an FDA-approved drug that is
commonly used for the treatment of severe hypertriglyceridemia
and mixed dyslipidemia. Fenofibrate can promote the activation
of peroxisome proliferator-activated receptor-a (PPAR-a), a
subtype of PPAR receptors expressed in brown adipose tissue,
liver, kidney, heart, skeletal muscle, CNS, and T-cells, that
acts as a lipid sensor performing essential metabolic functions
(McKeage and Keating, 2011; Bhateja et al., 2012; Dickey et al.,
2016). PPAR-a activation has been related to anti-inflammatory
and antioxidant effects, and thus, the neuroprotective effects of
PPAR-«a activators such as fenofibrate have been investigated
(Bordet et al., 2006; Bhateja et al., 2012). In this context, it
has been observed that the intraperitoneal administration of
fenofibrate significantly improved motor deficits and cognitive
function, reduced oxidative stress, and restored antioxidant
mechanisms in a pharmacologically-induced model of HD
(Bordet et al., 2006). A phase II clinical trial evaluating
the safety and efficacy of fenofibrate treatment was initiated
in 2017 and remains active (NCT03515213, Table 3). Results
were expected to be posted on august 2021 but, to date,
they have not been reported. It has also been reported that
HTT can directly interact with PPAR-§, the most abundant
PPAR in the CNS, altering its function as a transcriptional
factor and, thus, contributing to mitochondrial dysfunction
and neurotoxicity in pre-clinical models of HD (Dickey et al.,
2016). Furthermore, altering the activation of PPAR-3 through
the expression of a transgenic construct in mice induces HD-
like phenotypes, confirming the crucial role of this receptor in
maintaining neuronal health (Dickey et al., 2016). Consequently,
intraperitoneal administration of the selective and potent PPAR-
3 agonist KD3010 attenuated neurological dysfunction and
improved motor function in HD mice without any notable side
effects (Dickey et al., 2016). Thus, PPAR activators hold potential
for the development of new therapeutics for NMDs and other
neurological diseases either through repurposing or discovery of
new molecules.

Metformin is another FDA approved drug that is used
worldwide for the treatment of type 2 diabetes mellitus. In
2017, results from an observational study on HD revealed that
metformin intake is associated with a better cognitive function
in HD patients (Hervas et al., 2017). These observations were
in line with previous reports that indicated that metformin
treatment had protective effects in diverse pre-clinical models
of HD (Ma et al, 2007; Jin et al., 2016; Vazquez-Manrique
etal., 2016). The underlying mechanisms of the neuroprotective
effects of metformin in HD might be related to its effects
on the AMP-activated protein kinase (AMPK) but also other
mechanisms might be involved (Ma et al., 2007; Jin et al., 20165
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Vazquez-Manrique et al., 2016; Sanchis et al., 2019; Rio et al,,
2022). AMPK plays a key role in the response to metabolic
changes, targeting proteins in diverse catabolic pathways to
inactivate them and activating anabolic pathways to restore
homeostasis (Vazquez-Manrique et al., 2016). Using a transgenic
mouse model of HD, Ma et al. (2007) showed that the oral
administration of metformin was associated to a significant
increment in AMPK activation in the brain of treated animals
and this, in turn, was related to increased survival and decreased
hind limb clasping time in male mice, which is representative
of an improvement in disease progression compared to control.
Furthermore, it has been observed that AMPK activation by
metformin treatment protects against neuronal dysfunction
induced by overexpressing mHTT in Caenorhabditis elegans
and mice (Ma et al., 2007). Moreover, Sanchis et al. (2019)
demonstrated that metformin treatment reduced neuronal
toxicity and improved neuropsychiatric and motor behavior in
a transgenic mouse model of HD that overexpresses mHTT.
Importantly, they also observed that metformin could cross the
blood-brain barrier, reducing mHTT aggregation, preventing
inflammation, and decreasing the levels of PERK, a biomarker of
cellular stress (Sanchis et al., 2019). Other mechanisms involved
in the neuroprotective effects of metformin can be revised
elsewhere (Rio et al., 2022). Considering this evidence, a clinical
trial to analyze the safety and efficacy of metformin in adults with
HD was initiated by the end of 2021 (NCT04826692). Results
from this interventional study are expected to be posted by
august 2024.

5. Discussion

The most studied motor disorders are PD and HD.
These NMDs are characterized by different etiological factors,
differential vulnerability, the development of motor symptoms,
and specific clinical manifestations. Interestingly, the neuronal
circuits affected in these pathologies are common and thus,
this knowledge could drive the recognition of the potential
molecular pathways to develop future therapeutic treatments.
We explored this hypothesis in this review, and, through
extensive literature research, we noticed that common molecular
pathways came up as interesting targets to evaluate and develop
new small molecules that modulate specific molecular processes,
such as protein aggregation, inflammation, and G protein-
coupled receptor signaling. Nevertheless, current clinical trials
in NMDs have a high failure rate. This might be due to patients
presenting a high diversity in both genetic backgrounds and
exposure of patients to environmental factors, which might
influence the beginning of symptoms manifestation. For this
reason, it is necessary to search for new biomarkers that could
help us to discriminate between different subpopulations of
patients, to reach a more personalized and precise medicine.
This could allow for a better selection of participants included in
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clinical trials, considering the effect of the small molecules being
studied on specific molecular processes.

In the context of natural products, a limitation in the
development of these molecules as therapeutic agents for
PD, HD, and other diseases, appears to be their lack of
specificity. As stated before, compounds like resveratrol, EGCG
and curcumin have been extensively investigated and they are
normally recognized as hits in multiple assays. This has led
to the recognition of molecular targets for these compounds,
some of which have been discussed here. Compounds with
this promiscuous nature have been denominated Pan Assay
Interference compounds (PAINS) and are recognized as
undesirable compounds in drug discovery efforts (Baell and
Holloway, 2010; Baell, 2016). Some structural features on
different natural products have been identified as PAINS motifs,
like the catechol groups in EGCG and the quinone in the
oxidized form of resveratrol (Baell, 2016), which might explain
the diversity of mechanisms related to their pharmacological
effects. Furthermore, although natural products are considered
safe for consuming, these molecules can produce adverse effects
by, for example, pharmacological interactions with other drugs
(Wang et al., 2020). Despite these limitations, natural products
are still a valuable starting point for drug development, as they
can be used as scaffolds for the rational design of new drugs
with the aid of high-content screening and computational tools
(Kurita et al., 2015; Rodrigues et al., 2016; Davison and Brimble,
2019).

An important limitation for small molecules, either synthetic
or from natural origin, in the context of NMD treatment, is
the ability of these compounds to reach the central nervous
system. Considering the molecular pathways involved in the
development of NMDs, the bioavailability of the drug in
the brain is a key factor to consider when developing an
effective therapy for these pathologies. This limitation might
be already accounted for when screening large libraries of
synthetic molecules, as the physicochemical characteristics of
the compounds can be previously optimized to assure their
distribution to the brain (Wan et al., 2007). The application
of recent advances in molecular docking and computer-
aided design combined with cell-based platforms are helping
to advance in the discovery of already clinically applicable
molecules (Aldewachi et al., 2021). In the context of natural
products, brain accessibility is also an issue. As an example,
the oral bioavailability, of polyphenolic compounds has been
pointed out by researchers as a limitation for the use of these
molecules as pharmacological products (ID’Archivio et al., 2010;
Bohn, 2014; Kawabata et al., 2019). Nevertheless, evidence for
the accumulation of these molecules in the brain can be found
elsewhere (Ehrnhoefer et al., 2006; Figueira et al., 2017; Maher,
2019). Furthermore, advances in pharmaceutical technology,
such as biomaterial and nanotechnology applications, have also
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been applied by researchers to overcome the physiological
barriers that limit accessibility of drugs to the brain (Saeedi et al.,
2019, 2022; Teleanu et al., 2019).

It is important to also recognize the importance of
biotechnological products in drug discovery. Biotechnological
products have also emerged as a promising class of drugs for
the treatment of neurodegenerative diseases. An example of
this is the engineered fusion protein NPT088. NPT088 targets
amyloid in vitro and in animal models of Alzheimer’s disease
(AD), reducing B-amyloid plaque and tau aggregate loads in a
mouse disease model (Levenson et al., 2016). In a clinical trial,
patients with mild to moderate AD, were treated with NTP088.
At the endpoint (6 months), NTP088 treatment was generally
safe and well-tolerated (Michelson et al., 2019) but no significant
effects over brain plaques, tau aggregates or AD symptoms were
observed. However, it is important to notice that NPT088 more
specifically targets aggregates of misfolded proteins rather than
monomer subunits and consequently, it might be interesting to
evaluate this type of drugs in the context of other misfolded
protein-related neurodegenerative disorders.

Thus, there is hope for the discovery of new or old
molecules that can be used in the treatment of NMDs and
for the development of drugs that can be easily and effectively
administered to patients.

6. Concluding remarks

Although we still have no cure for most NMDs, current
research involving new molecules with novel mechanisms of
action is promising, but not free of limitations. Considering
the broad spectrum of research aiming to decipher the
molecular mechanisms underlying NMDs, the number of new
or repurposed molecules that reach clinical trials is still low. This
might be explained, to some extent, by the intrinsic limitations of
animal models for preclinical studies, the difficulty of accessing
the brain, and the lack of human biomarkers that strongly
correlate to the progress of the disease, and the difficulty of
accessing the brain. Nonetheless, recent advances in strategies
to accelerate the discovery or repurposing of drugs, on top
of the innovations on delivery systems to the brain, restore
the confidence that small molecules can play big roles in the
treatment of NMDs.
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