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Epidemiological studies have reported an
increased risk of Parkinson’s disease (PD)
development in amphetamine-type stimulant
users during their lifetime (Garwood et
al., 2006; Rumpf et al., 2017). Protein
inclusions mainly composed of misfolded and
aggregated a-synuclein are the pathological
hallmark of PD and other disorders known as
synucleinopathies. Molecular studies present
evidence that amphetamine upregulates
a-synuclein synthesis in substantia nigra. The
increment of a-synuclein levels promotes
its aggregation and amyloid fibril formation,
increasing reactive oxygen species (ROS), and
consequently dopamine oxidation (Wang and
Witt, 2014), known to be toxic for dopaminergic
neurons involved in motor function and limbic-
motor integration. Over the years, these
damaged cells lose their functionality and
may die precociously, depleting the reserve
of neural cells necessary for the normal
neurological function which contributes to the
onset of PD, when a critical number of cells
are lost (Garwood et al., 2006). Therefore,
the use of amphetamine-type stimulants
may be a trigger event in the development
of PD and parkinsonism, in conjugation to
other risk factors that a given individual may
hold. Despite the evidence, a previous study
suggests that there is not enough data to
corroborate the loss of dopamine neurons
due to human amphetamine-type stimulant
exposure, and consequently its implication
in the PD development (Kish et al., 2017).
Thus, elucidating the mechanisms underlying
amphetamine-type stimulant influence on
PD may contribute to better knowledge
about the risk factors for the onset of this
disease by these substances and adopt social
policies to prevent future cases. The present
perspective highlights the uncharted spots
of the molecular mechanisms of a-synuclein
aggregation pathways and how additional
studies are necessary to understand the role of
amphetamine-like stimulants as triggers of PD
by changing a-synuclein thermodynamic and
kinetic landscape.

What is known? The abuse of amphetamine-
type stimulants affects dopaminergic function
inducing intracellular dopamine depletion,
rising extracellular dopamine levels, and
prolonging dopamine receptor signalling in
the striatum (Wang and Witt, 2014; Kish et
al., 2017). Epidemiological studies observed a
several-fold increased risk of PD development in
amphetamine-type stimulant users compared
to non-consumers, with an average of 27 years
between amphetamine exposure and the
onset of this disease (Garwood et al., 2006).
Clinical evidence shows loss of dopaminergic
neurons in methamphetamine consumers
(Rumpf et al., 2017). Molecular studies show
that methamphetamine upregulates SNCA
expression in substantia nigra, by decreasing

cytosine methylation in its promoter region
(Jiang et al., 2014). Methamphetamine also
alters cellular signaling, activating nicotinic
alpha-7 receptors, which increase the intra-
synaptosomal concentration of calcium, nitric
oxide synthase and protein kinase C, raising
the levels of nitric oxide (Wang and Witt,
2014). These levels of oxidative stress perturb
energetic metabolism, increasing excitotoxicity
and dopamine oxidation. The decrease of
the energy in the cell compromises protein
quality control efficiency increasing a-synuclein
aggregation and accumulation, which
accelerates the loss of neuronal dopamine
function. Moreover, the action of nitric oxide
radicals leads to the nitration of tyrosine
residues in proteins. Nitration of a-synuclein
tyrosine 39 leads to its oligomerization in a
cellular oxidative model of PD (Danielson et
al., 2009). Furthermore, there is evidence
that amphetamine and methamphetamine
bind tightly to the N-terminus of intrinsically
unstructured a-synuclein inducing its folding,
which increases its likelihood of misfolding and
aggregation (Tavassoly and Lee, 2012).

The underlying known unknowns: To address
the molecular implications of amphetamine-
type stimulants on PD is paramount to
understand the role of non-programmed post-
translational modifications of a-synuclein,
and how these changes affect its aggregation
pathway. However, currently, there is no
consensual picture of the a-synuclein
native initial conformation(s) as well as its
oligomerization mechanism(s). Thus, to
study the implications of amphetamine-type
stimulants on this disease, it is fundamental
to have an accurate picture of the a-synuclein
polypeptide chain accessible conformation(s)
along with the kinetic routes between them.
The contradictory data on a-synuclein native
conformation(s) starts with its secondary
structure content. Two studies report that
native a-synuclein exists as a folded tetramer
(Bartels et al., 2011; Wang et al., 2011). The
study by Bartels et al. (2011) shows that
a-synuclein exists inside cells as a stable
a-helical tetramer with an apparent size of 58
kDa. The other study indicates that a-synuclein
produced in Escherichia coli exists as a dynamic
tetramer rich in a-helical structure (Wang et al.,
2011). Both studies suggest that the tetrameric
helical form of a-synuclein is resistant to
aggregation and fibril formation. Conversely,
other studies show that a-synuclein produced
in human cell lines exhibited identical mobility
in native and denaturing gels to its unfolded
monomer produced in Escherichia coli (Fauvet
et al., 2012). These findings are consistent with
most studies on the oligomeric state of native
a-synuclein, which have consistently shown an
unfolded monomeric structure. Another utterly
important factor in PD is the aggregation and
fibrillation pathway of a-synuclein. The most

consensual mechanism proposes the formation
of a partially folded intermediate from native
a-synuclein (Fink, 2006). This aggregation-
prone intermediate can form soluble oligomers,
insoluble amorphous aggregates or insoluble
fibrils, depending on the conditions. However,
this aggregation model does not describe the
multiple potential conformations of unfolded
a-synuclein, neither the possible pathways
of its oligomerization towards amyloid fibrils.
Moreover, there is a body of contradictory
evidence that implies further studies to obtain
a consensual picture of a-synuclein molecular
aggregation mechanism, both in the test tube
and in cellular/animal models. Just afterwards,
the study of the role of amphetamine-type
stimulants on PD is possible. Despite the lack
of data to build a more precise picture of
a-synuclein amyloid fibril formation steps, a
few studies on the effect of amphetamine-type
stimulants in this protein structure have already
started the pavement to understand how these
substances may influence its aggregation.
The data suggest that both amphetamine and
methamphetamine bind to a-synuclein inducing
its folding towards a compact structure
(Tavassoly and Lee, 2012). According to the
authors, this folded conformation increases its
likelihood of aggregation. However, these pilot
studies are limited, and further work should be
considered.

Our perspective: Given all previously written,
the main biophysical questions in the role of
amphetamine-type stimulants on this disease
are: (i) Does the exposition of a-synuclein
to amphetamines increase its propensity
to aggregate? (ii) What are the molecular
mechanisms underneath it? (iii) Does the
exposure of a-synuclein to oxidative stress,
generated by amphetamine-type stimulants,
increase its propensity to aggregate? and (iv)
how this take place? A comprehensive answer
to these questions implies tackling the kinetic
and thermodynamic landscape of a-synuclein
polypeptide chain in physiological conditions,
as performed to other amyloid precursors such
as transthyretin (Quintas et al., 2001). This
knowledge will allow performing experimental
work in the presence of amphetamine-
type stimulants and identify (i) the native
initial state(s) of a-synuclein after ribosomal
synthesis, (ii) the equilibrium between
possible a-synuclein native conformational
states, (iii) the aggregation-prone a-synuclein
conformational form(s), and (iv) the aggregation
pathway(s) of a-synuclein (Figure 1). The
knowledge of a-synuclein thermodynamic
landscape allows building experiments in the
presence of potential inhibitors or enhancers
of its aggregation and answer to the whys of
such events. Several studies have already been
carried out, but the results are not consistent
among research groups, as seen previously.
The principal issue seems to be the stochastic
nature of a-synuclein aggregation process,
which is the real challenge of amyloid protein
studies.

In our perspective, amphetamine-type
stimulants may bind to a-synuclein, changing
the equilibrium between the intrinsically
unordered structure(s) and a conformation
prone to form amyloid fibrils. Amine group of
the amphetamine-type stimulant can form an
amide with carboxyl groups of a-synuclein,
generating an adduct. These non-programmed
protein post-translational modifications change
the local hydrophilic/hydrophobic balance
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Figure 1 | Protein folding landscape representation of an intrinsically unstructured protein like

a-synuclein.

The topography of the landscape links the thermodynamics and kinetics of protein folding (i). a-Synuclein
after synthesis (iA) seems to inter-change among monomeric (iB1, iB2 and iB3) or oligomeric (iC)
conformations without regular secondary structure. Eventually, stochastic events originate a-synuclein
aggregation and amyloid fibril formation (iD). A helical oligomeric conformation is already observed in
vivo (iE). Protein folding landscape representation of an intrinsically unstructured protein like a-synuclein
covalently modified (ii). Amphetamine-type stimulants binding to a-synuclein may change the protein
folding landscape, altering its kinetics and thermodynamics. After a post-translation modification,
a-synuclein polypeptide chain (iiA) may stabilize some monomeric (iiB1, iiB2 and iiB3) or oligomeric (iiC)
conformations by decreasing the minimum energy of the folding funnels or raising the energy barriers
between states. One of these conformations may have a higher propensity to aggregate and form
amyloid (iiD). The propensity to form other conformations (iiE) may suffer changes too. (Generated by

World Machine Software, LLC, Seattle, WA, USA).

in the modified spot, inducing alterations
in the thermodynamic landscape of the
polypeptide chain which promotes changes in
the stability and equilibrium of the accessible
conformations. Therefore, the preferential
protein conformation(s) may become more
stable, increasing its lifespan, or less stable,
potentiating misfolding and aggregation.
Another type of a-synuclein adducts might
emerge from reactive intermediates generated
by amphetamine or dopamine metabolization.
Amphetamines are metabolized in the central
nervous system by cytochrome P450, flavin
monooxygenase and prostaglandin H synthase,
giving rise to reactive intermediates and free
radicals. Thus, stimulants and its reactive
metabolites in synaptic terminals may react with
a-synuclein forming adducts prone to aggregate
and to form neurotoxic oligomeric species and
eventually amyloid fibrils. These events may
aggravate due to higher levels of dopamine
in the synaptic terminals in amphetamine-
type stimulants consumers. Raising dopamine
implies raising dopamine oxidized metabolites,
and dopamine derived quinone species prone
to react with a-synuclein. These stimulants are
also, metabolized to reactive quinones species.
In a therapeutic regime, stimulant levels may
be ten times higher than dopamine in the
synaptic terminals. Thus, it is even more likely
in chronic amphetamine-type stimulant users
to have adducts. Amphetamine may also bind
to a-synuclein negatively charged C-terminal
domain through electrostatic interactions
stabilizing a partially folded conformation.
(Tavassoly and Lee, 2012). These observations
suggest that the interaction between
a-synuclein and positive cations induces a
conformational change which is more prone to
fibrillate. All considered, directly or indirectly,
amphetamine-type stimulants may influence
the aggregation pathway of a-synuclein and
increase the predisposition of an individual to
develop PD.

Conclusion: The present perspective aims to
convey a biophysical view on amphetamine-
type stimulants impact over the molecular
mechanism of a-synuclein aggregation and
consequently on PD. Moreover, it proposes an
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experimental frame to understand the effect of
these substances on a-synuclein at a molecular
level. The proposed approach shows the
importance to map the thermodynamic and
kinetic landscape of a-synuclein polypeptide
chain aggregation. Afterwards, tackle the
understanding of the changes in the protein
conformation and aggregation dynamics
influenced by amphetamine-type stimulants.
Furthermore, considering even subtle changes
caused by such molecules, since the protein
quality-control proper function depends on the
energetic metabolism, which decreases with
age, these modifications might turn out to be
the underlying triggers for idiopathic PD cases
involving these compounds. Overall, in our view,
the exposition to amphetamine-type stimulants
may promote non-programmed a-synuclein
post-translational modifications, both directly
or indirectly, via oxidative stress, changing its
thermodynamic and kinetic landscape and
stabilizing an intermediate(s) prone to form
toxic aggregates and eventually amyloid.

CF, JC, AQ were supported by Egas Moniz
Cooperativa de Ensino Superior. ST was
supported by Fundagdo para a Ciéncia e
Tecnologia project 02/SAICT/2017/029656 and
iINOVA4Health-UIDB/04462/2020, a program
financially supported by Fundagdo para a
Ciéncia e Tecnologia/Ministério da Educagéo

e Ciéncia, Portugal, through national funds
and co-funded by FEDER under the PT2020
Partnership Agreement.

Carla Ferreira, Joana Couceiro, .
Sandra Tenreiro, Alexandre Quintas

Molecular Pathology and Forensic Biochemistry
Laboratory, Centro de Investigagdo Interdisciplinar
Egas Moniz, P-2825-084 Caparica, Portugal
(Ferreira C, Couceiro J, Quintas A)

Laboratério de Ciéncias Forenses e Psicoldgicas
Egas Moniz, Campus Universitdrio—Quinta da
Granja, Monte de Caparica, P-2825-084 Caparica,
Portugal (Ferreira C, Couceiro J, Quintas A)
Faculty of Medicine of Porto University, Al. Prof.
Herndni Monteiro, P-4200-319 Porto, Portugal
(Ferreira C)

iNOVA4Health, CEDOC, NOVA Medical School,

| NEURAL REGENERATION RESEARCH | Vol 16 | No. 11 | November 2021

NMS, Universidade Nova de Lisboa, 1169-056
Lisboa, Portugal (Tenreiro S)
*Correspondence to: Alexandre Quintas, PhD,
alexandre.quintas@gmail.com.
https://orcid.org/0000-0002-5188-0453
(Alexandre Quintas)

Date of submission: October 19, 2020

Date of decision: December 14, 2020

Date of acceptance: January 20, 2021

Date of web publication: March 25, 2021

https://doi.org/10.4103/1673-5374.310675
How to cite this article: Ferreira C, Couceiro J,
Tenreiro S, Quintas A (2021) A biophysical
perspective on the unexplored mechanisms
driving Parkinson’s disease by amphetamine-like
stimulants. Neural Regen Res 16(11):2213-2214.
Copyright license agreement: The Copyright
License Agreement has been signed by all authors
before publication.

Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.

Open access statement: This is an open access
Jjournal, and articles are distributed under the
terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the
work non-commercially, as long as appropriate
credit is given and the new creations are licensed
under the identical terms.

References

Bartels T, Choi JG, Selkoe DJ (2011) alpha-Synuclein occurs
physiologically as a helically folded tetramer that
resists aggregation. Nature 477:107-110.

Danielson SR, Held JM, Schilling B, Oo M, Gibson BW,
Andersen JK (2009) Preferentially increased nitration
of alpha-synuclein at tyrosine-39 in a cellular oxidative
model of Parkinson’s disease. Anal Chem 81:7823-
7828.

Fauvet B, Mbefo MK, Fares MB, Desobry C, Michael S,
Ardah MT, Tsika E, Coune P, Prudent M, Lion N, Eliezer
D, Moore DJ, Schneider B, Aebischer P, El-Agnaf OM,
Masliah E, Lashuel HA (2012) alpha-Synuclein in central
nervous system and from erythrocytes, mammalian
cells, and Escherichia coli exists predominantly as
disordered monomer. J Biol Chem 287:15345-15364.

Fink AL (2006) The aggregation and fibrillation of alpha-
synuclein. Acc Chem Res 39:628-634.

Garwood ER, Bekele W, McCulloch CE, Christine CW (2006)
Amphetamine exposure is elevated in Parkinson’s
disease. Neurotoxicology 27:1003-1006.

Jiang W, Li J, Zhang Z, Wang H, Wang Z (2014) Epigenetic
upregulation of alpha-synuclein in the rats exposed to
methamphetamine. Eur J Pharmacol 745:243-248.

Kish SJ, Boileau |, Callaghan RC, Tong J (2017) Brain
dopamine neurone ‘damage’: methamphetamine
users vs. Parkinson’s disease- a critical assessment of
the evidence. Eur J Neurosci 45:58-66.

Quintas A, Vaz DC, Cardoso |, Saraiva MJ, Brito RM (2001)
Tetramer dissociation and monomer partial unfolding
precedes protofibril formation in amyloidogenic
transthyretin variants. J Biol Chem 276:27207-27213.

Rumpf JJ, Albers J, Fricke C, Mueller W, Classen J (2017)
Structural abnormality of substantia nigra induced by
methamphetamine abuse. Mov Disord 32:1784-1788.

Tavassoly O, Lee JS (2012) Methamphetamine binds to
alpha-synuclein and causes a conformational change
which can be detected by nanopore analysis. FEBS Lett
586:3222-3228.

Wang S, Witt SN (2014) The Parkinson’s disease-
associated protein alpha-synuclein disrupts stress
signaling- a possible implication for methamphetamine
use? Microb Cell 1:131-132.

Wang W, Perovic |, Chittuluru J, Kaganovich A, Nguyen LT,
Liao J, Auclair JR, Johnson D, Landeru A, Simorellis AK,
Ju'S, Cookson MR, Asturias FJ, Agar JN, Webb BN, Kang
C, Ringe D, Petsko GA, Pochapsky TC, Hoang QQ (2011)
A soluble alpha-synuclein construct forms a dynamic
tetramer. Proc Natl Acad Sci U S A 108:17797-17802.

C-Editors: Zhao M, Song LP; T-Editor: Jia Y



