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Abstract: Alpha-synuclein (α-syn) is a 140-amino-acid, intrinsically disordered, soluble protein that is
abundantly present in the brain. It plays a crucial role in maintaining cellular structures and organelle
functions, particularly in supporting synaptic plasticity and regulating neurotransmitter turnover.
However, for reasons not yet fully understood, α-syn can lose its physiological role and begin to
aggregate. This altered α-syn disrupts dopaminergic transmission and causes both presynaptic and
postsynaptic dysfunction, ultimately leading to cell death. A group of neurodegenerative diseases
known as α-synucleinopathies is characterized by the intracellular accumulation of α-syn deposits
in specific neuronal and glial cells within certain brain regions. In addition to Parkinson’s disease
(PD), these conditions include dementia with Lewy bodies (DLBs), multiple system atrophy (MSA),
pure autonomic failure (PAF), and REM sleep behavior disorder (RBD). Given that these disorders
are associated with α-syn-related neuroinflammation—and considering that SARS-CoV-2 infection
has been shown to affect the nervous system, with COVID-19 patients experiencing neurological
symptoms—it has been proposed that COVID-19 may contribute to neurodegeneration in PD and
other α-synucleinopathies by promoting α-syn misfolding and aggregation. In this review, we focus
on whether SARS-CoV-2 could act as an environmental trigger that facilitates the onset or progression
of α-synucleinopathies. Specifically, we present new evidence on the potential role of SARS-CoV-2 in
modulating α-syn function and discuss the causal relationship between SARS-CoV-2 infection and
the development of parkinsonism-like symptoms.

Keywords: alpha-synucleinopathies; alpha-synuclein; Parkinson’s disease; SARS-CoV-2; COVID-19;
neurodegenerative diseases

1. Introduction

Alpha-synucleinopathies are a group of neurodegenerative disorders characterized
by the abnormal aggregation, accumulation, and spreading of α-synuclein (α-syn) in the
brain and the other parts of the nervous system, like the spinal cord and enteric nervous
system (ENS), where α-syn pathology may originate [1–3]. Under normal conditions,
α-syn regulates synaptic function and the release of neurotransmitters [4]. However, under
pathological conditions, it is prone to aggregation. Shorter forms of α-syn, like oligomers
and protofibrils, gradually transform into fibrils, and finally, they become filamentous
inclusions known as Lewy bodies (LBs), predominantly deposited in the neurons but also
in the glial cells [5–8]. α-Synucleinopathies vary from each other by the affected brain
regions and clinical manifestations. In addition to the most well-known α-synucleinopathy,
Parkinson’s disease (PD), this group also includes several other conditions, such as de-
mentia with Lewy bodies (DLBs), multiple system atrophy (MSA), pure autonomic failure
(PAF), and REM sleep behavior disorder (RBD) [1]. Most α-synucleinopathy cases are
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sporadic, and their onset has been linked to an interaction between genetic susceptibility
and environmental factors, such as viral infections and inflammation [9]. PD and other
α-synucleinopathies have been specifically linked to the pandemic-scale outbreaks of infec-
tious diseases [10]. Clinical case reports indicate a rise in parkinsonism diagnoses following
the 1918 Spanish flu pandemic [11]. Moreover, it was suggested that viruses can initiate
and accelerate the aggregation of α-syn leading to aberrant proteostasis [12]. Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a member of the Coronaviridae
family, characterized by its spherical, enveloped structure and RNA genome. The outbreak
started in December 2019 in Wuhan City, China [13,14]. By February 2020, the World Health
Organization (WHO) named the disease Coronavirus Disease 2019 (COVID-19). As of
2019, six coronaviruses were known to infect humans. Four of these (229E, OC43, NL63,
and HKU1) typically cause mild respiratory illnesses, similar to the common cold. How-
ever, the remaining two—Middle East Respiratory Syndrome Coronavirus (MERS-CoV)
and SARS-CoV—are associated with severe respiratory conditions that can progress to
life-threatening acute respiratory distress syndrome (ARDS) [15,16]. SARS-CoV-2 could
infect nearly everyone in the population within a short period and cause severe clinical
states requiring specialized care in at least 10% of infected individuals. According to
data from the WHO, there have been 776,007,137 confirmed cases, 7,059,612 deaths, and
13,642,098,070 vaccine doses administered [17].

The SARS-CoV-2 genome encodes various proteins essential for the virus’s life cycle.
These include non-structural proteins, such as 3-chymotrypsin-like protease, papain-like
protease, helicase, and RNA-dependent RNA polymerase, all of which are key enzymes
in the viral replication process. Additionally, it encodes several structural proteins. These
include the spike (S) glycoprotein, composed of two subunits: S1 and S2. The S1 subunit
contains the receptor-binding domain (RBD) responsible for attaching the virus to the host
cell receptor, and angiotensin-converting enzyme 2 (ACE2), determining the virus’s host
range. In contrast, the S2 subunit facilitates the fusion of the viral and host cell membranes.
The membrane (M) protein is involved in nutrient transport across the viral membrane,
and the envelope (E) protein plays a role in viral assembly and release. The nucleocapsid
(N) protein not only packages the viral RNA but also interferes with the host’s innate
immune response. Additionally, the virus encodes various accessory proteins that support
its replication and pathogenicity [18,19] (Figure 1).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 2 of 34 
 

 

dementia with Lewy bodies (DLBs), multiple system atrophy (MSA), pure autonomic fail-

ure (PAF), and REM sleep behavior disorder (RBD) [1]. Most α-synucleinopathy cases are 

sporadic, and their onset has been linked to an interaction between genetic susceptibility 

and environmental factors, such as viral infections and inflammation [9]. PD and other α-

synucleinopathies have been specifically linked to the pandemic-scale outbreaks of infec-

tious diseases [10]. Clinical case reports indicate a rise in parkinsonism diagnoses follow-

ing the 1918 Spanish flu pandemic [11]. Moreover, it was suggested that viruses can initi-

ate and accelerate the aggregation of α-syn leading to aberrant proteostasis [12]. Severe 

Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a member of the Coronaviri-

dae family, characterized by its spherical, enveloped structure and RNA genome. The out-

break started in December 2019 in Wuhan City, China [13,14]. By February 2020, the 

World Health Organization (WHO) named the disease Coronavirus Disease 2019 

(COVID-19). As of 2019, six coronaviruses were known to infect humans. Four of these 

(229E, OC43, NL63, and HKU1) typically cause mild respiratory illnesses, similar to the 

common cold. However, the remaining two—Middle East Respiratory Syndrome Coro-

navirus (MERS-CoV) and SARS-CoV—are associated with severe respiratory conditions 

that can progress to life-threatening acute respiratory distress syndrome (ARDS) [15,16]. 

SARS-CoV-2 could infect nearly everyone in the population within a short period and 

cause severe clinical states requiring specialized care in at least 10% of infected individu-

als. According to data from the WHO, there have been 776,007,137 confirmed cases, 

7,059,612 deaths, and 13,642,098,070 vaccine doses administered [17]. 

The SARS-CoV-2 genome encodes various proteins essential for the virus’s life cycle. 

These include non-structural proteins, such as 3-chymotrypsin-like protease, papain-like 

protease, helicase, and RNA-dependent RNA polymerase, all of which are key enzymes 

in the viral replication process. Additionally, it encodes several structural proteins. These 

include the spike (S) glycoprotein, composed of two subunits: S1 and S2. The S1 subunit 

contains the receptor-binding domain (RBD) responsible for attaching the virus to the host 

cell receptor, and angiotensin-converting enzyme 2 (ACE2), determining the virus’s host 

range. In contrast, the S2 subunit facilitates the fusion of the viral and host cell membranes. 

The membrane (M) protein is involved in nutrient transport across the viral membrane, 

and the envelope (E) protein plays a role in viral assembly and release. The nucleocapsid 

(N) protein not only packages the viral RNA but also interferes with the host’s innate 

immune response. Additionally, the virus encodes various accessory proteins that sup-

port its replication and pathogenicity [18,19] (Figure 1). 

 

Figure 1. SARS-CoV-2 structure. Structural elements of the virus, including the spike (S) glycoprotein 

(homotrimer), membrane (M) protein, envelope (E) protein, and internal components, such as the viral 

single-stranded RNA and nucleocapsid (N) protein. Created in BioRender. B, L. (2024) BioRen-

der.com/q94f155, accessed on 16 September 2024. 

Figure 1. SARS-CoV-2 structure. Structural elements of the virus, including the spike (S) glycoprotein
(homotrimer), membrane (M) protein, envelope (E) protein, and internal components, such as
the viral single-stranded RNA and nucleocapsid (N) protein. Created in BioRender. B, L. (2024)
BioRender.com/q94f155, accessed on 16 September 2024.

Since ACE2, which functions as the viral entry receptor, is expressed not only in
the epithelial and endothelial cells of the lungs, heart, and intestines but also in various
neuronal cell types, including dopaminergic (DA) neurons [20–22], the concerns regarding
the potential neurological effects of COVID-19 have arisen. The incidence of COVID-19
is now increasing again. While the Omicron variant remains dominant, new subvariants,
including Kraken, Pirola, JN1, KP, and the rapidly spreading KP.2, KP.3, and KP.1.1, collec-
tively known as FLiRT (named after the first letters of the mutations in the specific proteins)
have become an important burden [23,24].

BioRender.com/q94f155
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Individuals with pre-existing lung and heart conditions, as well as those over 60,
are particularly vulnerable to severe complications [25]. Additionally, some COVID-19
patients experience neurological difficulties, such as olfactory disturbances and movement
disorders, which are typical symptoms of PD [26]. Moreover, autopsy findings have
shown damage to the density of DA neurons in the nigrostriatal pathway in some severe
COVID-19 patients [20]. However, the relationship between SARS-CoV-2 infection and
α-synucleinopathies is not well understood, and it is uncertain which disease is more
prevalent than the other. Some evidence suggests that SARS-CoV-2 infection may be a
potential risk factor for α-synucleinopathies, such as PD. Conversely, individuals with
PD may be at risk for COVID-19 morbidity, as well as exposition to the severe course
of the disease. The interest in the relationships between α-syn toxicity and COVID-19
infection in the context of the development of PD and other α-synucleinopathies has been
increasing in recent years, as evidenced by the growing number of publications from 2019
to 2024 (Figure 2). Here, we discuss the current understanding of the relationship between
SARS-CoV-2 infection and α-synucleinopathies, including PD.
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Figure 2. The number of published papers from 2019 to 2024 (until October 28.) containing the
combined keywords “alpha-synuclein” and “COVID-19”. The results are presented as the proportion
of citations per 100,000 in PubMed for each year. Data sourced using PubMed by Year: http://esperr.
github.io/pubmed-by-year, accessed on 28 October 2024.

2. The Relationship Between COVID-19 and PD

PD is the second most common neurodegenerative disorder, following Alzheimer’s dis-
ease (AD), with a rapidly increasing morbidity rate [27]. Currently, more than 10 million peo-
ple worldwide are living with PD, but its prevalence is expected to increase to 12–17 million
people by 2040 [28]. The presence of cytoplasmic LBs in surviving neurons and dystrophic
Lewy neurites, along with the significant loss of DA neurons in the substantia nigra pars
compacta (SNpc) and the reduced DA levels in the striatum, represents the primary patho-
logical hallmark of PD [29]. The progression of PD is described by Braak et al. (2003) in
six stages of α-syn pathology, which correlate with the development of both motor and
non-motor symptoms [30]. The prodromal symptoms may originate from the degeneration
of the vagus nerve’s dorsal motor nucleus, the olfactory system, and the ENS, including
Meissner’s and Auerbach’s plexuses, where α-syn pathology is first detected [31]. Pathol-
ogy originating within the ENS is now recognized as a crucial component of the gut–brain
axis in PD pathogenesis [32]. Consequently, the clinical presentation of PD includes motor
symptoms, such as bradykinesia, muscle rigidity, postural instability, and resting tremor,
as well as pre-motor and non-motor symptoms. Pre-motor symptoms like constipation,
insomnia, and depression can precede the clinical diagnosis by up to 20 years. Non-motor
symptoms, which include neuropsychiatric, cognitive, autonomic, sleep-related, and sen-
sory abnormalities, may manifest from the prodromal phase through to the advanced
stages of PD [33,34]. Viral infections are widely recognized as a potential risk factor for
idiopathic PD and secondary parkinsonism, suggesting a possible shared mechanism for
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both PD and COVID-19 [35]. Age and underlying health conditions constitute further
risk factors, which could make PD patients more vulnerable to harsh outcomes in case of
infection with SARS-CoV-2. Simultaneously, inflammation and stress caused by a severe
infection might cause worse PD symptoms. Research since 2020 has gradually shed light on
a potential relationship between α-syn pathology and COVID-19 infection. The evolving
findings suggest that COVID-19 may exacerbate neurodegenerative processes by promot-
ing neuroinflammation, which in turn leads to α-syn oligomerization and aggregation.
A direct interaction between SARS-CoV-2 proteins and α-syn has also been proposed to
accelerate its aggregation. Ongoing research aims to further elucidate these links and better
understand the long-term neurological risks associated with COVID-19 (Figure 3).
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Figure 3. Timeline summarizing the research history on the relationship between α-synuclein and
COVID-19 infection, highlighting key findings, significant years, and influential authors. References:
2020: [36–38]; 2021: [39–41]; 2022 [42–45]; 2023 [46–49]; 2024 [50,51]. Created in BioRender. Pan, I.
(2024) https://BioRender.com/r11e475, accessed on 30 October 2024.

2.1. Parkinsonism as a Consequense of COVID-19

While the number of studies reporting a link between parkinsonism and COVID-19
infection is increasing (Table 1), it is too early to conclude that SARS-CoV-2 directly induces
PD [52–54]. The occurrence of parkinsonism during or immediately after SARS-CoV-2
infection is a rare clinical complication, and the most likely scenario involves a multifactorial
“umbrella syndrome” [48,55].

However, the meta-analysis of serum/plasma mass spectrometry-based proteomics
data from 15 datasets with a total of 538 COVID-19 patients and 523 healthy controls
presented the proteomic profiling evidence linking COVID-19 to neurological complications,
particularly AD and PD. The authors identified a direct correlation in the expression
patterns of 23 proteins engaged in PD with COVID-19. Importantly, a further protein–
protein interaction network and cluster analysis identified α-syn as a hub protein [50].

On the other hand, the studies analyzing the impact of COVID-19 on α-syn serum/CSF
levels in patients with neurological symptoms deny the theory of α-syn upregulation in
humans with PD and other neurological symptoms following SARS-CoV-2 infection [56].
The authors obtained no significant changes in serum total α-syn level between three
analyzed groups, i.e., COVID-19 patients with generalized myoclonus (encephalopathy or

https://BioRender.com/r11e475


Int. J. Mol. Sci. 2024, 25, 12079 5 of 32

parkinsonism), related to SARS-CoV-2 infection, but not with the other diseases; age/sex-
matched COVID-19 patients, but free of even milder neurological complaints such as
anosmia or headache, who were admitted to the hospital in the same period; and age/sex-
matched healthy controls. CSF α-syn level was also comparable between the neurological
COVID-19 patients and the healthy individuals.

Table 1. The impact of COVID-19 on the occurrence of PD.

Aim Method/Subject of Analysis Results Reference

Meta-analysis of
serum/plasma proteomic data

from COVID-19 patients
assaying the links between
SARS-CoV-2 infection and

neurological disorders,
specifically AD and PD.

Mass spectrometry-based proteomics
data with a total of 538 COVID-19
patients and 523 healthy controls.

Analysis confirmed a direct correlation
in the expression patterns of 24 proteins

implicated in AD and 23 proteins
involved in PD with COVID-19. A

protein–protein interaction network
and cluster analysis revealed direct
correlation in differential expression

between COVID-19 and PD and
identified SNCA as a hub protein.

[50]

Meta-analysis answering the
question: Are the new-onset
neurodegenerative diseases
long-term sequelae of the

SARS-CoV-2 infection?

Articles published up to 10 January
2023. Twelve studies involving

33,146,809 individuals
(2,688,417 post-COVID-19 cases and

30,458,392 controls).

The significant correlation between
SARS-CoV-2 infection and increased
risk for new-onset AD (Hazard Ratio

[HR] = 1.50), dementia (HR = 1.66), and
PD (HR = 1.44).

[57]

The systematic review
concentrated on the impact of

post-SARS-CoV-2
immune-mediated

responses/the host’s altered
immune counter-offensive on

the occurrence of
neurodegenerative diseases

like PD in a complex
interrelation between genetic
and epigenetic risk factors.

A synthetic and systematic literature
review based on the “Preferred
Reporting Items for Systematic

Principles Reviews and Meta-Analyses”
(PRISMA) methodology; 104 papers

were finally selected.

It is too early to establish if the
neuroinflammatory events

accompanied by COVID-19 could
activate long-term neurodegenerative
consequences and lead to new cases of
PD occurrence and the worsening of
the existing disease outcome. Further
clinical and prospective longitudinal

cohort studies are required.

[58]

The analysis of the possible
mechanisms involved in

COVID-19-induced
neuropathology like PD. The

analysis of pathways involved
in the downregulation of

ACE2 following SARS-CoV-2
infection and its effect on

PD progression.

The analysis of the pathways involved
in the downregulation of ACE2

following SARS-CoV-2 infection and its
effect on PD progression. The

molecules and chemicals associated
with COVID-19 and PD were subjected

to Ingenuity Pathway Analysis (IPA)
“Grow”; 81 overlapping molecules
between COVID-19 and PD were
further subjected to IPA’s “Core

Analysis” tool to identify the upstream
regulators and signaling pathways.

Core Analysis revealed the
neuroinflammation signaling pathway

(NISP) to be one of the principal
signaling pathways involved and

SNCA as the top upstream controller
associated with both COVID-19 and PD.
A network connectivity pathway map
of the downstream effects of COVID-19

revealed that ACE2 blocking
upregulates SNCA expression,

potentially accelerating PD progression.

[59]

A systematic review and
meta-analysis of studies

reporting parkinsonism cases
among patients recovering

from COVID-19.

Research from seven major databases
covering a timeline of 1 January 2020 to

1 January 2022. Ten studies met the
inclusion criteria and covered

thirteen patients with a median age of
60.0. There were eight males (61.5% of

patients), and 53.8% of individuals
were documented to have at least one

comorbidity. Fisher’s exact test was
used to examine the factors connected
with COVID-19 and parkinsonism as

its results.

Indication of parkinsonism as
post-COVID-19 neurological sequelae.

Cogwheel rigidity was the most
common manifestation of

parkinsonism in eleven patients. The
most standard medicine modality used

was Levodopa (76.9% of cases). Ten
patients (76.9%) with bradykinesia

achieved a complete recovery.

[60]
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What we know for sure is that the neurological complications following viral infections
are prevalent [61]. In recent years, there has been frequent documentation of new or
worsening non-motor symptoms in PD patients infected with SARS-CoV-2. Some of these
symptoms, such as depression, anxiety, cognitive impairment, pain, and fatigue, have also
been identified as components of Post-COVID-19 Syndrome (PCS), commonly known as
Long-COVID-19 [62]. However, distinguishing between PCS in PD patients and a simple
exacerbation of PD symptoms secondary to COVID-19 is challenging. Bougea et al. (2023)
found a significant worsening of motor function, as measured by the Unified Parkinson’s
Disease Rating Scale Part III (UPDRS III), both at baseline and six months after COVID-19
infection in PD patients with PCS symptoms. The most common manifestations in these
patients were anosmia/hyposmia and a sore throat, followed by dysgeusia and skin rashes.
However, no significant differences were found in motor and non-motor clinical measures
or the levodopa equivalent daily dose (LEDD) between PD patients with and without
PCS, indicating that no prognostic factor for PCS in PD patients has been identified [63].
However, another study suggested that fatigue and the duration of the infection were
linked to the exacerbation of motor and non-motor symptoms in PD patients during the
Omicron pandemic [64].

The decline in mental health and exacerbating symptoms like anxiety and depression
among people with PD due to COVID-19 restrictions may be related to difficulties in access-
ing regular healthcare, the loss of systematic physical activity, and social isolation [65,66].
Interestingly, another report indicated that apathy and anhedonia in PD patients may
have been mitigated by increased social support from families isolated at home during
the COVID-19 pandemic [67]. In summary, the connections between PD and COVID-19
prevalence are being extensively studied, but there is still no evidence that COVID-19
directly causes PD. The area of the interrelated neuropathogenetic phenomena remains
complicated and multifaceted, requiring further investigation.

2.2. The Prevalence, Outcomes, and Prognosis of COVID-19 in Patients Diagnosed with PD

In the last four years, numerous systematic reviews and meta-analyses have been
published regarding the outcomes of COVID-19 among PD patients (Table 2). In summary,
several meta-analyses indicated that patients with neurodegenerative diseases and mild
cognitive impairment represent a group at a high risk of acquiring SARS-CoV-2 and may be
disproportionately affected by severe outcomes of COVID-19 once infected [68]. However,
the majority of statistical inference results did not provide evidence that PD predisposes
individuals to poor COVID-19 outcomes [69]. Although hospitalization and mortality rates
are relatively high among PD patients in some meta-analyses, these may be attributed to
advanced age and numerous comorbidities in patients diagnosed with PD [68].

Table 2. The prevalence, outcomes, and prognosis of COVID-19 in patients diagnosed with PD.

Aim Method/Subject of Analysis Results Reference

Meta-analysis aimed to
determine the prevalence of
COVID-19, its symptoms in

elderly patients with PD and
the association between PD

and COVID-19.

Twenty articles were selected from
January 2019 to 20 October 2021.

The prevalence of COVID-19 and the
hospitalization of patients with PD was

1.06% and 0.98%, respectively; the
prevalence of depression and anxiety
during the pandemic in these groups

was 46% and 43%, respectively; the risk
of COVID-19 infection was equal in the

PD patients and healthy controls.

[69]

Analysis of the prevalence of
neurological disorders

(including PD) in COVID-19
without overlapping
meta-analysis errors.

Four meta-analyses involving 182,386
COVID-19 patients, published from
November 2019 to September 2021.

The combined prevalence of PD during
the COVID-19 pandemic was 0.67%;
PD was not a statistically significant

risk of mortality in COVID-19 patients
(Odds Ratio [OR] = 3.94).

[70]
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Table 2. Cont.

Aim Method/Subject of Analysis Results Reference

Review of all qualified studies
to quantify the strength of

affinities between pre-existing
neurodegenerative diseases,
SARS-CoV-2 vulnerability,
and COVID-19 outcome.

Pre-registered systematic review with
frequentist and Bayesian meta-analyses;

9 January 2023 was the final search
date; 136 primary studies (total sample

size n = 97,643,494), reporting on
268 effect-size estimates, met the

inclusion criteria.

The odds for a positive SARS-CoV-2
test result were raised for individuals

with pre-existing AD (OR = 2.86),
dementia (OR = 1.83), and PD

(OR = 1.65). People with pre-existing
AD were at a higher risk for

COVID-19-related hospital admission
(OR = 3.72), but people with MCI, PD,
or mixed dementia were not. People

with AD and PD were at a higher risk
for COVID-19-related intensive care
unit admissions (pooled OR range:
1.55–1.65). All neurodegenerative
disorders were at a higher risk for

COVID-19-related mortality (pooled
OR range: 1.56–2.27). In general, people

with neurodegenerative disease and
MCI are at a disproportionally high risk
of acquiring COVID-19 and have a poor

outcome once infected.

[71]

The assessment of the
association between

pre-existing neurological
conditions and COVID-19

outcomes.

Literature review of systematic reviews,
meta-analyses, and scoping reviews

published between 1 January 2020 and
1 January 2023. Thirty-nine articles

fulfilled the inclusion criteria, with data
estimating >3 million people from

51 countries.

In total, 92.3% of the articles suggested
a significant link between pre-existing

neurological disorders including
cerebrovascular disease, PD, AD and
other dementias, and epilepsy and an

increased risk of severe COVID-19 and
mortality in the acute infectious period.

[72]

The systematic review and
meta-analysis aimed to

investigate the influence of the
COVID-19 pandemic on

neuropsychiatric disorders
(depression, anxiety, stress)

and sleep disturbances (sleep
quality, insomnia), as well as

the quality of life among
patients with PD, MS, and AD

compared with
healthy people.

Observational studies (i.e.,
cross-sectional, case–control, cohort)

raised from the research of 7 databases
between March 2020 and December

2022. An analysis of eighteen studies
(PD = 7, MS = 11) with a total of
627 individuals with PD (healthy

controls = 857) and 3923 individuals
with MS (healthy controls = 2432);

twelve studies (PD = 4, MS = 8) were
included in the meta-analysis.

The COVID-19 pandemic negatively
affected people with PD, evidenced by
significantly higher levels of depression
and stress, measured by standardized

mean differences (SMD) = 0.40 and 0.60,
respectively. MS patients also presented
higher levels of depression/stress, and

additionally lower quality of life
compared with the healthy

control groups.

[73]

Meta-analysis of factors that
affect the well-being of PD
individuals from diverse

populations during
the pandemic.

Research of articles published between
2020 and 2022; the analysis includes

twenty-seven studies involving
13,878 patients from America, Europe,

Asia, and Africa.

High prevalence of diminished
physical activity and exercise, and

aggravating motor and
neuropsychiatric symptoms (17–56%)
during the COVID-19 pandemic, with

patients in lower-income countries
being exceptionally vulnerable, i.e.,

anxiety (adjusted Odds Ratios,
[aOR] = 8.94), sleep (aOR = 5.16), and
PD symptoms (aOR = 3.57). Younger

age correlated with decreased physical
activity, exercise, sleep, and worsening

PD symptoms. Female PD patients
reported a more pronounced decrease

in physical activity and sleep
disturbances.

[74]
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Table 2. Cont.

Aim Method/Subject of Analysis Results Reference

Systematic review and
meta-analysis aimed to
determine the pooled

prevalence of COVID-19 in
PD patients.

Thirty articles for meta-analysis with
the number of included patients
differed between 10 and 64,434;

published before Sep 2021.

The pooled prevalence of COVID-19
infection in PD cases was 5% besides
mortality and hospitalization rates

were 12% and 49%, respectively. The
pooled prevalence of fever and cough

in cases with PD was 4% and
3%, respectively.

[75]

Systematic review aimed to
determine the impact of PD

on the COVID-19 prevalence
and patient prognosis.

Thirteen papers including 8649 PD
patients and 88,710 control subjects/till

12 March 2021.

The pooled prevalence rate of
COVID-19 among PD patients was

2.12%. The hospitalization rate for PD
patients with COVID-19 was 39.89%,

while the total mortality rate was 25.1%.
There were no significant differences in

hospitalization and mortality rates
among COVID-19 patients with and

those without PD. Fever, cough, fatigue,
and anorexia existed as the most

common manifestations with rates of
72.72%, 66.99%, 61.58%, and

52.55%, respectively.

[68]

Systematic review aimed to
determine the influence of

factors connected with
COVID-19 in PD patients.

Literature research up to November
2020 (updated until 1 April 2021);

finally, six studies (four case–control
studies and two cross-sectional studies)

in the qualitative and
quantitative syntheses.

The following factors were connected
with COVID-19 in PD patients: obesity
(OR: 1.79) and pulmonary disease (OR:

1.92), COVID-19 contact (OR: 41.77),
vitamin D supplementation (OR: 0.50),
hospitalization (OR: 11.78), and death
(OR: 11.23). The authors did not find
any significant correlation between

COVID-19 and hypertension, diabetes,
cardiopathy, cancer, any cognitive

problem, dementia, chronic obstructive
pulmonary disease, renal or hepatic

disease, smoking, and tremor.

[76]

Analysis of the relationship
between PD and in-hospital

outcomes of COVID-19.

A total of 12 studies with
103,874 COVID-19 patients.

PD was connected with poor
in-hospital outcomes, OR = 2.64.

Subgroup analysis showed that PD was
connected with severe COVID-19

OR = 2.61, and mortality from
COVID-19 Relative Risk (RR) = 2.63.

Meta-regression showed that the
association between PD and in-hospital
outcomes of COVID-19 was influenced

by age, but not by gender, dementia,
hypertension, and diabetes.

[77]

2.3. The Theory of SARS-CoV-2 Neuroinvasion in PD

The hypothesis of neuroinvasion by SARS-CoV-2 arises from the detection of virus
RNA in the cerebrospinal fluid (CSF) of COVID-19 patients [78]. Although research into
how the virus may invade the nervous system is ongoing, several key neuroinvasive path-
ways have been proposed. The virus might enter the central nervous system (CNS) directly
through the olfactory nerve pathway, using the vagus nerve through its terminals located
along the respiratory and gastrointestinal tract, as well as via the neuroinflammation-
affected blood–brain barrier (BBB) [21,79] (Figure 4).
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Figure 4. Key neuroinvasive pathways that SARS-CoV-2 may use to reach the CNS. SARS-CoV-2 may
potentially gain access to the brain through three primary routes. (A) Vagus nerve fibers: SARS-CoV-2
can be transmitted via the respiratory system through saliva droplets or nasal discharge toward
the lungs, as well as through the gastrointestinal tract via swallowed saliva or the consumption
of contaminated food, where the virus is known to replicate. ACE2 expression is high in both the
lungs and gastrointestinal epithelium, making these tracts vulnerable to SARS-CoV-2 entry. The
vagus nerve extends from the brainstem to various organs, including the lungs and digestive tract.
Consequently, the virus may travel retrogradely along nerve fibers from the respiratory and gastric
epithelium via the vagus nerve to the brainstem. (B) Olfactory nerve pathway: SARS-CoV-2 can
enter the nasal cavity, travel into the nasal submucosa, and infect olfactory sensory neurons in the
nasal epithelium. The virus may then travel along olfactory nerve fibers, reaching the olfactory
bulb by moving upstream. This pathway could explain symptoms such as anosmia and may be
a key route for the virus to spread to other parts of the CNS. (C) Disrupted blood–brain barrier
(BBB): SARS-CoV-2 infection can trigger a strong immune response, leading to inflammation that
may increase the permeability of the blood–brain barrier, facilitating the virus’s entry into the CNS.
ACE2, expressed on endothelial cells, pericytes, and some neurons in the brain, could mediate viral
entry into the brain. Created in BioRender. Pan, I. (2024) https://BioRender.com/r11e475, accessed
on 30 October 2024.

It is worth mentioning that olfactory dysfunction is a highly acknowledged feature of
both PD and COVID-19 [80]. The olfactory epithelium (OE) consists of a heterogeneous
cell population, including the olfactory sensory neurons, basal, supporting cells (SUS),
and microvillar and glandular cells. One or several of these cell types could serve as a
potential point of SARS-CoV-2 entry into the OE and thus determine the underlying chain
of events leading to anosmia. High expression of ACE2 in the OE facilitates the entry of
SARS-CoV-2 into the central nervous system [81]. ACE2 is highly expressed in SUS cells,
Bowman’s gland, and microvillar cells [82–86]. Moreover, protease TMPRSS2, which is a
well-established host factor in facilitating SARS-CoV-2 entry upon binding to ACE2, has
also been reported to be expressed in the SUS cells [87,88].

In addition to being one of the diagnostic symptoms for prodromal PD, the degree
of olfactory dysfunction can also be a good marker of its progression [89]. Similarly, a
sudden decline or complete loss of olfactory sensitivity is now considered a common
early symptom of COVID-19, while parosmia and phantosmia are increasingly recognized
as a Long-COVID-19 symptoms [90]. α-Syn may be an important player in olfactory

https://BioRender.com/r11e475
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impairment. The overactivated microglia responses in the olfactory bulb, followed by the
accumulation of hyperphosphorylated α-syn and tau protein in the cortex, were reported
in the intranasally SARS-CoV-2 infected hamster model [91]. Importantly, later studies
indicated that microglia cell density and immunoreactivity of α-syn in female hamsters
appeared biphasic, with an initial decline at six days post-infection followed by microgliosis
and α-syn accumulation at three weeks post-infection. The most pronounced changes were
reported in the amygdala and striatum, regions affected early in PD [92].

The SARS-CoV-2 virus has been detected in the brains, including the SN of COVID-19
patients during autopsies [20,93]. These neuronal populations are extremely vulnerable to
SARS-CoV-2 neuroinvasion, partly because DA neurons express ACE2 receptors, which
may facilitate viral entry [20–22]. The ACE2 receptor is located on neuronal and glial cells
of several brain structures, including the SN and striatum [94]. For example, within the
rat brain, double ACE2- and tyrosine hydroxylase (TH)-positive cells were found in the
SNpc and ventral tegmental area (VTA) regions [22]. TH is the rate-limiting enzyme for
DA synthesis and the marker of DA cells. Furthermore, the co-expression between ACE2
and DOPA decarboxylase, another enzyme, implicated in DA production was described.
As ACE2 expression is downregulated by the SARS-CoV infection, the virus may affect DA
synthesis [21]. It is important to note that SARS-CoV-2 may use DA receptors to enhance
its life cycle, raising viral entry opportunities. Furthermore, the virus, via DA-mediated
disturbance of intracellular biosynthesis, may restrict the innate and adaptive immune
responses [95].

Furthermore, DA neurons in the SNpc are especially prone to oxidative damage due
to their distinct characteristics: DA metabolism, high levels of iron and neuromelanin,
and a reduced antioxidant capacity evidenced by lower levels of the key endogenous
antioxidant, reduced glutathione, in this brain region [96]. Oxidative stress in these neurons
is further exacerbated by mitochondrial dysfunction, which accumulates with aging [97].
Additionally, nigrostriatal DA neurons have high cellular energy demands to maintain ele-
vated basal oxidative phosphorylation in the mitochondria, along with high axon terminal
density and extensive axonal arborization. Furthermore, the SNpc contains the highest
density of microglia among all brain regions—up to ten times denser in humans—making
nearby neurons more vulnerable to uncontrolled microglial activation and subsequent
neurodegeneration [98]. A senescence-like phenotype, characterized by markers such
as lipofuscin accumulation, changes in senescence-associated genes, increased lysosome
numbers, mitochondrial dysfunction, and elevated protein oxidation has been identified
in SARS-CoV-2-infected human pluripotent stem cell-derived DA neurons [20]. Further-
more, a reduction in TH- and neuromelanin-positive DA cell bodies and nerve fibers were
observed in severe COVID-19 patients, highlighting the sensitivity of this type of cell
to SARS-CoV-2 infection [20]. Given the above-mentioned specific properties of the DA
neurons, the cellular stress induced by COVID-19 infection may push these vulnerable cells
past the threshold of neurodegeneration. However, the molecular mechanisms underlying
COVID-19-induced neuronal cell death remain complex. The interplay between heightened
neuroinflammation, oxidative stress, and mitochondrial dysfunction is closely associated
with α-synucleinopathies, as well as with COVID-19 pathomechanism. This creates a
vicious cycle, leading to progressive neuropathological manifestations. Moreover, these
harmful processes are also key drivers in promoting α-syn oligomerization, aggregation,
and toxicity.

2.4. The Role of SARS-CoV-2 in α-Syn Alterations

In light of the relationship between viral infections and the development of neurode-
generative processes, several studies have focused on the role of virus-induced alterations
in α-syn oligomerization and aggregation. Infections evoked by viruses such as the human
immunodeficiency virus (HIV), West Nile Virus (WNV), Venezuelan equine encephalitis
virus (VEEV), Influenza (H1N1), and SARS-CoV-2 can trigger α-synucleinopathies in the
CNS [99,100]. Therefore, α-syn has been proposed as a key factor linking the pathome-
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chanisms of PD and COVID-19 [47,51]. Although more in vivo studies are showing that
SARS-CoV-2-related changes in α-syn mimic the neuropathological features seen in PD
patients [92,101], the specific ways in which SARS-CoV-2 affects α-syn regulation and the
effects of these interactions are still not well understood. However, two main pathways
have been proposed for how SARS-CoV-2 might alter α-synuclein: (1) direct interaction
between the virus and α-synuclein, and (2) activation of the immunomodulatory function
of α-syn (Figure 5).
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Figure 5. SARS-CoV-2–induced alterations in α-synuclein. (A) Potential direct interactions between
the SARS-CoV-2 spike (S) protein and α-synuclein. The S protein may directly interact with α-
synuclein, potentially altering its structure and increasing its propensity to misfold and aggregate.
This interaction could encourage the formation of toxic α-synuclein oligomers or fibrils, which
are harmful to neurons. (B) SARS-CoV-2–induced activation of α-synuclein’s immunomodulatory
function. α-Synuclein plays a role in the immune system, including the modulation of inflammatory
responses. When SARS-CoV-2 infects a cell, it initiates inflammatory signaling that involves microglial
activation and the release of high levels of pro-inflammatory cytokines and chemokines. This
inflammatory response may lead to α-synuclein accumulation and neuronal damage. Conversely,
non-toxic multimers of α-synuclein could help prevent viral spread. Created in BioRender. Pan, I.
(2024) https://BioRender.com/r11e475, accessed on 30 October 2024.

A direct molecular interaction between SARS-CoV-2 proteins and α-syn, which could
initiate a conformational shift in the soluble monomeric protein and accelerate the forma-
tion of toxic multimeric species, including oligomers/protofibrils and fibril aggregates, is

https://BioRender.com/r11e475
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likely due to the presence of specific viral proteins, such as the S and N proteins, which
may interact with α-syn [43,101,102]. The RBD of the SARS-CoV-2 S1 contains multiple
heparin-binding sites that interact with heparin and heparin-binding proteins (HBPs), in-
cluding proteins prone to aggregation. It is therefore suggested that α-syn could recognize
these heparin-binding sites on the S protein, bind to them, and subsequently undergo
oligomerization, aggregation, and fibrillation. The ability of the S1 protein to drive α-syn
aggregation has been confirmed both in in vitro and in rodent models, with neuroinflam-
mation emerging as a necessary trigger [101]. A signal from the ionized calcium-binding
adapter molecule 1 (Iba-1), being an activated microglia marker, correlated with the α-syn
aggregation in the SNpc region of S1-administered rat brains. Similarly, S1-conditioned me-
dia from BV2 microglia cells increased both the α-syn monomer level, its phosphorylation
on Ser129, and aggregated the form burden via a pro-inflammatory mediated mechanism.
It is important to note that about 90% of the accumulated α-syn in LBs is phosphorylated at
Ser129 [103]. In addition, S1 can directly accelerate α-syn aggregation through increasing
mitochondrial reactive oxygen species (ROS) under conditions of its sufficient accumulation.
Finally, S1 exerts a synergistic effect with DA neurotoxin 1-methyl-4-phenylpyridinium
(MPP+), which is accompanied by excessive ROS production, mitochondria damage, and
reduced viability of the DA neurons [101]. Bioinformatic analysis of the protein–protein
interactions revealed that the α-syn–S1 complex exhibited the strongest binding affinity,
followed by the α-syn–N protein complexes. It was observed that infection with SARS-
CoV-2 S and N proteins led to Lewy-like pathology in vitro, as evidenced by increased
α-syn phosphorylation and aggregation in HEK293 cells overexpressing α-syn, particularly
in N protein co-transfected once [43]. Another study demonstrated that the SARS-CoV-2 N
protein catalyzed the formation of α-syn fibrils in a two-step aggregation process. Initially,
the mixed population of α-syn/N-protein fibrils arose, which in the case of the N protein
lack transformed into pure α-syn fibrils. In the second phase, fibrils continue their growth
until a new balance was acquired [102].

Virus-induced α-syn oligomerization, aggregation, and subsequent accumulation—
observed for SARS-CoV-2 and other viruses such as H1N1 and HIV—could accelerate
neuroinflammation and heighten the risk of developing neurodegenerative processes. This
aligns with the potentially toxic effects of altered α-syn in neurons [12,44,104]. Fibrillar
α-syn was demonstrated to activate microglial nucleotide-binding leucine-rich repeat
receptors (NLRs) family pyrin domain containing 3 (NLRP3) inflammasome [105]. Further
studies identified that NLRP3 can be activated also by SARS-CoV-2 S-glycoprotein in
Lipopolysaccharide (LPS)-primed microglia in a mechanism dependent on an ACE2 and
nuclear factor kappa B (NF-κB). Furthermore, the presence of α-syn fibrils was found to
enhance S protein-mediated microglial inflammasome activation, which was completely
abolished by NLRP3-inhibition [56]. These findings confirm the potential synergistic effect
of the SARS-CoV-2 S protein and α-syn. Consequently, NLRP3 inhibitors, which are
currently in clinical development for neurodegenerative diseases including PD, could be
considered for the treatment of SARS-CoV-2-induced neurological manifestations [105].

SARS-CoV-2 infection may also impact α-syn clearance. Several viral proteins can
induce endoplasmic reticulum (ER) stress and activate unfolded protein responses (UPRs)
to maintain cellular homeostasis. It has been suggested that SARS-CoV-2 may impair pro-
teostasis through a mechanism dependent on the open reading frame 8 (orf8) protein [106].
It may lead to dysregulated ER protein trafficking and hence to uncontrolled α-syn burden
and aggregation [107].

As previously mentioned, although α-syn accumulation contributes to cell toxicity
and the development of neuropathological manifestations, it also plays a crucial role in
sustaining antiviral innate immunity. The upregulation of α-syn in neurons is a normal
response to RNA virus infections and is an essential component of the host’s immune re-
sponse [108]. The immunomodulatory properties of α-syn were evidenced by its increased
neuronal expression following acute infection with WNV or VEEV [51,107]. α-Syn local-
ized to the ER-derived membranes regulates ER-induced stress, restricts viral replication,
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and thus protects CNS [109]. Moreover, in α-syn-knockout mice inoculated with WNV
and VEEV strain TC-83, the infectious titer in the brain was increased compared with the
wild-type and heterozygote littermates. Moreover, the mortality of α-syn-knockout mice
was also increased compared with the control animals [109]. In a rodent model of the
peripheral H5N1 influenza infection, persistent CNS microglial activation and abnormal
α-syn phosphorylation that lasts long after infection resolution were observed. Simultane-
ously, the loss of DA neurons in the SNpc was observed 60 days after infection [110]. It is
probable that, in response to SARS-CoV-2 infection, α-syn upregulation may also occur,
which may be explained as a protective mechanism against virus replication. Using α-syn
knock-out mice and human neuronal models, α-syn was shown to be a neuron-specific
modulator necessary to complete interferon-stimulated gene expression in neurons after
acute RNA virus infection [111]. Moreover, virus infections increased the level of α-syn,
phosphorylated on Ser129 in human and non-human primate neuronal tissues, linking
responses to virus infection with accumulation of phosphorylated α-syn [111].

α-Syn is expressed predominantly within CNS, but its role in the peripheral tissues
is also important in the context of antiviral defense. It is worth highlighting that α-syn
is the key player in peripheral cells’ response to viral infection, which may prevent virus
transmission from the peripheral nervous systems (PNSs) to the CNS and slow down
neuroinvasion. The data of Limanaqi et al. (2024) indicated that α-syn upregulation in
lung epithelial cells occurs as a type-I interferon (IFN)-related response to SARS-CoV-2
infection, which participates in the suppression of viral replication. The dynamic of α-syn
conformation/aggregation, leading to the production of a non-toxic multimer, is crucial
in IFN-related responses. Extracellular α-syn monomers accelerated SARS-CoV-2 repli-
cation and reduced both IFN-related genes and the α-syn multimer/monomer ratio. On
the other hand, IFN-β treatment restricted virus replication and increased α-syn multi-
mers levels in the lack of cell toxicity. Moreover, in endothelial cells expressing abortive
SARS-CoV-2 replication, α-syn multimerization was not altered following exposure to the
virus, suggesting that only productive viral infection impairs α-syn aggregation [112].

However, the hypothesis of α-syn accumulation as a protective antiviral factor has
simple limitations. The initial upregulation of this protein may be a trigger for its further
oligomerization, seeding, and subsequent propagation, ultimately resulting in widespread
neurodegeneration. Therefore, α-syn may have a dual role following infection by various
viruses, including SARS-CoV-2, with the type of α-syn conformers and their dynamics
being key factors in modulating the course of infection (Figure 5).

2.5. Promising Therapeutic Targets for Both PD and COVID-19

Since PD and COVID-19 share some molecular and cellular pathological mechanisms,
particularly those related to inflammation, oxidative stress, mitochondrial dysfunction,
and immune response, several therapeutic targets and strategies have been proposed to
modulate these pathways in both diseases. The most promising approaches focus on
reducing inflammation—such as using inhibitors of the NLRP3 inflammasome, IL-6, or
TNF-α, which are being tested for their ability to dampen the excessive immune response in
both conditions—and addressing oxidative stress and mitochondrial dysfunction [113–115].
Additionally, enhancing autophagy with drugs like rapamycin or metformin could provide
therapeutic benefits for both PD and COVID-19, as could targeting the microbiome by
modulating it with probiotics or other gut-targeted therapies [116–118].

Recent data suggest that antagonists of purinergic receptors may serve as potential
treatments for reducing inflammation and oxidative stress in both PD and COVID-19.
The P2X purinoceptor 7 (P2X7R), a crucial mediator of neuroinflammation, is particularly
promising. The study of Hasan et al. (2022) demonstrated that readily available P2X7R
antagonist lidocaine can be beneficial in restoring regular immune function during severe
COVID-19 infection [119]. To overcome the trouble of the EC50 for P2X7R inhibition
of lidocaine significantly exceeding the maximal tolerable plasma concentration where
adverse effects begin, the authors selectively inhibited the P2X7Rs of the immune cells
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of the lymphatic system generating a clonal expansion of Tregs in the local lymph nodes.
Tregs migrating throughout the organism ameliorated hyperinflammation, which was
described in six critically suffering COVID-19 patients. Blocking the P2X7R may help to
alleviate the uncontrolled ATP release to the extracellular space, cytokine storm triggered
by the P2X7R/NLRP3 inflammasome axis, and lysosomal dysfunction. Moreover, reduced
levels of ATP and the Ca2+ influx, regulated by P2X7R, lessened the possibility of α-syn
aggregation [120]. It is important to note that another potential target in PD is the P2X1
receptor (P2X1R), which is highly expressed in the SN and striatum, regions affected by PD.
P2X1R is involved in α-syn accumulation, a process linked to lysosomal pH elevation and
dysfunction caused by high levels of extracellular ATP [121].

When discussing potential common treatments for PD and COVID-19, amantadine
cannot be overlooked. Primarily used in the management of PD, amantadine increases
extracellular DA levels by inhibiting its reuptake by presynaptic neurons and antagonizing
the N-methyl-D-aspartate (NMDA) receptor function [122]. Its pharmacological activi-
ties are unique in incorporating dopaminergic and antiglutamatergic effects, which direct
its dual action on parkinsonian-like symptoms and levodopa-induced dyskinesias [123].
Currently, amantadine, including its long-acting formulations, is mainly employed as an
add-on therapy to mitigate levodopa-induced dyskinesias [124,125]. Amantadine was also
one of the first antiviral drugs approved for the treatment of Influenza A, though its use has
been limited in many countries due to the emergence of resistant viral strains [126]. While
SARS-CoV-2 infection is not an official indication for amantadine, numerous studies high-
light its potential, especially as a candidate for neurological manifestations management in
patients with coexisting parkinsonism and other neurological disorders [127–129]. Protein
E (envelope) representing one of the SARS-CoV viroporins involved among others in the
NLRP3 inflammasome activation may be an important target for antiviral therapy [130].
Amantadine was shown to inhibit the ion channel activity of SARS-CoV-2 Protein E [131].
Another in vitro study demonstrated the effectiveness of amantadine in inhibiting the
replication of SARS-CoV-2. Still, the IC50 value exceeded the therapeutic concentration of
amantadine after systemic administration but did not exclude the inhalation or intranasal
management route [132]. The potential role of amantadine in treating COVID-19 remains
a topic of public debate. However, results from a retrospective, multicenter cohort study
among patients with idiopathic PD, comparing those who used amantadine chronically to
those who did not, indicated that amantadine did not influence the incidence or severity of
COVID-19 [133]. Similarly, a randomized, double-blind, placebo-controlled, single-center
clinical trial found no effect of amantadine on the progression of the disease following
SARS-CoV-2 infection [134]. On the other hand, a hospital-based, observational, retrospec-
tive cohort study reported the significantly lowered impact of amantadine pre-exposure use
among PD and Multiple Sclerosis (MS) patients on COVID-19 infections [135]. Moreover,
a clinical trial evaluating the effect of amantadine on post-COVID-19 fatigue showed a
statistically significant decline in fatigue levels, suggesting a potential beneficial effect of
the drug [136]. Similarly to the promising effects of amantadine on fatigue, memantine,
another well-known adamantane derivative used in AD therapy, may have a beneficial
impact on cognitive impairment, another frequent COVID-19 sequela [137].

Calcium homeostasis is also regulated by lithium. Its chronic treatment was confirmed
to significantly lower intracellular calcium flux, specifically by activating metabotropic
glutamatergic receptor 5 (mGluR5) [138]. Lithium, being a mood stabilizer and the first-
choice treatment option for bipolar disorders, may be a valid neuroprotective therapeutic
also in neurodegenerative diseases like PD and AD, which was indicated in a meta-analysis
of pre-clinical and clinical studies [139]. Moreover, the antiviral effects of lithium were
investigated using electronic health records of 14,008 individuals with a documented
therapeutic lithium level (mean level 0.741 mmol/L) and 12,546 individuals with a recorded
subtherapeutic lithium level (mean level 0.352 mmol/L) during the COVID-19 pandemic.
It was demonstrated that the 6-month COVID-19 infection incidence was lower among
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matched patients with therapeutic versus subtherapeutic lithium levels, indicating the
association between higher lithium levels and a lower risk of COVID-19 [140].

Neuroinflammation is an extremely important background of both COVID-19 and
PD. Therefore, reducing the hyperstimulated microglia activity by naltrexone, unique
for its low doses, is another vital target for both diseases. Naltrexone is a Food and
Drug Administration (FDA)-approved non-peptide opioid receptor antagonist, which
in standard doses is used to treat symptoms of alcohol and opioid abuse. However,
the finding of a non-neuropsychiatric component of opioid receptor signaling with low-
dose naltrexone (LDN) has discovered its novel applications in inflammation-associated
conditions treatments [141]. The mechanism of LDN action probably via Toll-like receptor
4 (TLR-4) antagonism widely expressed on microglial cells relies on the switch to the
anti-inflammatory and neuroprotective M2-phenotype [142]. LDN was reported to reduce
both LPS-induced cytokine storm and extracellular signal-regulated kinase (ERK 1/2)
phosphorylation/activity. ERK1 and ERK2 are mitogen-activated protein kinases (MAPKs)
regulating cell proliferation and differentiation in response to extracellular stimuli, like
cytokines, which have been shown to activate virus replication. Moreover, virtual docking
simulation data have shown that LDN is able to disrupt the SARS-CoV-2-RBD-ACE2
complex, playing a critical role in virus invasion and virulence [143].

Another therapeutic target for both PD- and COVID-19-related neurological compli-
cations is ferroptosis inhibition. Ferroptosis is an iron-dependent programed cell death,
which when overactivated leads to oxidative stress and uncontrolled inflammation. A
lower level of glutathione, along with the deregulation of glutathione peroxidase 4 (GPX4)
and the accumulation of lipid peroxides, is a critical mechanism of ferroptosis [144]. As
mentioned above, the SNpc contains a high concentration of iron and, compared with other
structures, a relatively low level of reduced glutathione, which serves as an antioxidant
defense [96]. Thus, the markers of ferroptosis highly overlap with the neuropathological
features of PD. Iron is a required co-factor for multiple essential enzymes and is necessary
for viruses’ efficient replication. Cellular iron burden synergistically increased reactive
oxygen and nitrogen species, pro-inflammatory cytokines and chemokines production in
cells primed with the S protein [145]. Simultaneously, iron and ferritin overload coexisting
with inflammation during SARS-CoV-2 infection were detected in severe types of COVID-
19 [146]. Therefore, ferroptosis is also suggested to be a vital mechanism of cell death
in COVID-19-related parkinsonism [21]. Cell death, including ferroptosis, is generally
beneficial because it can inhibit virus multiplication. However, uncontrolled oxidative
stress and inflammation lead to multi-organ dysfunction, including BBB breakdown, brain
injury, and neurological symptoms. The major treatment strategy to restrict ferroptosis is by
preventing the Fenton reaction and oxidative damage like lipid peroxidation by managing
iron chelators such as deferoxamine [146–148] and lipophilic antioxidants like ferrostatin-1
and liproxstatin-1 [149]. Deferoxamine was reported to improve the clinical status and
lessen the hospital mortality rate in patients with COVID-19 admitted to the intensive
care unit [148]. The common therapeutic targets of PD and COVID-19 are summarized in
Table 3. However, further research is needed to fully understand the connections between
both disorders to develop effective treatments for coexisting conditions.

Table 3. Potentially shared targets for both PD and COVID-19.

Molecular Target Example of Drug Reference

Inhibition of NLRP3-dependent programed cell death, called
pyroptosis and autophagy regulation, promotion of α-syn
clearance, and restoration of proteasome 20 S activity.
Reduction in α-syn (Ser129) phosphorylation.

Salidroside [113–115]
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Table 3. Cont.

Molecular Target Example of Drug Reference

Blocking of the P2X7R/NLRP3 axis triggering a cytokine storm.
Reduction in ATP concentration and the activation of IL-1β and
IL-6. Prevention of the influx of Ca2+ and the occasion of α-syn
mutations.

Lidocaine [119,150]

Counteraction glutamine-mediated excitotoxicity by inhibition
of calcium influx into the cells by NMDA receptor channel
blocking. Inhibition of SARS-CoV-2 viral channel activity, like
the Protein E (envelope) cation channel, representing
SARS-CoV-2 viroporin involved in its virulence.

Amantadine,
Memantine

[131,151]

Regulation of calcium homeostasis by mGluR5. Lithium [138–140]

Switch microglia to anti-inflammatory and neuroprotective
M2-phenotype. TLR-4 antagonism, ameliorating cytokine storm.
Disruption of SARS-CoV-2 S protein binding to ACE2.
Reduction in the phosphorylation/activity of ERK1/2.

Low-Dose Naltrexone [141–143]

Prevention of the Fenton reaction and the ferroptosis inhibition. Deferoxamine, Phyto-chelators like
Caffeic acid,
Curcumin, α-Lipoic acid (ALA), and
Phytic acid

[144,146–148]

Scavenging of lipid peroxides and prevention of oxidative
damage by lipophilic antioxidants.

Ferrostatin-1,
Liproxstatin-1

[144,149]

Anti-oxidative effects on the DA neurons in PD by increasing
Nrf2 expression, and inhibition of the interaction of ACE2 with
the S protein of SARS-CoV-2.

Flavones
(Chrysin, Quercetin)

[152–154]

3. The Connection Between COVID-19 and α-Synucleinopathies Other Than PD

Although the connection between SARS-CoV-2 and α-syn is well documented, the
relationship between COVID-19 and α-synucleinopathies other than PD remains spec-
ulative. Currently, there are only a limited number of reports linking this group of dis-
eases with COVID-19. However, cases of COVID-19 patients diagnosed with certain
α-synucleinopathies indirectly suggest a causal relationship between viral infection and α-
syn pathology. The distinction between PD and other α-synucleinopathies, such as DLB and
MSA, is based primarily on differences in symptoms or the timing of their onset. Nonethe-
less, all these diseases share a common pathomechanism, where neuroinflammation plays
a critical role following the accumulation of α-syn [1]. Table 4 summarizes the case of
patients diagnosed with α-synucleinopathies other than PD after COVID-19 infection.

Table 4. α-Synucleinopathy diagnosis after COVID-19. The case of patients.

Disease Case of Patient Description Ref.

DLB A 68-year-old man after COVID-19 with catatonia symptoms, like sub-stupor, immobility,
catalepsy, and rejection. Catatonia appeared for the first time after SARS-CoV-2 infection and did
not respond to lorazepam, though the ECT provided relief. Diagnostic imaging, including a DAT
scan and 123I-meta-iodobenzylguanidine imaging, showed reduced uptake, leading to the final
diagnosis of DLB instead of delirium.

[155]
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Table 4. Cont.

Disease Case of Patient Description Ref.

MSA A 65-year-old woman hospitalized for COVID-19 developed ataxia, progressive dizziness, and
blurry vision. The evaluation noted rightward nystagmus, resting tremor of the right hand,
slowed finger tapping bilaterally, right dysmetria, and a shuffling gait. Lumbar puncture was
negative. Brain MRI indicated moderate cerebellar and pontine volume loss with crossed
hyperintensity of the pons, known as the “hot cross buns sign”. Videonystagmography proved
the cerebellar etiology of her symptoms. MSA with parkinsonian components (MSA-P) was
finally diagnosed. The patient reacted positively to therapy with amantadine and
carbidopa/levodopa, as well as vestibular rehabilitation and meclizine. Given the close temporal
link between SARS-CoV-2 infection and the emergence of MSA features, the authors suggest that
this MSA-P case may be related to the COVID-19 infection.

[156]

RBD
Patients with suspected sleep disorders after acute COVID-19 underwent
video-polysomnography (v-PSG). At 60 days post-diagnosis, 4/11 patients (36%) were diagnosed
with obstructive sleep apnea (OSA). Also, 4/11 patients showed REM sleep without atonia
(RWA), a recognized prodromal stage of RBD, and two additional patients showed an RWA index
within the highest range of normality.

[157]

The results of the case–control studies of 25 patients with previous COVID-19 infection compared
with 25 age–sex matched controls who tested negative for COVID-19 before polysomnography.
Isolated RWA occurred more frequently in the COVID-19 (9/25 patients, 36%) patients than in
the controls (3/25 patients, 12%).

[158]

3.1. DLB

DLB is recognized as the second most common cause of dementia, after AD. Clinically,
DLB is distinguished from PD dementia primarily by the timing of the onset of dementia rel-
ative to parkinsonism [159]. In DLB, cognitive impairment appears early, either preceding
parkinsonian motor signs or developing within one year of their onset, while PD dementia
(PDD) is diagnosed when dementia emerges in well-established PD. Most DLB patients
initially exhibit frontal lobe dysexecutive syndrome, visual hallucinations, disorientation,
and delusions, followed later by motor symptoms such as gait impairments, imbalance,
and, less commonly, symmetrical tremors [160,161]. An exacerbated inflammatory response
within the CNS is known to accelerate DLB development. In a non-human primate model,
SARS-CoV-2 infection was shown to cause brain inflammation, indicated by T cell infiltra-
tion and activated microglia. Simultaneously, Lewy bodies were detected in the brains of
rhesus macaques, confirming SARS-CoV-2′s ability to induce neuroinflammation alongside
α-synucleinopathy [100]. Moreover, there is a case report of a patient who developed cata-
tonia symptoms, i.e., sub-stupor, immobility, catalepsy, and rejection following COVID-19
infection and was finally diagnosed with DLB instead of delirium [155]. Catatonia is a state
associated with several disorders including autism spectrum disorders, schizophrenia, and
mood disturbances like depression. It is strongly influenced by neuroinflammation, which
plays a crucial role in the development and progression of these conditions [162]. A growing
number of COVID-19 patients have also reported experiencing catatonia [163]. Catatonia is
often confused with delirium, which presents similar clinical symptoms. In the DLB case
above, catatonia appeared for the first time after SARS-CoV-2 infection and did not respond
to lorazepam, though electroconvulsive therapy (ECT) provided relief. Diagnostic imaging,
including a dopamine transporter (DAT) scan and 123I-meta-iodobenzylguanidine imaging,
showed reduced uptake, leading to a diagnosis of DLB rather than delirium [155].

Although the lockdown strategies implemented by many countries effectively lim-
ited SARS-CoV-2 transmission, this period proved to be highly challenging for mental
health, particularly for vulnerable elderly individuals with dementia. Several reports have
indicated a deterioration of cognitive and neuropsychiatric symptoms in patients with
DLB during lockdown [164,165]. It was observed that altered subjective perceptions of
the passage of time among DLB patients occurred alongside worsening disease features
reported by their caregivers during this period [164]. Another study suggested that strict
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lockdowns lasting at least six months were associated with accelerated declines in cognitive
function and neuropsychiatric symptoms in both DLB and AD patients. Among individuals
with mild cognitive impairment (MCI), AD, and DLB, those with DLB showed a greater
decline in Mini-Mental Status Exam (MMSE) scores, with more than half experiencing
worsening neuropsychiatric inventory scores. Additionally, DLB patients exhibited a faster
decline in MMSE scores compared with those with AD [165]. According to the concept of
social health, the reduction in daily physical activity and social interaction for patients with
dementia may significantly impact their long-term functioning. This consideration may
have informed recommendations for dementia patients and their caregivers during the
COVID-19 pandemic [166,167]. While potential links between SARS-CoV-2 and DLB are
suggested, more research is needed to establish a clear relationship.

3.2. MSA

In MSA, α-syn aggregates are primarily found within oligodendrocytes such as Papp–
Lantos inclusions. There are two variants of MSA: the first, characterized by striatonigral
degeneration, presents symptoms similar to PD (MSA-P). In contrast, MSA with cerebellar
symptoms affecting balance and coordination (MSA-C) results from olivopontocerebellar
atrophy [168,169]. Recently there was reported a case of a patient hospitalized for COVID-
19 who subsequently developed ataxia, progressive dizziness, and blurry vision, leading
to a diagnosis of MSA-P [156]. This observation indirectly supports a causal relationship
between coronavirus infection and the development of α-synucleinopathy. The etiology of
MSA is complex and includes genetic and epigenetic factors, α-synuclein pathology, dis-
rupted iron homeostasis, neuroinflammation, and mitochondrial dysfunction [170]. Among
these, neuroinflammation is the most well documented and likely the missing link between
SARS-CoV-2 infection and the onset of MSA. In an autopsy study of individuals who had
COVID-19, the majority exhibited astrogliosis, microgliosis, and infiltration of cytotoxic T
lymphocytes (CTL), particularly in the brainstem and cerebellum, along with meningeal
CTL infiltration [171]. MSA is a common cause of cerebellar ataxia in adults [172]. In
the case mentioned above, magnetic resonance imaging (MRI) showed moderate cerebel-
lar and pontine volume loss with crossed hyperintensity of the pons, known as the "hot
cross buns sign". The patient responded positively to treatment with amantadine and
carbidopa/levodopa, as well as vestibular rehabilitation and meclizine. Given the close
temporal link between SARS-CoV-2 infection and the emergence of MSA features, the
authors suggest that this case may be connected to the COVID-19 infection, potentially
triggering or accelerating pre-existing MSA [156]. Additionally, another case was reported
of a patient with atypical parkinsonian features, including a lack of response to dopaminer-
gic medication, early cervical dystonia, postural instability with falls, and dysautonomia
following a prolonged SARS-CoV-2 infection. This patient met the criteria for a diagnosis of
clinically probable MSA [173]. Similarly, as with other α-synucleinopathies, more research
is needed to establish a clear causal relationship between MSA and COVID-19.

3.3. PAF

PAF, also known as idiopathic orthostatic hypotension or Bradbury–Eggleston syn-
drome, is an uncommon sporadic disorder that affects the sympathetic branch of the
autonomous nervous system, without other neurological deficits. In PAF, α-syn pathology
as typical and atypical LBs arises in SN, locus ceruleus, substantia innominata, as well as
autonomic ganglia and nerves [174]. The degeneration of the sympathetic component of
the autonomic nervous system (ANS) in PAF directs orthostatic hypotension, standing as
the diagnostic criterium of PAF, and other symptoms such as genitourinary and intestinal
dysfunction and sweating disorders [175]. The ANS complications, including hypertension,
arrhythmias, and fatigue, are also common elements of post-COVID-19 cardiovascular syn-
drome [176]. Interestingly, several symptoms characterizing Long-COVID-19 recapitulate
Postural Orthostatic Tachycardia Syndrome (POTS), which represents a frequent form of
dysautonomia [177]. In POTS and PAF, an inverse dependence between the autonomic
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symptoms and cardiovascular changes affected by orthostatic stimulus intensity and the
work ability index value was reported [178,179]. Notably, in patients who developed Long-
COVID-19 autonomic syndrome, this association was more powerful. In line with these
observations, SARS-CoV-2 may affect ANS and last for several months, leading to chronic
autonomic syndrome [180].

3.4. RBD

RBD, characterized by the loss of normal muscle atonia during REM sleep, is asso-
ciated with early α-syn alterations and is a well-documented prodromal marker of PD,
often preceding the onset of typical motor symptoms by several years [181,182]. RBD is a
sleep disorder that falls under the parasomnia category and is characterized by abnormal
behaviors during sleep, such as gestures, vocalizations, movements, nightmares, and the
loss of normal skeletal muscle atonia during REM sleep. The movements that occur in
place of REM atonia can be complex, including actions like kicking or fighting in response
to vivid and often frightening dream scenarios [183]. Based on reports of COVID-19 pa-
tients exhibiting RBD features, it is suggested that SARS-CoV-2 might potentially trigger
this condition. For example, Heidbreder et al. (2021) found that more than one-third of
COVID-19 patients analyzed using polysomnography showed REM sleep without ato-
nia (RWA), a recognized neurophysiological substrate of RBD [157]. In the case–control
study, isolated RWA (without clinical RBD) was observed more frequently in COVID-19
patients than in negative controls, indicating a potential link between prior COVID-19
infection and disturbances in the brainstem regions of the dorsal pons and/or ventrome-
dial medulla [158]. Interestingly, dream-enactment behaviors became more common in
the general population during the COVID-19 pandemic, with a notable increase among
COVID-19 patients. Furthermore, in COVID-19-positive individuals, weekly dream-
enactment behaviors, as measured by the RBD Single-Question Screen (RBD1Q), were
positively associated with the severity of COVID-19 [184].

4. Age and Gender Aspects of Relationships Between SARS-CoV-2 Infection and
α-Synucleinopathies

To date, no studies have examined the impact of COVID-19 infection on the devel-
opment or progression of α-synucleinopathies concerning age or gender. Additionally,
there are no data on how age or gender might influence α-syn’s role in COVID-19 progres-
sion. Consequently, any hypotheses regarding possible bidirectional relationships between
SARS-CoV-2 infection and the α-synucleinopathies must rely on existing knowledge about
COVID-19’s gender-specific effects and the influence of age on α-synucleinopathies.

Several studies, however, have investigated the relationship between age and COVID-
19 severity. Data from China show a case fatality rate (CFR) below 0.4% for individuals aged
40 or younger, increasing to 1.3% at age 50, 3.6% at 60, 8% at 70, and 14.8% for those 80 and
older [13,185]. Similarly, Italian data report CFRs below 0.4% for those under 40, rising to
1% at 50, 3.5% at 60, 12.8% at 70, and 20.2% at 80 [186]. The link between older age and more
severe COVID-19 outcomes is often attributed to the generally poorer health and presence
of comorbidities in older individuals, key factors in disease severity and progression.

Additionally, age-related immune decline and dysregulation are thought to heighten
susceptibility to severe COVID-19 effects in this group [187]. Age-related changes in
the immune system, known as immunosenescence, are believed to be a major cause of
increased susceptibility to infections—especially respiratory infections like influenza—as
well as a reduced immune response to vaccinations [188,189]. A key factor in the weakened
antiviral immunity and increased susceptibility to SARS-CoV-2 in older adults may be the
diminished IFN-I response, which contributes to greater viral replication—a mechanism
also observed with influenza in cell cultures [190,191].

Studies have shown that older adults exhibit an impaired IFN-I response to influenza
vaccination [192], and aging is associated with weakened CD4+ and CD8+ T cell responses
in COVID-19. Declines in de novo T cell reactivity are considered a potential factor in
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age-related susceptibility to COVID-19 [193–195]. Lin et al. (2020) proposed a hypothesis
regarding the role of immune and inflammatory factors in the dysregulation of the coagula-
tion system in COVID-19 pathogenesis [196]. Research suggests a link between complement
activation and endothelial dysfunction, which may contribute to microvascular thrombosis
and multi-organ failure in severe cases [197–199]. However, few studies have examined
aging in this context.

Inflammation is well documented and may arise from the senescence-associated secre-
tory phenotype (SASP), which entails the copious secretion of pro-inflammatory signals
in the tissue microenvironment and contributes to age-related conditions, persistent viral
infections like cytomegalovirus (CMV), and other sources [200–202]. This pro-inflammatory
environment may amplify inflammatory responses following SARS-CoV-2 infection, exac-
erbating cytokine storms in older adults and potentially affecting ACE2 expression, thereby
facilitating viral penetration [203]. Enhanced cytokine secretion may impact the central
nervous system, as SARS-CoV-2 has been shown to activate mast cells and microglia upon
reaching the hypothalamus. This activation triggers the release of various pro-inflammatory
cytokines and chemokines, including IL-1β, IL-6, IL-8, IL-33, CCL2, and TNF, which may
contribute to the development or worsening of α-synucleinopathies.

Evidence suggests inflammation and microglial activation in graft deposits long before
the accumulation of α-syn pathology in implanted dopaminergic neurons in patients with
PD [204,205].

Pro-inflammatory cytokines such as TNF-α and IL-1β have been shown to facilitate
the cell-to-cell propagation of α-syn in vitro, while TNF-α has also been implicated in
promoting neuronal senescence, enhancing the SASP of neurons and subsequent lysosome-
dependent secretion of α-syn [206]. Conversely, oligomeric α-syn released by neurons
can stimulate microglial inflammatory responses through Toll-like receptor 2 (TLR-2)
activation [207]. This evidence has led to a proposed model emphasizing the role of an
inflammatory microenvironment in the spread of aggregates: initial protein aggregation
induces a chronic inflammatory state, which in turn fosters a microenvironment conducive
to further aggregation in neurons. This establishes a self-perpetuating cycle between
protein aggregation and inflammation [208].

Another potential mechanism through which SARS-CoV-2 may exert detrimental
effects on the CNS—likely influenced by aging—is mitochondrial damage. Mitochondria
are critical to the pathophysiology of age-related disorders, including PD and other α-
synucleinopathies [209]. The relationship between aging and mitochondrial dysfunction is
profound, encompassing alterations in mitochondrial biogenesis and dynamics, increased
oxidative stress, and impaired energy metabolism. These mitochondrial disturbances
significantly contribute to the development of various age-related conditions and the ag-
ing process itself. Age-related mitochondrial dysfunction may play a crucial role in the
oligomerization, aggregation, and toxicity of α-syn. SARS-CoV-2 infection may exacer-
bate mitochondrial damage due to NF-κB-mediated inflammatory responses [210–212].
Based on these findings, it can be hypothesized that older individuals are more susceptible
to α-syn toxicity and neurodegeneration following SARS-CoV-2 infection. SARS-CoV-2
infection through various mechanisms, especially those related to cytokine storm, inflam-
mation, mitochondrial damage, or oxidative stress, may lead to α-synucleinopathy and
neurodegeneration in this vulnerable population.

Regarding gender-related aspects, published research suggests that the relationship
between α-synucleinopathies and SARS-CoV-2 infection may be complex and influenced
by age and hormonal status. Evidence indicates that the two primary sex steroid hormones
inversely regulate ACE2 expression: estrogen downregulates the main SARS-CoV-2 re-
ceptor in various organs, while testosterone upregulates it [213,214]. Studies show that
plasma ACE2 levels are higher in men than in women. Additionally, androgens stimulate
TMPRSS2 expression in human lung epithelial cells, whereas their absence inhibits this
expression [215]. TMPRSS2 is known to proteolytically activate several influenza viruses,
coronaviruses, and SARS-CoV-2 [216]. Men with higher TMPRSS2 expression are more
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susceptible to infections from SARS-CoV [216] and MERS-CoV [217]. Therefore, the modu-
lation of TMPRSS2 by testosterone may help explain the male predominance observed in
these infections [218].

Testosterone may not only increase men’s susceptibility to SARS-CoV-2 infection but
also weaken antiviral immunity. Several studies [219] confirm that testosterone reduces
immune responses in men. By suppressing T helper (Th) 2 and Th17 cells, testosterone de-
creases antibody production and impairs B cell proliferation, thus compromising adaptive
immunity [220]. In dendritic cells, testosterone reduces interleukin levels (IL-10, IL-13, and
IL-4) and lowers the expression of the MHC-II receptor on antigen-presenting cells [221].
These effects are linked to delayed antibody responses in severe COVID-19 cases and
lower IgG production in men compared with women, which may correlate with worse
prognoses [222]. Interestingly, testosterone also increases anti-inflammatory cytokine levels
in vivo, challenging the idea that it solely suppresses inflammation. It has been shown to
enhance IL-10 expression while decreasing levels of IL-6, IL-1, and TNF-α [223]. Thus, at
younger ages, elevated testosterone levels may render men more susceptible to SARS-CoV-2
infection and weaken their antiviral immunity, potentially leading to more severe infections
compared with women. Simultaneously, the reduced inflammatory response in men may
protect them from cytokine storms and associated complications.

In turn, estradiol has been shown to reduce ACE2 levels in the kidneys of women,
while ovariectomy, which removes estrogen, increases ACE2 activity and expression in
kidneys and adipose tissue in mice [213]. Additionally, recent studies suggest that increased
estrogens can also enhance antiviral immunity [224]. Estradiol stimulates the production of
interferon type 1 by T lymphocytes after binding to ER [225]. Increased levels of interferon
I and III are associated with a milder course of COVID-19 [226]. Additionally, estrogen
increases the expression of T cell chemokine receptor 5 (CCR5) and influences the increased
adhesion of blood lymphocytes to endothelial cells [218,227], increases the production of
IL-4 and the development of T helper type 2 cells [228] as well as stimulates T helper cell
type 1 differentiation by reducing T helper cell type 17 and IL-17 cytokines [229].

An additional hypothesis explains the superior immunity of females against SARS-
CoV-2 infection, linked to their double dose of the X chromosome, which houses several
immunity-related genes such as Fork-head box P3 (FOXP3), CD40 ligand (CD40L), Toll-like
receptor 7 (TLR-7), and Toll-like receptor 8 (TLR-8) [230]. Although X chromosome inacti-
vation occurs during female embryogenesis, some proteins encoded on the X chromosome
can still be produced in a biallelic manner. This biallelic expression of X-linked genes in im-
mune cells may lead to heightened immunity or unfavorable inflammatory responses [231].
One key protein is TLR-7, crucial for pathogen recognition and the activation of innate
immunity and predominantly found in monocytes, plasmacytoid dendritic cells (PDCs),
and B cells [232]. Women may exhibit overexpression of TLR-7 due to biallelic expres-
sion compared with men [233,234]. Consequently, this increased expression may enhance
women’s immune response, offering a protective advantage against COVID-19 infection
and its severe outcomes. This protection may persist even after menopause, despite the
decline in estrogen synthesis.

Results from various studies involving humans and rodents indicate that estrogen may
provide protection to females against cytokine storms and inflammation. At physiologically
elevated levels, estrogen appears to inhibit the production of several pro-inflammatory
cytokines, such as IL-6, IFN-α, IL-1, and chemokine (C-C motif) ligand 2 (CCL2), from
monocytes and macrophages. This action helps to prevent the migration of neutrophils
and monocytes to inflammatory sites [235].

The data suggest that younger men may be at a higher risk of COVID-19 infection and
severe illness compared with women. In this age group, both men and women appear to
have a lower risk of developing a cytokine storm, a factor that could otherwise promote
α-synuclein aggregation. This protective effect may stem from testosterone and estradiol,
which help to reduce the production of pro-inflammatory cytokines, including IL-1, IL-6,
and TNF-α [236].
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However, these dynamics may shift with age as sex hormone levels decline. Among
older adults, both men and women may experience similar risks of SARS-CoV-2 infection,
cytokine storm development, and related complications affecting the central nervous
system. The interplay between sex, SARS-CoV-2 infection, and α-synucleinopathy is thus
complex, shaped by age and hormonal status. Further research is needed to clarify these
relationships and their broader implications.

5. Conclusions

The emerging evidence suggests that COVID-19 may have lasting effects on the
nervous system and brain function, with a potential link between α-synucleinopathies and
SARS-CoV-2 infection. However, the nature of this relationship and its direct causality
remain poorly understood. Several mechanisms could explain how SARS-CoV-2 infection
might contribute to the onset or progression of neurodegenerative diseases such as PD and
other α-synucleinopathies, involving both direct and indirect alterations of α-syn.

These mechanisms include the viral-induced dysfunction of α-syn resulting from
direct protein–protein interactions that accelerate the conversion of α-syn into pathological
multimeric forms, such as oligomers and protofibrils, promoting its spread and leading
to widespread neurodegeneration. Additionally, chronic neuroinflammation triggered
by SARS-CoV-2 may cause pathological changes in α-syn, further supporting a potential
connection between these disorders.

Interestingly, in the context of SARS-CoV-2 infection, α-syn may play a “Janus-faced”
role, potentially acting protectively through upregulation as part of the immune response to
viral infections. Understanding the interplay between SARS-CoV-2 infection and the dual
nature of α-syn is crucial for managing and treating patients with pre-existing neurological
conditions who contract COVID-19, as well as for exploring the role of long COVID in the
development of α-synucleinopathies.

To date, several potential therapies have been proposed, targeting pro-inflammatory
processes, ACE2 receptors, ERK1/2 activity, and intracellular Ca2+ homeostasis (Table 3).
However, the search for effective treatments for long COVID is ongoing, necessitating more
in-depth studies and subsequent clinical trials to identify promising therapeutic targets
and develop successful interventions.

Author Contributions: Conceptualization, A.A. and J.A.M.; software, A.A.; writing—original draft
preparation, J.A.M., G.G. and A.A.; writing—review and editing, J.A.M., G.G., G.A.C. and A.A.;
funding acquisition, J.A.M. Visualization G.A.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Science Centre, Poland, under grant No.
2019/32/C/NZ4/00455 to J.A.M.

Acknowledgments: We extend our sincere gratitude to Lidia Babiec and Eva Ruiz-Ortega for their
invaluable assistance in preparing the illustrations.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Calabresi, P.; Mechelli, A.; Natale, G.; Volpicelli-Daley, L.; Di Lazzaro, G.; Ghiglieri, V. Alpha-Synuclein in Parkinson’s Disease

and Other Synucleinopathies: From Overt Neurodegeneration Back to Early Synaptic Dysfunction. Cell Death Dis. 2023, 14, 176.
[CrossRef] [PubMed]

2. Nardone, R.; Höller, Y.; Brigo, F.; Versace, V.; Sebastianelli, L.; Florea, C.; Schwenker, K.; Golaszewski, S.; Saltuari, L.; Trinka, E.
Spinal Cord Involvement in Lewy Body-Related α-Synucleinopathies. J. Spinal Cord Med. 2020, 43, 832–845. [CrossRef] [PubMed]

3. Ryman, S.; Vakhtin, A.A.; Richardson, S.P.; Lin, H.C. Microbiome-Gut-Brain Dysfunction in Prodromal and Symptomatic Lewy
Body Diseases. J. Neurol. 2023, 270, 746–758. [CrossRef] [PubMed]

4. Motyl, J.A.; Strosznajder, J.B.; Wencel, A.; Strosznajder, R.P. Recent Insights into the Interplay of Alpha-Synuclein and Sphingolipid
Signaling in Parkinson’s Disease. Int. J. Mol. Sci. 2021, 22, 6277. [CrossRef] [PubMed]

5. Spillantini, M.G.; Schmidt, M.L.; Lee, V.M.; Trojanowski, J.Q.; Jakes, R.; Goedert, M. Alpha-Synuclein in Lewy Bodies. Nature
1997, 388, 839–840. [CrossRef]

https://doi.org/10.1038/s41419-023-05672-9
https://www.ncbi.nlm.nih.gov/pubmed/36859484
https://doi.org/10.1080/10790268.2018.1557863
https://www.ncbi.nlm.nih.gov/pubmed/30620687
https://doi.org/10.1007/s00415-022-11461-9
https://www.ncbi.nlm.nih.gov/pubmed/36355185
https://doi.org/10.3390/ijms22126277
https://www.ncbi.nlm.nih.gov/pubmed/34207975
https://doi.org/10.1038/42166


Int. J. Mol. Sci. 2024, 25, 12079 23 of 32

6. Spillantini, M.G.; Crowther, R.A.; Jakes, R.; Hasegawa, M.; Goedert, M. Alpha-Synuclein in Filamentous Inclusions of Lewy
Bodies from Parkinson’s Disease and Dementia with Lewy Bodies. Proc. Natl. Acad. Sci. USA 1998, 95, 6469–6473. [CrossRef]

7. Spillantini, M.G.; Goedert, M. The Alpha-Synucleinopathies: Parkinson’s Disease, Dementia with Lewy Bodies, and Multiple
System Atrophy. Ann. N. Y. Acad. Sci. 2000, 920, 16–27. [CrossRef]

8. Baba, M.; Nakajo, S.; Tu, P.H.; Tomita, T.; Nakaya, K.; Lee, V.M.Y.; Trojanowski, J.Q.; Iwatsubo, T. Aggregation of Alpha-Synuclein
in Lewy Bodies of Sporadic Parkinson’s Disease and Dementia with Lewy Bodies. Am. J. Pathol. 1998, 152, 879–884.

9. Deleidi, M.; Gasser, T. The Role of Inflammation in Sporadic and Familial Parkinson’s Disease. Cell. Mol. Life Sci. 2013, 70,
4259–4273. [CrossRef]

10. Marogianni, C.; Sokratous, M.; Dardiotis, E.; Hadjigeorgiou, G.M.; Bogdanos, D.; Xiromerisiou, G. Neurodegeneration and
Inflammation-An Interesting Interplay in Parkinson’s Disease. Int. J. Mol. Sci. 2020, 21, 8421. [CrossRef]

11. Sheng, Z.-M.; Chertow, D.S.; Ambroggio, X.; McCall, S.; Przygodzki, R.M.; Cunningham, R.E.; Maximova, O.A.; Kash, J.C.;
Morens, D.M.; Taubenberger, J.K. Autopsy Series of 68 Cases Dying before and during the 1918 Influenza Pandemic Peak. Proc.
Natl. Acad. Sci. USA 2011, 108, 16416–16421. [CrossRef] [PubMed]

12. Marreiros, R.; Müller-Schiffmann, A.; Trossbach, S.V.; Prikulis, I.; Hänsch, S.; Weidtkamp-Peters, S.; Moreira, A.R.; Sahu, S.;
Soloviev, I.; Selvarajah, S.; et al. Disruption of Cellular Proteostasis by H1N1 Influenza A Virus Causes α-Synuclein Aggregation.
Proc. Natl. Acad. Sci. USA 2020, 117, 6741–6751. [CrossRef] [PubMed]

13. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from
Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef] [PubMed]

14. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; et al. A New Coronavirus
Associated with Human Respiratory Disease in China. Nature 2020, 579, 265–269. [CrossRef] [PubMed]

15. Wei, X.; Li, X.; Cui, J. Evolutionary Perspectives on Novel Coronaviruses Identified in Pneumonia Cases in China. Natl. Sci. Rev.
2020, 7, 239–242. [CrossRef]

16. Dhama, K.; Khan, S.; Tiwari, R.; Sircar, S.; Bhat, S.; Malik, Y.S.; Singh, K.P.; Chaicumpa, W.; Bonilla-Aldana, D.K.; Rodriguez-
Morales, A.J. Coronavirus Disease 2019-COVID-19. Clin. Microbiol. Rev. 2020, 33, e00028-20. [CrossRef]

17. Available online: https://www.who.int/Emergencies/Diseases/Novel-Coronavirus-2019 (accessed on 30 October 2024).
18. El-Maradny, Y.A.; Badawy, M.A.; Mohamed, K.I.; Ragab, R.F.; Moharm, H.M.; Abdallah, N.A.; Elgammal, E.M.; Rubio-Casillas,

A.; Uversky, V.N.; Redwan, E.M. Unraveling the Role of the Nucleocapsid Protein in SARS-CoV-2 Pathogenesis: From Viral Life
Cycle to Vaccine Development. Int. J. Biol. Macromol. 2024, 279, 135201. [CrossRef]

19. Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 Spike
Receptor-Binding Domain Bound to the ACE2 Receptor. Nature 2020, 581, 215–220. [CrossRef]

20. Yang, L.; Kim, T.W.; Han, Y.; Nair, M.S.; Harschnitz, O.; Zhu, J.; Wang, P.; Koo, S.Y.; Lacko, L.A.; Chandar, V.; et al. SARS-CoV-2
Infection Causes Dopaminergic Neuron Senescence. Cell Stem Cell 2024, 31, 196–211.e6. [CrossRef]

21. Jia, F.; Han, J. COVID-19 Related Neurological Manifestations in Parkinson’s Disease: Has Ferroptosis Been a Suspect? Cell Death
Discov. 2024, 10, 146. [CrossRef]

22. Hernández, V.S.; Zetter, M.A.; Guerra, E.C.; Hernández-Araiza, I.; Karuzin, N.; Hernández-Pérez, O.R.; Eiden, L.E.; Zhang, L.
ACE2 Expression in Rat Brain: Implications for COVID-19 Associated Neurological Manifestations. Exp. Neurol. 2021, 345, 113837.
[CrossRef] [PubMed]

23. Raisinghani, N.; Alshahrani, M.; Gupta, G.; Verkhivker, G. AlphaFold2 Modeling and Molecular Dynamics Simulations of the
Conformational Ensembles for the SARS-CoV-2 Spike Omicron JN.1, KP.2 and KP.3 Variants: Mutational Profiling of Binding
Energetics Reveals Epistatic Drivers of the ACE2 Affinity and Escape Hotspots of Antibody Resistance. Viruses 2024, 16, 1458.
[CrossRef] [PubMed]

24. Raisinghani, N.; Alshahrani, M.; Gupta, G.; Verkhivker, G. Atomistic Prediction of Structures, Conformational Ensembles
and Binding Energetics for the SARS-CoV-2 Spike JN.1, KP.2 and KP.3 Variants Using AlphaFold2 and Molecular Dynamics
Simulations: Mutational Profiling and Binding Free Energy Analysis Reveal Epistatic Hotspots of the ACE2 Affinity and Immune
Escape. Chapman University School of Pharmacy, Irvine, CA, United States of America. bioRxiv Prepr. Serv. Biol. 2024, manuscript
to be submitted. [CrossRef]

25. Flaherty, G.T.; Hession, P.; Liew, C.H.; Lim, B.C.W.; Leong, T.K.; Lim, V.; Sulaiman, L.H. COVID-19 in Adult Patients with
Pre-Existing Chronic Cardiac, Respiratory and Metabolic Disease: A Critical Literature Review with Clinical Recommendations.
Trop. Dis. Travel Med. Vaccines 2020, 6, 16. [CrossRef]

26. Brola, W.; Wilski, M. Neurological Consequences of COVID-19. Pharmacol. Rep. 2022, 74, 1208–1222. [CrossRef]
27. Zaib, S.; Javed, H.; Khan, I.; Jaber, F.; Sohail, A.; Zaib, Z.; Mehboob, T.; Tabassam, N.; Ogaly, H.A. Neurodegenerative Diseases:

Their Onset, Epidemiology, Causes and Treatment. ChemistrySelect 2023, 8, e202300225. [CrossRef]
28. Dorsey, E.R.; Sherer, T.; Okun, M.S.; Bloem, B.R. The Emerging Evidence of the Parkinson Pandemic. J. Park. Dis. 2018, 8, S3–S8.

[CrossRef]
29. Antony, P.M.A.; Diederich, N.J.; Krüger, R.; Balling, R. The Hallmarks of Parkinson’s Disease. FEBS J. 2013, 280, 5981–5993.

[CrossRef]
30. Braak, H.; Del Tredici, K.; Rüb, U.; de Vos, R.A.I.; Jansen Steur, E.N.H.; Braak, E. Staging of Brain Pathology Related to Sporadic

Parkinson’s Disease. Neurobiol. Aging 2003, 24, 197–211. [CrossRef]

https://doi.org/10.1073/pnas.95.11.6469
https://doi.org/10.1111/j.1749-6632.2000.tb06900.x
https://doi.org/10.1007/s00018-013-1352-y
https://doi.org/10.3390/ijms21228421
https://doi.org/10.1073/pnas.1111179108
https://www.ncbi.nlm.nih.gov/pubmed/21930918
https://doi.org/10.1073/pnas.1906466117
https://www.ncbi.nlm.nih.gov/pubmed/32152117
https://doi.org/10.1056/NEJMoa2001017
https://www.ncbi.nlm.nih.gov/pubmed/31978945
https://doi.org/10.1038/s41586-020-2008-3
https://www.ncbi.nlm.nih.gov/pubmed/32015508
https://doi.org/10.1093/nsr/nwaa009
https://doi.org/10.1128/CMR.00028-20
https://www.who.int/Emergencies/Diseases/Novel-Coronavirus-2019
https://doi.org/10.1016/j.ijbiomac.2024.135201
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1016/j.stem.2023.12.012
https://doi.org/10.1038/s41420-024-01915-6
https://doi.org/10.1016/j.expneurol.2021.113837
https://www.ncbi.nlm.nih.gov/pubmed/34400158
https://doi.org/10.3390/v16091458
https://www.ncbi.nlm.nih.gov/pubmed/39339934
https://doi.org/10.1101/2024.07.09.602810
https://doi.org/10.1186/s40794-020-00118-y
https://doi.org/10.1007/s43440-022-00424-6
https://doi.org/10.1002/slct.202300225
https://doi.org/10.3233/JPD-181474
https://doi.org/10.1111/febs.12335
https://doi.org/10.1016/S0197-4580(02)00065-9


Int. J. Mol. Sci. 2024, 25, 12079 24 of 32

31. Braak, H.; de Vos, R.A.I.; Bohl, J.; Del Tredici, K. Gastric Alpha-Synuclein Immunoreactive Inclusions in Meissner’s and Auerbach’s
Plexuses in Cases Staged for Parkinson’s Disease-Related Brain Pathology. Neurosci. Lett. 2006, 396, 67–72. [CrossRef]

32. Dogra, N.; Mani, R.J.; Katare, D.P. The Gut-Brain Axis: Two Ways Signaling in Parkinson’s Disease. Cell. Mol. Neurobiol. 2022, 42,
315–332. [CrossRef]

33. Roos, D.S.; Klein, M.; Deeg, D.J.H.; Doty, R.L.; Berendse, H.W. Prevalence of Prodromal Symptoms of Parkinson’s Disease in the
Late Middle-Aged Population. J. Parkinsons. Dis. 2022, 12, 967–974. [CrossRef]

34. Leite Silva, A.B.R.; Gonçalves de Oliveira, R.W.; Diógenes, G.P.; de Castro Aguiar, M.F.; Sallem, C.C.; Lima, M.P.P.; de Albuquerque
Filho, L.B.; Peixoto de Medeiros, S.D.; Penido de Mendonça, L.L.; de Santiago Filho, P.C.; et al. Premotor, Nonmotor and Motor
Symptoms of Parkinson’s Disease: A New Clinical State of the Art. Ageing Res. Rev. 2023, 84, 101834. [CrossRef]

35. Leta, V.; Urso, D.; Batzu, L.; Lau, Y.H.; Mathew, D.; Boura, I.; Raeder, V.; Falup-Pecurariu, C.; van Wamelen, D.; Ray Chaudhuri, K.
Viruses, Parkinsonism and Parkinson’s Disease: The Past, Present and Future. J. Neural Transm. 2022, 129, 1119–1132. [CrossRef]

36. Méndez-Guerrero, A.; Laespada-García, M.I.; Gómez-Grande, A.; Ruiz-Ortiz, M.; Blanco-Palmero, V.A.; Azcarate-Diaz, F.J.;
Rábano-Suárez, P.; Álvarez-Torres, E.; de Fuenmayor-Fernández de la Hoz, C.P.; Vega Pérez, D.; et al. Acute Hypokinetic-Rigid
Syndrome Following SARS-CoV-2 Infection. Neurology 2020, 95, e2109–e2118. [CrossRef]

37. Cohen, M.E.; Eichel, R.; Steiner-Birmanns, B.; Janah, A.; Ioshpa, M.; Bar-Shalom, R.; Paul, J.J.; Gaber, H.; Skrahina, V.; Bornstein,
N.M.; et al. A Case of Probable Parkinson’s Disease after SARS-CoV-2 Infection. Lancet. Neurol. 2020, 19, 804–805. [CrossRef]

38. Faber, I.; Brandão, P.R.P.; Menegatti, F.; de Carvalho Bispo, D.D.; Maluf, F.B.; Cardoso, F. Coronavirus Disease 2019 and
Parkinsonism: A Non-Post-Encephalitic Case. Mov. Disord. 2020, 35, 1721–1722. [CrossRef]

39. Idrees, D.; Kumar, V. SARS-CoV-2 Spike Protein Interactions with Amyloidogenic Proteins: Potential Clues to Neurodegeneration.
Biochem. Biophys. Res. Commun. 2021, 554, 94–98. [CrossRef]

40. Sinha, S.; Mittal, S.; Roy, R. Parkinson’s Disease and the COVID-19 Pandemic: A Review Article on the Association between
SARS-CoV-2 and α-Synucleinopathy. J. Mov. Disord. 2021, 14, 184–192. [CrossRef]

41. Conte, C. Possible Link between SARS-CoV-2 Infection and Parkinson’s Disease: The Role of Toll-Like Receptor 4. Int. J. Mol. Sci.
2021, 22, 7135. [CrossRef]

42. Semerdzhiev, S.A.; Fakhree, M.A.A.; Segers-Nolten, I.; Blum, C.; Claessens, M.M.A.E. Interactions between SARS-CoV-2 N-Protein
and α-Synuclein Accelerate Amyloid Formation. ACS Chem. Neurosci. 2022, 13, 143–150. [CrossRef]

43. Wu, Z.; Zhang, X.; Huang, Z.; Ma, K. SARS-CoV-2 Proteins Interact with Alpha Synuclein and Induce Lewy Body-like Pathology
In Vitro. Int. J. Mol. Sci. 2022, 23, 3394. [CrossRef]

44. Philippens, I.H.C.H.M.; Böszörményi, K.P.; Wubben, J.A.M.; Fagrouch, Z.C.; van Driel, N.; Mayenburg, A.Q.; Lozovagia, D.; Roos,
E.; Schurink, B.; Bugiani, M.; et al. Brain Inflammation and Intracellular α-Synuclein Aggregates in Macaques after SARS-CoV-2
Infection. Viruses 2022, 14, 776. [CrossRef]

45. Mesias, V.S.D.; Zhu, H.; Tang, X.; Dai, X.; Liu, W.; Guo, Y.; Huang, J. Moderate Binding between Two SARS-CoV-2 Protein
Segments and α-Synuclein Alters Its Toxic Oligomerization Propensity Differently. J. Phys. Chem. Lett. 2022, 13, 10642–10648.
[CrossRef]

46. Datta, A.K.; Mukherjee, A.; Biswas, A. Gastrointestinal, Respiratory, and Olfactory Neurotropism of Sars-Cov2 as a Possible
Trigger of Parkinson’s Disease: Is a Multi-Hit Multi-Step Process on the Cards. Ann. Indian Acad. Neurol. 2023, 26, 127–136.
[CrossRef]

47. Al-Kuraishy, H.M.; Al-Gareeb, A.I.; Kaushik, A.; Kujawska, M.; Ahmed, E.A.; Batiha, G.E.-S. SARS-COV-2 Infection and
Parkinson’s Disease: Possible Links and Perspectives. J. Neurosci. Res. 2023, 101, 952–975. [CrossRef]

48. Dulski, J.; Sławek, J. Incidence and Characteristics of Post-COVID-19 Parkinsonism and Dyskinesia Related to COVID-19 Vaccines.
Neurol. Neurochir. Pol. 2023, 57, 53–62. [CrossRef]

49. Sandeep; Subba, R.; Mondal, A.C. Does COVID-19 Trigger the Risk for the Development of Parkinson’s Disease? Therapeutic
Potential of Vitamin C. Mol. Neurobiol. 2023. online ahead of print. [CrossRef]

50. Mahin, A.; Soman, S.P.; Modi, P.K.; Raju, R.; Keshava Prasad, T.S.; Abhinand, C.S. Meta-Analysis of the Serum/Plasma Proteome
Identifies Significant Associations between COVID-19 with Alzheimer’s/Parkinson’s Diseases. J. Neurovirol. 2024, 30, 57–70.
[CrossRef]

51. Iravanpour, F.; Farrokhi, M.R.; Jafarinia, M.; Oliaee, R.T. The Effect of SARS-CoV-2 on the Development of Parkinson’s Disease:
The Role of α-Synuclein. Hum. Cell 2024, 37, 1–8. [CrossRef]

52. Boura, I.; Qamar, M.A.; Daddoveri, F.; Leta, V.; Poplawska-domaszewicz, K.; Falup-pecurariu, C.; Chaudhuri, K.R. SARS-CoV-2
and Parkinson’s Disease: A Review of Where We Are Now. Biomedicines 2023, 11, 2524. [CrossRef]

53. Rao, A.R.; Hidayathullah, S.M.; Hegde, K.; Adhikari, P. Parkinsonism: An Emerging Post COVID Sequelae. IDCases 2022, 27,
e01388. [CrossRef]

54. Calculli, A.; Bocci, T.; Porcino, M.; Avenali, M.; Casellato, C.; Arceri, S.; Regalbuto, S.; Priori, A.; Pisani, A. Parkinson Disease
Following COVID-19: Report of Six Cases. Eur. J. Neurol. 2023, 30, 1272–1280. [CrossRef]

55. Cavallieri, F.; Fioravanti, V.; Bove, F.; Del Prete, E.; Meoni, S.; Grisanti, S.; Zedde, M.; Pascarella, R.; Moro, E.; Valzania, F.
COVID-19 and Parkinsonism: A Critical Appraisal. Biomolecules 2022, 12, 970. [CrossRef]

56. A Albornoz, E.A.; Amarilla, A.A.; Modhiran, N.; Parker, S.; Li, X.X.; Wijesundara, D.K.; Aguado, J.; Zamora, A.P.; McMillan,
C.L.D.; Liang, B.; et al. SARS-CoV-2 Drives NLRP3 Inflammasome Activation in Human Microglia through Spike Protein. Mol.
Psychiatry 2023, 28, 2878–2893. [CrossRef]

https://doi.org/10.1016/j.neulet.2005.11.012
https://doi.org/10.1007/s10571-021-01066-7
https://doi.org/10.3233/JPD-213007
https://doi.org/10.1016/j.arr.2022.101834
https://doi.org/10.1007/s00702-022-02536-y
https://doi.org/10.1212/WNL.0000000000010282
https://doi.org/10.1016/S1474-4422(20)30305-7
https://doi.org/10.1002/mds.28277
https://doi.org/10.1016/j.bbrc.2021.03.100
https://doi.org/10.14802/jmd.21046
https://doi.org/10.3390/ijms22137135
https://doi.org/10.1021/acschemneuro.1c00666
https://doi.org/10.3390/ijms23063394
https://doi.org/10.3390/v14040776
https://doi.org/10.1021/acs.jpclett.2c02278
https://doi.org/10.4103/aian.aian_767_22
https://doi.org/10.1002/jnr.25171
https://doi.org/10.5603/PJNNS.a2023.0011
https://doi.org/10.1007/s12035-023-03756-3
https://doi.org/10.1007/s13365-023-01191-7
https://doi.org/10.1007/s13577-023-00988-2
https://doi.org/10.3390/biomedicines11092524
https://doi.org/10.1016/j.idcr.2022.e01388
https://doi.org/10.1111/ene.15732
https://doi.org/10.3390/biom12070970
https://doi.org/10.1038/s41380-022-01831-0


Int. J. Mol. Sci. 2024, 25, 12079 25 of 32

57. Rahmati, M.; Yon, D.K.; Lee, S.W.; Soysal, P.; Koyanagi, A.; Jacob, L.; Li, Y.; Park, J.M.; Kim, Y.W.; Shin, J.I.; et al. New-Onset
Neurodegenerative Diseases as Long-Term Sequelae of SARS-CoV-2 Infection: A Systematic Review and Meta-Analysis. J. Med.
Virol. 2023, 95, e28909. [CrossRef]

58. Anghelescu, A.; Onose, G.; Popescu, C.; Băilă, M.; Stoica, S.I.; Postoiu, R.; Brumă, E.; Petcu, I.R.; Ciobanu, V.; Munteanu, C.
Parkinson’s Disease and SARS-CoV-2 Infection: Particularities of Molecular and Cellular Mechanisms Regarding Pathogenesis
and Treatment. Biomedicines 2022, 10, 1000. [CrossRef]

59. Zhang, J.; Bishir, M.; Barbhuiya, S.; Chang, S.L. Meta-Analysis of the Mechanisms Underlying COVID-19 Modulation of
Parkinson’s Disease. Int. J. Mol. Sci. 2023, 24, 13554. [CrossRef]

60. Ali, S.S.; Mumtaz, A.; Qamar, M.A.; Tebha, S.S.; Parhin, A.; Butt, M.; Essar, M.Y. New-Onset Parkinsonism as a COVID-19
Infection Sequela: A Systematic Review and Meta-Analysis. Ann. Med. Surg. 2022, 80, 104281. [CrossRef]

61. Crunfli, F.; Carregari, V.C.; Veras, F.P.; Silva, L.S.; Nogueira, M.H.; Antunes, A.S.L.M.; Vendramini, P.H.; Valença, A.G.F.; Brandão-
Teles, C.; Zuccoli, G.d.S.; et al. Morphological, Cellular, and Molecular Basis of Brain Infection in COVID-19 Patients. Proc. Natl.
Acad. Sci. USA 2022, 119, e2200960119. [CrossRef]

62. Rota, S.; Boura, I.; Wan, Y.-M.; Lazcano-Ocampo, C.; Rodriguez-Violante, M.; Antonini, A.; Chaudhuri, K.R. Spotlight on
Non-Motor Symptoms and COVID-19. Int. Rev. Neurobiol. 2022, 165, 103–133. [CrossRef]

63. Bougea, A.; Georgakopoulou, V.E.; Palkopoulou, M.; Efthymiopoulou, E.; Angelopoulou, E.; Spandidos, D.A.; Zikos, P. New-onset
Non-motor Symptoms in Patients with Parkinson’s Disease and Post-COVID-19 Syndrome: A Prospective Cross-sectional Study.
Med. Int. 2023, 3, 23. [CrossRef]

64. Xian, W.; Lin, L.; Wu, W.; Su, F.; Pei, Z. Fatigue and Long Duration of Infection Are Associated with Worsen Motor and Non-motor
Symptoms in Parkinson’s Disease Following Omicron COVID-19 Pandemic. Brain Behav. 2024, 14, e3396. [CrossRef]

65. Mameli, F.; Zirone, E.; Capetti, B.; Mellace, D.; Ferrucci, R.; Franco, G.; Di Fonzo, A.; Barbieri, S.; Ruggiero, F. Changes in
Non-Motor Symptoms in Patients with Parkinson’s Disease Following COVID-19 Pandemic Restrictions: A Systematic Review.
Front. Psychol. 2022, 13, 939520. [CrossRef]

66. van der Heide, A.; Meinders, M.J.; Bloem, B.R.; Helmich, R.C. The Impact of the COVID-19 Pandemic on Psychological Distress,
Physical Activity, and Symptom Severity in Parkinson’s Disease. J. Parkinsons. Dis. 2020, 10, 1355–1364. [CrossRef]

67. D’Iorio, A.; Baiano, C.; Maraucci, G.; Vitale, C.; Amboni, M.; Santangelo, G. A Longitudinal Study on the Effects of COVID-19
Pandemic on Non-Motor Symptoms in Parkinson’s Disease. Neurol. Sci. 2022, 43, 4605–4609. [CrossRef]

68. El-Qushayri, A.E.; Ghozy, S.; Reda, A.; Kamel, A.M.A.; Abbas, A.S.; Dmytriw, A.A. The Impact of Parkinson’s Disease on
Manifestations and Outcomes of Covid-19 Patients: A Systematic Review and Meta-Analysis. Rev. Med. Virol. 2022, 32, e2278.
[CrossRef]

69. Afraie, M.; Moradi, G.; Mohammadzedeh, P.; Azami, M.; Riyahifar, S.; Moradi, Y. COVID-19 and Parkinson’s Disease: A
Systematic Review and Meta-Analysis. Acta Neurol. Belg. 2023, 123, 1209–1223. [CrossRef]

70. Park, J.M.; Woo, W.; Lee, S.C.; Park, S.; Yon, D.K.; Lee, S.W.; Smith, L.; Koyanagi, A.; Shin, J.I.; Kim, Y.W. Prevalence and Mortality
Risk of Neurological Disorders during the COVID-19 Pandemic: An Umbrella Review of the Current Evidence. Neuroepidemiology
2023, 57, 129–147. [CrossRef]

71. Smadi, M.; Kaburis, M.; Schnapper, Y.; Reina, G.; Molero, P.; Molendijk, M.L. SARS-CoV-2 Susceptibility and COVID-19 Illness
Course and Outcome in People with Pre-Existing Neurodegenerative Disorders: Systematic Review with Frequentist and
Bayesian Meta-Analyses. Br. J. Psychiatry 2023, 223, 348–361. [CrossRef]

72. Boruah, A.P.; Thakur, K.T.; Gadani, S.P.; Kothari, K.U.; Chomba, M.; Guekht, A.; Heydari, K.; Hoo, F.K.; Hwang, S.; Michael, B.D.;
et al. Pre-Existing Neurological Conditions and COVID-19 Co-Infection: Data from Systematic Reviews, Meta-Analyses, and
Scoping Reviews. J. Neurol. Sci. 2023, 455, 120858. [CrossRef] [PubMed]

73. de Oliveira, M.P.B.; de Castro, A.E.F.; Miri, A.L.; Lima, C.R.; Truax, B.D.; Probst, V.S.; Smaili, S.M. The Impact of the COVID-19
Pandemic on Neuropsychiatric and Sleep Disorders, and Quality of Life in Individuals with Neurodegenerative and Demyeli-
nating Diseases: A Systematic Review and Meta-Analysis of Observational Studies. BMC Neurol. 2023, 23, 150. [CrossRef]
[PubMed]

74. Mai, A.S.; Yong, J.H.; Tan, B.J.-W.; Xiao, B.; Tan, E.-K. Impact of COVID-19 Pandemic on Patients with Parkinson’s Disease:
A Meta-Analysis of 13,878 Patients. Ann. Clin. Transl. Neurol. 2022, 9, 1504–1513. [CrossRef] [PubMed]

75. Khoshnood, R.J.; Zali, A.; Tafreshinejad, A.; Ghajarzadeh, M.; Ebrahimi, N.; Safari, S.; Mirmosayyeb, O. Parkinson’s Disease and
COVID-19: A Systematic Review and Meta-Analysis. Neurol. Sci. 2022, 43, 775–783. [CrossRef] [PubMed]

76. Chambergo-Michilot, D.; Barros-Sevillano, S.; Rivera-Torrejón, O.; De la Cruz-Ku, G.A.; Custodio, N. Factors Associated with
COVID-19 in People with Parkinson’s Disease: A Systematic Review and Meta-Analysis. Eur. J. Neurol. 2021, 28, 3467–3477.
[CrossRef]

77. Putri, C.; Hariyanto, T.I.; Hananto, J.E.; Christian, K.; Situmeang, R.F.V.; Kurniawan, A. Parkinson’s Disease May Worsen
Outcomes from Coronavirus Disease 2019 (COVID-19) Pneumonia in Hospitalized Patients: A Systematic Review, Meta-Analysis,
and Meta-Regression. Park. Relat. Disord. 2021, 87, 155–161. [CrossRef]

78. Xiang, P.; Xu, X.; Lu, X.; Gao, L.; Wang, H.; Li, Z.; Xiong, H.; Li, R.; Xiong, Y.; Pu, L.; et al. Case Report: Identification of
SARS-CoV-2 in Cerebrospinal Fluid by Ultrahigh-Depth Sequencing in a Patient With Coronavirus Disease 2019 and Neurological
Dysfunction. Front. Med. 2021, 8, 629828. [CrossRef]

https://doi.org/10.1002/jmv.28909
https://doi.org/10.3390/biomedicines10051000
https://doi.org/10.3390/ijms241713554
https://doi.org/10.1016/j.amsu.2022.104281
https://doi.org/10.1073/pnas.2200960119
https://doi.org/10.1016/bs.irn.2022.04.001
https://doi.org/10.3892/mi.2023.83
https://doi.org/10.1002/brb3.3396
https://doi.org/10.3389/fpsyg.2022.939520
https://doi.org/10.3233/JPD-202251
https://doi.org/10.1007/s10072-022-06112-w
https://doi.org/10.1002/rmv.2278
https://doi.org/10.1007/s13760-022-02141-6
https://doi.org/10.1159/000530536
https://doi.org/10.1192/bjp.2023.43
https://doi.org/10.1016/j.jns.2023.120858
https://www.ncbi.nlm.nih.gov/pubmed/37948972
https://doi.org/10.1186/s12883-023-03176-9
https://www.ncbi.nlm.nih.gov/pubmed/37046209
https://doi.org/10.1002/acn3.51616
https://www.ncbi.nlm.nih.gov/pubmed/36065787
https://doi.org/10.1007/s10072-021-05756-4
https://www.ncbi.nlm.nih.gov/pubmed/34787753
https://doi.org/10.1111/ene.14912
https://doi.org/10.1016/j.parkreldis.2021.04.019
https://doi.org/10.3389/fmed.2021.629828


Int. J. Mol. Sci. 2024, 25, 12079 26 of 32

79. Achar, A.; Ghosh, C. COVID-19-Associated Neurological Disorders: The Potential Route of CNS Invasion and Blood-Brain
Relevance. Cells 2020, 9, 2360. [CrossRef]

80. Emmi, A.; Sandre, M.; Porzionato, A.; Antonini, A. Smell Deficits in COVID-19 and Possible Links with Parkinson’s Disease. Int.
Rev. Neurobiol. 2022, 165, 91–102. [CrossRef]

81. Butowt, R.; Bilinska, K.; von Bartheld, C.S. Olfactory Dysfunction in COVID-19: New Insights into the Underlying Mechanisms.
Trends Neurosci. 2023, 46, 75–90. [CrossRef]

82. Klingenstein, M.; Klingenstein, S.; Neckel, P.H.; Mack, A.F.; Wagner, A.P.; Kleger, A.; Liebau, S.; Milazzo, A. Evidence of
SARS-CoV2 Entry Protein ACE2 in the Human Nose and Olfactory Bulb. Cells. Tissues. Organs 2020, 209, 155–164. [CrossRef]
[PubMed]

83. Bryche, B.; St Albin, A.; Murri, S.; Lacôte, S.; Pulido, C.; Ar Gouilh, M.; Lesellier, S.; Servat, A.; Wasniewski, M.; Picard-Meyer, E.;
et al. Massive Transient Damage of the Olfactory Epithelium Associated with Infection of Sustentacular Cells by SARS-CoV-2 in
Golden Syrian Hamsters. Brain. Behav. Immun. 2020, 89, 579–586. [CrossRef] [PubMed]

84. Chen, M.; Shen, W.; Rowan, N.R.; Kulaga, H.; Hillel, A.; Ramanathan, M.; Lane, A.P. Elevated ACE-2 Expression in the Olfactory
Neuroepithelium: Implications for Anosmia and Upper Respiratory SARS-CoV-2 Entry and Replication. Eur. Respir. J. 2020, 56,
2001948. [CrossRef] [PubMed]

85. Fodoulian, L.; Tuberosa, J.; Rossier, D.; Boillat, M.; Kan, C.; Pauli, V.; Egervari, K.; Lobrinus, J.A.; Landis, B.N.; Carleton, A.;
et al. SARS-CoV-2 Receptors and Entry Genes Are Expressed in the Human Olfactory Neuroepithelium and Brain. iScience 2020,
23, 101839. [CrossRef]

86. Brann, D.H.; Tsukahara, T.; Weinreb, C.; Lipovsek, M.; Van den Berge, K.; Gong, B.; Chance, R.; Macaulay, I.C.; Chou, H.-J.;
Fletcher, R.B.; et al. Non-Neuronal Expression of SARS-CoV-2 Entry Genes in the Olfactory System Suggests Mechanisms
Underlying COVID-19-Associated Anosmia. Sci. Adv. 2020, 6, eabc5801. [CrossRef]

87. Bilinska, K.; Jakubowska, P.; Von Bartheld, C.S.; Butowt, R. Expression of the SARS-CoV-2 Entry Proteins, ACE2 and TMPRSS2, in
Cells of the Olfactory Epithelium: Identification of Cell Types and Trends with Age. ACS Chem. Neurosci. 2020, 11, 1555–1562.
[CrossRef]

88. Divani, A.A.; Andalib, S.; Biller, J.; Di Napoli, M.; Moghimi, N.; Rubinos, C.A.; Nobleza, C.O.; Sylaja, P.N.; Toledano, M.; Lattanzi,
S.; et al. Central Nervous System Manifestations Associated with COVID-19. Curr. Neurol. Neurosci. Rep. 2020, 20, 60. [CrossRef]

89. Torres-Pasillas, G.; Chi-Castañeda, D.; Carrillo-Castilla, P.; Marín, G.; Hernández-Aguilar, M.E.; Aranda-Abreu, G.E.; Manzo,
J.; García, L.I. Olfactory Dysfunction in Parkinson’s Disease, Its Functional and Neuroanatomical Correlates. NeuroSci 2023, 4,
134–151. [CrossRef]

90. Li, H.; Qian, J.; Wang, Y.; Wang, J.; Mi, X.; Qu, L.; Song, N.; Xie, J. Potential Convergence of Olfactory Dysfunction in Parkinson’s
Disease and COVID-19: The Role of Neuroinflammation. Ageing Res. Rev. 2024, 97, 102288. [CrossRef]

91. Käufer, C.; Schreiber, C.S.; Hartke, A.-S.; Denden, I.; Stanelle-Bertram, S.; Beck, S.; Kouassi, N.M.; Beythien, G.; Becker, K.;
Schreiner, T.; et al. Microgliosis and Neuronal Proteinopathy in Brain Persist beyond Viral Clearance in SARS-CoV-2 Hamster
Model. EBioMedicine 2022, 79, 103999. [CrossRef]

92. Schreiber, C.S.; Wiesweg, I.; Stanelle-Bertram, S.; Beck, S.; Kouassi, N.M.; Schaumburg, B.; Gabriel, G.; Richter, F.; Käufer, C.
Sex-Specific Biphasic Alpha-Synuclein Response and Alterations of Interneurons in a COVID-19 Hamster Model. eBioMedicine
2024, 105, 105191. [CrossRef] [PubMed]

93. Emmi, A.; Rizzo, S.; Barzon, L.; Sandre, M.; Carturan, E.; Sinigaglia, A.; Riccetti, S.; Della Barbera, M.; Boscolo-Berto, R.; Cocco, P.;
et al. Detection of SARS-CoV-2 Viral Proteins and Genomic Sequences in Human Brainstem Nuclei. NPJ Park. Dis. 2023, 9, 25.
[CrossRef] [PubMed]

94. Chen, X.; Laurent, S.; Onur, O.A.; Kleineberg, N.N.; Fink, G.R.; Schweitzer, F.; Warnke, C. A Systematic Review of Neurological
Symptoms and Complications of COVID-19. J. Neurol. 2021, 268, 392–402. [CrossRef] [PubMed]

95. Khalefah, M.M.; Khalifah, A.M. Determining the Relationship between SARS-CoV-2 Infection, Dopamine, and COVID-19
Complications. J. Taibah Univ. Med. Sci. 2020, 15, 550–553. [CrossRef]

96. Riederer, P.; Monoranu, C.; Strobel, S.; Iordache, T.; Sian-Hülsmann, J. Iron as the Concert Master in the Pathogenic Orchestra
Playing in Sporadic Parkinson’s Disease. J. Neural Transm. 2021, 128, 1577–1598. [CrossRef]

97. Reeve, A.; Simcox, E.; Turnbull, D. Ageing and Parkinson’s Disease: Why Is Advancing Age the Biggest Risk Factor? Ageing Res.
Rev. 2014, 14, 19–30. [CrossRef]

98. Wang, Q.; Oyarzabal, E.; Wilson, B.; Qian, L.; Hong, J.-S. Substance P Enhances Microglial Density in the Substantia Nigra through
Neurokinin-1 Receptor/NADPH Oxidase-Mediated Chemotaxis in Mice. Clin. Sci. (Lond.) 2015, 129, 757–767. [CrossRef]

99. Tulisiak, C.T.; Mercado, G.; Peelaerts, W.; Brundin, L.; Brundin, P. Can Infections Trigger Alpha-Synucleinopathies? Prog. Mol.
Biol. Transl. Sci. 2019, 168, 299–322. [CrossRef]

100. Philippens, I.H.C.H.M.; Böszörményi, K.P.; Wubben, J.A.; Fagrouch, Z.C.; van Driel, N.; Mayenburg, A.Q.; Lozovagia, D.
SARS-CoV-2 Causes Brain Inflammation and Induces Lewy Body Formation in Macaques. bioRxiv 2021, manuscript to be submitted.
[CrossRef]

101. Chang, M.H.; Park, J.H.; Lee, H.K.; Choi, J.Y.; Koh, Y.H. SARS-CoV-2 Spike Protein 1 Causes Aggregation of α-Synuclein
via Microglia-Induced Inflammation and Production of Mitochondrial ROS: Potential Therapeutic Applications of Metformin.
Biomedicines 2024, 12, 1223. [CrossRef]

https://doi.org/10.3390/cells9112360
https://doi.org/10.1016/bs.irn.2022.08.001
https://doi.org/10.1016/j.tins.2022.11.003
https://doi.org/10.1159/000513040
https://www.ncbi.nlm.nih.gov/pubmed/33486479
https://doi.org/10.1016/j.bbi.2020.06.032
https://www.ncbi.nlm.nih.gov/pubmed/32629042
https://doi.org/10.1183/13993003.01948-2020
https://www.ncbi.nlm.nih.gov/pubmed/32817004
https://doi.org/10.1016/j.isci.2020.101839
https://doi.org/10.1126/sciadv.abc5801
https://doi.org/10.1021/acschemneuro.0c00210
https://doi.org/10.1007/s11910-020-01079-7
https://doi.org/10.3390/neurosci4020013
https://doi.org/10.1016/j.arr.2024.102288
https://doi.org/10.1016/j.ebiom.2022.103999
https://doi.org/10.1016/j.ebiom.2024.105191
https://www.ncbi.nlm.nih.gov/pubmed/38865747
https://doi.org/10.1038/s41531-023-00467-3
https://www.ncbi.nlm.nih.gov/pubmed/36781876
https://doi.org/10.1007/s00415-020-10067-3
https://www.ncbi.nlm.nih.gov/pubmed/32691236
https://doi.org/10.1016/j.jtumed.2020.10.006
https://doi.org/10.1007/s00702-021-02414-z
https://doi.org/10.1016/j.arr.2014.01.004
https://doi.org/10.1042/CS20150008
https://doi.org/10.1016/bs.pmbts.2019.06.002
https://doi.org/10.1101/2021.02.23.432474
https://doi.org/10.3390/biomedicines12061223


Int. J. Mol. Sci. 2024, 25, 12079 27 of 32

102. Semerdzhiev, S.A.; Segers-Nolten, I.; van der Schoot, P.; Blum, C.; Claessens, M.M.A.E. SARS-CoV-2 N-Protein Induces the
Formation of Composite α-Synuclein/N-Protein Fibrils That Transform into a Strain of α-Synuclein Fibrils. Nanoscale 2023, 15,
18337–18346. [CrossRef] [PubMed]

103. Arawaka, S.; Sato, H.; Sasaki, A.; Koyama, S.; Kato, T. Mechanisms Underlying Extensive Ser129-Phosphorylation in α-Synuclein
Aggregates. Acta Neuropathol. Commun. 2017, 5, 48. [CrossRef] [PubMed]

104. Santerre, M.; Arjona, S.P.; Allen, C.N.; Callen, S.; Buch, S.; Sawaya, B.E. HIV-1 Vpr Protein Impairs Lysosome Clearance Causing
SNCA/Alpha-Synuclein Accumulation in Neurons. Autophagy 2021, 17, 1768–1782. [CrossRef] [PubMed]

105. Gordon, R.; Albornoz, E.A.; Christie, D.C.; Langley, M.R.; Kumar, V.; Mantovani, S.; Robertson, A.A.B.; Butler, M.S.; Rowe, D.B.;
O’Neill, L.A.; et al. Inflammasome Inhibition Prevents α-Synuclein Pathology and Dopaminergic Neurodegeneration in Mice. Sci.
Transl. Med. 2018, 10, 139–148. [CrossRef]

106. Gordon, D.E.; Jang, G.M.; Bouhaddou, M.; Xu, J.; Obernier, K.; White, K.M.; O’Meara, M.J.; Rezelj, V.V.; Guo, J.Z.; Swaney, D.L.;
et al. A SARS-CoV-2 Protein Interaction Map Reveals Targets for Drug Repurposing. Nature 2020, 583, 459–468. [CrossRef]

107. Pavel, A.; Murray, D.K.; Stoessl, A.J. COVID-19 and Selective Vulnerability to Parkinson’s Disease. Lancet. Neurol. 2020, 19, 719.
[CrossRef]

108. Rosen, B.; Kurtishi, A.; Vazquez-Jimenez, G.R.; Møller, S.G. The Intersection of Parkinson’s Disease, Viral Infections, and
COVID-19. Mol. Neurobiol. 2021, 58, 4477–4486. [CrossRef]

109. Beatman, E.L.; Massey, A.; Shives, K.D.; Burrack, K.S.; Chamanian, M.; Morrison, T.E.; Beckham, J.D. Alpha-Synuclein Expression
Restricts RNA Viral Infections in the Brain. J. Virol. 2015, 90, 2767–2782. [CrossRef]

110. Jang, H.; Boltz, D.; Sturm-Ramirez, K.; Shepherd, K.R.; Jiao, Y.; Webster, R.; Smeyne, R.J. Highly Pathogenic H5N1 Influenza Virus
Can Enter the Central Nervous System and Induce Neuroinflammation and Neurodegeneration. Proc. Natl. Acad. Sci. USA 2009,
106, 14063–14068. [CrossRef]

111. Massey, A.R.; Beckham, J.D. Alpha-Synuclein, a Novel Viral Restriction Factor Hiding in Plain Sight. DNA Cell Biol. 2016, 35,
643–645. [CrossRef]

112. Limanaqi, F.; Zecchini, S.; Saulle, I.; Strizzi, S.; Vanetti, C.; Garziano, M.; Cappelletti, G.; Parolin, D.; Caccia, S.; Trabattoni, D.; et al.
Alpha-Synuclein Dynamics Bridge Type-I Interferon Response and SARS-CoV-2 Replication in Peripheral Cells. Biol. Res. 2024,
57, 2. [CrossRef] [PubMed]

113. Zhu, T.; Liu, H.; Gao, S.; Jiang, N.; Chen, S.; Xie, W. Effect of Salidroside on Neuroprotection and Psychiatric Sequelae during the
COVID-19 Pandemic: A Review. Biomed. Pharmacother. 2024, 170, 115999. [CrossRef] [PubMed]

114. Li, T.; Feng, Y.; Yang, R.; Wu, L.; Li, R.; Huang, L.; Yang, Q.; Chen, J. Salidroside Promotes the Pathological α-Synuclein Clearance
Through Ubiquitin-Proteasome System in SH-SY5Y Cells. Front. Pharmacol. 2018, 9, 377. [CrossRef] [PubMed]

115. Zhang, X.; Zhang, Y.; Li, R.; Zhu, L.; Fu, B.; Yan, T. Salidroside Ameliorates Parkinson’s Disease by Inhibiting NLRP3-Dependent
Pyroptosis. Aging (Albany NY) 2020, 12, 9405–9426. [CrossRef]

116. Halma, M.T.J.; Marik, P.E.; Saleeby, Y.M. Exploring Autophagy in Treating SARS-CoV-2 Spike Protein-Related Pathology. Endocr.
Metab. Sci. 2024, 14, 100163. [CrossRef]

117. Liu, T.; Wang, P.; Yin, H.; Wang, X.; Lv, J.; Yuan, J.; Zhu, J.; Wang, Y. Rapamycin Reverses Ferroptosis by Increasing Autophagy in
MPTP/MPP+-Induced Models of Parkinson’s Disease. Neural Regen. Res. 2023, 18, 2514–2519. [CrossRef]

118. Gopar-Cuevas, Y.; Saucedo-Cardenas, O.; Loera-Arias, M.J.; Montes-de-Oca-Luna, R.; Rodriguez-Rocha, H.; Garcia-Garcia, A.
Metformin and Trehalose-Modulated Autophagy Exerts a Neurotherapeutic Effect on Parkinson’s Disease. Mol. Neurobiol. 2023,
60, 7253–7273. [CrossRef]

119. Hasan, D.; Shono, A.; van Kalken, C.K.; van der Spek, P.J.; Krenning, E.P.; Kotani, T. A Novel Definition and Treatment of
Hyperinflammation in COVID-19 Based on Purinergic Signalling. Purinergic Signal. 2022, 18, 13–59. [CrossRef]

120. Simões, J.L.B.; de Carvalho Braga, G.; Eichler, S.W.; da Silva, G.B.; Bagatini, M.D. Implications of COVID-19 in Parkinson’s
Disease: The Purinergic System in a Therapeutic-Target Perspective to Diminish Neurodegeneration. Purinergic Signal. 2024, 20,
487–507. [CrossRef]

121. Gan, M.; Moussaud, S.; Jiang, P.; McLean, P.J. Extracellular ATP Induces Intracellular Alpha-Synuclein Accumulation via P2X1
Receptor-Mediated Lysosomal Dysfunction. Neurobiol. Aging 2015, 36, 1209–1220. [CrossRef]

122. Mizoguchi, K.; Yokoo, H.; Yoshida, M.; Tanaka, T.; Tanaka, M. Amantadine Increases the Extracellular Dopamine Levels in the
Striatum by Re-Uptake Inhibition and by N-Methyl-D-Aspartate Antagonism. Brain Res. 1994, 662, 255–258. [CrossRef] [PubMed]

123. Rascol, O.; Fabbri, M.; Poewe, W. Amantadine in the Treatment of Parkinson’s Disease and Other Movement Disorders. Lancet.
Neurol. 2021, 20, 1048–1056. [CrossRef] [PubMed]

124. Marmol, S.; Feldman, M.; Singer, C.; Margolesky, J. Amantadine Revisited: A Contender for Initial Treatment in Parkinson’s
Disease? CNS Drugs 2021, 35, 1141–1152. [CrossRef] [PubMed]

125. Sharma, V.D.; Lyons, K.E.; Pahwa, R. Amantadine Extended-Release Capsules for Levodopa-Induced Dyskinesia in Patients with
Parkinson’s Disease. Ther. Clin. Risk Manag. 2018, 14, 665–673. [CrossRef] [PubMed]

126. Singh, P.P.; Sodhi, K.K.; Bali, A.K.; Shree, P. Influenza A Virus and Its Antiviral Drug Treatment Options. Med. Microecol. 2023, 16,
100083. [CrossRef]

127. Butterworth, R.F. Potential for the Repurposing of Adamantane Antivirals for COVID-19. Drugs R D 2021, 21, 267–272. [CrossRef]
128. Cortés-Borra, A.; Aranda-Abreu, G.E. Amantadine in the Prevention of Clinical Symptoms Caused by SARS-CoV-2. Pharmacol.

Rep. 2021, 73, 962–965. [CrossRef]

https://doi.org/10.1039/D3NR03556E
https://www.ncbi.nlm.nih.gov/pubmed/37921451
https://doi.org/10.1186/s40478-017-0452-6
https://www.ncbi.nlm.nih.gov/pubmed/28619113
https://doi.org/10.1080/15548627.2021.1915641
https://www.ncbi.nlm.nih.gov/pubmed/33890542
https://doi.org/10.1126/scitranslmed.aah4066
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1016/S1474-4422(20)30269-6
https://doi.org/10.1007/s12035-021-02408-8
https://doi.org/10.1128/JVI.02949-15
https://doi.org/10.1073/pnas.0900096106
https://doi.org/10.1089/dna.2016.3488
https://doi.org/10.1186/s40659-023-00482-x
https://www.ncbi.nlm.nih.gov/pubmed/38191441
https://doi.org/10.1016/j.biopha.2023.115999
https://www.ncbi.nlm.nih.gov/pubmed/38091637
https://doi.org/10.3389/fphar.2018.00377
https://www.ncbi.nlm.nih.gov/pubmed/29725300
https://doi.org/10.18632/aging.103215
https://doi.org/10.1016/j.endmts.2024.100163
https://doi.org/10.4103/1673-5374.371381
https://doi.org/10.1007/s12035-023-03530-5
https://doi.org/10.1007/s11302-021-09814-6
https://doi.org/10.1007/s11302-024-09998-7
https://doi.org/10.1016/j.neurobiolaging.2014.10.037
https://doi.org/10.1016/0006-8993(94)90821-4
https://www.ncbi.nlm.nih.gov/pubmed/7859080
https://doi.org/10.1016/S1474-4422(21)00249-0
https://www.ncbi.nlm.nih.gov/pubmed/34678171
https://doi.org/10.1007/s40263-021-00862-5
https://www.ncbi.nlm.nih.gov/pubmed/34648150
https://doi.org/10.2147/TCRM.S144481
https://www.ncbi.nlm.nih.gov/pubmed/29695911
https://doi.org/10.1016/j.medmic.2023.100083
https://doi.org/10.1007/s40268-021-00351-6
https://doi.org/10.1007/s43440-021-00231-5


Int. J. Mol. Sci. 2024, 25, 12079 28 of 32

129. Rejdak, K.; Grieb, P. Adamantanes Might Be Protective from COVID-19 in Patients with Neurological Diseases: Multiple Sclerosis,
Parkinsonism and Cognitive Impairment. Mult. Scler. Relat. Disord. 2020, 42, 102163. [CrossRef]

130. Nieto-Torres, J.L.; Verdiá-Báguena, C.; Jimenez-Guardeño, J.M.; Regla-Nava, J.A.; Castaño-Rodriguez, C.; Fernandez-Delgado, R.;
Torres, J.; Aguilella, V.M.; Enjuanes, L. Severe Acute Respiratory Syndrome Coronavirus E Protein Transports Calcium Ions and
Activates the NLRP3 Inflammasome. Virology 2015, 485, 330–339. [CrossRef]

131. Toft-Bertelsen, T.L.; Jeppesen, M.G.; Tzortzini, E.; Xue, K.; Giller, K.; Becker, S.; Mujezinovic, A.; Bentzen, B.H.; Andreas, L.B.;
Kolocouris, A.; et al. Amantadine Has Potential for the Treatment of COVID-19 Because It Inhibits Known and Novel Ion
Channels Encoded by SARS-CoV-2. Commun. Biol. 2021, 4, 1347. [CrossRef]

132. Fink, K.; Nitsche, A.; Neumann, M.; Grossegesse, M.; Eisele, K.-H.; Danysz, W. Amantadine Inhibits SARS-CoV-2 In Vitro. Viruses
2021, 13, 539. [CrossRef] [PubMed]

133. Przytuła, F.; Kasprzak, J.; Dulski, J.; Koziorowski, D.; Kwaśniak-Butowska, M.; Sołtan, W.; Roszmann, A.; Śmiłowska, K.;
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