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SARS-CoV-2 infection leading to Coronavirus disease 19 (COVID-19) rapidly
became a worldwide health emergency due to its elevated infecting capacity,
morbidity, and mortality. Parkinson’s disease (PD) is the second most common
neurodegenerative disorder and, nowadays the relationship between SARS-
CoV-2 outbreak and PD reached a great interest. Apparently independent one
from the other, both diseases share some pathogenetic and clinical features.
The relationship between SARS-CoV-2 infection and PD is complex and it
depends on the direction of the association that is which of the two diseases
comes first. Some evidence suggests that SARS-CoV-2 infection might be a
possible risk factor for PD wherein the exposure to SARS-CoV-2 increase the risk
for PD. This perspective comes out from the increasing cases of parkinsonism
following COVID-19 and also from the anatomical structures affected in both
COVID-19 and early PD such as olfactory bulb and gastrointestinal tract resulting
in the same symptoms such as hyposmia and constipation. Furthermore, there
are many reported cases of patients who developed hypokinetic extrapyramidal
syndrome following SARS-CoV-2 infection although these would resemble a
post-encephalitic conditions and there are to date relevant data to support the
hypothesis that SARS-CoV-2 infection is a risk factor for the development of PD.
Future large, longitudinal and population-based studies are needed to better
assess whether the risk of developing PD after COVID-19 exists given the short
time span from the starting of pandemic. Indeed, this brief time-window does not
allow the precise estimation of the incidence and prevalence of PD after pandemic
when compared with pre-pandemic era. If the association between SARS-CoV-2
infection and PD pathogenesis is actually putative, on the other hand, vulnerable
PD patients may have a greater risk to develop COVID-19 being also more prone
to develop a more aggressive disease course. Furthermore, PD patients with
PD showed a worsening of motor and non-motor symptoms during COVID-19
outbreak due to both infection and social restriction. As well, the worries related
to the risk of being infected should not be neglected. Here we summarize the
current knowledge emerging about the epidemiological, pathogenetic and
clinical relationship between SARS-CoV-2 infection and PD.
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Parkinson'’s disease and infectious
diseases

Parkinsons disease (PD) is the most common worldwide
neurodegenerative disorder after Alzheimer’s disease, characterized
by an early and dramatic loss of dopaminergic neurons in substantia
nigra, leading to motor and non-motor symptoms (1). Up to date, the
pathogenesis of PD is not fully understood, and it is thought to
be based on a subtle interplay between genetic and environmental risk
factors (2). Age represents the greatest risk factor for the development
of PD and because of the aging of the population as well as the longer
life expectancy, the prevalence of PD is rapidly increasing; it has been
estimated that the number of people with PD will double to 50% in
2030 until a prevalence between 8.7 and 9.3 millions of affected
individuals (3). Although demographic and genetic factors in the
pathogenesis of PD are well characterized, the role of environmental
exposures and particularly that of infectious disease are not clear.
Many factors have been associated with PD, some are directly
associated with an increased risk (e.g., pesticide, methamphetamine,
melanoma, heavy metal exposure) (4), while others seem to
be somehow protective (e.g., alcohol consumption, caffeine, estrogen)
that is inversely associated with its risk (5-8). Among others,
infections have been suggested as possible risk factor for idiopathic
PD and secondary parkinsonism. This suggestion originates both
from the description of the post-encephalitic parkinsonism occurred
after the influenza pandemic in 1918, and from the observation of the
parkinsonian cluster’s phenomenon (9). According to this hypothesis,
the risk of developing PD is greater in people who share close quarters
such as doctors, teachers, nurses thus indicating a common and
environmental risk factor such as viral infections (10). In fact, some
researchers suggest a direct contribution of the viral infection or of the
establishment of post-infectious mechanisms following a viral
infection in neurodegeneration (11). In this sense, people in contact
with the public, the reservoir of the infection, could be at greater risk.
Furthermore, the role of the infections in the pathogenesis of PD
might be supported by the Braak hypothesis identifying olfactory
bulbs and peripheral nerves of the gastrointestinal tract as starting
points of the disease and portal entry for toxins and infectious agents
(12). Recent meta-analysis indicated that infection was associated with
an increased risk of developing PD by 20% compared to controls with
a marked effect for bacterial infection (Odds ratio [OR] =1.4) and less
for viral infections (OR=1.09) (13). However, a distinction should
be made between primary PD (ie., idiopathic) and secondary
parkinsonism (i.e., post-infective) due to infectious disease. Indeed, it
has been reported that influenza virus infection is the most common
viral infection associated with risk of developing parkinsonism, while
hepatitis C seems to be associated with an increased risk to develop
PD, but no risk was found for hepatitis B (14). Also, though
parkinsonism is well documented in patients with chronic human
immunodeficiency (HIV) virus infection and HIV-associated
neurocognitive disorders, several evidence did not support HIV as a
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risk factor for the development of PD (15). Some acute viral infection
may directly involve the basal ganglia such as Japanese Encephalitis
virus, Coxsackie virus, Western equine Encephalitic virus and West
Nile virus leading to parkinsonism but their association with PD has
never been established (9). Recently, a meta-analysis has shown that
the development of parkinsonism may be an underdiagnosed
complication of Dengue virus infection. However, also in this case, as
for the other viruses mentioned above, there seems to be no data
showing an association between an increased risk of developing
idiopathic PD and a previous infection by Dengue virus (16).
Antigenic mimicry has been hypothesized to explain the increased
risk of PD after herpes simplex virus 1 (HSV-1) infection. Indeed,
antibodies to HSV-1 are able to cross-react against some epitopes of
the a-synuclein, suggesting the possibility of promoting the
aggregation of a-synuclein (17). The persistence of movement
disorders about 3-5years after acute infection by Japanese encephalitis
B has been associated with lesions of substantia nigra detected by
neuroimaging studies (11).

Among bacteria, a recent meta-analysis showed as H. pylori
increase the risk by 1.5-2-fold to develop PD (18). Other study showed
that seropositive patients for at least five or six among Cytomegalovirus,
Epstein-Barr virus, Herpes simplex-1, Borrelia burgdorferi, Chlamydia
pneumoniae and H. pylori are at more risk to develop PD compared to
healthy controls (19). Despite the high amount of literature published,
the relationship between infectious diseases and the pathogenesis of
PD is still controversial. This point needs to be clarified in order to
prevent and treat the potentially curable factors causing PD. The
relevance of the association between infectious disease and PD reaches
great interest in the light of the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) outbreak, leading to Coronavirus
Disease 2019 (COVID-19). Despite COVID-19 usually presents with
fever, cough and dyspnea, a wide range of neurological manifestations
are currently reported (20-22). Of note, Rao et al. recently reported
three cases of parkinsonism onset after SARS-CoV-2 infection
characterized by orthostatic hypotension, bradykinesia and rigidity
few days after symptomatic COVID-19 although these were
recognized as post-encephalitic parkinsonism that is far from PD
diagnosis (23). Thus, a clear distinction should be served between
post-infective parkinsonism and degenerative PD as a consequence of
SARS-CoV-2 infection. If the former is well-described in literature,
latter is actually hypothetical, and it is almost based on the dual hit
hypothesis (12). In this view, it has been hypothesized that
neurotrophic pathogen (e.g., viral) enters the brain via the olfactory
bulb or Meissner’s plexus being transported anterogradely or
retrogradely into temporal lobe and brainstem, through olfactory and
vagus nerves, respectively (Figure 1). When the pathogen reaches the
midbrain until substantia nigra, the typical aspect of PD will
be unmasked. The term “dual hit” comes out from the two-way
pathogenetic access of pathogen to the brains (i.e., nasal and
gastrointestinal) and also it may explain the prodromal and non-motor
symptoms of PD such as hyposmia and autonomic dysfunction (12).
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Graphical representation of dual hit hypothesis. (A) Pathogens enter the brain through olfactory epithelium being transported via anterograde transport
throughout olfactory nerve. (B) pathogens in the intestinal lumen go toward vagus nerve terminations in the Meissner's plexus being transported via
retrograde transport throughout vagus nerve until brainstem. The term dual hit comes out from the two-way pathogenetic access of pathogen to the

However, it is not negligible the detrimental impact of pandemic
on the clinical course and therapeutical management of PD patients.
In this review we will summarize the current literature in the field of
pathogenetic, clinical and therapeutic points of view about the
relationship between COVID-19 and PD.

Coronavirus and nervous system:
historical notes

The potential role of the Coronaviruses to determine nervous
system diseases in humans has been recognized nearly 40 years ago,
when two coronaviruses were isolated from brain material obtained
from the autopsy of two patients affected by multiple sclerosis (24).
Successively, a possible role for Coronaviruses in the pathogenesis of
postencephalitic parkinsonism has been postulated when mice
infected with mouse hepatitis virus (i.e., MHV-A59) showed a strong
tropism for the basal ganglia (25). Few years later, a study on samples
of cerebrospinal fluid obtained from the tissue bank at the
Neurological Institute of Columbia Presbyterian Hospital reported, in
patients with PD compared to normal age-matched controls, an
elevated CSF antibody response to two Coronaviruses (i.e., MHV-JHM
and MHV-A59) (26). MHV-A59 infected C57BL/6 mice showed a
viral presence in the brain localized mainly in the subthalamic
substance and in the subthalamic nucleus with neuronal loss, gliosis
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and cellular vacuolization. Furthermore, the MHV-A59 genome
appears to persist for many months in the CNS after infection (25).

Looking at more recent years, it was 2002 when an epidemic of a
Coronavirus starting in Asia and spreading to throughout the world,
characterized by severe acute respiratory syndrome was complicated
by a range of neurological disorders interesting either CNS or PNS
(27, 28). Similarly, ten years later, a different Coronavirus namely
Middle East Respiratory Virus (MERS) spread in the Middle East.
Although intranasal administration of the virus in experimental
models is followed by subsequent infection of the brain, the presence
of the virus has never been demonstrated in the CSN of human
patients (29, 30). SARS-CoV-2 is characterized by a high homology
both with coronavirus of first epidemic as well as with MERS, and it
seems to be able to cause injury both to the central and the peripheral
nervous systems. It should be noted that the Coronaviruses possess
not only neurotropism but also important neurotoxic properties. In
fact, starting with the first reported case of acute disseminated
encephalomyelitis (ADEM) (31), there are other several reports that
have observed extensive demyelination of the CNS following infection
by coronaviruses. For instance, Sars-CoV-2 infection has shown to
be associated with ADEM in patients with COVID-19 (32). The
occurrence of encephalitis during Coronaviruses infection is also
reported, for example, in murine models infected with HCoV-OC43
(33) or in patients with COVID-19 in which is described a broad
spectrum of encephalitic manifestations (34).
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Prevalence and outcome of
COVID-19 in PD patients

Patients with PD are vulnerable, and they may have a higher risk
to contract SARS-CoV-2 infection as well as they may expedience a
more severe course of the infection. On the other hand, the shared
clinical and pathogenetic features between SARS-CoV-2 infection and
PD suggests that infection may increase the risk of developing PD. In
this view, the studies exploring the incidence and prevalence as well
as the magnitude of COVID-19 in patients with PD are relevant. In
the early period of pandemic era, Antonini et al. revealed that a longer
PD duration was associated with poorer outcomes from COVID-19
with high rate of mortality (35). Another earlier study showed as mild-
to-moderate COVID-19 was contracted independently of age and
disease duration in PD patients as well as the outcome from the
infection was similarly between mild-stage PD and healthy population
(36). Some isolated case reports of patients who developed a
Parkinsonian syndrome with neuroimaging evidence of nigrostriatal
dopaminergic system deficiency following SARS-CovV2 infection and
development of COVID-19 have been reported (11, 37). Though
numerous evidence would support the hypothesis that COVID-19 are
associated with an increased risk of PD, a recent study showed that
number of patients with parkinsonism diagnosed within 6 months
after COVID-19 was low (0.46%) (38). The uncertainty about the
pre-infection neurological status of patients who experienced
parkinsonism or PD after COVID-19 is a crucial issue regarding the
possibility to attribute a causality relationship between COVID-19 and
PD. Indeed, COVID-19 may only unmask an underlying preclinical
PD (39). On the other hand, some authors hypothesizes that PD may
serve as protective factors against SARS-CoV-2 infection since the
neurodegenerative process occurring in PD may disrupt the gateway
of the virus and its retrograde diffusion toward olfactory and vagus
nerves (40). A recent survey showed that the prevalence of COVID-19
was similar comparing PD patients and healthy subjects (7.1 vs. 7.6%,
respectively). However, in this study the clinical expression of
COVID-19 in patients with PD was similar to non-PD patients though
the former were less likely to report shortness of breath and required
hospitalization (41). Another study reported a higher prevalence of
COVID-19 in the PD population compared to that observed in the
general population without a different mortality rate between PD and
non-PD patients (42). More recently, a study conducted among 1,294
resident in nursing homes showed a higher risk of 30-day mortality in
patient with PD compared to controls after adjustment for gender, age,
and comorbidities (43). A recent metanalysis including 13 studies
highlighted among PD patients affected by COVID-19, respectively, a
hospitalization rate and ICU admission of 39.9 and 4.7% and a
mortality rate of about 25%; these data were comparable to patients
without PD (44). In USA, two studies failed to prove PD as
independent risk factor for severe COVID-19 and death although the
advanced disease and elderly were proposed as the main risk factors
for developing severe COVID-19 (45, 46). Finally, a recent cohort
study over a period of 15months by Zenesini et al. founded a higher
risk of SARS-CoV-2 infection in PD patients compared to healthy
controls as well as a slightly higher risk for hospitalization with a
30-day mortality risk higher in parkinsonism (58%) than in PD (19%)
and controls (26%) (47). Given that PD patients are usually older than
60years, and that increased age is associated with death in patients
with COVID-19, age and age-related comorbidity should
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be considered as confounding risk factors among PD population (48,
49). Therefore, in PD patients the preexisting comorbidity such as
hypertension, diabetes, and heart failure increases the risk of severe
COVID-19 (50).

Another aspect to consider is the impact of SARS-CoV-2 outbreak
in the PD management. COVID-19 had a detrimental effect on the
in-patient management of PD population such as the difficulty in
procuring medication and inability to access in health care. Indeed, as
showed early by Bhidayasiri in the early phase of pandemic, PD
patients with device-aided therapies (e.g., deep brain stimulation,
apomorphine and levodopa-carbidopa intestinal gel infusion)
encountered problems because of elective procedures were almost
excluded from hospital admissions during lockdown (51). Also, since
PD patients are vulnerable, the risk of getting SARS-CoV-2 infection
during hospitalization was not negligible during the SARS-CoV-2
outbreak and this also may have limited the hospitalization of these
patients since the risk of hospitalization was higher than the benefits.
On the other hand, PD should be protected by SARS-CoV-2 infection
since hospitalization may lead to detrimental effects such as delirium,
adverse drug reactions and aspiration pneumonia in these patients
(52). These arguments are true also for other neurological disease.
Indeed, it has been showed that patients presenting with ischemic
stroke during the COVID-19 pandemic lockdown period had a
reduced hospital care and higher hospitalization costs although the
final outcome was unchanged compared to the period before
lockdown (53). If the access at the emergency department is
mandatory in the case of stroke, since PD is a chronic disease,
telemedicine including remote delivery of treatment (e.g.,
ParkinDANCE program) proved to be successful in providing medical
services to patients with PD (54, 55).

Although the impact of COVID-19 among the PD population is
controverse (Table 1) and it needs to be better assessed in the future
and the risk of severe COVID-19 in PD is still not clear, we agree in
considering PD patients as vulnerable
COVID-19 outbreak.

subjects  during

Shared clinical features between
COVID-19 and PD

Currently, many reports exist describing cases of parkinsonism
following SARS-CoV-2 infection (37, 86-89). However, these case
reports pointed out how parkinsonism may be a consequence of
SARS-CoV-2-related encephalitis but did not show a clear link
between COVID-19 and idiopathic PD. As the relationship between
acute or secondary parkinsonism and SARS-CoV-2 infection is
beyond the purpose of this review, we will focus our attention only on
the association between SAR-CoV-2 and idiopathic PD. Although the
incidence and the prevalence of PD in people who experienced
COVID-19 are not clear and the association between SARS-CoV-2
infection and PD is purely putative, there are several common clinical
features between PD and COVID-19 (Figure 2). It has been well-
established that COVID-19 in PD patients may worsen both motor
symptoms such as bradykinesia, rigidity, balance disturbance as well
as non-motor symptoms (e.g., motivation, intellectual impairment)
(45). Of note, bradykinesia was the most common worsened
symptoms followed by gait disturbances, tremor, and rigidity (90).
Overall, a worsening of Movement Disorder Society Unified
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TABLE 1 Major findings of the clinical and biological relationship between PD and COVID-19.

10.3389/fneur.2023.1172416

Features Major findings Reference
Frequency of PD after
COVID19 Unknown. Parkinsonism reached a prevalence of 0.46% within 6 month from COVID-19 recovery. (56)
No significant difference between patients with PD and the general population (57-59)
Frequency of COVID-19 in Higher in patients with PD (0.9% vs. 0.35%) (60)
patients with PD Higher in patients with PD (1.1% vs. 0.6%) especially in patients >65 years of age (61)
Higher risk of SARS-CoV-2 among PD patients (HR=1.3) (62)
Advanced PD stage and elderly are risk factors for severe COVID-19 (63, 64)
Longer PD duration was associated with higher mortality (65)
Similar outcome between patients with PD and the general population (66)
Outcome of COVID-19 in Similar hospitalization, ICU admission and mortality rates between PD patients and the general )
patients with PD population
Increased mortality in inpatients with PD (35% vs. 20%) (61, 68)
Higher risk of 30-day mortality in PD patients compared to controls (69)
Higher risk of hospitalization in PD patients but similar mortality compared with general population (62)
Preexisting comorbidity such as hypertension, diabetes, heart failure increases the risk of severe 70)

COVID-19 in patients with PD

Impact on PD symptoms

Worsening of motor and non-motor symptom or complaining of new motor or non-motor symptoms

(28, 58, 63, 65, 71-73)

Bradykinesia was the most common worsened symptom followed by gait disturbances, tremor, and

services to PD patients

rigidity. oo
Worsening of MDR-UPDRS score during pandemic era (75)
Worsening of sleeps-disturbances, cognitive function, autonomic function, mood disorders, appetite 1)
disorders and pain
Fear about own and family, depression due to job difficulties, constant worrying due to COVID-19, low 76)
energy, restlessness, clenched jaw, nervous behaviors were common in patients with PD

Impact of social restrictions Difficulty in procuring medication and decreased healthcare services and physiotherapy (77-80)
Worsening of balance, cognition and IADL (81)
Worsening of symptoms during lockdown in over 40% of 2,500 PD patients with especially tremor, (82)
pain, and rigidity
Higher depression and anxiety in patients with PD and their caregivers due to interruption of non- (83)
pharmacological therapy, COVID-19 worry, interruption of outpatient clinic
Telemedicine including remote delivery of treatment proved to be successful in providing medical (84, 85)

PD, Parkinson’s disease; ICU, intensive care unit; IADL, instrumental activities of daily life; MDR-UPDRS, Movement disorder Unified Parkinson’s disease rating scale.

Parkinson’s Disease Rating Scale (MDS-UPDRS) was noted in
pandemic era in PD patients (91).

A study including 5,429 PD patients revealed the worsening of
non-motor symptoms such as sleeps-disturbances, cognitive function,
autonomic function, mood disorders, appetite disorders and pain
(92). Also, emotional symptoms of stress due to COVID-19 concerns
are not negligible in PD patients (93).

Around the 65% of people with COVID-19 experience hyposmia
that is also a common prodromal symptom of PD affecting up to 4%
of patients (94, 95). Olfactory dysfunction after COVID-19 recovery
may persist in 10 to 20% of patients which may indicate a permanent
loss of the renewing olfactory neurons, phenomenon that is also seen
in PD patients (96). Given the increased incidence of encephalitis
lethargica following Spanish flu in 1920s, it has been theorized that
neurodegenerative PD may represent a clinical manifestation of long
COVID (97). This hypothesis may be supported by the increasing
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evidences that COVID-19 may precipitate a neurodegenerative
process leading to a parkinsonism (98-100). In addition, the finding
of Lewy bodies in the brain of rhesus macaques infected with SARS-
CoV-2 may support the link between neurodegenerative PD and
COVID-19, although SARS-CoV-2 RNA has never been found in
these macaques (101). This finding may be in line with the
“hit-and-run” hypothesis according to which a neurotropic virus
triggers an autoimmune reaction leading to chronic inflammation and
brain damage (first hit), making it more vulnerable to further
neurodegenerative changes (second hit) (102, 103). The degeneration
located at the nigrostriatal level may be explained by the idea that
dopamine neurons are highly susceptible to systemic inflammation
thus explaining the clinical phenotype of this post-infective sequelae
(104). To date, the “hit-and-run” hypothesis has been proposed for
Spanish Flu in 1920s, HIN1, H5N1, EBV, and HSV-1 (105). Another
link between PD and SARS-CoV-2 infection is the gastrointestinal
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Shared clinical features between SARS-CoV-2 and Parkinson's disease. Created with BioRender.com.
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tract involvement as constipation may precede motor symptom in PD,
symptom that also persists in up to 80% patients after COVID-19 as
long COVID symptom (106, 107). Cognitive decline affects 15-40%
of patients with PD (108). There are growing evidences suggesting
cognitive decline as long-term consequence of COVID-19 infection.
Taquet et al., showed a dementia prevalence of 5% among COVID-19
survivors aged more than 65 years within 6 months after SARS-CoV-2
infection which was higher compared to one after influenza and other
respiratory tract infection (109). A cross-sectional online study
including 85.000 participants revealed that the degree of cognitive
decline in patients with a history of severe COVID-19 was equivalent
to the loss of 10years compared to healthy controls (110, 111).
However, the association between COVID-19 and cognitive decline
require longitudinal studies with long-term follow-up. Indeed, the
observation period from COVID-19 outbreak and the potential
detrimental effect on cognitive function is limited and it did not allow
to estimate with certainty the risk of cognitive decline in patients who
experienced COVID-19. Also, participants included in that studies
were older, and the age-dependent risk of cognitive decline cannot
be excluded. In Figure 2 the common features between SARS-CoV-2
and PD are reported. There are other points to discuss: (1) it is
questionable to ask what the prevalence of COVID-19 in people with
PD is and what is the magnitude of the infection in these patients; (2)
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itis interesting to know how PD affects the management of COVID-19
and how COVID-19 affects the therapeutic management of PD; (3)
finally, the impact of the lockdown on motor and non-motor
symptoms in these patients should not be neglected.

From neurological complications of
SARS-CoV-2 to its neurotropism

The recent infection by SARS-CoV-2 is clinically characterized by
fever, cough, and shortness of breath, associated with the development
of an acute respiratory distress syndrome (49). However, several
reports highlighted neurological complications following SARS-
CoV-2 infection involving both central (CNS) as well as peripheral
system (PNS). First descriptions of neurological
manifestations occurring in patients with COVID-19 have been

nervous

described in a series of patients in Wuhan, reporting a prevalence of
neurological symptoms in up to 45% of patients with more severe
disease (112). Neurological symptoms more commonly were vague
and consisting in headache, dizziness, and myalgia but they were
possibly more severe involving both central nervous system (CNS)
(impaired consciousness, acute cerebrovascular disease, ataxia, and
seizures) (113) and peripheral nervous symptom (PNS) (taste, smell,
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and vision impairment, and neuralgia) (114). Of the 125 patients
reported in the first surveillance study of acute neurological and
psychiatric complications of COVID-19, 77 (62%) presented with a
cerebrovascular accident (most commonly ischemic stroke), 39
patients with altered mental status (31%) (9 patients with unspecified
encephalopathy, 7 patients with encephalitis). Interestingly, of the 39
patients with altered mental status, most of them (59%) fulfilled the
clinical case definition for psychiatric diagnoses (10 new onset
psychosis, six neurocognitive dementia, 4 affective disorder). Of the
remaining 9 patients, 6 had a peripheral disorder and 3 other
neurological symptoms (respectively opsoclonus-myoclonus
syndrome, sixth nerve palsy, and seizures) (115). It remains to
be clarified whether the damage caused by the virus to the nervous
system is direct connected to the invasion of neurons by virions, or
rather it is indirect such as post-infectious mechanisms (116). In this
case, the mechanisms of molecular mimicry, epitope spreading, and
bystander activation may clarify how SARS-CoV-2 infection triggers
an autoimmune reaction throughout the CNS (i.e., viral-induced
autoimmunity) leading to autoimmune encephalitis with the finding
of antibodies against onconeural and surface antigens (e.g., N-Methyl-
D-Aspartate Receptor, voltage-gated potassium channel, amphiphysin,
myelin oligodendrocyte glycoprotein, etc) as highlighted recently by
Stoian et al. (65). The autoimmune hypothesis could also be suggested
by the improvement after immunosuppressive therapy in some
patients with movement disorders following Sars-Cov-2 infection (11).

The hypothesis of neuroinvasion by Sars-Cov-2 comes from the
finding of SARS-CoV-2 RNA in the CSF of patients with COVID-19
(66). Possible routes of invasion of the virus into the CNS, are the
olfactory epithelium (OE), the olfactory bulb (OB) and the brain
endothelial cells (ECs). However, it has been shown as the finding of
viral genome or intrathecal antibody synthesis in patients affected by
COVID-19 who experienced acute neurological symptom is rare (56).
Moreover, studies from autopsies conducted on the brains of patients
who died from COVID-19 have rarely shown a presence of the virus
in the cerebral parenchyma (117) and some authors did not find
presence of SARS-CoV-2 both at genomic and antigenic levels in the
brain (118). It is possible to hypothesize a mechanism of damage on
the CNS similar to that of the 2009 HIN1 pandemic (CA/09) influenza
virus which, while not infecting neurons, is capable of inducing the
death of nerve cells, also including the dopaminergic neurons of the
substantia nigra, through the induction of a potent inflammatory
response (57). However, some authors have found the presence of the
virus directly in the CNS. Indeed, in a group of 24 COVID-19 patients
who died of respiratory failure, the virus was detected in the dorsal
cord and substantia nigra of five COVID-19 subjects but not in
controls, but the neurodegenerative potential of this finding needs
further investigation (60). Therefore, neuroinflammation and protein
interactions are the two mechanisms considered most plausible to
explain a possible neurodegenerative effect on dopaminergic neurons
caused by SARS-CoV-2.

The olfactory entry route in the
nervous system of SARS-CoV-2

The mechanisms underlying SARS-CoV-2 neuro-invasion are not
yet fully understood. It has been shown that SARS-CoV-2 is able to
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infect and replicate in cultures of human neural progenitor cells and
human induced pluripotent stem cells (hiPSCs)-derived brain
organoids via ACE2 (69). The expression of this receptor in
comparison with other tissues is not very high in the CNS (67). In the
CNS, ACE2 is distributed mainly in the spinal cord, in the substantia
nigra, in the hippocampus and in the hypothalamus (63). The
interaction between SARS-CoV-2 and ACE2 is facilitated through the
priming of protein S by transmembrane serine protease 2 (TMPRSS2)
(64). However, ACE2 and TMPRSS2 do not frequently co-localize in
the brain. Differently, the sustentacular non-neuronal cells of the
olfactory epithelium (OE) have a high level of co-expression of ACE2
and TMPRSSS2 (62). It is therefore possible that OE represents a point
of penetration with a subsequent diffusion of Sars-CoV-2 within the
brain, although the ways of propagation of the virus are not yet
known. In models of ACE2 Knock-in mice, the localization of SARS-
CoV-2 at the level of the olfactory bulb (OB) is already observable in
the fourth post-infection day. This site is probably reached by
retrograde axonal transport starting from the OE of nasal cavity. It is
important to underline that this type of neuro-invasion can also occur
regardless of passing through the blood brain barrier (BBB). In fact,
even in the absence of viraemia SARS-CoV-2 is able to invade the OB
(119). It is therefore not surprising that a link to neurological disorders
turns out from the reduction or the loss of sense of smell (hyposmia
or anosmia), symptoms of COVID-19 pandemic, fully recognized
among those belonging to the SARS-CoV-2 infection (70). The
hyposmia observed during SARS-CoV-2 infection might have various
origins. It can result from direct damage to the sustentacular cells
which are the cells that express the highest concentration of ACE2 at
the OE level or from indirect damage to nearby olfactory receptor
neurons due to the release of inflammatory cytokines and of the
immune response induced by the virus (120). Autopsy studies have
shown a poor localization of SARS-CoV-2 in the olfactory receptor
neurons of the OE cells that do not normally express high ACE2 levels
(74) (62). However, mRNA localization of SARS-CoV-2 in neurons
should be investigated in the future (75). Moreover, the uptake of spike
subunit 1 (i.e., S1) in OB is greater after intravenous administration
than intranasal administration probably because invasion of the brain
by SARS-CoV-2 occurs independently of the ACE2 receptor (71). It is
therefore possible that the loss of the olfactory receptor neurons
occurs after invasion of the OB due to anterograde degeneration of the
axon (76).

Blood brain barrier allows
gARS—CoV—Z penetration into the
rain

Several evidences suggest that the S1 protein allows the SARS-
CoV-2 to enter the brain through the bloodstream. ACE2 has an
important role in allowing the uptake of the virus thanks to the wide
range expression of the receptor into the brain endothelial cells (ECs)
(63). In particular, the arginine-glycine-aspartate motif of the S1
protein interacts with the a5f1 integrin expressed on brain ECs.
Subsequent activation of the mitogen-activated protein kinase
pathway could facilitate virus entry into the endothelial cells (ECs)
(81). Rhea and collaborators had shown that in normal mice S1
subunit of the spike protein is able to cross the BBB thanks to the
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transcytosis mechanisms and to localize in various areas of the brain
such as basal ganglia or many regions of the cerebral cortex (71).
Moreover, several in vitro models of human BBB highlighted that S1
can penetrate the endothelial barrier (77). The group of Krasemann
showed that crossing of the BBB by SARS-Cov-2 seemed not to occur
by compromising the paracellular tight junctions of brain capillary
endothelial cells but this happened through mechanisms of
transcellular transport across the cells from the apical side to the
basolateral compartment (78). Similar result was obtained by other
researchers (77). However, Yang also revealed a remodeling of the
tight junctions and a consequent increased permeability of BBB after
SARS-Cov-2 infection of the brain microvascular endothelial
cells (83).

Neuroinflammation induced by
SARS-CoV-2:alink to
neurodegeneration?

Brundin and colleagues hypothesized that the neuroinflammation
caused by SARS-Cov-2 may result in the loss of dopaminergic neurons
(99) Chen showed that SARS-CoV-2 can infect and induce
inflammation and senescence of dopaminergic neurons derived from
hiPSCs (82). The persistence of neuroinflammation after infection can
influence the development of neurological sequelae. Analysis of the
content of neuronal extracellular vesicles isolated from plasma of 24
patients recovering from COVID-19 showed the presence of marker
proteins of neuronal dysfunction such as amyloid beta, neurofilament
light, neurogranin, total tau, and p-T181-tau in greater quantities
compared to healthy controls (84). In a cell culture model, it was
showed that spike protein can modify the content of exosomes
released by SARS-CoV-2 transfected cells. In fact, infected cells release
a great number of exosomes enriched of some microRNAs such as
miR-148 causing neuroinflammation thanks to the activation of the
human microglia (85). Indeed, microglial cells express the ACE-2
receptor (121) and these cells are hyper-activated by SARS-CoV-2,
although the presence of the virus has not yet been demonstrated in
vivo inside them (122). Biopsy analysis of patients who died from
COVID-19 showed widespread activation of microglia in several areas
of the brain, especially in brainstem, while proinflammatory microglia
in the hippocampus were remarkable only if the course of COVID-19
was complicated by delirium (123). It might be hypothesized that a
possible link between development of PD and SARS-CoV-2 infection
may involve microglia. In fact, it is known that the pro-inflammatory
microglia play an important role in the loss of dopaminergic neurons.
Another pathogenetic link between PD and COVID-19 is related to
similar inflammatory pathways that the two diseases share (124).
Some researchers suggested that NF-kB-associated inflammatory
pathways are induced by SARS-CoV-2 infection and it can also lead
to death of the dopaminergic neurons (124). However, more studies
are needed to analyze the pathways of this interaction in more detail.
A further possible link between PD-related neuroinflammation and
COVID-19 could arise from the fact that COVID-19 and Gaucher
disease (GD) share upregulation of complement 5a (C5a) and its
C5aR1 receptor and excessive glycosphingolipids synthesis with
subsequent activation of the immune system and generation of pro-
inflammatory cytokines. GB is caused by mutations of the GBA gene,
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which is also a risk factor of PD, so it is possible to hypothesize that a
similar mechanism is also shared by PD with GBA mutation and
COVID-19, not only by GD and COVID-19 (125).

Dysfunction of mRNA metabolism, such as its transport or
degradation, may play a role in neurodegenerative mechanisms (126).
Some authors have hypothesized a possible neurodegenerative
mechanism linked to the spike protein which would acquire prion-like
properties. In particular, according to these authors, following
vaccination with mRNA vaccines for Sars-CoV-2, the spike protein
could be produced in excessive quantities by cells and interact with
other prion-like proteins leading to the formation of aggregates (127).
It could be hypothesized that this mechanism also occurs following
could be connected

viral infection by Sars-Cov-2 and

to neurodegeneration.

SARS-CoV-2-proteins interaction:
evidence and hypothesis

It has been hypothesized that the vulnerability to PD
development conferred by SARS-CoV-2 might derive from the
ability of viral proteins to alter some proteins expressed in the lung
and disrupt protein-protein interaction in the CNS. Proteins
released from the lungs, due to the greater pulmonary permeability
during inflammation induced by SARS-CoV-2 infection, would
be transported in the circulation by exosomes to the brain, where,
thanks to their alteration produced by viral components, could
perturb protein with a role in the development of PD (128). The
main protein involved in these mechanisms currently appears to
be a-synuclein. The expression of a-synuclein is increased in
neurons following a viral infection and its aggregation induced by
RNA virus could serve to trap the virus and limit viral replication
(129). Conversely, one could hypothesize that this mechanism can
increase the risk of developing PD. It is important to note that
a-synuclein is expressed not only in neurons of the CNS but also in
those of the PNS, including neurons of the enteric nervous system
(130). It has been hypothesized that a-synuclein may serve to
inhibit the neuro-invasion of viruses from the PNS to the CNS
(131). SARS-CoV-2, a RNA virus, is able to infect the neurons of
the myenteric plexus due to the high expression of ACE2 in these
cells (132). The overexpression of a-synuclein in SNP cells has been
hypothesized to constitute a defensive mechanism that seeks to
circumscribe the virus but also an alteration that predisposes to the
subsequent development of PD according to the Braak hypothesis
of the disease (133). Recently, in order to find a possible molecular
link between SARS-CoV-2 infection and the development of PD,
the group of Semerdzhiev showed that the spike protein fails to
induce the aggregation of a-synuclein, while protein N has the
ability to induce precipitation of a-synuclein into the amyloid fibrils
characteristic of PD (134). The immunohistochemical analysis of
the skin biopsy samples from five patients who experienced postural
tachycardia syndrome after SARS-CoV-2 infection showed the
presence of the a-synuclein in a phosphorylated form, the
pathological state of a-synuclein in PD or dementia with Lewy
bodies, multiple system atrophy and pure autonomic failure (135).
However, COVID-19 patients experiencing neurological symptoms
possess serum and CSF alpha-synuclein levels comparable to those
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of COVID-19 patients without neurological manifestations (136).
Therefore, more data are needed to clarify the role of a-synuclein
induced by viral infections such as SARS-CoV-2 as a risk factor for
PD symptoms development.

Anti-parkinsonian drugs in the
pandemic era

A brief discussion should be reserved for some anti-
parkinsonian drugs during the pandemic era. It has been reported
that dopamine agonists may be protective against severe COVID-19
although another study did not show this benefit (45, 137).
However, the mechanism underlying the benefit effect of dopamine
agonist against severe COVID-19 is unknown. It would seem that
dopamine agonists are capable of inducing an inhibition of Sars-
CoV-2 replication, mainly through an action on the D2 receptor,
recapitulating the antiviral effects of dopamine (Limanaqi F et al,,
2022). Moreover, it must be considered that generally dopamine
agonists are used in the initial or mild stages of the disease,
therefore in patients less advanced in the natural history of
PD. Also, amantadine, an anti-viral drug used to treat levodopa-
induced dyskinesia has been hypothesizing to disrupt the lysosomal
machinery needed for SARS-CoV-2 replication or to block the
viroporine channel of SARS-CoV-2 preventing the release of the
viral nucleus into cells (58, 59, 61). Accordingly, to these hypotheses,
several studies has been published indicating the potential role of
amantadine in the prevention of the clinical symptoms related to
COVID-19 (68, 72). Some authors showed that patients with PD
taking amantadine had lower COVID-19-related mortality (72) or
a lower rate of SARS-CoV-2 infection (73) compared to those who
were not taking it. Although it is not an antiparkinsonian drugs, a
brief consideration should be reserved to the mysterious
relationship between vitamin D, PD and COVID-19. Patients with
PD often have reduced levels of vitamin D (79). The group of Fasano
and colleagues also observed a higher percentage of unaffected PD
patients in the vitamin D group than in the control group who did
not take vitamin D supplementation (41). Daily intake of 2,000-
5,000 IU of vitamin D3 is able to slow the clinical progression of
disease in patients with PD and also offers the advantage of
protecting patients from COVID-19 (80). These observations agree
with the fact that vitamin D has been shown to possess some
antiviral properties (138) and neuroprotective effects. In fact,
studies on rodents have shown that the supplement of vitamin D
not exceeding the toxicity levels is able to reduce the extent of the
loss of dopaminergic fibers induced by toxic substances (139).
Moreover, vitamin D is able to reduce inflammation by decreasing
the production of proinflammatory cytokines such as interferon-
gamma and tumor necrosis factor-alpha (140, 141). This likely
could be a common point in both PD and COVID-19, since the
inflammation associated with cytokine hyper-production often
coincides with clinical worsening during the course of COVID-19
(142, 143) and at the base of PD there are also important
inflammatory mechanisms (144). However, even in this case the
results are conflicting because there are several studies that have not
shown any ability of vitamin D to influence the course and outcome
of COVID-19 (145).
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Conclusion

The link between SARS-CoV-2 and PD is multi facet. Whether the
higher prevalence and incidence of PD in patients who experienced
COVID-19 are controverse, the hypothesis that COVID-19 may
increase the risk of PD is actually unlikely. On the other hand, patients
with PD showed a worsening of motor and non-motor symptoms
during COVID-19 outbreak due to both infection and/or social
restriction. Also, due to the nature of neurodegenerative disease, older
age and comorbidities, PD patients are vulnerable during the
COVID-19 outbreak since they reported higher mortality and
morbidity compared to healthy population. Many are the clinical and
pathogenetic shared features between SARS-CoV-2 infection and PD
although much remains to be clarified about this complex and
bidirectional relationship. Although cases of acute parkinsonism
following SARS-CoV-2 infection are reported, the possibility of higher
risk of occurrence of idiopathic PD following SARS-CoV-2 infection
is still controverse. Current data suggesting the development of
idiopathic PD associated with SARS-CoV-2infection is currently only
a hypothesis. Of course, due to the short interval period from SARS-
CoV-2 outbreak we cannot have reliable data about the incidence of
idiopathic PD among infected people and therefore we cannot
estimate the risk to develop PD after COVID-19. Longer longitudinal
studies are needed to better clarify the relationship between
COVID-19 and the development of idiopathic PD. Looking at the
several shared featured between SARS-CoV-2 infection and idiopathic
PD pathogenesis, we believe that prospective evaluation of patients
with permanent hyposmia and gastrointestinal symptoms after
COVID-19 might help to better clarify the relationship between
COVID-19 and idiopathic PD incidence.

Author contributions

MDA, S, and GS contributed to the conception and design of the
study. SI and GS wrote the first draft of the manuscript. MDA
contributed to the validation, revision, editing, and supervision.
MDA, SI, GS, CD, SM, MA, FG, VA, PA, PR, CG, CC, and NS
performed the search and validation of literature data. All authors
contributed to the manuscript revision, read, and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fneur.2023.1172416
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

lacono et al.

References

1. Kalia LV, Lang AE. Parkinson’s disease. Lancet. (2015) 386:896-912. doi: 10.1016/
S0140-6736(14)61393-3

2. Simon DK, Tanner CM, Brundin P. Parkinson disease epidemiology, pathology,
genetics, and pathophysiology. Clin Geriatr Med. (2020) 36:1-12. doi: 10.1016/j.
cger.2019.08.002

3. Dorsey ER, Constantinescu R, Thompson JP, Biglan KM, Holloway RG, Kieburtz K,
et al. Projected number of people with Parkinson disease in the most populous nations,
2005 through 2030. Neurology. (2007) 68:384-6. doi: 10.1212/01.wnl.0000247740.47667.03

4. Kieburtz K, Wunderle KB. Parkinson’s disease: evidence for environmental risk
factors. Mov Disord. (2013) 28:8-13. doi: 10.1002/mds.25150

5. D'Amelio M, Ragonese P, Sconzo G, Aridon P, Savettieri G. Parkinson’s disease and
cancer: insights for pathogenesis from epidemiology. Ann N Y Acad Sci. (2009)
1155:324-34. doi: 10.1111/].1749-6632.2008.03681.X

6. Ragonese P, Salemi G, Morgante L, Aridon P, Epifanio A, Buffa D, et al. A case-
control study on cigarette, alcohol, and coffee consumption preceding Parkinson’s
disease. Neuroepidemiology. (2003) 22:297-304. doi: 10.1159/000071193

7. Ragonese P, D’Amelio M, Callari G, Salemi G, Morgante L, Savettieri G. Age at
menopause predicts age at onset of Parkinson’s disease. Mov Disord. (2006) 21:2211-4.
doi: 10.1002/mds.21127

8. Limanaqi F, Zecchini S, Dino B, Strizzi S, Cappelletti G, Utyro O, et al. Dopamine
reduces SARS-CoV-2 replication in vitro through downregulation of D2 receptors and
upregulation of Type-I interferons. Cells (2022) 11:1691. doi: 10.3390/cells11101691

9. Jang H, Boltz DA, Webster RG, Smeyne R]. Viral parkinsonism. Biochim Biophys
Acta. (2009) 1792:714-21. doi: 10.1016/].BBADIS.2008.08.001

10. Kumar A, Calne SM, Schulzer M, Mak E, Wszolek Z, Van Netten C, et al.
Clustering of Parkinson disease: shared cause or coincidence? Arch Neurol. (2004)
61:1057-60. doi: 10.1001/archneur.61.7.1057

11.Xing F, Marsili L, Truong DD. Parkinsonism in viral, paraneoplastic, and
autoimmune diseases. ] Neurol Sci. (2022) 433:120014. doi: 10.1016/J.JNS.2021.120014

12. Hawkes CH, Del Tredici K, Braak H. Parkinson’s disease: a dual-hit hypothesis.
Neuropathol Appl Neurobiol. (2007) 33:599-614. doi: 10.1111/§.1365-2990.2007.00874.x

13. Meng L, Shen L, Ji HE. Impact of infection on risk of Parkinson’s disease: a
quantitative assessment of case-control and cohort studies. ] Neurovirol. (2019)
25:221-8. doi: 10.1007/s13365-018-0707-4

14. Tsai HH, Liou HH, Muo CH, Lee CZ, Yen RFE, Kao CH. Hepatitis C virus infection
as a risk factor for Parkinson disease: a nationwide cohort study. Neurology. (2016)
86:840-6. doi: 10.1212/WNL.0000000000002307

15. Smeyne RJ, Noyce AJ, Byrne M, Savica R, Marras C. Infection and risk of
Parkinson’s disease. ] Parkinsons Dis. (2021) 11:31-43. doi: 10.3233/JPD-202279

16. Hopkins HK, Traverse EM, Barr KL. Viral parkinsonism: an underdiagnosed
neurological complication of dengue virus infection. PLoS Negl Trop Dis. (2022)
16:¢0010118. doi: 10.1371/journal.pntd.0010118

17. Limphaibool N, Iwanowski P, Holstad MJV, Kobylarek D, Kozubski W. Infectious
etiologies of parkinsonism: Pathomechanisms and clinical implications. Front Neurol.
(2019) 10:652. doi: 10.3389/fneur.2019.00652

18.Shen X, Yang H, Wu Y, Zhang D, Jiang H. Meta-analysis: Association of
Helicobacter pylori infection with Parkinson’s diseases. Helicobacter. (2017) 22:12398.
doi: 10.1111/hel.12398

19. Patrick KL, Bell SL, Weindel CG, Watson RO. Exploring the “multiple-hit
hypothesis” of neurodegenerative disease: bacterial infection comes up to bat. Front Cell
Infect Microbiol. (2019) 9:138. doi: 10.3389/fcimb.2019.00138

20. Pleasure SJ, Green AJ, Josephson SA. The Spectrum of neurologic disease in the
severe acute respiratory syndrome coronavirus 2 pandemic infection: neurologists move
to the frontlines. JAMA Neurol. (2020) 77:679-80. doi: 10.1001/jamaneurol.2020.1065

21.Liu K, Pan M, Xiao Z, Xu X. Neurological manifestations of the coronavirus
(SARS-CoV-2) pandemic 2019-2020. ] Neurol Neurosurg Psychiatry. (2020) 91:669-70.
doi: 10.1136/jnnp-2020-323177

22.Chen X, Laurent S, Onur OA, Kleineberg NN, Fink GR, Schweitzer F, et al. A
systematic review of neurological symptoms and complications of COVID-19. ] Neurol.
(2021) 268:392-402. doi: 10.1007/s00415-020-10067-3

23.Rao AR, Hidayathullah SM, Hegde K, Adhikari P. Parkinsonism: an emerging post
COVID sequelae. IDCases. (2022):27. doi: 10.1016/J.IDCR.2022.E01388

24. Burks JS, Devald BL, Jankovsky LD, Gerdes JC. Two coronaviruses isolated from
central nervous system tissue of two multiple sclerosis patients. Science. (1980)
209:933-4. doi: 10.1126/science.7403860

25. Fishman PS, Gass JS, Swoveland PT, Lavi E, Highkin MK, Weiss SR. Infection of
the basal ganglia by a murine coronavirus. Science. (1985) 229:877-9. doi: 10.1126/
science.2992088

26. Fazzini E, Fleming J, Fahn S. Cerebrospinal fluid antibodies to coronavirus in
patients with Parkinson’s disease. Mov Disord. (1992) 7:153-8. doi: 10.1002/
mds.870070210

Frontiers in Neurology

10.3389/fneur.2023.1172416

27.Wu Y, Xu X, Chen Z, Duan J, Hashimoto K, Yang L, et al. Nervous system
involvement after infection with COVID-19 and other coronaviruses. Brain Behav
Immun. (2020) 87:18-22. doi: 10.1016/j.bbi.2020.03.031

28. Tsai L-K, Hsieh S-T, Chang Y-C. Neurological manifestations in severe acute
respiratory syndrome. Acta Neurol Taiwan. (2005) 14:113-9.

29. De Wit E, Van Doremalen N, Falzarano D, Munster VJ. SARS and MERS: recent
insights into emerging coronaviruses. Nat Rev Microbiol. (2016) 14:523-34. doi: 10.1038/
nrmicro.2016.81

30. Alshebri MS, Alshouimi RA, Alhumidi HA, Alshaya AI. Neurological
complications of SARS-CoV, MERS-CoV, and COVID-19. SN Compr Clin Med. (2020)
2:2037-47. doi: 10.1007/s42399-020-00589-2

31. Yeh EA, Collins A, Cohen ME, Duffner PK, Faden H. Detection of coronavirus in
the central nervous system of a child with acute disseminated encephalomyelitis.
Pediatrics. (2004) 113:e73-6. doi: 10.1542/peds.113.1.e73

32. Nabizadeh E Balabandian M, Sodeifian F, Rezaei N, Rostami MR, Naser MA.
Autoimmune encephalitis associated with COVID-19: a systematic review. Mult Scler
Relat Disord. (2022) 62:103795. doi: 10.1016/j.msard.2022.103795

33. Jacomy H, Fragoso G, Almazan G, Mushynski WE, Talbot PJ. Human coronavirus
OC43 infection induces chronic encephalitis leading to disabilities in BALB/C mice.
Virology. (2006) 349:335-46. doi: 10.1016/j.virol.2006.01.049

34. Sharma R, Nalleballe K, Shah V, Haldal S, Spradley T, Hasan L, et al. Spectrum of
hemorrhagic encephalitis in COVID-19 patients: a case series and review. Diagnostics
(Basel). (2022) 12:924. doi: 10.3390/diagnostics12040924

35. Antonini A, Leta V, Teo J, Chaudhuri KR. Outcome of Parkinson’s disease patients
affected by COVID-19. Mov Disord. (2020) 35:905-8. doi: 10.1002/mds.28104

36. Cilia R, Bonvegna S, Straccia G, Andreasi NG, Elia AE, Romito LM, et al. Effects
of COVID-19 on Parkinson’s disease clinical features: a community-based case-control
study. Mov Disord. (2020) 35:1287-92. doi: 10.1002/mds.28170

37. Cohen ME, Eichel R, Steiner-Birmanns B, Janah A, Ioshpa M, Bar-Shalom R, et al.
A case of probable Parkinson’s disease after SARS-CoV-2 infection. Lancet Neurol.
(2020) 19:804-5. doi: 10.1016/S1474-4422(20)30305-7

38.Carfi A, Bernabei R, Landi E Persistent symptoms in patients after acute
COVID-19. JAMA. (2020) 324:603-5. doi: 10.1001/jama.2020.12603

39. Merello M, Bhatia KP, Obeso JA. SARS-CoV-2 and the risk of Parkinson’s disease:
facts and fantasy. Lancet Neurol. (2021) 20:94-5. doi: 10.1016/S1474-4422(20)30442-7

40. Spina Tensini E, Spina Tensini T, Franklin GL, Teive HAG. May Parkinson’s disease
be a protective factor against CNS involvement by SARS-CoV2? Parkinsonism Relat
Disord. (2020) 77:20. doi: 10.1016/j.parkreldis.2020.06.012

41. Fasano A, Cereda E, Barichella M, Cassani E, Ferri V, Zecchinelli AL, et al.
COVID-19 in Parkinson’s disease patients living in Lombardy. Italy Mov Disord. (2020)
35:1089-93. doi: 10.1002/mds.28176

42. del Prete E, Francesconi A, Palermo G, Mazzucchi S, Frosini D, Morganti R, et al.
Prevalence and impact of COVID-19 in Parkinson’s disease: evidence from a multi-
center survey in Tuscany region. J Neurol. (2021) 268:1179-87. doi: 10.1007/
500415-020-10002-6

43. Rutten JJS, van Kooten J, van Loon AM, van Buul LW, Joling KJ, Smalbrugge M,
et al. Dementia and Parkinson’s disease: risk factors for 30-day mortality in nursing
home residents with COVID-19. ] Alzheimers Dis. (2021) 84:1173-81. doi: 10.3233/
JAD-210319

44. El-Qushayri AE, Ghozy S, Reda A, Kamel AMA, Abbas AS, Dmytriw AA. The
impact of Parkinson’s disease on manifestations and outcomes of Covid-19 patients: a
systematic review and meta-analysis. Rev Med Virol. (2022) 32:2278. doi: 10.1002/
rmv.2278

45.Xu Y, Surface M, Chan AK, Halpern ], Vanegas-Arroyave N, Ford B, et al.
COVID-19 manifestations in people with Parkinson’s disease: a USA cohort. ] Neurol.
(2022) 269:1107-13. doi: 10.1007/s00415-021-10784-3

46. Nwabuobi L, Zhang C, Henchcliffe C, Shah H, Sarva H, Lee A, et al. Characteristics
and outcomes of Parkinson’s disease individuals hospitalized with COVID-19 in a
New York City Hospital system. Mov Disord Clin Pract. (2021) 8:1100-6. doi: 10.1002/
mdc3.13309

47. Zenesini C, Vignatelli L, Belotti LMB, Baccari F, Calandra-Buonaura G, Cortelli P,
et al. Risk of SARS-CoV-2 infection, hospitalization and death for COVID-19 in people
with Parkinson’s disease or parkinsonism over a 15-month period: a cohort study. Eur |
Neurol. (2022) 29:3205-17. doi: 10.1111/ene.15505

48. McLean G, Hindle JV, Guthrie B, Mercer SW. Co-morbidity and polypharmacy in
Parkinson’s disease: insights from a large Scottish primary care database. BMC Neurol.
(2017) 17:4. doi: 10.1186/512883-017-0904-4

49.Zhou E Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course and risk factors for
mortality of adult inpatients with COVID-19 in Wuhan, China: a retrospective cohort
study. Lancet. (2020) 395:1054-62. doi: 10.1016/S0140-6736(20)30566-3

50. Putri C, Hariyanto TI, Hananto JE, Christian K, Situmeang RFV, Kurniawan A.
Parkinson’s disease may worsen outcomes from coronavirus disease 2019 (COVID-19)

frontiersin.org


https://doi.org/10.3389/fneur.2023.1172416
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1016/j.cger.2019.08.002
https://doi.org/10.1016/j.cger.2019.08.002
https://doi.org/10.1212/01.wnl.0000247740.47667.03
https://doi.org/10.1002/mds.25150
https://doi.org/10.1111/J.1749-6632.2008.03681.X
https://doi.org/10.1159/000071193
https://doi.org/10.1002/mds.21127
https://doi.org/10.3390/cells11101691
https://doi.org/10.1016/J.BBADIS.2008.08.001
https://doi.org/10.1001/archneur.61.7.1057
https://doi.org/10.1016/J.JNS.2021.120014
https://doi.org/10.1111/j.1365-2990.2007.00874.x
https://doi.org/10.1007/s13365-018-0707-4
https://doi.org/10.1212/WNL.0000000000002307
https://doi.org/10.3233/JPD-202279
https://doi.org/10.1371/journal.pntd.0010118
https://doi.org/10.3389/fneur.2019.00652
https://doi.org/10.1111/hel.12398
https://doi.org/10.3389/fcimb.2019.00138
https://doi.org/10.1001/jamaneurol.2020.1065
https://doi.org/10.1136/jnnp-2020-323177
https://doi.org/10.1007/s00415-020-10067-3
https://doi.org/10.1016/J.IDCR.2022.E01388
https://doi.org/10.1126/science.7403860
https://doi.org/10.1126/science.2992088
https://doi.org/10.1126/science.2992088
https://doi.org/10.1002/mds.870070210
https://doi.org/10.1002/mds.870070210
https://doi.org/10.1016/j.bbi.2020.03.031
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.1007/s42399-020-00589-2
https://doi.org/10.1542/peds.113.1.e73
https://doi.org/10.1016/j.msard.2022.103795
https://doi.org/10.1016/j.virol.2006.01.049
https://doi.org/10.3390/diagnostics12040924
https://doi.org/10.1002/mds.28104
https://doi.org/10.1002/mds.28170
https://doi.org/10.1016/S1474-4422(20)30305-7
https://doi.org/10.1001/jama.2020.12603
https://doi.org/10.1016/S1474-4422(20)30442-7
https://doi.org/10.1016/j.parkreldis.2020.06.012
https://doi.org/10.1002/mds.28176
https://doi.org/10.1007/s00415-020-10002-6
https://doi.org/10.1007/s00415-020-10002-6
https://doi.org/10.3233/JAD-210319
https://doi.org/10.3233/JAD-210319
https://doi.org/10.1002/rmv.2278
https://doi.org/10.1002/rmv.2278
https://doi.org/10.1007/s00415-021-10784-3
https://doi.org/10.1002/mdc3.13309
https://doi.org/10.1002/mdc3.13309
https://doi.org/10.1111/ene.15505
https://doi.org/10.1186/s12883-017-0904-4
https://doi.org/10.1016/S0140-6736(20)30566-3

lacono et al.

pneumonia in hospitalized patients: a systematic review, meta-analysis, and meta-
regression.  Parkinsonism Relat Disord. (2021) 87:155-61. doi: 10.1016/].
PARKRELDIS.2021.04.019

51. Bhidayasiri R, Virameteekul S, Kim JM, Pal PK, Chung SJ. COVID-19: an early
review of its global impact and considerations for Parkinson’s disease patient care. ] Mov
Disord. (2020) 13:105-14. doi: 10.14802/jmd.20042

52. Papa SM, Brundin P, Fung VSC, Kang UJ, Burn DJ, Colosimo C, et al. Impact of
the COVID-19 pandemic on Parkinson’s disease and movement disorders. Mov Disord.
(2020) 35:28067. doi: 10.1002/mds.28067

53. Chen Y, Nguyen TN, Siegler JE, Mofatteh M, Wellington ], Yang R, et al. The
impact of COVID-19 pandemic on ischemic stroke patients in a comprehensive hospital.
Risk Manag Healthc Policy. (2022) 15:1741-9. doi: 10.2147/RMHP.S380691

54. Podlewska AM, van Wamelen DJ. Parkinson’s disease and Covid-19: the effect and
use of telemedicine. Int Rev Neurobiol. (2022) 165:263-81. doi: 10.1016/BS.
TRN.2022.04.002

55. Morris ME, Slade SC, Wittwer JE, Blackberry I, Haines S, Hackney ME, et al.
Online dance therapy for people with Parkinson’s disease: feasibility and impact on
consumer engagement. Neurorehabil Neural Repair. (2021) 35:1076-87. doi:
10.1177/15459683211046254

56. Lewis A, Frontera J, Placantonakis DG, Lighter J, Galetta S, Balcer L, et al.
Cerebrospinal fluid in COVID-19: a systematic review of the literature. J Neurol Sci.
(2021) 421:316. doi: 10.1016/].JNS.2021.117316

57. Sulzer D, Antonini A, Leta V, Nordvig A, Smeyne R], Goldman JE, et al. COVID-19
and possible links with Parkinson’s disease and parkinsonism: from bench to bedside.
NPJ Parkinson’s Dis. (2020) 6:1-10. doi: 10.1038/s41531-020-00123-0

58. Smieszek SP, Przychodzen BP, Polymeropoulos MH. Amantadine disrupts
lysosomal gene expression: a hypothesis for COVID19 treatment. Int ] Antimicrob
Agents. (2020) 55:106004. doi: 10.1016/j.ijantimicag.2020.106004

59. Abreu GEA, Aguilar MEH, Covarrubias DH, Durén FR. Amantadine as a drug to
mitigate the effects of COVID-19. Med Hypotheses. (2020) 140. doi: 10.1016/j.
mehy.2020.109755

60. Emmi A, Rizzo S, Barzon L, Sandre M, Carturan E, Sinigaglia A, et al. Detection
of SARS-CoV-2 viral proteins and genomic sequences in human brainstem nuclei. NPJ
Parkinsons Dis. (2023) 9:467. doi: 10.1038/s41531-023-00467-3

61. Anwar F, Naqvi S, Al-Abbasi FA, Neelofar N, Kumar V, Sahoo A, et al. Targeting
COVID-19 in Parkinson’s patients: drugs repurposed. Curr Med Chem. (2021)
28:2392-408. doi: 10.2174/0929867327666200903115138

62. Bilinska K, Jakubowska P, von Bartheld CS, 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) 11:1555-62.
doi: 10.1021/acschemneuro.0c00210

63. Kalafatakis K, Bendix Johnsen K, Wen C, Xu Z, Chen R, Wang K, et al. The spatial
and cell-type distribution of SARS-CoV-2 receptor ACE2 in the human and mouse
brains. Front Neurol. (2021) 1:573095. doi: 10.3389/fneur.2020.573095

64. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen S, et al.
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically
proven protease inhibitor. Cells. (2020) 181:271-280.e8. doi: 10.1016/j.cell.2020.02.052

65. Stoian A, Stoian M, Bajko Z, Maier S, Andone S, Cioflinc RA, et al. Autoimmune
encephalitis in COVID-19 infection: Our Experience and Systematic Review of the
Literature. Biomedicines. (2022) 10:774. doi: 10.3390/biomedicines10040774

66. Xiang P, Xu X, Lu X, Gao L, Wang H, Li Z, 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 (Lausanne). (2021)
8:629828. doi: 10.3389/fmed.2021.629828

67.Li MY, Li L, Zhang Y, Wang XS. Expression of the SARS-CoV-2 cell receptor gene
ACE?2 in a wide variety of human tissues. Infect Dis Poverty. (2020) 9:662. doi: 10.1186/
540249-020-00662-x

68. Cortés-Borra A, Aranda-Abreu GE. Amantadine in the prevention of clinical
symptoms caused by SARS-CoV-2. Pharmacol Rep. (2021) 73:962-5. doi: 10.1007/
543440-021-00231-5

69. Winkler ES, Bailey AL, Kafai NM, Nair S, McCune BT, Yu J, et al. SARS-CoV-2
infection of human ACE2-transgenic mice causes severe lung inflammation and
impaired function. Nat Immunol. (2020) 21:1327-35. doi: 10.1038/s41590-020-0778-2

70. Rebholz H, Braun R], Ladage D, Knoll W, Kleber C, Hassel AW. Loss of olfactory
function-early Indicator for Covid-19, other viral infections and neurodegenerative
disorders. Front Neurol. (2020) 11:569333. doi: 10.3389/fneur.2020.569333

71. Rhea EM, Logsdon AF, Hansen KM, Williams LM, Reed MJ, Baumann KK, et al.
The S1 protein of SARS-CoV-2 crosses the blood-brain barrier in mice. Nat Neurosci.
(2021) 24:368-78. doi: 10.1038/541593-020-00771-8

72. 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. doi: 10.1016/j.msard.2020.102163

73. Kamel WA, Kamel MI, Alhasawi A, Elmasry S, AlHamdan F, Al-Hashel JY. Effect
of pre-exposure use of amantadine on COVID-19 infection: a hospital-based cohort

Frontiers in Neurology

11

10.3389/fneur.2023.1172416

study in patients with Parkinson’s disease or multiple sclerosis. Front Neurol. (2021)
12:186. doi: 10.3389/fneur.2021.704186

74.Khan M, Yoo §J, Clijsters M, Backaert W, Vanstapel A, Speleman K, et al.
Visualizing in deceased COVID-19 patients how SARS-CoV-2 attacks the respiratory
and olfactory mucosae but spares the olfactory bulb. Cells. (2021) 184:5932-5949.e15.
doi: 10.1016/j.cell.2021.10.027

75. Mofatteh M, Bullock SL. SnapShot: subcellular mRNA localization. Cells. (2017)
169:178-178.¢l. doi: 10.1016/j.cell.2017.03.004

76. Petrovszki D, Walter FR, Vigh JP, Kocsis A, Valkai S, Deli MA, et al. Penetration
of the SARS-CoV-2 spike protein across the blood-brain barrier, as revealed by a
combination of a human cell culture model system and optical biosensing. Biomedicine.
(2022) 10:188. doi: 10.3390/biomedicines10010188

77.Zhang L, Zhou L, Bao L, Liu J, Zhu H, Lv Q, et al. SARS-CoV-2 crosses the blood-
brain barrier accompanied with basement membrane disruption without tight junctions
alteration. Signal Transduct Target Ther. (2021) 6:337. doi: 10.1038/541392-021-00719-9

78. Krasemann S, Haferkamp U, Pfefferle S, Woo MS, Heinrich F, Schweizer M, et al.
The blood-brain barrier is dysregulated in COVID-19 and serves as a CNS entry route
for SARS-CoV-2. Stem Cell Reports. (2022) 17:307-20. doi: 10.1016/j.stemcr.2021.12.011

79. Pignolo A, Mastrilli S, Davi C, Arnao V, Aridon P, dos Santos Mendes FA, et al.
Vitamin D and Parkinson’s disease. Nutrients. (2022) 14:1220. doi: 10.3390/nu14061220

80. Azzam AY, Ghozy S, Azab MA. Vitamin D and its’ role in Parkinson’s disease
patients with SARS-CoV-2 infection. A review article. Interdiscip Neurosurg. (2022)
27:101441. doi: 10.1016/].INAT.2021.101441

81. Makowski L, Olson-Sidford W, Weisel JW, Martinez-Sobrido L. Viruses biological
and clinical consequences of integrin binding via a rogue RGD motif in the SARS CoV-2
spike protein. Viruses. (2021) 13:146. doi: 10.3390/v13020146

82.Chen S, Han Y, Yang L, Kim T, Nair M, Harschnitz O, et al. SARS-CoV-2 infection
causes dopaminergic neuron senescence. Res Sq. (2021). doi: 10.21203/rs.3.rs-513461/
vl

83. Yang RC, Huang K, Zhang HP, Li L, Zhang YE, Tan C, et al. SARS-CoV-2
productively infects human brain microvascular endothelial cells. ] Neuroinflammation.
(2022) 19:2514. doi: 10.1186/s12974-022-02514-x

84. Sun B, Tang N, Peluso MJ, Iyer NS, Torres L, Donatelli JL, et al. Characterization
and biomarker analyses of post-COVID-19 complications and neurological
manifestations. Cells. (2021) 10:1-18. doi: 10.3390/CELLS10020386

85. Mishra R, Banerjea AC. SARS-CoV-2 spike targets USP33-IRF9 Axis via Exosomal
miR-148a to activate human microglia. Front Immunol. (2021) 12:700. doi: 10.3389/
fimmu.2021.656700

86. Méndez-Guerrero A, Laespada-Garcia MI, Gomez-Grande A, Ruiz-Ortiz M,
Blanco-Palmero VA, Azcarate-Diaz FJ, et al. Acute hypokinetic-rigid syndrome
following SARS-CoV-2 infection. Neurology. (2020) 95:e2109-18. doi: 10.1212/
‘WNL.0000000000010282

87. Faber I, Branddo PRP, Menegatti F, de Carvalho Bispo DD, Maluf FB, Cardoso F.
Coronavirus disease 2019 and parkinsonism: a non-post-encephalitic case. Mov Disord.
(2020) 35:1721-2. doi: 10.1002/mds.28277

88.Morassi M, Palmerini F, Nici S, Magni E, Savelli G, Guerra UP, et al. SARS-
CoV-2-related encephalitis with prominent parkinsonism: clinical and FDG-PET
correlates in two patients. J Neurol. (2021) 268:3980-7. doi: 10.1007/
s00415-021-10560-3

89. Fearon C, Mikulis DJ, Lang AE. Parkinsonism as a Sequela of SARS-CoV-2
infection: pure hypoxic injury or additional COVID-19-related response? Mov Disord.
(2021) 36:1483-4. doi: 10.1002/mds.28656

90. Kubota T, Kuroda N. Exacerbation of neurological symptoms and COVID-19
severity in patients with preexisting neurological disorders and COVID-19: a systematic
review. Clin Neurol Neurosurg. (2021) 200:349. doi: 10.1016/j.clineuro.2020.106349

91. Kainaga M, Shirota Y, Kodama S, Toda T, Hamada M. Effects of the coronavirus
disease 2019 pandemic on motor symptoms in Parkinson’s disease: an observational
study. Mov Disord. (2021) 36:2461-3. doi: 10.1002/mds.28766

92. Brown EG, Chahine LM, Goldman SM, Korell M, Mann E, Kinel DR, et al. The
effect of the COVID-19 pandemic on people with Parkinson’s disease. J Parkinsons Dis.
(2020) 10:1365-77. doi: 10.3233/JPD-202249

93. Tufail M, Wu C. Psychological impact of COVID-19 pandemic on Parkinson’s
disease patients. Heliyon. (2022) 8:¢09604. doi: 10.1016/j.heliyon.2022.e09604

94. Guillén Martinez A, Andreu Gélvez M, Rodriguez Sanz S, Hernandez Ruiz P,
Garcia Morillas A, Esteban ST. Incidence of smell and taste disorders and associated
factors in patients with mild to moderate COVID-19. Otolaryngol Pol. (2020) 75:31-8.
doi: 10.5604/01.3001.0014.3451

95. Roos DS, Klein M, Deeg DJH, Doty RL, Berendse HW. Prevalence of prodromal
symptoms of Parkinson’s disease in the late middle-aged population. J Parkinsons Dis.
(2022) 12:967-74. doi: 10.3233/JPD-213007

96. Rethinavel HS, Ravichandran S, Radhakrishnan RK, Kandasamy M. COVID-19
and Parkinson’s disease: defects in neurogenesis as the potential cause of olfactory
system impairments and anosmia. ] Chem Neuroanat. (2021) 115:965. doi: 10.1016/j.
jchemneu.2021.101965

frontiersin.org


https://doi.org/10.3389/fneur.2023.1172416
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/J.PARKRELDIS.2021.04.019
https://doi.org/10.1016/J.PARKRELDIS.2021.04.019
https://doi.org/10.14802/jmd.20042
https://doi.org/10.1002/mds.28067
https://doi.org/10.2147/RMHP.S380691
https://doi.org/10.1016/BS.IRN.2022.04.002
https://doi.org/10.1016/BS.IRN.2022.04.002
https://doi.org/10.1177/15459683211046254
https://doi.org/10.1016/J.JNS.2021.117316
https://doi.org/10.1038/s41531-020-00123-0
https://doi.org/10.1016/j.ijantimicag.2020.106004
https://doi.org/10.1016/j.mehy.2020.109755
https://doi.org/10.1016/j.mehy.2020.109755
https://doi.org/10.1038/s41531-023-00467-3
https://doi.org/10.2174/0929867327666200903115138
https://doi.org/10.1021/acschemneuro.0c00210
https://doi.org/10.3389/fneur.2020.573095
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.3390/biomedicines10040774
https://doi.org/10.3389/fmed.2021.629828
https://doi.org/10.1186/s40249-020-00662-x
https://doi.org/10.1186/s40249-020-00662-x
https://doi.org/10.1007/s43440-021-00231-5
https://doi.org/10.1007/s43440-021-00231-5
https://doi.org/10.1038/s41590-020-0778-2
https://doi.org/10.3389/fneur.2020.569333
https://doi.org/10.1038/s41593-020-00771-8
https://doi.org/10.1016/j.msard.2020.102163
https://doi.org/10.3389/fneur.2021.704186
https://doi.org/10.1016/j.cell.2021.10.027
https://doi.org/10.1016/j.cell.2017.03.004
https://doi.org/10.3390/biomedicines10010188
https://doi.org/10.1038/S41392-021-00719-9
https://doi.org/10.1016/j.stemcr.2021.12.011
https://doi.org/10.3390/nu14061220
https://doi.org/10.1016/J.INAT.2021.101441
https://doi.org/10.3390/v13020146
https://doi.org/10.21203/rs.3.rs-513461/v1
https://doi.org/10.21203/rs.3.rs-513461/v1
https://doi.org/10.1186/s12974-022-02514-x
https://doi.org/10.3390/CELLS10020386
https://doi.org/10.3389/fimmu.2021.656700
https://doi.org/10.3389/fimmu.2021.656700
https://doi.org/10.1212/WNL.0000000000010282
https://doi.org/10.1212/WNL.0000000000010282
https://doi.org/10.1002/mds.28277
https://doi.org/10.1007/s00415-021-10560-3
https://doi.org/10.1007/s00415-021-10560-3
https://doi.org/10.1002/mds.28656
https://doi.org/10.1016/j.clineuro.2020.106349
https://doi.org/10.1002/mds.28766
https://doi.org/10.3233/JPD-202249
https://doi.org/10.1016/j.heliyon.2022.e09604
https://doi.org/10.5604/01.3001.0014.3451
https://doi.org/10.3233/JPD-213007
https://doi.org/10.1016/j.jchemneu.2021.101965
https://doi.org/10.1016/j.jchemneu.2021.101965

lacono et al.

97.Schneider SA, Hennig A, Martino D. Relationship between COVID-19 and
movement disorders: a narrative review. Eur ] Neurol. (2022) 29:1243-53. doi: 10.1111/
ene.15217

98. Boika AV. A post-COVID-19 parkinsonism in the future? Mov Disord. (2020)
35:1094. doi: 10.1002/mds.28117

99. Brundin P, Nath A, Beckham JD. Is COVID-19 a perfect storm for Parkinson’s
disease? Trends Neurosci. (2020) 43:931-3. doi: 10.1016/j.tins.2020.10.009

100. Beauchamp LC, Finkelstein DI, Bush A, Evans AH, Barnham KJ. Parkinsonism
as a third wave of the COVID-19 pandemic? ] Parkinsons Dis. (2020) 10:1343-53. doi:
10.3233/JPD-202211

101. Philippens IHCHM, Bosz6rményi KP, Wubben JA, Fagrouch ZC, van Driel N,
et al. SARS-CoV-2 causes brain inflammation and induces Lewy body formation in
macaques. bioRxiv. (2021). doi: 10.1101/2021.02.23.432474

102. Fulop T, Witkowski JM, Olivieri E, Larbi A. The integration of inflammaging in
age-related diseases. Semin Immunol. (2018) 40:17-35. doi: 10.1016/j.smim.2018.09.003

103. Reid AH, Mccall S, Henry JM, Taubenberger JK. Experimenting on the past: the
enigma of von Economo’s encephalitis lethargica. ] Neuropathol Exp Neurol. (2001)
60:663-70. doi: 10.1093/jnen/60.7.663

104. Surmeier DJ, Obeso JA, Halliday GM. Selective neuronal vulnerability in
Parkinson disease. Nat Rev Neurosci. (2017) 18:178. doi: 10.1038/nrn.2016.178

105. Wouk J, Rechenchoski DZ, Rodrigues BCD, Ribelato EV, Faccin-Galhardi LC.
Viral infections and their relationship to neurological disorders. Arch Virol. (2021)
166:733-53. doi: 10.1007/s00705-021-04959-6

106. Yan Z, Yang M, Lai CL. Long COVID-19 syndrome: a comprehensive review of
its effect on various organ systems and recommendation on rehabilitation plans.
Biomedicine. (2021) 9:966. doi: 10.3390/biomedicines9080966

107. Travagli RA, Browning KN, Camilleri M. Parkinson disease and the gut: new
insights into pathogenesis and clinical relevance. Nat Rev Gastroenterol Hepatol. (2020)
17:673-85. doi: 10.1038/s41575-020-0339-2

108. Sousa-Fraguas MC, Rodriguez-Fuentes G, Conejo NM. Frailty and cognitive
impairment in Parkinson’s disease: a systematic review. Neurol Sci. (2022) 43:7. doi:
10.1007/s10072-022-06347-7

109. Taquet M, Geddes JR, Husain M, Luciano S, Harrison PJ. 6-month neurological
and psychiatric outcomes in 236 379 survivors of COVID-19: a retrospective cohort
study using electronic health records. Lancet Psychiatry. (2021) 8:416-27. doi: 10.1016/
§2215-0366(21)00084-5

110. Toniolo S, Scarioni M, di Lorenzo E, Hort J, Georges ], Tomic S, et al. Dementia
and COVID-19, a bidirectional liaison: risk factors, biomarkers, and optimal health care.
] Alzheimers Dis. (2021) 82:883-98. doi: 10.3233/JAD-210335

111. Lippi A, Domingues R, Setz C, Outeiro TF, Krisko A. SARS-CoV-2: at the
crossroad between aging and Neurodegeneration. Mov Disord. (2020) 35:716-20. doi:
10.1002/mds.28084

112. Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, et al. Neurologic manifestations of
hospitalized patients with coronavirus disease 2019 in Wuhan. China JAMA Neurol.
(2020) 77:1. doi: 10.1001/JAMANEUROL.2020.1127

113. Maury A, Lyoubi A, Peiffer-Smadja N, de Broucker T, Meppiel E. Neurological
manifestations associated with SARS-CoV-2 and other coronaviruses: a narrative review
for clinicians. Rev Neurol (Paris). (2021) 177:51. doi: 10.1016/j.neurol.2020.10.001

114. Andalib S, Biller J, di Napoli M, Moghimi N, McCullough LD, Rubinos CA, et al.
Peripheral nervous system manifestations associated with COVID-19. Curr Neurol
Neurosci Rep. (2021) 21:5. doi: 10.1007/s11910-021-01102-5

115. Varatharaj A, Thomas N, Ellul MA, Davies NWS, Pollak TA, Tenorio EL, et al.
Neurological and neuropsychiatric complications of COVID-19 in 153 patients: a UK-
wide surveillance study. Lancet Psychiatry. (2020) 7:875-82. doi: 10.1016/
§2215-0366(20)30287-X

116. Libbey JE, McCoy LL, Fujinami RS. Molecular mimicry in multiple sclerosis. Int
Rev Neurobiol. (2007) 79:127-47. doi: 10.1016/S0074-7742(07)79006-2

117. Liu JM, Tan BH, Wu S, Gui Y, le Suo J, Li YC. Evidence of central nervous system
infection and neuroinvasive routes, as well as neurological involvement, in the lethality of
SARS-CoV-2 infection. ] Med Virol. (2021) 93:1304-13. doi: 10.1002/jmv.26570

118. Solomon IH, Normandin E, Bhattacharyya S, Mukerji SS, Keller K, Ali AS, et al.
Neuropathological features of COVID-19. N Engl ] Med. (2020) 383:989-92. doi:
10.1056/NEJMc2019373

119. Carossino M, Kenney D, O'connell AK, Montanaro P, Tseng AE, Gertje HP, et al.
Fatal Neurodissemination and SARS-CoV-2 tropism in K18-hACE2 mice is only
partially dependent on hACE2 expression. Viruses. (2022) 14:535. doi: 10.3390/
v14030535

120. Liang F, Wang DY. COVID-19 anosmia: high prevalence, plural Neuropathogenic
mechanisms, and scarce Neurotropism of SARS-CoV-2? Viruses. (2021) 13:225. doi:
10.3390/v13112

121. Baig AM, Khaleeq A, Ali U, Syeda H. Evidence of the COVID-19 virus
targeting the CNS: tissue distribution, host-virus interaction, and proposed
neurotropic mechanisms. ACS Chem Neurosci. (2020) 11:995-8. doi: 10.1021/
acschemneuro.0c00122

Frontiers in Neurology

12

10.3389/fneur.2023.1172416

122. Erickson MA, Rhea EM, Knopp RC, Banks WA. Interactions of SARS-CoV-2
with the blood-brain barrier. Int ] Mol Sci. (2021) 22:1-28. doi: 10.3390/IJMS22052681

123. Poloni TE, Medici V, Moretti M, Visona SD, Cirrincione A, Carlos AF, et al.
COVID-19-related neuropathology and microglial activation in elderly with and
without dementia. Brain Pathol. (2021) 31. doi: 10.1111/bpa.12997

124. Chaudhry ZL, Klenja D, Janjua N, Cami-Kobeci G, Ahmed BY. COVID-19 and
Parkinson’s disease: shared inflammatory pathways under oxidative stress. Brain
Sciences. (2020) 10:807. doi: 10.3390/BRAINSCI10110807

125. Trivedi VS, Magnusen AF, Rani R, Marsili L, Slavotinek AM, Prows DR, et al.
Targeting the complement-Sphingolipid system in COVID-19 and Gaucher diseases:
evidence for a new treatment strategy. Int ] Mol Sci. (2022) 23:340. doi: 10.3390/
ijms232214340

126. Mofatteh M. Neurodegeneration and axonal mRNA transportation. Am ]
Neurodegener Dis. (2021) 10:1-12.

127. Seneff S, Kyriakopoulos AM, Nigh G, McCullough PA. A potential role of the
spike protein in neurodegenerative diseases: a narrative review. Cureus. (2023) 15:34872.
doi: 10.7759/cureus.34872

128. Estrada E. Cascading from SARS-CoV-2 to Parkinson’s disease through protein-
protein interactions. Viruses. (2021) 13:897. doi: 10.3390/v13050897

129. Beatman EL, Massey A, Shives KD, Burrack KS, Chamanian M, Morrison TE,
et al. Alpha-Synuclein expression restricts RNA viral infections in the brain. J Virol.
(2015) 90:2767-82. doi: 10.1128/JV1.02949-15

130. Schaeffer E, Kluge A, Béttner M, Zunke F, Cossais F, Berg D, et al. Alpha
Synuclein connects the gut-brain Axis in Parkinson’s disease patients — a view on clinical
aspects, cellular pathology and analytical methodology. Front Cell Dev Biol. (2020) 8:910.
doi: 10.3389/FCELL.2020.573696/BIBTEX

131. Massey AR, Beckham JD. Alpha-Synuclein, a novel viral restriction factor hiding
in plain sight. DNA Cell Biol. (2016) 35:643-5. doi: 10.1089/DNA.2016.3488

132. Deffner E, Scharr M, Klingenstein S, Klingenstein M, Milazzo A, Scherer S, et al.
Histological evidence for the enteric nervous system and the choroid plexus as
alternative routes of Neuroinvasion by SARS-CoV2. Front Neuroanat. (2020) 14:74. doi:
10.3389/FNANA.2020.596439/BIBTEX

133. Yan E, Chen Y, Li M, Wang Y, Zhang W, Chen X, et al. Gastrointestinal nervous
system a-synuclein as a potential biomarker of Parkinson disease. Medicine. (2018)
97:11337. doi: 10.1097/MD.0000000000011337

134. Semerdzhiev SA, Fakhree MAA, Segers-Nolten I, Blum C, Claessens MMAE.
Interactions between SARS-CoV-2 N-protein and a-Synuclein accelerate amyloid
formation. ACS Chem Neurosci. (2022) 13:143-50. doi: 10.1021/acschemneuro.1c00666

135. Miglis MG, Seliger J, Shaik R, Gibbons CH. A case series of cutaneous
phosphorylated a-synuclein in long-COVID POTS. Clin Auton Res. (2022) 32:209-12.
doi: 10.1007/s10286-022-00867-0

136. Blanco-Palmero VA, Azcarate-Diaz FJ, Ruiz-Ortiz M, Laespada-Garcia MI,
Rabano-Sudrez P, Méndez-Guerrero A, et al. Serum and CSF alpha-synuclein levels do
not change in COVID-19 patients with neurological symptoms. J Neurol. (2021)
268:3116-24. doi: 10.1007/s00415-021-10444-6

137. Sainz-Amo R, Baena-Alvarez B, Pareés I, Sdnchez-Diez G, Pérez-Torre P, Lopez-
Sendén JL, et al. COVID-19 in Parkinson’s disease: what holds the key? ] Neurol. (2021)
268:2666-70. doi: 10.1007/s00415-020-10272-0

138. Beard JA, Bearden A, Striker R. Vitamin D and the anti-viral state. ] Clin Virol.
(2011) 50:194-200. doi: 10.1016/j.jcv.2010.12.006

139. Lima LAR, Lopes MJP, Costa RO, Lima FAV, KRT N, IBF C, et al. Vitamin D
protects dopaminergic neurons against neuroinflammation and oxidative stress in
hemiparkinsonian rats. ] Neuroinflammation. (2018) 15:1266. doi: 10.1186/
§12974-018-1266-6

140. Kashani HH, Hosseini ES, Nikzad H, Soleimani A, Soleimani M, Tamadon MR,
et al. The effects of vitamin D supplementation on signaling pathway of inflammation
and oxidative stress in diabetic hemodialysis: a randomized, double-blind, placebo-
controlled trial. Front Pharmacol. (2018) 9. doi: 10.3389/fphar.2018.00050

141. Martineau AR, Wilkinson KA, Newton SM, Floto RA, Norman AW, Skolimowska
K, et al. IFN-gamma- and TNF-independent vitamin D-inducible human suppression
of mycobacteria: the role of cathelicidin LL-37. ] Immunol. (2007) 178:7190-8. doi:
10.4049/jimmunol.178.11.7190

142. Pons M]J, Ymana B, Mayanga-Herrera A, Sdenz Y, Alvarez-Erviti L, Tapia-Rojas
S, et al. Cytokine profiles associated with worse prognosis in a hospitalized Peruvian
COVID-19 cohort. Front Immunol. (2021) 12:3485. doi: 10.3389/FIMMU.2021.700921/
BIBTEX

143. Montazersaheb S, Hosseiniyan Khatibi SM, Hejazi MS, Tarhriz V, Farjami A,
Ghasemian Sorbeni F, et al. COVID-19 infection: an overview on cytokine storm and
related interventions. Virol J. (2022) 19:1-15. doi: 10.1186/s12985-022-01814-1

144. Pajares M, Rojo AI, Manda G, Boscé L, Cuadrado A. Inflammation in Parkinson’s
disease: mechanisms and therapeutic implications. Cells. (2020) 9:1687. doi: 10.3390/
cells9071687

145. Zelzer S, Priiller E, Curcic P, Sloup Z, Holter M, Herrmann M, et al. Vitamin D
metabolites and clinical outcome in hospitalized COVID-19 patients. Nutrients. (2021)
13:129. doi: 10.3390/nu13072129

frontiersin.org


https://doi.org/10.3389/fneur.2023.1172416
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1111/ene.15217
https://doi.org/10.1111/ene.15217
https://doi.org/10.1002/mds.28117
https://doi.org/10.1016/j.tins.2020.10.009
https://doi.org/10.3233/JPD-202211
https://doi.org/10.1101/2021.02.23.432474
https://doi.org/10.1016/j.smim.2018.09.003
https://doi.org/10.1093/jnen/60.7.663
https://doi.org/10.1038/nrn.2016.178
https://doi.org/10.1007/s00705-021-04959-6
https://doi.org/10.3390/biomedicines9080966
https://doi.org/10.1038/s41575-020-0339-z
https://doi.org/10.1007/s10072-022-06347-7
https://doi.org/10.1016/S2215-0366(21)00084-5
https://doi.org/10.1016/S2215-0366(21)00084-5
https://doi.org/10.3233/JAD-210335
https://doi.org/10.1002/mds.28084
https://doi.org/10.1001/JAMANEUROL.2020.1127
https://doi.org/10.1016/j.neurol.2020.10.001
https://doi.org/10.1007/s11910-021-01102-5
https://doi.org/10.1016/S2215-0366(20)30287-X
https://doi.org/10.1016/S2215-0366(20)30287-X
https://doi.org/10.1016/S0074-7742(07)79006-2
https://doi.org/10.1002/jmv.26570
https://doi.org/10.1056/NEJMc2019373
https://doi.org/10.3390/v14030535
https://doi.org/10.3390/v14030535
https://doi.org/10.3390/v13112
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.1021/acschemneuro.0c00122
https://doi.org/10.3390/IJMS22052681
https://doi.org/10.1111/bpa.12997
https://doi.org/10.3390/BRAINSCI10110807
https://doi.org/10.3390/ijms232214340
https://doi.org/10.3390/ijms232214340
https://doi.org/10.7759/cureus.34872
https://doi.org/10.3390/v13050897
https://doi.org/10.1128/JVI.02949-15
https://doi.org/10.3389/FCELL.2020.573696/BIBTEX
https://doi.org/10.1089/DNA.2016.3488
https://doi.org/10.3389/FNANA.2020.596439/BIBTEX
https://doi.org/10.1097/MD.0000000000011337
https://doi.org/10.1021/acschemneuro.1c00666
https://doi.org/10.1007/s10286-022-00867-0
https://doi.org/10.1007/s00415-021-10444-6
https://doi.org/10.1007/s00415-020-10272-0
https://doi.org/10.1016/j.jcv.2010.12.006
https://doi.org/10.1186/s12974-018-1266-6
https://doi.org/10.1186/s12974-018-1266-6
https://doi.org/10.3389/fphar.2018.00050
https://doi.org/10.4049/jimmunol.178.11.7190
https://doi.org/10.3389/FIMMU.2021.700921/BIBTEX
https://doi.org/10.3389/FIMMU.2021.700921/BIBTEX
https://doi.org/10.1186/s12985-022-01814-1
https://doi.org/10.3390/cells9071687
https://doi.org/10.3390/cells9071687
https://doi.org/10.3390/nu13072129

	COVID-19 and neurological disorders: what might connect Parkinson’s disease to SARS-CoV-2 infection
	Parkinson’s disease and infectious diseases
	Coronavirus and nervous system: historical notes
	Prevalence and outcome of COVID-19 in PD patients
	Shared clinical features between COVID-19 and PD
	From neurological complications of SARS-CoV-2 to its neurotropism
	The olfactory entry route in the nervous system of SARS-CoV-2
	Blood brain barrier allows SARS-CoV-2 penetration into the brain
	Neuroinflammation induced by SARS-CoV-2: a link to neurodegeneration?
	SARS-CoV-2-proteins interaction: evidence and hypothesis
	Anti-parkinsonian drugs in the pandemic era
	Conclusion
	Author contributions
	Conflict of interest
	Publisher’s note

	References

