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Abstract

:

In this review we attempt to collate the existing scientific evidence regarding the possible role of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the pathophysiology of Parkinson’s disease (PD), as well as to investigate the impact of PD/parkinsonism on the clinical course of the viral infection itself. Since etiology of PD is not completely understood, various studies suggest different potential links between coronavirus disease 2019 (COVID-19) and PD. Suggested connections include, among others, similar prodromal symptoms, renin–angiotensin–aldosterone system involvement, or gut microbiome dysbiosis participation. Despite the initial assumptions that, as a mainly elderly population suffering from rigidity of respiratory muscles, impairment of cough reflex, and dyspnea, PD patients would be more susceptible to viral infection, and would experience a more aggressive course of COVID-19, the published scientific reports contain mutually exclusive data that require further investigation and meta-analysis.
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1. Introduction


Since the epidemic began in December 2019, the newly reported coronavirus - severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been widely studied in terms of its effects on multiple organs, primarily respiratory and central nervous systems (CNS). The virus’s targeting of various cell types has been partially attributed to the fact that SARS-CoV-2 utilizes angiotensin-converting-enzyme 2 (ACE2) type 1 transmembrane receptors localized on the epithelial and endothelial cells of the respiratory system, as well as on immune cells, to enter and replicate within the human organism. Interestingly, ACE2 receptors are widespread within brain structures, the central nervous system, and visual tracts, which may explain the many neurological symptoms in coronavirus disease 2019 (COVID-19) infection [1,2,3]. Interaction with ACE2 receptors of the vascular endothelial cells leads to disruption of the blood–brain barrier, with consequent cerebral edema and microhemorrhages. In addition, SARS-CoV-2 may exert direct neuronal damage due to the affinity of the spike S1 protein of the virus towards ACE2 receptors expressed on neurons. There are two possible pathways of brain invasion, either blood-borne or through retrograde axonal transport (olfactory route) [2,3]. Brain tissue may be exposed to injury as a result of COVID-19-related hypercoagulable states, hypoxia, inflammation and immune response (cytokine storm), or dyselectrolytemia as well [2,3]. It is these events that are currently thought to play the major role in the cerebral pathology reported during infection, as mounting evidence shows negligibly low levels of both viral RNA and proteins in the brains of affected patients, making the direct pathomechanism of viral damage an unlikely cause of all the neurological symptoms [4,5]. Nonetheless, the interplay between SARS-CoV-2 and abundant ACE2 receptors gives solid grounds to discuss the role of COVID-19 in neurodegenerative conditions. Recent studies indicate that there may exist (not yet elucidated) a molecular link between the infection and the pathogenesis of Alzheimer’s disease, multiple sclerosis, and Parkinson’s disease (PD)/parkinsonism [1,3,6,7,8,9].



In this review we attempt to collate the existing scientific evidence regarding the possible role of SARS-CoV-2 in the pathophysiology of PD/parkinsonism, as well as to investigate the impact of PD on the clinical course of the viral infection itself.




2. The Neurotropic Potential of SARS-CoV-2 and Its Possible Role in the Pathogenesis of Parkinson’s Disease/Parkinsonism


Prior to the COVID-19 pandemic, multiple neurotropic viruses were already recognized, i.e., herpes simplex virus (HSV), poliovirus, influenza A virus, and representatives of the Coronaviridae viral family [9,10,11]. Viral RNA and proteins identified in the brain specimens during post-mortem examinations of patients diagnosed with COVID-19 strongly suggest neurotropic characteristics of SARS-CoV-2 as well [12,13]. The association of parkinsonism with viral infections has also been documented in the past. The most commonly cited example of such a relationship is post-encephalitis parkinsonism during the pandemic of Spanish Flu (influenza A virus H1N1) in 1918 [9,14]. Almost all patients who suffered from encephalitis in the course of influenza virus infection developed symptoms of parkinsonism. In addition, a 2–3-fold increase in the risk of developing parkinsonism in people born between 1888 and 1924 was noted [11,14,15]. Ayele et al. presented four cases of SARS-CoV-2 infection-associated parkinsonism in patients who had no previous history of prodromal symptoms of PD. All patients experienced hypo/anosmia, two developed symptoms of encephalitis, and bilateral pallidal lesions were found in the MRI of one patient [16]. Ghosh et al. described a case of parkinsonism following osmotic demyelination syndrome in the course of SARS-CoV-2 infection in an elderly diabetic woman [17]. Tien Lee Ong et al. published an interesting case report of the COVID-19 associated acute necrotizing encephalopathy manifesting as parkinsonism with myorhythmia [18].



The etiology of PD is not completely understood [3,19]. Currently, it is believed that PD affects numerous systems of the human organism [3,20]. Main symptoms of the disease develop predominantly due to the damage or death of nigrostriatal neurons in the brain and the depletion of striatal dopamine stores [3,9,12,20]. One of the leading hypotheses suggests that aggravation of oxidative stress, resulting from the accumulation of excessive reactive oxygen species, leads to a build-up of the alpha-synuclein protein in the form of cytoplasmic aggregates known as Lewy bodies [3,21,22]. A concurrent dual-hit hypothesis is postulated, where the first ‘hit’ is described as the penetration of an ‘unknown pathogen’ into the brain via the olfactory system or the gastrointestinal tract. The pathogen activates glial cells, making the brain more susceptible to oxidative stress, accelerating the brain aging process, and stimulating neurodegeneration. Some studies hypothesize that SARS-CoV-2 may be such a pathogen [11,23].



It is suggested that SARS-CoV-2 neuroinfection leads to elevated alpha-synuclein levels [6,24]. Alpha-synuclein is a presynaptic protein expressed among others in the substantia nigra and thalamus and is one of the major constituents of Lewy bodies. Studies have shown that alpha-synuclein protein aggregation (along with oxidative stress and glial cell activation) in the course of PD contributes to the loss of voluntary motor control due to degeneration of nigrostriatal dopaminergic neurons [25]. Moreover, the link between mutations of the alpha-synuclein gene (duplications and triplications) and familiar PD is well known [26,27,28]. Similar observations were previously made with regard to infection with the West Nile and Western Equine Encephalitis viruses. Evidence shows that animals with lower levels of neuronal alpha-synuclein were more likely to develop encephalitis induced by the West Nile virus. In turn, alpha-synuclein may have an inhibitory effect on virus spread [29,30]. Experimental studies showed that a persistently elevated level of alpha-synuclein promotes the formation of aggregates that are characteristic for neurodegenerative diseases including PD [29,31]. Semerdzhiev et al. identified a SARS-CoV-2 protein that promotes aggregation of the alpha-synuclein in a test tube [6]. The acceleration of the onset of alpha-synuclein aggregation was observed in the presence of the SARS-CoV-2 nucleocapsid protein (N-protein). This may suggest the possibility of future development of parkinsonism/PD symptoms in COVID-19 recovery patients [6].



The systemic inflammatory process and so-called cytokine storm tend to play a major role in both neurodegeneration and SARS-CoV-2 infection. Studies report that SARS-CoV-2 enters the cells interacting with ACE2 receptor and transmembrane serine protease-2 (TMPRSS2) [3,32,33]. As a result, serum angiotensin II levels are elevated, leading to the activation of inflammatory cytokines, including interferon-gamma, and aggravating the cytokine storm [3,34,35]. Increased levels of interleukin-1beta (IL-1beta), interferon gamma, interferon-induced protein 10, and monocytic chemoattractant protein 1 were observed in severe cases of COVID-19. IL-1, IL-2, IL-6, and tumor necrosis factor-alpha (TNF-alpha) are also involved in the cytokine storm, and their effects on the central nervous system were shown in the past [36,37].



Apparently, a direct link also exists between COVID-19, the renin–angiotensin–aldosterone system (RAAS), and PD. Several studies pointed out the role of ACE in PD [3,38]. Patients treated with ACE inhibitor–perindopril showed improved motor responses to dopaminergic precursor 3,4-dihydroxy-1-phenylalanine [3,38,39]. In animals, model ACE inhibitors were shown to protect from the loss of dopaminergic neurons [39,40].



Neuropathological studies using immunostaining of alpha-synuclein aggregates suggest that PD begins in either the olfactory or intestinal nerves and spreads to the brain. Common COVID-19 symptoms include hyposmia and hypogeusia (which are also prodromal symptoms of PD), indicating that SARS-CoV-2 has direct access to brain regions relevant for PD [10,12,14].



Another theory exists, which claims that the inflammatory process leading to PD is initiated by gut microbiome. The imbalance of gut microbiome or immune system deficits can lead to gut dysbiosis. Local inflammation promotes the increased gut permeability and bacterial translocation to the bloodstream and to remote organs such as the brain. Bacterial products trigger the disruption of the blood–brain barrier, resulting in neuroinflammation. This generates a loop in which peripheral immune cells are recruited and activated, further promoting neurodegeneration [41]. Growing evidence supports altered gut microbiome, described as dysbiosis in the bacterial microbiome and mycobiome, in patients with COVID-19 compared to the healthy control group [42,43,44].



Clira et al. in a community-based case–control study on the symptomatic effects of COVID-19 on PD showed a significant impact of SARS-CoV-2 on the deterioration of both motor (and motor disability) and non-motor PD symptoms [45]. However, authors speculate that non-motor symptoms of non-severe COVID-19 are caused by systemic inflammatory response rather than by neuroinfection. This suggestion requires further studies in a larger population.



Erro R. reported two cases of severe dyskinesia (one of the typical symptoms of parkinsonism) after receiving the BNT162b2 (Pfizer/BioNTech; Pfizer, New York, NY, USA; BioNTech, Mainz, Germany) mRNA vaccine. Both patients were > 60 years old females, previously diagnosed with PD (5 and 11 years prior to vaccination). Authors suggested that the observed symptoms could had been triggered by systemic inflammatory response [46].



Given all the above, one may have an impression that multiple unrelated theories exist regarding possible links between COVID-19 and neurodegeneration. However, to some extent all the concepts tend to complement each other. The N-protein of SARS-CoV-2 was shown to accelerate the aggregation of alpha-synuclein in vitro. Such a response in a living organism might be considered a natural protection against virus spread, as previously reported, based on the experience with the West Nile virus. At the same time, the accumulation of alpha-synuclein within the nigrostriatal dopaminergic system results in neurodegeneration, clinically visible as typical PD/parkinsonian symptoms. Therefore, an assumption can be made, that the SARS-CoV-2 invasion of the CNS may result in comparable motor symptoms. The second aspect is the possible route of entrance for SARS-CoV-2; apparently, the virus utilizes the widespread ACE2 transmembrane receptors, which may be encountered both within the olfactory route and intestinal nerves, common primary locations of alpha-synuclein aggregates in both PD and COVID-19. Relatively large data support the possible role of the cytokine storm and the inflammatory response in pathogenesis of the aforementioned conditions. Once more, it is the renin–angiotensin system that is involved in initiating the cascade of proinflammatory cytokines. To the contrary, a better response to dopamine analogues was observed in PD patients treated with ACE inhibitors; in animal models ACE inhibitors protected against the loss of dopaminergic neurons. Although all these assumptions are rather circumstantial in nature, a dual-hit hypothesis, in which SARS-CoV-2 may play the initiating role in the pathomechanism of PD symptoms, seems probable.




3. The Interplay between Parkinson’s Disease/Parkinsonism and COVID-19—Does One Entity Affect the Symptomatology of the Other?


PD is a neurodegenerative disorder of the central nervous system that mainly affects the motor system, the nigrostriatal pathway in particular. Therefore, it is of no surprise that major PD symptoms include tremor, rigidity, bradykinesia/akinesia, and postural instability. However, the clinical picture also encompasses non-motor symptoms (NMSs) such as anxiety, dementia, depression, and fatigue, among others [47].



The COVID-19 pandemic has had a negative, indirect impact on patients with PD/parkinsonism. This may be explained by the hypothesis of dopamine-dependent adaptation. The pandemic has changed daily life and routine, and flexibility in cognitive (and motor) functions is required to adapt to these changes. In patients with PD, both cognitive and motor flexibility is lower or even absent, which is the result of damage to nigrostriatal dopamine neurons. Such patients experience confusion and increased psychological stress, which can lead to the worsening of parkinsonism symptoms as well as mental illnesses such as anxiety and depression. The COVID-19 pandemic also caused a decrease in physical activity and made access to medical care more difficult, which may have contributed to an increase in motor and non-motor parkinsonism symptoms [48,49].



Studies have suggested that patients with PD or parkinsonism may have an increased risk of COVID-19, mainly due to the fact that PD most often affects elderly people with numerous comorbidities and multidrug therapy [50]. Moreover, respiratory muscle rigidity, impairment of cough reflex, and dyspnea are not uncommon in the course of parkinsonism, implying these symptoms can be the possible cause of a more severe course of COVID-19 and an increased risk of hospitalization in patients diagnosed with PD [50,51].



Based on a group of 10 patients with parkinsonism (two patients diagnosed with advanced disease including severe motor symptoms treated with levodopa), Antonini et al. concluded that elderly patients and patients with longer disease duration may be potentially more susceptible to COVID-19 and show a high mortality rate of 40%. The mortality rate was even higher (reaching 50%) among the four patients who required intensive treatment with deep brain stimulation or levodopa infusions [51].



Fasano et al. collected information from 21 centers in Italy, Iran, Spain, and the United Kingdom on a total of 117 patients with an average age of 71.4 years suffering from PD and receiving different treatment, who suffered from COVID-19 infection [50,52]. All the data were gathered through a phone survey and therefore subjected to subjective interpretation [52]. The report indicated an overall mortality rate of 20% and also confirmed the role of known risk factors for COVID-19 such as age and hypertension [50,52]. However, a significant limitation of this study was the qualification of patients not only on the basis of a positive PCR test, but also on the basis of compatible symptoms and exposure to SARS-CoV-2 [52].



Fasano et al. also gathered and analyzed data from 1486 PD patients and their 1207 family members as a control group [53]. As in the previous study, clinical information was obtained via phone survey. In this study, 105 patients with PD and 92 from the control group had been diagnosed with COVID-19. Six patients with PD and seven from the control group died due to the infection. Patients who had COVID-19 and PD were also more likely to suffer from obstructive pulmonary disease, obesity, and vitamin D deficiency [5,53,54,55]. Shortness of breath and the necessity for hospitalization were more frequently reported in COVID-19-positive patients as well [53]. Even though it has been hypothesized that anti-PD treatments such as levodopa, entacapone, and amantadine may have a protective effect against COVID-19, numerous studies failed to confirm their significance [50,53,56,57,58].



Vignatelli et al. reported a study in patients with a diagnosis of PD and parkinsonism, including criteria of age, sex, place of residence, and Charlson Index (used to predict 10-year survival in patients with multiple comorbidities) [54]. The study criteria were met by 696 patients with PD (mean age of 75 years) and 184 patients (average age of 80.5 years) with symptoms of parkinsonism, while 8590 people were appointed as a control group. During the three-month follow-up, it was determined that the rate of hospitalization of patients with COVID-19 and parkinsonism was about 3.3%, whereas in a group diagnosed with PD it oscillated around 0.6% and was not substantially different from the control group (0.7%). However, when statistical analysis was adjusted to include the comorbidities, patients with parkinsonism showed more than a three times higher risk (hazard ratio 3.3) compared to the control group. Interestingly, the hazard ratio in the PD group was equal to 0.8 [54,59]. The risk of death during or after hospitalization was approximately 35% in all the group of patients [54].



Sainz-Amo R. performed a retrospective case–control study on COVID-19 and PD patients. The report included 211 patients with PD. Thirty-nine of those were COVID-19-positive and 172 COVID-19-negative. The rate of comorbidities was similar in both groups except for dementia, which was more common in the COVID-19-positive group (36% vs 14%). Among COVID-19-positive patients, 10 (26%) experienced mild symptoms, 21 (54%) required hospitalization, and 8 (21%) cases were fatal. The study showed no significant differences between PD patients with or without COVID-19 in terms of age, disease duration, and treatment (including advanced PD therapies such as deep brain stimulation and levodopa intestinal gel), besides the observation that patients with PD and COVID-19 were less frequently treated with dopamine agonist [60]. Since there are discrepancies between the results of this study and data published earlier [51] regarding the relationship between advanced PD therapies and the severity of COVID-19, the authors suggest further prospective studies [60].



Xu et al. described manifestations of COVID-19 in a population of US patients with PD. The cohort included 46 (17 female and 29 male) patients with suspected or confirmed COVID-19. Clinical information was gathered through a telephone and online survey, as well as from data that patients reported to their movement disorder specialists. As in the general population, symptoms ranged from asymptomatic carriers (1 patient), mild (18 patients), and moderate (14). Seven patients required hospitalization, and six patients died. Fatal cases occurred in patients between the ages of 69 and 75, and five of the six were men. The most common reported symptoms were fever, chills, fatigue, cough, weight loss, and muscle pain. Worsening and occurrence of new motor and non-motor symptoms, such as dyskinesia, rigidity, balance disorder, anxiety, depression, and insomnia, were reported as well. Contrary to previous reports, the study revealed no significant difference in the number of deaths between COVID-19-positive patients treated with dopamine agonists, and those who were not. However, all six patients receiving amantadine in the course of COVID-19 survived [61]. Since amantadine has antiviral properties against influenza A strains, and there are few studies that support amantadine’s effects against COVID-19 [58,62,63], the authors recommend further investigation. The study concludes that there is no strong evidence that PD is an independent risk factor for a severe clinical course of COVID-19 and death [61].



Zhang et al. performed an analysis of the case fatality rate (CFR) in COVID-19 patients with PD. The study compared COVID-19 CFR in patients with PD with a large population matched via the TriNetX (Cambridge, MA, USA) COVID-19 research database and network. Logistic regression (adjusted for age, sex, and race) was applied in statistical analysis and revealed that PD patients had a significantly higher risk of dying from COVID-19 in comparison to the non-PD group (odds ratio 1.27). However, the database used lacks information on key comorbidities and potential recovery, which constitutes the main limitation of the aforementioned study [64].



Cosentino et al. reviewed medical dossiers of 181 patients (107 men and 74 women) with PD who received one or two doses of Pfizer/BioNtech (Pfizer, New York, NY, USA; BioNTech, Mainz, Germany) or Sinopharm (Shanghai, China) vaccine [37]. Out of 178 patients vaccinated with two doses (177 Pfizer/BioNTech and 1 Sinopharm) and 3 patients vaccinated with only one dose of Pfizer/BioNTech vaccine, only 2 subjects (1.1%) reported worsening of motor PD symptoms. Symptoms lasted a few days in the first case and about 2 weeks in the second case. In both patients the symptoms improved/resolved spontaneously without modification of anti-PD treatment.



The initial reports at the beginning of pandemic suggested that, due to its antiviral properties, amantadine (applied in PD treatment) might be effective against COVID-19 [58,62,63,65]. Amantadine interferes with viroporin protein channels responsible for the release of RNA viruses, such as SARS-CoV-2, from the infected cells [50]. Some authors even implied that patients with PD who are regularly treated with amantadine should be free of COVID-19 [65]. Since cases of PD patients infected with SARS-CoV-2 were reported, the protective role of amandine is questionable and requires further investigation [65,66].



Recent studies suggest that vitamin D may have a potential antiviral effect and may play a significant role in managing respiratory diseases. People with PD are likely to be vitamin D deficient; supplementation may help to improve the motor and non-motor parkinsonian symptoms. It seems that daily dose of 2000–5000 international units (IU) of the vitamin D3 in patients with PD may help to reduce the risk and severity of COVID-19, but this requires more research [5,55].



Regarding the severity of COVID-19 in patients with PD, the existing scientific evidence is contradictory, and the quality of published data is very diverse. The primary series reporting small numbers of patients pointed to a possible link between advanced PD and more a severe clinical course of SARS-CoV-2 infection. Similar results were obtained for a cohort of PD patients, in whom the severity of COVID-19 infection was compared to a database-matched control. However, the latter study failed to adjust the statistical analysis in terms of possible comorbidities in the case control group. The remaining cited manuscripts, based on relatively large study cohorts, did not reveal any significant differences between PD and non-PD patients in COVID-19 outcomes (length of hospital stay, fatal cases). Interestingly, the results of one study (Vignatelli et al.) specified that individuals with parkinsonism, but not PD, were at a higher risk of prolonged hospitalization compared to the control group; the mortality rates were comparable in all groups of patients [54]. Therefore, it seems reasonable to doubt whether PD alone may constitute an independent risk factor of severe COVID-19 infection; it is rather the constellation of PD/parkinsonism and multiple co-morbidities (also age-related) that plays a significant role. In addition, after initial delight on the promising role of both the amantadine and dopamine agonists in preventing complications and serious COVID-19-related health events, larger series failed to unequivocally prove their clinical effect.



Literature data relating possible exacerbations of PD/parkinsonian symptoms with COVID-19 infection are very scarce and mostly based on subjective impressions coming from phone/internet surveys, or data reported to caretakers by the patients. Some authors reported worsening and the occurrence of new motor and non-motor symptoms in individuals affected by SARS-CoV-2. However, not only the infection itself, but also the concept of dopaminergic adaptation to stressful stimulus, such as COVID-19, may be partially responsible for worse functional and mental states, at least in some PD patients.




4. Conclusions


In the past months, SARS-CoV-2 has become one of the major research interests, particularly due to its devastating impact on global healthcare and relatively high mortality rates among different populations. Like the already known representatives of the Coronaviridae family, SARS-CoV-2 has been proven to have neurotropic properties. The virus seems to exert harmful effects either in a direct manner, spreading through olfactory and gastrointestinal nervous pathways, or by evoking an inflammatory response. Some authors postulate the role of gut microbiota dysbiosis as a trigger for blood–brain barrier impairment and further accumulation of alpha-synuclein in the cerebral structures. Cytoplasmic build-up of the alpha-synuclein is postulated to promote neurodegeneration in the nigrostriatal system of patients affected by PD. Although parkinsonism is mainly associated with motor dysfunction, the hyposmia and hypogeusia that are common both for the prodromal PD and COVID-19 point to the fact that SARS-CoV-2 may have direct access to brain regions relevant for PD pathogenesis. The mutual impact of COVID-19 and PD on symptomatology of both diseases constitutes another interesting study topic. Despite the initial assumptions that, as a mainly elderly population suffering from rigidity of respiratory muscles, impairment of cough reflex and dyspnea, PD patients would experience more aggressive courses of COVID-19, the published scientific reports contain mutually exclusive data that require further investigation and meta-analysis.
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