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Abstract: The coronavirus disease 2019 (COVID-19), induced by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is
a multi-organ and multi-system disease with high morbidity and mortality in severe cases due to respiratory failure and severe
cardiovascular events. However, the various manifestations of neurological and psychiatric (N/P) systems of COVID-19 should not be
neglected. Some clinical studies have reported a high risk of N/P disorders in COVID-19 and post-COVID-19 patients and that their
outcomes were positively associated with the disease severity. These clinical manifestations could attribute to direct SARS-CoV-2
invasion into the central nervous system (CNS), which is often complicated by systemic hypoxia, the dysfunctional activity of the
renin—angiotensin system and other relevant pathological changes. These changes may remain long term and may even lead to
persistent post-COVID consequences on the CNS, such as memory, attention and focus issues, persistent headaches, lingering loss of
smell and taste, enduring muscle aches and chronic fatigue. Mild confusion and coma are serious adverse outcomes of neuropatho-
logical manifestations in COVID-19 patients, which could be diversiform and vary at different stages of the clinical course. Although
lab investigations and neuro-imaging findings may help quantify the disease’s risk, progress and prognosis, large-scale and persistent
multicenter clinical cohort studies are needed to evaluate the impact of COVID-19 on the N/P systems. However, we used “Boolean
Operators” to search for relevant research articles, reviews and clinical trials from PubMed and the ClinicalTrials dataset for
COVID-19 sequelae of N/P systems during post-COVID periods” with the time frame from December 2019 to April 2022, only found
42 in 254,716 COVID-19-related articles and 2 of 7931 clinical trials involved N/P sequelae during post-COVID periods. Due to the
increasing number of infected cases and the incessant mutation characteristics of this virus, diagnostic and therapeutic guidelines for
N/P manifestations should be further refined.
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Introduction

The coronavirus disease 2019 (COVID-19), induced by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
is a multi-organ and multi-system disease' and a global pandemic, with more than 500 million confirmed cases and 6
million deaths. COVID-19 has high morbidity because the SARS-CoV-2, especially its latest Omicron variant,” is highly
infectious, can be transmitted via multiple routes and has high mortality in severe cases due to respiratory failure and
lethal cardiovascular events.**

As the neurological system is susceptible to SARS-CoV-2 infection,”’ the various manifestations of neurological and
psychiatric (N/P) systems during its acute and subsequent phases should not be neglected. Clinical studies reported a high risk
of N/P disorders in COVID-19 and post-COVID-19 patients and also found that their outcomes were positively associated
with the severity of COVID-19.%'" These clinical manifestations occur due to the direct invasion of SARS-CoV-2 into the
central nervous system (CNS), often complicated by systemic hypoxia, dysfunctional activity of the renin—angiotensin system
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and other relevant pathological changes. These changes may remain long term and persistently causing post-COVID-19 CNS-
related symptoms such as difficulties in memory, attention and focus, persistent headaches, lingering loss of sense of smell and
taste, enduring muscle aches and chronic fatigue. Mild confusion and coma are among the most serious adverse outcomes of
the neuropathological manifestations in COVID-19 patients.'"'* N/P manifestations in COVID-19 patients are diversiform
and vary at different stages of their clinical course. Though lab investigations and neuro-imaging findings are helpful in
quantifying the disease progress and patients’ risks and prognosis, large-scale and persistent multicenter clinical cohort studies
are needed to evaluate the impact and interaction of COVID-19 on the N/P systems. Due to the increasing population being
infected and the continual mutation capabilities of this virus, symptomatic and standard therapy practices for N/P manifesta-
tions should be further refined, and decisions of N/P sequelae during post-COVID should be made with caution.

Based on our current understanding of COVID-19 and SARS-CoV-2, we used “Boolean Operators” such as AND,
OR and NOT to search relevant research articles, reviews and clinical trials from PubMed and the ClinicalTrials database
for “COVID-19 sequelae of N/P systems during post-COVID periods”; the time frame of the data is from December
2019 to April 2022. A total of 254,716 reviews and research articles were obtained from the PubMed database, among
which only 918 articles were associated with N/P research, and 42 among them reported on N/P sequelae during the post-
COVID-19. In the ClinicalTrials.gov dataset, 7931 clinical trials related to COVID-19 were from major countries
worldwide, among which 13 trials were closely associated with N/P research, and only 2 focused on N/P sequelae
during post-COVID-19 (Figure 1). We reviewed these studies to provide an overall understanding of post-COVID
impacts on the N/P systems and evaluated the management of post-COVID sequelae on the N/P systems, in order to
refine the diagnostic and therapeutic guidelines for N/P manifestations.

COVID-19 - a Multi-Organ/System Disease

COVID-19 is a complex disease that can affect multiple organs and systems of the body. Traditional treatments such as
drugs, mono-antibodies and vaccines have had limited treatment efficacies. Deep learning (DL) methods have shown
promising potential in helping to better understand its underlying mechanisms, which has led to drug discoveries and the
identification of feasible clinical therapies. For instance, ACE2 can lead the viruses to enter host cells, allowing antiviral
components to block their expression and efficiently inhibit the infection, but at the expense of potential impact on the
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Figure | Flow chart of PubMed and clinical Trials studies. COVID-19: All references or trials related to COVID-19; COVID-19-N/P: All references or trials related to
COVID-19 with neurological and psychiatric manifestations; COVID-19-N/P-Sequelae: All references or trials related to COVID-19 with neurological and psychiatric
manifestations during the post-COVID period.
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renin—angiotensin system (RAS), which could result in abnormal glomeruli filter rate, blood pressure fluctuation and even
cardiac dysfunction. This multi-system problem complicates clinical decision-making for treating COVID-19, and in this
regard, DL has been shown to relieve some of the workloads.

Commonly, DL can be performed through generative adversarial networks (GANs), extreme learning machines
(ELM), and long-/short-term memory (LSTM). They can offer physicians and researchers a user-friendly platform to
integrate a continuum of structured and unstructured data, thereafter accelerating decision-making processes for diagnos-
ing and treating COVID-19.'%!

Immediate and Post-Impact of COVID-19 on Neurological and Psychiatric Systems
Along with high morbidity and mortality due to pulmonary and cardiovascular events, COVID-19 patients often suffer
from various neurological and psychiatric lesions during their acute and subsequent phases. It is estimated that among the
300 million confirmed COVID-19 cases worldwide, about 40,000 to 200,000 patients have had N/P symptoms and
experienced neurological complications. Existing clinical studies have reported a prevalence of >50% N/P symptoms in
the acute phase of hospitalized COVID-19 patients, posing concerns about the potential serious N/P adverse outcomes,
while interests in the long-term impacts on N/P systems are rare.'> (Figure 1) During the acute COVID-19 period and
after recovery, milder neurological manifestations may be common.'® In the first 14-90 days after SARS-CoV-2
infection, patients may present with significant psychiatric symptoms compared to those with several other acute
illnesses.'” Ischemic and hemorrhagic strokes are the severe neurological manifestations of COVID-19 patients'® and
have a higher risk of cerebrovascular events such as ischemic stroke and intracranial hemorrhage, comparable to the
incidence of 10% in patients with encephalopathy. In a COVID-19 case report, it was reported that patients had clinical
manifestations of Guillain-Barré syndrome (GBS), though this result is yet to be validated in large-scale epidemiological
studies.'? In a previous study, the researchers reported that people with neuromuscular disease (NMD) could potentially
be infected with SARS-CoV-2 and develop severe COVID-19 conditions. Moreover, these NMD patients accompanied
with COVID-19 are unmanageable due to the absence of effective pharmacological and rehabilitative approaches.?® In
addition, the relationship between COVID-19 and several neurological diseases, such as parkinsonism and dementia, is
equivocal, and research data on such topics are sparse.'’ Based on numerous studies and meta-analyses, it can be inferred
that COVID-19 patients often present with mild and moderate N/P manifestations in the acute phase, but severe and
disabling neurological disorders are uncommon.?! Further, it may be reasonable to assume that severe neuropsychiatric
sequelae such as postencephalitis, Parkinson’s disease (PD) and new-onset dementia do not occur during the early period
of COVID-19 unless the delay time is more than one year.

The Incidence of N/P Systems Disorders in COVID-19 Patients

A recent retrospective cohort study based on the electronic health records of COVID-9 patients showed that almost one-
third of the 236,379 patients reported neurological or psychiatric symptoms within 6 months of their COVID-19
diagnosis.?* The estimated incidence of N/P disorders in these patients admitted to the intensive care unit (ICU) was
46.42%, compared with 33.62% in the overall group. For individual N/P manifestations in this study, the incidence of
intracranial hemorrhage was 0.56%, 2.10% for ischemic stroke, 0.11% for PD, 0.67% for dementia, 17.39% for anxiety
disorder, and 1.40% for mental disorder. However, the incidence of ICU admission was 6.62% for ischemic stroke,
2.66% for intracranial hemorrhage, 0.26% for PD, 1.74% for dementia, 19.15% for anxiety disorders and 2.77% for
psychotic disorders, with the incidence being higher in patients with severe disease. Thus, the prevalence is influenced by
disease severity, ICU admission, and encephalopathy.

Taquet et al*? investigated the incidence of various neurological and psychiatric disorders, including ischemic stroke,
intracranial hemorrhage, PD, GBS, muscular nerve connectivity disorders, encephalitis, insomnia, anxiety disorders, and
dementia, in COVID-19 patients 6 months after their diagnosis and found a substantial incidence of neurological and
psychiatric disorders in those patients even though they did not require hospitalization.

Overall, the severity of the disease has a clear effect on the subsequent neurological diagnosis for patients requiring
hospitalization, especially those requiring ICU admission or with encephalopathy have a higher prevalence. There are
associations between COVID-19 and neurodegenerative diseases such as PD, which may be a delayed outcome, raising
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further concerns about post-COVID PD syndrome due to eosinophilic encephalitis. Further, studies supporting a possible
association between COVID-19 and dementia have noted that 2.66% of patients >65 years old and 4.72% with
encephalopathy were diagnosed with dementia within 6 months of their COVID-19 onset.”

Moreover, encephalopathy is common in critically ill patients with COVID-19. In a cohort study of 2088 COVID-19
patients admitted to the ICU, it was reported that 55% of the cases presented with psychoconfusion.”® Another study
involving 509 hospitalized COVID-19 patients showed that 31.8% of the cases had encephalopathy.”* Although data
about the incidence and outcomes of COVID-19 accompanied by delirium are variable,” it is estimated to range from
25% to 33% for hospitalized patients but 65% for those admitted to the ICU.® After the acute phase of COVID-19, the
prevalence of neurological and psychiatric diagnoses was found to be significant during the following 6 months of
diagnosis. Indeed, the association between COVID-19, cerebrovascular events and neurodegenerative diagnosis may
depend on the severity and subsequent course and prolongation time of COVID-19. A significantly increased risk of
psychiatric disorders, such as insomnia, depression, and substance use disorders, exists in COVID-19 survivors, which is
more common in a long COVID-19 course. Neurosis and psychosis after the onset of COVID-19 appear to be prevalent
and may last for 6 months or more. Common psychiatric disorders (mood and anxiety disorders) are less strongly
associated with the incidence of COVID-19 severity compared with neurological disorders.

Manifestations of N/P Systems in COVID-19 Patients

COVID-19 patients have a high-risk tendency for neurological and psychiatric disorders. Various neurological and
psychiatric manifestations and adverse outcomes can occur during and after the acute phase, which are related to the
severity of the disease. After matching propensity scores for other factors such as age or prior cerebrovascular disease,
the associated risk of neurological and psychiatric outcomes was reported to be greater in patients requiring hospitaliza-
tion and was significantly increased in patients requiring ICU admission or developing encephalopathy.*?

Encephalopathy is common in severe and critically ill COVID-19 patients with confusion, disorientation and
agitation. It is also a risk factor for various N/P manifestations and adverse outcomes during the disease process. A
previous cohort study reported that 55% of COVID-19 patients admitted to the ICU presented with delirium, suggesting a
high rate of psychiatric incidence in severe patients.”> Another study of 509 hospitalized COVID-19 patients revealed
that elder people (66 versus 55 years) were more prone to develop encephalopathy (31.8%), which was also associated
with other potential high-risk factors such as male gender (male > female) and comorbidities such as cancer, cerebro-
vascular disease, chronic kidney disease, diabetes, heart failure, hypertension, or smoking."”

The etiology of encephalopathy in COVID-19 patients remains unclear but can be considered more prominent in
critically ill patients suffering from toxic metabolic encephalopathy, cerebrovascular diseases, non-convulsive seizures or
adverse drug effects. Increasing risk factors of insanity in COVID-19 patients admitted to the ICU commonly include
mechanical ventilation, use of vasopressors or restraint, continuous opioid injections, and others. Further evaluations,
such as neuroimaging for patients with focal or lateral neurological signs, and magnetic resonance imaging (MRI) and
electroencephalography (EEG) for patients with central nervous system infection, may be needed to exclude other causes.

COVID-19 patients with encephalopathy have a poor prognosis, longer hospital stays, possible dysfunction at
discharge, and higher 30-day mortality rates.>* A certain proportion of critically ill patients may suffer from neurological
dysfunctions for a long time even after their acute disease is resolved. However, some severe COVID-19 patients with
long-term consciousness disorders may recover later,”’ with one-third being subjectively cognitively impaired at
discharge, while others might improve substantially in subsequent weeks.'® However, the evaluation standard of
neurological recovery has not yet been found and should be urgently addressed.

Pathological Mechanisms, Manifestations of N/P Systems in COVID-19
Pathological Mechanisms of N/P Systems in COVID-19

COVID-19 patients usually present with neurological symptoms and psychiatric disorders, and the etiopathology of
neurological involvement in these patients is diverse and multifactorial, as described above. The long-term effects of
COVID-19 on the CNS are uncertain, though some studies have suggested that encephalopathy could be associated with
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poorer functional outcomes in COVID-19 inpatients with lasting effects. One study found neuronal damage associated
with swelling and inflammation in the brain tissues of a COVID-19 patient.”® Another report described the case of a
patient with demyelination causing irreversible neuronal injury,”” in addition to ischemic stroke, cerebral hemorrhage and
memory loss, which could be lifelong in some patients.

Neurological Injury Due to Direct Viral Invasion
Previous studies revealed that SARS-CoV-2 could directly invade neurons.>* Moreover, it was shown that SARS-CoV-2
could infect the neurons of organoids, killing some of the neurons and inhibiting synapses formation.*' One important
unanswered question is whether SARS-CoV-2 can directly infect brain neurons. Although SARS-CoV-2 particles have
been detected in brain specimens,** there is no relevance between the severity of neuropathology and viral infection.
Autopsy studies provided evidence showing direct endothelial invasion by SARS-CoV-2, along with endodermatitis and
vascular lesions in the lungs, heart, kidneys, liver and small intestine.** Although this evidence suggests that SARS-CoV-2
could infect the cerebral vessels, there is no confirmed manifestation of cerebral vasculitis induced by SARS-CoV-2.**
A clinical study analyzing the neurological or psychiatric effects of 125 COVID-19 patients found that 62% of them
presented with a cerebrovascular injury such as stroke and bleeding, and 31% had mental status alteration such as confusion
or prolonged unconsciousness, accompanied by swelling and inflammation of brain tissue.*® Other studies showed that the
most common neurological effects were stroke and encephalitis. The latter could deteriorate into severe acute disseminated
encephalomyelitis, where the brain and spinal cord were inflamed and demyelinated.**’

Neurological Injury Due to Immune Dysfunction

Currently, there is no clear evidence that SARS-CoV-2 can invade and infect the brain, similar to other viruses. The
clinical manifestation of COVID-19 impacting the CNS is simply speculation based on the dysfunction, instability, and
hyperactivity of the immune system. The dysregulated systemic immune response to SARS-CoV-2 infection has been
suggested to be associated with damage and dysfunction to other organs.’®>° Antibodies directed against the virus
produced by the immune system appear to react with neuronal tissues. Damage to the nervous system or other organs
may disappear over time or cause persistent effects in long COVID-19 course.

Dysfunction and sustained activation of inflammation due to a cytokine storm may be an alternative mechanism of
nervous system injury in SARS-CoV-2 infection. The C-reactive protein (CRP) and leukocytes are major inflammatory
markers, with an abnormal elevation in their levels indicating the presence of or an imminent cytokine storm that could
cause vascular leakage, activation of the complement and coagulation cascade, in addition to high levels of D-dimer
suggesting potential hypercoagulability and endogenous fibrinolysis effects. Further, an increase in some cytokines such
as IL-6, IL-1 and TNF secretion after SARS-CoV-2 infection may activate the hypothalamic—pituitary—adrenal cortex
(HPA) axis, the core factor regulating systemic immunity, inducing the blood-brain barrier (BBB) dysfunction and
neurovascular inflammation. Moreover, micro-environmental alterations can induce vasodilatation, hypercarbonation,
hypoxia and anaerobic metabolism, which can lead to neuronal swelling, cerebral edema and elevated intracranial
pressure, eventually manifesting as neurological dysfunctions.*’

SARS-CoV-2 may activate HPA by inducing immunosuppression and lymphopenia, leading to norepinephrine and
glucocorticoid release. Furthermore, SARS-CoV-2 spike (S) protein with pro-inflammatory response plays a key role in
attacking brain endothelial and destroying the BBB function. Patients with severe COVID-19 exhibit systemic inflam-
matory signs consistent with cytokine storm. These signs usually include persistent fever and elevated inflammatory
markers, pro-inflammatory cytokines and peripheral TNF, TNF-alpha and IL-6. The pro-inflammatory state is prone to
endotheliatitis and encephalopathy, and is associated with the risk of thrombotic inflammation, stroke, and other
thrombotic events.*' Complement activation is a high-risk event for thrombotic microvascular injury in severe
COVID-19 patients.** Cytokine storms may also contribute to brain damage via microglial activation, neurophagtosis
and systemic inflammatory responses.*

Further, encephalopathy and other neurological manifestations occur frequently in COVID-19 regardless of respira-
tory disease severity, indicating a possible immunological etiology. This is supported by evidence from a retrospective
analysis involving 509 hospitalized COVID-19 patients who presented with various neurological manifestations,

Journal of Inflammation Research 2022:15 hetps: 4203

Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

including myalgias, headache, dysgeusia, anosmia, and encephalopathy. It was documented that 42% of the patients had
at least one neurological symptom at onset, and 82% experienced at least one at any time during COVID-19. Further
analysis showed that encephalopathy correlated independently with adverse functional outcomes and higher mortality.**
A retrospective analysis of 509 hospitalized COVID-19 patients found that some patients showed multiple neurological
symptoms, such as myalgia, headache, taste disturbance, anosmia, and encephalopathy. Among them, 42% had at least
one neurological symptom at disease onset, and 82% had at least one neurological symptom during COVID-19,
suggesting that encephalopathy was independently associated with adverse outcomes and higher mortality. In addition,
this also suggests that encephalopathy and other neurological symptoms often occur in COVID-19, regardless of the
severity of the respiratory disease, which could be related to the etiology of the immune system disorder.

Neurological Injury Due to Hypoxia and Ischemia

Acute pneumonia is the most severe pathology in COVID-19 patients, which can cause systemic hypoxia, injuring the
brain and nerve cells. Further, metabolic disorders, such as hypoxemia, hydroelectrolyte dysregulation, hormone
dysfunction, and accumulation of toxic metabolites, appear to play a role in encephalopathy caused by astrocytic and
neuronal damage in patients with moderate-to-severe COVID-19. In the CNS, especially in the brain stem, a certain
amount of focal and global hypoxic/ischemic changes and size infarcts were observed, as well as microglial activation
and neurophagtosis. However, the accumulation of T lymphocytes in perivascular regions or brain parenchyma was
minimal, and the detectable viruses are rare in the brain, independent of histopathological lesions. These findings strongly
confirmed that hypoxia and ischemia due to systemic inflammation contributed to neurological injury.** Furthermore, the
neuroimaging findings in server COVID-19 patients were consistent with delayed post-hypoxic leukoencephalopathy,
similar to manifestations in patients with non-COVID-19 acute respiratory distress syndrome (ARDS).***® These
findings further confirm that hypoxia and ischemia are important causes of nervous system damage in COVID-19
patients, especially in severe cases.

Neurological Injury Due to RAS Dysfunction

The renin—angiotensin system (RAS) can perform important functions in neuropathogenesis rather than only in urinary
and circulatory systems. The binding of the S protein and ACE2 receptors enables and facilitates SARS-CoV-2 entering
host cells, further causing endothelitis and dysfunctional endothelium, disabling mitochondrial function and inactivating
endothelial nitric oxide synthetase. A potential mechanism may be that this binding in endothelial cells upregulates redox
stress, resulting in AMPK deactivation, MDM?2 upregulation, ultimately ACE2 destabilization, and worsening RAS
dysregulation.*’ Since ACE2 is essential for ensuring homeostasis in the cardiovascular and immune systems, dysregula-
tion of RAS could lead to various secondary cardiovascular and cerebrovascular effects.*’ The direct consequences of S
protein/ACE2 binding and the immunologic injury eventually cause the deregulation of RAAS and the kinin-kinase
system (KKS) through ACE2 down-regulation, while this deregulation may deeply impact the cardiovascular and
cerebrovascular homeostasis.*® It has been suggested that endothelial dysfunction during COVID-19 may exacerbate
various harmful events by stimulating inflammatory and microvascular thrombosis, as well as pulmonary and extra-
pulmonary immune thrombosis complications in patients with severe COVID-19.** Due to the N/P manifestations,
dysfunctional RAS activity accounts for various aspects of neuropathogenesis.

Zonulin Hypothesis and Routes for Neuro-Injury

Some unique symptoms of COVID-19, such as anosmia and dysgeusia, suggest the neuroaffinity of SARS-CoV-2 and the
possibility of invading the CNS via the olfactory nerves. However, it has been demonstrated that direct viral invasion into
the CNS is not the primary route of infection, with a positive rate of SARS-CoV-2 in CSF being <3%." Further, a
clinical autopsy on 67 patients who died of COVID-19 revealed that the consistently detectable virus was rare in the
brain and olfactory bulbs.”" In another study, SARS-CoV-2 was significantly rare in the brain tissue compared to other
organs, assuming the low expression level of ACE2 receptors in brain tissues.’ Although an increased MRI signal to the
olfactory cortex may imply that viral infection has occurred,> this makes us consider the involvement of microvascular
endothelial cells in this process. These controversial views make us guess the possibility of SARS-CoV-2 accessing the
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CNS through paracellular pathways of the GI tract. This pathway may rely on the elevated intestinal permeability,
internalized viruses infecting retrograde neurons, and then through retrograde neuronal route reaching synapses region
linked to brain neurons. Gastrointestinal involvement has been demonstrated by a significant association with the
presentation of neurological symptoms, suggesting that the presence of GI symptoms may be a risk factor for developing
neurological manifestations and complications.

Nowadays, the Zonulin hypothesis has been used to explain how the virus accesses the nervous system in COVID-19,
which sounds reasonable. Briefly, Zonulin is a 47 KDa protein capable of binding and activating the TLR4 receptors and
promoting pro-inflammatory cytokine overexpression via MyD-88. Zonulin is secreted into the intestinal lumen through
the binding of PAR2 to disassemble tight junctions (TJ) of the intestinal epithelial barrier (IEB). The virus can bind to the
brain zonulin receptor to induce Zonulin overexpression and elevate the permeability of BBB through TJ looseness to
eventually cause neuroinvasion. Indeed, both neurological and gastrointestinal symptoms are common in COVID-19
inpatients, at 54.5% and 53.2%, respectively.”* However, the association between them needs to be evaluated following
this hypothesis. Furthermore, the complement system activated by Zonulin proteins and the cytokine storm induced
during viral infection have been confirmed to disrupt the BBB.>”

SARS-CoV-2 Entry Route Through Blood Circulation

Typically, viruses in the peripheral circulation can enter the cerebral circulation attributing to the low blood flow rate
in the microcirculation, which promotes the effective binding of S proteins to ACE2 receptors in the microvascular
endothelium; leading to viral proliferation in endothelial cells to further its spread to the brain and brainstem regions
through the surrounding microvascular Vershaw-Robin space. Experimental studies where SARS-CoV-2 was shown to
directly infect engineered human vascular organoids in vitro partly provide evidence for this mechanism.*®!
Furthermore, virus-like particles actively crossing endothelial cells in the brain capillary endothelium were observed.
So, blood circulation may be a highly likely route for SARS-CoV-2 to infect the brain regions. Consistent with the
mechanism of increased intestinal permeability caused by Zonulin overexpression, this may provide the entry of
SARS-CoV-2 into the blood or lymphatic system, infecting the endothelial cells of blood or lymphatic vessels,
followed by the spread of the virus to CNS.

SARS-CoV-2 Entry Through Retrograde Nerve Route

It is postulated that the retrograde spread through the vagus nerve may be another route for SARS-VoV-2 entering into
CNS. This neuroinvasion route may involve vagal afferents from the GI tract and gut-brain axis. Enteric glial cells are the
antigen-presenting cells of immune cells of gut-associated lymphoid tissue (GALT). Stimulated by viruses, GALT can
initiate immune responses and release IL-6 and other inflammatory factors, which may increase endothelial cell
permeability and consequently provide the opportunity for SARS-CoV-2 to infect enteric neuroendothelial cells.>
Indeed, partial diarrhea and gastrointestinal dysfunction in COVID-19 patients may be clinical manifestations of the
enteric nervous system/neuroglia which attends the pathogenesis of gastrointestinal COVID-19.”

The Paracellular Pathway for Virus Transmission

Disassemble of cellular tight junctions is another route for a virus entering the blood and transmission, where impair-
ments in TJ have been detected, especially in severe COVID-19 cases. Viruses passing through this pathway may disrupt
the epithelial or endothelial barrier, including the BBB. The zonulin hypothesis explains the mechanisms of brain
inflammation and neuronal damage induced by the spread of SARS-CoV-2 due to increased BBB permeability and
subsequently elevated cytokines such as IL-6 and the overexpression of Zonulin. As described in the above part, Zonulin
can regulate intestinal paracellular permeability by disrupting cellular tight junctions. They were also found to be
overexpressed in parenteral tissues, such as lung and brain tissues of severe COVID-19 patients. Thus, overexpressed
Zonulin can reach the brain tissue and enhance BBB permeability, additionally with the BBB disruption attributed to
hypoxia and hyperimmune response, and finally facilitating SARS-CoV-2 entry and damage to CNS of severe COVID-19

patients.®
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Clinical Characteristics of N/P Systems in COVID-19
SARS-CoV-2 Neurotropism and Neurological Affliction

SARS-CoV-2 exhibits neurotropism, can modulate immune activation and promote hypercoagulation, thereby affecting

brain functions.®***° ACE2 expression was not detected in human brain tissue at the early stage®' until later, low levels
of ACE2 mRNA were detected in brain tissues using RT-PCR and determined that ACE2 only had abundant immune
activation features in brain endothelial and smooth muscle cells. Furthermore, a small quantity of ACE2 expression was
found in neurons and glial cells.®” Besides the classic symptoms of respiratory viral disease, some neurological
symptoms like headache, nausea, loss of smell, vomiting, myalgia/fatigue, dizziness, confusion, disorientation, disorders
of consciousness and ataxia are usually affected in COVID-19 patients. Viral myositis commonly has the symptoms of
myalgia and fatigue,®® which have a high prevalence in Italy.** Typically, COVID-19-related neurological manifestations
have been categorized into CNS, peripheral nervous system (PNS) and skeletal muscle injury manifestations. These
symptoms occur mainly in severe patients, most of which emerge at early onset.

The prevalence of neurological manifestations may vary by geographical location and patient characteristics, with
most researchers reporting it to be at approximately >50%. Meanwhile, more neurological complications were found to
be closely associated with the severity of COVID-19. In a Wuhan clinical trial, characteristic neurological manifestations
induced by SARS-CoV-2 were identified in 36.4% (78 of 214) of hospitalized patients and accounted for 45.5% in severe
cases.” In another study, it was shown that 57.4% of hospitalized COVID-19 patients had neurological manifestations.®®
Furthermore, the in-hospital mortality in COVID-19 patients with neurological disorders was reported to be significantly
higher than in those without neurological disorders.®® Other variables such as gender, age, comorbid conditions and
undefined genetic factors may also contribute to the diversity of neurological manifestations during the disease course.

Anosmia and dysgeusia were reported in over 80% of COVID-19 patients as common early symptoms.®’ In a meta-
analysis involving over 27,000 patients, the authors reported that 48% of the patients had olfactory dysfunction.®® These
symptoms may be the initial presentation of COVID-19, which can occur alone (not accompanied by nasal congestion) or
after discharge. It is speculated that the inflammation-induced micro-environmental alteration of sustentacular cells
within the nasal epithelium resulted in transient anosmia rather than the virus directly damaging the olfactory neurons.®’
Strong evidence came from the MRI finding of oedematous obstruction in the olfactory cleft of nasal cavities among 20
COVID-19 patients with anosmia,”® which showed that olfactory function could be gradually recovered with the
resolution of the obstruction. In another study, it was reported that 33% of COVID-19 patients recovered within 8
days after onset,®” and a survey of non-hospitalized patients with olfactory dysfunction reported that 83% of the patients
completely recovered within a mean of 37 days.”'

Major Clinical Neurological Manifestations

The major neurological manifestations may include the following: 1) Encephalopathy generally presents with disorders,
such as confusion, disorientation, ataxia, agitation, lethargy and altered consciousness, due to hypoxia and electrolyte
imbalance; 2) Encephalitis and meningitis usually develop symptoms such as fever, altered mental status, seizures and
focal brain abnormalities; 3) Acute cerebrovascular disease and cerebral perfusion abnormalities are generally attributed
to the hypercoagulability of the blood. For instance, in COVID-19 patients, stroke incidence is relatively low, and an
ischemic stroke is more likely to occur than intracranial hemorrhage during a highly systemic prothrombotic state.”* The
risk of stroke may vary based on the severity of the COVID-19. It was found that <1% of patients with mild disease may
develop stroke, while the possibility could be as high as 6% in ICU patients.®®> Further, patchy microthrombus, lacunar
infarction and occasional myelitis are also symptoms of neurological injuries in COVID-19 patients.

Post-Infectious Neurological Manifestations

Viral infection-induced dysregulation of the immune system may have delayed effects on both the CNS and PNS,
commonly manifested as acute disseminated encephalomyelitis and acute necrotizing hemorrhagic encephalopathy.
Although fewer GBS cases have been reported since the COVID-19 pandemic, no causal relationship has been reported
between COVID-19 and GBS risk.">**7>7*
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Neuropsychiatric Manifestations in COVID-19

Long-term medical isolation or home isolation and limited social interaction may lead to anger, fear and anxiety and have
a serious negative impact on mental health; inducing psychological disorders such as depression, anxiety and loneliness,
and causing post-traumatic stress disorder. One study showed that 65%, 69% and 21% of COVID-19 patients under
intensive care developed confusion, agitation and altered consciousness, and separately, 33% developed executive
disorder syndrome at discharge,'® suggesting that the psychiatric evaluation is required during hospitalization, especially
in the long term of follow-up. Acute stress can evoke behavioral changes by activating the immune system, stimulating
corticotropin release, regulating impulsivity and releasing pro-inflammatory cytokines such as IL-6 and TNF-a, causing it
to protect oneself from harm. Cytokine storms also activate the sympathetic nervous system and synergistically promote
the release of pro-inflammatory factors.

Autonomic Nervous System-Related Manifestations

There is evidence showing that SARS-CoV-2 can directly disrupt the CNS in a direct-invasive or immune-mediated
manner. Patients with chronic infection often experience orthostatic hypotension, vascular vagal syncope and postural
orthostatic tachycardia syndrome. Tachycardia, chest pain and dyspnea can arise from the abnormal release of adrenaline
and norepinephrine, resulting in an orthostatic intolerance syndrome. The virus can cause immune-mediated neurologic
syndromes, and studies have found that autoantibodies to the muscarinic and o/f adrenaline receptors can cause
autonomic dysfunction.”

Pre-Existing Neurological Disease-Related Manifestations

COVID-19 may synergistically promote pre-existing neurodegenerative diseases, such as PD and dementia, with SARS-
CoV-2 neurotropism potentially exacerbating the outcomes in this setting. COVID-19 patients with a previous history of
neurological impairment such as stroke have a higher risk of ICU admission, thromboembolic events and new
cerebrovascular events arising from thrombotic microangiopathy and hypercoagulable blood status, and a higher
mortality rate.”® PD patients with SARS-CoV-2 infection may present with increased anxiety and worsening compliance,
which may worsen their symptoms and make needing hospitalization.”’

COVID-19-Related N/P Systems Complications

Coagulation-Induced Neuropathy and Associated Neurological Manifestations

SARS-CoV-2 infection may lead to prolonged prothrombin duration, platelet abnormalities, elevated D-dimer levels and
increased fibrinogen degradation, ultimately causing an abnormal state of intravascular coagulopathy.”® Patients with
severe COVID-19 usually present with hypoxia. Activating hypoxia-induced transcriptional regulation may increase
blood viscosity and promote thrombosis, which could lead to severe consequences’’ and complications, including venous
thromboembolism, acute coronary syndrome, myocardial infarction and cerebral infarction.**! In this pathological state,
systemic inflammation and coagulopathy present with complex and mutually causal relationships. In summary, systemic
inflammation can drive tissue factor-mediated thrombin generation and inhibit endogenous fibrinolysis to activate the
coagulation cascade, while causing aberrant activation of the coagulation system that may affect inflammatory activities
and aggravate inflammation-mediated nerve injury. Therefore, the abnormal activation and release of the coagulation
cascade may lead to the massive formation of thrombosis, cause local ischemia and increase the risk of ischemic stroke,
especially in elderly COVID-19 patients, and could be more severe after ischemic stroke.**®* Both ischemic and
hemorrhagic strokes are cerebrovascular events highly associated with encephalopathy in COVID-19 patients. There is
a 10% incidence of ischemic stroke in COVID-19 patients after SARS-CoV-2 infection.”?

Risk Factors and Associated Comorbid Conditions in COVID-19

It is reported that an elevated neutrophil-to-lymphocyte ratio may be regarded as an independent risk factor for mortality
in hospitalized COVID-19 patients.** Some COVID-19 patients with ocular dysfunction may often be accompanied by
elevated neutrophil counts,®> which mark the formation of extracellular traps and could be due to acute brain injury-
induced microvascular occlusion and cerebral hypoperfusion.®*® Several comorbidities, such as obesity, high body mass

index, diabetes and hypertension, may potentially enhance infection rates and worsen neurological dysfunctions.®’~*°
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Also, it was found that COVID-19 patients could present with more severe neurological manifestations if they have
myasthenia gravisg1 or multiple sclerosis (MS).”?

N/P System Complications in Different Aged COVID-19 Patients

Many studies have demonstrated that the age is also a risk factor of N/P damages in COVID-19 patients. Children and
adolescents were greatly impacted by the abnormal social activities during COVID-19 pandemic, resulting in stress on
mental health.”> Most elderly COVID-19 patients exposed to a higher lethal risk than the youngsters, especially those
concurrent with a certain degree of chronic inflammation may exacerbate the severity of COVID-19. Meanwhile, elderly
people with psychiatric disorders may suffer from persistent inflammatory state, and the concurrent COVID-19 can

accentuate psychiatric disorders.”*"’

N/P System Manifestations of Long-Term COVID-19
Prevalence of N/P Manifestations in Long COVID

Long COVID sequelae are a series of long-lasting disorders in hospitalized or discharged patients following SARS-CoV-2
infection. These symptoms are diverse and may involve almost all organs and tissues of the body. Davis et al’® reported more than
205 symptoms in a study investigating over 3500 patients, among which fatigue, post-exertional malaise and cognitive
dysfunction were the most common ones. Of course, these symptoms are very volatile and will be improved or even cured
under clinical intervention. However, some of them may relapse and seriously disturb the patient’s physical and mental health.®’
It is certain that COVID-19 is a multi-system disease because its symptoms may involve almost all organs and tissues, mainly
manifested as viral invasions of the CNS, hypercoagulability of the blood, and neural effects of an immune response.”®

The N/P Affliction and Morbidities in Long-Term COVID-19

There is strong evidence showing N/P morbidity in patients with long-lasting COVID-19 disease. A retrospective cohort
study investigated the prevalence of various neurological and psychiatric sequelae in post-COVID-19 patients by
analyzing the TriNetX electronic health data.”* They found a collection of manifestations such as stroke, nerve disorders,
myoneural junction disease and more, which were associated with the severity of COVID-19 but were not so relevant for
the psychiatric disorders in terms of incidence.

COVID-19 patients may suffer from these N/P sequelae for a long period. The important issues of concern to
clinicians are the severe and widespread neurological and adverse psychiatric outcomes of COVID-19 at onset.'® The
psychiatric manifestations were found to be more common during the 14-90 days after SARS-CoV-2 infection.!” The
relationship between COVID-19 and ischemic stroke has been well described, and both of them are strong risk factors for
hemorrhagic stroke; however, corresponding data on dementia are limited.'® The same relationship between GBS,
encephalitis lethargica, PD and COVID-19 have not been verified by large-scale epidemiological studies.'®

The Prolonged N/P Manifestations in Long-Term COVID-19

Patients with severe COVID-19 may have neurological complications, such as confusion, cognitive difficulties and
memory loss, but different symptoms persist in the long COVID-19 stages after the disappearance of these acute
symptoms. They may suffer from prolonged loss of smell and/or taste. One of the most common long-term effects of
viral infection on the N/P system of COVID-19 patients is severe fatigue, experienced as severe tiredness and malaise. A
study on 143 discharged COVID-19 patients showed that 53% felt tired, while 43% developed shortness of breath within
an average of 2 months after symptom onset.”* A clinical study from China found that 25% of patients developed
abnormal lung function 3 months after the onset, and 16% were still feeling tired.”” These symptoms have highly similar
clinical features to chronic fatigue syndrome and are also known as myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS). Patients with ME/CFS usually exhibit generalized debilitating symptoms, such as fatigue, sleep deprivation,
cognitive difficulties, and so on. In addition, the deregulation of the immune system caused by COVID-19 may also lead
to various autoimmune diseases, such as inflammation of the vascular system, GBS and persistent PD-like symptoms
(Tables 1 and 2).

4208 e Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Li et al

Table 1 N/P Complications, Outcomes and Sequelae are Reported as N and P Damage and Dysfunctions

Neurological and Psychiatric Manifestations in COVID-19 and Long Covid

Determinants

Underlying Factors

Contributing Factors

and other receptors

inflammation

and cytokine

variants

storm
Agent factors: Endothelitis
mutations and and

vasculopathy

Other factors: pre-
existing disorders,
involvement of other
organs, iatrogenic

factors

Coagulopathy
and

thrombosis

Exacerbation
of underlying

disease

Hypoxaemic injury

Coagulopathy and

thrombosis
Viral Neural
invasion (olfactory
through the bulb)
neurotropic
Paracellular
pathway
(circulation)
Retrograde
(vagus)

Pathology Outcome Sequelae
The host immunity Direct Neurological Neurological Pathology Neurological Manifestations
cytopathic damage and manifestations
) Neuroinflammation Hyposmia, Hypogeusia, Headache,
effects of dysfunctions and sequelae Dinzi Diolobi
SARS-CoV.2 izziness, Diplopia,
Ophthalmoplegia, Delirium,
Expression of ACE2 Systemic Dysregulated RAAS Polyneuritis cranialis, Ataxia,

Guillain-Barré syndrome,
Encephalitis, Hypoxic
encephalopathy, Ischemic stroke,
Acute necrotizing, Encephalopathy

Table 2 Timeline for Neurological and Psychiatric Manifestations of COVID-19

The Disease Phase

Long COVID Phase

0 Weeks

3 Weeks

6 Weeks

12 Weeks

24 Weeks

Acute Phase

Transition Phase

PHASE |

PHASE 1I

PHASE Il

Symptoms and
manifestations of

Delayed recovery, Persisting

symptoms and delayed resolution

Acute post-COVID

symptoms

Long post-COVID
symptoms

Persistent long
COVID

infection

symptoms

Managing N/P Manifestations in COVID-19 Patients

Investigations and Imaging for N/P Symptoms
Clinical and laboratory examinations of COVID-19 patients with CNS symptoms usually point to confusion and
agitation, with some patients also experiencing lethargy and decreased consciousness.®?

Overall, severe COVID-19 patients with CNS symptoms have higher lymphocyte levels, platelet counts, and blood
urea nitrogen levels than those without CNS symptoms. No difference was found between mild-to-moderate subgroups.
This tendency was also observed in COVID-19 groups with or without muscle symptoms characterized by creatine

kinase and lactate dehydrogenase levels.'®

Journal of Inflammation Research 2022:15

https:

Dove:

4209


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

Most COVID-19 patients with encephalopathy usually do not have direct evidence from CSF or neuroimaging
studies, suggesting the insidious evidence in CSF or the uncertainty of direct viral infection in brain tissues. Some
COVID-19 patients’ pathological reports showed no leukocytes in CSF, negative SARS-CoV-2 test by RT-PCR, and
nonspecific electroencephalography.®”> A study involving 111 ICU patients showed that 57% had electrocardiographic

signs of bradycardia, 30% had epileptiform status, and 7% had seizures.'"’

Neuroimaging Findings in Patients with CNS Symptoms

COVID-19 patients with encephalopathy do not have specific abnormal neuroimaging features. COVID-19-related
neuro-pathological patterns on MRI include abnormal medial temporal lobe signals, multifocal white matter lesions
visualized by fluid attenuation inversion recovery (FLAIR), and microbleeding in the white matter on diffusion-weighted
imaging (DWI). MRI patterns of COVID-19 patients with ischemic stroke commonly show focal or lateralizing signs and
leptomeningeal enhancement. After SARS-CoV-2 infection, adult patients with encephalopathy and a few children with
concurrent multi-system inflammatory syndrome were found to have cytotoxic lesions in the splenium of the corpus

callosum upon MRI examination.'?*!*?

Therapeutic and Rehabilitation Measures

Overall, the N/P symptoms of COVID-19 patients are diverse and vary. They may persist throughout the disease course,
even after discharge, and are likely to leave relevant sequelac. However, little is known about rehabilitation strategies
regarding the long-term effects of COVID-19 on N/P issues.'® Usually, the symptoms or sequelae of N/P should be
treated based on the existing conditions. For instance, the first step in patients with intracranial hemorrhage is to control
blood pressure, anticoagulation intervention may be recommended in patients with ischemic stroke, and intravenous
immunoglobulin may have some effects in patients with GBS. The German Society of Neurology has developed special
nursing guidelines concerning N/P issues and sequelae of COVID-19 patients for hospitalized and post-hospitalized
patients.'® The British Association of Neurologists has also proposed guidelines for addressing the risk of concurrent N/
P disease in patients with COVID-19. Following these guidelines and a broader consensus, grading the risk of concurrent
N/P symptoms in COVID-19 patients and implementing corresponding clinical treatment based on different risk grades
have become the temporary standard for managing neurological disorders and their sequelac after a SARS-CoV-2
outbreak. However, the risk—benefit ratio associated with N/P in each COVID-19 patient should be individually assessed

and treated to achieve optimal treatment effects.'*®

The Disease Tolerance Approach

In the current environment of the global COVID-19 pandemic, the primary task is surviving an infection because efforts
to eliminate the virus seem currently out of reach.'®” Some researchers and clinicians consider SARS-CoV-2 as a
completely new virus different from traditional human knowledge, although taxonomically, it belongs to the coronavirus
genus. According to traditional prevention and control methods of virus infection, vaccination or drug interventions
should have been able to effectively control its transmission. The prevention and control of COVID-19 still require multi-
dimensional, systematic and comprehensive measures, such as the government needs to formulate policies to quarantine
and maintain social distancing, intensify clinical and scientific research efforts to develop more efficient vaccines and
antiviral drugs, explore the detailed underlying mechanisms of their interaction with the virus, and evaluate the positive
and side effects comprehensively and objectively.

Antiviral drugs may be effective for mild-to-moderate COVID-19 patients as they have been shown to reduce the
length of hospitalization and risk of further spread. For severe patients, antiviral strategies have been less effective as
they usually develop ARDS, septic shock and multiple organ failure.

For patients with severe illness, the existing strategy is to maintain physiological functions through supportive
measures, such as the use of mechanical ventilators and adequate oxygen uptake. In addition to developing antiviral
drugs, medicines that can promote physiological functions should be promoted. These therapies can potentially promote
survival rates and reduce the risk of morbidity and mortality through a disease tolerance approach.'®®

4210 e Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Li et al

Cell Therapy Strategies and Applications

Initially, it was thought that SARS-CoV-2 could only cause pneumonia, ARDS and respiratory failure. Clinical evidence of its
effects on the immune system, gastrointestinal tract, heart, nervous systems and all human tissues and organs were gradually
acquired. For COVID-19, whether for its acute symptoms or chronic sequelae, the focus is to specifically address acute
injuries, maintain and restore normal physiological functions, and cope with its long-term consequences. Cell therapies can
potentially replenish damaged tissues and organs and address disturbed immune system issues.'® In terms of the pathogenesis
characteristics of COVID-19, cell therapy should be feasible, but some core factors, such as cell input dose, delivery route, the
immunogenicity of heterogeneous cells, autologous cells and others should be strictly considered. Commonly, ACE2
receptors distributed in tissues or organs can promote the cellular tropism of SARS-CoV-2; thus, those with high expression
levels of ACE2 may be more prone to SARS-CoV-2 infection. However, not all the tissues or organs with high ACE2 levels do
this, indicating that other receptors like TMPRSS2 and NRP1 may be involved in the infectious pathway. The potential cells
for COVID-19 therapy may include mesenchymal stem cells (MSCs),''° induced pluripotent stem cells (iPSCs)'!! and T
cells."'? Oligodendrocyte precursor cells and neural precursor cells may be used to restore and regenerate the depleted myelin

sheath layer, indicating that myelin and oligodendrocytes are promising targets to alleviate brain injury.'"?

Conclusions

COVID-19 presented the comprehensive and complicated impact on neurological and psychiatric systems during acute phase
and long COVID. Understanding of long COVID sequelae is still limited. It is extremely urgent to concentrate more research
on the acute and long-term consequences of COVID-19, develop safer and more effective treatment modalities. Large-scale
and persistent multi-center clinical cohort studies are required to gain a deeper understanding of the sequelae of SARS-CoV-2
infection, especially those of the N/P systems. In terms of the continuously increasing number of infected cases and incessant
mutation characteristics of SARS-CoV-2, therapeutic practices for N/P manifestations should be further refined.
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