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Long COVID could become a widespread post-pandemic disease?
A debate on the organs most affected
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Abstract

Long COVID is an emerging problem in the current health care scenario. It is a syndrome with common symptoms of short-
ness of breath, fatigue, cognitive dysfunction, and other conditions that have a high impact on daily life. They are fluctuating
or relapsing states that occur in patients with a history of SARS-CoV-2 infection for at least 2 months. They are usually
conditions that at 3 months after onset cannot be explained by an alternative diagnosis. Currently very little is known about
this syndrome. A thorough review of the literature highlights that the cause is attributable to deposits of tau protein. Massive
phosphorylation of tau protein in response to SARS-CoV-2 infection occurred in brain samples from autopsies of people
previously affected with COVID-19. The neurological disorders resulting from this clinical condition are termed tauopathies
and can give different pathological symptoms depending on the involved anatomical region of the brain. Peripheral small-
fiber neuropathies are also evident among patients with Long COVID leading to fatigue, which is the main symptom of this
syndrome. Certainly more research studies could confirm the association between tau protein and Long COVID by defining
the main role of tau protein as a biomarker for the diagnosis of this syndrome that is widespread in the post-pandemic period.
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Key points

e Long COVID is an unknown emerging problem in the current
global health care scenario, of which the cause is attributable
to deposits of tau protein.

o In brain samples from previously COVID-19-affected and
deceased individuals was found an intense phosphorylation of
the tau protein in response to SARS-CoV-2 infection, as well as
peripheral small fiber neuropathies are also evident among
patients who express Long COVID.

o In the post-pandemic era, further research studies are needed to
establish the association between tau protein and Long COVID.

Introduction

COVID-19 (coronavirus disease 2019) has changed the
lives and customs of the world’s population. Recent data
show that it has affected nearly 600 million people causing
more than 6 million deaths worldwide. Major studies have
focused on resolving the acute symptomatology produced
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by COVID-19, but just past the emergency period, health
care is turning its attention to how to calm the long-term
impact of this disease that has affected a substantial number
of people with various symptoms. Complications and long-
term adverse impacts affect various organs and systems and
vary depending on the severity of the initial pathology as
well as pre-existing risk factors (Xie Y et al. 2022). Long
COVID is recognized as a new medical syndrome with a
broad clinical spectrum recognized in patients affected
by the virus. The World Health Organization (WHO) has
described this disease with so many symptoms present in
various systems and organs and ranging from systemic
symptoms of shortness of breath, fatigue, neurological dys-
function, and others that last for more than 2 months with
a fluctuating course over time and that cannot be explained
by a different diagnosis, regardless of the severity of the
initial pathology or hospitalization status (WHO, 2022).
Many studies in the literature recognize this as a syndrome
characterized by a constellation of symptoms with a dura-
tion of more than 28 days. It is that condition of persistence
of signs and symptoms that continue or develop after acute
SARS-CoV-2 (severe acute syndrome coronavirus-2) infec-
tion. If symptoms continue beyond 4 weeks after infection
to 12 weeks, it is called symptomatic persistent COVID-
19 disease; if symptoms continue for more than 12 weeks
and cannot be explained by any other condition, it is called
post-COVID-19 syndrome. Long COVID includes both of
these conditions (CDC, 2022). Those most affected by Long
COVID are women, those of advanced age, those who are
obese or overweight, and those who have been hospitalized
for COVID-19. In the latter case, there is an apparent cor-
relation with the number of pre-existing chronic conditions
and the severity of interventions required (e.g., intensive
care unit admission). Susceptibility seems, in addition, to
increase with the number of symptoms in the acute phase
(particularly with dyspnea) but the association with their
severity is not yet clearly defined. Symptomatology also
experienced in the pediatric population is also not uncom-
mon (Raveendran AV et al. 2021; Castanares-Zapatero D
et al. 2022; Harari S et al. 2022). Nearly 6% of children
who arrive at the emergency department with COVID-19
report symptoms of Long COVID within the next 90 days.
A study shows that manifesting four or more symptoms on
arrival at the emergency department and being 14 years of
age and older are all factors associated with Long COVID.
The research included 1884 children with COVID-19 who
underwent a 90-day follow-up. Long COVID was evidenced
in about 10% of children admitted and 5% of children dis-
charged from emergency departments. The most frequently
reported symptoms of pediatric patients were weakness,
cough, difficulty breathing, or shortness of breath. COVID-
19 was observed to be associated with persistent symptoms
in some children after 3 months. Appropriate management

@ Springer

and follow-up are critical and crucial, especially in children
at increased risk of Long COVID (Funk AL et al. 2022).

This study aims to demonstrate how Long COVID phe-
nomena can be caused by the development of tau protein
causing a variety of disorders at various levels in tissues
and organs. This review intends to summarize the existing
literature about the correlation of tauopathies with infection
due to COVID-19.

The pathogenesis of Long COVID

“Long COVID” syndrome is a multi-organ disorder, which
occurs in a percentage of individuals infected and cured by
COVID-19. Long COVID occurs in 30-50% of COVID-19
patients (Nalbandian A et al. 2021). Long COVID syndrome
is characterized by the manifestation of a broad spectrum of
clinical, neurological, cardiovascular, metabolic, renal, and
respiratory symptoms, and which may exacerbate underlying
pathologies already present in the aforementioned systems.
To date, there are no established and universally accepted
diagnostic criteria for the diagnosis of “Long COVID.”
Clinical evidence indicates that the most commonly encoun-
tered neurological manifestations of “Long COVID” include
panic attacks, anxiety, fatigue, sleep, and mood disorders.
The pathophysiological mechanisms underlying Long
COVID neurological symptoms are still being discussed and
researched, it is believed that altered neuroinflammatory and
redox balance dysregulation processes resulting in oxida-
tive stress may play an important role (Stefanou MI et al.
2022). Neurological damage can be caused by direct entry
of SARS-CoV-2 into the brain, causing damage to cerebral
vessels and brain cells, triggering neuroimmune and neuro-
inflammatory responses. The brain damage then may mani-
fest in the COVID-19 infection phase or the Long COVID
phase (Lee MH et al. 2021; Magro CM et al. 2021). Long
COVID syndrome is also characterized by clinical manifes-
tations in the cardiovascular system. In particular, several
pathophysiological mechanisms have been considered to
underlie cardiovascular damage, such as dysregulation of
the renin-angiotensin system, direct cardiac inflammation
caused by ACE-2-mediated endocellular viral penetration
into cardiocytes. An interesting epidemiological study of
47,780 showed that a diagnosis of COVID-19 correlated
with a 3-fold increased risk of major adverse CV events up
to 4 months after diagnosis (compared with non-hospital-
ized controls) (Ayoubkhani D et al., 2022). Underlying the
organ damage that can occur during COVID-19 infection
with symptoms that can also occur in Long COVID, there
may be endotheliitis. Specifically, the vessel endothelium
regulates numerous functions such as permeability, cell
growth and migration, platelet function, and inflammation.
Based on this, it is normal to think that inflammation of the
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endothelium may be responsible for COVID-19 tissue and
organ damage (Varga et al. Lancet 2020; Calabretta et al. Br
J Haemtol; 2021; Hattori et al. Biochem Pharmacol 2022).
Neuroinflammation in particular, in COVID-19 patients
without neurodegeneration, can cause p-tau deposition,
degenerating neurons, microglia activation, and increased
cytokines, in some cases with AP plaques and p-tau pre-
tangles, generating an Alzheimer-like syndrome. Probably
neuroinflammation underlies the formation of Ap plaques
and p-tau pretangles. This leads us to ask, could the new
anti-Alzheimer monoclonal antibodies be effective in Long
COVID neurological symptoms? And also is there a dif-
ference in Long COVID symptoms caused by the various
SARS-CoV-2 variants? In this regard, the evidence is still
limited. In addition to this, it should be noted that Long
COVID symptoms may intensify a pre-existing condition
such as diabetes, further complicating the clinical scenario
(Xie Y & Al-Aly Z. 2022). In addition, we emphasize that
collaborative research initiatives are urgently needed to
accelerate the development of preventive and therapeutic
strategies for the neurological sequelae of “Long COVID.”

Clinical symptoms

Many studies and projects have been conducted to deline-
ate the clinical picture of Long COVID and its prevalence.
Many people reported experiencing post-COVID-19 symp-
toms from 28 to 84 days. These symptoms occur in various
tissues and organs: 97.70% of people surveyed said they
experienced fatigue, 91.20% headache, 72% loss of sense of
smell, 70.80% shortness of breath, 68.20% persistent cough,
60% chest pain, 51% diarrhea, and 30% delirium at the end
of 28 days (Sudre et al. 2021). The clinical manifestations
of Long COVID are heterogeneous, and a person with this
condition may present with one or more general symptoms
and/or symptoms affecting specific organs and systems.
General symptoms include persistent fatigue/asthenia, exces-
sive tiredness, fever, muscle weakness, widespread pain,
muscle and joint pain, worsening of perceived health status,
anorexia, and reduced appetite. Specific symptoms may be
(Davis HE et al. Liu X et al. 2020; Kucirkaet al. 20202021,
Arevalo-Rodriguez et al. 2020) of various natures. Neuro-
logical and psychological/psychiatric symptoms such as
headache may present as a new symptom or as a worsening
of preexisting symptoms. Attacks may be more frequent or
pain may last longer than usual. Other neurological afflic-
tions may include cognitive impairment, which manifests as
difficulty in concentration and attention, memory problems,
and difficulty in executive functions (especially in the elderly
and/or those with existing cognitive deficits); peripheral
neuropathy and dysautonomia, which is the malfunction of
the autonomic or vegetative nervous system that controls

involuntary bodily functions; poor and non-restorative sleep,
chronic malaise, mood depression (feeling sad, irritable and
impatient toward others, losing interest in activities previ-
ously enjoyed, having difficulty making decisions, having
negative thoughts), anxiety, delirium, and psychosis. Com-
pulsory social distance has undoubtedly exacerbated these
disorders. Some patients may present with symptoms related
to post-traumatic stress disorder.

Alterations in the sense of smell, taste, and hearing can
lead to olfactory disturbances, such as parosmia or hypos-
mia, swallowing and taste dysfunction (food may taste salty,
bland, metallic, or sweet), otalgia, tinnitus, dysphonia, and
sore throat (complaints such as pain, a wheezing cough,
a sensation of mucus stagnation in the throat, and a feel-
ing of needing to clear the throat). In respiratory persistent
cough, dyspnea and diminished capability of the rib cage
to expand. Gastrointestinal symptoms may lead to loss of
appetite, nausea, vomiting, abdominal pain, diarrhea, dys-
pepsia, gastroesophageal reflux, belching, and abdominal
distension. Several studies are currently evaluating the long-
term gastrointestinal consequences of COVID-19, includ-
ing post-infectious irritable bowel syndrome. Other very
common symptoms are muscle aches, joint pain, fever, and
fatigue; the most common skin manifestation is erythema
pernio (vulgarly called “chilblain”) with papulo-squamous
(i.e., characterized by redness, swelling, and scaly blisters)
eruptions and rashes. Other consequences may be alopecia,
which usually lasts about 6 months. In relation to immune-
mediated diseases with dermatologic manifestations,
cases of flare-ups of psoriasis and latent forms have been
described; thyroiditis, new-onset diabetic ketoacidosis (in
the absence of a previous diagnosis of diabetes mellitus).
Cardiovascular and hematologic symptoms may occur such
as chest pain and tightness, palpitations and tachycardia at
the slightest exertion, change in blood pressure, and arrhyth-
mias; especially in the post-acute phase of COVID-19, the
development of venous thromboembolic disease has been
observed. Consequences on the reproductive system include
sexual dysfunction, irregular menstrual cycles, heavy men-
strual cycles, and testicular pain. The clinical spectrum of
Long COVID is shown in Table 1 with a description of
symptoms commonly manifested in the various organ sys-
tems of the body.

Tauopathies and COVID-19

SARS-CoV-2 virus is descended from the large family of
Coronaviridae and has started its propagation around the
world as of 2019 with whole genome sequencing had in
January 2020 (Vitiello A et al. 2022; Ferrara F, 2020; Hu
B et al. 2021). SARS-CoV-2 penetrates inside the cell via
the ACE-2 receptor, and WHO has defined this disease as
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Table 1 Main symptoms of Long COVID

Long COVID symptoms

Neurological and psychological Depression

Anxiety

Cognitive impairment

Headache

Sleep disturbance

Peripheral neuropathy symptoms
Dizziness

Delirium

Eyes, ear, nose, and throat Tinnitus
Earache
Sore throat

Loss of taste and/or smell

Respiratory Breathlessness
Cough

Gastrointestinal Abdominal pain
Nausea
Diarrhea

Anorexia and reduced appetite

Other symptoms Joint pain
Muscle pain
Fatigue
Fever
Dermatologic and endocrino-

logical symptoms
Cardiovascular and hematological =~ Chest pain
Chest tightness
Palpitations
Venous thromboembolic
Reproductive system Sexual dysfunction
Irregular menstrual cycles
Heavy menstrual cycles

Pain in testicles

COVID-19 (Ferrara F & Vitiello A, 2021). Blood vessels,
cardiac pericytes, respiratory system cells, cerebral cortex,
kidneys, and the hypothalamus in the brainstem have these
receptors. Thus, there is a multiorgan phase where SARS-
CoV-2 through these receptors produces acute symptomatol-
ogy with inflammatory and oxidative stress and following
dysregulation of immunoinflammatory pathways. Many
inflammatory markers have been found in the brain from
COVID-19 patients causing extensive neurological symp-
tomatology (Ferrara F et al. 2020). Hyposmia and hypo-
geusia are two clinical consequences that frequently occur
in COVID-19 patients. Hyposmia is a clinical condition
that occurs early in Alzheimer’s disease (AD) with elevated
expression of tau protein deposits. Recently, it has been
shown how (Vitiello A & Ferrara F, 2021a) oxidative stress
and inflammatory pathways triggered by the virus can cause
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ryanodine receptor (RYR) leakage with dysregulation of
intracellular calcium levels, activation of calcium-dependent
enzymes, and massive hyperphosphorylation of tau protein.
COVID-19 leads to 3.8-fold increased oxidative stress with
increased glutathione disulfide (GSSG)/glutathione (GSH)
expression in brain cortex. Also increased are levels of cir-
culating kynurenine, which is also a marker of inflamma-
tion with increased action of protein kinase A (PKA) and
calmodulin-dependent protein kinase II (CaMKII) binding.
Hence, we come to determine hyperphosphorylation of tau
protein on multiple residues thus demonstrating that we are
dealing with tau pathology.

With the full activity of the inflammatory/oxidative path-
way, there is elevated production of transforming growth
factor-p (TGF-) leading to increased NADPH oxidase 2
(NOX?2) activity and decreased calstabin 2 with activation of
low cytosolic Ca®* channels and pathological Ca®* leakage
into the endoplasmic reticulum. Altered calcium regulation
thus causes an increase in Ca>*/cAMP/PKA signaling result-
ing in an increased state of neuronal activation and phospho-
rylation of tau demonstrated on human brain models with
many cascading events that can lead to neuronal cell death
for which local inflammatory pathways are responsible. Oxi-
dative stress in neurons leads to elevated phosphorylation of
p231T and its mislocalization in the neuron (Ramani et al.
2020). The tau protein physiologically is a protector against
damage caused to DNA by possible peroxidation, regulat-
ing the proper conformation of DNA by binding directly to
it (Hua Q et al. 2003; Vitiello A et al. 2021). In contrast,
pathological tau promotes filamentous actin production
causing oxidative stress with disruption of the nucleoskel-
eton leading to apoptotic cell death (Fulga T A et al. 2007,
Frost B et al. 2016, 2014; Arendt T et al. 2010). SARS-
CoV-2 infection leads to high inflammatory activation with
dysregulation of immune pathways (Tay et al. 2020; Vard-
hana S A & Wolchok 2020). In COVID-19 patients, there
are elevated levels of pro-inflammatory cytokines such as
IL-1, IL-2, IL-4, IL-6, IL-7, IL-10, IL-13, IL-17, G-CSF,
GM-CSF, M-CSF, and IP-10. NOD like receptor protein 3
(NLRP-3) and an inflammasome that stimulates with multi-
organ effect through dysregulated inflammatory and immu-
nological pathways caused by SARS-CoV-2. NLRP-3 also
influences the phosphorylation of tau protein and therefore
plays a crucial role in tauopathies (Costela-Ruiz V J et al.
2020) precisely because the inflammasome is a component
of innate immunity by regulating the inflammatory-immu-
nological response in infectious states and stresses (Ising C
et al. 2019; Mangan et al. 2018).

The tau protein was discovered in 1975 by Weingarten
and his team noting that together with microtubules it plays
a key role in the stability of the cell and for this it is also
called “microtubule-associated tau protein.” Thus, “tauopa-
thies” are all those neurodegenerative diseases related to
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the accumulation of tau protein. These diseases include
progressive supranuclear palsy, Alzheimer’s disease, fron-
totemporal dementias, corticobasal syndrome, and chronic
traumatic encephalopathy, caused pathologically by tau pro-
tein deposits in the brain. The symptoms caused by tauopa-
thies reflect the involved anatomical areas of the brain.
Diagnosis is made through history taking and translational
research to try to make an earlier diagnosis. The tau protein
by converting the 6S dimers of tubulin into 36 s rings plays
a crucial role in the polymerization of microtubules located
physiologically in the axons of neurons (Weingarten MD
et al. 1975). In addition, other interactions with tubulins are
carried out dynamically by regulating various features of
neuronal growth with influence on neurite polarity, axonal
sprouting, and morphogenesis (Drubin DG et al. 1985; Liu
CWA et al. 1999; Takei Y et al. 2000). Tau protein also plays
a very important role in the interaction between the with
tyrosine kinase and the plasma membrane (Brandt R et al.
1995; Jensen PH et al. 1999; Hanger DP et al. 2019).

Tau protein when it has pathological forms is found in
multiple states where the main one is aberrant phosphoryla-
tion with aggregation into larger insoluble filaments (Orr
ME et al. 2017). There are studies in the literature where
pathogenic tau in one cell can induce additional pathogenic
tau in neighboring cells by synaptic insemination with extra-
cellular microvesicles called “exosomes” leading to further
progression of pathology (Frost B et al. 2009; De Calignon
A et al. 2012). Exosomes filled with tau protein are present
in the brain fluid of patients with mild Alzheimer and neu-
rological dementia (Goetzl EJ et al. 2016). Massive hyper-
phosphorylation can lead to memory deficits associated with
peripheral neuropathy accompanied by small-fiber (A-8 and
C-fiber) and major-fiber neuropathy with tactile allodynia,
impaired thermoregulation, slowed motor nerve conduc-
tion, and decreased intraepidermal fiber density (Marquez
A et al. 2021). There are studies in the literature that are
trying to understand the role of tau protein as a biomarker
to diagnose most neurodegenerative diseases by comparison
with imaging techniques. PET imaging studies have shown
the correlation between tau pathology and Alzheimer’s dis-
ease with respect to Ap plaque deposition (Calcutt NA et al.
2008; Akihiko A et al., 2021), so we rely on monitoring
phosphorylated cerebrospinal fluid (CSF) (p-tau), total tau
(T-tau), and amyloid-p 42 (AP42) to judge the progress of
Alzheimer’s disease.

The neuropathies involved following COVID-19 infec-
tion affect myelinated A fibers and unmyelinated C fibers.
The variability of pathology is very high, and data attested
between 11.7/100,000 and 13.3/10,000, but these are prob-
ably underestimates. Neuropathy can also vary in type and
can be mixed, sensory only, or autonomic only, depending on
the nerve fibers involved (Brier MR 2016). Immunological

and histochemical studies have shown that small fibers affect
microvascular tone (Ferrara F & Vitiello A, 2020; Vitiello A
& Ferrara F, 2021b; Bitirgen G et al., 2022).

Conclusions

Complications following COVID-19 represent a significant
expense commitment for the health service, and a recent
literature review states that such complications are 20-25%
among COVID-19 patients (62). Many literature studies
show that tau protein accumulation is common to all symp-
toms of Long COVID. Also confirming this is an in vitro
model on brain organs infected with SARS-CoV-2 virus
where there was massive phosphorylation of tau protein,
pTau 231, with neuronal cell death. Viral infection can lead
to triggering a pathological tau protein that spreads healthier
naive cells across synapses, with subsequent functional and
structural changes in the autonomic and peripheral nerv-
ous system. Peripheral neuropathy that is triggered at the
small fiber level can lead to a wide range of clinical symp-
toms. Patients with Long COVID present with well-defined
symptoms of cognitive dysfunction, peripheral neuropathy,
fatigue, postexertional malaise, and autonomic dysfunction,
potentially attributable to taupetic neuropathy including the
peripheral neuropathy of small fibers discussed earlier. The
role of tau protein seems well defined in the symptomatol-
ogy of Long COVID. Deposits of such protein can lead
to peripheral fatigue and different pathologies depending
on the organ involved. Further studies could confirm this
hypothesis of massive neuronal accumulation of such protein
in COVID-19 patient so as to define a reliable biomarker.
Certainly then should the mechanisms of the aberrant phos-
phorylation that occurs be known, other therapeutic targets
could be targeted to limit symptoms due to Long COVID.
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