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Abstract. Severe acute respiratory disease coronavirus 2 (SARS-CoV-2) is responsible for the coronavirus disease 2019
(COVID-19) pandemic. Although a primarily respiratory disease, recent reports indicate that it also affects the central
nervous system (CNS). Over 25% of COVID-19 patients report neurological symptoms such as memory loss, anosmia,
hyposmia, confusion, and headaches. The neurological outcomes may be a result of viral entry into the CNS and/or resulting
neuroinflammation, both of which underlie an elevated risk for Alzheimer’s disease (AD). Herein, we ask: Is COVID-19 arisk
factor for AD? To answer, we identify the literature and review mechanisms by which COVID-19-mediated neuroinflammation
can contribute to the development of AD, evaluate the effects of acute versus chronic phases of infection, and lastly, discuss
potential therapeutics to address the rising rates of COVID-19 neurological sequelae.

Keywords: Alzheimer’s disease, COVID-19, dementia, long COVID, neuroinflammation

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) emerged in late 2019 as the highly
transmissible and pathogenic coronavirus disease
2019 (COVID-19), resulting in a broad spectrum
of symptoms ranging from fevers to various organ
dysfunctions [1]. Although initially regarded as pri-
marily a respiratory disease, emerging data suggest
that SARS-CoV-2 carries the capacity to invade the
central nervous system (CNS), causing various neu-
rological problems including confusion, headache,
anosmia (loss of smell), ageusia (loss of taste), cere-
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brovascular disease, encephalitis, and demyelinating
pathologies [2-4]. SARS-CoV-2 has an elevated
propensity to damage the CNS through aberrant acti-
vation of immune responses leading directly and
indirectly to neurotoxicity [S]. Recent literature has
also identified that the proteome of SARS-CoV-2
self-assembles into neurotoxic amyloids, suggesting
that these aggregates induce the onset of neurolog-
ical symptoms following infection [6]. Moreover,
during infection, there is augmented risk of chronic
brain damage through cerebral hemorrhage, endothe-
lial and blood-brain barrier (BBB) impairments [7, 8],
and increased levels of pro-inflammatory cytokine
within the CNS [9, 10]. In COVID-19 cases with
severe non-neurologic systemic infection and inflam-
mation, subsequent long-term decline in cognition
and neurodegeneration, and increased atrophy of the
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hippocampus were observed; for example, COVID-
19 patients with acute respiratory distress syndrome
(ARDS) had increased levels of cognitive decline
and neurodegeneration [11]. In cases of COVID-19
with clinical manifestations indicating CNS involve-
ment, initial reports from Wuhan, China reported
that almost 25% of hospitalized patients experi-
enced headaches, confusion, and disorientation—all
of which reflect non-specific encephalopathy [12].
Emerging data have also found neurological lesions
in brains of COVID-19 patients, although it is not
known whether this is due to direct viral action or
from the indirect effects of hypoxia, cytokine storm,
or cerebrovascular injury [13—15]. Moreover, a num-
ber of growing case reports and clinical observations
suggest neurological disturbances following COVID-
19 infection [16, 17].

According to the World Health Organization
(WHO), there have been over 500 million global cases
of confirmed COVID-19 [18]. Undoubtedly, that
number may be far greater. The emerging COVID-19
clinical observations combined with the knowledge
that chronic inflammation is now recognized as a
risk factor for Alzheimer’s disease (AD), raises the
important question: Is COVID-19 a risk factor for
AD? Given the worldwide incidence and prevalence
of COVID-19, combined with the devastating per-
sonal health and socioeconomic impact of AD, this
is a connection which would have immense pub-
lic health consequences on a global scale. From
the 500 million confirmed COVID-19 cases, even if
1% of those individuals go on to develop AD, that
adds an additional 5 million cases to the already
growing global burden of AD. In 2020, there were
50 million people living with dementia. Further-
more, considering that the rates of dementia are
estimated to double every 20 years, COVID-19 may
lead to an immediate increase of up to 10% of global
cases.

In this review, we discuss the mechanisms
involved in COVID-19-mediated neuroinflamma-
tion, the relative risk of AD and cognitive
decline following infection, focussing primarily
on the associated pathological mechanisms and
biomarkers.

ACUTE VERSUS LONG COVID-19

Although initially a respiratory disease, a large
volume of evidence now suggests that COVID-19
is a multi-organ disease that can manifest into a

wide range of pathologies [19], lasting weeks beyond
recovery. Recent studies report an increasing number
of patients with extended unresolved symptoms and
abnormalities following the acute phase of COVID-
19 infection [20]. One study found that almost 30% of
COVID-19 patients reported persistent and ongoing
symptoms lasting for up to 9 months post-infection
[21]. While acute COVID-19 is generally defined
as lasting 4 weeks from symptomatic onset, long or
post-acute sequalae of COVID-19 (PASC) diagnoses
include ongoing persistent symptoms and complica-
tions beyond the initial 4 weeks [22]. Long COVID
can be further classified into 2 subcategories: sub-
acute/ongoing COVID-19 that describes symptoms
observed for up to 8 weeks post-acute infection; and
chronic/post-COVID-19 which includes symptoms
persisting beyond 12 weeks from the onset of infec-
tion and which is not explained by separate diagnoses
[20] (Fig. 1).

Not all acute COVID-19 patients develop PASC.
Acute cases may vary in terms of both severity and
length; some cases may appear asymptomatic, others
require hospitalization and/or mechanical ventilation
[25], lasting on average up to 4 weeks [26]. However,
those that have prolonged acute infection then go on
to develop chronic and persistent symptoms [26—28]
which underlie long COVID, post-acute COVID-19
syndrome, or PASC [22].

Based on the global case counts of COVID-19, over
1.1% of confirmed positive patients have died. This
leaves approximately 98.9% of COVID-19 survivors
[18], many of whom have reported numerous neu-
rological [29] and cognitive sequalae post-infection
[30]. Cognitive symptoms are mostly reported in
cases of acute [12] and subacute stages [31] of
COVID-19. As previous coronavirus (SARS and
MERS) infections have also demonstrated similar
reports of ongoing symptoms [32, 33], it is not sur-
prising that a growing body of evidence is emerging
on the acute and chronic effects of COVID-19. Fur-
thermore, as residual symptoms of COVID-19 were
generally found to improve over time, neurological
symptoms have been reported to last longer [34]
and in some cases, develop into secondary illnesses
that catalyze the development of AD [35-37]. Evi-
dence for this comes from a study in which 7 months
following infection, 88% of patients experienced cog-
nitive dysfunction and memory deficits, suggesting
that even by then, neurological symptoms have not
resolved [27]. In addition, the global incidence rate
of neurological complications linked to COVID-19
from both the acute and subacute states ranges from



M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease 3

Long/ Post-acute
sequalae of COVID-19

A

v

Acute Sub-acute/ Ongoing Post-acute/ Chronic
COVID-19 COVID-19 COVID-19
AN | ’
1 2 3 4 G 6 7 8 9 10 11 12

Multi-organ
effects &

symptomatic
onset

Continuation &
persistence of
symptoms

Cognitive deficits
& impairments

Neurological sequalae
including
demyelinating
pathologies,
confusion, headaches,
anosmia, ageusia

Cerebrovascular
disease

Elevated risk of
dementia & AD

Fig. 1. Timeline of COVID-19 infection and associated symptoms. The acute phase describes the average course of infection from onset of
symptoms to the point at which replication-competent SARS-CoV-2 is not detected. At this stage, patients generally experience multi-organ
effects and symptoms of hyposmia, ageusia, respiratory complications leading to severe cough, shortness of breath (from either respiratory or
cardiovascular dysfunction), chest pain, arthralgia, myalgia, muscle weakness [23], and alterations in blood pressure [24]. Next is the long or
postacute sequelae of COVID-19 which underlie the persistence and exacerbation of initial symptoms. Long COVID-19 is then divided into
two categories: 1) sub-acute or ongoing COVID-19 stage (from weeks 4-8) which involves the persistence of symptoms observed in the acute
stage; 2) Post-acute or chronic COVID-19 which involves cognitive deficits and impairments, neurological sequalae, and cerebrovascular
pathologies. These persistent and worsened symptoms often elevate the risk of dementia, and ultimately lead to AD.

35-85% [12, 38—40]. This leaves a major question
begging to be answered: is acute or long COVID-19
arisk factor for AD? Perhaps it may be a culmination
of all stages of infection; or, initial acute phase driving
the start of far-reaching inflammatory responses; or,
subacute/ongoing COVID-19 as a chronic immune
response to the residual effects of SARS-CoV-2 [20];
or, chronic/post-COVID-19 underlying the persis-
tent symptoms affecting brain function and cognition
[26].

In a study evaluating COVID-19 patients in the
sub-acute phase, Hosp et al. identified impaired neo-
cortical function and cognitive decline in a large
proportion of patients [31], suggesting that the risk of
dementia is prevalent up to 4 weeks post-infection.
In a recent longitudinal cohort study, almost 64%
of patients reported neurological deficits without
improvements lasting a year following acute infec-
tion [41]. Furthermore, a large cohort study by Sgraas
et al. found that that 8 months following a mild case
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of COVID-19 confirmed by a positive SARS-CoV-2
test, patients reported increased memory problems,
indicative of worsened health and progression of
PASC [42]. These findings contribute to the hypoth-
esis that even in relatively mild illness at onset,
PASC remains as a contributor to the onset of neuro-
logical and neurocognitive complications, ultimately
increasing the risk of AD. Despite the fact that almost
80% of SARS-CoV-2 infected patients have little to
no respiratory manifestations, and do not require hos-
pitalization for pneumonia or hypoxemia [43, 44],
a large proportion of data on cognitive complica-
tions derives from critically ill and/or hospitalized
COVID-19 patients [45]. Yet, patients with mild
cases of COVID-19 report persistent and exhausting
neurological manifestations affecting cognition and
memory, as well as brain fog, headaches, dysgeu-
sia, anosmia, and fatigue [46]. However, like PASC
from mild cases, survivors of severe COVID-19 also
report cognitive deficits, with 1-year follow-up stud-
ies indicating similar cognitive test results as those
diagnosed with moderate traumatic brain injury [45].
Although cognitive impairments are not absolutely
correlated to the development of AD, a long-term
study over 4 years found a 27% increased risk of
mild cognitive impairment and a 14% elevated risk of
dementia in older populations with subjective mem-
ory loss [47]. Moreover, while studies on the different
stages of COVID-19 infection provide insight on the
prevalence of neurocognitive sequalae, it leaves our
question unresolved. It is thus probable that chronic
COVID-19 is relatively independent from the sever-
ity of illness and is more likely explained by the
molecular mechanisms that once initiated during the
course of illness continue to progress to the post-
acute/chronic state.

COVID-MEDIATED
NEUROINFLAMMATION

SARS-CoV-2 enters the host to infect numer-
ous cell types including macrophages, neutrophils,
and dendritic cells [48]. The first immune response
upon infection is the production of type 1 inter-
ferons (IFNs) [49]. IFNs communicate downstream
immune responses depending on the detection of
pathogen or damage associate molecular patterns
(PAMPS/DAMPS) [50]. In the IFN response to
SARS-CoV-2, production of CD8™ cytotoxic T cells
and CD47 helper T cells mediate downstream B-
cell responses leading to IgM and IgG antibody

production [48]. In SARS-CoV-2-infected cells, acti-
vation of T cells, B cells, natural killer cells, and
macrophages augment the production cascade of pro-
inflammatory cytokines and chemokines, referred to
as hypercytokinemia or a “cytokine storm” [51]. A
number of cytokines are involved in this phenomenon
including tumor necrosis factor (TNF), IL-6, IL-10,
and colony-stimulating factors [52]. Due to the nature
of the cytokine storm, interactions of innate and
adaptive immune systems lead to a pathogenic and
hyperactive immune response, which can ultimately
be fatal [52].

The blood-brain barrier (BBB) consists of endothe-
lial cells that bar passage of pathogens like viruses
from the systemic circulation into the CNS. The BBB
also maintains CNS homeostasis by inhibiting neu-
rotoxic agents from penetrating into the brain [7].
During COVID-19 infection, viral entry into the brain
has been reported to be via the olfactory mucosa [53],
vasculature [54], brainstem [55], or through neu-
roinvasive mechanisms [56]. Interactions of mural
cells, immune cells, glial cells, and neural cells in
the neurovascular unit, mediated by the paracellu-
lar endothelial tight junctions, maintain the barrier
properties of the BBB [57]. In the case of BBB
disruption or breakdown, this leads to entry of micro-
bials from the systemic circulation into the brain
to induce inflammatory immune responses (possibly
initiating the neurodegenerative pathways involved in
AD) [57-59]. Additionally, BBB breakdown is asso-
ciated with neurovascular dysfunction and impaired
cerebral blood flow [57, 60]. Ensuring the integrity
of the BBB is therefore critical for maintaining con-
trol of brain interstitial fluid responsible for synaptic
function and neuronal connectivity [57].

At the molecular level, SARS-CoV-2 enters the
CNS through binding to the angiotensin convert-
ing enzyme 2 (ACE2) receptor on BBB endothelial
cells and infects macrophages and monocytes of
the CNS [61]. These events lead to BBB protective
dysfunction, thereby contributing to neural inflam-
mation via entry of plasma factors into the brain that
activate glial cells and induce immune cell infiltra-
tion [62]. Microglial cells, once active, take on the
pro-inflammatory M1 phenotype [63]. Recent data
suggest that the associated neurological symptoms
of COVID-19 may be a result of chronic changes in
the neurons, glial cells and brain vasculature endothe-
lial cells following infection with SARS-CoV-2 [64].
Moreover, ongoing research suggests that the M1
phenotype contributes to a number of neurodegen-
erative diseases years following infection [65, 66].
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Pro-inflammatory microglia also induce expression
of genes contributing to the onset of neuroinflam-
mation [67], further worsening inflammatory CNS
outcomes.

COVID-19 AND AD

AD is the most common form of dementia [68].
The main pathological hallmarks of AD include the
accumulation of extracellular amyloid plaques com-
posed of amyloid-f (AR) proteins and accumulation
of intraneuronal neurofibrillary tangles (NFTs) of
aggregated hyperphosphorylated tau [69]. One of
early pathological markers of AD, oligomeric A3
accumulation in the brain, occurs more than 20 years
prior to the initiation of clinical symptoms [70]. How-
ever, other markers of dementia are also present by
the time of onset of cognitive impairments, including
the accumulation of tau, glucose hypometabolism,
and synapse loss [71]. Nonetheless, the aging demo-
graphic of patients likely to develop AD but prior to
the onset of symptoms, makes them particularly vul-
nerable to severe COVID-19 outcomes, potentially
exacerbating issues of comorbid dementia [72]. Inter-
estingly, emerging reports on patients diagnosed with
AD suggest that they are at an increased risk of severe
complications and mortality from COVID-19 [73].
Perhaps in diagnosed individuals, the cumulative
effects of existing pathological neuroinflammatory
hallmarks and COVID-19-mediated responses lead
to worsened outcomes post-infection.

Recent research has shown that neuroinflammation
is thoughtto play a critical role in AD pathogenesis. In
the context of COVID-19 infection, aberrant immune
responses and resulting inflammation are said to
advance degenerative outcomes and increase suscep-
tibility to AD [74] (Fig. 2). Significant commonalities
between COVID-19 and AD include ACE2 receptors
and various markers of inflammation including IL-1,
IL-6, and the APOE4 allele [75]. Furthermore, in the
context of COVID-19 mediated neuroinflammatory
responses, resulting biomarkers also observed in AD
can be further classified according to the ATX(N)
framework: “A” represents biomarkers of AR, “T”
for values of tau, “X” for newly added biomarkers
of inflammatory responses and neuroinflammation,
glial cell responses, synaptic dysfunction, vascular
pathologies, and other pathological changes observed
in AD, and “N” for other neurodegenerative biomark-
ers [76].

MECHANISMS INVOLVED IN AD RISK IN
COVID-19 PATIENTS

Coronavirus-induced A aggregation

One of the most widely studied hypotheses for AD
is the AR hypothesis; accumulation of A3 generated
via [3- or y-secretase-mediated cleavage of amyloid-
B protein precursor (ABPP) in the brain results in
the formation of neurotoxic pathological oligomers
and senile plaques [77]. During severe COVID-19, a
cytokine storm causes systemic inflammation result-
ing in disruption in the BBB and induction of the
M1 phenotype of microglial cells. Then, arising from
the massive release of pro-inflammatory cytokines
such as IL- IL-1p3, IL-6, IL-12, and TNF-a [78],
microglial cells lose their capacity to effectively
phagocytose A, thereby enhancing A3 oligomeriza-
tion and aggregation [79]. Moreover, systemic release
of pro-inflammatory cytokines mediates synaptic
defects, which may additionally play a role in accel-
erating the neurodegeneration of AD [78]. Thus, the
inflammatory response to the virus in addition to
an increase in BBB permeability also exacerbates
neuroinflammation and accelerates neurodegenera-
tive outcomes [80]. In a recent study by Chiricosta
et al., SARS-CoV-2 was found to increase levels
of AP-mediated neurotoxicity and aggravate AD
pathology [81].

There may also be a role for A as an antimi-
crobial peptide in response to SARS-CoV-2 entry
into brain. The combined cumulative effects of
dysfunctional microglial-mediated clearance of A3
and the role of AP as part of the brain’s immune
response results in activation of the A3 cascade with
subsequent amyloid misfolding [82]. However, fur-
ther research to define the precise role of AR in
response to SARS-CoV-2 is critical in both under-
standing the mechanisms involved in neurodegen-
eration following COVID-19 and deriving targeted
therapeutics.

Prior to the initiation of the cytokine storm,
IFNs mediate the initial response to viral infection
[83]. Interestingly, IFNs have demonstrated involve-
ment in AD, particularly through their activation of
microglial cells in the pro-inflammatory response
[84]. Research by Roy et al. found that type 1
IFN responses are upregulated in AD and corre-
lated with the extent of disease pathology [85].
Independent from the animal model of AD used,
they found that type 1 IFN pathway activation
resulted in accumulation of AP plaques, suggesting
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Fig. 2. Mechanisms by which COVID-19 may be a risk factor for AD. Upon infection with SARS-CoV-2, a cytokine storm may be initiated,
leading to the production of pro-inflammatory cytokines. Through various means, COVID-19 could lead to neurological manifestations and
increased risk of AD. Some of the mechanisms by which COVID-19 may contribute to AD include the APOE &4 allele which is a risk factor
for both severe COVID-19 and AD. The genotype is linked to an increased susceptibility to A fibril accumulation and oligomer formation,
production of NFTs, neuronal death and oxidative stress. Microglial-mediated neuroinflammation because of the pro-inflammatory systemic
response to SARS-CoV-2 can contribute to neural damage. Elevated levels of ACE2 as an entry receptor for SARS-CoV-2 adds to an elevated
viral load and increases levels of AP and tau. Hypoxia or vascular deficits resulting from infection may also be a mechanism underlying
cognitive deficits, and potentially lead to tau hyperphosphorylation and formation of NFTs. Coronavirus-induced A3 aggregation may also be
amechanism by which COVID-19 augments the risk of AD, resulting in A neuronal accumulation and synaptic loss. Lastly, cerebrovascular
disease resulting from COVID-19 may explain coagulation abnormalities, damaged cerebral blood vessels, vascular dysfunction, and brain
ischemia. These aforementioned mechanisms then cumulatively lead to the clinical observation of AD biomarkers in COVID-19 patients,
including those of inflammation and other markers categorized within the ATX(N) framework.

that type 1 IFNs are critical mediators of neu- ing the role of IFNs including IFN-f in synaptic
roinflammation in AD models [85]. Furthermore, degeneration and resulting cognitive impairment
they also found plaque-associated microglia to be [86]. It can therefore be hypothesized that in

a driver of neuroinflammation [85], demonstrat- elderly populations afflicted with COVID-19 infec-
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tion, their impaired IFN production contributes to
a loss of immunoregulatory function. As a result,
there is aberrant IFN signaling and consequential
activation of the microglial M1 degenerative phe-
notype that induces downstream pro-inflammatory
responses in addition to IFN-mediated activation of
the complement cascade [85]. Collectively, these
diverse immune events contribute to downstream
synaptic loss and neuronal accumulation of A,
leading to the neuropathogenic processes associated
with AD.

Microglia-mediated neuroinflammation

Neuroinflammation is recognized as a core fea-
ture of AD. In post-mortem brain analyses of
fatal COVID-19 patients, severe microglial brain
activation was reported [87]. In addition, SARS-CoV-
2-mediated cytokine storm [88] compromises BBB
endothelial function, resulting in the emergence of
disease-associated microglia [89, 90]. Elevated lev-
els of pro-inflammatory cytokines released from M1
activated microglia include IL-1(3, IL-6, and TNF-a
[91], which exacerbate neuroinflammation and have
the capacity to contribute to neurodegenerative pro-
gressionin AD [92]. When comparing serum between
AD patients to healthy controls, elevated levels of IL-
6 and TNF-a were detected [91]. Moreover, cognitive
capacity of AD patients was reported to be negatively
correlated with plasma levels of IL-6, suggesting
that higher levels of IL-6 in AD may contribute to
abnormalities in cellular processes mediating neu-
ropathology [93]. Further highlighting the role of
inflammatory cytokines, Bialuk et al. demonstrated
that IL-6 knock-outs exhibited enhanced cognitive
performances in numerous behavioral assessments
[94].

The cytokine storm of severe COVID-19 results
in the release of pro-inflammatory cytokines (see
Fig. 2); increased levels of IL-1, IL-6, IL-8, IL-10,
and TNF-a have been detected in patients’ cere-
brospinal fluid (CSF) [95, 96]. Elevated levels of
IL-1 and IL-6 in COVID-19 patients correlate with
a worse prognosis, particularly from a CNS perspec-
tive [96, 97]. Similar to AD, age is likewise a risk
factor in SARS-CoV-2 lethality [98]. In the aged
lung, there is enhanced activation of the nucleotide-
binding domain and leucine rich repeat containing
family, pyrin domain containing 3 (NLRP3) inflam-
masome. As a result of NLRP3 aberrant activation,
downstream levels of caspase-1, IL-1B, and IL-
18 increase [98]. Similar inflammasome activation

has been implicated in AD progression and patho-
genesis through dysfunctional microglial clearance
of AB [66, 99, 100]. It is therefore reasonable to
hypothesize that the inflammatory response triggered
by SARS-CoV-2 in brain may lead to enhanced
neuroinflammatory processes and progression of
neurodegeneration, and ultimately to an increased
risk for AD [101].

CANDIDATE MECHANISMS OF AD RISK
IN COVID-19 INFECTION

ACE2

ACE2 is a peptidase involved in regulating the
renin-angiotensinogen system (RAS) [102]. ACE2 is
highly expressed in the brain in areas associated with
AD pathogenesis including the temporal lobe and
hippocampus, specifically on neurons and microglial
cells [103]. SARS-CoV-2 uses ACE2 as an entry
receptor on target cells through interactions of the
receptor binding domain of the viral subunit 1 (S1)
spike protein. Transmembrane protease serine type 2
(TMPRSS2), then cleaves the S protein intoits S1 and
S2 subunits, allowing for the fusion of viral envelope
and cell membrane and subsequent release of viral
sSRNA genomic material into the cytoplasm [104,
105]. The route of SARS-CoV-2 entry and COVID-
19 organ-specific pathogenesis is therefore dependent
on the expression levels of ACE2.

Induction of ACE pathways increases levels of
angiotensin II in the brain, also contributing to
oxidative stress, neuroinflammation, and reduced
cognition. Although postmortem analyses of AD
patient brains revealed an elevated expression of
ACE2 receptors [106] and noted higher levels of
the ACE2 gene to be correlated with severity of AD
[107], levels of ACE2 activity are indeed reduced in
AD in association with increasing levels of A@ and
tau [108]. Similarly, an in vivo study found higher
levels of the ACE2 gene in brain samples in an
AD mouse model [107]. To ameliorate the cogni-
tive symptoms of AD, ACE2 therapeutics have been
suggested despite their consequence of increasing
levels of ACE2 [109]. Interestingly, increased ACE2
expression has also been reported to be a contribut-
ing factor to an elevated viral load in AD patients
[106] and may exacerbate consequent neurological
outcomes following COVID-19 infection. While neu-
rodegenerative diseases are thought to be linked to
an enhanced susceptibility to COVID-19, perhaps it
can be hypothesized that in non-AD patients with
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higher viral loads, SARS-CoV-2 binding to ACE2
and subsequent ACE2 downregulation may precede
Alzheimer’s-like pathology.

Moreover, polymorphisms in the human genome,
specifically in that of the ACE2 gene may explain the
differences in COVID-19 symptomatic and morbidity
outcomes [110]. For instance, the ACE deletion-allele
frequently observed in elderly AD patients [111], is
correlated with decreased expression of ACE2 and
therefore found to be protective against COVID-19
[112]. Nonetheless, numerous other variable poly-
morphisms of RAS components resulting in altered
ACE?2 gene expression and subsequent COVID-19
presentation have also been associated with AD and
similar neurodegenerations [113].

APOE4

APOE is a 299 amino acid glycoprotein generated
as the product of an 18 amino acid signal peptide
cleavage [114-116]. APOE is generated in cell types
including astrocytes and microglia [117]. Like gene
variations in ACE2, the APOE &4 allele is reported
as a risk factor for AD, while the &2 allele is protec-
tive against AD pathology [118]. The APOE4 allele
is linked to an increased risk of AD and results
in AB fibril accumulation and oligomer formation,
NFT production, neuronal death, and oxidative stress
[119]. It has been noted that homozygous APOE
&4 genotype increases the risk of AD by 15-fold
[120]. This may be a result of its associated effect in
AD patients culminating in reduced cerebral blood
flow and neuroinflammation. In a study by Kuo et
al., APOE &4/e4 allele resulted in an elevated risk
of infection with COVID-19 [121]. Both ACE2 and
APOE gene expression are elevated in type Il alveolar
cells of the lungs [122]. It can therefore be hypoth-
esized that individuals with the g4/e4 allele are not
only more susceptible to COVID-19 but also prone
to the resulting long-term neurological effects and
downstream AD development. Arguably, in geneti-
cally susceptible individuals who experience severe
infection, COVID-19 acts as a driving force for neu-
rodegeneration.

Hypoxia

Severe COVID-19 infection often results in ARDS
[123]. This can ultimately manifest as respiratory
failure or myocardial hypoxia [124], requiring hospi-
talization [125]. In surviving patients, post infection
cognitive impairment may be explained by hypoxia

or resulting vascular damage [126]. Through mech-
anisms which are not entirely understood [127],
COVID-19-mediated hypoxia results in dysfunction
of mitochondrial oxidative phosphorylation and res-
piration. This disabled oxygen supply then affects
vascular smooth muscles and neuro-epithelial bodies
[128]. Previous research by Alexander et al. observed
that patients with severe brain hypoxia (including
global ischemia from cardiac arrest) also exhibit
impaired symptoms in many aspects of cognition as
well as deficits in functional outcomes of memory and
psychomotor slowing [129]. The resulting deficits
in cognition may be explained in part due to the
general sensitivity of hippocampal and basal ganglia
brain regions in response to ischemia [130]. In par-
ticular, oxygen-sensitivity of the hippocampus may
exacerbate effects on memory, thereby contributing
to clinical presentations of dementia. Interestingly,
hypoxia due to transient cerebral ischemia has been
shown to cause tau hyperphosphorylation and NFT
formation, both of which are hallmarks of AD patho-
genesis [131]. Furthermore, limited postmortem data
from COVID-19 patients have demonstrated the
occurrence of hypoxic alterations in the brain [132],
as well as vascular and demyelinating pathologies
[133, 134]. In addition, a case study report found
that following COVID-19, a patient developed pro-
dromal AD as defined by a CSF biomarker panel
analysis and the onset of cognitive symptoms [126].
Such findings further suggest that perhaps COVID-
19 hyper-immune responses leading to ischemia
may accelerate the neurodegenerative progression
of AD.

Cerebrovascular disease

In addition to respiratory complications in COVID-
19, acute cerebrovascular disease has also been
reported [135]. In a retrospective study, Yi et al.
found that COVID-19 patients demonstrated both a
heightened inflammatory response and hypercoagu-
lable state as shown by an elevated C-reactive protein
level [135]. Those with underlying comorbidities
such as congestive heart failure, hypertension, and
diabetes are more susceptible to higher mortal-
ity outcomes and infection by SARS-CoV-2 [136].
Moreover, the study by Yi and colleagues noted that
following COVID-19 infection, elderly individuals
with risk factors had a higher rate of developing
cerebrovascular disease (CVD) [135]. Furthermore,
autopsy analyses of patients who died from COVID-
19 demonstrated hyperemic and degenerate neurons
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[12], as well as thrombotic microangiopathy. The
cumulative effect of early cerebrovascular events
and coagulation abnormalities contribute to the
widespread formation of thrombi in both small and
large vessels [3].

CVD and AD share common risk factors and
neuropathological features [137]. Shared risk fac-
tors include the APOE &4 allele [138, 139], diabetes
mellitus [140], hypertension [141], and age [142].
Numerous studies also implicate ischemia struc-
tural vascular pathologies in AD patients [137].
Cerebrovascular neuropathologies in postmortem
AD brain analyses have identified AP amyloid
angiopathy and arteriosclerotic small vessel disease
[143], as well as frank cerebral infarcts [143-146].
Therefore, CVD is a risk factor associated with
concomitant AD neuropathology arising from dam-
aged cerebral blood vessels, vascular dysfunction,
and brain ischemia [147]. Thus, COVID-19-media-
ted neuroinflammation in addition to the chronic
side effects of pulmonary-triggered hypoxia also
causes CVD [148] that in turn contributes to
the amplification of AD-associated neurological
processes.

BIOMARKERS OF AD/COGNITIVE
DECLINE IN COVID-19 PATIENTS

Inflammatory biomarkers

Specific markers of inflammation such as IL-6, IL-
1, galectin-3 (GALS3), and galectin-9 (GAL-9) have
been identified as biomarkers associated with both
COVID-19 and AD (see Fig. 2) [75, 149].

IL-6

Asaprognostic predictor of SARS-CoV-2 progres-
sion [150], increased levels of IL-6 are correlated with
increased levels of viral load and disease severity in
critically ill patients with COVID-19 [96, 151]. Upon
SARS-CoV-2 entry into the host, rapid viral replica-
tion induces heightened production of IL-6, thereby
worsening respiratory complications. Elevated serum
levels of IL-6 are a reliable predictor of respiratory
dysfunction in COVID-19 [75, 152]. Interestingly
in AD, elevated levels of IL-6 are also indicative
of worsened disease progression and cognitive per-
formance [93]. In IL-6 knockout mice, enhanced
memory formation and retrieval, as well as cognitive
flexibility have been demonstrated [94]. Furthermore,
it has been demonstrated by Strafella et al. that IL-6

and IL-6R are involved in many pathogenic outcomes
such as COVID-19 severity and neurodegenerative
diseases [153].

As two common biomarkers of AD and COVID-
19, IL-6 and its receptor IL-6R interact with
glycoprotein receptors to activate downstream sig-
naling pathways involved in immunoinflammatory
modulation [154, 155]. Polymorphisms in the IL-6
and IL-6R genes influence their expression lev-
els, binding capacity, and function to ultimately
contribute to the development and progression of
infectious and neurodegenerative diseases, namely
COVID-19 and AD [152, 156-158]. Direct target-
ing of the IL-6R may therefore reduce mortality in
critically ill COVID-19 patients, while also reduc-
ing neuroinflammatory and degeneration processes in
AD. Clinical trial results using the IL-6R antagonists
tocilizamab and sarilumab demonstrated therapeutic
efficacy and increased survival in critically ill hospi-
talized patients with COVID-19 [159]. In a recent
meta-analysis of clinical trials using IL-6 antago-
nists in hospitalized COVID-19 patients, a lower
all-cause mortality was shown [160]. Therefore, IL-6
is a pleiotropic biomarker of COVID-19 and AD, and
efforts towards identifying antagonists targeting this
pro-inflammatory cytokine may provide promising
therapeutic outcomes.

IL-1

SARS-CoV-2 induces a hyperinflammatory state
with the release of pro-inflammatory cytokines
[161-163].IL-1, a biomarker for COVID-19 progno-
sis, is elevated in patients during infection onset and
progression [97, 164]. Using an IL-1 receptor antago-
nist, anakinra, 72% of severely ill COVID-19 patients
had clinical improvement in respiratory function
[164]. Similarly, levels of the IL-1 family cytokines
including IL-la, IL-1B, and their antagonist IL-
1Ra are increased in AD [165]. Overexpression of
IL-1 in AD has been directly associated with the
development of pathological alterations such as the
accumulation of AP plaques and NFTs in neurons
[166]. Further evidence of IL-1 as a driver of AD
pathogenesis comes from in vivo work by Sheng et al.
who demonstrated that IL-1( injections into the right
hemispheres in a rat model of AD led to the develop-
ment and accumulation of neurotic A3 plaques and
NFTs [167]. In contrast, inhibition of IL-1 signaling
led to enhanced cognition, reduction of tau and partial
decrease in specific forms of fibrillar and oligomeric
AB [168]. IL-1 was also shown to be involved in
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hippocampal-dependent memory processing [169],
whilst inhibition of IL-1 led to enhanced memory
formation and processing [170]. Therefore, eleva-
tion in IL-1 levels following induction of COVID-19
inflammatory responses may lead to the cognitive
deficits that contribute to the symptomatology of
AD [171]

Galectins

Galectins are a family of (-galactoside-binding
lectins that are involved in the modulation of cell
death, cell adhesion [172], immune tolerance, and
inflammation [173]. The most commonly expressed
galectins in the CNS include GAL-3 and GAL-9
[174]. Under normal homeostasis conditions in the
CNS, galectins contribute to the processes of neu-
ronal myelination, neuron stem cell proliferation, and
vesicular transport in neurons. However, in neuronal
disease states and in experimental models of neu-
roinflammation, galectins may play a critical role as
extracellular and intracellular mediators to regulate
and control inflammation and to induce repair pro-
cesses in injured CNS tissues [174]. In animal models
of autoimmune encephalomyelitis, GAL-9 reduces
autoimmune encephalomyelitis while GAL-3 stim-
ulates inflammation. Additionally, in brain ischemic
lesions, GAL-3 stimulates proliferation of microglia,
whilst in models of amyotrophic lateral sclerosis
it aggravates neurodegeneration [174]. Galectins,
specifically GAL-3 and GAL-9, are critical mediators
of homeostasis in the CNS and during neuroin-
flammatory processes. As galectins are involved in
microglial-mediated neuroinflammation [175, 176],
and microglia are subsequently responsible for the
deposition of AR [177], under the ATX(N) frame-
work, galectins would fall under the “X” value as
biomarkers of glial cell activity and neuroinflamma-
tion.

GAL-3

GAL-3 as a -galactoside binding to lectin results
in the infiltration of neutrophils and production
of pro-inflammatory IL-6 and TNF-a cytokines in
cases of severe COVID-19 [178]. GAL-3 has many
functions in innate immunity, particularly during
inflammatory responses and induction of lung fibro-
sis [179, 180]. GAL-3 has been demonstrated to
bind directly to pathogens through its actions as
both a pattern-recognition receptor and a danger-
associated molecular pattern (DAMP) [181]. It was

also expressed by many inflammatory cell types,
including activated macrophages [182, 183]. The
GAL-3-mediated infiltration of neutrophils further
contributes to airway inflammation [182, 184]; a
clinical characteristic linked to disease severity and
mortality in patients diagnosed with ARDS [185].
Thus, there is strong evidence for the role of GAL-
3 as a prognostic biomarker of COVID-19 disease
severity [186].

During severe COVID-19, levels of GAL-3 are
elevated. High levels of GAL-3 were reported to
promote hyper-inflammatory responses, lung fibro-
sis linked to alveolar destruction, hypoxia, and
progression of infection [180]. Similarly in AD,
levels of GAL-3 are increased, contributing to the
aggregation and accumulation of A3 plaques [187].
Additionally, in a mouse model of AD, inhibition
of GAL-3 improved microglial-mediated neuroin-
flammatory pathogenesis [188]. Thus, based on the
role of GAL-3 in viral inflammatory responses [189]
and microglial-mediated neuroinflammation [188],
COVID-19 patients may be at an elevated risk for
the development of AD.

GAL-9

Similar to GAL-3, GAL-9 is also involved in
mediating immune responses associated with viral
pulmonary infection [190]. In COVID-19 patients,
levels of GAL-9 were considerably elevated com-
pared to non-infected controls. GAL-9 is also a
potential diagnostic biomarker being able to dif-
ferentiate SARS-CoV-2 infected from non-infected
controls with a 95% specificity rate [191]. Moreover,
plasma levels of GAL-9 were also positively corre-
lated with a number of pro-inflammatory COVID-19
biomarkers in patients, thereby supporting itsrole as a
contributor to the cytokine release syndrome in severe
COVID-19 [191]. In in vitro cultures, expression
of GAL-9 was upregulated in microglia, astro-
cytes, and oligodendrocytes [192]. From the same
study, they concluded that stimulation of GAL-9
in the CNS is involved in regulating neuroinflam-
matory pathologies [192]. Moreover, GAL-9 has
also been reported to be upregulated in patients
with AD and mild cognitive impairment and was
shown to be associated with reduced scores on the
Mini-Mental State Examination [193]. Similar to
GAL-3, severe COVID-19 and subsequent elevated
levels of GAL-9 may exacerbate neurodegenera-
tion outcomes and contribute to the risk of AD
development.
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BIOMARKERS OF AD
NEURODEGENERATION IN SEVERE
COVID-19

In a study by Frontera et al., significant ele-
vations in biomarkers of neurodegeneration were
observed in patients hospitalized with COVID-19
[194]. Markers measured included neuronal and glial
specific proteins such as plasma serum total tau
(t-tau), phosphorylated tau-181 (p-taul81), ubiqui-
tin carboxy-terminal hydrolase L1 (UCHL1), glial
fibrillary acidic protein (GFAP), and neurofilament
light chain (NfL) [194]. The levels of biomark-
ers were positively correlated with increasing age
and severity of infection; the highest levels of t-
tau, p-taul81, GFAP, and NfL were observed in
patients with encephalopathy. They also compared
more specific AD pathology biomarkers such as NfL,
GFAP, and UCHL1 and found that serum levels were
much higher in COVID-19 patients compared to non-
COVID-19 controls with mild cognitive impairment
or AD [194]. Additionally, of these biomarkers, both
in severe COVID-19 and AD, levels of UCHL1 [195,
196], GFAP, tau [197], and NfL [198] are also signifi-
cantly elevated following microvascular changes and
BBB impairment [194, 199]. Further highlighting the
residual and ongoing neuroinflammation following
COVID-19 infection, in the case of patients recov-
ering from COVID-19, plasma protein markers of
neuronal dysfunction such as A, NfL, neurogranin,
total tau, and p-T181-tau were found to be markedly
elevated compared to controls [200].

In recent years, evidence for the role of chronic
inflammation in AD has emerged, with recent lit-
erature in support of the reactive gliosis nature
of AD [201]. The activation and proliferation of
microglia in brain contribute to and exacerbate neu-
ronal and synaptic loss, A accumulation, and tau
hyperphosphorylation [202]. In the case of SARS-
CoV-2 infection, microglia maintain homeostatic
states during viral entry in the brain, and this may
ultimately lead to its hyperactivated state which is
responsible for the post-COVID-19 neurological out-
comes [64]. Following viral infection, release of
excessive cytokines, PAMPs, and DAMPs and their
binding induces activation of microglial-mediated
inflammatory responses [203]. In rodents, this results
in an increase in protein expression of ionized
calcium-binding adapter molecule 1 (IBA1). Further
evidence in support of glial reactivity in COVID-
19 comes from a recent study that reported an
elevated number of glia cells in the cerebral cor-

tex of COVID-19 patients and up-regulation of
Ibal™ microglia cells and GFAP™ astrocytes [204].
Additionally, a different study observed a surge in
Ibal™ immune cells in the olfactory mucosa of
COVID-19 patients experiencing persistent loss of
smell [54].

The triggering receptor expressed on myeloid cells
2 (TREM2) is associated with AD pathogenesis,
with variants in the TREM?2 gene almost tripling
the risk of AD [205]. Interestingly in the con-
text of AD, TREM2 amplifies and contributes to
immune inflammatory pathways [205] and affects
microglial responses to A3 and tau [206]. In COVID-
19, TREM2 levels elevate and induce T cells of
the lung and blood to interact with the M protein
of SARS-CoV-2, thereby activating CD4" T cells
and proinflammatory responses [207, 208]. In cases
of severe COVID-19, TREM2 has been associated
with fibrotic processes [209]. Hence, as TREM2
is associated with both worsened pathogenic out-
comes in COVID-19, and inflammatory signaling
in AD, perhaps through mechanisms which are not
yet delineated, exacerbated outcomes amplify neu-
roinflammation and ultimately increase the risk of
developing AD.

In a subset of fibrogenic macrophages, the
GAL-3 gene was found to be increased in associ-
ation with TREM2 [209, 210]. Thus, GAL-3 has
been demonstrated to play a crucial role in the
microglial inflammatory response and subsequent
lung fibrosis through its interaction with TREM2
[211].

Another marker of cognitive function includes
brain-derived neurotrophic factor (BDNF) which is
involved in the regulation of synapses [212] and in
learning and memory [213]. As a mediator between
inflammation and neuroplasticity, BDNF has been
shown to regulate neurotransmitter release. How-
ever, as AD progresses, levels of BDNF in the brain,
blood, and CSF decrease. Impaired BDNF signaling,
partly in response to Ap-induced truncation of the
BDNF receptor TrkB (tropomyosin receptor kinase
B) [214], is associated with AP accumulation, tau
phosphorylation, and induction of neuroinflamma-
tory processes [215]. In contrast, increasing serum
BDNEF is linked to enhanced cognition in AD [215].
In a study by Wang et al., ACE2 knockout in mice led
to a reduction in BDNF levels in the hippocampus,
with resulting cognitive dysfunction as compared to
wild-type [216]. Alternately, inhibiting angiotensin II
type 1led to an upregulation in BDNF and subsequent
prevention of memory deficits [217]. SARS-CoV-
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2 infection in brain results in elevated levels of
angiotensin II via inhibition by ACE2 [218]. Subse-
quent downstream pro-inflammatory pathways then
reduce levels of BDNF, yielding negative neurolog-
ical outcomes including deficits in cognition [219].
Interestingly, studies have shown that levels of BDNF
during COVID-19 infection correlate with disease
severity [220]. COVID-19 patients with lower cir-
culating levels of BDNF had worse outcomes [221],
while recovery from infection was found to be asso-
ciated with restoration in BDNF levels [220]. Thus,
BDNF also serves as a common biomarker of neu-
rodegeneration in AD and reflects the prognosis of
SARS-CoV-2 infection.

In severe SARS-CoV-2 infections, elevated lev-
els of adhesion molecules such as intracellular
adhesion molecule-1 (ICAM-1) reflect inflamma-
tion and dysfunction of the endothelium [222].
Endothelial dysfunction contributes to a coagula-
tive state, worsening COVID-19 outcomes [223].
Moreover, a separate study also evaluated the same
serum biomarkers of neuronal injury and inflam-
mation, namely NfL, t-tau, UCHLI1, GFAP, and
pTau-181, and found that levels significantly cor-
related with neurological symptoms in COVID-19
patients as compared to non-neurological symp-
tomatic patients [224]. Thus, these findings indicate
that in patients with severe COVID-19 and neurolog-
ical symptoms, there is evidence for the progression
of AD pathogenesis [224]. Several brain imaging
studies from computed tomography (CT), positron
emission tomography (PET), and magnetic reso-
nance imaging (MRI) reported abnormalities such
as white matter hyperintensities, hypoperfusion, and
ischemia particularly in the cerebral hemispheres
[225]. MRI scans from severe COVID-19 patients
show an increase in leptomeningeal spaces; MRI of
asymptomatic patients showed that some had signs
of small acute lacunar ischemic strokes [226]. Fur-
thermore, in a PET study assessing neurological and
cognitive symptoms in acute COVID-19 patients,
cerebral glucose hypometabolism accompanied by
cognitive decline were documented [31]. A recent
longitudinal study using MRI brain imaging data
from UK Biobank participants, comparing COVID-
19 infected and non-infected, found reductions in
grey matter thickness in orbitofrontal cortex and
parahippocampal gyrus regions, tissue damage in the
olfactory cortex, and reduction in brain size following
infection [11]. These COVID-19 associated imag-
ing abnormalities are similar to those documented
in AD.

A trial in the Netherlands has attempted to
measure in vivo neuroinflammation using TSPO-
binding PET employing a radioligand that targets
the Translocator Protein elevated in activated
microglia in recovering COVID-19 patients expe-
riencing fatigue and cognitive deficits [227]. A
similar study is using a longitudinal design with
a series of serially performed assessments to gen-
erate a dataset derived from severe COVID-19
patients with delirium to evaluate neuroinflammatory
and neurodegenerative complications. Assessments
include repeated SARS-CoV-2 testing, systemic and
central immune responses evaluated using biomark-
ers of CNS damage from peripheral blood and
CSF, in vivo brain PET-TPSO scans, functional
and structural MRI scans, and multi-domain neu-
rocognition evaluations [228]. Ongoing longitudinal
clinical trials using structural and functional imag-
ing techniques are urgently needed to evaluate the
pathological CNS changes induced by SARS-CoV-
2, and to facilitate the development of targeted
therapeutics.

THERAPEUTICS

Despite growing concerns and emerging cases of
COVID-19 mediated neurological outcomes, there
are currently no ongoing clinical trials addressing
this important brain-focused phenomenon. The best
therapy for such neurological sequelae is there-
fore prevention or early treatment, through either
mass vaccination efforts or antiviral approaches using
paxlovid [229], molnupiravir [230], or fluvoxamine
[231]. However, vaccination is mostly effective at
reducing severity and mortality outcomes while pro-
viding short-term protection against infection and
may not be fully effective against newer strains of
SARS-CoV-2 [232, 233]. In addition, oral antiviral
therapies like paxlovid include the risk of COVID-19
rebound syndrome [234] and elevate susceptibility
for resistance-causing mutations in the case of mol-
nupiravir [235, 236].

An alternative therapeutic approach could address
COVID-19-mediated neurodegeneration via target-
ing of neuroinflammatory mechanisms [237-240].
Building on data suggesting that BBB dysfunc-
tion is associated with neuroinflammation and AD
[241], an ongoing clinical trial is using transcrip-
tomic analyses and microglial modeling to evaluate
neuroinflammation in AD to identify causative fac-
tors [242]. Moreover, an interventional early Phase
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1 trial is assessing brain inflammation and cere-
bral amyloidosis in AD patients using PET/CT
imaging techniques [243]. Although there are few
trials evaluating neuroinflammation in the context
of COVID-19, one ongoing Phase II/III study is
attempting to quantify neuroinflammation using PET
imaging in recovered COVID-19 patients in relation-
ship to psychiatric and cognitive symptoms [227].
As the need for an immediately available therapeu-
tic is urgent, repurposing already approved drugs
may be a promising approach. Furosemide, a loop
diuretic approved by The Food and Drug Adminis-
tration (FDA) for the treatment of edema following
congestive heart failure, liver failures, or renal failure
[244], is also capable of broadly inhibiting pro-
inflammatory cytokines like IL-6, IL-8, and TNF-o
[245], all of which induce hypercytokinemia and pul-
monary tissue destruction [246]. Based upon this, a
randomized double-blinded and placebo-controlled
Phase [I/II] trial is investigating nebulized furosemide
for treatment of pulmonary inflammation and res-
piratory failure in hospitalized COVID-19 patients
[246-248]. Interestingly, furosemide has been shown
to prevent the release of proinflammatory cytokines
TNF-a, IL-6, and nitric oxide, and has capacity to
reduce microglia M1 phenotype while upregulating
M2 [249], thereby suggesting potential as a neuroin-
flammatory therapeutic in AD. These data along with
a number of studies demonstrating loop diuretics are
associated with a reduced risk of AD and demen-
tia [250-252], presents an interesting opportunity to
develop these class of molecules to treat neuroinflam-
mation.

CONCLUSION

Over 55 million people worldwide are living with
AD [253], and 10 new million cases of dementia are
reported yearly [254]. However, these statistics do not
consider the potential added burden from COVID-
19 neurological manifestations. Out of more than
500 million confirmed COVID-19 cases, one third
of patients develop neurological symptoms in the
acute stage alone, ranging from headaches [255] to
neuronal degeneration, including 25% of symptoms,
which are a result of direct CNS involvement [11].
Moreover, growing reports of PASC and evidence
of systemic inflammation as a driver of cognitive
decline and neurodegeneration [256, 257] suggest
that survivors of COVID-19 are at an elevated risk
of developing AD. COVID-19 is therefore an imme-

diate threat to not only our healthcare systems, but
also to the growing pandemic of AD.

Estimates from the United Nations suggest that
global rates of AD may exceed 150 million by 2050
[258]. Combined with the lack of breakthrough phar-
macological therapeutics for AD, and the unknown
mechanisms by which COVID-19 may contribute to
its development, 150 million may be a gross underes-
timate. Greater research is urgently needed to assess
and evaluate the symptoms and neurological sequelae
of COVID-19 survivors. Out of the third of sur-
vivors developing CNS complications and the recent
emergence of reports from long COVID-19 patients
experiencing neurological manifestations [259], how
likely is it that all, or a large fraction thereof, may
go on to develop AD? Is it the severity of illness or
rather acute vs long COVID-19 that are the major
contributors to AD? To date, no study has provided
conclusive answers.

A large body of evidence has suggested an asso-
ciation between severe COVID-19 infection and
dementia [260, 261]. Dementia patients diagnosed
with COVID-19 were reported to have worsened
clinical outcomes, elevated hospitalization rates, and
overall higher mortality [194, 262, 263]. While the
fatality of COVID-19 is higher in dementia patients
due to old age, immune dysfunction, and comorbidi-
ties, limited data exist on the risk of AD in COVID-19
patients. The continuous rising incidence and preva-
lence of COVID-19, combined with a dramatic rise
in AD cases and mortality [264] poses significant
personal and socioeconomic impacts. In 2020, the
healthcare costs for AD treatment were estimated at
$305 million and expected to reach over $1 trillion
[265]. These values do not consider the socioeco-
nomic and personal burdens associated with indirect
costs of care such as quality of life and private
caregiving [265]. Furthermore, the COVID-19 pan-
demic has had tremendous global economic burdens.
COVID-19 as a risk factor for AD is therefore an
association with great public health consequences,
and which remains a critical unmet global medical
need.

In addition to the lack of research on the associ-
ation of COVID-19 infection and AD, limited data
exists regarding the pathological mechanisms by
which SARS-CoV-2 affects the CNS. However, based
on current literature, mechanisms involved in the
pathogenesis of AD are thought to be implicated in
COVID-19, with interchangeable inflammatory and
AD biomarkers being noted in recovering patients.
Greater initiatives are required to accelerate research
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on neurological outcomes following COVID-19 and
to develop preventative or therapeutic approaches to
ameliorate the neurological sequelae that lead to an
elevated risk for AD.

ACKNOWLEDGMENTS

DFW acknowledges support from the Krem-
bil Foundation as well as salary support from a
Canada Research Chair, Tier 1, in protein mis-
folding diseases. Figures were generated using
Biorender.

Authors’ disclosures available online (https://
www.j-alz.com/manuscript-disclosures/22-0800r1).

REFERENCES

(1]

(2]

(3]

[4]

(31

(6]

(71

(8]

Zaim S, Chong JH, Sankaranarayanan V, Harky A (2020)
COVID-19 and Multiorgan response. Curr Probl Cardiol
45, 100618.

Kalra RS, Dhanjal JK, Meena AS, Kalel VC, Dahiya S,
Singh B, Dewanjee S, Kandimalla R (2021) COVID-19,
neuropathology, and aging: SARS-CoV-2 neurologi-
cal infection, mechanism, and associated complications.
Front Aging Neurosci 13, 662786.

Tsivgoulis G, Palaiodimou L, Zand R, Lioutas VA, Kro-
gias C, Katsanos AH, Shoamanesh A, Sharma VK,
Shahjouei S, Baracchini C, Vlachopoulos C, Gournellis
R, Sfikakis PP, Sandset EC, Alexandrov AV, Tsiodras
S (2020) COVID-19 and cerebrovascular diseases: A
comprehensive overview. Ther Adv Neurol Disord 13,
175628642097800.

Shabani Z (2021) Demyelination as a result of an immune
response in patients with COVID-19. Acta Neurol Belg
121, 859-866.

Haidar M, Shakkour Z, Reslan M, Al-Haj N, Chamoun P,
Habashy K, Kaafarani H, Shahjouei S, Farran S, Shaito A,
Saba E, Badran B, Sabra M, Kobeissy F, Bizri M (2022)
SARS-CoV-2 involvement in central nervous system tis-
sue damage. Neural Regen Res 17, 1228.

Charnley M, Islam S, Bindra GK, Engwirda J, Ratcliffe J,
Zhou J, Mezzenga R, Hulett MD, Han K, Berryman JT,
Reynolds NP (2022) Neurotoxic amyloidogenic peptides
in the proteome of SARS-COV2: Potential implications
for neurological symptoms in COVID-19. Nat Commun
13, 3387.

Krasemann S, Haferkamp U, Pfefferle S, Woo MS, Hein-
rich F, Schweizer M, Appelt-Menzel A, Cubukova A,
Barenberg J, Leu J, Hartmann K, Thies E, Littau JL,
Sepulveda-Falla D, Zhang L, Ton K, Liang Y, Matschke J,
Ricklefs F, Sauvigny T, Sperhake J, Fitzek A, Gerhartl A,
Brachner A, Geiger N, Konig E-M, Bodem J, Franzenburg
S, Franke A, Moese S, Miiller F-J, Geisslinger G, Claussen
C, Kannt A, Zaliani A, Gribbon P, Ondruschka B, Neuhaus
W, Friese MA, Glatzel M, Pless O (2022) The blood-brain
barrier is dysregulated in COVID-19 and serves as a CNS
entry route for SARS-CoV-2. Stem Cell Rep 17, 307-320.
Zhang L, Zhou L, Bao L, LiuJ, Zhu H, Lv Q, Liu R, Chen
W, Tong W, Wei Q, Xu Y, Deng W, Gao H, Xue J, Song
Z, Yu P, Han Y, Zhang Y, Sun X, Yu X, Qin C (2021)

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

SARS-CoV-2 crosses the blood-brain barrier accompa-
nied with basement membrane disruption without tight
junctions alteration. Signal Transduct Target Ther 6, 337.
Najjar S, Najjar A, Chong DJ, Pramanik BK, Kirsch C,
Kuzniecky RI, Pacia SV, Azhar S (2020) Central nervous
system complications associated with SARS-CoV-2 infec-
tion: Integrative concepts of pathophysiology and case
reports. J Neuroinflammation 17, 231.

Almutairi MM, Sivandzade F, Albekairi TH, Alqahtani F,
Cucullo L (2021) Neuroinflammation and Its Impact on
the pathogenesis of COVID-19. Front Med 8, 745789.
Douaud G, Lee S, Alfaro-Almagro F, Arthofer C, Wang C,
McCarthy P, Lange F, Andersson JLR, Griffanti L, Duff E,
Jbabdi S, Taschler B, Keating P, Winkler AM, Collins R,
Matthews PM, Allen N, Miller KL, Nichols TE, Smith SM
(2022) SARS-CoV-2 is associated with changes in brain
structure in UK Biobank. Nature 604, 697-707.

Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, Chang J,
Hong C, Zhou Y, Wang D, Miao X, Li Y, Hu B (2020)
Neurologic manifestations of hospitalized patients with
coronavirus disease 2019 in Wuhan, China. JAMA Neurol
77, 683.

Bratosiewicz-Wasik J (2022) Neuro-COVID-19: An
insidious virus in action. Neurol Neurochir Pol 56, 48-60.
Hugon J (2022) Long-COVID: Cognitive deficits (brain
fog) and brain lesions in non-hospitalized patients. Presse
Med 51, 104090.

Cosentino G, Todisco M, Hota N, Della Porta G, Morbini P,
Tassorelli C, Pisani A (2021) Neuropathological findings
from COVID-19 patients with neurological symptoms
argue against a direct brain invasion of SARS-CoV-2: A
critical systematic review. Eur J Neurol 28, 3856-3865.
Spudich S, Nath A (2022) Nervous system consequences
of COVID-19. Science 375, 267-269.

Ellul MA, Benjamin L, Singh B, Lant S, Michael BD,
Easton A, Kneen R, Defres S, Sejvar J, Solomon T (2020)
Neurological associations of COVID-19. Lancet Neurol
19, 767-783.

World Health Organization (2020) COVID-19 Dashboard.
https://covid19.who.int/. Last updated August 3, 2022.
Accessed August 4, 2022.

Lopes-Pacheco M, Silva PL, Cruz FF, Battaglini D, Robba
C, Pelosi P, Morales MM, Caruso Neves C, Rocco PRM
(2021) Pathogenesis of multiple organ injury in COVID-
19 and potential therapeutic strategies. Front Physiol 12,
593223.

Nalbandian A, Sehgal K, Gupta A, Madhavan MYV,
McGroder C, Stevens JS, Cook JR, Nordvig AS, Shalev
D, Sehrawat TS, Ahluwalia N, Bikdeli B, Dietz D, Der-
Nigoghossian C, Liyanage-Don N, Rosner GF, Bernstein
EJ, Mohan S, Beckley AA, Seres DS, Choueiri TK, Uriel
N, Ausiello JC, Accili D, Freedberg DE, Baldwin M,
Schwartz A, Brodie D, Garcia CK, Elkind MSYV, Connors
IM, Bilezikian JP, Landry DW, Wan EY (2021) Post-acute
COVID-19 syndrome. Nat Med 27, 601-615.

Logue JK, Franko NM, McCulloch DJ, McDonald D,
Magedson A, Wolf CR, Chu HY (2021) Sequelae in adults
at 6 months after COVID-19 infection. JAMA Netw Open
4, €210830.

Proal AD, VanElzakker MB (2021) Long COVID or post-
acute sequelae of COVID-19 (PASC): An overview of
biological factors that may contribute to persistent symp-
toms. Front Microbiol 12, 698169.

dos Santos PK, Sigoli E, Braganca LJG, Cornachione
AS (2022) The musculoskeletal involvement after mild to


https://www.j-alz.com/manuscript-disclosures/22-0800r1
https://www.j-alz.com/manuscript-disclosures/22-0800r1
https://covid19.who.int/

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease 15

moderate COVID-19 infection. Front Physiol 13, 813924.
Akpek M (2022) Does COVID-19 cause hypertension?
Angiology 73, 682-687.

Cunningham JW, Vaduganathan M, Claggett BL, Jering
KS, Bhatt AS, Rosenthal N, Solomon SD (2021) Clinical
outcomes in young US adults hospitalized with COVID-
19. JAMA Intern Med 181, 379.

Carfl A, Bernabei R, Landi F, for the Gemelli Against
COVID-19 Post-Acute Care Study Group (2020) Persis-
tent symptoms in patients after acute COVID-19. JAMA
324, 603.

Davis HE, Assaf GS, McCorkell L, Wei H, Low RJ, Re’em
Y, Redfield S, Austin JP, Akrami A (2021) Characterizing
long COVID in an international cohort: 7 months of symp-
toms and their impact. EClinicalMedicine 38, 101019.
Huang C, Huang L, Wang Y, Li X, Ren L, Gu X, Kang L,
Guo L, Liu M, Zhou X, Luo J, Huang Z, Tu S, Zhao Y,
Chen L, Xu D, Li Y, Li C, Peng L, Li Y, Xie W, Cui D,
Shang L, Fan G, Xu J, Wang G, Wang Y, Zhong J, Wang C,
Wang J, Zhang D, Cao B (2021) 6-month consequences of
COVID-19 in patients discharged from hospital: A cohort
study. Lancet 397, 220-232.

Akbarialiabad H, Taghrir MH, Abdollahi A, Ghahramani
N, Kumar M, Paydar S, Razani B, Mwangi J, Asadi-Pooya
AA, Malekmakan L, Bastani B (2021) Long COVID, a
comprehensive systematic scoping review. Infection 49,
1163-1186.

Liu Y-H, Chen Y, Wang Q-H, Wang L-R, Jiang L, Yang Y,
Chen X, LiY,CenY,XuC,ZhuJ,Li W, Wang Y-R, Zhang
L-L, LiuJ, Xu Z-Q, Wang Y-J (2022) One-year trajectory
of cognitive changes in older survivors of COVID-19 in
Wauhan, China: A longitudinal cohort study. JAMA Neurol
79, 509.

Hosp JA, Dressing A, Blazhenets G, Bormann T, Rau
A, Schwabenland M, Thurow J, Wagner D, Waller C,
Niesen WD, Frings L, Urbach H, Prinz M, Weiller C,
Schroeter N, Meyer PT (2021) Cognitive impairment and
altered cerebral glucose metabolism in the subacute stage
of COVID-19. Brain 144, 1263-1276.

Ahmed H, Patel K, Greenwood D, Halpin S, Lewthwaite P,
Salawu A, Eyre L, Breen A, O’ConnorR, Jones A, SivanM
(2020) Long-term clinical outcomes in survivors of severe
acute respiratory syndrome and Middle East respiratory
syndrome coronavirus outbreaks after hospitalisation or
ICU admission: A systematic review and meta-analysis. J
Rehabil Med 52, jrm00063.

Hui DS (2005) Impact of severe acute respiratory syn-
drome (SARS) on pulmonary function, functional capacity
and quality of life in a cohort of survivors. Thorax 60,
401-409.

Kim Y, Bitna-Ha, Kim S-W, Chang H-H, Kwon KT, Bae
S, Hwang S (2022) Post-acute COVID-19 syndrome in
patients after 12 months from COVID-19 infection in
Korea. BMC Infect Dis 22, 93.

Peterson CJ, Sarangi A, Bangash F (2021) Neurological
sequelae of COVID-19: A review. Egypt J Neurol Psychi-
atr Neurosurg 57, 122.

Reiken S, Sittenfeld L, Dridi H, Liu Y, Liu X, Marks AR
(2022) Alzheimer’s-like signaling in brains of COVID-19
patients. Alzheimers Dement 18, 955-965.

Wang L, Davis PB, Volkow ND, Berger NA, Kaelber DC,
Xu R (2022) Association of COVID-19 with new-onset
Alzheimer’s disease. J Alzheimers Dis 89, 411-414.
Chou SH-Y, Beghi E, Helbok R, Moro E, Sampson J,
Altamirano V, Mainali S, Bassetti C, Suarez JI, McNett M,

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

GCS-NeuroCOVID Consortium and ENERGY Consor-
tium, Nolan L, Temro K, Cervantes-Arslanian AM, Anand
P, Mukerji S, Alabasi H, Westover MB, Kavi T, John S,
Da Silva I, Shaik A, Sarwal A, Izzy S, Liotta EM, Batra
A, Aysenne A, Rubinos C, Azzam AY, Azab MA, Sandall
J, Persondek LM, Ulmer H, Rass V, Pfausler B, Miiller C,
Jung S, Crean M, Meoni S, Bereczki D, Kovics T, Agajany
N, Armon C, Wolfson S, Cotelli MS, Bianchi E, Riahi A,
Oztiirk S, Ural O, Viktoriia G, Lesiv M, Maia L, Oliveira
V, Seabra M, Carvalho V, Vespa P, Provencio J, Olson D,
Hemphill C, Venkatasubba Rao CP, Ko N, Fink E, Robert-
son C, Schober M, Smith Scott A, Hammond M, Paul N,
Safonova A, Kaplan L, Ratnayake C, Sharma AD, Skeel
A, Villamizar Rosales C, Dolak D, Varelas P, Lotman L,
Kaltenbach L, David K. M (2021) Global incidence of neu-
rological manifestations among patients hospitalized with
COVID-19—a report for the GCS-NeuroCOVID Consor-
tium and the ENERGY Consortium. JAMA Netw Open 4,
e2112131.

Ross Russell AL, Hardwick M, Jeyanantham A, White
LM, Deb S, Burnside G, Joy HM, Smith CJ, Pollak TA,
Nicholson TR, Davies NWS, Manji H, Easton A, Ray S,
Zandi MS, Coles JP, Menon DK, Varatharaj A, McCaus-
land B, Ellul MA, Thomas N, Breen G, Keddie S, Lunn
MP, Burn JPS, Quattrocchi G, Dixon L, Rice CM, Pengas
G, Al-Shahi Salman R, Carson A, Joyce EM, Turner MR,
Benjamin LA, Solomon T, Kneen R, Pett S, Thomas RH,
Michael BD, Galea I (2021) Spectrum, risk factors and
outcomes of neurological and psychiatric complications
of COVID-19: A UK-wide cross-sectional surveillance
study. Brain Commun 3, fcab168.

Nolen LT, Mukerji SS, Mejia NI (2022) Post-acute neuro-
logical consequences of COVID-19: An unequal burden.
Nat Med 28, 20-23.

Rass V, Beer R, Schiefecker AJ, Lindner A, Kofler M,
Tanosi BA, Mahlknecht P, Heim B, Peball M, Carbone
F, Limmert V, Kindl P, Putnina L, Fava E, Sahanic S,
Sonnweber T, Loscher WN, Wanschitz JV, Zamarian L,
Djamshidian A, Tancevski I, Weiss G, Bellmann-Weiler
R, Kiechl S, Seppi K, Loeffler-Ragg J, Pfausler B, Helbok
R (2022) Neurological outcomes 1 year after COVID-19
diagnosis: A prospective longitudinal cohort study. Eur J
Neurol 29, 1685-1696.

Sgraas A, Bg R, Kalleberg KT, Stger NC, Ellingjord-Dale
M, Landrg NI (2021) Self-reported memory problems 8
months after COVID-19 infection. JAMA Netw Open 4,
e2118717.

Wu Z, McGoogan JM (2020) Characteristics of and
important lessons from the coronavirus disease 2019
(COVID-19) outbreak in China: Summary of a report of
72 314 cases from the Chinese Center for Disease Control
and Prevention. JAMA 323, 1239.

Bergquist SH, Partin C, Roberts DL, O’Keefe JB, Tong EJ,
Zreloff J, Jarrett TL, Moore MA (2020) Non-hospitalized
adults with COVID-19 differ noticeably from hospitalized
adults in their demographic, clinical, and social character-
istics. SN Compr Clin Med 2, 1349-1357.

Oh ES, Vannorsdall TD, Parker AM (2021) Post-
acute sequelae of SARS-CoV-2 infection and sub-
jective memory problems. JAMA Netw Open 4,
e2119335.

Graham EL, Clark JR, Orban ZS, Lim PH, Szymanski AL,
Taylor C, DiBiase RM, Jia DT, Balabanov R, Ho SU, Batra
A, Liotta EM, Koralnik 1J (2021) Persistent neurologic
symptoms and cognitive dysfunction in non-hospitalized



16

[471

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease

Covid-19 “long haulers.” Ann Clin Transl Neurol 8, 1073-
1085.

Mitchell AJ, Beaumont H, Ferguson D, Yadegarfar M,
Stubbs B (2014) Risk of dementia and mild cogni-
tive impairment in older people with subjective memory
complaints: Meta-analysis. Acta Psychiatr Scand 130,
439-451.

Shah VK, Firmal P, Alam A, Ganguly D, Chattopadhyay
S (2020) Overview of immune response during SARS-
CoV-2 infection: Lessons from the past. Front Immunol
11, 1949.

Palermo E, Di Carlo D, Sgarbanti M, Hiscott J (2021) Type
ILinterferons in COVID-19 pathogenesis. Biology 10, 829.
Mogensen TH (2009) Pathogen recognition and inflamma-
tory signaling in innate immune defenses. Clin Microbiol
Rev 22, 240-273.

Ragab D, Salah Eldin H, Taeimah M, Khattab R, Salem R
(2020) The COVID-19 cytokine storm; what we know so
far. Front Immunol 11, 1446.

Blot M, Bour J-B, Quenot JP, Bourredjem A, Nguyen
M, Guy J, Monier S, Georges M, Large A, Dargent A,
Guilhem A, Mouries-Martin S, Barben J, Bouhemad B,
Charles P-E, Chavanet P, Binquet C, Piroth L, for the LYM-
PHONIE study group, Andreu P, Aptel F, Labruyere M,
Prin S, Beltramo G, Bonniaud P, Bielefeld P, Devilliers H,
Bonnotte B, Buisson M, Putot A (2020) The dysregulated
innate immune response in severe COVID-19 pneumonia
that could drive poorer outcome. J Transl Med 18, 457.
Meinhardt J, Radke J, Dittmayer C, Franz J, Thomas C,
Mothes R, Laue M, Schneider J, Brinink S, Greuel S,
Lehmann M, Hassan O, Aschman T, Schumann E, Chua
RL, Conrad C, Eils R, Stenzel W, Windgassen M, RoBler
L, Goebel H-H, Gelderblom HR, Martin H, Nitsche A,
Schulz-Schaeffer WJ, Hakroush S, Winkler MS, Tampe
B, Scheibe F, Kortvélyessy P, Reinhold D, Siegmund B,
Kiihl AA, Elezkurtaj S, Horst D, Oesterhelweg L, Tsokos
M, Ingold-Heppner B, Stadelmann C, Drosten C, Corman
VM, Radbruch H, Heppner FL (2021) Olfactory transmu-
cosal SARS-CoV-2 invasion as a port of central nervous
system entry in individuals with COVID-19. Nat Neurosci
24, 168-175.

de Melo GD, Lazarini F, Levallois S, Hautefort C, Michel
V, Larrous F, Verillaud B, Aparicio C, Wagner S, Gheusi
G, Kergoat L, Kornobis E, Donati F, Cokelaer T, Hervo-
chon R, Madec Y, Roze E, Salmon D, Bourhy H, Lecuit
M, Lledo P-M (2021) COVID-19-related anosmia is asso-
ciated with viral persistence and inflammation in human
olfactory epithelium and brain infection in hamsters. Sci
Transl Med 13, eabf8396.

Matschke J, Liitgehetmann M, Hagel C, Sperhake JP,
Schroder AS, Edler C, Mushumba H, Fitzek A, All-
weiss L, Dandri M, Dottermusch M, Heinemann A,
Pfefferle S, Schwabenland M, Sumner Magruder D, Bonn
S, Prinz M, Gerloff C, Piischel K, Krasemann S, Aepfel-
bacher M, Glatzel M (2020) Neuropathology of patients
with COVID-19 in Germany: A post-mortem case series.
Lancet Neurol 19, 919-929.

Song E, Zhang C, Israclow B, Lu-Culligan A, Prado AV,
Skriabine S, Lu P, Weizman O-E, Liu F, Dai Y, Szigeti-
Buck K, Yasumoto Y, Wang G, Castaldi C, Heltke J, Ng E,
Wheeler J, Alfajaro MM, Levavasseur E, Fontes B, Ravin-
dra NG, Van Dijk D, Mane S, Gunel M, Ring A, Kazmi
SAJ, Zhang K, Wilen CB, Horvath TL, Plu I, Haik S,
Thomas J-L, Louvi A, Farhadian SF, Huttner A, Seilhean
D, Renier N, Bilguvar K, Iwasaki A (2021) Neuroinvasion

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

of SARS-CoV-2 in human and mouse brain. J Exp Med
218, €20202135.

Sweeney MD, Sagare AP, Zlokovic BV (2018) Blood-
brain barrier breakdown in Alzheimer disease and other
neurodegenerative disorders. Nat Rev Neurol 14, 133-150.
Daneman R, Prat A (2015) The blood-brain barrier. Cold
Spring Harb Perspect Biol 7, a020412.

Salimi H, Klein RS (2019) Disruption of the blood-brain
barrier during neuroinflammatory and neuroinfectious dis-
eases. In Neuroimmune Diseases, Mitoma H, Manto M,
eds. Springer International Publishing, Cham, pp. 195-
234.

Kisler K, Nelson AR, Montagne A, Zlokovic BV (2017)
Cerebral blood flow regulation and neurovascular dysfunc-
tion in Alzheimer disease. Nat Rev Neurosci 18, 419-434.
Zhou Z, Kang H, Li S, Zhao X (2020) Under-
standing the neurotropic characteristics of SARS-CoV-
2: From neurological manifestations of COVID-19
to potential neurotropic mechanisms. J Neurol 267,
2179-2184.

Radzikowska U, Ding M, Tan G, Zhakparov D, Peng Y,
Wawrzyniak P, Wang M, Li S, Morita H, Altunbulakli C,
Reiger M, Neumann AU, Lunjani N, Traidl-Hoffmann C,
Nadeau KC, O’Mahony L, Akdis C, Sokolowska M (2020)
Distribution of ACE2, CD147, CD26, and other SARS-
CoV-2 associated molecules in tissues and immune cells
in health and in asthma, COPD, obesity, hypertension, and
COVID-19 risk factors. Allergy 75, 2829-2845.

Orihuela R, McPherson CA, Harry GJ (2016) Microglial
M1/M2 polarization and metabolic states: Microglia
bioenergetics with acute polarization. Br J Pharmacol 173,
649-665.

Awogbindin 10, Ben-Azu B, Olusola BA, Akinluyi ET,
Adeniyi PA, Di Paolo T, Tremblay M-E (2021) Microglial
implications in SARS-CoV-2 infection and COVID-19:
Lessons from viral RNA neurotropism and possible rel-
evance to Parkinson’s disease. Front Cell Neurosci 15,
670298.

Mahalaxmi I, Kaavya J, Mohana Devi S, Balachandar V
(2021) COVID-19 and olfactory dysfunction: A possible
associative approach towards neurodegenerative diseases.
J Cell Physiol 236, 763-770.

Golzari-Sorkheh M, Brown CE, Weaver DF, Reed MA
(2021) The NLRP3 inflammasome in the pathogenesis and
treatment of Alzheimer’s disease. J Alzheimers Dis 84,
579-598.

Murta V, Villarreal A, Ramos AJ (2020) Severe acute res-
piratory syndrome coronavirus 2 impact on the central
nervous system: Are astrocytes and microglia main players
or merely bystanders? ASN Neuro 12, 175909142095496.
(2022) 2022 Alzheimer’s disease facts and figures.
Alzheimers Dement 18, 700-789.

Takahashi RH, Nagao T, Gouras GK (2017) Plaque for-
mation and the intraneuronal accumulation of B-amyloid
in Alzheimer’s disease: Intraneuronal accumulation of -
amyloid. Pathol Int 67, 185-193.

Benzinger TLS, Blazey T, Jack CR, Koeppe RA, Su Y,
Xiong C, Raichle ME, Snyder AZ, Ances BM, Bateman
RJ, Cairns NJ, Fagan AM, Goate A, Marcus DS, Aisen PS,
Christensen JJ, Ercole L, Hornbeck RC, Farrar AM, Aldea
P, Jasielec MS, Owen CJ, Xie X, Mayeux R, Brickman A,
McDade E, Klunk W, Mathis CA, Ringman J, Thomp-
son PM, Ghetti B, Saykin AJ, Sperling RA, Johnson KA,
Salloway S, Correia S, Schofield PR, Masters CL, Rowe
C, Villemagne VL, Martins R, Ourselin S, Rossor MN,



[71]

[72]

(73]

[74]1

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease 17

Fox NC, Cash DM, Weiner MW, Holtzman DM, Buckles
VD, Moulder K, Morris JC (2013) Regional variability of
imaging biomarkers in autosomal dominant Alzheimer’s
disease. Proc Natl Acad Sci U S A 110, E4502-9.
Bateman, RJ, Xiong C, Benzinger TL, Fagan AM, Goate
A, Fox NC, Marcus DS, Cairns NJ, Xie X, Blazey TM,
Holtzman DM, Santacruz A, Buckles V, Oliver A, Moul-
der K, Aisen PS, Ghetti B, Klunk WE, McDade E, Martins
RN, Masters CL, Mayeux R, Ringman JM, Rossor MN,
Schofield PR, Sperling RA, Salloway S, Morris JC, Dom-
inantly Inherited Alzheimer Network (2012) Clinical and
biomarker changes in dominantly inherited Alzheimer’s
disease. N Engl J Med 367, 795-804.

Emmerton D, Abdelhafiz AH (2021) Care for older people
with dementia during COVID-19 pandemic. SN Compr
Clin Med 3, 437-443.

Chung SJ, Chang Y, Jeon J, Shin JI, Song TJ, Kim J (2022)
Association of Alzheimer’s disease with COVID-19 sus-
ceptibility and severe complications: A nationwide cohort
study. J Alzheimers Dis 87, 701-710.

Naughton SX, Raval U, Pasinetti GM (2020) Potential
novel role of COVID-19 in Alzheimer’s disease and pre-
ventative mitigation strategies. J Alzheimers Dis 76,21-25.
Rahman MA, Islam K, Rahman S, Alamin M (2021)
Neurobiochemical cross-talk between COVID-19 and
Alzheimer’s disease. Mol Neurobiol 58, 1017-1023.
Hampel H, Cummings J, Blennow K, Gao P, Jack CR,
Vergallo A (2021) Developing the ATX(N) classification
for use across the Alzheimer disease continuum. Nat Rev
Neurol 17, 580-589.

Karch CM, Goate AM (2015) Alzheimer’s disease risk
genes and mechanisms of disease pathogenesis. Biol Psy-
chiatry 77, 43-51.

Mohammadi S, Moosaie F, Aarabi MH (2020) Under-
standing the immunologic characteristics of neurologic
manifestations of SARS-CoV-2 and potential immunolog-
ical mechanisms. Mol Neurobiol 57, 5263-5275.
Koenigsknecht-Talboo J (2005) Microglial phagocytosis
induced by fibrillar beta-amyloid and IgGs are differen-
tially regulated by proinflammatory cytokines. J Neurosci
25, 8240-8249.

Erickson MA, Rhea EM, Knopp RC, Banks WA (2021)
Interactions of SARS-CoV-2 with the blood-brain barrier.
Int J Mol Sci 22, 2681.

Chiricosta L, Gugliandolo A, Mazzon E (2021) SARS-
CoV-2 exacerbates beta-amyloid neurotoxicity, inflamma-
tion and oxidative stress in Alzheimer’s disease patients.
Int J Mol Sci 22, 13603.

Soscia SJ, Kirby JE, Washicosky KJ, Tucker SM, Ingels-
son M, Hyman B, Burton MA, Goldstein LE, Duong
S, Tanzi RE, Moir RD (2010) The Alzheimer’s disease-
associated amyloid B-protein is an antimicrobial peptide.
PLoS One 5, €9505.

McNab F, Mayer-Barber K, Sher A, Wack A, O’Garra A
(2015) Type I interferons in infectious disease. Nat Rev
Immunol 15, 87-103.

Rodrfguez—Gémez JA, Kavanagh E, Engskog-Vlachos P,
Engskog MKR, Herrera AJ, Espinosa-Oliva AM, Joseph
B, Hajji N, Venero JL, Burguillos MA (2020) Microglia:
Agents of the CNS pro-inflammatory response. Cells 9,
1717.

Roy ER, Wang B, Wan Y, Chiu G, Cole A, Yin Z, Propson
NE, Xu Y, Jankowsky JL, Liu Z, Lee VM-Y, Trojanowski
JQ, Ginsberg SD, Butovsky O, Zheng H, Cao W (2020)
Type I interferon response drives neuroinflammation and

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

synapse loss in Alzheimer disease. J Clin Investig 130,
1912-1930.

Deczkowska A, Matcovitch-Natan O, Tsitsou-Kampeli
A, Ben-Hamo S, Dvir-Szternfeld R, Spinrad A, Singer
O, David E, Winter DR, Smith LK, Kertser A, Baruch
K, Rosenzweig N, Terem A, Prinz M, Villeda S,
Citri A, Amit I, Schwartz M (2017) Mef2C restrains
microglial inflammatory response and is lost in brain
ageing in an IFN-I-dependent manner. Nat Commun 8,
717.

Hanley B, Naresh KN, Roufosse C, Nicholson AG, Weir J,
Cooke GS, Thursz M, Manousou P, Corbett R, Goldin R,
Al-Sarraj S, Abdolrasouli A, Swann OC, Baillon L, Penn
R, Barclay WS, Viola P, Osborn M (2020) Histopatholog-
ical findings and viral tropism in UK patients with severe
fatal COVID-19: A post-mortem study. Lancet Microbe 1,
e245-e253.

Akiyama H (2000) Inflammation and Alzheimer’s disease.
Neurobiol Aging 21, 383-421.

Reynolds Jessical, Mahajan SD (2021) SARS-COV2
alters blood brain barrier integrity contributing to neuro-
inflammation. J Neuroimmune Pharmacol 16, 4-6.

Yang AC, Kern F, Losada PM, Agam MR, Maat CA,
Schmartz GP, Fehlmann T, Stein JA, Schaum N, Lee DP,
Calcuttawala K, Vest RT, Berdnik D, Lu N, Hahn O, Gate
D, McNerney MW, Channappa D, Cobos I, Ludwig N,
Schulz-Schaeffer WJ, Keller A, Wyss-Coray T (2021)
Dysregulation of brain and choroid plexus cell types in
severe COVID-19. Nature 595, 565-571.

Kim YS, Lee KJ, Kim H (2017) Serum tumour necrosis
factor-a and interleukin-6 levels in Alzheimer’s disease
and mild cognitive impairment: Neuroinflammation in
cognitive disorder. Psychogeriatrics 17, 224-230.
Heneka MT, Carson MJ, Khoury JE, Landreth GE,
Brosseron F, Feinstein DL, Jacobs AH, Wyss-Coray T,
Vitorica J, Ransohoff RM, Herrup K, Frautschy SA,
Finsen B, Brown GC, Verkhratsky A, Yamanaka K,
Koistinaho J, Latz E, Halle A, Petzold GC, Town T,
Morgan D, Shinohara ML, Perry VH, Holmes C, Bazan
NG, Brooks DJ, Hunot S, Joseph B, Deigendesch N,
Garaschuk O, Boddeke E, Dinarello CA, Breitner JC,
Cole GM, Golenbock DT, Kummer MP (2015) Neuroin-
flammation in Alzheimer’s disease. Lancet Neurol 14,
388-405.

Cojocaru IM, Cojocaru M, Miu G, Sapira V (2011) Study
of interleukin-6 production in Alzheimer’s disease. Rom J
Intern Med 49, 55-58.

Bialuk I, Taranta A, Winnicka MM (2018) IL-6 deficiency
alters spatial memory in 4- and 24-month-old mice. Neu-
robiol Learn Mem 155, 21-29.

Benameur K, Agarwal A, Auld SC, Butters MP, Webster
AS, Ozturk T, Howell JC, Bassit LC, Velasquez A, Schi-
nazi RF, Mullins ME, Hu WT (2020) Encephalopathy and
encephalitis associated with cerebrospinal fluid cytokine
alterations and coronavirus disease, Atlanta, Georgia,
USA, 2020. Emerg Infect Dis 26, 2016-2021.

Chen X, Zhao B, Qu Y, Chen Y, Xiong J, Feng Y, Men D,
Huang Q, Liu Y, Yang B, Ding J, Li F (2020) Detectable
serum severe acute respiratory syndrome coronavirus 2
viral load (RNAemia) is closely correlated with drastically
elevated interleukin 6 level in critically ill patients with
coronavirus disease 2019. Clin Infect Dis 71, 1937-1942.
Cauchois R, Koubi M, Delarbre D, Manet C, Carvelli J,
Blasco VB, Jean R, Fouche L, Bornet C, Pauly V, Mazodier
K, Pestre V, Jarrot P-A, Dinarello CA, Kaplanski G (2020)



18

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease

Early IL-1 receptor blockade in severe inflammatory res-
piratory failure complicating COVID-19. Proc Natl Acad
Sci US A 117, 18951-18953.

Lara PC, Macias-Verde D, Burgos-Burgos J (2020) Age-
induced NLRP3 inflammasome over-activation increases
lethality of SARS-CoV-2 pneumonia in elderly patients.
Aging Dis 11, 756.

Zhang Y, Zhao Y, Zhang J, Yang G (2020) Mechanisms of
NLRP3 inflammasome activation: Its role in the treatment
of Alzheimer’s disease. Neurochem Res 45, 2560-2572.
Tejera D, Mercan D, Sanchez-Caro JM, Hanan M, Green-
berg D, Soreq H, Latz E, Golenbock D, Heneka MT (2019)
Systemic inflammation impairs microglial A clearance
through NLRP 3 inflammasome. EMBO J 38, ¢101064.
Wang H, Qin R, Zhang J, Chen Y (2021) Possible immu-
nity, inflammation, and oxidative stress mechanisms of
Alzheimer’s disease in COVID-19 patients. Clin Neurol
Neurosurg 201, 106414.

Gonzalez SM, Siddik AB, Su R-C (2021) Regulated
intramembrane proteolysis of ACE2: A potential mech-
anism contributing to COVID-19 pathogenesis? Front
Immunol 12, 612807.

Dong M, Zhang J, Ma X, Tan J, Chen L, Liu S, Xin
Y, Zhuang L (2020) ACE2, TMPRSS2 distribution and
extrapulmonary organ injury in patients with COVID-19.
Biomed Pharmacother 131, 110678.

Gallagher TM, Buchmeier MJ (2001) Coronavirus spike
proteins in viral entry and pathogenesis. Virology 279,371-
374.

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N,
Herrler T, Erichsen S, Schiergens TS, Herrler G, Wu N-H,
Nitsche A, Miiller MA, Drosten C, Pohlmann S (2020)
SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2
and is blocked by a clinically proven protease inhibitor.
Cell 181, 271-280.e8.

Ding Q, Shults NV, Gychka SG, Harris BT, Suzuki
YJ (2021) Protein expression of angiotensin-converting
enzyme 2 (ACE2) is upregulated in brains with
Alzheimer’s disease. Int J Mol Sci 22, 1687.

Lim K-H, Yang S, Kim S-H, Joo J-Y (2020) Elevation of
ACE2 as a SARS-CoV-2 entry receptor gene expression
in Alzheimer’s disease. J Infect 81, e33-e34.

Kehoe PG, Wong S, AL Mulhim N, Palmer LE, Miners
JS (2016) Angiotensin-converting enzyme 2 is reduced
in Alzheimer’s disease in association with increasing
amyloid- and tau pathology. Alzheimers Res Ther 8, 50.
Davies NM, Kehoe PG, Ben-Shlomo Y, Martin RM
(2011) Associations of anti-hypertensive treatments with
Alzheimer’s disease, vascular dementia, and other demen-
tias. J Alzheimers Dis 26, 699-708.

CaoY,LiL,FengZ, Wan S, Huang P, Sun X, Wen F, Huang
X, Ning G, Wang W (2020) Comparative genetic analy-
sis of the novel coronavirus (2019-nCoV/SARS-CoV-2)
receptor ACE2 in different populations. Cell Discov 6, 11.
Farrer LA, Sherbatich T, Keryanov SA, Korovaitseva
GI, Rogaeva EA, Petruk S, Premkumar S, Moliaka Y,
Song YQ, Pei Y, Sato C, Selezneva ND, Voskresen-
skaya S, Golimbet V, Sorbi S, Duara R, Gavrilova S,
St. George-Hyslop PH, Rogaev EI (2000) Association
between angiotensin-converting enzyme and Alzheimer
disease. Arch Neurol 57, 210.

Delanghe JR, Speeckaert MM, De Buyzere ML (2020)
COVID-19 infections are also affected by human ACEL
D/I polymorphism. Clin Chem Lab Med 58, 1125-1126.

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

Goldstein B, Speth RC, Trivedi M (2016)
Renin—angiotensin ~ system gene expression and
neurodegenerative diseases. J Renin Angiotensin
Aldosterone Syst 17, 147032031666675.

Zannis VI, McPherson J, Goldberger G, Karathanasis SK,
Breslow JL (1984) Synthesis, intracellular processing, and
signal peptide of human apolipoprotein E. J Biol Chem
259, 5495-5499.

Rall SC, Weisgraber KH, Mahley RW (1982) Human
apolipoprotein E. The complete amino acid sequence. J
Biol Chem 257, 4171-4178.

McLean JW, Elshourbagy NA, Chang DJ, Mahley RW,
Taylor JM (1984) Human apolipoprotein E mRNA. cDNA
cloning and nucleotide sequencing of a new variant. J Biol
Chem 259, 6498-6504.

Chen Y, Strickland MR, Soranno A, Holtzman DM
(2021) Apolipoprotein E: Structural insights and links to
Alzheimer disease pathogenesis. Neuron 109, 205-221.
Perutz MF, Johnson T, Suzuki M, Finch JT (1994) Glu-
tamine repeats as polar zippers: Their possible role in
inherited neurodegenerative diseases. Proc Natl Acad Sci
U S A91,5355-5358.

Butterfield DA, Mattson MP (2020) Apolipoprotein E and
oxidative stress in brain with relevance to Alzheimer’s
disease. Neurobiol Dis 138, 104795.

Lumsden AL, Mulugeta A, Zhou A, Hypponen E
(2020) Apolipoprotein E (APOE) genotype-associated
disease risks: A phenome-wide, registry-based, case-
control study utilising the UK Biobank. eBioMedicine 59,
102954.

Kuo C-L, Pilling LC, Atkins JL, Masoli JAH, Delgado J,
Kuchel GA, Melzer D (2020) APOE e4 genotype predicts
severe COVID-19 in the UK Biobank Community Cohort.
J Gerontol A Biol Sci Med Sci 75, 2231-2232.

Zhao Y, Zhao Z, Wang Y, Zhou Y, Ma Y, Zuo W (2020)
Single-cell RNA expression profiling of ACE2, the recep-
tor of SARS-CoV-2. Am J Respir Crit Care Med 202,
756-759.

Torres Acosta MA, Singer BD (2020) Pathogenesis of
COVID-19-induced ARDS: Implications for an ageing
population. Eur Respir J 56, 2002049.

Arentz M, Yim E, Klaff L, Lokhandwala S, Riedo FX,
Chong M, Lee M (2020) Characteristics and outcomes of
21 critically ill patients with COVID-19 in Washington
State. JAMA 323, 1612.

Zheng Y-Y, Ma Y-T, Zhang J-Y, Xie X (2020) COVID-
19 and the cardiovascular system. Nat Rev Cardiol 17,
259-260.

Matias-Guiu JA, Delgado-Alonso C, Yus M, Polidura C,
Gomez-Ruiz N, Valles-Salgado M, Ortega-Maduefio I,
Cabrera-Martin MN, Matias-Guiu J (2021) “Brain fog” by
COVID-19 or Alzheimer’s disease? A case report. Front
Psychol 12, 724022.

Tobin MJ, Laghi F, Jubran A (2020) Why COVID-19 silent
hypoxemia is baffling to physicians. Am J Respir Crit Care
Med 202, 356-360.

Rahman A, Tabassum T, Araf Y, Al Nahid A, Ullah MA,
Hosen MJ (2021) Silent hypoxia in COVID-19: Pathome-
chanism and possible management strategy. Mol Biol Rep
48, 3863-3869.

Alexander MP, Lafleche G, Schnyer D, Lim C, Verfaellie
M (2011) Cognitive and functional outcome after out of
hospital cardiac arrest. J Int Neuropsychol Soc 17, 364-
368.



[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease 19

Haglund M, Lindberg E, Englund E (2019) Hippocampus
and basal ganglia as potential sentinel sites for ischemic
pathology after resuscitated cardiac arrest. Resuscitation
139, 230-233.

WenY, Yang S, LiuR, Simpkins JW (2004) Transient cere-
bral ischemia induces site-specific hyperphosphorylation
of tau protein. Brain Res 1022, 30-38.

Solomon IH, Normandin E, Bhattacharyya S, Mukerji SS,
Keller K, Ali AS, Adams G, Hornick JL, Padera RF, Sabeti
P (2020) Neuropathological features of Covid-19. N Engl
J Med 383, 989-992.

Coolen T, Lolli V, Sadeghi N, Rovai A, Trotta N, Taccone
FS, Creteur J, Henrard S, Goffard J-C, Dewitte O, Naeije
G, Goldman S, De Tiege X (2020) Early postmortem brain
MRI findings in COVID-19 non-survivors. Neurology 95,
€2016-¢2027.

Reichard RR, Kashani KB, Boire NA, Constantopou-
los E, Guo Y, Lucchinetti CF (2020) Neuropathology of
COVID-19: A spectrum of vascular and acute dissem-
inated encephalomyelitis (ADEM)-like pathology. Acta
Neuropathol 140, 1-6.

Li Y, Li M, Wang M, Zhou Y, Chang J, Xian Y, Wang
D, Mao L, Jin H, Hu B (2020) Acute cerebrovascular dis-
ease following COVID-19: A single center, retrospective,
observational study. Stroke Vasc Neurol 5, 279-284.

de Almeida-Pititto B, Dualib PM, Zajdenverg L, Dantas
JR, de Souza FD, Rodacki M, Bertoluci MC, Brazilian
Diabetes Society Study Group (SBD) (2020) Severity and
mortality of COVID 19 in patients with diabetes, hyperten-
sion and cardiovascular disease: A meta-analysis. Diabetol
Metab Syndr 12, 75.

Love S, Miners JS (2016) Cerebrovascular disease in
ageing and Alzheimer’s disease. Acta Neuropathol 131,
645-658.

McCarron MO, Delong D, Alberts MJ (1999)
APOE genotype as a risk factor for ischemic cere-
brovascular disease: A meta-analysis. Neurology 53,
1308-1308.

Schilling S, DeStefano AL, Sachdev PS, Choi SH,
Mather KA, DeCarli CD, Wen W, Hogh P, Raz N,
Au R, Beiser A, Wolf PA, Romero JR, Zhu Y-C,
Lunetta KL, Farrer L, Dufouil C, Kuller LH, Mazoyer
B, Seshadri S, Tzourio C, Debette S (2013) APOE
genotype and MRI markers of cerebrovascular disease:
Systematic review and meta-analysis. Neurology 81,
292-300.

Luchsinger JA, Mayeux R (2004) Cardiovascular risk fac-
tors and Alzheimer’s disease. Curr Atheroscler Rep 6,
261-266.

Purnell C, Gao S, Callahan CM, Hendrie HC (2009) Car-
diovascular risk factors and incident Alzheimer disease: A
systematic review of the literature. Alzheimer Dis Assoc
Disord 23, 1-10.

Santos CY, Snyder PJ, Wu W, Zhang M, Echeverria A,
Alber J (2017) Pathophysiologic relationship between
Alzheimer’s disease, cerebrovascular disease, and cardio-
vascular risk: A review and synthesis. Alzheimers Dement
(Amst) 7, 69-87.

Kalaria RN, Ballard C (1999) Overlap between pathology
of Alzheimer disease and vascular dementia. Alzheimer
Dis Assoc Disord 13, S115-S123.

Fernando MS, Ince PG (2004) Vascular pathologies and
cognition in a population-based cohort of elderly people.
J Neurol Sci 226, 13-17.

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Jellinger KA, Attems J (2003) Incidence of cerebrovascu-
lar lesions in Alzheimer’s disease: A postmortem study.
Acta Neuropathol 105, 14-17.

Strozyk D, Dickson DW, Lipton RB, Katz M, Derby CA,
Lee S, Wang C, Verghese J (2010) Contribution of vas-
cular pathology to the clinical expression of dementia.
Neurobiol Aging 31, 1710-1720.

Tadecola C, Gottesman RF (2018) Cerebrovascular alter-
ations in Alzheimer disease: Incidental or pathogenic?
Circ Res 123, 406-408.

Steardo L, Steardo L, Zorec R, Verkhratsky A (2020) Neu-
roinfection may contribute to pathophysiology and clinical
manifestations of COVID-19. Acta Physiol 229, e13473.
Ciaccio M, Lo Sasso B, Scazzone C, Gambino CM, Ciac-
cio AM, Bivona G, Piccoli T, Giglio RV, Agnello L (2021)
COVID-19 and Alzheimer’s disease. Brain Sci 11, 305.
Santa Cruz A, Mendes-Frias A, Oliveira AI, Dias L, Matos
AR, Carvalho A, Capela C, Pedrosa J, Castro AG, Silvestre
R (2021) Interleukin-6 is a biomarker for the development
of fatal severe acute respiratory syndrome coronavirus 2
pneumonia. Front Immunol 12, 613422.

Chen LYC, Hoiland RL, Stukas S, Wellington CL, Sekhon
MS (2021) Assessing the importance of interleukin-6 in
COVID-19. Lancet Respir Med 9, e13.

Ulhaq ZS, Soraya GV (2020) Interleukin-6 as a potential
biomarker of COVID-19 progression. Med Mal Infect 50,
382-383.

Strafella C, Caputo V, Termine A, Barati S, Caltagirone
C, Giardina E, Cascella R (2020) Investigation of genetic
variations of IL6 and IL6R as potential prognostic and
pharmacogenetics biomarkers: Implications for COVID-
19 and neuroinflammatory disorders. Life (Basel) 10, 351.
Salvi R, Patankar P (2020) Emerging pharmacotherapies
for COVID-19. Biomed Pharmacother 128, 110267.
Garbers C, Heink S, Korn T, Rose-John S (2018)
Interleukin-6: Designing specific therapeutics for a com-
plex cytokine. Nat Rev Drug Discov 17, 395-412.
Redensek S, Flisar D, Kojovic M, Kramberger MG,
Georgiev D, Pirtosek Z, Tro§t M, DolZan V (2019) Genetic
variability of inflammation and oxidative stress genes does
not play a major role in the occurrence of adverse events
of dopaminergic treatment in Parkinson’s disease. J Neu-
roinflammation 16, 50.

Mun M-J, Kim J-H, Choi J-Y, Jang W-C (2016) Genetic
polymorphisms of interleukin genes and the risk of
Alzheimer’s disease: An update meta-analysis. Meta Gene
8, 1-10.

Woo P, Humphries SE (2013) IL-6 polymorphisms: A use-
ful genetic tool for inflammation research? J Clin Invest
123, 1413-1414.

The REMAP-CAP Investigators (2021) Interleukin-6
receptor antagonists in critically ill patients with Covid-19.
N Engl J Med 384, 1491-1502.

The WHO Rapid Evidence Appraisal for COVID-19 Ther-
apies (REACT) Working Group, Domingo P, Mur I, Mateo
GM, Gutierrez M del M, Pomar V, de Benito N, Corbacho
N, Herrera S, Millan L, et al. (2021) Association between
administration of IL-6 antagonists and mortality among
patients hospitalized for COVID-19: A meta-analysis.
JAMA 326, 499.

Shi C-S, Nabar NR, Huang N-N, Kehrl JH (2019)
SARS-Coronavirus Open Reading Frame-8b triggers
intracellular stress pathways and activates NLRP3 inflam-
masomes. Cell Death Discov 5, 101.



20

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease

Ruan Q, Yang K, Wang W, Jiang L, Song J (2020) Clinical
predictors of mortality due to COVID-19 based on an anal-
ysis of data of 150 patients from Wuhan, China. Intensive
Care Med 46, 846-848.

Mehta P, McAuley DF, Brown M, Sanchez E, Tatter-
sall RS, Manson JJ (2020) COVID-19: Consider cytokine
storm syndromes and immunosuppression. Lancet 395,
1033-1034.

Cavalli G, De Luca G, Campochiaro C, Della-Torre E,
Ripa M, Canetti D, Oltolini C, Castiglioni B, Tassan
Din C, Boffini N, Tomelleri A, Farina N, Ruggeri A,
Rovere-Querini P, Di Lucca G, Martinenghi S, Scotti
R, Tresoldi M, Ciceri F, Landoni G, Zangrillo A,
Scarpellini P, Dagna L (2020) Interleukin-1 blockade
with high-dose anakinra in patients with COVID-19,
acute respiratory distress syndrome, and hyperinflamma-
tion: A retrospective cohort study. Lancet Rheumatol 2,
e325-e331.

Italiani P, Puxeddu I, Napoletano S, Scala E, Melillo D,
Manocchio S, Angiolillo A, Migliorini P, Boraschi D,
Vitale E, Di Costanzo A (2018) Circulating levels of IL-
1 family cytokines and receptors in Alzheimer’s disease:
New markers of disease progression? J Neuroinflamma-
tion 15, 342.

Griffin WST, Mrak RE (2002) Interleukin-1 in the genesis
and progression of and risk for development of neuronal
degeneration in Alzheimer’s disease. J Leukoc Biol 72,
233-238.

Sheng JG, Ito K, Skinner RD, Mrak RE, Rovnaghi CR,
van Eldik LJ, Griffin WST (1996) In vivo and in vitro
evidence supporting a role for the inflammatory cytokine
interleukin-1 as a driving force in Alzheimer pathogenesis.
Neurobiol Aging 17, 761-766.

Kitazawa M, Cheng D, Tsukamoto MR, Koike MA, Wes
PD, Vasilevko V, Cribbs DH, LaFerla FM (2011) Blocking
IL-1 signaling rescues cognition, attenuates tau pathology,
and restores neuronal (3-catenin pathway function in an
Alzheimer’s disease model. J Immunol 187, 6539-6549.
Rachal Pugh C, Fleshner M, Watkins LR, Maier SF, Rudy
JW (2001) The immune system and memory consolida-
tion: A role for the cytokine IL-1B. Neurosci Biobehav
Rev 25, 29-41.

Depino AM, Alonso M, Ferrari C, del Rey A, Anthony
D, Besedovsky H, Medina JH, Pitossi F (2004) Learning
modulation by endogenous hippocampal IL-1: Blockade
of endogenous IL-1 facilitates memory formation. Hip-
pocampus 14, 526-535.

Goshen I, Kreisel T, Ounallah-Saad H, Renbaum P,
Zalzstein Y, Ben-Hur T, Levy-Lahad E, Yirmiya R (2007)
A dual role for interleukin-1 in hippocampal-dependent
memory processes. Psychoneuroendocrinology 32, 1106-
1115.

Perillo NL, Marcus ME, Baum LG (1998) Galectins: Ver-
satile modulators of cell adhesion, cell proliferation, and
cell death. J Mol Med 76, 402-412.

Rabinovich GA, Toscano MA (2009) Turning “sweet” on
immunity: Galectin-glycan interactions in immune toler-
ance and inflammation. Nat Rev Immunol 9, 338-352.
Chen H-L, Liao F, Lin T-N, Liu F-T (2014) Galectins and
neuroinflammation. Adv Neurobiol 9, 517-542.

Tan Y, Zheng Y, Xu D, Sun Z, Yang H, Yin Q (2021)
Galectin-3: A key player in microglia-mediated neuroin-
flammation and Alzheimer’s disease. Cell Biosci 11, 78.
Puigdellfvol M, Allendorf DH, Brown GC (2020)
Sialylation and galectin-3 in microglia-mediated neuroin-

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

flammation and neurodegeneration. Front Cell Neurosci
14, 162

Zhao R, Hu W, Tsai J, Li W, Gan W-B (2017)
Microglia limit the expansion of 3-amyloid plaques in a
mouse model of Alzheimer’s disease. Mol Neurodegener
12, 47.

Filer A, Bik M, Parsonage GN, Fitton J, Trebilcock E,
Howlett K, Cook M, Raza K, Simmons DL, Thomas AMC,
Salmon M, Scheel-Toellner D, Lord JM, Rabinovich GA,
Buckley CD (2009) Galectin 3 induces a distinctive pattern
of cytokine and chemokine production in rheumatoid syn-
ovial fibroblasts via selective signaling pathways. Arthritis
Rheumatol 60, 1604-1614.

Henderson NC, Sethi T (2009) The regulation of inflam-
mation by galectin 3. Immunol Rev 230, 160-171.
Garcia-Revilla J, Deierborg T, Venero JL, Boza-Serrano A
(2020) Hyperinflammation and fibrosis in severe COVID-
19 patients: Galectin-3, a target molecule to consider.
Front Immunol 11, 20609.

Diaz-Alvarez L, Ortega E (2017) The many roles of
galectin-3, a multifaceted molecule, in innate immune
responses against pathogens. Mediators Inflamm 2017,
1-10.

Sano H, Hsu DK, Yu L, Apgar JR, Kuwabara I, Yamanaka
T, Hirashima M, Liu F-T (2000) Human galectin-3 is a
novel chemoattractant for monocytes and macrophages. J
Immunol 165, 2156-2164.

Simovic Markovic B, Nikolic A, Gazdic M, Bojic S, Vuci-
cevic L, Kosic M, Mitrovic S, Milosavljevic M, Besra G,
Trajkovic V, Arsenijevic N, Lukic ML, Volarevic V (2016)
Galectin-3 plays an important pro-inflammatory role in
the induction phase of acute colitis by promoting activa-
tion of NLRP3 inflammasome and production of IL-1f3 in
macrophages. J Crohns Colitis 10, 593-606.

Kuwabara I, Liu FT (1996) Galectin-3 promotes adhesion
of human neutrophils to laminin. J Immunol 156, 3939-
3944,

Xu Z, Li X, Huang Y, Mao P, Wu S, Yang B, Yang Y,
Chen K, Liu X, Li Y (2017) The Predictive value of plasma
galectin-3 for Ards severity and clinical outcome. Shock
47, 331-336.

Cervantes-Alvarez E, la Rosa NL, la Mora MS, Valdez-
Sandoval P, Palacios-Jimenez M, Rodriguez-Alvarez
F, Vera-Maldonado BI, Aguirre-Aguilar E, Escobar-
Valderrama JM, Alanis-Mendizabal J, Méndez-Guerrero
O, Tejeda-Dominguez F, Torres-Ruiz J, Gémez-Martin
D, Colborn KL, Kershenobich D, Huang CA, Navarro-
Alvarez N (2022) Galectin-3 as a potential prognostic
biomarker of severe COVID-19 in SARS-CoV-2 infected
patients. Sci Rep 12, 1856.

Tao C-C, Cheng K-M, Ma Y-L, Hsu W-L, Chen Y-C, Fuh
J-L, Lee W-J, Chao C-C, Lee EHY (2020) Galectin-3 pro-
motes AP oligomerization and A toxicity in a mouse
model of Alzheimer’s disease. Cell Death Differ 27, 192-
209.

Siew JJ, Chen H-M, Chen H-Y, Chen H-L, Chen C-M,
Soong B-W, Wu Y-R, Chang C-P, Chan Y-C, Lin C-
H, Liu F-T, Chern Y (2019) Galectin-3 is required for
the microglia-mediated brain inflammation in a model of
Huntington’s disease. Nat Commun 10, 3473.

Chen Y-J, Wang S-F, Weng I-C, Hong M-H, Lo T-H,
Jan J-T, Hsu L-C, Chen H-Y, Liu F-T (2018) Galectin-
3 enhances avian HSNI1 influenza A virus—induced
pulmonary inflammation by promoting NLRP3 inflamma-
some activation. Am J Pathol 188, 1031-1042.



[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease 21

Wang W-H, Lin C-Y, Chang MR, Urbina AN, Assavalap-
sakul W, Thitithanyanont A, Chen Y-H, Liu F-T, Wang S-F
(2020) The role of galectins in virus infection - A systemic
literature review. J Microbiol Immunol Infect 53, 925-935.
Bozorgmehr N, Mashhouri S, Perez Rosero E, Xu L, Shah-
baz S, Sligl W, Osman M, Kutsogiannis DJ, MacIntyre E,
O’Neil CR, Elahi S (2021) Galectin-9, a player in cytokine
release syndrome and a surrogate diagnostic biomarker in
SARS-CoV-2 infection. mBio 12, e00384-21.

Steelman AJ, Li J (2014) Astrocyte galectin-9 potentiates
microglial TNF secretion. J Neuroinflammation 11, 144.
Wang X, Niu Y, Yue CX, Fu S, Wang RT (2019) Increased
ileal bile acid binding protein and galectin-9 are associated
with mild cognitive impairment and Alzheimer’s disease.
J Psychiatr Res 119, 102-106.

Frontera JA, Boutajangout A, Masurkar AV, Betensky
RA, Ge Y, Vedvyas A, Debure L, Moreira A, Lewis
A, Huang J, Thawani S, Balcer L, Galetta S, Wis-
niewski T (2022) Comparison of serum neurodegenerative
biomarkers among hospitalized COVID-19 patients versus
non-COVID subjects with normal cognition, mild cog-
nitive impairment, or Alzheimer’s dementia. Alzheimers
Dement 18, 899-910.

Blyth BJ, Farahvar A, He H, Nayak A, Yang C,
Shaw G, Bazarian JJ (2011) Elevated serum ubiquitin
carboxy-terminal hydrolase L1 is associated with abnor-
mal blood-brain barrier function after traumatic brain
injury. J Neurotrauma 28, 2453-2462.

Larsen CN, Krantz BA, Wilkinson KD (1998) Substrate
specificity of deubiquitinating enzymes: Ubiquitin C-
terminal hydrolases. Biochemistry 37, 3358-3368.
Bogoslovsky T, Wilson D, Chen Y, Hanlon D, Gill J,
Jeromin A, Song L, Moore C, Gong Y, Kenney K, Diaz-
Arrastia R (2017) Increases of plasma levels of glial
fibrillary acidic protein, tau, and amyloid 3 up to 90 days
after traumatic brain injury. J Neurotrauma 34, 66-73.
Bernick C, Zetterberg H, Shan G, Banks S, Blennow K
(2018) Longitudinal performance of plasma neurofilament
light and tau in professional fighters: The Professional
Fighters Brain Health Study. J Neurotrauma 35, 2351-
2356.

Lee M-H, Perl DP, Nair G, Li W, Maric D, Murray H,
Dodd SJ, Koretsky AP, Watts JA, Cheung V, Masliah E,
Horkayne-Szakaly I, Jones R, Stram MN, Moncur J, Hefti
M, Folkerth RD, Nath A (2021) Microvascular injury in
the brains of patients with Covid-19. N Engl J Med 384,
481-483.

Sun B, Tang N, Peluso MJ, Iyer NS, Torres L, Donatelli
JL, Munter SE, Nixon CC, Rutishauser RL, Rodriguez-
Barraquer I, Greenhouse B, Kelly JD, Martin JN, Deeks
SG, Henrich TJ, Pulliam L (2021) Characterization and
biomarker analyses of post-COVID-19 complications and
neurological manifestations. Cells 10, 386.

Hansen DV, Hanson JE, Sheng M (2018) Microglia in
Alzheimer’s disease. J Cell Biol 217, 459-472.

Perea JR, Bolés M, Avila J (2020) Microglia in
Alzheimer’s disease in the context of tau pathology.
Biomolecules 10, 1439.

Klein RS, Garber C, Funk KE, Salimi H, Soung A, Kan-
mogne M, Manivasagam S, Agner S, Cain M (2019)
Neuroinflammation during RNA viral infections. Annu
Rev Immunol 37, 73-95.

Boroujeni ME, Simani L, Bluyssen HAR, Samadikhah
HR, Zamanlui Benisi S, Hassani S, Akbari Dilmaghani N,
Fathi M, Vakili K, Mahmoudiasl G-R, Abbaszadeh HA,

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

Hassani Moghaddam M, Abdollahifar M-A, Aliaghaei A
(2021) Inflammatory response leads to neuronal death
in human post-mortem cerebral cortex in patients with
COVID-19. ACS Chem Neurosci 12, 2143-2150.
Carmona S, Zahs K, Wu E, Dakin K, Bras J, Guerreiro
R (2018) The role of TREM2 in Alzheimer’s disease and
other neurodegenerative disorders. Lancet Neurol 17, 721-
730.

QinQ, TengZ,Liu C,LiQ, Yin Y, Tang Y (2021) TREM2,
microglia, and Alzheimer’s disease. Mech Ageing Dev
195, 111438.

Kerget F, Kerget B, Iba Yilmaz S, Kiziltung A (2021) Eval-
uation of the relationship between TREM-1/TREM-2 ratio
and clinical course in COVID-19 pneumonia. Int J Clin
Pract 75, e14697.

Wu Y, Wang M, Yin H, Ming S, Li X, Jiang G, Liu Y,
Wang P, Zhou G, Liu L, Gong S, Zhou H, Shan H, Huang X
(2021) TREM-2 is a sensor and activator of T cell response
in SARS-CoV-2 infection. Sci Adv 7, eabi6802.

Liao M, Liu Y, Yuan J, Wen Y, Xu G, Zhao J, Cheng L,
LiJ, Wang X, Wang F, Liu L, Amit I, Zhang S, Zhang Z
(2020) Single-cell landscape of bronchoalveolar immune
cells in patients with COVID-19. Nat Med 26, 842-844.
Ramachandran P, Dobie R, Wilson-Kanamori JR, Dora EF,
Henderson BEP, Luu NT, Portman JR, Matchett KP, Brice
M, Marwick JA, Taylor RS, Efremova M, Vento-Tormo R,
Carragher NO, Kendall TJ, Fallowfield JA, Harrison EM,
Mole DJ, Wigmore SJ, Newsome PN, Weston CJ, Iredale
JP, Tacke F, Pollard JW, Ponting CP, Marioni JC, Teich-
mann SA, Henderson NC (2019) Resolving the fibrotic
niche of human liver cirrhosis at single-cell level. Nature
575, 512-518.

Boza-Serrano A, Ruiz R, Sanchez-Varo R, Garcia-Revilla
J, Yang Y, Jimenez-Ferrer 1, Paulus A, Wennstrom M,
Vilalta A, Allendorf D, Davila JC, Stegmayr J, Jiménez
S, Roca-Ceballos MA, Navarro-Garrido V, Swanberg M,
Hsieh CL, Real LM, Englund E, Linse S, Leffler H,
Nilsson UJ, Brown GC, Gutierrez A, Vitorica J, Venero
JL, Deierborg T (2019) Galectin-3, a novel endogenous
TREM?2 ligand, detrimentally regulates inflammatory
response in Alzheimer’s disease. Acta Neuropathol 138,
251-273.

Lu B, Nagappan G, Lu Y (2014) BDNF and synaptic
plasticity, cognitive function, and dysfunction. In Neu-
rotrophic Factors, Lewin GR, Carter BD, eds. Springer
Berlin Heidelberg, Berlin, Heidelberg, pp. 223-250.
Miranda M, Morici JF, Zanoni MB, Bekinschtein P (2019)
Brain-derived neurotrophic factor: A key molecule for
memory in the healthy and the pathological brain. Front
Cell Neurosci 13, 363.

Tanqueiro SR, Ramalho RM, Rodrigues TM, Lopes LV,
Sebastido AM, Didgenes MJ (2018) Inhibition of NMDA
receptors prevents the loss of BDNF function induced by
amyloid B. Front Pharmacol 9, 237.

Wang Z-H, Xiang J, Liu X, Yu SP, Manfredsson FP, San-
doval IM, Wu S, Wang J-Z, Ye K (2019) Deficiency in
BDNEF/TrkB neurotrophic activity stimulates §-secretase
by upregulating C/EBPp in Alzheimer’s disease. Cell Rep
28, 655-669.e5.

Wang X-L, Iwanami J, Min L-J, Tsukuda K, Nakaoka
H, Bai H-Y, Shan B-S, Kan-no H, Kukida M, Chisaka
T, Yamauchi T, Higaki A, Mogi M, Horiuchi M (2016)
Deficiency of angiotensin-converting enzyme 2 causes
deterioration of cognitive function. NPJ Aging Mech Dis
2, 16024.



22

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease

Wincewicz D, Juchniewicz A, Waszkiewicz N, Braszko JJ
(2016) Angiotensin II type 1 receptor blockade by telmis-
artan prevents stress-induced impairment of memory via
HPA axis deactivation and up-regulation of brain-derived
neurotrophic factor gene expression. Pharmacol Biochem
Behav 148, 108-118.

Boucas AP, Rheinheimer J, Lagopoulos J (2022) Why
severe COVID-19 patients are at greater risk of develop-
ing depression: A molecular perspective. Neuroscientist
28, 11-19.

De Paulis M, Oliveira DBL, Vieira RP, Pinto IC, Machado
RRG, Cavalcanti MP, Soares CP, de Araujo AMP, Araujo
DB, Bachi ALL, Leal FB, Dorlass EG, Gilio AE,
Durigon EL, Barreira ER (2020) Multisystem inflamma-
tory syndrome associated with COVID-19 with neurologic
manifestations in a child: A brief report. Pediatr Infect Dis
J 39, e321-e324.

Azoulay D, Shehadeh M, Chepa S, Shaoul E, Baroum
M, Horowitz NA, Kaykov E (2020) Recovery from
SARS-CoV-2 infection is associated with serum BDNF
restoration. J Infect 81, €79-e81.

Minuzzi LG, Seelaender M, Silva BSDA, Cunha E del BB,
Deus MDC, Vasconcellos FTF, Marqueze LFB, Gadotti
AC, Baena CP, Pereira T, Kriiger K, Amaral ANM, Pinho
RA, Lira FS (2021) COVID-19 outcome relates with cir-
culating BDNF, according to patient adiposity and age.
Front Nutr 8, 784429.

Birnhuber A, FlieBer E, Gorkiewicz G, Zacharias M, Seel-
iger B, David S, Welte T, Schmidt J, Olschewski H,
Wygrecka M, Kwapiszewska G (2021) Between inflam-
mation and thrombosis: Endothelial cells in COVID-19.
Eur Respir J 58, 2100377.

Jin Y, Ji W, Yang H, Chen S, Zhang W, Duan G
(2020) Endothelial activation and dysfunction in COVID-
19: From basic mechanisms to potential therapeutic
approaches. Signal Transduct Target Ther 5, 293.
Boutajangout A, Frontera J, Debure L, Vedvyas A, Faustin
A, Wisniewski T (2021) Plasma biomarkers of neu-
rodegeneration and neuroinflammation in hospitalized
COVID-19 patients with and without new neurological
symptoms. Alzheimers Dement 17, €057892.

Manca R, De Marco M, Ince PG, Venneri A (2021) Hetero-
geneity in regional damage detected by neuroimaging and
neuropathological studies in older adults with COVID-19:
A cognitive-neuroscience systematic review to inform the
long-term impact of the virus on neurocognitive trajecto-
ries. Front Aging Neurosci 13, 646908.

Helms J, Kremer S, Merdji H, Clere-Jehl R, Schenck M,
Kummerlen C, Collange O, Boulay C, Fafi-Kremer S,
Ohana M, Anheim M, Meziani F (2020) Neurologic fea-
tures in severe SARS-CoV-2 infection. N Engl J Med 382,
2268-2270.

US National Library of Medicine, Neuro-
inflammation  and  post-infectious ~ fatigue in
individuals with and without COVID-19 (COV-
FATTI). https://clinicaltrials.gov/ct2/show/NCT05371522,
Last updated May 12, 2022, Accessed on August 4, 2022.

UsS National Library of  Medicine, Neu-
rotropism and Neuroinflammation in COVID-19
Patients With Delirium. (BRAINSTORM),

https://clinicaltrials.gov/ct2/show/NCT04785157.

Last updated September 5, 2021, Accessed on August 4,
2022.

Najjar-Debbiny R, Gronich N, Weber G, Khoury J, Amar
M, Stein N, Goldstein LH, Saliba W (2022) Effectiveness

[230]

[231]

[232]

[233]

[234]

[235]
[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

of Paxlovid in reducing severe coronavirus disease 2019
and mortality in high-risk patients. Clin Infect Dis, doi:
10.1093/cid/ciac443.

Jayk Bernal A, Gomes da Silva MM, Musungaie DB,
Kovalchuk E, Gonzalez A, Delos Reyes V, Martfn—Quirés
A, Caraco Y, Williams-Diaz A, Brown ML, Du J, Ped-
ley A, Assaid C, Strizki J, Grobler JA, Shamsuddin HH,
Tipping R, Wan H, Paschke A, Butterton JR, Johnson
MG, De Anda C (2022) Molnupiravir for oral treatment of
Covid-19 in nonhospitalized patients. N Engl J Med 386,
509-520.

Wen W, Chen C, Tang J, Wang C, Zhou M, Cheng Y,
Zhou X, Wu Q, Zhang X, Feng Z, Wang M, Mao Q (2022)
Efficacy and safety of three new oral antiviral treatment
(molnupiravir, fluvoxamine and Paxlovid) for COVID-19:
A meta-analysis. Ann Med 54, 516-523.

Hall V, Foulkes S, Insalata F, Kirwan P, Saei A, Atti A,
Wellington E, Khawam J, Munro K, Cole M, Tranquillini
C, Taylor-Kerr A, Hettiarachchi N, Calbraith D, Sajedi
N, Milligan I, Themistocleous Y, Corrigan D, Cromey
L, Price L, Stewart S, de Lacy E, Norman C, Linley E,
Otter AD, Semper A, Hewson J, D’ Arcangelo S, Chand
M, Brown CS, Brooks T, Islam J, Charlett A, Hopkins
S (2022) Protection against SARS-CoV-2 after Covid-19
vaccination and previous infection. N Engl J Med 386,
1207-1220.

Zeng B, Gao L, Zhou Q, Yu K, Sun F (2022) Effective-
ness of COVID-19 vaccines against SARS-CoV-2 variants
of concern: A systematic review and meta-analysis. BMC
Med 20, 200.

CoulsonJM, Adams A, Gray LA, Evans A (2022) COVID-
19 “Rebound” associated with nirmatrelvir/ritonavir pre-
hospital therapy. J Infect 85, 436-480.

Malone B, Campbell EA (2021) Molnupiravir: Coding for
catastrophe. Nat Struct Mol Biol 28, 706-708.

Extance A (2022) Covid-19: What is the evidence for the
antiviral molnupiravir? BMJ 377, 0926.

Li Q, Wu Y, Chen J, Xuan A, Wang X (2022) Microglia
and immunotherapy in Alzheimer’s disease. Acta Neurol
Scand 145, 273-278.

Liu P, Wang Y, Sun Y, Peng G (2022) Neuroinflammation
as a potential therapeutic target in Alzheimer’s disease.
Clin Interv Aging 17, 665-674.

Guo S, Wang H, Yin Y (2022) Microglia polarization from
MI1 to M2 in neurodegenerative diseases. Front Aging
Neurosci 14, 815347.

Li T, Lu L, Pember E, Li X, Zhang B, Zhu Z (2022) New
insights into neuroinflammation involved in pathogenic
mechanism of Alzheimer’s disease and its potential for
therapeutic intervention. Cells 11, 1925.

Maiese K (2014) Editor’s Perspective: “Connecting the
dots” from blood brain barrier dysfunction to neuroinflam-
mation and Alzheimer’s disease. Curr Neurovasc Res 11,
187-189.

US National Library of Medicine, Examining Neu-
roinflammation  in  AlzHeimer’s (ENHANCE).
https://clinicaltrials.gov/ct2/show/NCT03548883,

Last updated February 17, 2022, Accessed on August 4,
2022.

US National Library of Medicine, Neuroinflamma-
tion in Alzheimer’s Disease. https://clinicaltrials.gov/
ct2/show/NCT04274998, Last updated, Accessed on
August 4, 2022

Khan TM, Patel R, Siddiqui AH (2022) Furosemide. In
StatPearls, StatPearls Publishing, Treasure Island (FL).


https://clinicaltrials.gov/ct2/show/NCT05371522
https://clinicaltrials.gov/ct2/show/NCT04785157
https://clinicaltrials.gov/ct2/show/NCT03548883
https://clinicaltrials.gov/ct2/show/NCT04274998

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

M. Golzari-Sorkheh et al. / COVID-19 as a Risk Factor for Alzheimer’s Disease 23

Wang Z, Wang Y, Vilekar P, Yang S-P, Gupta M, Oh MI,
Meek A, Doyle L, Villar L, Brennecke A, Liyanage I, Reed
M, Barden C, Weaver DF (2020) Small molecule therapeu-
tics for COVID-19: Repurposing of inhaled furosemide.
PeerJ 8, €9533.

Brennecke A, Villar L, Wang Z, Doyle LM, Meek A, Reed
M, Barden C, Weaver DF (2020) Is inhaled furosemide a
potential therapeutic for COVID-19? Am J Med Sci 360,
216-221.

Kevorkian J-P, Riveline J-P, Vandiedonck C, Girard D,
Galland J, Féron F, Gautier J-F, Mégarbane B (2021) Early
short-course corticosteroids and furosemide combination
to treat non-critically ill COVID-19 patients: An observa-
tional cohort study. J Infect 82, e22-¢24.

US National Library of Medicine, Furosemide as Support-
ive Therapy for COVID-19 Respiratory Failure (FaST-1).
https://clinicaltrials.gov/ct2/show/NCT04588792, Last
updated April 21, 2021, Accessed on August 4, 2022.
Wang Z, Vilekar P, Huang J, Weaver DF (2020)
Furosemide as a probe molecule for the treatment of
neuroinflammation in Alzheimer’s disease. ACS Chem
Neurosci 11, 4152-4168.

Chuang Y-F, Breitner JCS, Chiu Y-L, Khachaturian A,
Hayden K, Corcoran C, Tschanz J, Norton M, Munger
R, Welsh-Bohmer K, Zandi PP (2014) Use of diuretics is
associated with reduced risk of Alzheimer’s disease: The
Cache County Study. Neurobiol Aging 35, 2429-2435.
Tully PJ, Hanon O, Cosh S, Tzourio C (2016) Diuretic
antihypertensive drugs and incident dementia risk: A
systematic review, meta-analysis and meta-regression of
prospective studies. J Hypertens 34, 1027-1035.

Wang Z, Wang Y, Pasangulapati JP, Stover KR, Liu X,
Schier S (Wohnig), Weaver DF (2021) Design, synthe-
sis, and biological evaluation of furosemide analogs as
therapeutics for the proteopathy and immunopathy of
Alzheimer’s disease. Eur J Med Chem 222, 113565.
GBD 2019 Dementia Forecasting Collaborators (2022)
Estimation of the global prevalence of dementia in 2019
and forecasted prevalence in 2050: An analysis for the
Global Burden of Disease Study 2019. Lancet Public
Health 7, e105-¢125.

World Health  Organization (2020) Dementia.
https://www.who.int/news-room/fact-sheets/detail/
dementia. Last updated September 2, 2021. Accessed on
August 4, 2022.

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

Wu Y, Xu X, Chen Z, Duan J, Hashimoto K, Yang L,
Liu C, Yang C (2020) Nervous system involvement after
infection with COVID-19 and other coronaviruses. Brain
Behav Immun 87, 18-22.

Widmann CN, Heneka MT (2014) Long-term cerebral
consequences of sepsis. Lancet Neurol 13, 630-636.
Iwashyna TJ, Ely EW, Smith DM, Langa KM (2010)
Long-term cognitive impairment and functional disability
among survivors of severe sepsis. JAMA 304, 1787-1794.
Brai E, Tonacci A, Brugada-Ramentol V, D’Andrea F,
Alberi L (2021) Intercepting dementia: Awareness and
innovation as key tools. Front Aging Neurosci 13, 730727.
Stefanou M-I, Palaiodimou L, Bakola E, Smyrnis N,
Papadopoulou M, Paraskevas GP, Rizos E, Boutati E,
Grigoriadis N, Krogias C, Giannopoulos S, Tsiodras S,
Gaga M, Tsivgoulis G (2022) Neurological manifestations
of long-COVID syndrome: A narrative review. Ther Adv
Chronic Dis 13, 204062232210768.

Pisaturo M, Calo F, Russo A, Camaioni C, Giaccone A,
Pinchera B, Gentile I, Simeone F, Iodice A, Maggi P,
Coppola N (2021) Dementia as risk factor for severe coro-
navirus disease 2019: A case-control study. Front Aging
Neurosci 13, 698184.

Wang Q, Davis PB, Gurney ME, Xu R (2021) COVID-19
and dementia: Analyses of risk, disparity, and outcomes
from electronic health records in the US. Alzheimers
Dement 17, 1297-1306.

Harb AA, Chen R, Chase HS, Natarajan K, Noble JM
(2021) Clinical features and outcomes of patients with
dementia compared to an aging cohort hospitalized during
the initial New York City COVID-19 wave. J Alzheimers
Dis 81, 679-690.

Wang S-M, Park SH, Kim N-Y, Kang DW, Na H-R, Um
YH, Han S, Park S-S, Lim HK (2021) Association between
dementia and clinical outcome after COVID-19: A nation-
wide cohort study with propensity score matched control
in South Korea. Psychiatry Investig 18, 523-529.

Ho JY, Franco Y (2022) The rising burden of Alzheimer’s
disease mortality in rural America. SSM - Popul Health
17, 101052.

Wong W (2020) Economic burden of Alzheimer disease
and managed care considerations. Am J Manag Care 26,
S177-S183.


https://clinicaltrials.gov/ct2/show/NCT04588792
https://www.who.int/news-room/fact-sheets/detail/dementia

