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Abstract: In the middle of the coronavirus disease 19 (COVID-19) outbreak, the main efforts of the
scientific community are rightly all focused on identifying efficient pharmacological treatments to
cure the acute severe symptoms and developing a reliable vaccine. On the other hand, we cannot
exclude that, in Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) positive subjects,
the virus infection could have long-term consequences, leading to chronic medical conditions such
as dementia and neurodegenerative disease. Considering the age of SARS-CoV-2 infected subjects,
the neuroinvasive potential might lead/contribute to the development of neurodegenerative diseases.
Here, we analyzed a possible link between SARS-CoV-2 infection and Alzheimer’s disease risk,
hypothesizing possible mechanisms at the base of disease development. This reflection raises the
need to start to experimentally investigating today the mechanistic link between Alzheimer’s disease
(AD) and COVID-19 to be ready tomorrow.
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1. Introduction

Dementia is one of the major causes of disability and dependency among older people worldwide.
It can be overwhelming for not only people affected but also their caregivers and families, with a very
high-pressure on the direct and indirect healthcare cost. The Global Dementia Observatory has
estimated that worldwide around 50 million people have dementia, with nearly 10 million new cases
every year. The total number of people with dementia is projected to reach 82 million in 2030 and
152 in 2050 [1,2]. More recently, the World Health Organization (WHO) has recognized dementia as
a public health priority. In May 2017, the World Health Assembly endorsed the Global Action Plan
on the Public Health Response to Dementia 2017–2025, to provide a comprehensive blueprint for action.
Several speakers among policy and public health organisms, from different areas including diagnosis,
treatment and care, support for caregivers, and research and innovation were involved [3]. Among the
different types of dementia, Alzheimer’s disease (AD) is the most common form and may contribute to
60–70% of cases [1,4]. After more than 100 years from its first description, Alzheimer’s disease remains
a big challenge to manage, in terms of both diagnosis and treatment. Up to now, no effective cure has
been found, and the main reason for this lies in the fact that many dark sides of its causes remain to be
deciphered. On the other hand, scientific research has reached an important achievement in identifying
the earliness with which some pathological events occur. It is now well established that the disease
starts at least 10–20 years before the symptoms’ appearance [5,6], with precise molecular changes
(i.e., beta-amyloid load and phosphorylated tau) and biological processes (i.e., neuroinflammation,
mitochondrial dysfunction, and oxidative stress) [7–11].
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2. The Virus Brain Infectious Theory of Alzheimer’s Disease

The link between Alzheimer’s and infectious theory raised by evidence of the presence in AD
postmortem brain of pathogens, including Chlamydia pneumoniae, Borrelia spirochetes, Helicobacter
pylori, and herpes simplex virus (HSV) [12]. A strong association between herpes simplex virus type
1 (HSV1) and AD risk has also been suggested by higher infection rates of central nervous system
(CNS) in carriers of the type 4 allele of the apolipoprotein E gene (APOE-ε4), a well-recognized genetic
AD risk [13,14], found also able to accelerate the breakdown of the blood–brain barrier by damaging
pericytes inside the blood vessels [15].

Wozniak and Itzhaki showed that latent HSV1 in the brain of APOE-ε4 carriers was intermittently
reactivated by events such as immunosuppression, peripheral infection, and inflammation, eventually
culminating in the development of AD [16]. In addition, in the postmortem brain tissues of more
than 1000 patients with Alzheimer’s disease, increased levels of human herpesvirus 6A (HHV-6A)
and human herpesvirus 7 (HHV-7) have been found when compared to brain tissues of healthy-aging
subjects or those suffering from a different neurodegenerative condition [17]. One of the open
questions related to the virus theory of AD, which keeps it far from being widely accepted, is the
lack of well-recognized approval for a causative link between viral infection and chronic neurological
dysfunction. However, the biology of viruses that infect the brain and the resultant host responses,
together with improved diagnostic tools and the lessons learned from animal models, have raised
the possibility of viral causation of a number of more subtle neurological conditions. Viruses can
damage neurons, causing their dysfunction (i.e., affecting neurotransmitter release) or even death
(i.e., lysing the cells, as occurs with cytomegalovirus, or inducing apoptosis, as shown for vesicular
stomatitis virus), or indirectly activate the immune response against infected cells and this could
initiate a neurodegenerative process [18].

3. Brain Infection of SARS-CoV-2 Results in Neurological Manifestations

Beginning in late December 2019, a novel infection caused by the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), a positive-strand RNA virus, started spreading to over
100 countries [19,20]. On March 2020, the World Health Organization (WHO) declared the outbreak
of a pandemic, which has caused more than 700,000 deaths globally. Although initially coronavirus
disease 19 (COVID-19) was thought confined to the respiratory tract causing a severe respiratory
syndrome, very soon it became clear that the virus could invade other organs, including CNS. In one
of the first studies on 214 COVID-19 patients, Mao et al. found that, among the severe patients,
36.4% displayed neurological manifestations including acute cerebrovascular disease and impaired
consciousness [21]. In addition, more recently updated literature is coming related to the neurological
association with COVID-19 [22–25].

The mechanism by which SARS-CoV-2 penetrates inside the cells is mediated by the binding with
Angiotensin-Converting Enzyme 2 (ACE2), which is a transmembrane protease that cuts Angiotensin I
and II into smaller peptides Ang(1-9) and Ang(1-7) [26]. ACE2 is mainly present in airway epithelia,
lung parenchyma, vascular endothelia, kidney, small intestine, and brain [27,28].

Although there are no indications yet how SARS-CoV-2 may invade the CNS, some parallels can
be found with other coronaviruses (CoVs), as such the Severe Acute Respiratory Syndrome coronavirus
(SARS-CoV) and the Middle East Respiratory Syndrome coronavirus (MERS-CoV). Increasing evidence
shows that CoVs may first invade peripheral nerve terminals, and then gain access to the CNS
via a synapse-connected route [29–31]. In addition, experimental studies using transgenic mice
further reveal that CoVs can reach the brain via the olfactory nerves when given intranasally [32,33].
Interestingly, in mild to moderate disease cases of COVID-19, patients reported olfactory (85.6%) and
gustatory (88.0%) dysfunctions. Importantly, in about 11% of patients, anosmia occurred prior to any
other clinical symptoms [34].

Based on the belief that the tissue distribution of host receptors are generally consistent with
the tropism of the virus [35], ACE2 expression and its modulation in CNS might aid in dissecting
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the invasion rate and distribution of SARS-CoV-2 in the brain area. To this purpose, several studies
through analyses of RNA-seq libraries recently investigated expression of viral entry-associated
genes in single-cell RNA-sequencing data from multiple tissues from healthy human donors [36,37].
They found that the SARS-CoV-2 entry receptor ACE2 is highly expressed in nasal goblet and
ciliated cells [37], corroborating the hypothesis that SARS-CoVs might enter the human brain by
olfactory nerves.

Although the distribution of ACE2 in the brain is not fully revealed, Doobay et al. demonstrated
the presence of ACE2 protein and mRNA in the mouse brain, predominantly in neurons [38].
Using a selective antibody, they found that ACE2 was widespread throughout the brain, present in nuclei
involved in the central regulation of cardiovascular function such as the cardio-respiratory neurons
of the brainstem, as well as in non-cardiovascular areas such as the motor cortex and raphe [38].
More recently, Chen et al. investigated the ACE2 expression in the human brain by analyzing data from
publicly available brain transcriptome databases [39]. According to this spatial distribution analysis,
ACE2 was found relatively highly expressed and selective for specific brain areas, such as the substantia
nigra and brain ventricles. Further, when considering a cell-type distribution analysis, the expression
of ACE2 was found in many neurons and non-neuronal cells, such as astrocytes, oligodendrocytes,
and microglial cells, and in human middle temporal gyrus and posterior cingulate cortex. In the
prefrontal cortex and hippocampus, ACE2-expressing cells were relatively few [40].

Another potential route for SARS-CoVs may be to enter cerebrospinal fluid (CSF) throughout
the choroid plexus of ventricles and spread to the brain. In fact, in the mouse brain, relatively high
expression of ACE2 was found in the choroid plexus of lateral ventricles. Recently, the SARS-CoV-2
has also been found by genetic sequencing in CSF sample from a 24-year-old male COVID-19 patient
in Japan [41].

4. Possible Impact of SARS-CoV-2 Infection on Alzheimer’s Disease Exacerbation

The concern that SARS-CoV-2 infection could silently initiate or accelerate a neurodegenerative
process lasting decades before being manifest may immediately recall Alzheimer’s disease, and the
estimation of possible new cases we will have to expect in the next 10–15 years. Currently, no evidence
suggests a correlation between COVID-19 and AD development. Today, we can only draw different
possible hypotheses that must be experimentally proved in the future.

It is well known that beta-amyloid (Aβ) is a key factor in AD pathogenesis [42–44]. It is derived
from the cleavage of the transmembrane protein, amyloid precursor protein (APP). The link between
Aβ and AD has been initially suggested by the discovery in familial cases of mutations related to
three genes, namely amyloid precursor protein (APP), presenilin 1, and presenilin 2, leading all to
Aβ accumulation. The beta-amyloid theory of AD has been further corroborated by different in vivo
experimental models and human clinical trials. Pharmacological research is currently focused mainly
on reducing Aβ burden.

Increasing evidence demonstrates that Aβ load is one of the earliest brain AD-related molecular
changes, starting even 20 years before the appearance of symptoms. More recently, an intriguing
relation between virus infection and beta-amyloid has been proposed. Soscia et al. provided data
supporting an in vivo function for Aβ as an antimicrobial peptide (AMP) [45]. The authors showed
a significantly higher antimicrobial activity in whole brain homogenates from AD compared with
age-matched non-AD samples, and that AMP action correlated with Aβ levels. Consistent with
Aβ- mediated activity, the increased antimicrobial action was ablated by immune-depletion of AD
brain homogenates with anti-Aβ antibodies. According to these findings, virus transient infection
may contribute to initiate or accelerate Aβ accumulation in the brain, leading to AD. In addition,
the positive inflammatory response activated by transient virus infection in the CNS could evolve
in an aberrant self-perpetuating innate immune response by the persistent accumulation of cerebral
Aβ. Neuroinflammation is another early feature of AD.
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Considering the tropism of the virus for tissues expressing ACE2, all the conditions that upregulate
ACE2 expression, also at brain level, should increase the risk of virus invasion and potentially contribute
for activating molecular processes leading to neurodegeneration.

For example, one of the mechanisms of action ascribed to anti-hypertensive drugs targeting
the Renin-angiotensin system (RAS) in lowering blood pressure and ameliorating cardiovascular
conditions is the activation of ACE2/Ang-(1-7)/Mas axis, even at CNS. In fact, ACE2 pathway
has a pivotal role as a neuromodulator of cardiac baroreflex mechanisms, leading to an increased
sensitivity of this system [46,47]. In addition, central Ang-(1-7) prevents norepinephrine release [48]
and induces depressor responses [49–51] in hypertensive rats, increases bradykinin levels [52],
potentiates the hypotensive effects of bradykinin [53], and increases vasopressin [54] and nitric
oxide (NO) release [55]. On the other hand, ACE2/Ang-(1-7)/Mas axis showed a neuroprotective
role in different experimental paradigms of brain injury, including stroke and cognitive impairment
models [56–58]. ACE2 neuroprotection has been associated with reduced RAS signaling, including
reduced ACE1 activity, Ang- II level, and AT1R expression [59–61], as well as reduced oxidative
stress and neuroinflammation. In addition, Ang-(1–7) has been shown to mediate long-term potential
and synaptic plasticity and then improve cognition in rodents following activation of Mas receptor,
whereas the protective effects were abolished in Mas KO mice [62,63].

The reduced incidence of AD found in subjects treated with RAS-targeting anti-hypertensive
drugs was attributed to the increased expression of ACE2 in the brain [64–68]. In middle-aged
(13–14-month-old) symptomatic AD Tg mice, the activation of ACE2/Ang-(1-7)/Mas axis by diminazene
aceturate (DIZE) administration, lowered hippocampal Aβ, neuroinflammation, and restored
cognition [69]. Therefore, these findings corroborate a beneficial effect of ACE2 overexpression
at CNS even in AD when molecular pathological events are established.

On the other hand, the use of RAS-targeting anti-hypotensive drugs might remain a double-edged
weapon, triggering long-term AD-related pathological processes when subjects are exposed to brain
virus invasion that eventually could trigger neuroinflammation and Aβ load. In addition, as mention
above, ACE2 enhancement induced an increase of NO in the brain, which at physiological levels have
positive effects on neuromodulation and immunomodulation, but, when it is produced in relatively
high quantities, it becomes neurotoxic, participating to AD development [70,71]. Astrocytes, microglia,
and blood-derived macrophages are also involved in NO release in response to persistent infection or
even to continual deposition of inflammation triggering mediators, which in AD context may be Aβ
(both the soluble and the fibrillar forms) [72–75]. We have to mention that currently no association
between the use of these drugs and increased incidence or the worsening of acute respiratory distress
syndrome have been found. However, we cannot exclude a priori that they can have long-term effects
at CNS level.

The persistence of CoV infections can also induce a neuro-immune response, thus SARS-CoV-2′s
possible ability to infect macrophages, microglia, and astrocytes in the CNS is particularly important.
A neurotropic virus can be able to activate glial cells and induce a pro-inflammatory state [76].
Interleukin (IL)-6, an important member of the cytokine storm, is positively correlated with the severity
of COVID-19 symptoms [77]. Microglia, the resident innate immune cells in the brain, has long been
implicated in the pathology of neurodegenerative diseases. Accumulating evidence suggests activated
microglia as a chronic source of multiple neurotoxic factors, including pro-inflammatory mediators
and reactive oxygen/nitrogen species, driving progressive neuronal damage. Microglia can become
chronically activated by either a single stimulus, such as pathogen infection, or multiple stimuli
exposures to result in cumulative neuronal loss with time [78]. Further, we can also hypothesize that
SARS-CoV-2 infection targeting also the brain can induce activated microglia in the brain, finally causing
chronic inflammation and neurodegeneration.

It is well known that APOEε4 is associated with an increased risk of AD in a dose-dependent
manner when compared to the more common APOEε3 (APOE3) allele [79,80]. The inheritance of two
copies of APOE4 increases the chance of developing AD by 12 times compared to the risk of a person
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with two copies of APOE3, while one copy of APOE4 increases the chance of AD by three times and
lowers the average age of onset to 76 years [79]. Recently, in the UK Biobank Community Cohort
(n = 451,367), the ApoE e4e4 (homozygous) genotype was also found associated with an increased
risk of severe COVID-19 infection, independent of preexisting dementia, cardiovascular disease,
and type-2 diabetes [81]. Although further investigations are surely needed to understand the
biological mechanisms linking ApoE genotypes to COVID-19 severity in depth, it is important to
highlight some relatively understudied role of APOE4.

New findings demonstrate APOE4 acts beyond its well-known roles in influencing Aβ pathology
and lipid homeostasis, since it has a strong influence in neuronal inflammation, potentially spreading
pathological proteins through the brain. In human postmortem studies, gliosis was found to be
significantly associated with APOE4 carriers when quantified in different brain regions using multiple
markers of activation, including CD68, Human Leucocyte Antigen-DR isotype, and CD64 [68,69].
Therefore, the interplay between APOEε4 phenotype and innate immune response in the brain following
virus infection, such as astrocytes and microglial cells, should be well investigated, as a driving force
that sustains neuroinflammation and leads to AD exacerbation. All of these hypotheses about the
theoretical impact of SARS-CoV-2 brain infection on Alzheimer’s disease risk are summarized Table 1.

5. Implications for Research

Several research and funding efforts have been put in place to fight AD, including advances
in understanding the primary causes of AD and in identifying effective treatments. However,
AD research has to face several complications since molecular changes that trigger AD start to
accumulate in the brain many years before disease exacerbation. Neurodegeneration, inflammation,
and oxidative stress hit the brain sublatently for a long time before symptoms occur, thus a novel
damaging insult that is targeted to the brain can further worsen the changing brain. Thus, from
a research point of view, it is important not to ignore the possible connection between the new
transient infection that has affected 22 million people worldwide and the AD-risk, and furthermore to
support investigating the link between ACE-2 and Aβ in SARS-CoV-2 affected patients. A preventive
strategy [82–86] that foresee both pharmacological and non-pharmacological treatment will aid
in this perspective.

Table 1. Theoretical impact of SARS-CoV-2 brain infection on Alzheimer’s disease risk. Currently,
no evidence suggests a correlation between COVID-19 and AD development. Here, we summarize
different possible hypotheses that need to be experimentally investigated today to be ready tomorrow.

Possible Response to SARS-Cov 2 Virus Brain Invasion Associated with AD Risk Supporting Literature AD Molecular Basis

• Beta-amyloid (Aβ) can act as an antimicrobial peptide and in turn, Aβcan start to
be overproduced as a protective mechanism [45] Beta-amyloid (Aβ)

• APOEε4 is associated with an increased risk of AD.

[13–16,79–81] APOEε4
• APOEε4 is associated with higher susceptibility to increasing infection rates in
CNS.
• APOEε4 is able to accelerate the breakdown of the blood–brain barrier.
• APOEε4 was found also associated with an increased risk of severe COVID-19
infection.

• APOEε4 is associated with increased gliosis and neuroinflammation.
[68,69,72] Neuroinflammation• Aberrant innate immune response and neuroinflammation can occur after

SARS-CoV 2 infection.
• Neuroinflammation is an early feature of AD.

• SARS-CoV 2 entry gene (ACE2) is also expressed in the brain
[39,40,64–69] Virus neuroinvasion hypothesis• ACE2 upregulation in the brain can be neuroprotective in AD.

• Organ-specific expression of ACE2 correlates with the vulnerability to infection
by SARS-CoV-2.

• Despite in minor extent compared to other non-neuronal cells, also microglia
expressed ACE-2 [39,40] Microglial activated phenotype
• SARS-CoV-2 infection can induce microglial activation leading to neuronal loss.

• Microglia activation and ACE2 enhancement induced an increase of NO in the
brain. [70–78] Oxidative stress
• When NO is produced in high quantities, it becomes neurotoxic, participating in
AD development.

AD, Alzheimer’s disease; Aβ, Beta-amyloid; ACE2, Angiotensin-Converting Enzyme 2; NO, nitric oxide.



Healthcare 2020, 8, 286 6 of 10

Author Contributions: D.U. and G.A. substantially contributed to the conception and design of the work and
drafting of the manuscript. M.M. revised the manuscript critically for important intellectual content. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by university intramural funding grant to D. Uberti.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Prince, M.; Ali, G.-C.; Guerchet, M.; Prina, A.M.; Albanese, E.; Wu, Y.-T. Recent global trends in the prevalence
and incidence of dementia, and survival with dementia. Alzheimer’s Res. Ther. 2016, 8, 23. [CrossRef]
[PubMed]

2. Lane, C.A.; Hardy, J.; Schott, J.M. Alzheimer’s disease. Eur. J. Neurol. 2018, 25, 59–70. [CrossRef] [PubMed]
3. Cahill, S. WHO’s global action plan on the public health response to dementia: Some challenges and

opportunities. Aging Ment. Health 2020, 24, 197–199. [CrossRef] [PubMed]
4. Prince, M.J.; Wimo, A.; Guerchet, M.M.; Ali, G.C.; Wu, Y.-T.; Prina, M. World Alzheimer Report 2015: The Global

Impact of Dementia: An Analysis of Prevalence, Incidence, Cost and Trends; Alzheimer’s Disease International:
London, UK, 2015.

5. Jack, C.R.J.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.;
Jessen, F.; Karlawish, J.; et al. NIA-AA Research framework: Toward a biological definition of Alzheimer’s
disease. Alzheimers Dement. 2018, 14, 535–562. [CrossRef] [PubMed]

6. Petersen, R.C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 2004, 256, 183–194. [CrossRef]
7. Butterfield, D.A.; Perluigi, M.; Sultana, R. Oxidative stress in Alzheimer’s disease brain: New insights from

redox proteomics. Eur. J. Pharmacol. 2006, 545, 39–50. [CrossRef]
8. Swomley, A.M.; Forster, S.; Keeney, J.T.; Triplett, J.; Zhang, Z.; Sultana, R.; Butterfield, D.A. Abeta, oxidative

stress in Alzheimer disease: Evidence based on proteomics studies. Biochim. Biophys. Acta 2014, 1842,
1248–1257. [CrossRef]

9. Racchi, M.; Uberti, D.; Govoni, S.; Memo, M.; Lanni, C.; Vasto, S.; Candore, G.; Caruso, C.; Romeo, L.;
Scapagnini, G. Alzheimer’s disease: New diagnostic and therapeutic tools. Immun. Ageing 2008, 5, 7.
[CrossRef]

10. Perez Ortiz, J.M.; Swerdlow, R.H. Mitochondrial dysfunction in Alzheimer’s disease: Role in pathogenesis
and novel therapeutic opportunities. Br. J. Pharmacol. 2019, 176, 3489–3507. [CrossRef]

11. Tramutola, A.; Lanzillotta, C.; Perluigi, M.; Butterfield, D.A. Oxidative stress, protein modification and
Alzheimer disease. Brain Res. Bull. 2017, 133, 88–96. [CrossRef]

12. Harris, S.A.; Harris, E.A. Herpes simplex virus type 1 and other pathogens are key causative factors
in sporadic Alzheimer’s disease. J. Alzheimer’s Dis. 2015, 48, 319–353. [CrossRef] [PubMed]

13. Itzhaki, R.F. Corroboration of a major role for herpes simplex virus type 1 in Alzheimer’s disease.
Front. Aging Neurosci. 2018, 10, 324. [CrossRef] [PubMed]

14. Itzhaki, R.F.; Lin, W.R.; Shang, D.; Wilcock, G.K.; Faragher, B.; Jamieson, G.A. Herpes simplex virus type 1
in brain and risk of Alzheimer’s disease. Lancet 1997, 349, 241–244. [CrossRef]

15. Montagne, A.; Nation, D.A.; Sagare, A.P.; Barisano, G.; Sweeney, M.D.; Chakhoyan, A.; Pachicano, M.; Joe, E.;
Nelson, A.R.; D’Orazio, L.M.; et al. APOE4 leads to blood–brain barrier dysfunction predicting cognitive
decline. Nature 2020, 581, 71–76. [CrossRef]

16. Wozniak, M.A.; Itzhaki, R.F. Antiviral agents in Alzheimer’s disease: Hope for the future? Ther. Adv.
Neurol. Disord. 2010, 3, 141–152. [CrossRef]

17. Jeong, H.-H.; Liu, Z. Are HHV-6A and HHV-7 really more abundant in Alzheimer’s disease? Neuron 2019,
104, 1034–1035. [CrossRef]

18. van den Pol, A.N. Viral infection leading to brain dysfunction: More prevalent than appreciated? Neuron
2009, 64, 17–20. [CrossRef]

19. Kucharski, A.J.; Russell, T.W.; Diamond, C.; Liu, Y.; Edmunds, J.; Funk, S.; Eggo, R.M. Early dynamics of
transmission and control of COVID-19: A mathematical modelling study. medRxiv 2020. [CrossRef]

20. Chang, M.C.; Baek, J.H.; Park, D. Lessons from South Korea regarding the early stage of the COVID-19
outbreak. Healthcare 2020, 8, 229. [CrossRef]

http://dx.doi.org/10.1186/s13195-016-0188-8
http://www.ncbi.nlm.nih.gov/pubmed/27473681
http://dx.doi.org/10.1111/ene.13439
http://www.ncbi.nlm.nih.gov/pubmed/28872215
http://dx.doi.org/10.1080/13607863.2018.1544213
http://www.ncbi.nlm.nih.gov/pubmed/30600688
http://dx.doi.org/10.1016/j.jalz.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29653606
http://dx.doi.org/10.1111/j.1365-2796.2004.01388.x
http://dx.doi.org/10.1016/j.ejphar.2006.06.026
http://dx.doi.org/10.1016/j.bbadis.2013.09.015
http://dx.doi.org/10.1186/1742-4933-5-7
http://dx.doi.org/10.1111/bph.14585
http://dx.doi.org/10.1016/j.brainresbull.2016.06.005
http://dx.doi.org/10.3233/JAD-142853
http://www.ncbi.nlm.nih.gov/pubmed/26401998
http://dx.doi.org/10.3389/fnagi.2018.00324
http://www.ncbi.nlm.nih.gov/pubmed/30405395
http://dx.doi.org/10.1016/S0140-6736(96)10149-5
http://dx.doi.org/10.1038/s41586-020-2247-3
http://dx.doi.org/10.1177/1756285610370069
http://dx.doi.org/10.1016/j.neuron.2019.11.009
http://dx.doi.org/10.1016/j.neuron.2009.09.023
http://dx.doi.org/10.1016/S1473-3099(20)30144-4
http://dx.doi.org/10.3390/healthcare8030229


Healthcare 2020, 8, 286 7 of 10

21. Mao, L.; Jin, H.; Wang, M.; Hu, Y.; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic
manifestations of hospitalized patients with coronavirus disease 2019 in Wuhan, China. JAMA Neurol. 2020.
[CrossRef]

22. Ellul, M.A.; Benjamin, L.; Singh, B.; Lant, S.; Michael, B.D.; Easton, A.; Kneen, R.; Defres, S.; Sejvar, J.;
Solomon, T. Neurological associations of COVID-19. Lancet Neurol. 2020. [CrossRef]

23. Heneka, M.T.; Golenbock, D.; Latz, E.; Morgan, D.; Brown, R. Immediate and long-term consequences
of COVID-19 infections for the development of neurological disease. Alzheimer’s Res. Ther. 2020, 12, 69.
[CrossRef] [PubMed]

24. Benussi, A.; Pilotto, A.; Premi, E.; Libri, I.; Giunta, M.; Agosti, C.; Alberici, A.; Baldelli, E.; Benini, M.;
Bonacina, S.; et al. Clinical characteristics and outcomes of inpatients with neurologic disease and COVID-19
in Brescia, Lombardy, Italy. Neurology 2020. [CrossRef] [PubMed]

25. Fotuhi, M.; Mian, A.; Meysami, S.; Raji, C.A. Neurobiology of COVID-19. J. Alzheimer’s Dis. 2020, 76, 3–19.
[CrossRef]

26. Yan, R.; Zhang, Y.; Li, Y.; Xia, L.; Guo, Y.; Zhou, Q. Structural basis for the recognition of SARS-CoV-2 by
full-length human ACE2. Science 2020, 367, 1444–1448. [CrossRef]

27. Donoghue, M.; Hsieh, F.; Baronas, E.; Godbout, K.; Gosselin, M.; Stagliano, N.; Donovan, M.; Woolf, B.;
Robison, K.; Jeyaseelan, R.; et al. A novel angiotensin-converting enzyme-related carboxypeptidase (ACE2)
converts angiotensin I to angiotensin 1-9. Circ. Res. 2000, 87, E1–E9. [CrossRef]

28. Hamming, I.; Timens, W.; Bulthuis, M.L.C.; Lely, A.T.; Navis, G.J.; van Goor, H. Tissue distribution of ACE2
protein, the functional receptor for SARS coronavirus. A first step in understanding SARS pathogenesis.
J. Pathol. 2004, 203, 631–637. [CrossRef]

29. Matsuda, K.; Park, C.H.; Sunden, Y.; Kimura, T.; Ochiai, K.; Kida, H.; Umemura, T. The vagus nerve is one
route of transneural invasion for intranasally inoculated influenza a virus in mice. Vet. Pathol. 2004, 41,
101–107. [CrossRef]

30. Li, Y.-C.; Bai, W.-Z.; Hirano, N.; Hayashida, T.; Hashikawa, T. Coronavirus infection of rat dorsal root ganglia:
Ultrastructural characterization of viral replication, transfer, and the early response of satellite cells. Virus Res.
2012, 163, 628–635. [CrossRef]

31. Li, Y.-C.; Bai, W.-Z.; Hirano, N.; Hayashida, T.; Taniguchi, T.; Sugita, Y.; Tohyama, K.; Hashikawa, T.
Neurotropic virus tracing suggests a membranous-coating-mediated mechanism for transsynaptic
communication. J. Comp. Neurol. 2013, 521, 203–212. [CrossRef]

32. Netland, J.; Meyerholz, D.K.; Moore, S.; Cassell, M.; Perlman, S. Severe acute respiratory syndrome
coronavirus infection causes neuronal death in the absence of encephalitis in mice transgenic for human
ACE2. J. Virol. 2008, 82, 7264–7275. [CrossRef] [PubMed]

33. Li, K.; Wohlford-Lenane, C.; Perlman, S.; Zhao, J.; Jewell, A.K.; Reznikov, L.R.; Gibson-Corley, K.N.;
Meyerholz, D.K.; McCray, P.B.J. Middle East respiratory syndrome coronavirus causes multiple organ
damage and lethal disease in mice transgenic for human dipeptidyl peptidase 4. J. Infect. Dis. 2016, 213,
712–722. [CrossRef] [PubMed]

34. Lechien, J.R.; Chiesa-Estomba, C.M.; De Siati, D.R.; Horoi, M.; Le Bon, S.D.; Rodriguez, A.; Dequanter, D.;
Blecic, S.; El Afia, F.; Distinguin, L.; et al. Olfactory and gustatory dysfunctions as a clinical presentation of
mild-to-moderate forms of the coronavirus disease (COVID-19): A multicenter European study. Eur. Arch.
Oto-Rhino-Laryngol. 2020, 277, 2251–2261. [CrossRef] [PubMed]

35. To, K.F.; Lo, A.W.I. Exploring the pathogenesis of severe acute respiratory syndrome (SARS): The tissue
distribution of the coronavirus (SARS-CoV) and its putative receptor, angiotensin-converting enzyme 2
(ACE2). J. Pathol. 2004, 203, 740–743. [CrossRef] [PubMed]

36. Liao, M.; Liu, Y.; Yuan, J.; Wen, Y.; Xu, G.; Zhao, J.; Cheng, L.; Li, J.; Wang, X.; Wang, F.; et al. Single-cell
landscape of bronchoalveolar immune cells in patients with COVID-19. Nat. Med. 2020, 26, 842–844.
[CrossRef]

37. Sungnak, W.; Huang, N.; Bécavin, C.; Berg, M.; Queen, R.; Litvinukova, M.; Talavera-López, C.; Maatz, H.;
Reichart, D.; Sampaziotis, F.; et al. SARS-CoV-2 entry factors are highly expressed in nasal epithelial cells
together with innate immune genes. Nat. Med. 2020, 26, 681–687. [CrossRef]

38. Doobay, M.F.; Talman, L.S.; Obr, T.D.; Tian, X.; Davisson, R.L.; Lazartigues, E. Differential expression of
neuronal ACE2 in transgenic mice with overexpression of the brain renin-angiotensin system. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 2007, 292, R373–R381. [CrossRef]

http://dx.doi.org/10.1001/jamaneurol.2020.1127
http://dx.doi.org/10.1016/S1474-4422(20)30221-0
http://dx.doi.org/10.1186/s13195-020-00640-3
http://www.ncbi.nlm.nih.gov/pubmed/32498691
http://dx.doi.org/10.1212/WNL.0000000000009848
http://www.ncbi.nlm.nih.gov/pubmed/32444493
http://dx.doi.org/10.3233/JAD-200581
http://dx.doi.org/10.1126/science.abb2762
http://dx.doi.org/10.1161/01.RES.87.5.e1
http://dx.doi.org/10.1002/path.1570
http://dx.doi.org/10.1354/vp.41-2-101
http://dx.doi.org/10.1016/j.virusres.2011.12.021
http://dx.doi.org/10.1002/cne.23171
http://dx.doi.org/10.1128/JVI.00737-08
http://www.ncbi.nlm.nih.gov/pubmed/18495771
http://dx.doi.org/10.1093/infdis/jiv499
http://www.ncbi.nlm.nih.gov/pubmed/26486634
http://dx.doi.org/10.1007/s00405-020-05965-1
http://www.ncbi.nlm.nih.gov/pubmed/32253535
http://dx.doi.org/10.1002/path.1597
http://www.ncbi.nlm.nih.gov/pubmed/15221932
http://dx.doi.org/10.1038/s41591-020-0901-9
http://dx.doi.org/10.1038/s41591-020-0868-6
http://dx.doi.org/10.1152/ajpregu.00292.2006


Healthcare 2020, 8, 286 8 of 10

39. Chen, R.; Wang, K.; Yu, J.; Chen, Z.; Wen, C.; Xu, Z. The spatial and cell-type distribution of SARS-CoV-2
receptor ACE2 in human and mouse brain. bioRxiv 2020. [CrossRef]

40. Alenina, N.; Bader, M. ACE2 in brain physiology and pathophysiology: Evidence from transgenic animal
models. Neurochem. Res. 2019, 44, 1323–1329. [CrossRef]

41. Moriguchi, T.; Harii, N.; Goto, J.; Harada, D.; Sugawara, H.; Takamino, J.; Ueno, M.; Sakata, H.; Kondo, K.;
Myose, N.; et al. A first case of meningitis/encephalitis associated with SARS-Coronavirus-2. Int. J. Infect.
Dis. 2020, 94, 55–58. [CrossRef]

42. Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8,
595–608. [CrossRef] [PubMed]

43. Serrano-Pozo, A.; Frosch, M.P.; Masliah, E.; Hyman, B.T. Neuropathological alterations in Alzheimer disease.
Cold Spring Harb. Perspect. Med. 2011, 1, a006189. [CrossRef] [PubMed]

44. Price, J.L.; Morris, J.C. Tangles and plaques in nondemented aging and “preclinical” Alzheimer’s disease.
Ann. Neurol. 1999, 45, 358–368. [CrossRef]

45. Soscia, S.J.; Kirby, J.E.; Washicosky, K.J.; Tucker, S.M.; Ingelsson, M.; Hyman, B.; Burton, M.A.; Goldstein, L.E.;
Duong, S.; Tanzi, R.E.; et al. The Alzheimer’s disease-associated amyloid beta-protein is an antimicrobial
peptide. PLoS ONE 2010, 5, e9505. [CrossRef] [PubMed]

46. Campagnole-Santos, M.J.; Heringer, S.B.; Batista, E.N.; Khosla, M.C.; Santos, R.A. Differential baroreceptor
reflex modulation by centrally infused angiotensin peptides. Am. J. Physiol. 1992, 263, R89–R94. [CrossRef]

47. Santos, R.A.S.; Simoes e Silva, A.C.; Maric, C.; Silva, D.M.R.; Machado, R.P.; de Buhr, I.; Heringer-Walther, S.;
Pinheiro, S.V.B.; Lopes, M.T.; Bader, M.; et al. Angiotensin-(1-7) is an endogenous ligand for the G
protein-coupled receptor Mas. Proc. Natl. Acad. Sci. USA 2003, 100, 8258–8263. [CrossRef] [PubMed]

48. Gironacci, M.M.; Valera, M.S.; Yujnovsky, I.; Pena, C. Angiotensin-(1-7) inhibitory mechanism of
norepinephrine release in hypertensive rats. Hypertension 2004, 44, 783–787. [CrossRef]

49. Atsushi, M.; Ann, T.E.; Kiyoshi, M.; Reilly, T.M.; Harry, W.; Detlev, G.; Ferrario, C.M. Opposing actions of
angiotensin-(1-7) And angiotensin II in the brain of transgenic hypertensive rats. Hypertension 1995, 25,
1260–1265. [CrossRef]

50. Dobruch, J.; Paczwa, P.; Lon, S.; Khosla, M.C.; Szczepanska-Sadowska, E. Hypotensive function of the brain
angiotensin-(1-7) in Sprague Dawley and renin transgenic rats. J. Physiol. Pharmacol. 2003, 54, 371–381.

51. Höcht, C.; Gironacci, M.M.; Mayer, M.A.; Schuman, M.; Bertera, F.M.; Taira, C.A. Involvement of
angiotensin-(1-7) in the hypothalamic hypotensive effect of captopril in sinoaortic denervated rats. Regul. Pept.
2008, 146, 58–66. [CrossRef]

52. Lu, J.; Zhang, Y.; Shi, J. Effects of intracerebroventricular infusion of angiotensin-(1-7) on bradykinin formation
and the kinin receptor expression after focal cerebral ischemia-reperfusion in rats. Brain Res. 2008, 1219,
127–135. [CrossRef] [PubMed]

53. Bomtempo, C.A.; Santos, G.F.; Santos, R.A.; Campagnole-Santos, M.J. Interaction of bradykinin and
angiotensin-(1-7) in the central modulation of the baroreflex control of the heart rate. J. Hypertens. 1998, 16,
1797–1804. [CrossRef] [PubMed]

54. Moriguchi, A.; Ferrario, C.M.; Brosnihan, K.B.; Ganten, D.; Morris, M. Differential regulation of central
vasopressin in transgenic rats harboring the mouse Ren-2 gene. Am. J. Physiol. Integr. Comp. Physiol. 1994,
267, R786–R791. [CrossRef] [PubMed]

55. Gironacci, M.M.; Vatta, M.; Rodriguez-Fermepin, M.; Fernandez, B.E.; Pena, C. Angiotensin-(1-7) reduces
norepinephrine release through a nitric oxide mechanism in rat hypothalamus. Hypertension 2000, 35,
1248–1252. [CrossRef] [PubMed]

56. Zheng, J.-L.; Li, G.-Z.; Chen, S.-Z.; Wang, J.-J.; Olson, J.E.; Xia, H.-J.; Lazartigues, E.; Zhu, Y.-L.; Chen, Y.-F.
Angiotensin converting enzyme 2/Ang-(1-7)/mas axis protects brain from ischemic injury with a tendency of
age-dependence. CNS Neurosci. Ther. 2014, 20, 452–459. [CrossRef] [PubMed]

57. Regenhardt, R.W.; Bennion, D.M.; Sumners, C. Cerebroprotective action of angiotensin peptides in stroke.
Clin. Sci. 2014, 126, 195–205. [CrossRef] [PubMed]

58. Xie, W.; Zhu, D.; Ji, L.; Tian, M.; Xu, C.; Shi, J. Angiotensin-(1-7) improves cognitive function in rats with
chronic cerebral hypoperfusion. Brain Res. 2014, 1573, 44–53. [CrossRef]

http://dx.doi.org/10.1101/2020.04.07.030650
http://dx.doi.org/10.1007/s11064-018-2679-4
http://dx.doi.org/10.1016/j.ijid.2020.03.062
http://dx.doi.org/10.15252/emmm.201606210
http://www.ncbi.nlm.nih.gov/pubmed/27025652
http://dx.doi.org/10.1101/cshperspect.a006189
http://www.ncbi.nlm.nih.gov/pubmed/22229116
http://dx.doi.org/10.1002/1531-8249(199903)45:3&lt;358::AID-ANA12&gt;3.0.CO;2-X
http://dx.doi.org/10.1371/journal.pone.0009505
http://www.ncbi.nlm.nih.gov/pubmed/20209079
http://dx.doi.org/10.1152/ajpregu.1992.263.1.R89
http://dx.doi.org/10.1073/pnas.1432869100
http://www.ncbi.nlm.nih.gov/pubmed/12829792
http://dx.doi.org/10.1161/01.HYP.0000143850.73831.9d
http://dx.doi.org/10.1161/01.HYP.25.6.1260
http://dx.doi.org/10.1016/j.regpep.2007.08.001
http://dx.doi.org/10.1016/j.brainres.2008.04.057
http://www.ncbi.nlm.nih.gov/pubmed/18538311
http://dx.doi.org/10.1097/00004872-199816120-00013
http://www.ncbi.nlm.nih.gov/pubmed/9869014
http://dx.doi.org/10.1152/ajpregu.1994.267.3.R786
http://www.ncbi.nlm.nih.gov/pubmed/8092324
http://dx.doi.org/10.1161/01.HYP.35.6.1248
http://www.ncbi.nlm.nih.gov/pubmed/10856272
http://dx.doi.org/10.1111/cns.12233
http://www.ncbi.nlm.nih.gov/pubmed/24581232
http://dx.doi.org/10.1042/CS20130324
http://www.ncbi.nlm.nih.gov/pubmed/24102099
http://dx.doi.org/10.1016/j.brainres.2014.05.019


Healthcare 2020, 8, 286 9 of 10

59. Feng, Y.; Yue, X.; Xia, H.; Bindom, S.M.; Hickman, P.J.; Filipeanu, C.M.; Wu, G.; Lazartigues, E.
Angiotensin-converting enzyme 2 overexpression in the subfornical organ prevents the angiotensin
II-mediated pressor and drinking responses and is associated with angiotensin II type 1 receptor
downregulation. Circ. Res. 2008, 102, 729–736. [CrossRef]

60. Xia, H.; Feng, Y.; Obr, T.D.; Hickman, P.J.; Lazartigues, E. Angiotensin II type 1 receptor-mediated reduction
of angiotensin-converting enzyme 2 activity in the brain impairs baroreflex function in hypertensive mice.
Hypertension 2009, 53, 210–216. [CrossRef]

61. Sriramula, S.; Cardinale, J.P.; Lazartigues, E.; Francis, J. ACE2 overexpression in the paraventricular nucleus
attenuates angiotensin II-induced hypertension. Cardiovasc. Res. 2011, 92, 401–408. [CrossRef]

62. Hellner, K.; Walther, T.; Schubert, M.; Albrecht, D. Angiotensin-(1-7) enhances LTP in the hippocampus
through the G-protein-coupled receptor Mas. Mol. Cell. Neurosci. 2005, 29, 427–435. [CrossRef]

63. Lazaroni, T.L.N.; Raslan, A.C.S.; Fontes, W.R.P.; de Oliveira, M.L.; Bader, M.; Alenina, N.; Moraes, M.F.D.;
Dos Santos, R.A.; Pereira, G.S. Angiotensin-(1-7)/Mas axis integrity is required for the expression of object
recognition memory. Neurobiol. Learn. Mem. 2012, 97, 113–123. [CrossRef] [PubMed]

64. Tian, M.; Zhu, D.; Xie, W.; Shi, J. Central angiotensin II-induced Alzheimer-like tau phosphorylation in normal
rat brains. FEBS Lett. 2012, 586, 3737–3745. [CrossRef] [PubMed]

65. Rozzini, L.; Chilovi, B.V.; Bertoletti, E.; Conti, M.; Del Rio, I.; Trabucchi, M.; Padovani, A. Angiotensin
converting enzyme (ACE) inhibitors modulate the rate of progression of amnestic mild cognitive impairment.
Int. J. Geriatr. Psychiatry 2006, 21, 550–555. [CrossRef] [PubMed]

66. Hajjar, I.; Hart, M.; Chen, Y.-L.; Mack, W.; Milberg, W.; Chui, H.; Lipsitz, L. Effect of antihypertensive therapy
on cognitive function in early executive cognitive impairment: A double-blind randomized clinical trial.
Arch. Intern. Med. 2012, 172, 442–444. [CrossRef] [PubMed]

67. Wharton, W.; Goldstein, F.C.; Zhao, L.; Steenland, K.; Levey, A.I.; Hajjar, I. Modulation of renin-angiotensin
system may slow conversion from mild cognitive impairment to Alzheimer’s disease. J. Am. Geriatr. Soc.
2015, 63, 1749–1756. [CrossRef]

68. Li, N.-C.; Lee, A.; Whitmer, R.A.; Kivipelto, M.; Lawler, E.; Kazis, L.E.; Wolozin, B. Use of angiotensin
receptor blockers and risk of dementia in a predominantly male population: Prospective cohort analysis.
BMJ 2010, 340, b5465. [CrossRef]

69. Evans, C.E.; Miners, J.S.; Piva, G.; Willis, C.L.; Heard, D.M.; Kidd, E.J.; Good, M.A.; Kehoe, P.G. ACE2
activation protects against cognitive decline and reduces amyloid pathology in the Tg2576 mouse model of
Alzheimer’s disease. Acta Neuropathol. 2020, 139, 485–502. [CrossRef]

70. Asiimwe, N.; Yeo, S.G.; Kim, M.-S.; Jung, J.; Jeong, N.Y. Nitric oxide: Exploring the contextual link with
Alzheimer’s disease. Oxidative Med. Cell. Longev. 2016, 2016, 7205747. [CrossRef]

71. Tramutola, A.; Abate, G.; Lanzillotta, C.; Triani, F.; Barone, E.; Iavarone, F.; Vincenzoni, F.; Castagnola, M.;
Marziano, M.; Memo, M.; et al. Protein nitration profile of CD3(+) lymphocytes from Alzheimer disease
patients: Novel hints on immunosenescence and biomarker detection. Free Radic. Biol. Med. 2018, 129,
430–439. [CrossRef]

72. Akiyama, H.; Barger, S.; Barnum, S.; Bradt, B.; Bauer, J.; Cole, G.M.; Cooper, N.R.; Eikelenboom, P.;
Emmerling, M.; Fiebich, B.L.; et al. Inflammation and Alzheimer’s disease. Neurobiol. Aging 2000, 21, 383–421.
[CrossRef]

73. Lee, S.C.; Dickson, D.W.; Liu, W.; Brosnan, C.F. Induction of nitric oxide synthase activity in human astrocytes
by interleukin-1β and interferon-γ. J. Neuroimmunol. 1993, 46, 19–24. [CrossRef]

74. von Bernhardi, R.; Eugenin, J. Microglial reactivity to beta-amyloid is modulated by astrocytes and
proinflammatory factors. Brain Res. 2004, 1025, 186–193. [CrossRef] [PubMed]

75. Hu, J.; Akama, K.T.; Krafft, G.A.; Chromy, B.A.; Van Eldik, L.J. Amyloid-β peptide activates cultured
astrocytes: Morphological alterations, cytokine induction and nitric oxide release. Brain Res. 1998, 785,
195–206. [CrossRef]

76. Li, Y.; Fu, L.; Gonzales, D.M.; Lavi, E. Coronavirus neurovirulence correlates with the ability of the virus
to induce proinflammatory cytokine signals from astrocytes and microglia. J. Virol. 2004, 78, 3398–3406.
[CrossRef] [PubMed]

77. Wan, S.; Yi, Q.; Fan, S.; Lv, J.; Zhang, X.; Guo, L.; Lang, C.; Xiao, Q.; Xiao, K.; Yi, Z.; et al. Characteristics
of lymphocyte subsets and cytokines in peripheral blood of 123 hospitalized patients with 2019 novel
coronavirus pneumonia (NCP). medRxiv 2020. [CrossRef]

http://dx.doi.org/10.1161/CIRCRESAHA.107.169110
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.123844
http://dx.doi.org/10.1093/cvr/cvr242
http://dx.doi.org/10.1016/j.mcn.2005.03.012
http://dx.doi.org/10.1016/j.nlm.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22067210
http://dx.doi.org/10.1016/j.febslet.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/22982863
http://dx.doi.org/10.1002/gps.1523
http://www.ncbi.nlm.nih.gov/pubmed/16642542
http://dx.doi.org/10.1001/archinternmed.2011.1391
http://www.ncbi.nlm.nih.gov/pubmed/22412114
http://dx.doi.org/10.1111/jgs.13627
http://dx.doi.org/10.1136/bmj.b5465
http://dx.doi.org/10.1007/s00401-019-02098-6
http://dx.doi.org/10.1155/2016/7205747
http://dx.doi.org/10.1016/j.freeradbiomed.2018.10.414
http://dx.doi.org/10.1016/S0197-4580(00)00124-X
http://dx.doi.org/10.1016/0165-5728(93)90229-R
http://dx.doi.org/10.1016/j.brainres.2004.07.084
http://www.ncbi.nlm.nih.gov/pubmed/15464759
http://dx.doi.org/10.1016/S0006-8993(97)01318-8
http://dx.doi.org/10.1128/JVI.78.7.3398-3406.2004
http://www.ncbi.nlm.nih.gov/pubmed/15016862
http://dx.doi.org/10.1101/2020.02.10.20021832


Healthcare 2020, 8, 286 10 of 10

78. Lull, M.E.; Block, M.L. Microglial activation and chronic neurodegeneration. Neurotherapeutics 2010, 7,
354–365. [CrossRef]

79. Corder, E.H.; Saunders, A.M.; Strittmatter, W.J.; Schmechel, D.E.; Gaskell, P.C.; Small, G.W.; Roses, A.D.;
Haines, J.L.; Pericak-Vance, M.A. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s
disease in late onset families. Science 1993, 261, 921–923. [CrossRef]

80. Tzioras, M.; Davies, C.; Newman, A.; Jackson, R.; Spires-Jones, T. Invited review: APOE at the
interface of inflammation, neurodegeneration and pathological protein spread in Alzheimer’s disease.
Neuropathol. Appl. Neurobiol. 2019, 45, 327–346. [CrossRef]

81. Kuo, C.-L.; Pilling, L.C.; Atkins, J.L.; Masoli, J.A.H.; Delgado, J.; Kuchel, G.A.; Melzer, D. APOE e4 genotype
predicts severe COVID-19 in the UK Biobank community cohort. J. Gerontol. Ser. A 2020. [CrossRef]

82. Minett, T.; Classey, J.; Matthews, F.E.; Fahrenhold, M.; Taga, M.; Brayne, C.; Ince, P.G.; Nicoll, J.A.R.; Boche, D.
Microglial immunophenotype in dementia with Alzheimer’s pathology. J. Neuroinflamm. 2016, 13, 135.
[CrossRef] [PubMed]

83. Abate, G.; Marziano, M.; Rungratanawanich, W.; Memo, M.; Uberti, D. Nutrition and AGE-ing: Focusing on
Alzheimer’s disease. Oxidative Med. Cell. Longev. 2017, 2017. [CrossRef] [PubMed]

84. Cummings, J.; Lee, G.; Mortsdorf, T.; Ritter, A.; Zhong, K. Alzheimer’s disease drug development pipeline:
2017. Alzheimer’s Dement. 2017, 3, 367–384. [CrossRef] [PubMed]

85. Hort, J.; O’Brien, J.T.; Gainotti, G.; Pirttila, T.; Popescu, B.O.; Rektorova, I.; Sorbi, S.; Scheltens, P. EFNS
guidelines for the diagnosis and management of Alzheimer’s disease. Eur. J. Neurol. 2010, 17, 1236–1248.
[CrossRef] [PubMed]

86. Wahl, D.; Solon-Biet, S.M.; Cogger, V.C.; Fontana, L.; Simpson, S.J.; Le Couteur, D.G.; Ribeiro, R.V.
Aging, lifestyle and dementia. Neurobiol. Dis. 2019, 130, 104481. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.nurt.2010.05.014
http://dx.doi.org/10.1126/science.8346443
http://dx.doi.org/10.1111/nan.12529
http://dx.doi.org/10.1093/gerona/glaa131
http://dx.doi.org/10.1186/s12974-016-0601-z
http://www.ncbi.nlm.nih.gov/pubmed/27256292
http://dx.doi.org/10.1155/2017/7039816
http://www.ncbi.nlm.nih.gov/pubmed/28168012
http://dx.doi.org/10.1016/j.trci.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29067343
http://dx.doi.org/10.1111/j.1468-1331.2010.03040.x
http://www.ncbi.nlm.nih.gov/pubmed/20831773
http://dx.doi.org/10.1016/j.nbd.2019.104481
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Virus Brain Infectious Theory of Alzheimer’s Disease 
	Brain Infection of SARS-CoV-2 Results in Neurological Manifestations 
	Possible Impact of SARS-CoV-2 Infection on Alzheimer’s Disease Exacerbation 
	Implications for Research 
	References

