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ABSTRACT: We reviewed factors that might influence COVID-19 outcomes (eg, neurological symptoms), including the link to Alzheimer’s dis-
ease. Since the virus triggers COVID-19 infection through binding to ACE2, we focused on the ACE2 gene family, including ACE. Both ACE2
and ACE are involved in the renin—angiotensin system (RAS). In general, ACE causes inflammation and vasoconstriction, while ACE2 leads to
anti-inflammation activity and vasodilation. The disturbed balance between these counter-regulatory pathways could influence susceptibility
to COVID-19. Notably, dysregulation of the RAS-equilibrium contributes to Alzheimer’s disease. Differences in the incidence and symptoms of
COVID-19in diverse populations could be attributed to variability in the human genome. For example, ACE and ACEZ2 variations could modify the
outcome of COVID-19 in different populations. It would be important to conduct genome-wide studies to detect variants influencing COVID-19
presentation, with a special focus on variants affecting immune-related pathways and expression of RAS-related genes.
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Introduction
The global outbreak of severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) causing coronavirus disease 2019
(COVID-19) has posed a risk to the global economy and pub-
lic health. Severe presentations of COVID-19 are most fre-
quent among individuals above age 65 with the most likely
cause of death due to respiratory failure.! In some patients,
even clinically mild respiratory symptoms could be inconsist-
ent with the high severity of imaging findings.! SARS-CoV-2
is a new strain of SARS-CoV, which was responsible for the
outbreak of severe acute respiratory syndrome (SARS) in
2002-2003.23 Both strains use angiotensin-converting enzyme
2 (ACE2) as the receptor to enter host-cells,* with virus entry
enhanced by cellular transmembrane serine protease 2
(TMPRSS2). Infection begins with the linking of the viral
spike protein (S-protein) to ACE2 after the S-protein has been
primed by TMPRSS2.°> Hence, cells expressing both
TMPRSS2 and ACE2 are targets for anchoring the virus.
Efficiency of ACE2 usage is a key determinant of virus
transmissibility.># According to the Genevestigator database
(https://www.genevestigator.com), the highest expression of
ACE2 is seen in small intestine, germ cells, kidney, and heart
(Figure 1(a)), which also have high levels of TMPRSS2 expres-
sion (Figure 1(b)). Yet, diarrhea has been reported in only 10%
of COVID-19 patients.” Notably, lung tissue has only a
medium level of ACE2 expression, which suggests that

*These authors contributed equally to this work.

interacting mechanisms (eg, the neuroinvasive potential of
SARS-CoV-2) might be responsible for the respiratory failure
of COVID-19 patients.!”

About 30% of hospitalised COVID-19 patients develop
neurological symptoms, including ataxia, agitation, delirium,
headache, cerebrovascular disease, epilepsy, loss of taste and
smell, as well as diffuse corticospinal tract signs (with enhanced
tendon reflexes, ankle clonus, and bilateral extensor plantar
reflexes).'12 ACE2 expression is low/medium in the nervous
system indicating that brain dissemination may occur via the
circulatory system or nasal cavity through the olfactory nerve,
which could explain alterations in sense of smell.1314 The virus
could also infect the brain through a disrupted blood-brain bar-
rier that is often compromised in the aging brain and neurode-
generative diseases,!® especially in Alzheimer’s disease (AD).

AD accounts for up to 75% of all dementia cases with typi-
cal onset after age 65.1¢ Brain pathology of AD is characterized
by neuronal loss, neuroinflammation, neuronal inclusions of
hyperphosphorylated tau protein, as well as parenchymal and
vascular AB-amyloid deposits.'® Alterations in cerebral blood
vessels have a profound impact on cognitive function.!” Some
COVID-19 patients might develop cognitive decline after
overcoming the primary infection,’® which in part could be
explained by the virus-related exacerbation of the underlying
brain pathology in elderly individuals.'

In an attempt to delineate the factors that may influence
COVID-19 outcome (eg, neurological symptoms), the cur-
rent review is focused on the ACE2 gene family and genetic
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Figure 1. Boxplots of gene expression data obtained from Genevestigator (https://www.genevestigator.com) restricted to anatomical categories with high
gene expression for: (a) ACE2, (b) TMPRSS2, and ACE (c). For each anatomical category, the figure displays the average expression values scaled to the
total abundance of the transcript. The dataset used was the 432 anatomical parts from data selection: HS_AFFY_U133PLUS_2-0. The outer lines
(whiskers) for each box plots indicate maximum and minimum values outside the upper and lower quartiles (colored box). The vertical line within each
colored box represents the median and dots (stars) are outliers. The IQR (at the top of graph) indicates that the interquartile range is equal to the

difference between the upper and lower quartiles.

factors that may influence viral pathogenesis, including the
link to AD.

ACE?2 and its Homologous Genes
ACE?2 is mapped to the Xp22.2 locus and encodes the 805
amino acid metallopeptidase that shows mono carboxypepti-
dase activity with a preference for C-terminal hydrophobic or
basic residues.’2! ACE2 is an integral protein in cell mem-
branes with 4 domains: N-terminal signal peptide sequence
(residues 1-18), transmembrane domain (residues 740-763),
C-terminal domain (residues 614-805), and catalytic extracel-
lular domain (residues 147-555), which includes a zinc binding
site (His-Glu-Met-Gly-His; residues 374-378).219:20.22
SARS-CoV-2 or SARS-CoV infection begins with the
linking of the viral S-protein with Ser19-Asp615 of ACE2.23
Site-directed mutagenesis of ACE2 revealed that the charged

amino acids (residues 22-57) are the most important for bind-
ing of the S-protein.>?* Changing several ACE2 residues
(Lys31, Tyr41, 82Met—84Pro, Asp355, and Arg357) interferes
with the binding of S-protein to host-cells. Strikingly, the
Lys31Asp substitution almost completely inhibits binding of
ACE2 to S-protein; and the critical role of Lys31 was reported
for both SARS-CoV?* and SARS-CoV-2* (Figure 2(a)).
Notably, Lys31 is a conserved codon, affected by only 1 rare
synonymous variant (rs758278442). Taken together, some
ACE?2 residues are essential in determining susceptibility to
SARS-CoV-2 infection and can be exploited as potential drug
targets.?

A paralogue of ACE2 is angiotensin I converting enzyme
(ACE), which is mapped to the 17q23.3 locus and encodes the
1306 amino acid zinc-dependant dipeptidyl carboxypeptidase
(Figure 2(b)—(d)). The highest expression of ACE is seen in
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Figure 2. ACE2 homologous genes: (a) human ACE2 model (in red is the position of Lys31 in the helix-1 domain, which is critical for SARS-CoV-2 virus
binding), (b) human ACE model (in red is the Ser52, which is in the same position as the Lys31 of the ACE2 homologous domain), (c) the phylogenetic
tree shows that there is a common ancestor for ACE2 and ACE or CLTRN, and (d) clustal omega alignment of the homologous regions of ACE2 (amino
acid 20-79) and ACE (amino acid 41-100 and 644-703); the box highlights Lys31 in ACE2, which is aligned with Ser52 and Glu655 in each duplicated

homologous domain of ACE.

the small intestine and lung (Figure 1(c)). ACE and ACE2
were derived from a common ancestor (Figure 2(c));>'%% and
have 60% similarity in their genomic structures,® as well as
40% identity based on the outcome of a nucleotide BLAST.
ACE is likely the result of an internal gene duplication event,
because it has 2 homologous domains with 60% sequence
identity (encoded by exons 4-11 and 17-24).% Despite ACE
harboring 2 regions homologous to the virus-binding site of
ACE2, no affinity between the virus and ACE have been
reported. This could be explained by the low amino acid
homology (only 32% and 24%) between ACE2 residues 20-79
and each homologous domain of ACE (residues 41-100 and
644-703, respectively).??> Of note, the positively charged
critical Lys31 in ACE2 is aligned with the partially charged
Ser52 and negatively charged Glu655 in each homologous
domain of ACE (Figure 2(d)).

Another gene homologous to ACE2 is CLTRN (Figure
2(c)), which is mapped to the Xp22.2 locus (26 Kb from ACE2)
and almost exclusively expressed in kidney.20-28 CLTRN
encodes a type 1 transmembrane protein (collectrin) that is
essential for trafficking amino acid transporters to the apical
brush border of proximal tubules in the kidney. Disruption of
CLTRN in mice led to a severe defect in renal amino acid
uptake.?? Up-regulated expression of CLI'RN in hypertrophic
kidneys after renal ablation indicates the role of CLTRN in the
process of progressive renal failure.?” The results of a nucleotide
BLAST show 50% identity between ACE2 and CLTRN.
However, CLTRN lacks the catalytic domain required for virus
binding.1926:27

COVID-19 and ACE-ACE2 Cross Talk in the
Renin—-Angiotensin System

ACE and ACE2 work together in the renin-angiotensin system
(RAS) controlling blood pressure and the homeostasis of electro-
lytes. ACE leads to degradation of bradykinin (vasodilator)'%7;
and also alters angiotensin I circulating in plasma to generate the
vasoconstrictor angiotensin II, which binds to angiotensin II type
1 receptor to enhance systemic blood pressure.!*?” Hence, block-
ing ACE is effectively used to control hypertension. In contrast, a
negative regulator of RAS is ACE2, which converts angiotensin
II into a vasodilator (angiotensin 1-7)* and also turns angioten-
sin I into angiotensin 1-9.1 Furthermore, ACE and ACE2 are
involved in inflammatory processes (eg, in lung injury, pulmonary
hypertension, and sepsis).** In general, ACE causes inflammation
and vasoconstriction,?132 while ACE2 leads to anti-inflamma-
tion activity and vasodilation.3?

The disturbed balance of the counter-regulatory ACE and
ACE2 pathways could influence susceptibility to COVID-19.
Indeed, individuals with hypertension, diabetes or heart disease
(known AD risk factors3*), who are under treatment with ACE
inhibitors (ACEISs) and angiotensin II receptor blockers (ARBs),
are reported to be more vulnerable to COVID-19.3%3¢ These
treatments could suppress ACE expression and as a result induce
upregulation of ACE2 on the cell surface, potentially leading to
increased viral entry.%263537 However, some studies do not sup-
port withdrawal of ACEI/ARB treatment in COVID-19
patients. For instance, COVID-19 patients receiving ACEIs or
ARBs had a lower rate of disease severity.3® Furthermore, a

recent Danish study reported that ACEI/ARB therapy is not
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associated with increased susceptibility to SARS-CoV-2 infec-
tion or COVID-19 severity.®

COVID-19 and AD

Clinical findings indicate the involvement of the brain in
COVID-19,"! and a diagnosis of dementia represents an
important risk factor for mortality in COVID-19 patients.*’
Notably, dysregulation of the RAS-equilibrium in brain (eg, by
increased ACE and angiotensin II levels) contributes to the
aetiology of several neurodegenerative diseases, including
AD.#1-%3 Brain vasculature has a close structural and functional
relationship with brain tissue, and their cellular elements form
a functional domain (neurovascular unit).”

Both cortical and subcortical structures are involved in a
complex communication between the nervous and cardiovas-
cular system." One of the mechanisms linked to the neurovas-
cular axis is related to brain-derived neurotropic factor (BDNF),
which plays a role in both neurogenesis and vasculogenesis.
Decreased BDNF expression with age could increase suscepti-
bility to cardiac injury and exacerbate cognitive decline.’
Notably, the common BDNF variation (Val66Met; rs6265)
results in a 30% reduction in BDNF secretion and has been
linked to a wide range of neurological conditions, including
risk of AD.* It remains to be determined whether BDNF
variation(s) could modify the phenotype of COVID-19
patients.

Activation of the ACE-related pathway in the brain, leads
to oxidative stress, neuroinflammation and decreased cognitive
function through enhanced levels of angiotensin II. In AD
brain, ACE2 activity was reported to be reduced in association
with increased AP and tau pathology; and the ACE/ACE2
ratio was higher compared to controls.* Investigation of the
frontal and temporal cortices revealed that ACE2 is localized
predominantly within endothelial cells and smooth muscle
cells of cerebral arteries.® Intriguingly, a study on a small
autopsy cohort reported a 5-fold upregulated expression of
ACE2 in AD brain (n = 13) compared to controls (n = 5),
which could lead to higher viral load in AD brain.*® Notably,
ACEI/ARB therapy is commonly administered to individuals
with neurodegenerative diseases (eg, AD) in order to improve
cognition,*”*® which leads to the downregulation of ACE but
upregulation of ACE2. Such therapy could elevate the risk of
severe COVID-19 infection.*8-50

Recently, SARS-CoV-2 proteins were expressed in human
cells, which identified 332 high-confidence protein—protein
interactions between human and virus proteins.’! About 40%
of human virus-interacting proteins were associated with
endomembrane compartments or vesicle trafficking pathways,
including 2 AD-related proteins (ADAM9 and ADAMTS1)
involved in vesicle trafficking with viral ORF8 protein impli-
cated in protein quality control in the endoplasmic reticulum.
ADAMDY is one of the a-secretases cleaving APP in the middle
of the AB-domain,”> which is a protective pathway in AD.

ADAMTS]I is involved in various inflammatory processes,>
and upregulated in the brains of patients with Down syndrome,
PicK’s disease, and AD.**> Importantly, ADAMTSI was
recently suggested as a risk locus for AD by a large genetic
study.>

COVID-19 and Genetic Variability

Differences in the incidence and symptoms of COVID-19 in
diverse populations®’*® could be attributed to variability in the
human genome. Genetic variations in the 2 major components
of RAS (ACE and ACE2) may in part explain why SARS-
CoV-2 infection shows different morbidity and mortality
among different populations. Variations in ACE2 and ACE
were linked to hypertension in Chinese,**%? Indian,% and
Brazilian® cohorts. Furthermore, a gene-candidate approach®
and genome-wide association studies in European datasets®®
demonstrated that ACE is genetically involved in AD. In addi-
tion, ACE variants were associated with several other traits,
based on the NHGRI-EBI Catalog of published genome-wide
association studies (Table 1).

Recent investigation of an ACE intronic 289 bp insertion/
deletion (rs4646994) in 33 countries of Europe, North Africa
and Middle East revealed that the prevalence of COVID-19
is negatively correlated with the frequency of the deletion-
allele. Through the RAS, the ACE deletion-allele is associ-
ated with reduced ACE2 expression, suggesting a protective
effect against COVID-19.57 The same ACE deletion-allele
was more frequent among 66-70 year old AD cases versus
controls.®> Numerous other genetic variants could alter ACE
and ACE?2 gene expression, according to the genotype-tissue
expression data at GTEx portal (https://www.gtexportal.
org/).% Such variations could change the balance between the
2 RAS pathways and modify the clinical presentation of
COVID-19. For instance, low expression levels of cardiac and
renal ACE2 were associated with high blood pressure and
diabetes, respectively;®” and altered gene expression of several
components of the RAS were linked to AD and other neuro-
degenerative diseases.®

Intriguingly, a UK study reported a link of COVID-19 with
APOE.% The APOE e4-allele is a major risk factor for AD,
whereas the €2-allele protects against AD.70 Risk of severe
COVID-19 infection was reported to be increased in e4/e4-
carriers based on the observation that £4/e4-carriers were twice
as likely to test positive for COVID-19 compared to £3/e3-
carriers.®” This association was independent of pre-existing
dementia, cardiovascular disease, and diabetes. However, the
definition of severe COVID-19 was based on a general consid-
eration that during the peak outbreak in the UK, COVID-19
testing was mainly restricted to patients with clinical signs of
infection, and therefore a positive test would be a marker of
severe infection. Moreover, the cohort size was modest (622
COVID-19 patients, including only 37 e4/e4-carriers); and
validation in an independent dataset has not been conducted.
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Table 1. Top-significant ACE variants associated with different traits, based on the NHGRI-EBI Catalog of published human genome-wide

association studies (https://www.ebi.ac.uk/gwas/docs/about).

VARIANT ID PUBMED ID (JOURNAL) ETHNICITY (SAMPLE SIZE) TRAIT P VALUE
rs4291 30578418 (Nat Genet) European (365998); African (63490); Systolic blood pressure 1.0E-09
Hispanic (22802); Asian (4792);
Native American (2695)
rs4295 27841878 (Nat Genet) European (295529); African Systolic and Diastolic 1.0-4.0E-08
American (3058); Latino (8231); blood pressure
African British (2029); East Asian
(7701); South Asian (2735); unknown
(1979)
rs4305 31015401 (Nat Commun) European (31904 cases, 172474 Calcium channel blockers 3.0E-13
controls)
rs4308 28135244 (Nat Genet) European (140886) Diastolic blood pressure 7.0E-14
rs4311 29777097 (Transl British with parental history of Alzheimer’s disease 5.0E-08
Psychiatry) Alzheimer’s disease (up to 42034) or
without it (at least 272244);
Alzheimer’s disease cases (25580);
controls (48466)
rs138190086 30820047 (Nat Genet) European (21982 cases, 41944 Alzheimer’s disease 5.0E-09
controls)
rs4325 23093944 (PLoS Genet) European (1678) Serum metabolite levels 1.0E-11 to 3.0E-12
rs4329 21886157 (Nature) European (2820) Metabolic traits 8.0E-20
rs4343 24816252 (Nat Genet) European (up to 5591) Blood metabolite ratios 1.0E-37
24625756 (PLoS Genet) African American (1260) Serum metabolite levels 8.0E-14 to 9.0E-25
23093944 (PLoS Genet) European (1678) Serum metabolite levels 1.0E-16
20066004 Han Chinese hypertensive cases Angiotensin-converting 3.0E-25
(Pharmacogenomics J) (400) enzyme activity
rs4344 30072576 (Science) European (3200) Blood protein levels 9.0E-136
rs4351 24816252 (Nat Genet) European (7824) Blood metabolite levels 1.0E-14 to 4.0E-22
23281178 (Hum Mutat) European prostate cancer (214 Metabolite levels 9.0E-13
cases, 188 controls)
23093944 (PLoS Genet) European (1678) Serum metabolite levels 4.0E-14 to 5.0E-15
rs4362 24816252 (Nat Genet) European (7824) Blood metabolite levels 1.0E-21

Furthermore, it would be important to assess the potential pro-
tective effect of the g2-allele in COVID-19 patients.

Notably, the APOE locus was not detected by a genome-
wide approach using a cohort of Ttalian and Spanish COVID-
19 patients with respiratory failure.”? However, this study
identified 2 risk loci. The association signal at the 3p21.31
locus implicated a cluster of 6 genes, including SLC6420,
which encodes a protein that functionally interacts with
ACE2, while the signal at 9q34.2 coincides with the locus
encoding the ABO blood groups. A higher risk of severe
COVID-19 was observed among individuals from blood
group A, while blood group O was linked to a protective
effect, which agrees with non-genetic studies implicating the
ABO blood groups in COVID-19 susceptibility. Compared
with individuals with other blood types, those with type A
had a 45% higher risk of developing severe COVID-19, while
people with type O had a 35% lower risk. Importantly, blood
type O is also associated with larger volumes of gray matter in

the cerebellum and temporal-mediotemporal/limbic regions,
suggesting its protective role against AD.”>7 It is possible
that the protective effect of blood type O is linked to a
reduced risk of thrombotic adverse events compared to indi-
viduals with other blood types.

Variability in the virus genome itself could also contribute
to COVID-19 severity.”* For instance, the 11083-G variant in
the genome of SARS-CoV-2 is more commonly found in
symptomatic patients, while the 11083-T variant is more fre-
quent in asymptomatic patients.”> In addition, a 382-bps dele-
tion in the viral genome was associated with COVID-19
infection in the Middle East.”® Furthermore, some individuals
may have primary immunodeficiencies predisposing them to
severe COVID-19. For instance, a whole-exome study of 4
young males with severe COVID-19 detected loss-of-function
variants in 7LR7 leading to immunological defects in inter-
feron production.”” It would be important to assess the contri-
bution of other immune-related genes to COVID-19 severity,
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including loci suggested by studies of AD and related neurode-
generative diseases, many of which point to immune-related
pathways, including human leukocyte antigen (F-/LA4) region at
6p21.32 locus.*® For instance, there is a need to establish which
HI A alleles contribute to protection or risk of COVID-19 and
their relevance to risk of AD. Notably, severe COVID-19 out-
comes are often associated with a “cytokine storm” of pro-
nounced inflammation, which may be in part associated with a
higher baseline of inflammation in elderly individuals (eg,

affected by AD).34

Conclusion

Both genetic and non-genetic factors affecting the ACE2/
ACE pathways must be investigated to find the most effective
therapeutic intervention against COVID-19 infection. For
instance, COVID-19 outcome could be influenced by factors
disturbing the balance of the RAS pathways (eg, altering
expression of ACE2 and ACE), which could contribute to
neurological complications reported in many hospitalized
patients. COVID-19 could also affect the nervous system in
the long term.”® Genetic architecture likely contributes to the
diversity in symptoms and incidence of COVID-19 among
different ethnic groups. Hence, it would be important to con-
duct genome-wide studies to detect variants influencing dis-
ease presentation in COVID-19 patients from different
populations, with a special focus on variants affecting immune-
related pathways (eg, polymorphisms in F/LA genes) expres-
sion of TMPRSS2, ACE2 and other RAS-related genes, which
have a high potential to contribute to the severity of the viral
infection.

Authors’ Contributions
All authors participated in the writing of the manuscript.

ORCID iD

Ekaterina Rogaeva () https://orcid.org/0000-0002-2852-0329

REFERENCES

1. LiX, MaX. Acute respiratory failure in COVID-19: is it “typical” ARDS? Criz
Care. 2020;24:198.

2. Han DP, Penn-Nicholson A, Cho MW. Identification of critical determinants
on ACE2 for SARS-CoV entry and development of a potent entry inhibitor.
Virology. 2006;350:15-25.

3. Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting enzyme 2 is a func-
tional receptor for the SARS coronavirus. Nature. 2003;426:450-454.

4. Wan'Y, Shang J, Graham R, Baric RS, Li F. Receptor recognition by the novel
coronavirus from wuhan: an analysis based on decade-long structural studies of
SARS coronavirus. J Virol. 2020;94:¢00127-20.

5. Hoffmann M, Kleine-Weber H, Schroeder S, etal. SARS-CoV-2 cell entry
depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease
inhibitor. Ce/l. 2020;181:271-280 ¢278.

6. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, 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.

7. XuH, Zhong L, Deng J, et al. High expression of ACE2 receptor of 2019-nCoV
on the epithelial cells of oral mucosa. Inz ] Oral Sci. 2020;12:8.

8. Zhou P, Yang XL, Wang XG, et al. A pneumonia outbreak associated with a new
coronavirus of probable bat origin. Nazure. 2020;579:270-273.

9. D’Amico F, Baumgart DC, Danese S, Peyrin-Biroulet L. Diarrhea during
COVID-19 infection: pathogenesis, epidemiology, prevention, and manage-

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

ment. Clin Gastroenterol Hepatol. 2020;18:1663-1672.

LiYC, Bai WZ, Hashikawa T. The neuroinvasive potential of SARS-CoV2 may
play a role in the respiratory failure of COVID-19 patients. | Med Virol.
2020;92:552-555.

Mao L, Jin H, Wang M, et al. Neurologic manifestations of hospitalized patients
with coronavirus disease 2019 in Wuhan, China. JAMA Neurol. 2020;77:683-690.
Helms J, Kremer S, Merdji H, et al. Neurologic features in severe SARS-CoV-2
Infection. N Engl ] Med. 2020;382:2268-2270.

Garavello W, Galluzzi F. Olfactory dysfunction in COVID-19. Otolaryngo! Head
Neck Surg. 2020;163:182.

Wu Y, Xu X, Chen Z, etal. Nervous system involvement after infection with
COVID-19 and other coronaviruses. Brain Behav Immun. 2020;87:18-22.
Hascup ER, Hascup KN. Does SARS-CoV-2 infection cause chronic neurologi-
cal complications? Geroscience. 2020;42:1083-1087.

Reitz C, Rogaeva E, Beecham GW. Late-onset vs nonmendelian early-
onset alzheimer disease: a distinction without a difference? Neurol Genet.
2020;6:€512.

Iadecola C. The pathobiology of vascular dementia. Neuron. 2013;80:844-866.
Heneka MT, Golenbock D, Latz E, Morgan D, Brown R. Immediate and long-
term consequences of COVID-19 infections for the development of neurological
disease. Alzheimers Res Ther. 2020;12:69.

Donoghue M, Hsieh F, Baronas E, etal. A novel angiotensin-converting
enzyme-related carboxypeptidase (ACE2) converts angiotensin I to angiotensin
1-9. Circ Res. 2000;87:E1-E9.

Tipnis SR, Hooper NM, Hyde R, Karran E, Christie G, Turner AJ. A human
homolog of angiotensin-converting enzyme. Cloning and functional expression
as a captopril-insensitive carboxypeptidase. J Bio/ Chem. 2000;275:33238-33243.
Acharya KR, Sturrock ED, Riordan JF, Ehlers MR. Ace revisited: a new target
for structure-based drug design. Nas Rev Drug Discov. 2003;2:891-902.

Li SR, Tang Z]J, Li ZH, Liu X. Searching therapeutic strategy of new coronavi-
rus pneumonia from angiotensin-converting enzyme 2: the target of COVID-19
and SARS-CoV. Eur J Clin Microbiol Infect Dis. 2020;39:1021-1026.

Lan J, Ge J, Yu ], etal. Structure of the SARS-CoV-2 spike receptor-binding
domain bound to the ACE2 receptor. Nature. 2020;581:215-220.

Li W, Zhang C, SuiJ, et al. Receptor and viral determinants of SARS-coronavi-
rus adaptation to human ACE2. Emébo J. 2005;24:1634-1643.

Hubert C, Houot AM, Corvol P, Soubrier F. Structure of the angiotensin I-con-
verting enzyme gene. Two alternate promoters correspond to evolutionary steps
of a duplicated gene. J Biol Chem. 1991;266:15377-15383.

Zhang Y, Wada J. Collectrin, a homologue of ACE2, its transcriptional control
and functional perspectives. Biochem Biophys Res Commun. 2007,363:1-5.

Zhang H, Wada J, Hida K, et al. Collectrin, a collecting duct-specific trans-
membrane glycoprotein, is a novel homolog of ACE2 and is developmentally reg-
ulated in embryonic kidneys. J Bio/ Chem. 2001;276:17132-17139.

Turner AJ. Chapter 25 - ACE2 cell biology, regulation, and physiological func-
tions. In: Unger T, Steckelings UM, dos Santos RAS, eds. The Protective Arm of
the Renin Angiotensin System (RAS). Academic Press; 2015: 185-189.

Danilezyk U, Sarao R, Remy C, et al. Essential role for collectrin in renal amino
acid transport. Nature. 2006;444:1088-1091.

Gaddam RR, Chambers S, Bhatia M. ACE and ACE2 in inflammation: a tale of
two enzymes. Inflamm Allergy Drug Targets. 2014;13:224-234.

Kim S, Iwao H. Molecular and cellular mechanisms of angiotensin II-mediated
cardiovascular and renal diseases. Pharmacol Rev. 2000;52:11-34.

Mehta PK, Griendling KK. Angiotensin II cell signaling: physiological and
pathological effects in the cardiovascular system. Am J Physiol Cell Physiol.
2007;292:C82-C97.

Simoes e, Silva AC, Silveira KD, Ferreira AJ, Teixeira MM. ACE2, angioten-
sin-(1-7) and Mas receptor axis in inflammation and fibrosis. Br J Pharmacol.
2013;169:477-492.

Naughton SX, Raval U, Pasinetti GM. Potential novel role of COVID-19 in
Alzheimer’s disease and preventative mitigation strategies. J Alzheimers Dis.
20205;76:21-25.

Guan WJ, Ni ZY, Hu Y, etal. Clinical characteristics of coronavirus disease
2019 in China. N Engl ] Med. 2020;382:1708-1720.

Abbatecola AM, Antonelli-Incalzi R. Editorial: COVID-19 spiraling of frailty
in older Italian patients. J Nusr Health Aging. 2020;24:453-455.

ZouX, Chen K, Zou J, Han P, Hao J, Han Z. Single-cell RNA-seq data analysis
on the receptor ACE2 expression reveals the potential risk of different human
organs vulnerable to 2019-nCoV infection. Front Med. 2020;14:185-192.
Meng J, Xiao G, Zhang ], et al. Renin-angiotensin system inhibitors improve the
clinical outcomes of COVID-19 patients with hypertension. Emerg Microbes
Infect. 2020;9:757-760.

Fosbol EL, Butt JH, Ostergaard L, et al. Association of angiotensin-converting
enzyme inhibitor or angiotensin receptor blocker use with COVID-19 diagnosis
and mortality. JAMA. 2020;24:168-177

Bianchetti A, Rozzini R, Guerini F, et al. Clinical presentation of COVID19 in
dementia patients. J Nutr Health Aging. 2020;24:560-562.


https://orcid.org/0000-0002-2852-0329

Haghighi et al

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kawajiri M, Mogi M, Higaki N, et al. Reduced angiotensin IT levels in the cere-
brospinal fluid of patients with amyotrophic lateral sclerosis. Acta Neurol Scand.
2009;119:341-344.

Wright JW, Kawas LH, Harding JW. A role for the brain RAS in Alzheimer’s
and Parkinson’s diseases. Front Endocrinol (Lausanne). 2013;4:158.
Labandeira-Garcia JL, Rodriguez-Perez Al, Garrido-Gil P, Rodriguez-Pallares J,
Lanciego JL, Guerra MJ. Brain renin-angiotensin system and microglial polariza-
tion: implications for aging and neurodegeneration. Front Aging Neurosci. 2017;9:129.
Rogaeva E, Schmitt-Ulms G. Does BDNF Val66Met contribute to preclinical
Alzheimer’s disease? Brain. 2016;139:2586-2589.

Kehoe PG, Wong S, Al Mulhim N, Palmer LE, Miners JS. Angiotensin-con-
verting enzyme 2 is reduced in Alzheimer’s disease in association with increasing
amyloid-beta and tau pathology. Alzheimers Res Ther. 2016;8:50.

Ding Q, Shults NV, Harris BT, Suzuki Y]J. Angiotensin-converting enzyme 2
(ACE2) is upregulated in Alzheimer’s disease brain. Preprint. Posted online
October 8, 2020. bioRxiv. 2020. d0i:10.1101/2020.10.08.331157

Saavedra JM. Evidence to consider Angiotensin II receptor blockers for the
treatment of early Alzheimer’s disease. Ce// Mol Neurobiol. 2016;36:259-279.
Davies NM, Kehoe PG, Ben-Shlomo Y, Martin RM. Associations of anti-
hypertensive treatments with Alzheimer’s disease, vascular dementia, and other
dementias. ] Alzheimers Dis. 2011;26:699-708.

Kuster GM, Pfister O, Burkard T, et al. SARS-CoV2: should inhibitors of the
renin-angiotensin system be withdrawn in patients with COVID-19? Eur Heart
J.2020;41:1801-1803.

World Health Organization. COVID-19 and the use of angiotensin-converting
enzyme inhibitors and receptor blockers. World Health Organization. 2020.
Updated 2020. Accessed May 10, 2020. https://www.who.int/publications/i/item/
covid-19-and-the-use-of-angiotensin-converting-enzyme-inhibitors-and-receptor-
blockers

Gordon DE, Jang GM, Bouhaddou M, et al. A SARS-CoV-2 protein interaction
map reveals targets for drug repurposing. Nazure. 2020;583:459-468.

Asai M, Hattori C, Szabo B, et al. Putative function of ADAMY9, ADAM10,
and ADAM17 as APP alpha-secretase. Biochem Biophys Res Commun.
2003;301:231-235.

Vazquez F, Hastings G, Ortega MA, etal. METH-1, a human ortholog of
ADAMTS-1, and METH-2 are members of a new family of proteins with
angio-inhibitory activity. J Biol Chem. 1999;274:23349-23357.

Medoro A, Bartollino S, Mignogna D, et al. Proteases upregulation in sporadic
Alzheimer’s disease brain. J Alzheimers Dis. 2019;68:931-938.

Miguel REF, Pollak A, Lubec G. Metalloproteinase ADAMTS-1 but not
ADAMTS-5 is manifold overexpressed in neurodegenerative disorders as Down
syndrome, Alzheimer’s and Pick’s disease. Brain Res Mol Brain Res. 2005;133:1-5.
Kunkle BW, Grenier-Boley B, Sims R, et al. Genetic meta-analysis of diagnosed
Alzheimer’s disease identifies new risk loci and implicates Abeta, tau, immunity
and lipid processing. Nat Genet. 2019;51:414-430.

Delanghe JR, Speeckaert MM, De Buyzere ML. COVID-19 infections are also
affected by human ACE1 D/I polymorphism. Clin Chem Lab Med. 2020;58:
1125-1126.

Cao Y, LiL, Feng Z, et al. Comparative genetic analysis of the novel coronavirus
(2019-nCoV/SARS-CoV-2) receptor ACE2 in different populations. Ce// Discov.
2020;6:11.

YiL, GuYH, Wang XL, et al. Association of ACE, ACE2 and UTS2 polymor-
phisms with essential hypertension in Han and Dongxiang populations from
north-western China. J Int Med Res. 2006;34:272-283.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Niu W, Qi Y, Hou S, Zhou W, Qiu C. Correlation of angiotensin-converting
enzyme 2 gene polymorphisms with stage 2 hypertension in Han Chinese. Trans/
Res. 2007;150:374-380.

Fan X, Wang Y, Sun K, et al. Polymorphisms of ACE2 gene are associated with
essential hypertension and antihypertensive effects of Captopril in women. Clin
Pharmacol Ther. 2007;82:187-196.

LuN, Yang Y, Wang Y, et al. ACE2 gene polymorphism and essential hyperten-
sion: an updated meta-analysis involving 11,051 subjects. Mo/ Biol Rep.
2012;39:6581-6589.

Patnaik M, Pati P, Swain SN, etal. Association of angiotensin-converting
enzyme and angiotensin-converting enzyme-2 gene polymorphisms with essen-
tial hypertension in the population of Odisha, India. Ann Hum Biol.
2014;41:145-152.

Pinheiro DS, Santos RS, Jardim P, etal. The combination of ACE I/D and
ACE2 G8790A polymorphisms revels susceptibility to hypertension: a genetic
association study in Brazilian patients. PLoS One. 2019;14:¢0221248.

Farrer LA, Sherbatich T, Keryanov SA, et al. Association between angioten-
sin-converting enzyme and Alzheimer disease. Arch Neurol. 2000;57:
210-214.

Battle A, Brown CD, Engelhardt BE, Montgomery SB. Genetic effects on gene
expression across human tissues. Nature. 2017;550:204-213.

Reich HN, Oudit GY, Penninger JM, Scholey JW, Herzenberg AM. Decreased
glomerular and tubular expression of ACE2 in patients with type 2 diabetes and
kidney disease. Kidney Int. 2008;74:1610-1616.

Goldstein B, Speth RC, Trivedi M. Renin-angiotensin system gene expression
and neurodegenerative diseases. [ Renin Angiotensin Aldosterone Syst. 2016;
17:1470320316666750.

Kuo CL, Pilling LC, Atkins JL, etal. APOE e4 genotype predicts severe
COVID-19 in the UK Biobank community cohort. J Gerontol A Biol Sci Med Sci.
20205;75:2231-2232.

Ghani M, Reitz C St, George-Hyslop P, Rogaeva E. Genetic complexity of
early-onset Alzheimer’s disease. In: Galimberti D, Scarpini E eds. Neurodegen-
erative Diseases. Springer, Cham; 2018.

Ellinghaus D, Degenhardt F, Bujanda L, et al. Genomewide association study
of severe Covid-19 with respiratory failure. N Eng/ J Med. 2020;383:
1522-1534.

Franchini M, Liumbruno GM. ABO blood group and neurodegenerative disor-
ders: more than a casual association. Blood Transfus. 2016;14:158-159.

De Marco M, Venneri A. ‘O’ blood type is associated with larger grey-matter
volumes in the cerebellum. Brain Res Bull. 2015;116:1-6.

Ovsyannikova IG, Haralambieva IH, Crooke SN, Poland GA, Kennedy RB.
The role of host genetics in the immune response to SARS-CoV-2 and COVID-
19 susceptibility and severity. Immunol Rev. 2020;296:205-219.

Aiewsakun P, Wongtrakoongate P, Thawornwattana Y, Hongeng S, Thitithan-
yanont A. SARS-CoV-2 genetic variations associated with COVID-19 severity.
Preprint. Postedonline June 02,2020. medRxiv.2020:2020.2005.2027.20114546.
doi:10.1101/2020.05.27.20114546

Gong YN, Tsao KC, Hsiao MJ, et al. SARS-CoV-2 genomic surveillance in Tai-
wan revealed novel ORF8-deletion mutant and clade possibly associated with
infections in Middle East. Emerg Microbes Infect. 2020;9:1457-1466.

van der Made CI, Simons A, Schuurs-Hoeijmakers ], et al. Presence of genetic
variants among young men with severe Covid-19. JAMA. 2020:324:1-11.
Tadecola C, Anrather J, Kamel H. Effects of COVID-19 on the nervous system.
Cell. 2020;183:16-27.¢1.


https://www.who.int/publications/i/item/covid-19-and-the-use-of-angiotensin-converting-enzyme-inhibitors-and-receptor-blockers
https://www.who.int/publications/i/item/covid-19-and-the-use-of-angiotensin-converting-enzyme-inhibitors-and-receptor-blockers
https://www.who.int/publications/i/item/covid-19-and-the-use-of-angiotensin-converting-enzyme-inhibitors-and-receptor-blockers



