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INTRODUCTION

Severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) is a novel coronavirus
first identified in an outbreak of pneu-
monia in Wuhan, Hubei Province, China in
December 2019. Despite mitigation of the
initial epidemic, the viral syndrome now
named coronavirus disease (COVID)-19 has
since spread rapidly throughout the world,
representing a pandemic with profound
implications for human morbidity and
mortality. In turn, the capacity of diverse
healthcare and economic systems to cope
with rising infections and associated intensive
care requirements is strained.

The most extensive clinical experience of
this virus to date comes from the more than
80000 positive cases identified in Hubei Prov-
ince."™ These early clinical reports clearly
indicated that although most clinical mani-
festations of COVID-19 requiring hospital-
isation are respiratory, there is a substantial
minority of patients who undergo progressive
and severe cardiovascular compromise.' * *
Subjects at highest risk of death appear to be
more elderly patients with pre-existing cardio-
vascular disease and/or classical risk factors
that accompany advanced cardiovascular
illness.” The goal of this viewpoint article is to
examine whether the nature of SARS-CoV2
infection and the homeostatic status of high-
risk cardiovascular patients can be linked in a
mechanistic framework that provides insights
into corrective therapy over and above
current and emergent antiviral approaches
to COVID-19.

There are a number of reasons why
COVID-19 may be associated with cardio-
vascular complications that include inter
alia-specific aspects of SARS-CoV-2 structure
and receptor targeting, and target cell loca-
tion and its relationship with cardiovascular

disease homeostasis. In addition, there are
potential risk amplifiers including hith-
erto unanticipated interactions between
viral targets within the host and established
homeostatic pathways that may already be
perturbed in patients with advanced cardio-
vascular disease.

In this viewpoint, we underscored specific
alterations in renin angiotensin system-ACE 2
(RAS-ACE2) homeostasis that may contribute
to more adverse COVID-19 outcomes in
patients with pre-existing cardiovascular
disease. Moreover, we proposed and devel-
oped a rationale for specific therapeutic
interventions that might mitigate some of
the more deleterious cellular pathology and
cardiovascular effects of this syndrome.

STRUCTURE OF SARS-COV-2, VIRAL INFECTION,
CELL TARGETS AND ACE2
SARS-CoV-2, a positive-strand RNA  virus,
shares 80% genomic homology with
SARS-CoV virus and initial infection is medi-
ated through interaction of virion spike
glycoprotein (S protein) with the ACE2
receptor on target cells. The S protein is
cleaved into S1 and S2 subunits that act coop-
eratively to allow ACE2 receptor engagement
and viral cell entry.5 S1, via a receptor-binding
domain (RBD), binds the peptidase domain
of ACE2 with the S2 subunit implicated in
membrane fusion.’ S2 cleavage site activa-
tion by host transmembrane serine protease
2 (TMPRSS2) is facilitated by a conforma-
tional change secondary to S1I-ACE2 binding
(figure 1.’ Comparative genomic analysis
of SARS-CoV-2 suggested that it is optimised
for binding to human ACE2 and in this way
it exploits the membrane-bound receptor in
host cells to initiate and spread infection.”®
The primary role of ACE2 in health is matu-
ration of angiotensin, a peptide implicated
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Figure 1 Schematic of SARS-CoV-2 targeting of ACE2
receptor and entry in infected cell. Note cooperative
interaction between both viral subunits S1 and S2 and cell
surface-bound ACE2 and transmembrane serine protease
2.57 EM, electron microscopy; RBD, receptor-binding
domain; SARS-CoV-2, severeacute respiratory syndrome
coronavirus 2; TMPRSS2, transmembrane serine protease 2.

in vascular homeostasis, vasomotor tone and blood
pressure regulation.7 Importantly ACE2 is expressed
on diverse human cells including epithelial cells in the
lung and small and large intestines, tubular cells of the
kidney, vascular endothelial and smooth muscle cells and
cardiomyocytes (figure 2)” and reduction in ACE2 is well
known to be associated with hypertension, diabetes, coro-
nary artery disease, myocardial infarct repair and heart
failure."’

Although robust histopathological data are still unavail-
able for organ and tissue damage in COVID-19 patients,

3

it may be useful to look at the homologous SARS-CoV
infection that shows similar ACE2 viral tropism. Patho-
logical examination of SARS-CoV subjects has identified
viral infection throughout the respiratory tract, spleen
and lymph nodes, intestinal epithelium and mucosal
lymphoid tissue, liver hepatocytes, tubular epithelium of
the kidney, neural cells in the brain and cardiomyocytes
and vascular cells within the heart."" Moreover, postviral
cell apoptosis, necrosis, interstitial oedema, macrophage
infiltration, lymphocyte depletion and early fibrosis
have been documented to varying degrees in all of these
tissues in SARS-CoV subjects. Preliminary real-time PCR
detection of SARS-CoV-2 in different clinical specimens
shows similar widespread seeding of virus in respiratory,
circulatory and gastrointestinal systems.'? Although the
exact mechanism by which SARS-CoV-2 induces cellular
damage remains unknown, clinical and laboratory data
from early cohort studies' ™ would support a similar tissue
distribution to SARS-CoV with a notable increase in clin-
ical cardiovascular effects."!

In naive humans subjects, SARS-CoV successfully
evades the innate immune response and hijacks host
cell metabolism through initial degradation of host
mRNA and modulation of ubiquitination."” Efficient
viral replication within the host cell then ensues,
leading to cell damage and viral-induced cytolysis.
Interestingly, comparative analysis of two successive
SARS epidemics in early 2000s showed that increased
affinity of the SARS virus for human ACE2 receptor
strongly predicted severity of clinical disease suggesting
that spike protein conformation is potentially a key
determinant of virulence.'* Moreover, the spike protein
present on SARS-CoV and SARS-CoV-2 facilitates host
cell-to-cell fusion to form syncytia that may have poten-
tial pathological consequences for tissues such as the
heart."” Interestingly, in several Wuhan cohorts cardiac
injury and arrythmia were prominent in high-risk
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Figure 2 Multiple human host tissues that express ACE2 receptor highlighting lungs, heart and vasculature. Note clinical
consequences of viral infection in cardiovascular and respiratory tissue."™ ARDS, acute respiratory distress syndrome.
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COVID-19 subjects.' > * Previous SARS-CoV studies also
indicated that clinical and pathological impacts of viral
infection in various tissues and organs are determined
not solely by viral load or tropism with respect to cell
surface receptors but also by the counter-regulatory
pathways within the host."® These host mechanisms
include inter alia complex elements of homeostatic and
inflammatory pathways, anti-apoptotic responses and
the compensatory repair power or functional reserve
of tissues and organs within the infected subject.
The balance between these countervailing forces in
SARS-CoV-2 infection may in large part determine
the severity of clinical manifestation and outcome of
COVID-19 in human subjects.

ACE2 FUNCTION, RECEPTOR DISTRIBUTION AND RAS
HOMEOSTASIS

RAS as a signalling pathway acts as a homeostatic regu-
lator of vascular function, and at a tissue level it regulates
function within organs such as the kidney, lungs and
heart.!” At a regional level, RAS regulates blood flow to
organs and controls trophic responses to a wide range
of triggers including cell death, injury, inflammation,
fibrosis and vascular repair.'® Many of these regulatory
elements involve opposing functions to accommodate
rapidly coordinated responses to local stimuli.

The dipeptide carboxypeptidase ACE metabolises
angiotensin I to form angiotensin II (Angll) and AnglII
is subsequently metabolised by the carboxypeptidase
ACE2 into the vasodilator angiotensin (1-7) (Ang 1-7) 9
While ACE and Angll have been the focus of thera-
peutic targeting for more than four decades,” ACE2 has
only recently come to prominence as a major player in
RAS imbalance, especially in the presence of disease.
Although ACE2 shares sequence homology with the
extracellular domain of ACE, it functions quite differ-
ently as a carboxypeptidase' and is not blocked by ACE
inhibitors. Therefore, ACE2 represents an endogenous
counter-regulatory pathway with RAS and acts in oppo-
sition to the ACE axis (figure 3). Indeed, in the cardio-
vascular system ACE2 may be more important than ACE
in regulating the local effects of AnglIl and Angl-7 with
consequences for counter-balancing RAS activation.”! #
Angll contributes to systemic hypertension and locally
promotes vasoconstriction, endothelial dysfunction,
vascular inflammation, endothelial oxidative stress,
smooth muscle cell migration, proliferation and contrac-
tion and in situ thrombosis.”” ** In the context of acute
respiratory distress syndrome (ARDS), Angll is regarded
as a pivotal player in vascular permeability, cytokine
amplification and inflammatory cell infiltration.” ** ** In
contrast, Angl-7 opposes local vascular effects of AngII,
has antioxidative and anti-inflammatory effects and atten-
uates vascular disease in murine models.”

Genetic knockout studies show that under normal
conditions deficiency of ACE2 has relatively modest
effects on blood pressure, cardiovascular homeostasis
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Figure 3 Homeostasis of RAS-ACE2 under normal healthy
conditions'®'%; perturbation of RAS-ACE2 homeostasis

in cardiovascular disease, hypertension and diabetes
mellitus®*%’; COVID-19 may potentially further upregulate
RAS in CVD patients and deplete ACE2%; proposition that
rhACE2 replacement therapy improves RAS-ACE2 balance
by augmenting ACE2 and decreasing RAS activation.®”
CVD, cardiovascular disease; HTN, hypertension; DM,
diabetes mellitus; RAS, renin angiotensin system; rhACE2,
recombinanthuman ACE2.

and renal function when compared with ACE gene
deletion.?® However, under conditions of oxidative
stress, sepsis, inflammation or experimental hyperten-
sion, diabetes, atherosclerosis, myocardial infarction or
heart failure, ACE2 deficiency greatly amplifies the RAS-
associated pathological phenotype in animal models®’
and clinical specimens.”” Furthermore, ACE2 knockout
models show increased tissue and circulating levels of
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Angll and reduced Angl-7,% with accelerated diabetic
nephropathy® and greater Angll-induced cardiac hyper-
trophy, fibrosis and infarction,™ whereas ACE deletion
confers a modest reduction in circulating AnglII, but
no effect on tissue levels.”’ This would support multiple
non-ACE pathways for Angll generation in the body, but
limited pathways for Angll degradation, which highlights
the potential importance of ACE2 disruption at a tissue
level especially in states of RAS activation. Moreover,
this underscores the potential of ACE2 replacement as a
more potent strategy in reducing AngIl and augmenting
Ang1-7 compared with conventional RAS inhibition.

Thus, in cardiovascular disease there exists an imbal-
ance between increased RAS activation and reduced
ACE2 counterregulatory effects (figure 3), which may
render subjects with increased cardiovascular risk burden
susceptible to conditions that worsen asymmetries in
RAS/ACE2.

THEORETICAL IMPLICATIONS OF AGE2-EXPRESSING CELL
DESTRUCTION BY SARS-COV-2 IN CARDIOVASCULAR SYSTEM
AND OTHER ORGANS

Given that SARS-CoV-2 specifically targets ACE2 receptor
and based on SARS-CoV homology and previous
SARS-CoV pathology studies, it is reasonable to expect
that during viremia host cells and tissues that express
ACEZ2 in the major organs such as lungs, heart, vascular
system and kidneys will be susceptible to viral infec-
tion."" * It is also conceivable that relative loss of ACE2
(through viral destruction) in these affected tissues at
a time of increasing RAS activation may act to amplify
the pathophysiological consequences of viral infection
in these organs. Previous studies of SARS-CoV show viral
induction of ACE2 shedding in infected cells” and down-
regulation of ACE2 levels in tissues has been linked to viral
replication efficiency and pathogenicity.’* Therefore,
extensive viral lysis of ACE2-expressing cells may act as a
tipping point in tissues ability to adequately respond via
RAS/ACE2 to ensuing inflammatory, oxidative stress and
ongoing cytokine-mediated cellular insults (figure 3). In
contrast, in healthy adults and younger patients, as seen
in genetic knockout models,26 it is conceivable that, with
RAS-ACE2 homeostasis intact, the consequences of acute
viral infection may not reach this threshold.

Two poorly prognostic elements may thus combine
in SARS-CoV-2 infection of cardiovascular disease
patients, namely (1) a pre-existing imbalance in RAS
activity and ACE2 counter-regulation that renders this
cohort susceptible to more cardiovascular compli-
cations of COVID-19 and (2) destructive targeting
by SARS-CoV-2 of ACE2-expressing cells in multiple
cardiovascular and other tissues leading to further crit-
ical loss of ACE2 reserve. This amplified RAS-ACE2
imbalance in COVID-19 may greatly exacerbate tissue
injury and inflammation in affected organs of cardio-
vascular patients.

RATIONALE FOR, AND SAFETY OF ACE2 REPLACEMENT
THERAPY IN COVID-19 SUBJECTS

ACE2 protein replacement has proven beneficial in
multiple preclinical models such as hypertension, diabetic
vasculopathy and renal disease, postmyocardial infarc-
tion, heart failure and especially in ARDS where RAS-
ACE2 imbalance is prominent.'” * ** The mechanism of
ACE2 benefit is likely increased metabolism of local tissue
Angll and increased bioavailability of Angl-7'" with
reduction in reactive oxidation, cell death, inflammation
and endothelial cell activation. These protective activities
of ACE2 may thus counteract the deleterious effects of
tissue injury and associated activation of RAS. In human
subjects, this has already been exploited with completion
of the first pilot phase 1/2 trial of recombinant human
ACE2 (rhACE2) in ARDS.* In this safety study, which was
not powered for efficacy, rhACE2 proved safe and was
well-tolerated haemodynamically with a rapid reduction
in AnglI and increase in Angl-7 observed after intrave-
nous infusion.” Pharmacokinetic evaluation of thACE2
in healthy volunteers supports a twice daily infusion,”
although given a relatively short half-life it is likely that
continuous infusion if tolerated would be more effective
in more severely ill subjects. AngIl and Angl-7 responses
to ACE2 replacement are rapid (within 30 min) so it may
be feasible to identify responders and non-responders
quickly, although Angll assay variability may require
further study and validation.” Moreover prescreening
using AnglI levels, ACE2/ACE activity ratios and prog-
nostic ACE gene polymorphisms may further assist in risk
stratification of patients more likely to respond to ACE2
therapy.39 We proposed that existing COVID-19 subjects
should have an ACE2 deficiency state confirmed prospec-
tively by analysis of ACE2, AngII and Angl-7 levels in low-
risk and high-risk subjects with further dichotomisation
based on survival or non-survival. In severe COVID-19,
with no current options to save these patients, there is
also a rationale for testing the ACE2 deficiency hypoth-
esis in phase 1/2 randomised controlled trials of rhACE2
protein in subjects at high risk of death. Such risk strat-
ification could be based on conventional intensive care
unit prognostic scoring systems in addition to circulating
factors that indicate poor outcomes such as elevated
soluble urokinase plasminogen activator levels."’

We noted a recently planned open-label, randomised
controlled trial of rhACE2 for treatment of patients with
COVID-19 in Wuhan.* Further studies will be required to
identify whether ACE2 therapy should be targeted only at
high-risk cardiovascular patients or all patients at risk of
progression to cardiorespiratory failure and death.

Administration of ACE2 recombinant protein in
COVID-19 patients raises the question of whether this
might exacerbate SARS-CoV-2 infection given viral
tropism. All experimental data suggested that the oppo-
site response is more likely. Despite this early phase 1/2
clinical trials should evaluate potential side effects such
as hypotension, tachycardia and worsening respiratory
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failure with close monitoring of vital signs, respiratory
parameters, electrocardiography and haematology and
blood chemistry profiles. Given that ACE2 downregulation
by SARS-CoV is linked to viral replication efficiency,” ** it
is conceivable that ACE2 augmentation may reduce viru-
lence. Importantly, thACE2 is a soluble protein whereas
SARS-CoV-2 binds to cell membrane-bound ACE2 and
requires the cooperation of the TMPRSS2 protease to
achieve viral cell entry. Therefore, soluble ACE2 alone is
likely insufficient to allow viral infection of cells. Previous
studies with SARS-CoV and more recently SARS-CoV-2
studies*” showed that soluble ACE2 protein actually inhibits
SARS-CoV-2 viral spike RBD binding to membrane ACE2
receptor. For SARS-CoV pathogenesis, ACE2 not only acts
as a receptor for viral entry but also protects against local
tissue injury.” If the same holds true for SARS-CoV-2, then
soluble rhACE2 may reduce ongoing SARS-CoV-2 access
to membrane-bound ACEZ2 receptor, alter favourably local
Angll/Angl-7 levels and inhibit deleterious RAS effects
on remaining at risk tissues in COVID-19 patients.

CONCLUSION

In the current COVID-19 pandemic, saving lives and
increasing hospital capacity for ventilatory support
are priorities for many already stretched and often
overwhelmed healthcare systems. Currently, we have
supportive but very limited therapeutic options for high-
risk COVID-19 patients in intensive care settings. In this
viewpoint we presented a theoretical framework by which
ACE2 replacement or augmentation appears a rational
therapeutic option for severely ill, high cardiovascular
risk, no-other option COVID-19 subjects. If early phase
1/2 ACE2 replacement proves promising, then expe-
dited compassionate off-label use might also be consid-
ered. Given that ACE2 is synthesised using recombinant
manufacturing, it is likely that a number of pharma-
ceutical companies would have the capacity to scale up
production quickly for global use.

Acknowledgements Figures created with Biorender.com. The authors thank Mr
Jerry Gu for his useful input on figure design.

Contributors NC conceived the concept. NC and PMR drafted the manuscript.

Funding This work was supported in part by Science Foundation Ireland (Research
Grant SFI/12/RC/2273).

Competing interests None declared.
Patient consent for publication Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Paul MacDaragh Ryan http://orcid.org/0000-0001-7251-6725

1

20

21

22

23

24

25

26

27

28

Wang D, Hu B, Hu C, et al. Clinical characteristics of 138
hospitalized patients with 2019 novel coronavirus-infected
pneumonia in Wuhan, China. JAMA 2020;323:€201585:1061.

Guan W-J, Ni Z-Y, Hu Y, et al. Clinical characteristics of coronavirus
disease 2019 in China. N Engl J Med 2020;382:1708-20.

Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality
of adult inpatients with COVID-19 in Wuhan, China: a retrospective
cohort study. Lancet 2020;395:1054-62.

Shi S, Qin M, Shen B, et al. Association of cardiac injury with
mortality in hospitalized patients with COVID-19 in Wuhan, China.
JAMA Cardiol 2020. doi:10.1001/jamacardio.2020.0950. [Epub
ahead of print: 25 Mar 2020].

Yan R, Zhang Y, Li Y, et al. Structural basis for the recognition

of SARS-CoV-2 by full-length human ACE2. Science
2020;367:eabb2762:1448

Li F, Li W, Farzan M, et al. Structure of SARS coronavirus spike
receptor-binding domain complexed with receptor. Science
2005;309:1864-8.

Belouzard S, Chu VC, Whittaker GR. Activation of the SARS
coronavirus spike protein via sequential proteolytic cleavage at two
distinct sites. Proc Natl Acad Sci U S A 2009;106:5871-6.

Letko M, Marzi A, Munster V. Functional assessment of cell

entry and receptor usage for SARS-CoV-2 and other lineage B
betacoronaviruses. Nat Microbiol 2020;5:562-9.

Hamming I, Timens W, Bulthuis MLC, et al. Tissue distribution of
ACE2 protein, the functional receptor for SARS coronavirus. A first
step in understanding SARS pathogenesis. J Pathol 2004;203:631-7.
Tikellis C, Thomas MC. Angiotensin-Converting enzyme 2 (ACE2)
is a key modulator of the renin angiotensin system in health and
disease. Int J Pept 2012;2012:256294:8

Gu J, Korteweg C. Pathology and pathogenesis of severe acute
respiratory syndrome. Am J Pathol 2007;170:1136-47.

Wang W, Xu Y, Gao R, et al. Detection of SARS-CoV-2 in different
types of clinical specimens. JAMA 2020.

Gralinski LE, Baric RS. Molecular pathology of emerging coronavirus
infections. J Pathol 2015;235:185-95.

Li W, Zhang C, Sui J, et al. Receptor and viral determinants

of SARS-coronavirus adaptation to human ACE2. Embo J
2005;24:1634-43.

Cheng VCC, Lau SKP, Woo PCY, et al. Severe acute respiratory
syndrome coronavirus as an agent of emerging and reemerging
infection. Clin Microbiol Rev 2007;20:660-94.

Law AHY, Lee DCW, Cheung BKW, et al. Role for nonstructural
protein 1 of severe acute respiratory syndrome coronavirus in
chemokine dysregulation. J Virol 2007;81:416-22.

Coffman TM. The inextricable role of the kidney in hypertension. J
Clin Invest 2014;124:2341-7.

Lee MA, Béhm M, Paul M, et al. Tissue renin-angiotensin systems.
their role in cardiovascular disease. Circulation 1993;87:IV7-13.
Donoghue M, Hsieh F, Baronas E, et al. A novel angiotensin-
converting enzyme-related carboxypeptidase (ACE2) converts
angiotensin | to angiotensin 1-9. Circ Res 2000;87:E1-9.

Rice Gl, Thomas DA, Grant PJ, et al. Evaluation of angiotensin-
converting enzyme (ACE), its homologue ACE2 and neprilysin in
angiotensin peptide metabolism. Biochem J 2004;383:45-51.
Thomas MC, Pickering RJ, Tsorotes D, et al. Genetic ACE2
deficiency accentuates vascular inflammation and atherosclerosis in
the APOE knockout mouse. Circ Res 2010;107:888-97.

Tikellis C, Bialkowski K, Pete J, et al. Ace2 deficiency modifies
renoprotection afforded by ACE inhibition in experimental diabetes.
Diabetes 2008;57:1018-25.

Candido R, Jandeleit-Dahm KA, Cao Z, et al. Prevention of
accelerated atherosclerosis by angiotensin-converting enzyme
inhibition in diabetic apolipoprotein E-Deficient mice. Circulation
2002;106:246-53.

Daemen MJ, Lombardi DM, Bosman FT, et al. Angiotensin Il induces
smooth muscle cell proliferation in the normal and injured rat arterial
wall. Circ Res 1991;68:450-6.

Tesanovic S, Vinh A, Gaspari TA, et al. Vasoprotective and
atheroprotective effects of angiotensin (1-7) in apolipoprotein E-
Deficient mice. Arterioscler Thromb Vasc Biol 2010;30:1606-13.
Crackower MA, Sarao R, Oudit GY, et al. Angiotensin-Converting
enzyme 2 is an essential regulator of heart function. Nature
2002;417:822-8.

Tikellis C, Johnston Cl, Forbes JM, et al. Characterization of

renal angiotensin-converting enzyme 2 in diabetic nephropathy.
Hypertension 2003;41:392-7.

Sluimer JC, Gasc JM, Hamming |, et al. Angiotensin-Converting
enzyme 2 (ACE2) expression and activity in human carotid
atherosclerotic lesions. J Pathol 2008;215:273-9.

Ryan PM, Caplice N. Open Heart 2020;7:€001302. doi:10.1136/0penhrt-2020-001302


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-7251-6725
http://dx.doi.org/10.1001/jama.2020.1585
http://dx.doi.org/10.1056/NEJMoa2002032
http://dx.doi.org/10.1016/S0140-6736(20)30566-3
http://dx.doi.org/10.1001/jamacardio.2020.0950
http://dx.doi.org/10.1126/science.abb2762
http://dx.doi.org/10.1126/science.1116480
http://dx.doi.org/10.1073/pnas.0809524106
http://dx.doi.org/10.1038/s41564-020-0688-y
http://dx.doi.org/10.1002/path.1570
http://dx.doi.org/10.1155/2012/256294
http://dx.doi.org/10.2353/ajpath.2007.061088
http://dx.doi.org/10.1001/jama.2020.3786
http://dx.doi.org/10.1002/path.4454
http://dx.doi.org/10.1038/sj.emboj.7600640
http://dx.doi.org/10.1128/CMR.00023-07
http://dx.doi.org/10.1128/JVI.02336-05
http://dx.doi.org/10.1172/JCI72274
http://dx.doi.org/10.1172/JCI72274
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/8485836
http://dx.doi.org/10.1161/01.RES.87.5.e1
http://dx.doi.org/10.1042/BJ20040634
http://dx.doi.org/10.1161/CIRCRESAHA.110.219279
http://dx.doi.org/10.2337/db07-1212
http://dx.doi.org/10.1161/01.CIR.0000021122.63813.32
http://dx.doi.org/10.1161/01.RES.68.2.450
http://dx.doi.org/10.1161/ATVBAHA.110.204453
http://dx.doi.org/10.1038/nature00786
http://dx.doi.org/10.1161/01.HYP.0000060689.38912.CB
http://dx.doi.org/10.1002/path.2357

Open Heart

29

30

Wong DW, Oudit GY, Reich H, et al. Loss of angiotensin-converting
enzyme-2 (ACE2) accelerates diabetic kidney injury. Am J Pathol
2007;171:438-51.

Zhong J, Basu R, Guo D, et al. Angiotensin-Converting enzyme

2 suppresses pathological hypertrophy, myocardial fibrosis, and
cardiac dysfunction. Circulation 2010;122:717-28.

37

38

Khan A, Benthin C, Zeno B, et al. A pilot clinical trial of recombinant
human angiotensin-converting enzyme 2 in acute respiratory distress
syndrome. Crit Care 2017;21:234.

Haschke M, Schuster M, Poglitsch M, et al. Pharmacokinetics

and pharmacodynamics of recombinant human angiotensin-
converting enzyme 2 in healthy human subjects. Clin Pharmacokinet

31 Wei C-C, Tian B, Perry G, et al. Differential Ang Il generation in 2013:52:783-92
plasma and tissue of mice with decreased expression of the ACE e ' . ) . .
gene. Am J Physiol Heart Circ Physiol 2002;282:H2254-8. 39 Zhang H, Baker A. Regomblnant human ACE2: acing out angiotensin
32 XuH, Zhong L, Deng J, et al. High expression of ACE2 receptor Il'in ARDS therapy. Crit Care 2017;21:305.
of 2019-nCoV on the epithelial cells of oral mucosa. Int J Oral Sci 40 Rovina N, Akinosoglou K, Eugen-Olsen J, et al. Soluble urokinase
2020;12:8. plasminogen activator receptor (suPAR) as an early predictor of
33 Glowacka |, Bertram S, Herzog P, et al. Differential downregulation severe respiratory failure in patients with COVID-19 pneumonia. Crit
of ACE2 by the spike proteins of severe acute respiratory syndrome Care 2020;24:187.
coronavirus and human coronavirus NL63. J Virol 2010;84:1198-205. 41 ClinicalTrials.gov. NCT04287686 —Recombinant Human Angiotensin-
34 Dijkman R, Jebbink MF, Deijs M, et al. Replication-Dependent converting Enzyme 2 (rhACE2) as a Treatment for Patients With
downregulation of cellular angiotensin-converting enzyme 2 COVID-19, 2020. Available: https://clinicaltrials.gov/ct2/show/
protein expression by human coronavirus NL63. J Gen Virol NCT04287686
2012;93:1924-9. : R
35 ImaiY, Kuba K, Rao S, et al. Angiotensin-Converting enzyme 2 42 TE," W Hel, Z!’lang X, et al. Characterization (,)f thg rec‘eptﬁ)r-
protects from severe acute lung failure. Nature 2005;436:112-6. binding domain (RBD) of 2019 novel coronavirus: implication for
36 Zhang H, Penninger JM, Li Y, et al. Angiotensin-Converting enzyme development of RBD protein as a viral attachment inhibitor and
2 (ACE2) as a SARS-CoV-2 receptor: molecular mechanisms and vaccine. Cell Mol Immunol 2020;7. doi:10.1038/s41423-020-0400-4.
potential therapeutic target. Intensive Care Med 2020;46:586-90. [Epub ahead of print: 19 Mar 2020].
6 Ryan PM, Caplice N. Open Heart 2020;7:€001302. doi:10.1136/openhrt-2020-001302


http://dx.doi.org/10.2353/ajpath.2007.060977
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.955369
http://dx.doi.org/10.1152/ajpheart.00191.2001
http://dx.doi.org/10.1038/s41368-020-0074-x
http://dx.doi.org/10.1128/JVI.01248-09
http://dx.doi.org/10.1099/vir.0.043919-0
http://dx.doi.org/10.1038/nature03712
http://dx.doi.org/10.1007/s00134-020-05985-9
http://dx.doi.org/10.1186/s13054-017-1823-x
http://dx.doi.org/10.1007/s40262-013-0072-7
http://dx.doi.org/10.1186/s13054-017-1882-z
http://dx.doi.org/10.1186/s13054-020-02897-4
http://dx.doi.org/10.1186/s13054-020-02897-4
https://clinicaltrials.gov/ct2/show/NCT04287686
https://clinicaltrials.gov/ct2/show/NCT04287686
http://dx.doi.org/10.1038/s41423-020-0400-4

	COVID-19 and relative angiotensin-­converting enzyme 2 deficiency: role in disease severity and therapeutic ﻿
﻿response
	Introduction
	Structure of SARS-CoV-2, viral infection, cell targets and ACE2
	ACE2 function, receptor distribution and RAS homeostasis
	Theoretical implications of ACE2-expressing cell destruction by SARS-CoV-2 in cardiovascular system and other organs
	Rationale for, and safety of ACE2 replacement therapy in COVID-19 subjects
	Conclusion
	References


