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Due to the coronavirus disease 2019 (COVID-19), researchers all over the world have tried to find an appropriate therapeutic
approach for the disease. The angiotensin-converting enzyme 2 (ACE2) has been shown as a necessary receptor to cell fusion,
which is involved in infection due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It is commonly crucial for
all organs and systems. When ACE2 is downregulated via the SARS-CoV-2 spike protein, it results in the angiotensin II (Ang IT)/
angiotensin type 1 receptor axis overactivation. Ang II has harmful effects, which can be evidenced by dysfunctions in many
organs experienced by COVID-19 patients. ACE2 is the SARS-CoV-2 receptor and has an extensive distribution; thus, some
COVID-19 cases experience several symptoms and complications. We suggest strategy for the potential protective effect of ACE2
to the viral infection. The current review will provide data to develop new approaches for preventing and controlling the

COVID-19 outbreak.

1. Introduction and Background

In December 2019, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) resulted in coronavirus disease
2019 (COVID-19), first identified in Wuhan, China, with
a rapid spread in China and 27 other countries with high
mortality. There is no definite treatment for this disease, and
those available are restrictions on travelling, isolating the pa-
tients, and supportive healthcare; however, several medications
have been examined [1-3]. Identification of the underlying
pathobiology of the disease is helpful. In the current study, the
angiotensin-converting enzyme 2 (ACE2) receptor, a special
target of SARS-CoV-2, will be considered and reviewed.

2. Angiotensin-Converting Enzyme (ACE) and
Its Homolog (ACE2)

The renin-angiotensin system (RAS) regulates the cardio-
vascular and kidney functions and contributes to the
pathophysiology of cardiovascular and kidney disorders

[4, 5]. The RAS effector peptides can be generated and
degraded via several enzymatic reactions that indicate their
concentration in the plasma and many tissues [6]. Angio-
tensin (Ang) processing begins by angiotensinogen hydro-
lysis through protease renin for generating Ang I (Ang1-10)
[7]. ACE due to its peptidase-dependent activity can convert
Ang I to octapeptide Ang II (Angl-8) [8].

Angl-8 is the main RAS mediator and is associated with
many physiological events. It enhances vascular smooth
muscle contraction, which increases the systemic vascular
resistance. It is also able to initiate sodium reabsorption
within the kidneys through the stimulation of aldosterone
release and acting as the main mediator of the kidney
tubuloglomerular feedback mechanism [9]. Moreover, it has
strong proinflammatory and proangiogenic effects [10, 11].
It attaches to AT-1 and AT-2 receptors; the former mediates
its vasoconstrictive, proliferative, and proinflammatory
effects [8].

In recent years, ACE2 as a homolog of ACE was detected
[12-14]. It mainly acts as a mono-carboxypeptidase that
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preferably hydrolyzes between proline and a hydrophobic/
basic C-terminal amino acid. An enzymatic reaction, which
is successfully catalyzed via ACE2, involves Angl-8 deg-
radation through the removal of its C-terminal phenylala-
nine for generating Angl-7 [15-17] that is characterized by
vasodilatory, antiproliferative, antiangiogenic, and anti-
inflammatory properties [18]. G protein-coupled Mas re-
ceptors mediate its effects [19]. Also, Angl-7 suppresses the
activities of the carboxy-terminal domain of ACE, by which
it prevents ACE against fully acting on Ang I and bradykinin
[6, 20] (Figure 1).

Considering the mentioned mechanisms, the simulta-
neous reduction in Angl-8 and an elevation of Angl-7
positively affect many diseases [6]. Since these beneficial
effects can be achieved by ACE2, the enhanced function of
this enzyme may provide effective strategies to treat illnesses
with pathologically elevated Angl-8 and/or reduced
Angl-7 because of an imbalanced RAS.

Regarding the negative regulation of RAS by ACE2, this
enzyme is currently a functional receptor for SARS-CoV-2
[21-23]. Coronaviruses can efficiently recognize ACE2, and
the SARS-CoV-2 spike protein possesses a high binding
affinity for human ACE2 [24, 25]. These viruses use ACE2
because of its cellular entry to the host cell as well as for the
downregulation of ACE2 expression [26] that is involved in
the acute respiratory distress syndrome (ARDS) and severe
acute respiratory syndrome (SARS) pathogenesis [27].

The epidemiological findings suggest an increase in
ACE2 expression in youths than aged individuals [28]. The
reduced ACE2 amount in aged cases possibly is associated
with the prevalence of consequences in aging [21]. Bio-
informatic analysis data of the genomics and transcriptomics
gene expression in human [29] demonstrated that expres-
sion of ACE2 decreases with ageing in many tissues.
According to Chen et al., ACE2 expression decreases with
age in various organs including blood, adrenal gland, colon,
nervous system, adipose tissues, and salivary gland [29].
Several studies have demonstrated that ageing is linked with
reduced expression of ACE2 in both experimental and
human models [29-31]. Xudong et al. [31] investigated the
impact of ageing on ACE2 expression in lung epithelial cells
and found that the older group exhibited significantly lower
levels of ACE2 expression compared to the young group
[31]. Moreover, ACE2 restricts the macrophage expression
in many proinflammatory cytokines in vitro, such as tumor
necrosis factor-a (TNF-«) and interleukin-6 (IL-6) [32].
However, regarding COVID-19, ACE2 is downregulated by
the virus, which enhances the macrophage expression [33],
evidenced by macrophage activation. ACE2 has a high level
of expression in the luminal area of tubular epithelial cells in
the kidneys [34], as well as cardiomyocytes in the heart [35].
It is also detectable in the gut and the lungs [36]. Dys-
functions of different organs in COVID-19 cases are ex-
plainable by the elevated level of ACE2 expression.
Therefore, SARS-CoV-2 infection downregulates ACE2 and
causes the Ang Il involvement [21]. It is assumed that ACE2
has a protective function in different organs, and ACE2
downregulation in SARS-CoV-2 infection has deleterious
effects [37]. The overactivation of the angiotensin (Ang) II/
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ATIR axis caused by the SARS-CoV-2 spike protein’s
downregulation of ACE2 may be the reason for the harmful
effects of Ang II, which could potentially clarify the mul-
tiorgan dysfunction observed in patients. [37]. Due to its
extensive distribution throughout various organs, ACE2 has
the ability to counteract the activation of the conventional
RAS system, thus safeguarding against hypertension, di-
abetes, cardiovascular disease, and organ damage [38].
Accordingly, we can propose potential treatments to obtain
better outcomes in severe COVID-19 patients.

3. Role of ACE2 in Lung Protection

In the respiratory tract, ACE2 expression mainly occursin
the alveolar/bronchiolar epithelium, endothelium, and
smooth muscle cells of lung vessels [39]. Cell differentiation
as well as ACE2 expression levels determine the vulnerability
of human airway epithelial cells to infections [40]. In the
respiratory system, treatment with recombinant ACE2 was
effective for lung diseases and survival of patients with virus-
induced ARDS and SARS [6, 41, 42]. SARS-CoV-2 infection
is associated with the ACE2 depletion from the cell surface
and the loss of ACE2-mediated tissue protection [21].

The therapeutic effects of recombinant human ACE2
(rhACE2) have been recently investigated in different acute
and chronic animal diseases linked to enhanced Angl-8
concentrations or dysregulated RAS. In ACE2-knockout
mice receiving Angl-8, rhACE2 prevented Angl-8-
related arterial hypertension, oxidative stress, and tubu-
lointerstitial fibrosis [43]. It also inhibited pathological
hypertrophy, myocardial fibrosis, and diastolic dysfunction
[44], while reducing the diabetic nephropathy progression
[45]. Also, rhACE2 suppressed the liver fibrosis develop-
ment in bile duct ligation and chemically-induced liver fi-
brosis in a mouse model [46]. Moreover, rhACE2 systemic
administration caused an improvement in the pulmonary
blood flow as well as blood oxygenation in a lipopolysac-
charide (LPS)-associated ARDS model in piglets [47].

According to Kuba et al. [48], SARS-CoV-2 down-
regulated ACE2 protein (but not ACE) in mice through
attachment to its spike protein, leading to severe lung injury.
Therefore, excessive amounts of ACE2 in a competitive
manner are attached to SARS-CoV-2 for neutralizing the
virus as well as rescuing cellular ACE2 activity that has
a negative regulatory role for RAS to protect the lungs
against injury [49, 50]. It is known that the increased ACE
activity and reduced ACE2 accessibility cause lung injury in
acid- and ventilator-related lung injury [49, 51, 52].
Therefore, administrating the soluble type of ACE2 has
a dual function: (1) slow entrance of the virus into cells,
leading to viral spread [53, 54]; and (2) protection of the
lungs against damage [48].

It has been shown that the rhACE2 protein (APNOI and
GSK2586881) has no harmful hemodynamic impacts in
normal cases and some cases with ARDS [6, 42, 55]. In this
regard, Haschke et al. carried out the first single-dose es-
calation and tolerability research on human to assess the
pharmacokinetics and pharmacodynamics of rhACE2 fol-
lowing its intravenous admonition in normal humans [6].
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FIGURE 1: Detailed representation of the renin-angiotensin system cascade. ACE, angiotensin-converting enzyme; Ang, angiotensin; AT 1,
Ang II type 1 receptor; AT2, Ang II type 2 receptor; Mas, Ang-(1-7) receptor.
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FiGure 2: Binding of SARS-CoV-2 to high-affinity sSACE2 outcompetes binding to ACE2 on the cell surface.

Moreover, Khan et al. showed that infusion of GSK2586881,
a recombinant form of rhACE2, resulted in expected
changes of RAS biomarkers and was well-tolerated by ARDS
patients [42]. Also, Monteil et al. demonstrated that human
recombinant soluble ACE2 (hrsACE2) remarkably blocked
the early stages of SARS-CoV-2 infection [56]. Alhenc-Gelas
and Drueke showed that ARDS patients well-tolerated

sACE2 in clinical phase I and II trials. They suggested
that sSACE2 has additional effectiveness on the lungs and
different organs, such as the kidneys [57]. The development
of human recombinant soluble ACE2, also known as
hrsACE2, aims to reduce lung injury and prevent multiple
organ dysfunction. This is achieved by competing with
membrane-bound ACE2, thereby reducing the SARS-CoV-2



entrance into target cells [58] (Figure 2). In addition, the
growth of SARS-CoV-2 virus is significantly decreased by
approximately 1000-5000 times in cell culture, engineered
human blood vessels, and kidney organoids upon admin-
istration of the engineered human recombinant soluble
ACE2 (hrsACE2) [56].

4. Conclusion

The exciting potential of hrsACE2 as a protective measure
against viral infections, including COVID-19, has been
revealed in recent research. While these findings hold great
promise, further investigation is crucial to fully explore the
therapeutic possibilities of this innovative approach.

Data Availability

The data used to support the findings of this are available on
reasonable request from the corresponding author.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was supported by grant no. “01-117-043” from
“Cellular and Molecular Research Center, Iran University of
Medical Sciences,” Tehran, Iran.

References

[1] G.LiandE. De Clercq, Therapeutic Options for the 2019 Novel
Coronavirus (2019-nCoV), Nature Publishing Group, London,
UK, 2020.

D. Batlle, J. Wysocki, and K. Satchell, “Soluble angiotensin-

converting enzyme 2: a potential approach for coronavirus

infection therapy?” Clinical Science, vol. 134, no. 5, pp. 543-

545, 2020.

[3] A. Haj Mohamad Ebrahim Ketabforoush, G. Molaverdi,
M. Nirouei, and N. Abbasi Khoshsirat, “Cerebral venous sinus
thrombosis  following intracerebral hemorrhage after
COVID-19 AstraZeneca vaccination: a case report,” Clinical
Case Reports, vol. 10, no. 11, p. e6505, 2022.

[4] D. E. Dostal and K. M. Baker, “The cardiac renin-angiotensin
system: conceptual, or a regulator of cardiac function?”
Circulation Research, vol. 85, no. 7, pp. 643-650, 1999.

[5] M. Ito, M. I. Oliverio, P. J. Mannon, C. F. Best, N. Maeda, and
O. Smithies, “Regulation of blood pressure by the type 1A
angiotensin II receptor gene,” Proceedings of the National
Academy of Sciences, vol. 92, no. 8, pp. 3521-3525, 1995.

[6] M. Haschke, M. Schuster, M. Poglitsch, H. Loibner,
M. Salzberg, and M. Bruggisser, “Pharmacokinetics and
pharmacodynamics of recombinant human angiotensin-
converting enzyme 2 in healthy human subjects,” Clinical
Pharmacokinetics, vol. 52, no. 9, pp. 783-792, 2013.

[7] E. Hackenthal, M. Paul, D. Ganten, and R. Taugner, “Mor-
phology, physiology, and molecular biology of renin secre-
tion,” Physiological Reviews, vol. 70, no. 4, pp. 1067-1116,
1990.

[8] K. E. Bernstein and B. C. Berk, “The biology of angiotensin II
receptors,” American Journal of Kidney Diseases, vol. 22, no. 5,
pp. 745-754, 1993,

[2

Advances in Virology

[9] A.]J. Turner and N. M. Hooper, “The angiotensin-converting
enzyme gene family: genomics and pharmacology,” Trends in
Pharmacological Sciences, vol. 23, no. 4, pp. 177-183, 2002.

[10] M. Ruiz-Ortega, O. Lorenzo, M. Rupérez, V. Esteban,
S. Mezzano, and J. Egido, “Renin-angiotensin system and
renal damage: emerging data on angiotensin II as a proin-
flammatory mediator,” Contributions to Nephrology, vol. 135,
pp. 123-137, 2001.

[11] D. Herr, M. Rodewald, H. Fraser, G. Hack, R. Konrad, and
R. Kreienberg, “Potential role of renin-angiotensin-system
for tumor angiogenesis in receptor negative breast cancer,”
Gynecologic Oncology, vol. 109, no. 3, pp. 418-425, 2008.

[12] M. A. Crackower, R. Sarao, G. Y. Oudit, C. Yagil,
I. Kozieradzki, and S. E. Scanga, “Angiotensin-converting
enzyme 2 is an essential regulator of heart function,” Na-
ture, vol. 417, no. 6891, pp. 822-828, 2002.

[13] M. Donoghue, F. Hsieh, E. Baronas, K. Godbout, M. Gosselin,
and N. Stagliano, “A novel angiotensin-converting enzy-
me-related carboxypeptidase (ACE2) converts angiotensin I
to angiotensin 1-9,” Circulation Research, vol. 87, no. 5,
pp- el-e9, 2000.

[14] S. R. Tipnis, N. M. Hooper, R. Hyde, E. Karran, G. Christie,
and A. J. Turner, “A human homolog of angiotensin-
converting enzyme cloning and functional expression as
a captopril-insensitive carboxypeptidase,” Journal of Bi-
ological Chemistry, vol. 275, no. 43, Article ID 33238, 43
pages, 2000.

[15] C. Vickers, P. Hales, V. Kaushik, L. Dick, J. Gavin, and J. Tang,
“Hydrolysis of biological peptides by human angiotensin-
converting enzyme-related carboxypeptidase,” Journal of
Biological Chemistry, vol. 277, no. 17, Article ID 14838, 43
pages, 2002.

[16] M. C. Chappell, “Emerging evidence for a functional
angiotensin-converting enzyme 2-angiotensin-(1-7)-MAS
receptor axis: more than regulation of blood pressure?” Hy-
pertension, vol. 50, no. 4, pp. 596-599, 2007.

[17] A.J. Trask, D. B. Averill, D. Ganten, M. C. Chappell, and
C. M. Ferrario, “Primary role of angiotensin-converting
enzyme-2 in cardiac production of angiotensin-(1-7) in
transgenic Ren-2 hypertensive rats,” American Journal of
Physiology - Heart and Circulatory Physiology, vol. 292, no. 6,
Article ID H3019, H24 pages, 2007.

[18] F. Lovren, Y. Pan, A. Quan, H. Teoh, G. Wang, and
P. C. Shukla, “Angiotensin converting enzyme-2 confers
endothelial protection and attenuates atherosclerosis,”
American Journal of Physiology - Heart and Circulatory
Physiology, vol. 295, no. 4, Article ID H1377, H84 pages, 2008.

[19] A. G. Obukhov, B. R. Stevens, R. Prasad, S. L. Calzi,
M. E. Boulton, and M. K. Raizada, “SARS-CoV-2 infections
and ACE2: clinical outcomes linked with increased morbidity
and mortality in individuals with diabetes,” Diabetes, vol. 69,
no. 9, pp. 1875-1886, 2020.

[20] M. C. Chappell, A.J. Allred, and C. M. Ferrario, “Pathways of
angiotensin-(1-7) metabolism in the kidney,” Nephrology
Dialysis Transplantation, vol. 16, no. 1, pp. 22-26, 2001.

[21] N. Banu, S. S. Panikar, L. R. Leal, and A. R. Leal, “Protective
role of ACE2 and its downregulation in SARS-CoV-2 in-
fection leading to Macrophage Activation Syndrome: thera-
peutic implications,” Life Sciences, vol. 256, Article ID 117905,
2020.

[22] H. Cheng, Y. Wang, and G. Q. Wang, “Organ-protective effect
of angiotensin-converting enzyme 2 and its effect on the
prognosis of COVID-19,” Journal of Medical Virology, vol. 92,
2020.



Advances in Virology

[23] M. Gheblawi, K. Wang, A. Viveiros, Q. Nguyen, J.-C. Zhong,
and A. J. Turner, “Angiotensin-converting enzyme 2: SARS-
CoV-2 receptor and regulator of the renin-angiotensin sys-
tem: celebrating the 20th anniversary of the discovery of
ACE2,” Circulation Research, vol. 126, no. 10, pp. 1456-1474,
2020.

[24] Y. Wan, J. Shang, R. Graham, R. S. Baric, and F. Li, “Receptor
recognition by the novel coronavirus from Wuhan: an
analysis based on decade-long structural studies of SARS
coronavirus,” Journal of Virology, vol. 94, no. 7, 2020.

[25] A. M. South, D. I. Diz, and M. C. Chappell, “COVID-19,
ACE2, and the cardiovascular consequences,” American
Journal of Physiology - Heart and Circulatory Physiology,
vol. 318, 2020.

[26] 1. Glowacka, S. Bertram, P. Herzog, S. Pfefferle, I. Steffen, and
M. O. Muench, “Differential downregulation of ACE2 by the
spike proteins of severe acute respiratory syndrome coro-
navirus and human coronavirus NL63,” Journal of Virology,
vol. 84, no. 2, pp. 1198-1205, 2010.

[27] K. Kuba, Y. Imai, T. Ohto-Nakanishi, and J. M. Penninger,
“Trilogy of ACE2: a peptidase in the renin-angiotensin sys-
tem, a SARS receptor, and a partner for amino acid trans-
porters,” Pharmacology ¢ Therapeutics, vol. 128, no. 1,
pp. 119-128, 2010.

[28] X. Xie, J. Chen, X. Wang, F. Zhang, and Y. Liu, “Erratum to
“Age-and gender-related difference of ACE2 expression in rat
lung”,” Life Sciences, vol. 26, no. 79, p. 2499, 2006.

[29] J. Chen, Q. Jiang, X. Xia, K. Liu, Z. Yu, and W. Tao, “Indi-
vidual variation of the SARS-CoV-2 receptor ACE2 gene
expression and regulation,” vol. 19, no. 7, Article ID e13168,
2020.

[30] H. E. Yoon, E. N. Kim, M. Y. Kim, J. H. Lim, L. Jang, and

T. H. Ban, “Age-associated changes in the vascular renin-

angiotensin system in mice,” Oxidative Medicine and Cellular

Longevity, vol. 2016, 2016.

X. Xudong, C. Junzhu, W. Xingxiang, Z. Furong, and Y. Ljls,

“Age-and gender-related difference of ACE2 expression in rat

lung,” vol. 78, no. 19, pp. 2166-2171, 2006.

V. B. Patel, J. Mori, B. A. McLean, R. Basu, S. K. Das, and

T. Ramprasath, “ACE2 deficiency worsens epicardial adipose

tissue inflammation and cardiac dysfunction in response to

diet-induced obesity,” Diabetes, vol. 65, no. 1, pp. 85-95, 2016.

[33] L. He, Y. Ding, Q. Zhang, X. Che, Y. He, and H. Shen,

“Expression of elevated levels of pro-inflammatory cytokines

in SARS-CoV-infected ACE2+ cells in SARS patients: relation

to the acute lung injury and pathogenesis of SARS,” The

Journal of Pathology: A Journal of the Pathological Society of

Great Britain and Ireland, vol. 210, no. 3, pp. 288-297, 2006.

U. Danilczyk and J. M. Penninger, “Angiotensin-converting

enzyme II in the heart and the kidney,” Circulation Research,

vol. 98, no. 4, pp. 463-471, 2006.

K. Kuba, Y. Imai, and J. M. Penninger, “Multiple functions of

angiotensin-converting enzyme 2 and its relevance in car-

diovascular diseases,” Circulation Journal, vol. 77, no. 2,

pp. 301-308, 2013.

[36] 1. Hamming, W. Timens, M. Bulthuis, A. Lely, N. Gv, and

H. van Goor, “Tissue distribution of ACE2 protein, the

functional receptor for SARS coronavirus. A first step in

understanding SARS pathogenesis,” The Journal of Pathology:

A Journal of the Pathological Society of Great Britain and

Ireland, vol. 203, no. 2, pp. 631-637, 2004.

N. Banu, S. S. Panikar, L. R. Leal, and A. R. J. Leal, “Protective

role of ACE2 and its downregulation in SARS-CoV-2

[31

(32

(34

(35

[37

(38]

(39]

[40]

[41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

infection leading to Macrophage Activation Syndrome,”
Therapeutic implications, vol. 256, Article ID 117905, 2020.

H. Cheng, Y. Wang, and G. Q. J. J. Wang, “Organ-protective
effect of angiotensin-converting enzyme 2 and its effect on the
prognosis of COVID-19,” vol. 92, no. 7, pp. 726-730, 2020.
H. Jia, “Pulmonary angiotensin-converting enzyme 2 (ACE2)
and inflammatory lung disease,” Shock, vol. 46, no. 3,
pp. 239-248, 2016.

B. Mallick, Z. Ghosh, and J. Chakrabarti, “MicroRNome
analysis unravels the molecular basis of SARS infection in
bronchoalveolar stem cells,” PLoS One, vol. 4, no. 11, Article
ID e7837, 2009.

H. Gu, Z. Xie, T. Li, S. Zhang, C. Lai, and P. Zhu,
“Angiotensin-converting enzyme 2 inhibits lung injury in-
duced by respiratory syncytial virus,” Scientific Reports, vol. 6,
Article ID 19840, 2016.

A. Khan, C. Benthin, B. Zeno, T. E. Albertson, J. Boyd, and
J. D. Christie, “A pilot clinical trial of recombinant human
angiotensin-converting enzyme 2 in acute respiratory distress
syndrome,” Critical Care, vol. 21, no. 1, pp. 1-9, 2017.

J. Zhong, D. Guo, C. B. Chen, W. Wang, M. Schuster, and
H. Loibner, “Prevention of angiotensin II-mediated renal
oxidative stress, inflammation, and fibrosis by angiotensin-
converting enzyme 2,” Hypertension, vol. 57, no. 2, pp. 314-
322, 2011.

G. Y. Oudit, J. Zhong, R. Basu, D. Guo, J. M. Penninger, and
Z. Kassiri, “Angiotensin converting enzyme 2 suppresses
pathological hypertrophy, myocardial fibrosis and diastolic
dysfunction,” Journal of Cardiac Failure, vol. 16, no. 8, p. S16,
2010.

G. Y. Oudit, G. C. Liu, J. Zhong, R. Basu, F. L. Chow, and
J. Zhou, “Human recombinant ACE2 reduces the progression
of diabetic nephropathy,” Diabetes, vol. 59, no. 2, pp. 529-538,
2010.

C. H. Osterreicher, K. Taura, S. De Minicis, E. Seki, M. Penz-
Osterreicher, and Y. Kodama, “Angiotensin-converting-en-
zyme 2 inhibits liver fibrosis in mice,” Hepatology, vol. 50,
no. 3, pp. 929-938, 2009.

B. Treml, N. Neu, A. Kleinsasser, C. Gritsch, T. Finsterwalder,
and R. Geiger, “Recombinant angiotensin-converting enzyme
2 improves pulmonary blood flow and oxygenation in
lipopolysaccharide-induced lung injury in piglets,” Critical
Care Medicine, vol. 38, no. 2, pp. 596-601, 2010.

K. Kuba, Y. Imai, S. Rao, H. Gao, F. Guo, and B. Guan, “A
crucial role of angiotensin converting enzyme 2 (ACE2) in
SARS coronavirus-induced lung injury,” Nature Medicine,
vol. 11, no. 8, pp. 875-879, 2005.

Y. Imai, K. Kuba, S. Rao, Y. Huan, F. Guo, and B. Guan,
“Angiotensin-converting enzyme 2 protects from severe acute
lung failure,” Nature, vol. 436, no. 7047, pp. 112-116, 2005.
L. Yu, K. Yuan, H. T. A. Phuong, B. M. Park, and S. H. Kim,
“Angiotensin-(1-5), an active mediator of renin-angiotensin
system, stimulates ANP secretion via Mas receptor,” Peptides,
vol. 86, pp. 33-41, 2016.

R. Zhang, Y. Pan, V. Fanelli, S. Wu, A. A. Luo, and D. Islam,
“Mechanical stress and the induction of lung fibrosis via the
midkine signaling pathway,” American Journal of Respiratory
and Critical Care Medicine, vol. 192, no. 3, pp. 315-323, 2015.
R. M. Wosten-van Asperen, R. Lutter, P. A. Specht,
G. N. Moll, J. B. van Woensel, and C. M. van der Loos, “Acute
respiratory distress syndrome leads to reduced ratio of ACE/
ACE2 activities and is prevented by angiotensin-(1-7) or an
angiotensin II receptor antagonist,” The Journal of Pathology,
vol. 225, no. 4, pp. 618-627, 2011.



(53]

(54]

(55]

(56]

(57]

(58]

F. Li, W. Li, M. Farzan, and S. C. Harrison, “Structure of SARS
coronavirus spike receptor-binding domain complexed with
receptor,” Science, vol. 309, no. 5742, pp. 1864-1868, 2005.
W. Li, M. J. Moore, N. Vasilieva, J. Sui, S. K. Wong, and
M. A. Berne, “Angiotensin-converting enzyme 2 is a func-
tional receptor for the SARS coronavirus,” Nature, vol. 426,
no. 6965, pp. 450-454, 2003.

H. Zhang and A. Baker, Recombinant Human ACE2: Acing
Out Angiotensin II in ARDS Therapy, Springer, Berlin, Ger-
many, 2017.

V. Monteil, H. Kwon, P. Prado, A. Hagelkriiys, R. A. Wimmer,
and M. Stahl, “Inhibition of SARS-CoV-2 infections in
engineered human tissues using clinical-grade soluble human
ACE2,” Cell, vol. 181, 2020.

F. Alhenc-Gelas and T. B. Drueke, “Blockade of SARS-CoV-2
infection by recombinant soluble ACE2,” Kidney In-
ternational, vol. 97, 2020.

M. M. Medina-Enriquez, S. Lopez-Leén, J. A. Carlos-Esca-
lante, Z. Aponte-Torres, and A. Cuapio, “ACE2: the molecular
doorway to,” SARS-CoV-2, vol. 10, no. 1, pp. 1-17, 2020.

Advances in Virology





