
..

..

..

..

..

..

..

..

..

The mechanistic overview of SARS-CoV-2 using
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The SARS-CoV-2 pandemic is a healthcare crisis caused by insufficient knowledge applicable to effectively combat the virus. Therefore, dif-
ferent scientific discovery strategies need to be connected, to generate a rational treatment which can be made available as rapidly as pos-
sible. This relies on a solid theoretical understanding of the mechanisms of SARS-CoV-2 infection and host responses, which is coupled to
the practical experience of clinicians that are treating patients. Because SARS-CoV-2 enters the cell by binding to angiotensin-converting
enzyme 2 (ACE2), targeting ACE2 to prevent such binding seems an obvious strategy to combat infection. However, ACE2 performs its
functions outside the cell and was found to enter the cell only by angiotensin II type 1 receptor (AT1R)-induced endocytosis, after which
ACE2 is destroyed. This means that preventing uptake of ACE2 into the cell by blocking AT1R would be a more logical approach to limit
entry of SARS-CoV-2 into the cell. Since ACE2 plays an important protective role in maintaining key biological processes, treatments
should not disrupt the functional capacity of ACE2, to counterbalance the negative effects of the infection. Based on known mechanisms
and knowledge of the characteristics of SARS-CoV we propose the hypothesis that the immune system facilitates SARS-CoV-2 replication
which disrupts immune regulatory mechanisms. The proposed mechanism by which SARS-CoV-2 causes disease immediately suggests a
possible treatment, since the AT1R is a key player in this whole process. AT1R antagonists appear to be the ideal candidate for the treat-
ment of SARS-CoV-2 infection. AT1R antagonists counterbalance the negative consequences of angiotesnin II and, in addition, they might
even be involved in preventing the cellular uptake of the virus without interfering with ACE2 function. AT1R antagonists are widely avail-
able, cheap, and safe. Therefore, we propose to consider using AT1R antagonists in the treatment of SARS-CoV-2.
...................................................................................................................................................................................................
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Introduction

On 11 March 2020, the World Health Organizaton (WHO) declared
the coronavirus disease COVID-19 outbreak to have evolved to a
pandemic, once more emphasizing the need for preventive and

curative treatments. In this COVID-19 pandemic, time pressure is ex-
treme, and the race to find a cure and effective prevention is on.
Science must be swift, and conclusions must be drawn from the lim-
ited knowledge at hand, acting on everything that has been learned
from previous outbreaks that may bear similar characteristics.Human
coronaviruses cause �30% of upper respiratory tract infections but

*Corresponding author. Department of Clinical Epidemiology, Biostatistics and Bioinformatics, Amsterdam University Medical Centre, Academic Medical Center Amsterdam,
Meibergdreef 9, 1105 AZ, Amsterdam, The Netherlands. Tel: þ31 20 5668237, Fax: þ31 20 5663593, Email: s.j.pinto@amsterdamumc.nl
VC The Author(s) 2020. Published by Oxford University Press on behalf of the European Society of Cardiology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

European Heart Journal - Cardiovascular Pharmacotherapy (2020) 6, 317–325 REVIEW
doi:10.1093/ehjcvp/pvaa053

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjcvp/article/6/5/317/5848372 by guest on 07 July 2021

http://orcid.org/0000-0003-1332-2466
http://orcid.org/0000-0002-2836-571X
Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..are rarely lethal. Occasionally, however, some strains emerge that
are life-threatening, having caused past epidemics such as severe
acute respiratory syndrome (SARS) and Middle East respiratory syn-
drome (MERS), as well as the current emerging SARS-CoV-2 pan-
demic. Because SARS-CoV-2 enters the cell by binding to
angiotensin-converting enzyme 2 (ACE2), targeting ACE2 to prevent
such binding seems an obvious strategy to combat infection.
However, ACE2 performs its functions outside the cell and was
found to enter the cell only via angiotensin II (AngII) type 1 receptor
(AT1R)-induced endocytosis, after which ACE2 is destroyed. Since
ACE2 plays an important role in maintaining key biological processes,
the deficiency of this enzyme may have severe consequences.

There is much discussion about the role of the renin–angiotensin
system (RAS) in SARS-CoV-2 infection. Some authors claim that the
use of ACE inhibitors (ACEIs) or angiotensin receptor blockers
(ARBs) is detrimental to SARS-CoV-2 infection.1 This is due to the
observation that among the more severe cases of SARS-CoV-2 infec-
tion, a larger number of individuals had hypertension and diabetes.2–5

A recent report in the Journal of Travel Medicine suggests the same,
namely that ACEIs and ARBs might actually both increase the risk of
a COVID infection, since they both increase ACE2 levels.6 This is
based on the descriptive analysis of 1099 patients, with laboratory-
confirmed COVID-19 infections, from Wuhan China, that found
more severe disease outcomes in patients with hypertension, coron-
ary artery disease, diabetes, and chronic renal disease. This suggested
that, since all the patients with such a diagnosis have an indication for
treatment with ACEIs or ARBs, the increased risk of these groups is
due to these treatments. This, however, assumes that increased lev-
els of ACE2 are associated with increased viral uptake. Considering
the fact that ACE2 acts outside the cell and was found only to enter
the cell via AT1R-induced endocytosis, after which ACE2 is
destroyed,7 the extracellular expression of ACE2 may very well be
inversely related to viral uptake. Also, Danser et al. explain that there
are no data to support the notion that ACEIs or ARBs facilitate cor-
onavirus entry by increasing ACE2 expression, either in animal ex-
perimental or in human research.8 On the contrary, animal data even
support that elevated ACE2 expression, as observed in patients
treated with an ARB, might confer potential protective pulmonary
and cardiovascular effects.

In the New England Journal of Medicine, Vaduganathan et al. discuss
the potential beneficial effects of ACEIs and ARBs in COVID-19.9

They state that SARS-CoV-2 appears to down-regulate ACE2 func-
tions and that it has been postulated that ACE2 deficiency induces
unabated AngII activity, which may be in part responsible for organ
njury in COVID-19.

ACE2 and angiotensin II

AngII, as part of the RAS system, plays an important role in body fluid
homeostasis and inflammatory responses. AngII has proinflammatory,
proliferative, and profibrotic functions that are beneficial during infec-
tion and hypoxia but are deleterious if present in a healthy person or
in the case of prolonged activation during disease.10 During pulmon-
ary infection, AngII induces pulmonary vasoconstriction and vascular
permeability, which reduces hypoxia and facilitates extravasation of
cytokines to the site of inflammation, respectively. This inflammatory
response, if exacerbated, causes oedema and respiratory distress.

ACE2 is mainly located at and bound to the plasma membrane of
many organs, among which are the lung epithelia.11 ACE2 converts
AngII to Ang(1-7) and AngI to Ang(1-9) (Figure 1). By converting
AngII to Ang(1-7), it ends the AngII-induced proinflammatory re-
sponse. AngII, in turn, induces cellular internalization of ACE2 by
endocytosis and its degradation in lysosomes.7 ACE2 thus regulates
and antagonizes AngII actions, while AngII simultaneously decreases
the expression of membrane-bound ACE2. Although much is known
about this homeostatic-type interaction, steering towards a healthy
equilibrium, rather than an exacerbation of inflammation, a complete
description of the regulatory mechanisms is still lacking.

How does SARS-CoV-2 enter the
cell?

The entry points of coronaviruses are known. and Jia et al. found that
infection of human airway epithelia with SARS coronavirus correlated
with ACE2 expression.12 It has also been shown that ACE2 endo-
cytosis is dependent upon AT1R.7,13 The new SARS-CoV-2 also uses
ACE2 to enter the cell14 and relies on ‘priming’ by the serine prote-
ase transmembrane protease, serine 2 (TMPRSS2).15,16

Once inside the cell, the virus escapes from the endosome, free to
replicate in the cytoplasm. As one of the consequences, the normal
AngII:ACE2 ratio is disrupted. Decreased ACE2 causes an unregu-
lated inflammatory response, disproportionate to the threat posed
by the initial infection.

Kuba et al.17 indeed provide the molecular explanation for how
down-regulation of ACE2, through binding of SARS-CoV spike pro-
tein, contributes to the severity of lung pathologies. The fundamental
problem is to understand the nature of the molecular signals that
cause the ongoing induction of AngII during infection with SARS-
CoV-2.

Translational perspective
We hypothesize that the immune system facilitates SARS-CoV-2 entry into the cell, while the virus is bound to angiotensin-converting en-
zyme 2 (ACE2). This causes extracellular ACE2 deficiency, which disrupts immune regulatory mechanisms. Since angiotensin II type 1 recep-
tor (AT1R) appears to facilitate entry of SARS-CoV-2 into the cell and also aggravates the disrupting mechanism of angiotensin II (AngII),
AT1R antagonists seem to be the ideal candidate for the treatment of SARS-CoV-2 infection. AT1R antagonists counterbalance the negative
consequences of AngII and may prevent cellular uptake of the virus without interfering with ACE2 function. AT1R antagonists are widely
available, cheap, and safe. Therefore, we propose to consider using AT1R antagonists in the treatment of SARS-CoV-2.
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The function of the RAS in the
immune response to infections

Upon infection by a previously unencountered virus, the initial im-
mune response from the host is innate and non-specific. The adap-
tive, virus-specific response occurs much later. This non-specific
response includes AngII activation.10,18 Active AngII inhibits the pro-
duction of nitric oxide (NO), which results in a marked inflammatory
reaction.19 Absence of NO induces vasoconstriction and increased
vascular permeability, which prevents hypoxia and facilitates the en-
trance of cytokines to sites of active infection.

AngII is endogenously produced in T cells, where it plays an im-
portant role in T-cell activation and migration to the site of action.20

In SARS-CoV and MERS-CoV infections, priming of virus-specific T
cells was found to be reduced, restricting the number of T cells that
recognize the coronaviruses.21 Lower T-cell priming causes a delayed
virus-specific immune response. In such a situation, AngII activation
maintains the non-specific, innate immune reaction, prolonging the
period during which the virus can enter the cell and replicate and dur-
ing which ACE2 is destroyed.

AngII may engage two different receptors, AT1R and AT2R, which
play opposite roles. AT1R facilitates the endocytosis of membrane-
bound ACE2 at the cell surface and delivers it to the lysosomes for
degradation. Upon delivery, AT1R returns to the plasma membrane
to repeat this task.10 AT2R, in contrast, induces the activation of func-
tional ACE2, which converts AngII to Ang(1-7).22

The binding of SARS-CoV-2 to ACE2 to endocytose the virus and
direct the complex to lysosomes for destruction may be considered
an alternative strategy to limit viral load.14 However, if a specific pH is
reached, the viral envelope may fuse with the endosome before
reaching the lysosome, releasing the virus into the cytoplasm for sub-
sequent replication.23

Before ACE2 reaches the lysosomes, SARS-CoV-2 escapes by fus-
ing with the endosomal membrane, relocating into the cytoplasm
where it can replicate.14 Normally, when ACE2 reaches the

lysosomes, NO is produced,24 which is thought to reduce viral repli-
cation25 and initiate a virus-specific immune response.26 This lyso-
somal NO down-regulates AT1R, prompting AngII to activate AT2R.
AT2R then induces the production of ACE2, which in turn converts
AngII into Ang(1-7), which further induces the production of NO, ne-
cessary for the adaptive immune response27 (Figure 2). In parallel, in-
flammation is reduced and the virus-specific immunity starts replacing
non-specific inflammatory responses.27

Unfortunately, SARS-CoV, and most probably also SARS-CoV-2,
induces the production of reactive oxygen species (ROS), in particu-
lar superoxide, which serves a function in cellular stress signalling.28

These superoxide particles react with NO to form peroxynitrite
(ONOO–),29 which is unable to prevent ACE2 uptake. In the absence
of NO, AngII favours the AT1R pathway,30 which in turn induces the
endocytosis of membrane-bound ACE2, aggravating the inflamma-
tory response. Therefore, it is suggested that, during active SARS-
CoV-2 infection, AT1R-mediated ACE2 destruction plays a deleteri-
ous role, promoting both viral uptake and AngII-induced inflamma-
tion. Destruction of NO by superoxide radicals further induces the
AngII-mediated deterioration, leading to lung injury and lung oedema.

The effect of ACE2 disruption on
other organs

Since ACE2, in addition to expression in lung alveolar epithelium, is
also expressed in other organs, such as the intestine, kidney, and
heart,31 COVID-19 can also cause morbidity and mortality originating
from disruptions of these organs. It has been shown that the SARS-
CoV-2 infection was related to active myocardial injury, myocardial
stress, and cardiomyopathy during the course of illness.32

Additionally,�25% occurrence of acute kidney injury (AKI) has been
reported in several clinical settings.33,34 As regards the higher AngII
levels, due to the disrupted ACE2 by the SARS-CoV-2 infection, it
was recently shown that this was associated with increased coagula-
tion and fibrinolysis, explaining the observed higher values of D-dimer
and cardiovascular thrombotic events.35

Treating SARS-CoV-2 infection
with AT1R antagonists

Following the above, SARS-CoV-2 infection by binding to ACE2 dis-
rupts the normal AngII:ACE2 balance, leading to an excessive inflam-
matory reaction, which may ultimately lead to the ‘cytokine storm’
seen in some patients. It has indeed been reported that AT1R antago-
nists inhibit the activation of NF-jB and AP-1 in the lung, which medi-
ate the release of cytokines and contribute to acute lung injury.36

Since the most important mechanism leading to pathology is the un-
controlled AngII activity, leading to increased activation of AT1R
which appears to be involved in viral uptake, treatment actions
should be aimed at preventing or inhibiting this. AT1R antagonists are
therefore the ideal candidates.37 AT1R antagonists are expected to
decrease AngII activity and reduce AT1R-induced uptake of ACE2-
bound SARS-CoV-2 while preserving ACE2 functions.

Figure 1 The RAS system. Coronavirus HCoV-229E binds to the
APN receptor to enter the cell. SARS-CoV, NL63, and SARS-CoV-
2 use the ACE2 receptor.

The mechanistic overview of SARS-CoV-2 using angiotensin-converting enzyme 2 319
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcvp/article/6/5/317/5848372 by guest on 07 July 2021



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Several AT1R antagonists have already been on the market as anti-

hypertensive drugs for many years, are inexpensive, widely used, and
have virtually no side effects, which make them the ideal treatment
option for SARS-CoV-2 infection. We are not the only ones suggest-
ing this hypothesis; several other researchers have come to the same
conclusion.37–39

Postulating that the above hypothesis is correct, it may be
expected that treatment with AT1R inhibitors (ARBs) might limit
viral uptake and preserve ACE2 functions. On the other hand, the
expected treatment effect will probably depend on the phase of the
disease in which the treatment is initiated. In the early phase, it might
be expected that treatment with an AT1R antagonist may completely
prevent the excessive inflammation related to the SARS-CoV-2

infection, by restoring ACE2 function and thereby preventing viral
load accumulation. On the other hand, when the disease reaches the
‘point of no return’, when viral replication has exhausted cellular
metabolites and the inflammatory response has caused too much
damage, AT1R antagonists may not be able to prevent further
deterioration.

It has been suggested that there might also be a potential harm in
blocking the RAS system in SARS-CoV-2 infection.40 It was postu-
lated that the supposed up-regulation of ACE2 might lead to these
deletorious effects. However, as already referred to, an up-
regulation, if it occurs at all, is more likely to protect from severe dis-
ease, as has also been suggested by others.8,9

Figure 2 Hypothesis of the mechanism of replication of SARS-CoV-2 and treatment aims to prevent virus replication and initiating activation of
the adaptive immune response. During inflammation and in the absence of NO, AngII activates the AT1R. AT1R induces cellular uptake of ACE2-
bound SARS-CoV-2. Inhibition of AT1R inhibits viral uptake and facilitates AT2R-induced ACE2 expression and subsequent activation of the adaptive
immune response.
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Other treatment options

Considering our hypothesis on the proinflammatory role of AngII
and its permissive function in viral uptake in COVID-19 and the anti-
inflammatory effect of ACE2, treatment should ideally prevent viral
uptake and replication, while preserving ACE2 functions.

Chloroquine
The antiviral mechanism by which chloroquine exerts its action is by
disruption of the glycosylation of ACE2 and by disruption of endo-
some recycling by increasing the pH of the cell.41 Due to disruption
of ACE2 glycosylation, the binding of the virus to ACE2 will be
impeded. Vincent et al. found that chloroquine was effective in pre-
venting or diminishing viral uptake shortly after infection, by prevent-
ing SARS-CoV-2 from binding to ACE2.41 However, because
glycosylation of enzymes is generally essential for their functions, we
may fear that ACE2 is no longer functional after treatment with
chloroquine. As soon as the host is infected, chloroquine might pre-
vent replication. Wang et al. showed that SARS-CoV remained in the
endosome, bound to its receptor, for at least 14 h, where the virus is
unable to replicate.13 This raises the possibility that the virus can es-
cape from the endosome at a later stage, starting its delayed replica-
tion after the patient is assumed to be cured.33 Therefore, it might be
postulated that chloroquine appears to be unsuitable for the treat-
ment of a SARS-CoV-2 infection, whereas it could play a modest role
in its prevention. However, concerns arise regarding the possible dis-
ruption of the AngII–ACE2 equilibrium, due to the gycosylation on
ACE2. Therefore, research on chloroquine as a preventive treatment
option should be inititated before it can be introduced and indeed
several chloroquine prevention trials in healthcare personnel have al-
ready been started.

Recombinant ACE2
Since ACE2 exerts such beneficial actions, it is tempting to assume
that SARS-CoV-2 can bind to the excess of exogenous ACE2, there-
by preventing it from entering the cell. Recombinant ACE2 has been
developed and tested in phase I and phase II trials, and was found to
be safe.42,43 Recombinant ACE2 has the capacity to convert AngII
into Ang(1-7). It remains to be seen if overexpression of ACE2 dis-
rupts the tissue-specific AngII:Ang(1-7) equilibrium, which would im-
pair tissues in responding to hypoxia, damage, or infection by
increasing AngII.

Antiviral drugs
Antiviral drugs may disrupt the viral life cycle at different stages.
Some disrupt the synthesis of viral proteins and nucleic acids. Other
antiviral drugs inhibit virus assembly, budding, or maturation. A separ-
ate class prevents entry into the cell.44 In the case of SARS-CoV-2,
the only antiviral drugs that are being used in the treatment of the in-
fection are the class that prevents viral replication inside the cell after
the SARS-CoV-2–ACE2 complex has been endocytosed. To our
knowledge, no antiviral drugs exist that decrease viral load without
interfering with ACE2.

Immunomodulating therapies
Several immunomodulating therapies have been initiated to date.
The best known immunomodulating therapy is steroids, but several

interleukin-6 (IL-6) blocking agents such as tocilizumab are also cur-
rently being explored in clinical trials. Although the rationale seems
promising, the biggest concern with these drugs are the severe side
effects, of which secondary infections are the most important. In add-
ition, these treatment options are rather expensive and, therefore,
not attractive for widespread use in the early phase of the disease.

Research

Research on the hypothesis that AT1R antagonists are suitable treat-
ment options for COVID-19 should consist of randomized con-
trolled clinical trials, investigating the effect of an AT1R antagonist
compared with usual care or placebo. Considering the proposed dis-
ease mechanism in which increasing AngII levels induce increased
viral uptake, we believe that the treatment will be most effective
when started within 5 days of infection. Treatment with AT1R antag-
onists can be easily implemented in the elderly, since they are a cheap
and safe option, because of their widespread use. Once the decision
is made not to admit a patient to hospital or to give treatment with
mechanical ventilation, there are no other treatment options for this
group of patients. Secondly, clinical data specifically concerning AT1R
antagonists compared with other antihypertensive medication should
be investigated with regard to their relationship with the severity of
the SARS-CoV-2 infection. A recent article by Zhang et al. showed
that among 1128 hypertensive individuals admitted to hospital be-
cause of SARS-CoV-2 infection, individuals using either ACEIs or an
AT1R antagonist were less prone to have severe disease.45 Currently
11 randomized controlled trials with AT1R antagonists are regis-
tered. Most studies will include hospitalized patients and only two
studies will include non-hospitalized patients. Most studies use mod-
est to low dose short-acting AT1R antagonists and only three studies
use higher doses of AT1R antagonists. One study is paerticularly
designed for the elderly, >_65 years of age (Table 1).

Conclusion

Because SARS-CoV-2 enters the cell bound to ACE2, which induces
ACE2 deficiency at the cell membrane, AngII is persistently activated.
Increased AngII induces activation of AT1R, causing more uptake of
SARS-CoV-2 and increasing ACE2 deficiency, thus maintaining and
exacerbating a non-specific immune response, consisting of cytokine-
induced inflammation. This non-specific immune response is an at-
tempt to reduce the viral load, while the specific immune response is
mounted. Unrestrained AngII eventually causes death by respiratory
distress induced by excessive inflammation and its deleterious effects
on other organs. Therefore, SARS-CoV-2-induced mortality is pro-
moted by three mechanisms: (i) increased AngII induces endocytosis
of ACE2-bound SARS-CoV-2, leading to ACE2 deficiency and viral
replication; (ii) ACE2 deficiency prevents the priming of an adaptive
immune response by lack of NO; and (iii) Ang II induces an increase
in viral load leading to an increased innate immune response and a
further increase in AngII levels. Therefore, treatments should aim at
preventing the AngII ‘storm’ in an early phase of the infection, restor-
ing the modulation of NO, and preventing the entry of SARS-CoV-2
into the cell. All these mechanisms are targeted by AT1R antagonists.
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..They may reduce morbid inflammatory distress and provide an envir-
onment to facilitate an effective, virus-specific adaptive immune
response.
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Penninger J, Krähenbühl S. Pharmacokinetics and pharmacodynamics of

324 A. Offringa et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcvp/article/6/5/317/5848372 by guest on 07 July 2021



..

..

..

..

..

..

.recombinant human angiotensin-converting enzyme 2 in healthy human subjects.
Clin Pharmacokinet 2013;52:783–792.

44. Menendez-Arias L, Gago F. Antiviral agents: structural basis of action and rational
design. Subcell Biochem 2013;68:599–630.

45. Zhang P, Zhu L, Cai J, Lei F, Qin JJ, Xie J, Liu YM, Zhao YC, Huang X, Lin L, Xia
M, Chen MM, Cheng X, Zhang X, Guo D, Peng Y, Ji YX, Chen J, She ZG, Wang

Y, Xu Q, Tan R, Wang H, Lin J, Luo P, Fu S, Cai H, Ye P, Xiao B, Mao W, Liu L,
Yan Y, Liu M, Chen M, Zhang XJ, Wang X, Touyz RM, Xia J, Zhang BH, Huang X,
Yuan Y, Rohit L, Liu PP, Li H. Association of inpatient use of angiotensin convert-
ing enzyme inhibitors and angiotensin II receptor blockers with mortality among
patients with hypertension hospitalized with COVID-19. Circ Res 2020;doi:
10.1161/CIRCRESAHA.120.317134.

The mechanistic overview of SARS-CoV-2 using angiotensin-converting enzyme 2 325
D

ow
nloaded from

 https://academ
ic.oup.com

/ehjcvp/article/6/5/317/5848372 by guest on 07 July 2021


	tblfn1

