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The use of angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) in
coronavirus disease 2019 (COVID-19) patients has been claimed as associated with the risk of COVID-19
infection and its subsequent morbidities and mortalities. These claims were resulting from the possibility
of upregulating the expression of angiotensin-converting enzyme 2 (ACE2), facilitation of SARS-CoV-2
entry, and increasing the susceptibility of infection in such treated cardiovascular patients. ACE2 and
renin-angiotensin-aldosterone system (RAAS) products have a critical function in controlling the severity
of lung injury, fibrosis, and failure following the initiation of the disease. This review is to clarify the
mechanisms beyond the possible deleterious effects of angiotensin II (Ang II), and the potential protective
role of angiotensin 1–7 (Ang 1–7) against pulmonary fibrosis, with a subsequent discussion of the latest
updates on ACEIs/ARBs use and COVID-19 susceptibility in the light of these mechanisms and biochem-
ical explanation.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Coronavirus disease 2019 (COVID-19) was firstly reported on
December 8th, 2019 in Hubei province, Wuhan, with subsequent
spreading throughout china with pandemic alarming risks. Tenta-
tively, the virus was named novel coronavirus-2019 (2019-nCoV)
by the WHO on January 12th, 2020. Along with disease progression
and spreading, the WHO has announced its epidemic concern over
2019-nCoV by the end of January (Samudrala et al., 2020; Velavan
and Meyer, 2020).

After revealing its genomic sequence and discovering its close
homology to its ancestor SARS-CoV, which belongs to coronavirus
b-family, the virus was named severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) by Coronavirus Study Group (CSG) of
the International Committee on Taxonomy of Viruses on February
11th, 2020, this was coincided with WHO naming of the disease to
be COVID-19 (Jin et al., 2020; Samudrala et al., 2020). Due to the
global devastating evolution of COVID-19, the WHO has declared
COVID-19 as a pandemic disease on March 11th, 2020, which
was followed by global full and/or partial lockdown to control
the disease transmission (Guan et al., 2020).

SARS-CoV-2 resembles other coronaviruses as a respiratory
virus. It is transmitted by droplets to infect the upper and lower
respiratory tracts causing flu-like symptoms which may progress
into the severe acute respiratory syndrome, which has higher mor-
tality rates at this condition (Jin et al., 2020; Thachil and Srivastava,
2020; Salyer et al., 2021).

Since the 1st SARS-CoV, it has been believed that the site of
entry of the virus to the alveolar cells, is the membrane-bound
enzyme; angiotensin-converting enzyme 2 (ACE2), which is a bind-
ing site for coronavirus spike protein, facilitating its adhesion to
the cell surface, followed by internalization of SARS-CoV/ACE2
complex to form an endosome, with subsequent release of the viral
RNA to start its journey of transcription and replication to propa-
gate the infection (Atri et al., 2020; McCreary and Pogue, 2020).

Renin-angiotensin-aldosterone system (RAAS) is one of the
major systems controlling cardiovascular performance through
the actions of aldosterone, angiotensin II (Ang II), and angiotensin
1–7 (Ang 1–7) (Kuster et al., 2020).
ig. 1. RAAS activation pathway. Ang I: angiotensin I; Ang II: angiotensin II; Ang 1–7: an
CE2: angiotensin-converting enzyme 2; AT1R: angiotensin type 1 receptor; AT2R: ang
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The key enzyme in this system is an angiotensin-converting
enzyme (ACE), which has two isoforms; the first one is ACE1 which
is highly expressed in the pulmonary blood vessels to produce Ang
II which has potent vasopressing effects, enhances sympathetic
tone, and has pro-inflammatory and mitogenic properties over
the endothelial and epithelial cells. The second one is ACE2 that
produces a heptapeptide called; Ang 1–7 which is opposite to
Ang II, has vasodilator effects, anti-inflammatory activities as well
as cardioprotective roles (Atri et al., 2020; Bonow et al., 2020;
Meng et al., 2020).
2. Spots on RAAS activation pathway

Classically, RAAS was described as a regulation system respon-
sible for blood pressure regulation and electrolyte, and fluid home-
ostasis, exerting most of its actions through kidneys (Skeggs et al.,
1956). Afterward, its components were likewise found in extrare-
nal tissues, this indicates that there is a local paracrine system
coexisting with the circulating RAAS (Paul et al., 2006). Thus, it
was found that ACE is expressed on the surface of many organs
endothelial cells mainly lungs, intestines, kidneys, placenta, chor-
oid plexus (Hamming et al., 2004), and, to a lesser extent, in hep-
atic, cardiac, adrenal, and pancreatic tissues (Colucci et al., 2011).

Renin-angiotensin-aldosterone system consists of renin, an
aspartyl protease, which cuts the circulating angiotensinogen to
produce inactive decapeptide angiotensin I (Ang I) (1–10) (Asp-A
rg-Val-Tyr-Ile-His-Pro-Phe-His-Leu) which is then further cleaved
by a zinc metallopeptidase called ACE1 producing the active
octapeptide Ang II (1–8) by removing the C-terminal dipeptide
His-Leu. Further processing (or degradation) by aminopeptidase
A and N gives angiotensin 3 (2–8) and angiotensin 4 (3–8) respec-
tively (Erdös and Skidgel, 1987).

The actions of Ang II result from activating its two specific
receptors, the angiotensin type 1 receptor (AT1R) and type 2 recep-
tor (AT2R). The activation of AT1R causes increased sodium reten-
tion, stimulation of thirst and desire for salt, vasoconstriction,
enhanced activity of the sympathetic nervous system, and release
of aldosterone from the adrenal gland. While stimulation of AT2R
produces actions, which are counter-regulatory to those of the
giotensin 1–7; Ang 1–9: angiotensin 1–9; ACE1: angiotensin-converting enzyme 1;
iotensin type 2 receptor; (+): stimulatory signal; (-): inhibitory signal.
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AT1R, causing anti-inflammatory, anti-fibrotic, and vasodilatory
effects (Fig. 1). The AT2R plays a key role in development as it is
the dominant receptor type in the fetus while it is less relevant
in the normal adult. However, the AT2R might be upregulated in
certain diseases (De Mello and Frohlich, 2014; De Mello, 2015).

Both AT1R and AT2R have a wide tissue-specific distribution
and are present in the kidneys, brain, lungs, and adrenal gland
(Eguchi and Inagami, 2000; Sayeski and Bernstein, 2001). Both
receptors have substrate affinity in the nanomolar range, and they
have different maximal binding capacities according to source tis-
sues. AT1R has heptahelical transmembrane domains that help in
coupling to G-proteins. Stimulation of AT1R by Ang II induces
hydrolysis of inositol phosphates by the action of phospholipase
C, increases intracellular calcium (Ca2+) and diacylglycerol, inhibits
adenylate cyclase, and releases arachidonic acid metabolites (Guo
et al., 2001). While AT2R has seven transmembrane domains but
not found to be coupled to G-proteins. The glycosylated protein
part of AT2R is only 32% homologous to that of the AT1R
(Dasgupta and Zhang, 2011). It was suggested that AT2R binding
activates a phosphotyrosine phosphatase, thereby inactivating
mitogen-activated protein kinase (MAPK) and decreasing cyclic
guanosine monophosphate levels (Norwood et al., 2004).
3. The distribution and functions of ACE isoforms

Angiotensin-converting enzyme has two isoforms. Firstly, ACE1
is a dipeptidyl carboxypeptidase that cleaves dipeptides from the
carboxyl-terminal of many peptides. It has two active sites, and
its most significant substrates are both Ang I and bradykinin. It
converts Ang I to Ang II and causes inactivation of bradykinin.
ACE1 is widely distributed in the body organs and located on the
luminal surface of vascular endothelial cells and in this manner
becomes in close contact with the circulation (Acharya et al., 2003).

Secondly, ACE2 which is a homolog of ACE1 and was firstly rec-
ognized in 2000 (Donoghue et al., 2000), has gotten growing inter-
est in several disease contexts and represents the second
counterbalancing RAAS pathway. ACE2 shares about a 61% homol-
Fig. 2. Ang II mediated the activation of Smad/TGF-b signaling cascade and developm
angiotensin 1–7; ACE1: angiotensin-converting enzyme 1; ACE2: angiotensin-convertin
kinase; ERK: extracellular signal-regulated kinase; TGF-b: transforming growth factor-b
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ogy sequence with the catalytic domains of its homolog ACE1. On
the contrary to ACE1, ACE2 has only one active site and acts as a
carboxypeptidase rather than a dipeptidyl carboxypeptidase by
removing a single amino acid from the C-terminal of Ang I and
Ang II forming two biologically active products of the RAAS cas-
cade, namely angiotensin 1–9 (Ang 1–9) and Ang 1–7 respectively
with high efficiency (Velkoska et al., 2016).

Both Ang 1–9 and Ang 1–7 act by promoting vasodilation and
inhibiting inflammatory responses and endothelial cell prolifera-
tion (Fig. 1). The Vasodilator activity of Ang 1–7 has been mediated
by the orphan heterotrimeric guanine nucleotide-binding protein-
coupled receptor (Mas receptor) and serves to oppose the vasocon-
strictor activity of Ang II. ACE2 shows a more restricted distribu-
tion pattern, mainly in the lungs, kidneys, and heart than ACE1
(Tipnis et al., 2000; South et al., 2020). Another distinctive feature
of ACE2 is its inability to hydrolyze and deactivate bradykinin in
contrast to ACE1 (Ferrario, 2011).
4. The deleterious effects of Ang II in lung injury and pulmonary
fibrosis

Pulmonary fibrosis is described by an accumulation of large
amounts of extracellular matrix proteins and proliferation of
fibroblasts (Hsu et al., 2017). The lung has been recognized as a
remarkable source of circulating Ang II as ACE1 is abundantly
expressed in the pulmonary capillaries (Patel et al., 2017).

Due to its impact on pulmonary vascular remodeling, and
fibroblast activity modifications as a result of AT1R activations,
Ang II was thought to be implicated in lung injury and pulmonary
fibrosis pathogenesis (Kuba et al., 2006).

The main signaling pathway by which Ang II is implicated in
pulmonary fibrosis is the activation of the signaling cascade of
Smad/transforming growth factor-beta (TGF-b) (Wang et al.,
2017). Upon binding of Ang II to AT1R, Smad2 and Smad3 are phos-
phorylated through the activation of the MAPK/extracellular
signal-regulated kinase (ERK) pathway. The phosphorylated Smad2
and Smad3 combine with Smad4 forming a complex that gets
ent of pulmonary fibrosis. Ang I: angiotensin I; Ang II: angiotensin II; Ang 1–7:
g enzyme 2; AT1R: angiotensin type 1 receptor; MAPK: mitogen-activated protein
eta.
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transported to the nucleus resulting in the transcription of TGF-b,
fibronectin, and procollagen I genes (Fig. 2) (Xu et al., 2018;
Tarbit et al., 2019). TGF-b participates in cell growth and prolifer-
ation in addition to its significant role in the regulation of inflam-
mation and extracellular matrix accumulation (Xu et al., 2019).
Among TGF-b isoforms, TGF-b1 is recognized as a profibrotic cyto-
kine that activates the myofibroblasts generation from fibroblasts
and collagen deposition (Kim et al., 2018). Moreover, the combina-
tion of fibronectin with type I collagen is a basic portion of collagen
fibrillogenesis (Saunders and Schwarzbauer, 2019).

Additionally, Sun et al., (2017) reported a molecular pathway
through which Ang II is involved in pulmonary fibrosis, which is
the over-expression of the pro-fibrotic microRNA-21 (miR-21).
miR-21 mediates the suppression of Spry1 in lung fibroblasts that
results in the activation of ERK/nuclear factor kappa B (NF-jB) cas-
cade and hence the NLRP3 (NOD, LRR, and pyrin domain-
containing protein 3) inflammasome is activated. NLRP3 inflamma-
some induces the synthesis and deposition of collagen in the lung
tissue (Meng et al., 2019) and it also activates interleukin 1b lead-
ing to severe inflammation and pulmonary fibrosis (Lasithiotaki
et al., 2016).

5. The protective role of Ang 1–7 against pulmonary fibrosis

Angiotensin 1–7 is another RAAS product that results from Ang
II cleavage by ACE2 (South et al., 2020). Ang 1–7 reduces pul-
monary fibrosis, myofibroblasts generation, and collagen synthesis
through the inhibition of various pathways involved in Ang II-
mediated tissue fibrosis. Firstly, it inhibits the phosphorylation of
Smad and MAPK/ERK through the induction of the different cellu-
lar phosphatases comprising Src homology 2 domain-containing
protein tyrosine phosphatase 1 (SHP-1) and dual-specificity phos-
phatase 1 (DUSP-1) and hence it reduces the expression of TGF-b
(Kuba et al., 2006; Kim et al., 2015; Chappell and Al Zayadneh,
2017). Secondly, it decreases the pro-fibrotic miRNA-21, and con-
sequently, it suppresses the effect of angiotensin II-mediated acti-
vation of the ERK/NF-jB pathway and the NLRP3 inflammasome
(Sun et al., 2017). Furthermore, it decreases endothelial dysfunc-
tion and cellular differentiation through inhibition of NADPH oxi-
dase (NOX)–induced oxidative stress (Zhang et al., 2015; Peng
et al., 2017).

6. The impact of ACEIs/ARBs on ACE2 expression

Many experimental animal studies reported that angiotensin-
converting enzyme inhibitors (ACEIs) and angiotensin receptor
blockers (ARBs) increase the expression of ACE2 in the cardiovas-
cular system (Ishiyama et al., 2004; Agata et al., 2006;
Sukumaran et al., 2012; Iwanami et al., 2014; Wang et al., 2016;
Sukumaran et al., 2017) and the kidneys (Soler et al., 2009;
Lakshmanan et al., 2012) with subsequent elevation in plasma
level of Ang 1–7.

Theoretically, the lung ACE2 may be upregulated by the treat-
ment with ACEIs/ARBs increasing the susceptibility to infection
by SARS-CoV-2 but no experimental studies have been performed
until now to establish this hypothesis. Interestingly, no human-
based in vivo studies have been performed concerning the expres-
sion of ACE2 in response to treatment by ACEIs/ARBs.

7. The effect of overexpressed ACE2 on COVID-19 infection
susceptibility

ACE2 was identified to be likely the cell receptor of SARS-CoV-2
(Zhou et al., 2020). Thus, ACE2 distribution and expression in the
human body may demonstrate the possible routes of COVID-19
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infection. Researchers have investigated the RNA expression profile
of ACE2 at single-cell resolution through the developed single-cell
RNA sequencing technique and single-cell transcriptomes based on
the public database. High ACE2 expression was recognized in type
II alveolar cells of lungs (Zou et al., 2020), absorptive enterocytes
from ileum and colon (Zhang et al., 2020), Oral mucosa (Xu et al.,
2020), myocardial cells, kidney proximal tubule cells, and bladder
urothelial cells. It has been indicated that these organs with high
ACE2 expressing cells should be expected as potential entry sites
for COVID-19 infection (Zou et al., 2020).

It was demonstrated that alveolar epithelial type II cells (AEC-II)
represent about 83% of ACE2-expressing cells suggesting that these
cells may serve as a reservoir for viral invasion. Besides, gene
ontology enrichment analysis showed that the ACE2-expressing
AEC-II have high levels of multiple viral process-related genes,
including regulatory genes for viral processes, viral life cycle, viral
assembly, and viral genome replication, suggesting that the ACE2-
expressing AEC-II facilitates coronaviral replication in the lung
(Zhao et al., 2020).
8. ACEIs/ARBs in COVID-19 patients

Since the beginning of COVID-19 global dissemination, Some
voices have recommended stopping the use of ACEIs/ARBs for car-
diovascular patients who are highly susceptible to be infected by
COVID-19, as these medications would upregulate ACE2 produc-
tion, facilitating SARS-CoV-2 attachment and consequent progres-
sion of COVID-19 (Watkins, 2020). This recommendation has
been followed by opposite statements from most of the national
and global healthcare and cardiovascular medicine concerned
organizations, societies, and authorities to continue the use of
ACEIs/ARBs for their corresponding patients due to their proven
cardiovascular health benefits versus the unconfirmed and inevi-
dent harms toward COVID-19 patients (Kuster et al., 2020).

Recently reported observations on COVID-19 patients with car-
diovascular disease (CVD) and were on ACEIs/ARBs did not find a
relationship between the use of ACEIs/ARBs before COVID-19 infec-
tion and the increased risk of infection. Moreover, a retrospective
single-center study included hypertensive patients on ACEIs/ARBs
reported that the use of ACEIs/ARBs for COVID-19 hospitalized
patients was not associated with disease severity, progression, or
increased mortality rate among those patients (Li et al., 2020).

Another retrospective study reported that the provision of
ACEIs/ARBs in the intensive care unit (ICU) for COVID-19 elderly
patients was associated with a marked reduction in the mortality
rates (Oddy et al., 2021).

In a recent study aimed to investigate the impact of ACEIs/ARBs
use on the hospital admission time of COVID-19 patients and the
disease outcomes (disease severity, ICU admission, and mortality),
the authors reported that ICU admission and COVID-19 mortality
rates were inversely associated with ACEIs/ARBs use (ElAbd et al.,
2021).

Interestingly, the use of ACEIs/ARBs for COVID-19 hospitalized
hypertensive patients was found to improve the clinical outcomes
with less morbidity in comparison to other antihypertensive med-
ications. In this report, patients on ACEIs/ARBs were characterized
by low plasma level of the major driver of COVID-19 associated
cytokine storm; interleukin-6, increased peripheral leucocytes
count, particularly cluster of differentiation (CD) 3 and 8 T-cells,
in addition to the lower peak of SARS-CoV-2 viral load (Meng
et al., 2020). This causal relationship between RAAS suppression
and IL-6 suppression needs further elucidation.

The potential benefits of ACEIs/ARBs may not be exclusive to
their control of blood pressure and cardiovascular performance,
because of their higher benefits in COVID-19 patients than those
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received other antihypertensives such as calcium channel blockers
(Choksi et al., 2021). These benefits may be due to the overexpres-
sion of ACE2 with its anti-inflammatory and antifibrotic activities.

These findings explain the effect of RAAS overactivity in COVID-
19 and its inflammatory consequences in COVID-19 pathogenesis
and the potential benefits of RAAS suppression by ACEIs/ARBs to
restore the balance between ACE1/ACE2 actions and their corre-
sponding Ang II/Ang 1–7 products, to favor the anti-
inflammatory and antifibrotic effects of ACE2/Ang 1–7 to reduce
COVID-19 complications among hypertensive patients.

9. Conclusions

Although ACE2 was reported as a site of SARS-CoV-2 entry,
there is no sufficient evidence to support the harmful effect of
ACE2 overexpression. As a counter-regulatory of RAAS with anti-
inflammatory and antifibrotic actions, inhibitors of RAAS such as
ACEIs/ARBs would be potential modulators of COVID-19 associated
lung injury and acute respiratory distress syndrome, with no evi-
dence of increased infectivity, morbidities or case fatality rates
among their users. Moreover, the use of ACEIs/ARBs is recom-
mended for CVD patients either as a continuation of previous treat-
ment or initiation for CVD management for COVID-19 patients.
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