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The ongoing pandemic has stimulated study of the Renin Angiotensin Aldosterone System (RAAS), and
how it can be manipulated to treat COVID-19. Studies are examining whether drugs that act on the
RAAS system might be useful to treat COVID-19. COVID-19 and the RAAS are closely linked both in infec-
tion and in possible post-infection inflammatory cascades. We detail the Physiology and Pharmacology of
the RAAS including the effects of aldosterone and atrial natriuretic peptide. It is appropriate that the the-
oretical benefits of modulation of the RAAS should be considered based on available knowledge of the
complexity of the system. In this short review we have tried to explain the actions of the angiotensin fam-
ily of peptides and produce a relatively simple model and diagrammatic summary of the RAAS and the
possible sites of intervention.
� 2020 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

The ongoing pandemic has stimulated study of the Renin Angio-
tensin Aldosterone System (RAAS), and how it can be manipulated
to treat COVID-19. Researchers are examining whether drugs that
act on the RAAS systemmight be useful to treat COVID-19. Possible
benefits against COVID-19 are as yet purely theoretical, but
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pharmacological intervention may possibly be useful to (a) reduce
binding of COVID-19 to cells, and/or (b) to counteract the RAAS
pro-inflammatory cascade.

Severe Acute Respiratory Syndrome (SARS) emerged in 2002
and caused hundreds of deaths. The corona virus responsible
(SARS-CoV-1) was shown to bind to cells via a critical receptor
that was found to be the enzyme angiotensin converting enzyme
type 2 (ACE2) (Kuba et al., 2005). SARS-CoV-2 (CoV-2) has
recently emerged resulting in the current pandemic, and phyloge-
netic analysis indicates a bat origin of CoV-2, but with possible
intermediate hosts (Wan et al., 2020). Like SARS-CoV-1, CoV-2
virus binds to the ACE2 enzyme through its trimeric spike glyco-
protein and uses ACE2 to enter cells (Walls et al., 2020) and can
target ACE2 in various cell types. ACE2 binds to CoV-2 with
15 nM affinity, about 10–20-fold higher affinity than to SARS-
CoV-1 (Wrapp et al., 2020), and this may explain its greater viru-
lence. ACE2 is a monocarboxypeptidase present on the surface of
lung alveolar epithelial cells and enterocytes of the small intes-
tine, endothelial cells and arterial smooth muscle cells
(Hamming et al., 2004), and in a variety of tissues, including
the heart and kidney (Tipnis et al., 2000). Once bound to the
ACE2 enzyme, the virus infects the cell. The major targets of
COVID-19 can to a large extent be explained by the distribution
of ACE2, with major actions on the lungs, heart, GIT, kidney and
vasculature. Infection usually starts in the respiratory tract, caus-
ing mild symptoms in 81%, severe in 14% and critical in 5%, of
patients (Wu & McGoogan, 2020), but the risk of morbidity and
mortality is increased by underlying health conditions, age (2.3%
fatality overall, but 14.8% of those 80 years and over: Wu &
McGoogan, 2020) and male sex (males represent 70% of COVID-
19 deaths in Italy: Remuzzi and Remuzzi, 2020), among other fac-
tors. Lung thrombosis is being commonly found in patients with
COVID-19 and disseminated intravascular coagulation is linked
to high mortality (Tang et al., 2020). It has been proposed that
ACE1 is linked to thrombosis in COVID-19 (Henry et al., 2020).

Gastrointestinal luminal ACE2 is a secondary site for CoV-2
infection and this may lead to damage to gut barrier function par-
ticularly in patients with diabetes mellitus and obesity, which
themselves may affect the barrier function, resulting in systemic
bacterial infection (Gheblawi et al., 2020).

Meta-analysis of six studies of patients with COVID-19 showed
that 9.7% had diabetes, and the incidence of diabetes was about
twofold higher in ICU/severe than in non-ICU/ non-severe patients
(Li et al., 2020). There is a high frequency of obesity among patients
admitted in intensive care for CoV-2, and disease severity
increased with BMI (Simonnet et al. 2020). In rats a high fat diet
induced obesity, comorbidities, and cardiac collagen overexpres-
sion, with an increase in angiotensin II levels in both adipose tissue
and plasma, and increased AT1-receptor expression in cardiac tis-
sue (da Silva-Bertani et al., 2020). The excess adipose tissue may be
the source of the increased angiotensin II, with detrimental effects.
2. Reducing infection by CoV-2

Since CoV-2 enters cells via the ACE2 enzyme, it might seem
that reducing the number of ACE2 molecules available for the virus
would be a useful strategy for reducing infection. However, block-
ade of ACE2 may result in diminished binding of CoV-2 and dimin-
ish its entry into target cells, but at the cost of reducing levels of
the enzyme. Since ACE2 produces mediators that are anti-
inflammatory (see below), reducing the number of enzyme mole-
cules might be detrimental. However, recombinant human ACE2
has the advantage of increasing ACE2 activity in the plasma
(Arendse et al., 2019) while providing a decoy target for the virus,
diverting the virus from target cells. Human recombinant soluble
ACE2 can inhibit CoV-2 infection of engineered human blood vessel
and kidney organoids and reduce viral load 1000–5000 fold
(Monteil et al., 2020).

There is evidence frommainly animal studies (Soler et al., 2008)
that angiotensin converting enzyme type 1 (ACE1) inhibitors, AT1-
receptor antagonists (angiotensin type 1 receptor blocker: ARB)
and aldosterone antagonists (mineralocorticoid receptor antago-
nist: MRA), commonly used clinically, could theoretically up-
regulate ACE2 by diverting precursor molecules to ACE2, and so
increase the number of binding targets for CoV-2. This has led to
concerns about their use as medicines in patients contracting
COVID-19. However, there is no clear evidence to suggest that
the use of these medicines is linked to either increased risk of
infection or to more severe symptoms of COVID-19 (see Jarcho
et al., 2020). Data on the use of ACE1 inhibitors or ARB’ are too lim-
ited to suggest discontinuation in CoV-2 infection, and indeed
withdrawal may be harmful in high risk patients (Vaduganathan
et al., 2020).

Plasma ACE2 activity is low in healthy subjects, but elevated in
patients with cardiovascular risk factors or cardiovascular disease
(Patel et al., 2014). The strongest predictor of elevated plasma con-
centrations of ACE2 in two cohorts of heart failure patients was
male sex, and this might at least partly explain the higher mortality
rate from COVID-19 in men (Sama et al., 2020). In one of two heart
failure cohorts, ACE1 inhibitor and ARB use in heart failure patients
were independent predictors of lower plasma ACE2 (no predictor
in other cohort) (Sama et al., 2020). Hence there is no evidence that
ACE1 inhibitors or ARB’s increase plasma ACE2 and may even
inconsistently lower ACE2 levels. Use of an MRA in heart failure
patients was a weak predictor of higher plasma ACE2 concentra-
tions in one of two cohorts (Sama et al., 2020). Hence, effects of
MRAs on ACE2 were small and inconsistent, and even if this is con-
sistently shown, evidence would be required that this is associated
with more severe viral infection, and even then this has to be bal-
anced against their usefulness in the treatment of heart failure
(Sama et al., 2020).
3. The renin angiotensin aldosterone system (RAAS)

The diagram of Fig. 1 illustrates the complex interactions in the
RAAS. The large polypeptide precursor angiotensinogen is con-
verted by the enzyme renin to the decapeptide angiotensin I
(Ang I). Fig. 2 shows the structures and the relationship between
the major peptides in the angiotensin family.

Ang I is converted to Ang II by the enzyme ACE1 (often called
simply ACE), cleaving the 2 C-terminal amino acids to produce
the octopeptide Ang II (Figs. 1 and 2). Ang II is thus the major
ACE1 product and the most active hormone in the system, acting
in a pro-inflammatory manner, involving especially AT1-
receptors. Ang II also acts the zona glomerulosa of the adrenal cor-
tex to release aldosterone (Fig. 1). Aldosterone itself has pro-
inflammatory actions and causes sodium retention in the renal
tubules, both involving mineralocorticoid receptors (MCR) (Fig. 1).

Ang II acts at AT1-receptors (usually pro-inflammatory) and
AT2-receptors (usually anti-inflammatory). The AT1-receptor has
a wide distribution in the body, but the AT2-receptor is more loca-
lised (de Gasparo et al., 2000). In human lung, AT1-receptors were
reported in the vascular smooth muscle and endothelium, macro-
phages and fibroblasts, whereas AT2-receptors were found in the
epithelium, and the proportion of AT1-receptors has been reported
to increase in lung disease (Bullock et al., 2001).

Ang III and Ang IV are produced by the action of aminopepti-
dases to cleave the N-terminal amino acids forming Ang(2–8)
(Ang III) and Ang (3–8) (Ang IV) (Figs. 1 and 2). Ang IV may act
mainly on AT4-receptors.



Fig. 1. The RAAS under normal conditions is a complex balance of pro- and anti-inflammatory mediators. For simplicity, some actions of agents are not indicated. The
enzymes Renin, ACE1, ACE2 and aminopeptidases (AP) are displayed in small rectangles and receptors are displayed in small circles. Colour coding: red for generally pro-
inflammatory pathways (arrows) and mediators, blue for generally anti-inflammatory pathways (arrows) and mediators. PRO indicates pro-inflammatory etc, ANTI indicates
anti-inflammatory. Large rectangles show target tissues. Actions on cardiac atria are shown as stimulation or inhibition of atrial natriuretic peptide (ANP) secretion (due to
the complexity of the diagram, ANP secretion is shown both top left and right). Actions on the zona glomerulosa of adrenal cortex are shown as aldosterone secretion. Actions
shown on renal tubules are sodium (Na+) retention (aldosterone) and sodium (Na+) excretion (ANP). Widespread actions (PRO or ANTI) on multiple target tissues are
Inflammation, vasoconstriction, proliferation, endothelial and pneumocyte dysfunction, etc. Background shading indicates: ACE1 products (pink); products requiring ACE2
alone or ACE2 and ACE1 (blue). Abbreviations: ANP, atrial natriuretic peptide; AP: aminopeptidases; AT1-R: AT1-receptor; AT2-R: AT2-receptor; AT4-R: AT4-receptor; mas-R:
mas-receptor; MCR: mineralocorticoid receptor.

Fig. 2. The relationship between the various angiotensin peptides.
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However, both Ang I and Ang II can be converted to alternative
products by the enzyme ACE2 (see Fig. 1). The decapeptide Ang I is
converted to the nonapeptide Ang(1–9) and the octapeptide Ang II
is converted to the heptapeptide Ang(1–7), both by ACE-2 by cleav-
ing the C-terminal amino acid (see Fig. 2). ACE1 converts Ang(1–9)
to Ang(1–7), again cleaving 2 C-terminal amino acids. ACE-1 can
also cleave a further 2 amino acids resulting in Ang(1–5). The
major active agent formed involving ACE2 is thought to be Ang
(1–7). Ang(1–7) has an anti-inflammatory profile of action, perhaps
mainly by action at mas-receptors, although Ang(1–9) may also be
of some importance, acting at the AT2-receptor (Ocaranza et al.,
2014).

Gene knockout mice studies have informed on the importance
of ACE2. Deficiency in ACE1 or addition of recombinant ACE2 can
protect mice from severe acute lung injury induced by acid aspira-
tion or sepsis (Imai et al., 2005). Targeted disruption of ACE2 in
mice results in a severe cardiac contractility defect and increased
angiotensin II levels, and this is reversed by genetic ablation of
ACE1 (double knockout of both ACE1 and ACE2) (Crackower
et al., 2002) or AT1-receptor antagonists (Nakamura et al., 2008).
3.1. The angiotensin family of peptides

The exact function of some of the angiotensin peptides has not
been fully established, but the major reported actions of each of
the peptides are listed below.

Ang I is thought to be mainly a precursor of active angiotensin
peptides with limited, if any, activity.

Ang II is the most active hormone in the system and acts in a
pro-inflammatory manner through actions at the AT1-receptor,
resulting in increased blood pressure, increased endothelial per-
meability, fibrosis, apoptosis and pneumocyte dysfunction (de
Gasparo et al., 2000). Macrophages and neutrophils that overex-
press ACE1 have increased abilities to fight infections and kill bac-
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teria by increased production of superoxide, although these effects
may be independent of angiotensin II (Bernstein et al., 2018). Ang II
inhibits ANP secretion by action at the AT1-receptor (Park et al.,
2015). Ang II raises blood pressure in rats by peripheral (Yatabe
et al., 2011), and central actions (Wright et al., 2003) and stimu-
lates aldosterone secretion possibly by action at both AT1- and
AT2-receptors (Yatabe et al., 2011). Ang II also has some counter-
balancing anti-inflammatory actions involving the AT2-receptor,
which is less widely located than the AT1-receptor, including
vasodilatation by release of NO from the vascular endothelium
(de Gasparo et al., 2000).

Ang III, given peripherally does not raise blood pressure in rats
(Yatabe et al., 2011), but when given centrally, has similar pressor
effects to Ang II, although less prolonged (Wright et al., 2003). Ang
III stimulates aldosterone secretion by an action only partly involv-
ing AT2-receptors in rats (Yatabe et al., 2011), and ANP secretion
via AT2-receptors (Park et al., 2015)

Ang IV stimulates ANP secretion by an action not involving AT1-
or AT2-receptors (Park et al., 2015) and inhibits apoptosis and
inflammation by action at the putative AT4 receptors (Park et al.,
2016). Ang IV was found not to raise blood pressure or stimulate
aldosterone secretion in rats (Yatabe et al., 2011). Ang IV may have
beneficial actions, at least in the cerebro-vascular system, acting at
the putative AT4 receptor (Royea et al., 2017).

Ang(1–9) inhibits apoptosis, inflammation (Cha et al., 2018),
vasodilatation and cardiac remodelling (Ocaranza et al., 2014) by
actions at the AT2-receptor. Incidentally, Ang(1–9), unlike the
other anti-inflammatory products involving ACE2, does not need
ACE1 for its formation (see Fig. 1).
Fig. 3. The effects of Cov-2 virus on the RAAS. Cov-2 (CoV in yellow triangle) binds to AC
precursors into the ACE1 product signalling pathways; thin arrows show diminished A
pathways. Colour coding: red for generally pro-inflammatory pathways (arrows) an
Abbreviations: ANP, atrial natriuretic peptide; AT1-R: AT1-receptor; AT2-R: AT2-receptor
mineralocorticoid receptor. For general description, see Fig. 1.
Ang(1–7) may act on a distinct receptor, the mas receptor to
produce effects opposing the actions of Ang II. Ang(1–7) stimulates
ANP by action at the mas receptor (Park et al., 2015). Ang(1–7) was
found not to raise blood pressure or stimulate aldosterone secre-
tion in rats (Yatabe et al., 2011), although it is reported to share
the anti-diuretic actions of Ang II (Bader et al., 2018). Mas has been
identified as the receptor linked to the beneficial anti-
inflammatory actions of Ang(1–7) (Santos et al., 2003), but other
studies have failed to show an interaction between Ang(1–7) and
Mas (Gaidarov et al., 2018), bringing into question whether Ang
(1–7) is indeed the endogenous agonist of this receptor. Ang(1–7)
may act as an antagonist or partial agonist at the AT1-receptor
(Gaidarov et al., 2018). Other studies indicate that Ang(1–7) medi-
ates at least part of its cardioprotective effects by binding to the
AT1-receptor without activating Gq but acting as a b-arrestin-
biased agonist (Teixeira et al., 2017).

Ang(1–5) stimulates ANP secretion by action involving the mas
receptor (Park et al., 2015).
4. Effects of CoV-2 virus on the RAAS

Not only is ACE2 the target of CoV-19 for penetration of cells, it
is also inactivated by CoV-19. The diagram of Fig. 3 attempts to
explain how binding of CoV-2 to ACE2 reduces availability of
ACE2 to result in diminished production of anti-inflammatory
products of ACE2, especially Ang(1–7), as shown by thin blue
arrows in Fig. 3. This results in a dominance of the pro-
inflammatory products are shown by thick red arrows in Fig. 3.
E2, reducing the number of active ACE2 molecules. Thick arrows show diversion of
CE2 product signalling pathways. The system is shifted towards pro-inflammatory
d agents, blue for generally anti-inflammatory pathways (arrows) and agents.
; AT4-R: AT4-receptor; CoV: Cov-2 virus bound to ACE2; mas-R: mas-receptor; MCR:
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Hence, the disruption of the RAAS by infection per se may lead to
hyperstimulation and a cytokine storm through ACE1 product sig-
nalling pathways due to the loss of the counterbalancing ACE2
mechanisms.

5. Manipulation of the RAAS system

Fig. 4 shows possible sites of drug action in the RAAS. The object
of modifying the RAAS system in COVID-19 is to reduce the forma-
tion of proinflammatory mediators, while increasing the formation
of anti-inflammatory mediators. Counterbalance of the pro-
inflammatory cascade could be achieved by strengthening the
ACE2 product signalling pathways or weakening the ACE1 product
signalling pathways, or both. The proinflammatory cascade may be
weakened by inhibition of ACE1, preventing formation of Ang II, or
by AT1-receptor antagonism/blockade of AT1-receptor, reducing
the actions of Ang II at AT1-receptors and diverting Ang II to some
anti-inflammatory actions involving the AT2-receptors. However,
since ACE1, as well as ACE2, is required for the formation of Ang
(1–7), blockade of AT1-receptors is the theoretically better phar-
macological option, diverting angiotensin II, III & IV to anti-
inflammatory actions, and allowing formation of the anti-
inflammatory agent Ang(1–7). In contrast, ACE1 inhibition, while
preventing formation of angiotensin II, also prevents formation of
Ang(1–7). However, it must be noted that the overall balance
between pro- and anti-inflammatory mediators achieved in the
two situations (ARB and ACE1 inhibition) is not well established.
Strengthening the ACE2 product signalling pathways can be
achieved by increasing ACE2 levels in the plasma by recombinant
enzyme, which in addition provides false targets for the virus, or
by agonists mimicking products of ACE2, particularly Ang(1–7).
Potential pharmacological strategies targeting the RAAS for treat-
ment of COVID-19 have been discussed in recent publications
(Zhang et al., 2020; Sriram & Insel, 2020), although it must be
Fig. 4. Possible sites of drug action in manpulating the RAAS system that may potentially
5.7) of the text concerning potential sites of drug action. Abbreviations: ANP, atrial n
receptor; CoV: Cov-2 virus bound to ACE2; mas-R: mas-receptor; MCR: mineralocortico
cautioned that, at present, these are only of unsubstantiated theo-
retical benefit.

5.1. Actions to prevent formation of Ang I

Gene therapy to suppress angiotensinogen at molecular level
will result in diminished formation of both Ang II and Ang(1–7)
(see Arendse et al., 2019). Renin inhibition will have similar actions
but major adverse effects have been reported for the renin inhibi-
tor aliskirin particularly in combination with ACE1 inhibitor or
AT1-receptors antagonist (McMurray et al., 2016).

5.2. ACE1 inhibition

Inhibitors of ACE1 not only reduce formation of Ang II, but may
divert the system to the formation of ACE2 products. ACE1 inhibi-
tors and ARBs are widely used clinically. Heart failure patients
receive ACE1 inhibitors or ARBs to lower their blood pressure
and to slow down adverse cardiac remodelling (Yancy et al.,
2017). There is limited evidence that ACE1 inhibitors and ARB’s
have efficacy for migraine prevention (Rau & Dodick, 2019) and
ACE1 inhibitor are used as chronic therapy in scleroderma (Lynch
et al., 2016). Diabetes is linked, due to hyperglycemia-induced
oxidative stress, to an increased mortality risk due to cardiovascu-
lar complications, and ACE inhibitors are employed to ameliorate
this (Velagic et la., 2020). However cough is a common side effect
of all ACE1 inhibitors, probably by prevention of breakdown of bra-
dykinin, which may limit usefulness in COVID-19, and AT1-
receptor blockers may be preferable (Sanchis-Gomar et al., 2020)

5.3. Antagonist for AT-1 receptors

Sartans such as telmisartan are selective antagonists of the AT1-
receptor and reduce actions of Ang II at this receptor, not only
reduce the effects of Cov-2. Numbers 1–7 in purple refer to numbered sections (5.1-
atriuretic peptide (ANP); AT1-R: AT1-receptor; AT2-R: AT2-receptor; AT4-R: AT4-
id receptor. For general description, see Fig. 1.
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diverting its actions more towards the AT2-receptor, but also leav-
ing the ACE2 pathway intact.

ACE1 inhibitors and ARBs are used to treat hypertension, but,
since ACE inhibitors have side effects of cough and uncommonly
angioedema, risk-to-benefit analysis might suggest ARBs as the
preferred choice (Messerli et al., 2018). In addition, there is the
theoretical benefit of ARB’s in allowing formation of ACE1 depen-
dent anti-inflammatory mediators (see Section 5, above). In
essential hypertension, the ARB Losartan increased plasma renin
activity and decreased plasma aldosterone (since AT1-receptor
activation is required for aldosterone secretion) (Grossman
et al., 1994), presumably resulting in increased angiotensin II
levels.

Neprilysin is an endopeptidase than breaks down ANP and the
vasodilator bradykinin: inhibition of the enzyme prevents the
breakdown of these anti-inflammatory peptides. Combined nepri-
lysin inhibition and ARB (AT1-receptor and neprilysin inhibitors:
ARNIs) has been shown to be more effective than ARB alone in
heart failure (Leong et al., 2019) and superior in mediating
reverse cardiac remodelling (Wang et al., 2019). ARNIs cause a
large rise in plasma angiotensin II levels but, perhaps surprisingly,
were found not to increase plasma Ang(1–7) (Arendse et al.,
2019).

Plasma angiotensin II levels are reported to be higher than of
normal range in the majority of COVID-19 cases (90.2%), and were
higher in critically ill COVID-19 patients than in those with mild
COVID-19 symptoms (Wu et al., 2020). This may suggest that ARB’s
or ACE1 inhibitors may prove useful in treating COVID-19. The high
plasma angiotensin II levels may have to be considered in dosing
with ARB’s, whereas ACE1 inhibitors directly lower angiotensin II
levels, but admittedly with more side effects and with loss of some
anti-inflammatory mediators.

5.4. Aldosterone antagonists

Often overlooked in the consideration of the more limited
Renin Angiotensin System (RAS), is aldosterone, truly a compo-
nent of the wider RAAS. Antagonists for mineralocorticoid recep-
tors such as the aldosterone analogue spironolactone prevent
actions of aldosterone including sodium retention. The combina-
tion of mineralocorticoid receptor antagonists with other antihy-
pertensives improve blood pressure control in patients with
resistant hypertension (Morimoto & Ichihara, 2020). Antagonists
of aldosterone have also been found to increase ACE2 levels in
human macrophages (Keidar et al., 2005). Aldosterone could
theoretically be detrimental in COVID-19 infection by renal
tubular actions to produce sodium retention, but also by tissue
actions including endothelial alterations and immune system
activation, resulting in pro-inflammatory actions (Davel et al.,
2018).

5.5. ACE2 modulation

Increase in ACE2 may theoretically be detrimental or beneficial,
but this has already been discussed in Section 2 above, particularly
in terms of reducing infection.

Plasma angiotensin II, but not renin, was significantly higher in
critically ill COVID-19 patients than in control or those with mild
COVID-19 symptoms (Wu et al., 2020). Hence, elevated plasma
angiotensin II elevation in severe COVID-19 infection may be due
to loss of ACE2 by binding of CoV-2 rather than to increased renin
activity, and this elevated angiotensin II may be a major patholog-
ical factor in critically ill COVID-19 patients (Wu et al., 2020).
Hence, restoring ACE2 or employing agonists for AT2- or mas-
receptors may be of potential therapeutic benefit in the later stage
of infection.
5.6. AT2-receptor, AT4-receptor or mas receptor activation

Stimulation of either of the above receptors is likely to prove
beneficial. Ang II acts on the AT2-receptor to produce counterbal-
ancing anti-inflammatory actions. Ang(1–7) may act on a distinct
receptor, the mas receptor to produce effects such as vasodilata-
tion to oppose the actions of Ang II. Ang IV may also act on a speci-
fic AT-4 receptor which has been shown to have cardioprotective
effect by inhibition of apoptosis (Park et al., 2016)

5.7. ANP-like actions

Stimulation of the particulate guanylate cyclase-A (pGC-A)/
cGMP by atrial natriuretic peptide (ANP) results in a number of
actions, including natriuresis, diuresis, blood pressure lowering,
inhibition of cardiomyocyte hypertrophy and fibroblast prolifera-
tion, suppression of inflammatory cytokines and T cells and inhibi-
tion of aldosterone (Kuhn, 2016). Novel designer peptides that
target the pGC-A receptor have been reported (Meems et al., 2019).

6. Sex differences

The greater mortality from COVID-19 reported in males world-
wide (e.g. China: Parohan et al., 2020; Iran: Nikpouraghdam et al.,
2020; Italy: Remuzzi and Remuzzi, 2020) may be partly explained
by factors such as cardiovascular risk and increased incidence of
smoking, alcohol consumption etc. Certainly, incidence of smoking
is usually higher in males and nicotine has been reported to upreg-
ulate ACE1 and downregulate ACE2 (Oakes et al., 2018). However,
there may also be a direct sex-related link, as male mice are more
susceptible to SARS-CoV-1 infection than age-matched females
(Channappanavar et al., 2017).

Modulation of the activity of the RAAS by sex steroids may
markedly contribute to the gender differences observed in the
pathophysiology of progressive kidney disease (Sandberg & Ji,
2003). In healthy individuals, circulating ACE2 levels are low, but
elevated in, and a predictor of adverse events in, coronary artery
disease (Ramchand et al., 2018). ACE2 levels are higher in male
than female heart failure patients (Sama et al., 2020). In apparently
healthy subjects, women exhibited a higher circulating concentra-
tion of the anti-inflammatory factor Ang(1–7) compared with men,
whereas values of angiotensin II were similar (Sullivan et al., 2015).

Animal studies provide some evidence for increased ACE2 in
males. Male mouse renal ACE2 is higher than female, and ACE2
activity was increased by ovariectomy in females (Liu et al.,
2010). Male spontaneously hypertensive rats have higher cardiac
ACE1 and ACE2 (Dalpiaz et al., 2015), and male hypertensive mice
have higher renal ACE2 (Gupte et al., 2012), than female. Oestrogen
deficiency in ovariectomised rats has been shown to activate the
RAAS, increasing plasma angiotensin II and expression of pro-
fibrotic factors (Hussien et al., 2019).

These results may suggest that there may be sex differences in
ACE2 levels that may be linked to increased susceptibility to
COVID-19, but further studies are required to elucidate the effects
of sex on the function of the RAAS.

7. Conclusion

COVID-19 and the RAAS are closely linked both in infection and
in possible post-infection inflammatory cascades. It is appropriate
that the theoretical benefits of modulation of the RAAS should be
considered based on available clinical evidence. In addition, in this
short reviewwe have tried to explain the actions of the angiotensin
family of peptides and produce a relatively simple model and dia-
grammatic summary of the RAAS and the possible sites of
intervention.
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