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Abstract

The renin-angiotensin system (RAS) plays a pivotal role in a wide series of phys-
iological processes. One of its key components, the angiotensin-converting enzyme 2,
has been identified as the entry point of the SARS-CoV-2 virus into the host cells, so
many studies have been devoted to study RAS dysregulation in COVID-19. Here we
discuss the alterations of the regulatory RAS axes due to SARS-CoV-2 infection on
the basis of a series of recent clinical and experimental analyzes, which, for example,
quantify the levels and activity of RAS components, in order to disentangle the links
between the impaired RAS functioning and the pathophysiological characteristics of
COVID-19. Finally, we discussed the effects of some RAS-targeting drugs, and how
they could potentially contribute to restore the normal RAS functionality and minimize
COVID-19 severity.

1 Introduction: normal RAS regulation

The systemic renin-angiotensin system (RAS) has been extensively studied in the last
decades, due to its key regulatory roles in cardiovascular physiology [1, 2]. Its dysfunc-
tion has been related to a wide range of cardiovascular diseases including hypertension
and atherosclerosis, and cardiac dysfunctions, including myocardial hypertrophy and
arrhythmia [3, 4]. More recently, the involvement of RAS in a wide spectrum of other
diseases has become evident. For example, RAS is altered in pulmonary diseases such
as asthma, acute respiratory distress syndrome (ARDS) and chronic obstructive pul-
monary disease, as well as in inflammatory responses associated with liver and renal
disorders [5, 6, 7].

A schematic representation of the enzymatic reactions involved in systemic RAS
is shown in Figure 1. In brief, in response to decreased blood pressure, or to de-
creased sodium load in the distal convoluted tubule, juxtaglomerular kidney cells se-
cret renin. This protease cleaves the ten N-terminal amino acids of angiotensinogen,
an α-2-globulin synthesized in the liver, to form the decapeptide angiotensin-I (AngI).
AngI is physiologically inactive, and is cleaved into a series of smaller peptides:
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• angiotensin 1-9 (Ang-(1-9)) nonapeptide via angiotensin-converting enzyme 2
(ACE2) or cathepsin A (CATA);

• angiotensin-II (AngII) octapeptide via angiotensin-converting enzyme (ACE) or
chymase (CHY);

• angiotensin-(1-7) (Ang-(1-7)) heptapeptide via neprilysin (NEP) or thimet oligopep-
tidase (TO).

Ang-(1-7) is also obtained by cleavage of AngII by ACE2 and prolyl oligopeptidase
(POP), and of Ang-(1-9) by ACE. It is further cleaved to angiotensin-(1-5) (Ang-(1-5))
via ACE. Angiotensin-III (AngIII) is the result of the cleavage of AngII by aminopep-
tidase A (APA), and is in turn cleaved to angiotensin-IV (AngIV) by aminopeptidase
N (APN). Note that other peptides such as angiotensin-(1-4), (3-7), (5-7), (3-4) are
found in the enzymatic cascades of Ang-(1-7) and AngII, but their functions are not
yet fully understood.
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Figure 1: Schematic representation of systemic RAS. The peptides belonging to RAS (AngI,
AngII, Ang-(1-5), Ang-(1-7), Ang-(1-9), AngIII, AngIV) are in light blue boxes; renin pro-
duced by juxtaglomerular kidney cells and angiotensinogen produced by the liver are in
dark blue boxes; the enzymatic actors of RAS are in green boxes: angiotensin converting en-
zyme (ACE), angiotensin converting enzyme 2 (ACE2), neprilysin (NEP), chymase (CHYM),
cathepsin A (CATA), thimet oligopeptidase (TO), aminopeptidase A (APA), aminopeptidase
N (APN) and prolyloligopeptidase (POP). AngII type 1 receptor (AT1R) is in a red box,
with the classical AngII/AT1R axis indicated with a red arrow; the MAS receptor (MASR)
is in a deep blue box with the counter-regulatory axis Ang-(1-7)/MASR indicated with a
deep blue arrow. The RAS feedback loop is shown with orange arrows. SARS-CoV-2, which
acts on ACE2 through the binding of its spike protein, is indicated in magenta.
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The two main effectors in RAS are AngII and Ang-(1-7). Their biological effects,
mediated by their binding to AngII type 1 receptor (AT1R) and MAS receptor (MASR),
respectively, are completely different. The ACE/AngII/AT1R axis, also known as the
classical RAS axis, promotes vasoconstriction, cell growth and fibrosis, and increases in-
flammation and oxidative stress [8]. In contrast, the ACE2/Ang1–7/MASR axis, called
non-classical or counter-regulatory RAS axis, acts in opposition with the classical axis
by promoting vasodilation, decreasing inflammation and oxidative stress and inhibiting
cell growth [9, 10]. More and more evidence suggests that the counter-balancing effects
of these axes play a central role in cardiovascular physiology. Moreover, the dysreg-
ulation of this balance appears to be directly related to disease conditions [11]. It is
thus important to better understand it in order to shed light on the pathophysiology
of cardiovascular disorders and to design new therapeutic strategies [12, 13, 14].

While this simplified two-axes picture of RAS is quite appealing, the full cascade
of RAS enzymatic reactions is much more complex. First, AngII can also bind to the
AngII type 2 receptor (AT2R), thus defining the ACE/AngII/AT2R axis, and this leads
to effects that are different, and sometimes antagonistic, to those caused by the binding
of AngII to AT1R [15]. Secondly, AngIII also appears to be a RAS effector, which binds
to both AT1R and AT2R, thereby creating yet additional axes, APA/AngIII/AT1R
and APA/AngIII/AT2R [16]. Another important axis involves the recently discovered
vasoactive peptide called alamandine, that is generated via decarboxylation of Ang-
(1-7) or via ACE2 catalytic action on angiotensin A (AngA), a peptide which differs
from AngII by one amino acid. Alamandine binds to the MAS-related receptor D
(MrgD), thus defining another counter-regulatory axis with a protective action similar
to ACE2/Ang-(1-7)/MASR [17]. In addition, other, smaller, angiotensin peptides are
likely to play physiological roles even though they are not fully known at the moment
[18].

Another level of complexity has recently been highlighted: in addition to the sys-
temic RAS which we mainly focus on in this review, recent findings point towards the
importance of local, organ- and tissue-based, RAS, which seems to partially act inde-
pendently from systemic RAS and to have distinct physiological roles [19, 20]. These
different local RASs are of course much more difficult to analyze experimentally and
clinically than systemic RAS. Indeed, their components are difficult to reach and char-
acterize, in contrast to systemic RAS components that are present in the plasma. ACE2
enzymes, in particular, exist in two forms, a circulating soluble form, which is part of
the systemic RAS, and a membrane-bound form, which belongs to the local RAS and
is mainly found on the surface of type II alveolar epithelial cells, epithelial cells of oral
mucosa and myocardial cells [21]. Cellular mechanisms called shedding regulate the
conversion between the soluble and membrane-bound forms [22], thus demonstrating
that local and systemic RAS are not totally independent.

During the past two years, much attention has been devoted to studying the role
of RAS in SARS-CoV-2 infection [23, 24, 25]. Indeed, the spike protein of this virus
interferes with RAS, as it binds to the membrane-bound form of ACE2 in order to
enter host cells [26, 27]. It has therefore been speculated that RAS dysregulation in
COVID-19 is connected to the severity of the disease and to its clinical manifestations
such as hyper-inflammation, ARDS and thrombotic complications [28, 29].
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2 RAS dysregulation in the first SARS-CoV in-

fections

The idea that RAS dysregulation plays a role in coronaviral infections and is related
to one of their clinical manifestations, i.e. ARDS, has been suggested almost twenty
years ago, in 2003, when the first SARS-CoV infections were identified [30, 31].

The key role of ACE2 in RAS dysregulation has been demonstrated a few years
later through in vitro analyses and in vivo animal experiments [32, 33, 34]. ACE2
was shown to have a protective role in lung injury and to act in opposition to ACE
by downregulating AngII levels and thereby mitigating its pro-inflammatory effects.
Indeed, ACE2 knockout mice were seen to have worsened oxygenation, higher levels of
inflammation markers and increased lung oedema in ARDS induced by acid aspiration
or sepsis [33]. Instead, the administration of recombinant ACE2 was able to rescue
these adverse pathogenic signatures.

In parallel, data from SARS-CoV infected mice indicated that the spike protein
of the virus binds to ACE2 and reduces ACE2 expression, and that injection of spike
protein into mice worsens the severity of lung failure [34]. This confirmed the crucial
implication of ACE2, not only in acid aspiration- or sepsis-induced ARDS, but also in
ARDS caused by SARS-CoV infection.

These observations on animal models naturally led to think about the administra-
tion of recombinant human ACE2 (rhACE2) as a possible treatment against SARS-
CoV infections in humans and, more generally, against ARDS. Indeed, rhACE2 was
argued to have a dual role in fighting coronaviral infections: binding to the viral spike
protein and thus blocking the spread, entrance into the host cells and replication of
SARS-CoV, and simultaneously downregulating AngII levels and therefore protecting
SARS-CoV infected patients from lung failure and attenuating strong inflammatory
response. However, these hypotheses proved to be far too optimistic, at least for hu-
mans, as revealed by data from the new SARS-CoV-2 infections discussed in the next
sections.

3 RAS dysregulation in current SARS-CoV-2

infections: new data and hypotheses

Since the end of 2019, when SARS-CoV-2 appeared for the first time in Wuhan [35,
36, 37], a lot of research has been devoted to understanding and characterizing the
molecular basis of the infection. ACE2 was soon suggested to be the mediator of the
viral invasion of the host cells through its binding with the spike protein of SARS-CoV-
2, with the concomitant downregulation of ACE2-involving pathways [38, 39]. These
findings were largely inspired by the similarity with previous SARS-CoV infections
[32, 33, 34]. It has then been speculated that ACE2 downregulation impacts on the
expression of all other components of RAS and leads to RAS dysregulation connected
to the severity of COVID-19 [40, 41, 42].

Under healthy conditions, the two main axes of RAS, the pro-inflammatory ACE/
AngII/AT1R axis and the counter-regulatory ACE2/Ang1–7/MASR axis, balance their
effects in order to maintain normal physiological functions, as schematically depicted
in Figure 2a. Upon SARS-CoV-2 infection, this balance breaks down, but the way
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Figure 2: Schematic representation of the two main RAS axes ACE/AngII/AT1R and
ACE2/Ang-(1-7)/MASR in: (a) controls and (b)-(c) CoViD-19 patients with two possible
dysregulated RAS scenarios.

in which RAS dysregulation occurs is still unclear, and different scenarios have been
proposed.

According to a first scenario, the virus is internalized through its binding with the
membrane-bound form of ACE2, which causes a decrease of the amount of ACE2 on
the host cell surface and affects the equilibrium between the two RAS axes. On the one
hand, the AngII level increases, with consequent activation of the classical AngII/AT1R
signaling cascade [43, 14]. This directly leads to a strong pro-inflammatory and fibrotic
response [44] likely to drive acute lung injury. On the non-classical RAS axis, the
downregulation of ACE2 results in a loss of Ang-(1-7) and thus in the inhibition of its
downstream signaling pathways with their protective role [10, 45]. All the beneficial
outcomes of this axis, including its anti-inflammatory, anti-oxidative and anti-fibrotic
effects, are thus severely compromised and further worsen pulmonary distress and
vascular dysfunction.

The picture that emerges here is thus an overactivation of the classical axis and
underactivation of the non-classical axis, as shown schematically in Figure 2b. It is
supported by a series of papers [23, 46, 47, 48, 49, 50, 51]. Since local RAS plays a
key role in a wide series of physiological processes in different organs, this imbalance
has been speculated to explain the multi-organ failure associated to severe COVID-19
and put in relation with the different pathophysiological characteristics of the disease.
They include not only ARDS [52], but also heart failure [53], renal dysfunction [54],
defective coagulation with an increase of thrombotic events [55, 56] and neurological
manifestations [57].

A second scenario has been proposed [58, 59], in which the non-classical RAS axis is
overactivated rather than underactivated (Figure 2c). It is based on the idea that the
internalization of the virus into the host cells is not the only key event, but that another
crucial event is ACE2 shedding: upon binding of the spike protein to the membrane-
bound form of ACE2, the ACE2 ectodomain is detached from the cell membrane and
released into the serum. This circulating ACE2 is also catalytically active and able to
bind to the spike protein. Note that ACE2 shedding is a cellular mechanism that also
occurs under healthy conditions, which is mainly driven by TNF-α-converting enzyme
(TACE, also known as ADAM17). This mechanism appears to be enhanced by the
binding of the viral spike protein to ACE2 [22, 60, 61], and to be stimulated by AngII
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[43] but also by interleukin (IL)-1β and tumor necrosis factor (TNF)-α inflammatory
cytokines [62], whose secretion is elevated in COVID-19 patients.

ACE2 shedding can be seen as a sort of defence strategy of the host [59, 49]. Indeed,
the amount of ACE2 attached to the host cell surface decreases upon shedding and
the amount of plasma ACE2 increases accordingly. As both membrane-bound and
circulating ACE2 bind to SARS-CoV-2, the net effect of ACE2 shedding is thus the
limitation of virus entry into the cells. Moreover, the binding of SARS-CoV-2 spike
protein to ACE2 has been suggested to enhance the ACE2 enzymatic activity, and
thus to the overactivation of the counter-regulatory ACE2/Ang-(1-7)/MASR axis and
to the increase of Ang-(1-7) level in the circulation [63].

Other experimental evidence point to a critical role of circulating ACE2 in SARS-
CoV-2 infection. For example, it has been suggested in [64] that circulating ACE2
could allow the virus to enter host cells by binding with the SARS-CoV-2 spike protein,
alone or in complex with vasopressin, and exploiting a receptor-mediated endocytosis
involving AT1R and the vasopressin receptor AVPR1B, respectively. However, note
that this mechanism is highly debated in the community and is in contradiction with
a number of other evidence [65, 66, 67].

Furthermore, extensive analyses of Prospective Urban Rural Epidemiology (PURE)
data, which includes a cohort of about 10,000 patients [68], led to conclude that high
levels of plasma ACE2 are strongly associated to an increased risk of major cardio-
vascular events independently of traditional cardiac risk factors. Other studies also
suggest the negative role of high levels of ACE2 and of Ang-(1-7) in cardiovascular
diseases [69, 70, 71, 72].

These findings thus point towards an upregulation of the non-classical ACE2/Ang-
(1-7)/MASR axis, which is the hallmark of scenario 2. What happens with the classical
ACE/AngII/AT1R axis is less clear. It has been argued that it is also upregulated in
COVID-19 [59], especially in hypoxic conditions that are common in severe SARS-
CoV-2 infection [73]. This suggests a scenario involving the synergistic upregulation
of both RAS axes, which would be responsible for the clinical worsening of patient
conditions and the severe manifestations of COVID-19.

Finally, other pathways connected to RAS are probably also dysregulated upon
SARS-CoV-2 infection. For example, as ACE2 hydrolizes des-Arg9-bradykinin into
inactive bradykinin 1–7 peptide, its modulation caused by viral infection could poten-
tially play a role in the dysregulation of the kallikrein-kinin system (KSS) [74]. Given
that des-Arg9-bradykinin binds to bradykinin receptor B1, dowregulation of ACE2 is
likely to cause an overactivation of this receptor, leading to pulmonary vascular leakage
and oedema [75]. The importance of other ACE2-downstream peptides that do not
belong to RAS, such as apelins, casomorphins and dynorphins, has also to be investi-
gated, since they could trigger physiological mechanisms worsening COVID-19 patient
conditions [76].

4 Meta-analysis on RAS components in COVID-

19

We review here recent data about measurements of RAS components in COVID-19. For
that purpose, we manually collected and screened a series of clinical and experimental
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results from [77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92], listed in
Supplementary Table S1. The individuals enrolled in these studies were classified into
two or three classes: COVID-19 patients or severe and moderate COVID-19 patients,
and controls or asymptomatic patients. We grouped moderate COVID-19 patients
and controls into a single class, as their measured values are usually similar. We got
thus two classes, which we call (severe) COVID-19 and controls. The average effect
of SARS-CoV-2 infection on the levels of RAS components ACE, ACE2, AngI, AngII,
Ang-(1-7), Ang-(1-5) is summarized in Table 1 and, for each study, the log-ratio of
ACE2, AngII and Ang-(1-7) levels in the COVID-19 and control classes is reported in
Figure 3.

The first observation from this meta-analysis is the overactivation of the non-
classical RAS axis (Table 1 and Figure 3c). Indeed, the Ang-(1-7) level in COVID-19
patients seems in average more than ten times higher than in controls. Note that al-
most all the studies that analyzed this peptide, involving about 600 patients, show a
mild to strong increase in Ang-(1-7). It is instructive to analyze the temporal evolution
of Ang-(1-7) level upon infection [81], which seems to remain constant, at a low level ,
during the whole hospitalization time in non-severe COVID-19 patients. Instead, the
Ang-(1-7) level in severe COVID-19 patients is already quite high at hospital entrance-
being six times higher than for light COVID-19 patients. Moreover, the level further
increases by a factor of five in the first ten days of hospitalization.

Two hypotheses can partially explain the observed Ang-(1-7) upregulation. One is
a possible increase of non-ACE2 Ang-(1-7) formation. Indeed, the contribution of a
series of peptidases in different tissues may contribute to an increase of the local release
of Ang-(1-7) into circulation. For example, Ang-(1-7) can result from the cleavage of
AngI via NEP or TO but also from AngII via POP (see Figure 1). This hypothesis is
supported by the observation that, in the circulation and in the lungs, the conversion
of AngII to Ang-(1-7) is much more POP-dependent than ACE2-dependent [93].

A second hypothesis relates Ang-(1-7) upregulation to an increase of ACE2 shedding
from the cell membrane. Indeed, as shown in Table 1 and Figure 3a, the levels of soluble,
circulating, ACE2, averaged over the set of more than thousand collected samples, are
1.5 higher in COVID-19 patients than in controls. Some studies, which found that
elevated ACE2 plasma levels is associated with a worse clinical outcome, suggested its
use as a clinical marker of the infection [83].

The increase of circulating ACE2 is, moreover, associated with an equally massive
increase of its activity. Indeed, a 20-fold increase of ACE2 activity from the time of
admission in the hospital, and a 40-fold increase compared to the values of controls,
was observed in a case report [94]. In a more systematic analysis of more than 130
patients (66 COVID-19 and 70 controls) [79], a factor of almost 100 between controls
and COVID-19 patients is observed, with ACE2 activity values of 0.06 pmol/min/mL
and 5.8 pmol/min/mL, respectively. Note that ACE2 activity remains quite elevated
up to a median of 114 days post infection [79].

More debated is the role of AngII. The data collected shows a slightly increased
average level of AngII in COVID-19 patients with respect to controls (Table 1). More
precisely, roughly half of the studies observe a decrease in AngII levels [80, 84, 85]
and the others, an increase [87, 82, 81] (Figure 3b). Instead, one would naively expect
a general decrease of AngII level, given that ACE2 shows upregulated activity and
cleaves AngII. The AngII increase observed in some studies is even more surprising
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considering that the average ACE and AngI levels are decreased (see Table 1), which
is expected to further contribute to a decrease in AngII level, as it is the catalytic
product of ACE acting on AngI.

The observed overactivation of the non-classical RAS axis is expected to yield an
increase of circulating Ang-(1-5), obtained by cleavage of Ang-(1-7) by ACE (Figure
1). Yet opposite trends are found for the levels of circulating Ang-(1-5) measured in
two studies: a reduction of about 80% in the COVID-19 class with respect to controls
[84], or a 100% increase [80] (see Supplementary Table S1).

ACE2 AngII Ang-(1-7)
[80] 

[81] 

[81] 

[82] 

[78] 

[83] 

[83] 

[88] 

[92]

[80] 

[81] 

[81] 

[84] 
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[85] 

[88] 

[86] 

[91]
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Figure 3: Log-ratios between RAS components (ACE2, AngII and Ang-(1-7)) in COVID-19
patients and controls, with the estimated confidence intervals, for all the collected studies
(see Table S1). The dashed lines represent the averages of the log-ratios weighted according
to the number of patients analyzed in each study. On the y-axis, the reference to the study,
as given in Supplementary Material, is mentioned.

A possible explanation of these contradictory observations is that some of the en-
dogenous levels of RAS components analyzed here were obtained using commercial
immunoessay (ELISA) kits, as specified in Supplementary Table S1. However, these
kits do not have sufficient sensitivity to accurately determine the low peptide concen-
trations of RAS components, which are in the range of pg/mL [95]. Valid alternatives
for peptide quantification, such as mass spectroscopy combined with ultrahigh-pressure
liquid chromatography (LC-MS), do exist but are more complex, lab-time consuming
and expensive. It should be noted, however, that the general trends remain the same
if we exclude the measurements carried out with ELISA kits, and thus that these do
not explain all contradictory and unexpected observations.

5 RAS-targeting drugs in COVID-19

Due to the role that RAS has in SARS-COV-2 infection, multiple RAS-targeting drugs
have been proposed to alleviate the severity of COVID-19 clinical manifestations. Here
we briefly review some of them, focusing in particular on human recombinant ACE2
(rhACE2) and the exogenous administration of Ang-(1-7). Extensive meta-data anal-
ysis and reviews of the role of common RAS-blockers in COVID-19, such as ACE
inhibitors or angiotensin receptor blockers, have recently been published and we thus
refer the reader to these works [96, 97, 98].

In light of the first scenario in which the RAS imbalance shown in Fig 2b is respon-
sible of disease exacerbation, an appealing way to restore RAS functionality would be
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RAS component COVID-19 effect N

ACE -10% 124
ACE2 +158% 1024
AngI -22% 263
AngII +74% 840

Ang-(1-7) +1,260% 602
Ang-(1-5) -28% 53

Table 1: Average change (in %) of the serum concentration of RAS components between
COVID-19 patients and controls. The averages were performed over all the studies collected
in this paper and weighted according to the number of patients/controls in each study.
N is the total number of patients and controls. Increased levels are indicated on a pink
background. See Supplementary Table S1 for the exact values in each cohort.

to deliver rhACE2 that could act with a double role of binding to the spike protein of
the viral particle, thus slowing down the viral infection, but also downregulating AngII
and boosting the non-classical RAS axis, thereby protecting the lungs from injury.

It seems established through a series of studies, which even pre-date the SARS-
CoV-2 pandemic, that administration of rhACE2 to animal models affected by ARDS
appears to reverse the lung-injury process. Examples of improvement have been ob-
served in acute lung injury induced by sepsis [34], SARS-CoV spike protein [34], H5N1
[99] and syncytial virus infection [100]. More recently, rhACE2 has been shown to bind
with high affinity also to the SARS-CoV-2 spike protein, to be capable of inhibiting
the attachment of this virus to the host cells and thus to neutralize it at least in vitro
[66, 67]. In another in vitro study [101], rhACE2 in combination with remdesivir, an
antiviral medication, has proven to boost their antiviral efficacies.

Phase I and II clinical trials of administration of rhACE2 have been performed
to exploit and test its ability to ameliorate ARDS in humans [102, 103]. rhACE2
treatment has been proven to be well tolerated without major adverse effects in these
pilot studies. However, despite the significant AngII level reduction accompanied by
the rapid upregulation of RAS peptides Ang-(1-7) and Ang-(1-5), no significant impact
in the alleviation of the clinical severity of ARDS has been observed, with no difference
in PaO2/FiO2 (partial pressure of arterial oxygen to fraction of inspired oxygen) ratio
between treatment groups and placebo [103].

In a recent case study, a SARS-CoV-2 patient was administered twice daily with
rhACE2 intravenous infusion (0.4 mg/kg) [65]. The trends were similar to those ob-
served in [103], namely a reduction of AngII and an increase of Ang-(1-7) and Ang-(1-5)
levels. A large phase II clinical trial (NCT04335136) has been initiated in April 2020
but no public results are available at the moment.

Further analyses and data are needed to better understand the biological differences
between the effect of rhACE2 responses in animal models, where an improvement of
the lung-injury is usually observed, and in humans, where no substantial improvement
of the clinical condition is seen from the current studies.

There are also some drawbacks to using rhACE2 such as its short half-life [104].
It has for example be claimed [103] that a continuous infusion of rhACE2 should be
used to reach a higher efficiency, and that no effect has been seen in humans for this
reason. Protein stabilization methods such as chimeric fusion of rhACE2 with IgG2
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Fc fragments have been shown to improve rhACE2 stability in plasma and could lead
to an improved treatment effectiveness not only in SARS-CoV-2 but also in a series of
RAS-related disorders [105, 106].

Preclinical evidence suggests that not only rhACE2 but also the exogenous admin-
istration of Ang-(1-7) peptide can improve severe clinical ARDS conditions such as low
oxygenation and high inflammation status [107, 108]. Thus, administration of Ang-(1-
7) or Ang-(1-7) agonists has been suggested to relieve from SARS-CoV-2 infections by
boosting the anti-inflammatory response via MASR activation [10, 109].

Several clinical trials of phase I and II are currently ongoing to either assess
the safety of the administration of Ang-(1-7) and its possible effects on the clini-
cal manifestations of COVID patient (NCT04375124, NCT04633772, NCT04605887,
NCT04570501, NCT04401423). However, the trials are still in an early stage at the
moment and there are no indications about the effectiveness of Ang-(1-7) in COVID-19.
Note that not only Ang-(1-7) but also some of its agonists or stabilized versions, such
as the protease-resistant cyclic form of Ang1–7 [cAng1–7], which bind to MASR, could
also equally stimulate its anti-inflammatory downstream signaling [108, 110, 111]. They
could represent a valid alternative to be administrated in severe COVID-19 patients
since they are characterized by an increased stability with respect to linear Ang-(1-7)
peptides that is known to have a very short half-life [112, 113].

In contrast, scenario 2 of dysregulated RAS represented in Figure 2c could sug-
gests at first sight to act against the peak of ACE2 activity. Some studies thus
propose the introduction of ACE2 inhibitor drugs; since ACE2 and TACE are both
zinc-metalloproteases, they propose to use zinc-chelating agents such as citrate and
ethylenediaminetetraacetic acid (EDTA) alone or in combination to reduce the activi-
ties and decrease the hypothesized positive feedback loop of the non-classical RAS axis
[58]. Only one chelating agent has been tested in SARS-CoV-2 infection, the ranitidine
bismuth citrate that is usually used in the treatment of helicobacter pylori infection
[114]. It is effective in rescuing animal models from SARS-CoV-2 induced pneumonia
by suppressing viral load. Even though ranitidine bismuth citrate can target zinc-
containing proteins and thus ACE2 and TACE, the authors of this study suggest that
the observed mitigation of SARS-CoV-2 disease upon its administration is related to
the action on SARS-CoV-2 viral helicase and impedes its efficient replication [114].
There is thus no connection of this drug to RAS dysregulation at the moment.

6 Discussion

RAS undoubtedly plays important roles in the regulation of many physiological and
pathophysiological processes in humans and gets dysregulated upon SARS-CoV-2 infec-
tion. However, the reason why and the way in which RAS is dysregulated in COVID-19
is currently the subject of intense debate. The meta-analysis that we carried out in the
previous section has shed some light on these questions to a certain extent, but many
points remain obscure. Indeed, the experimental and clinical data that we collected
from the literature about e.g., the levels of proteins and peptides involved in RAS and
the activity of the enzymes, partially disagree [77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87,
88, 89, 90, 91, 92].

Recent experimental data point to an overactivation of the non-classical RAS axis
ACE2/Ang-(1-7)/MASR, with an increase of the level of circulating Ang-(1-7) and a
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concomitant increase of serum ACE2 activity, in contrast with earlier scenarios [23,
46, 47] which rather suggested a downregulation of this axis (see Figure 2). These
observations possibly result from increased shedding of ACE2 from the membrane
and thus to the release in the serum of the catalytically active ACE2 ectodomain.
Experimental evidence suggests that ACE2 activity is moreover increased due to the
conformational modifications that occur upon binding to the receptor binding subunit
S1 of the viral spike protein [63]. Another possible reason of the increase in Ang-(1-7)
level in COVID-19 is its formation via non-ACE2 pathways, i.e., through the cleavage
of AngI via NEP or TO and of AngII via POP, especially since the latter pathway
has been suggested as dominant for AngII to Ang-(1-7) conversion in lungs and the
circulating system [93].

There is an apparent discrepancy between the known protective role of cell-bound
ACE2 and the negative COVID-19 outcome upon upregulation of the ACE2/Ang-(1-
7)/MASR axis. The increase of circulating Ang-(1-7) and ACE2 levels and of ACE2
activity reflect a reduced local, pulmonary, ACE2 enzymatic activity associated to a
local increase of AngII levels that is observed upon SARS-CoV-2 infection (Table 1).
Note that the reduction of local ACE2 could be further worsened by AngII-mediated
ACE2 internalization [115], thus acting as a sort of feedforward loop in which reducing
ACE2 increases the level of AngII which in turn decreases ACE2.

The biological interpretation of RAS dysregulation in COVID-19 is thus highly
complex. It requires a clear distinction between tissue and plasma ACE2, which is not
obvious to measure [68, 116]. While it is quite clear that cell-bound ACE2 and the
counter-regulatory ACE2/Ang-(1-7)/MASR axis plays a protective role in inflamma-
tion and cardiovascular diseases [117], elevated ACE2 levels in plasma rather seem to
a have a negative impact and could be indirectly related to an overactivation of the
classical ACE/AngII/AT1R axis in the local RAS.

Moreover, the complex interactions between ACE2 cellular expression, internaliza-
tion, enzymatic cleavage and plasma clearance are not yet understood [68] and certainly
deserve further analyses to better understand how RAS alterations affect COVID-19
severity. For example, ACE2 in its membrane-bound form represent about 97–98%
of the total amount of ACE2 in healthy individuals, while ACE2 in its circulating,
soluble, form represents only 2–3% [88, 61]. How this disproportion gets modified in
COVID-19 is not known, but an increase in circulating ACE2 (see Table 1) could be
insufficient to counterbalance the downregulation of the local ACE2 in the lungs or the
heart. The picture is further complicated by the different roles and expression levels
that ACE2 has in different tissues.

It is also interesting to understand why the increase in Ang-(1-7) (Table 1) is not
sufficient to trigger the anti-inflammatory and anti-fibrotic response, although it is
sufficient in animal models and in other pathological conditions [9, 10]. This could be
due to a variety of factors such as the insufficient levels of global Ang-(1-7), but also to
its plasma clearance or very short half-life. The role of MASR and its expression should
also be investigated to better understand this point, since MASR downregulation could
lead to the downregulation of the downstream signaling pathway even in the presence
of an increased Ang-(1-7) level.

Finally, another hypothesis that cannot be totally ruled out is that RAS dysregula-
tion in COVID-19 is not caused directly by the viral infection but rather is associated
with severe events that occur in acute forms of COVID-19. To explore this hypothesis
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in more detail, it is crucial to define the matched COVID-19 negative control group
in the analysis of RAS peptide level. For example, severe COVID-19 patients were
compared with influenza patients presenting similar disease severity, and with ARDS
patients without COVID-19, respectively [81, 91]. Unfortunately, the results from these
two studies disagree: the former study observed significant differences and the latter
not.

In summary, despite the numerous studies that hypothesize a relation between
RAS dysregulation and SARS-CoV-2 infection, this assumption is not yet proven and
remains a challenge to decipher. More clinical, experimental and computational data
are needed to further shed light on this issue and to identify RAS-targeted therapeutic
strategies that are able to mitigate severe COVID-19 clinical manifestations.
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Effects of chronic hypoxia on renal renin gene expression in rats. Nephrology Dial-
ysis Transplantation, 15(1):11–15, 2000.

[74] Suzanne Zwaveling, Roy Gerth van Wijk, and Faiz Karim. Pulmonary edema in
covid-19: Explained by bradykinin? Journal of Allergy and Clinical Immunology,
146(6):1454–1455, 2020.

[75] Frank L van de Veerdonk, Mihai G Netea, Marcel van Deuren, Jos WM van der
Meer, Quirijn de Mast, Roger J Brüggemann, and Hans van der Hoeven.
Kallikrein-kinin blockade in patients with covid-19 to prevent acute respiratory
distress syndrome. Elife, 9:e57555, 2020.

[76] Maryam Eskandari Mehrabadi, Roohullah Hemmati, Amin Tashakor, Ahmad
Homaei, Masoumeh Yousefzadeh, Karim Hemmati, and Saman Hosseinkhani.
Induced dysregulation of ace2 by sars-cov-2 plays a key role in covid-19 severity.
Biomedicine & Pharmacotherapy, page 111363, 2021.

[77] Zhe Zhu, Ting Cai, Lingyan Fan, Kehong Lou, Xin Hua, Zuoan Huang, and
Guosheng Gao. The potential role of serum angiotensin-converting enzyme in
coronavirus disease 2019. BMC Infectious Diseases, 20(1):1–8, 2020.

[78] Annika Lundström, Louise Ziegler, Sebastian Havervall, Ann-Sofie Rudberg, Fien
von Meijenfeldt, Ton Lisman, Nigel Mackman, Per Sandén, and Charlotte Th̊alin.
Soluble angiotensin-converting enzyme 2 is transiently elevated in covid-19 and
correlates with specific inflammatory and endothelial markers. Journal of Medical
Virology.

19



[79] Sheila K Patel, Jennifer A Juno, Wen Shi Lee, Kathleen M Wragg, P Mark Hog-
arth, Stephen J Kent, and Louise M Burrell. Plasma ace2 activity is persistently
elevated following sars-cov-2 infection: implications for covid-19 pathogenesis
and consequences. European Respiratory Journal, 2021.

[80] Dirk van Lier, Matthijs Kox, Karine Santos, Hans van der Hoeven, Janesh Pillay,
and Peter Pickkers. Increased blood angiotensin converting enzyme 2 activity in
critically ill covid-19 patients. ERJ Open Research, 7(1), 2021.

[81] Roman Reindl-Schwaighofer, Sebastian Hödlmoser, Farsad Eskandary, Marko
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Jeffrey S Berger, Sripal Bangalore, et al. Renin–angiotensin–aldosterone system
inhibitors and risk of covid-19. New England Journal of Medicine, 382(25):2441–
2448, 2020.

[97] Giuseppe Mancia, Federico Rea, Monica Ludergnani, Giovanni Apolone, and
Giovanni Corrao. Renin–angiotensin–aldosterone system blockers and the risk of
covid-19. New England Journal of Medicine, 382(25):2431–2440, 2020.

[98] Ranu Baral, Vasiliki Tsampasian, Maciej Debski, Brendan Moran, Pankaj Garg,
Allan Clark, and Vassilios S Vassiliou. Association between renin-angiotensin-
aldosterone system inhibitors and clinical outcomes in patients with covid-19:
A systematic review and meta-analysis. JAMA network open, 4(3):e213594–
e213594, 2021.

[99] Zhen Zou, Yiwu Yan, Yuelong Shu, Rongbao Gao, Yang Sun, Xiao Li, Xiangwu
Ju, Zhu Liang, Qiang Liu, Yan Zhao, et al. Angiotensin-converting enzyme 2

21



protects from lethal avian influenza a h5n1 infections. Nature communications,
5(1):1–7, 2014.

[100] Hongjing Gu, Zhengde Xie, Tieling Li, Shaogeng Zhang, Chengcai Lai, Ping Zhu,
Keyu Wang, Lina Han, Yueqiang Duan, Zhongpeng Zhao, et al. Angiotensin-
converting enzyme 2 inhibits lung injury induced by respiratory syncytial virus.
Scientific reports, 6(1):1–10, 2016.

[101] Vanessa Monteil, Matheus Dyczynski, Volker M Lauschke, Hyesoo Kwon, Gerald
Wirnsberger, Sonia Youhanna, Haibo Zhang, Arthur S Slutsky, Carmen Hurtado
Del Pozo, Moritz Horn, et al. Human soluble ace2 improves the effect of remde-
sivir in sars-cov-2 infection. EMBO molecular medicine, 13(1):e13426, 2021.

[102] Manuel Haschke, Manfred Schuster, Marko Poglitsch, Hans Loibner, Marc
Salzberg, Marcel Bruggisser, Joseph Penninger, and Stephan Krähenbühl.
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