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A B S T R A C T   

The article describes the possible pathophysiological origin of COVID-19 and the crucial role of 
renin-angiotensin system (RAS), providing several “converging” evidence in support of this hy-
pothesis. SARS-CoV-2 has been shown to initially upregulate ACE2 systemic activity (early 
phase), which can subsequently induce compensatory responses leading to upregulation of both 
arms of the RAS (late phase) and consequently to critical, advanced and untreatable stages of 
COVID-19 disease. The main and initial actors of the process are ACE2 and ADAM17 zinc- 
metalloproteases, which, initially triggered by SARS-CoV-2 spike proteins, work together in 
increasing circulating Ang 1–7 and Ang 1–9 peptides and downstream (Mas and Angiotensin type 
2 receptors) pathways with anti-inflammatory, hypotensive and antithrombotic activities. During 
the late phase of severe COVID-19, compensatory secretion of renin and ACE enzymes are sub-
sequently upregulated, leading to inflammation, hypertension and thrombosis, which further 
sustain ACE2 and ADAM17 upregulation. Based on this hypothesis, COVID-19-phase-specific 
inhibition of different RAS enzymes is proposed as a pharmacological strategy against COVID- 
19 and vaccine-induced adverse effects. The aim is to prevent the establishment of positive 
feedback-loops, which can sustain hyperactivity of both arms of the RAS independently of viral 
trigger and, in some cases, may lead to Long-COVID syndrome.   

1. Introduction 

COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, for which vaccination stra-
tegies and neutralising antibodies specific to SARS-CoV-2 antigens are currently the only approved treatments. Because of their 
“exclusive” effectiveness and specificity in preventing COVID-19 disease, these immunotherapies have received the emergency use 
authorization. Nevertheless, there are several other treatments (including hydroxychloroquine, ivermectin, cyclooxygenase inhibitors, 
corticosteroids, bismuth-based drugs and convalescent plasma) that have been shown to exert some protective effects against COVID- 
19 (Casciola-Rosen et al., 2020; De Rosa et al., 2021; Franchini et al., 2021; Suter et al., 2021; Yagisawa et al., 2021; Yuan et al., 2020). 
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However, the protective activity of these treatments was often limited to some cohorts and/or to a phase of the disease and no clear 
cause-effect relationship was consistently confirmed because the complete mechanism of action and/or side effects in COVID-19 
patients have not been fully elucidated yet. For this reason, these therapies are not “officially” considered effective against 
COVID-19, allowing the emergency use authorization of a new generation of vaccines, whose long-term adverse effects are still un-
known (Zamai and Rocchi, 2021). 

Differently from other reports, our approach was aimed to determine, first of all, the possible pathophysiological mechanisms that, 
triggered by SARS-CoV-2, produced the severe COVID-19 symptoms in a specific subset of the human population. Subsequently, after 
having disclosed the probable mechanisms involved in COVID-19 pathogenesis, it has been looked for a pharmacotherapy that could 
rationally and safely counter the pathophysiological mechanisms activated by SARS-CoV-2. In doing so, several data on SARS-CoV-1 
infection were collected over the past 18 years. The initial and crucial event of SARS-CoV as well as SARS-CoV-2 infection is the 
binding to human ACE2, which works as a surface receptor for viral entry. Initial reports (2005) showed that SARS-CoV-1 induced 
ACE2 cell surface down-modulation and suggested that ACE2 was internalized, leading to its loss of function (Imai et al., 2005; Kuba 
et al., 2005). ACE2 is a zinc-metalloprotease that, processing plasma angiotensin (Ang) I and II respectively into Ang (1–9) and Ang 
(1–7), can mediate several systemic effects through the Mas and Ang type 2 (AT2R) receptors, respectively (Zamai, 2020a). Moreover, 
ACE2 is believed to produce several protective effects that compensate the deleterious activity of ACE/Ang II. Based on these initial 
considerations, an explosion of articles with the same mainstream hypothesis proposed that pathophysiology of COVID-19 could be 
related to an ACE2 downregulation, indicating that recombinant ACE2 (rACE2) and/or ACE pathway inhibitors may exert a protective 
effect against COVID-19 (see (Vaduganathan et al., 2020), as an example). Indeed, the therapeutic activity of rACE2 was supposed not 
only to work by inhibiting viral spike binding to cell surface and viral infection, but also to compensate ACE2 loss of function and the 
consequent (hypothesised) increase of Ang II (Pang et al., 2020; Pucci et al., 2020; Zhang et al., 2020a). In this regard, human rACE2 
has been shown to inhibit SARS-CoV-2 infection in vitro in human organoids (Monteil et al., 2020) and a pilot study using rACE2 
protein for COVID-19 started at the end of February 2020 (ClinicalTrials.gov number, NCT04287686). However, despite the initial 
expectations, the clinical trial with rACE2 was abandoned without further details and the treatment with rACE2 produced only a case 
report of a single survivor of COVID-19 (Zoufaly et al., 2020). On the other hand, hypertensive patients, most of which are “pretreated” 
with ACE/Ang II/AT1R pathway inhibitors, had an increased risk to develop severe SARS-CoV-2 infection (see (Zamai, 2020a)), 
suggesting that these inhibitors were not expected to protect from COVID-19. Indeed, the only randomised trial with hospitalized 
patients under ACE inhibitors (ACEIs) or Ang type 1 receptor blockers (AT1RBs) showed no difference between those that randomly 
continued or discontinued the antihypertensive therapies (Cohen et al., 2021), suggesting that factors other than ACE2 loss of function 
and relative increase of ACE activity were involved in COVID-19 development. In this regard, other reports clearly showed that 
SARS-CoV-1-induced ACE2 down-modulation was due to ACE2 cell surface shedding, which was mediated by the activation of 
extracellular ADAM17 zinc-metalloprotease (Glowacka et al., 2010; Haga et al., 2008). Interestingly, after shedding, the soluble form 
of ACE2 (sACE2) retained not only its binding ability for spike SARS-CoV-1 proteins thus protecting against cell (but not organism) 
infection but also its enzymatic activity (Haga et al., 2008; Jia et al., 2009; Li et al., 2005). Therefore, even if SARS-CoV-induced ACE2 
shedding can locally repress ACE2 function, this process would increase ACE2 systemic activity, a condition that was proposed to be on 
the origin of COVID-19 (Zamai, 2020a, 2021). Indeed, results from differential gene expression analysis of RAS genes in cells from 
bronchoalveolar lavage samples from patients with severe COVID-19 identified an increase in ACE2 expression that likely affects RAS 
balance (Garvin et al., 2020). 

2. SARS-CoV-induced ACE2 (and ADAM17) zinc-metalloprotease systemic hyperactivity as a possible pathophysiological 
origin of COVID-19 

A confirmation that SARS-CoVs can induced an ACE2 hyperactivity comes from recent reports showing a progressive increase of 
systemic ACE2 activity in COVID-19 patients and in accordance to disease severity (Nagy et al., 2021; Patel et al., 2021; Rein-
dl-Schwaighofer et al., 2021). Similarly, high circulating levels of sACE2 were significantly associated with worse or longer COVID-19 
outcome in hospitalized patients (Kragstrup et al., 2021; Lundström et al., 2021; Reindl-Schwaighofer et al., 2021). Notably, in healthy 
individuals circulating ACE2 activity is usually low to undetectable (Patel et al., 2021; Lew et al., 2008), instead pre-existing high 
levels of circulating ACE2 protein/activity are typical of patients with comorbidities (e.g. male sex, age, cardiopathies, hypertension, 
diabetes) associated to severe COVID-19 (Anguiano et al., 2015; Epelman et al., 2009; Kornilov et al., 2020; Kragstrup et al., 2021; 
Narula et al., 2020; Ortiz-Pérez et al., 2013; Ramchand et al., 2018; Sama et al., 2020; Soro-Paavonen et al., 2012; Úri et al., 2014, 
2016; Wallentin et al., 2020; Walters et al., 2017), suggesting that an elevated baseline activity of ACE2 in circulation would pre-
dispose to severe COVID-19 because SARS-CoV infections would further increase ACE2 systemic activity. Altogether this evidence 
strongly supports the hypothesis that the main and initial cause of COVID-19 would be an excessive activity of circulating ACE2 
zinc-metalloprotease, initially triggered by SARS-CoV infection (Zamai, 2020a, 2021). Interestingly, sACE2 has also been shown to 
bind to integrins and to increase their adhesive function (Clarke et al., 2012), a feature that might expand virus tropism to non-ACE2 
positive tissues and might contribute to the complex pattern of COVID-19. In this regard, sACE2-mediated endocytosis of SARS-CoV-2 
via AT1R or vasopressin receptor in transfected cell lines has been recently shown, highlighting a new cell entry mechanism of 
SARS-CoV-2 infection that may also occur in vivo (Yeung et al., 2021). Notably, the addition of physiological concentrations of rACE2, 
mimicking the sACE2, increased SARS-CoV-2 infectivity in a renal cell line (Yeung et al., 2021), indicating that rACE2 therapeutic 
approach against COVID-19, if not detrimental, was a useless therapy. Instead, in order to inhibit SARS-CoV-2 infection, the authors 
proposed to target ACE2 shedding pathway, i.e. to inhibit ADAM17 activity, (Yeung et al., 2021), a pharmacological treatment that we 
have already proposed (Zamai, 2020a, 2021) and it was originally proposed by Haga and colleagues for SARS-CoV-1 infection (Haga 
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et al., 2010). In this regard, the initial binding event to ACE2-expressing cells is shared by different coronaviruses, i.e. SARS-CoVs and 
HCoV-NL63; however, HCoV-NL63 is only responsible of symptoms typical of common cold. Instead, both severe respiratory symp-
toms and ADAM17-mediated cell surface shedding of ACE2 are exclusive features of SARS-CoVs (Glowacka et al., 2010; Haga et al., 
2008; Yeung et al., 2021), further suggesting that ACE2 surface receptor cleavage and pathway hyperactivation downstream of ACE2 
activity may be key players in COVID-19 disease development. Notably, in order to induce ACE2 shedding, SARS-CoV virions need to 
recruit ADAM17 close to ACE2, a mechanism that could possibly be mediated by the N-terminal domain (NTD) of the SARS-CoV-2 

Fig. 1. Putative physiopatological mechanisms leading to COVID-19 after SARS-CoV-2 infection or possibly to mild adverse reactions following 
vaccination and treatment proposals. 1) Renin secreted, by the kidney, cleaves angiotensinogen, produced by liver, to form Ang I, 2) Ang I is converted 
to Ang II by pulmonary ACE zinc-metalloprotease. 3) Ang II binds to angiotensin type 1 receptors (AT1Rs) or it is transformed into Ang (1–7) by ACE2 
zinc-metalloprotease (see 6). 4a) SARS-CoV-2 spikes of virions or 4b) of “vaccinated” cells bind to ACE2, inducing ADAM17-mediated ACE2 shedding, 
which is possibly driven by spike N-terminal domain binding/recruitment of ADAM17 close to ACE2. 5) ADAM17-regulated ectodomain shedding of 
ACE2 results in increased amount of soluble and active circulating ACE2 (sACE2). 6) sACE2 can transform both Ang I and Ang II into Ang (1–9) and Ang 
(1–7), respectively. 7) The excess of Ang 1–9 and Ang 1–7 signalling via the AT2Rs (7a) and MasRs (7b) can induce hypotension, anti-inflammatory (IL- 
10), antithrombotic or prothrombotic pathway activation. 8) Differently from vaccination, in susceptible subjects (expressing high baseline levels of 
sACE2 activity), the persistent activation of these pathways caused by viral expansion will, in turn, produce late compensatory responses that upregulate 
both renin and ACE expression, leading to an excess of Ang II. 9) The excess of Ang II through AT1R hyperactivation can cause thrombosis, hypertension, 
hypoxia, inflammation, IL-6, IL-1β and TNF-α, which establish positive feedback loops by inducing further ACE2 and ADAM17 upregulation (for further 
details, see the text). 10). In the grey bottom boxes, drugs inhibiting RAS enzymes that can potentially stop compensatory responses and/or positive 
feedback loops (depending on COVID-19 phase) are indicated (for further details, see the text). Receptor Blockers: AT1RBs, AT2RBs, MasRBs and 
enzymatic inhibitors: ACEIs, ACE2Is, ADAM17Is, are indicated. Dotted arrows indicate an enzymatic transformation, dashed arrows represent 
compensatory responses and positive feedback loops, and full arrows indicate releases in systemic circulation. Created in Biorender.com. 
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spike S1 subunit. In this regard, the NTD is the highest variable region of the spike protein in SARS-CoV-2 variants and its frequency of 
mutation is even higher than the receptor binding domain (RBD) present in the C-terminal domain (CTD) of the S1 (McCallum et al., 
2021; Thomson et al., 2021). It is well known that the ACE2-mediated viral entry is allowed by the RBD of the spike protein and this 
domain is target of the neutralising antibody induced by SARS-CoV-2 vaccine or infection. This is the reason why mutations in the RBD 
that confer resistance to neutralising antibodies as well as increase the binding affinity to ACE2 have selective advantage and are 
preferentially expressed by SARS-CoV-2 spike variants (Thomson et al., 2021). However, single mutations in the RBD are often 
associated with deletions in the NTD that drive antibody escape (McCarthy et al., 2021; Thomson et al., 2021), suggesting that NTD 
may participate in the infection of SARS-CoV-2. 

It is known that most coronaviruses have the RBD in the CTD of S1; however, in these cases, the NTD have been suggested to 
enhance the binding of the virus to the cell surface by recognizing specific sugar moieties (Krempl et al., 1997; Künkel and Herrler, 
1993; Li, 2016; Lu et al., 2015; Awasthi et al., 2020; Park et al., 2019). Indeed, NTDs of the S protein of betacoronaviruses fold into a 
galectin-like structure, a typical carbohydrate-recognition domain, that can be utilized as an alternate receptor, possibly affecting viral 
attachment and tropism (Li et al., 2016). For example, attachment to host sialic acid receptors has been suggested to be a key step in 
regulating MERS-CoV infection (Park et al., 2019). Interestingly, both MERS-CoV and SARS-CoV sialic acid binding pockets (galec-
tin-like structures) have a short helix that characterise and distinguish them from other coronaviruses, thus suggesting that they may 
share similar carbohydrate specificities (Awasthi et al., 2020; Park et al., 2019; Yuan et al., 2017). On the other hand, circulating 
activity of dipeptidyl-peptidase-4 (DPP-4), the membrane receptor for MERS-CoV entry, is mediated by zinc-metalloprotease shedding 
activity and it is induced by hypoxia (Röhrborn et al., 2014), thus further sharing features with ACE2-mediated SARS-CoV infection. In 
addition, neutralising antibodies to NTD of the spike protein have been shown to be highly potent against infectious virus and to 
protect from diseases, by inhibiting not only attachment but also post-attachment steps of both MERS-CoV and SARS-CoV-2 infections 
(Zhou et al., 2019; McCallum et al., 2021; Suryadevara et al., 2021; Chi et al., 2020; Graham et al., 2021), indicating that NTD of spike 
proteins may participate at different stages in inducing infections. In particular, these antibodies were able to block SARS-CoV-2 
S-mediated cell-cell fusion, suggesting that they could prevent interaction with an auxiliary receptor, possibly mediating proteo-
lytic activation and/or membrane fusion (McCallum et al., 2021). In this regard, it has already been suggested that cleavage of ACE2 
might be a prerequisite for the fusion of spike proteins (cleaved at the S1/S2 boundary site) with membrane (cleaved) ACE2, finally 
leading to spike-ACE2 fusion proteins and viral infection (Song et al., 2018; Zamai, 2020a). Therefore, the auxiliary receptor mediating 
the proteolytic activation and membrane fusion might be ADAM17. It is known that ADAM17 is a heavily glycosylated protein and it is 
able to cleave its substrates at a fixed distance close to the cell membrane (Calligaris et al., 2021). Therefore, NTD specific affinity for 
sugar moieties on ADAM17 and RBD affinity for ACE2 might drive the correct distance to induce ACE2 shedding and consequent 
infection. In line with this hypothesis, some cell lines (e.g. HepG2 and 293T cells) expressing membrane ACE2 but unable to release 
sACE2 were not susceptible to SARS-CoV-2 infection (Yeung et al., 2021), further indicating that the recruitment/activity of ADAM17 
may be crucial for SARS-CoV-2 infectivity. In addition, sugar moieties on ADAM9, a membrane-anchored protease member of the 
ADAM family, have been already shown to have a role in promoting viral infection (Baggen et al., 2019). Therefore, neutralising 
anti-NTD of spike proteins might act by inhibiting ADAM17 recruitment/activity and possibly by shifting SARS-CoV-2 to a common 
cold-like infection, such as that induced by HCoV-NL63. If this is the case, NTD of spike protein might facilitate not only the binding of 
SARS-CoV-2 virion to ACE2-ADAM17 expressing cells but also the ADAM17-mediated ACE2 shedding, which would lead to both fusion 
protein formation and systemic sACE2 release (see Fig. 1). 

Interestingly, soluble ACE2 protein production can also be generated by alternative mRNA splicing (Rehman and Tabish, 2020). 
However, this ACE2 isoform may have not only different expression/localisation (soluble vs membrane bound) but also function. In 
this regard, the human ACE2 enzyme consists of two main domains: the extracellular peptidase catalytic domain (residues 19 to 615) 
that includes the critical residues responsible for the binding of the SARS-CoV-2 spike protein and the collectrin-like domain (residues 
615 to 768) that contains the neck (residues 616 to 726), the transmembrane helix (residues 741 to 764, encoded by exon E17) and an 
intracellular segment (Towler et al., 2004; Rehman and Tabish, 2020; Yan et al., 2020). The full-length ACE2 protein of 805 amino 
acids is encoded by 18 coding exons and a soluble isoform of 555 amino acids is truncated after exon 12 (Rehman and Tabish, 2020). 
Notably, the ACE2 cleavage site mediated by ADAM17 has been predicted between amino acids 716 and 741 (Jia et al., 2009), which 
corresponds to neck-transmembrane boundary of ACE2 collectrin-like domain, while the soluble ACE2 isoform is “cleaved” at the level 
of the peptidase domain, raising the possibility that this ACE2 secreted form might be enzymatically inactive and/or unable to bind to 
surface receptors/integrins (Clarke et al., 2012; Yeung et al., 2021). On the other hand, this sACE2 isoform may maintain its binding 
affinity for SARS-CoV-2 spike protein, and consequently may provide protection against infection, because the interaction between the 
SARS-CoV-2 spike protein and human ACE2 is mediated by amino acid residues (Gln 24, Asp 30, His 34, Tyr 41, Gln 42, Met 82, Lys 
353, and Arg 357) that are all present in soluble isoform of 555 amino acids (Rehman and Tabish, 2020). In line with this hypothesis, 
differently from ADAM17-mediated ACE2 release (Yeung et al., 2021), transcription of the soluble ACE2 isoform has been shown to 
protect from SARS-CoV-2 infection in the upper respiratory tract, while transcription of transmembrane ACE2 (that can be subse-
quently shed by ADAM17) positively correlated with SARS-CoV-2 viral RNA loads (Nikiforuk et al., 2021). In this regard, catalytically 
inactive forms of recombinant or chemically synthesized sACE2 were shown to potently inhibit SARS-CoV-1 infection (Han et al., 2006; 
Moore et al., 2004), further suggesting that events downstream of ACE2 enzymatic activity and/or its shedding may be crucial in 
favouring the viral infection and COVID-19 development. 

For the sake of completeness, several alternative SARS-CoV-2 host cell receptors/routes (such as neuropilin-1, dipeptidyl peptidase 
4, CD147 and clathrin-mediated endocytosis) which may impact tropism of SARS-CoV-2 infection independently of ACE2 have been 
also described (Cantuti-Castelvetri et al., 2020; Li et al., 2020a; Masre et al., 2020; Puray-Chavez et al., 2021; Radzikowska et al., 
2020). These observations suggest that there are additional factors that may participate in COVID-19 progression, which may not be 
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solely reconciled by evaluating ADAM17/ACE2 activities. However, the actual involvement of these pathways in vivo and conse-
quently in COVID-19 pathogenesis has to be confirmed. A further degree of complexity on the impact of SARS-CoV-2 tropism/infection 
comes from the observation that ACE2-expressing exosomes are released/present in plasma samples (El-Shennawy et al., 2020), raising 
the possibility of an exosome-mediated intercellular ACE2 transfer. A possible further mechanism (never been documented so far) that 
might not only make ACE2 negative recipient cells susceptible to virus entry (Hassanpour et al., 2020) but also increase ACE2 systemic 
activity; a scenario that would deserve an investigation. 

Therefore, after SARS-CoV-2 challenge, ACE2-positive cells can release soluble (and possibly exosomal) forms of ACE2, which may 
mediate either virus import into several tissues (even ACE2-negative ones) or systemic ACE2 gain of function. It is therefore proposed 
that high circulating level of ACE2 cannot be considered a mere biomarker of COVID-19 or other diseases characterised by increased 
plasma ACE2 protein/activity, rather it represents an active (pre-existing) factor with a crucial role in determining the pathological 
conditions and the probability to develop severe COVID-19. However, the above-described “converging” evidence raises the question 
whether an excessive ACE2 activity can lead to manifestations compatible with the complex pattern of COVID-19 disease, such as 
inflammation, thrombosis, cardiac dysfunction and respiratory syndrome. 

3. Pathological effects of ACE2 pathway hyperactivity and RAS-mediated positive feed-back loops triggered by SARS-CoV- 
2 infection 

The renin-angiotensin system (RAS) is composed of several angiotensin peptides with pleiotropic and interconnected activity, 
whose biogenesis is mediated by three main enzymes: renin and two zinc metalloproteases, angiotensin converting enzyme (ACE) and 
ACE2. Renin is secreted in the blood by kidney pericytes of the afferent arterioles of the juxtaglomerular apparatus in response to 
various stimuli, such as low Na+ concentration and hypotension (Patel et al., 2017). In the plasma, renin processes hepatic angio-
tensinogen to generate angiotensin (Ang) I, which is further transformed by endothelial ACE into Ang II (Hunyady and Catt, 2006; 
Patel et al., 2017). Finally, ACE2 can transform Ang I and II into Ang (1–9) and Ang (1–7), respectively (Jia, 2016; Kuba et al., 2010; 
Magalhaes et al., 2018; Ocaranza et al., 2020; Ocaranza and Jalil, 2012; Passos-Silva et al., 2013; Santos et al., 2013; Sharma et al., 
2019; Turner, 2015; Xu et al., 2011; Zamai, 2020a). Ang II exerts its activity by binding to AT1R that produces vasoconstriction and 
stimulates aldosterone and antidiuretic hormone secretion respectively by zona glomerulosa cells of the adrenal cortex and 
hypothalamic-neurohypophyseal axis, finally leading to sodium/water retention and hypertension. It is well known that excessive Ang 
II/AT1R pathway activation induces not only hypertension but also inflammation, hypertrophy, thrombosis and fibrosis that lead to 
dysfunction of several organs (Hunyady and Catt, 2006; Walters et al., 2017). Instead, Ang (1–7) and Ang (1–9) peptides binding to 
MasR and AT2R, respectively, induce endothelium-dependent NO-mediated effects and oppose the Ang II/AT1R pathway, exerting 
hypotensive, anti-inflammatory, antithrombotic and antiproliferative/apoptotic activities (Jia, 2016; Kuba et al., 2010; Magalhaes 
et al., 2018; Ocaranza et al., 2020; Ocaranza and Jalil, 2012; Passos-Silva et al., 2013; Santos et al., 2013; Sharma et al., 2019; Turner, 
2015; Xu et al., 2011; Zamai, 2020a). Several studies report the beneficial effects of ACE2 pathway activation in models in which the 
ACE pathway is upregulated, therefore balancing an unbalanced situation. However, there is a range of normality for every biological 
parameter, and this is likely true for ACE2 as well. In this regard, some experimental models in the context of ACE2 hyperactivity 
and/or Ang (1–7) infusion have also been associated to pathological conditions involving heart, liver, intestine, lung and coagulation 
and these studies were already extensively described in previous works, for details see (Zamai, 2020a, 2021). Intriguingly, some of the 
pathological effects induced by excessive activation of the ACE2/Ang (1–7)/MasR pathway resemble those produced by hyper-
activation of the Ang II/AT1R pathway, making it difficult to understand what the original cause and the cause-effect relationship of 
the phenomenon are. Nevertheless, it was suggested that the establishment of viral-independent positive feedback loops sustaining 
hyperactivation of both arms of RAS were responsible for the critical stages of COVID-19 disease (Zamai, 2020a, 2021) (see Fig. 1). 
Notably, increase of circulating sACE2 activity depends on an increased ACE2 cell “hypertranscription”, synthesis and consequently 
ACE2 surface membrane expression, which leads to more ACE2 receptors available for SARS-CoV-2 infection. 

The sequential activation of different key actors downstream of ACE2 hyperactivity that leads to manifestations consistent with 
COVID-19 has been already disclosed (see (Zamai, 2021; 2020a)). In particular, in some predisposed individuals (with high basal 
activity of circulating ACE2, a prognostic marker), ACE2-induced excessive and persistent anti-inflammatory cytokines and hypo-
tension (early disease phase) have been proposed to subsequently induce a compensatory upregulation of renin and ACE (antagonist) 
zinc-metalloprotease, leading to inflammatory cytokine secretion and systemic thrombosis/hypoxia (late disease phase) that further 
induce ACE2 synthesis/upregulation (final disease phase). Notably, this hypothesis was practically confirmed by a recent work 
describing the plasma concentrations of sACE2, Ang (1–7) and Ang II (Reindl-Schwaighofer et al., 2021), in which it was reported that 
both Ang II and Ang (1–7) [~1.0 pmol/L in healthy individuals (Lawrence et al., 1990)] concentrations were significantly higher in 
hospitalized patients with severe versus mild COVID-19. Interestingly, plasma levels of Ang II in mild COVID-19 patients (early 0–3 
days of hospitalisation, median 47.7 pmol/L, interquartile range, IQR, 16.3–131.7 and late 9–11 days, median 32.9 pmol/L, IQR, 
9.3–78.2 pmol/L) were basically lower than healthy subjects [median 147 pmol/L, IQR, 67–227 pmol/L (Kovarik et al., 2015)], 
suggesting an increased ACE2-mediated metabolisation of Ang II that is what is expected during the first phase of COVID-19. 
Differently, in severe COVID-19, plasma concentrations of Ang II have been shown to be significantly higher than healthy controls 
(see (Liu et al., 2020b)), and they were particularly higher during the initial days of hospitalisation as compared with those observed 
during late days [median 165.7 pmol/L, IQR, 61.2–680.6 vs median 95.7, IQR, 37.5–250.0 (Reindl-Schwaighofer et al., 2021),], 
suggesting that during the early days of hospitalisation, severe COVID-19 patients had a disease progression characterised by upre-
gulation of both renin and ACE (a feature of the second dangerous phase of COVID-19). Indeed, COVID-19 patients (compared with 
healthy individuals) initially had lower levels of the soluble form of ACE, which significantly increase at follow-up (four months after 
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the first test) (Lundström et al., 2021). Therefore, the reduction of Ang II levels observed during the late days of hospitalisation may be 
consistent with a further increase of ACE2 activity (a feature of the final phase of COVID-19). In line with this hypothesis, in patients 
with severe COVID-19, sACE2, Ang (1–7) and Ang (1–7)/Ang II ratio increased over time, indicating a progressive increase of 
sACE2-mediated formation of Ang (1–7) (early 0–3 days of hospitalisation, median 10.8 pmol/L, IQR, 5.1–50.7 and late 9–11 days, 
median 49.8 pmol/L, IQR, 14.6–132.0 pmol/L), which reached peak values similar to those observed in acute respiratory distress 
syndrome (Khan et al., 2017; Reddy et al., 2019; see Zamai, 2020a) during the “final” and worse phase of the disease (days 9–11 of 
hospitalisation) (Reindl-Schwaighofer et al., 2021). Nevertheless, in this report, ACE2 protein levels were similar between influenza 
and mild COVID-19 patients. In this regard, ACE2 can be upregulated during inflammatory phase of viral infections, such as human 
influenza, because it is an interferon stimulated gene (Ziegler et al., 2020), thus accounting for the increase of circulating ACE2 
protein/activity in influenza infection as compared with healthy subjects (in which ACE2 activity is usually low to undetectable (Patel 
et al., 2021; Lew et al., 2008). Moreover, there was no a clear correlation between increased circulating ACE2 protein and Ang (1–7) 
levels (Reindl-Schwaighofer et al., 2021). For example, in non-severe COVID-19 patients, Ang (1–7) levels were similar in the early and 
late phases despite circulating ACE2 is more than 2-fold higher at the late (virus eradicating) phase. Moreover, despite ACE2 levels 
were similar between patients with late phase non-severe COVID-19 and those with influenza, Ang (1–7) was at significant higher 
levels in patients with influenza. Similarly, there was no significant difference between ACE2 protein levels in the plasma of COVID-19 
positive and negative patients (Kragstrup et al., 2021). In this regard, it has been already highlighted (see (Zamai, 2020a)) that in order 
to draw conclusions from blood sample analyses of circulating levels of ACE2 protein, substrates, products and activity, it is important 
to consider that:  

(1) circulating S1-sACE2 and SARS-CoV-2-sACE2 complexes (that still maintain ACE2 enzymatic activity), which are formed by 
viral-induced ACE2 shedding, might not be detectable by anti-ACE2 antibodies in ELISA because the complexes may prevent 
sACE2 antibody sandwich/recognition. Therefore, differently from normal or other pathologic conditions (e.g. influenza, 
cardiopathies, hypertension, diabetes), sACE2 protein detection by ELISA (and its real protein concentration) in plasma samples 
of COVID-19 patients might not be reliable because its detection is affected by systemic viral loads. In this regard, late phases of 
COVID-19 are expected to have lower viral loads either because of the recovery from COVID-19 in mild infection or because 
severe forms of COVID-19 are later sustained independently of SARS-CoV-2 infection; consequently, the observed increase of 
ACE2 protein in late COVID-19 phases (see (Reindl-Schwaighofer et al., 2021)) could be, at least in part, apparent;  

(2) the evaluation of circulating ACE2 activity using fluorogenic substrates can be different because it can be determined using 
different substrates and by two different methods: directly on untouched plasma samples (thus with the actual plasma Zn2+

levels and with the endogenous ACE2 inhibitor present in plasma (Lew et al., 2008)) or by adding ZnCl2 (which is able to induce 
ACE2 maximal activity (Anguiano et al., 2015)). Moreover, part of sACE2 (and ACE2-expressing exosomes) in plasma might 
bind to recipient cells, thus reducing circulating ACE2 protein; however, it may maintain its “systemic” activity;  

(3) circulating concentrations ACE2 products (e.g. Ang (1–7) and Ang (1–9)) depend not only on ACE2 enzymatic activities but also 
on availability of substrates (which are affected by renin and ACE activities) and on the level of expression of the respective 
receptors (e.g. AT2R and MasR) that, by binding ACE2 products, remove them away from circulation. 

For example, plasma Ang (1-7) concentration is dependent not only on ACE2 enzymatic activity but also on both amount of the 
(antagonistic) Ang II (and its precursor, Ang I) and on MasR expression on surface of cells in the organs. In the light of these con-
siderations, the recent reports determining plasma ACE2 activity by fluorimetric evaluation, which showed a marked and progressive 
increase of circulating ACE2 activity that correlates with COVID-19 severity (Nagy et al., 2021; Patel et al., 2021), clearly indicate the 
crucial role of ACE2 systemic activity in COVID-19. In line with this hypothesis, a recent report showed that SARS-CoV-2 trimeric spike 
protein significantly increased ACE2 enzymatic activity and that the enhancement was mediated by the binding of SARS-CoV-2 spike 
RBD domain (Lu and Sun, 2020). Moreover, SARS-CoV-2 spike protein binding has been shown to selectively accelerate 
substrate-specific catalytic activity of ACE2 and, in particular, the cleavage of des-Arg(9)-bradykinin (leading to an inactive bradykinin 
product) and Ang I (to Ang (1–9) product) substrate analogs, while angiotensin II analog cleavage was minimally affected by the 
binding of spike protein (Kiseleva et al., 2021). In this regard, the detection of inactive products of ACE2 activity, such as that derives 
from des-Arg(9)-bradykinin, could be a more reliable marker than Ang (1–7) to evaluate ACE2 systemic activity. Moreover, data 
obtained by adding human recombinant ACE2 ex vivo in plasma samples (thus mimicking an acute increase of systemic ACE2 activity 
(Ye et al., 2012), showed an expected strong reduction of Ang II, a moderate reduction of Ang I and a significant increase of Ang (1–9), 
Ang (1–7) and its ACE-induced product, Ang (1–5) (Ye et al., 2012), suggesting that Ang (1–5) might be an interesting surrogate marker 
of ACE-ACE2 combined activity in severe forms of COVID-19. 

Sequential anti-inflammatory/proinflammatory pathway activation. Based on the above-described pathophysiological mechanism, 
SARS-CoV-2 would initially induce excessive and persistent anti-inflammatory, hypotensive and antithrombotic activities, which can 
subsequently drive rebound compensatory responses, leading to increase of the antagonist RAS pathway. As an example, longitudinal 
studies of cytokine production reveal that immune inhibitory cytokines (such as IL-10 and IL-1 receptor antagonist) are upregulated 
earlier than inflammatory cytokines (such as IL-6) in plasma of severe COVID-19 patients (Zhao et al., 2020). Differently from in-
flammatory cytokines, IL-10 is associated with a reduced immune proliferation and response (Schülke, 2018) and consistent with 
eosinopaenia and lymphopaenia, both early markers of COVID-19 (Zamai, 2020a, 2021). In this regard, IL-10 has been shown to 
antagonise type I interferons (IFN–I) signalling by suppressing phosphorylation of STAT1 (Ito et al., 1999), which is responsible for the 
transcription of IFN-I genes, one of the major innate immune mechanisms against viral pathogens. Indeed, IFN-I gene transcription is 
inhibited by SARS-CoV-2 infection (Blanco-Melo et al., 2020), suggesting that delayed inflammatory signalling could be mediated by 
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early production of IL-10. Notably, IL-10 secretion can be induced by compounds that mimic Ang (1–7)/MasR or Ang (1–9)/AT2R 
pathways in mouse models (Fatima et al., 2021; Rodrigues-Machado et al., 2013), thus suggesting a link between ACE2 activity and 
(downstream) IL-10 secretion. Among the major producers of IL-10, myeloid-derived suppressor cells (MDSCs) massively expand 
during the early phase of severe COVID-19 (Agrati et al., 2020), suggesting that early increase of IL-10 could be related to their 
expansion. In this regard, RAS has been shown to play an important role in myelopoiesis (Lin et al., 2011), raising the possibility of a 
possible link between RAS imbalance and massive expansion of MDSC. Indeed, ACE-deficient mice had an increased number of cells 
with a MDSC phenotype (Lin et al., 2011), while a mouse bone marrow cell line overexpressing ACE showed a reduced MDSC pro-
duction (Shen et al., 2014); findings that are consistent with the possibility that a relative increase of ACE2/ACE activity ratio might 
contribute to early expansion of IL-10-producing MDSCs during COVID-19 disease. However, chronic upregulation of IL-10 has also 
been shown to contribute to inflammatory diseases (Lauw et al., 2000; Lu et al., 2021; Yaseen et al., 2020), thus suggesting that an 
initial and persistent secretion of immunosuppressive IL-10 could trigger a subsequent compensatory inflammatory response, as it may 
occur in the late phase of severe COVID-19. In line with this hypothesis, in COVID-19 patients, sACE (but not sACE2), which is initially 
lower than healthy individuals, has been shown to significantly increase with time and to display positive correlations with IL-6 and 
TNF-α inflammatory cytokines (Lundström et al., 2021). In this regard, the so called cytokine storm is mediated by increased levels of 
several proinflammatory cytokines, among which TNF-α and IL-1β have been shown to induce ACE2 synthesis and/or shedding (Clarke 
et al., 2014; Jia et al., 2009) that further increase sACE2 systemic release and activity, which, in this case, are independent of 
SARS-CoV-2 binding. Along this line of thinking, since ACE2 is an interferon stimulated gene (Ziegler et al., 2020), ACE2 could be 
further upregulated independently of SARS-CoV-2 during late inflammatory phase of severe disease (Ziegler et al., 2020). However, 
the increase in ACE2 expression may also be a non-specific response to an initial inflammatory milieu (as it may occur during human 
influenza infection (Reindl-Schwaighofer et al., 2021), rather than a COVID-19 specific associated condition. For example, the 
increased expression of circulating ACE2 during influenza infection (Reindl-Schwaighofer et al., 2021) may suggest that endothelial 
cells express interferon-inducible membrane bound ACE2 that is subsequently shed. Similarly, induction of membrane ACE2 
expression by SARS-CoV-2 infection in a subpopulation of epithelial ciliated epithelia has been associated with IFN secretion by 
immune cells (Chua et al., 2020) and this evidence may correlate with cough, one of the most common early symptoms of COVID-19 
(Docherty et al., 2020). Nevertheless, differently form influenza, SARS-CoV-2 induces early IL-10 secretion (Zhao et al., 2020) that 
might inhibit interferon-inducible gene expression (Ito et al., 1999; Blanco-Melo et al., 2020), such as ACE2, and “runny nose” is an 
uncommon early symptom of SARS-CoV-2 infection that has a lower frequency than gastrointestinal symptoms (Docherty et al., 2020). 
In this regard, recent studies suggest that full-length ACE2 expression that is independent on IFN-responsive elements is preferentially 
transcribed in the gastrointestinal tract, while interferons and viruses do not induce the full-length ACE2 receptor in the upper aer-
odigestive tract but rather a novel truncated and unstable ACE2 isoform, lacking domains required for SARS-CoV-2 binding and 
peptidase activity (Ng et al., 2020; Onabajo et al., 2020). It is therefore unlikely that this isoform, lacking part of the extracellular ACE2 
domain, could contribute to SARS-CoV-2 infection through membrane bound ACE2 (or indirectly via ACE2 enzymatic hyperactivity) at 
least in the upper aerodigestive track, rather it might protect from SARS-CoV-2 infection and/or from ACE2 hyperactivity. The dis-
covery of this tissue-specific new isoform of ACE2 that is generated by co-option of intronic retroelements as promoter and alternative 
exon, indicates a further degree of tissue-specific adaptation of both regulatory (IFN-inducible elements) and protein-coding gene 
isoforms of ACE2. In this regard, it has been recently described how the majority of protein-coding and regulatory gene sequences can 
be “edited” by non-random intronic retrotransposon-mediated mechanisms (resembling that of immunoglobulin somatic hyper-
mutation) and non-random retrotransposon transposition, respectively (see (Zamai, 2020b)). In particular, this occurs when genes are 
transcribed at their maximum rate (“hyper-transcribed”) and yet still are unable to meet environmental demands, i.e., their protein 
products are inadequate. Through these non-random mechanisms, new coding and regulatory sequences can incidentally generate 
more adequate and functional proteins (Zamai, 2020b). However, the majority of genetic attempts can generate dysfunctional proteins 
and/or proteins that can be recognised as extraneous (non-self) by the immune system, ultimately leading to autoimmunity (Zamai, 
2020b). It is now emerging that during late phases of severe SARS-CoV-2 infection can appear various autoimmune and inflammatory 
diseases (see (Casciola-Rosen et al., 2020; Zamai, 2021)). It is tempting to speculate that, during COVID-19, hypertranscription of 
ACE2 may induce the generation of several new gene attempts encoding non-functional ACE2 proteins, which can be sensed as non-self 
by the immune system. Indeed, anti-ACE2 non-neutralising (IgM) auto-antibodies have been recently associated with autoimmunity 
and severe inflammatory complications in some COVID-19 patients (Casciola-Rosen et al., 2020). In this regard, it was recently 
proposed that anti-ACE2 non-neutralising (IgM) auto-antibodies may mimic SARS-CoV-2 virions by inducing membrane ACE2 
shedding and thus sustaining the systemic sACE2 enzymatic activity even in the absence of viral load (Zamai, 2021). 

Sequential hypotensive/hypertensive pathway activation. Similarly to the anti-inflammatory activities, initial hypotension in 
SARS-CoV patients (Yu et al., 2006) is likely induced by both ACE2-mediated Ang II hydrolysis and hypotensive activity of both Ang 
(1–7)/MasR and/or Ang (1–9) axes (see (Ocaranza et al., 2020; Santos et al., 2013; Xu et al., 2011; Zamai, 2020a)). Indeed, although 
the ACE2 enzymatic activity against Ang I is about 400-fold lower than that against Ang II (Vickers et al., 2002), high levels of 
circulating ACE2 may be able to increase concentrations of Ang (1–9), which possesses a hypotensive activity via AT2R induction of 
NO production and natriuresis (Ocaranza et al., 2020). These multiple hypotensive effects, if persistent, can subsequently induce 
upregulation of renin and ACE, and consequently increased production of the hypertensive Ang II. However, Ang II can be further 
processed by sACE2 excess into hypotensive Ang (1–7), thus establishing a positive feedback loop. On the other hand, Ang II/AT1R axis 
has been shown to increase myocardial ADAM17 expression and activity (Patel et al., 2014), thus inducing further ACE2 shedding and 
sACE2 systemic activity that is again independent of viral infection. Therefore, both Ang (1–7) and Ang II facilitate the systemic 
activity of their negative regulators (ACE and ACE2), which finally induce a progressive hyperactivity of both arms of RAS through a 
viral-independent positive feedback loop. 
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Sequential antithrombotic/prothrombotic pathway activation. Finally, also antithrombotic/prothrombotic activities may follow a 
dual pattern of disease progression along the different phases of severe COVID-19. Indeed, sequential activations of RAS pathways that 
resembles those described for anti-flammatory/proinflammatory and hypotensive/hypertensive responses can account for the com-
plex coagulopathy pattern characterised by concomitant thrombocytopenia and thrombosis (Bhattacharjee and Banerjee, 2020). 
ACE2/Ang-(1–7)/MasR axis, which is likely induced early during disease progression, has been shown to have an antithrombotic effect 
(Fraga-Silva et al, 2008, 2010; Kucharewicz et al., 2002). For example, Ang (1–7)/MasR axis has been shown to induce an antith-
rombotic activity mediated by platelet release of NO (Fraga-Silva et al., 2008). In contrast, Ang II/AT1R axis, which is supposed to be 
upregulated at late stages of severe COVID-19, has a well-known prothrombotic activity mediated by either reduction of fibrinolytic 
activity or induction of microvascular thrombosis by promoting thrombin generation (Mogielnicki et al., 2005; Senchenkova et al., 
2010; Vaughan et al., 1995). However, in rat models of thrombosis, even Ang (1–9) has been shown to induce both arterial thrombotic 
platelet aggregation and impairment of fibrinolysis (enhancing venous thrombosis) via Ang II/AT1R axis (Kramkowski et al., 2010; 
Mogielnicki et al., 2014), thus suggesting that ACE2-produced Ang (1–9) could synergistically work with Ang II in inducing throm-
botic/ischemic processes at late and severe stages of COVID-19. In addition, recent reports (Abassi et al., 2021; Zhang et al., 2020b), 
showing that ACE2 is expressed by platelets, suggest that SARS-CoV-2 virions can bind platelets, finally inducing platelet activation 
that may participate not only in thrombus formation but also in systemic sACE2 release. 

RAS-mediated liver dysfunction promoting deficit of anticoagulant proteins and/or elevation of procoagulant factors (e.g., C- 
reactive protein) was also recently proposed to be relevant for thrombotic ischemic events (Zamai, 2021). Moreover, reduced level of 
hepatic albumin (the major transporter of zinc ions in plasma (Coverdale et al., 2019) was suggested to increase availability of free zinc 
ions (see (Zamai, 2021; 2020a), which have been shown to promote platelet-dependent fibrin formation (Kiran Gotru et al., 2019), thus 
revealing a procoagulant role of zinc ions and conversely an “anticoagulant” activity of albumin. Intriguingly, chloroquine has been 
shown to both enhance zinc uptake in the lysosomes (Xue et al., 2014) and inhibit platelet activation and their zinc ion release (Belizna 
et al., 2018), raising the possibility that in early phase of COVID-19, chloroquine might act reducing circulating zinc availability and 
zinc systemic functions. Similarly, ivermectin has been indicated to have the ability to both increase prothrombin time by disrupting 
vitamin K–dependent clotting factors (Gilbert and Slechta, 2018) and bind metal cations, thus suggesting a possible antithrombotic 
mechanism of action for this drug against COVID-19, which might be mediated by cation sequestration (Rizzo, 2020). 

RAS activation under hypoxic conditions consequent to systemic thrombosis. When pulmonary circulation is involved in the 
thrombotic complications, this event causes severe acute respiratory syndrome (SARS) and hypoxemia, which is known to upregulate 
both arms of the RAS including renin, ACE and ACE2 syntheses and secretion/shedding in different tissues (Burrell et al., 2005; Clarke 
et al., 2014; Hampl et al., 2015; Joshi et al., 2019; Kramer et al., 1998; Paizis et al., 2005; Zamai, 2020a; Zhang et al., 2009), what 
seems to happen during the late (hospitalized) phase of COVID-19 (Reindl-Schwaighofer et al., 2021). Hypoxic conditions, in turn, 
would induce further ACE2 cell membrane expression and consequently an increased probability of both SARS-CoV-2 infection and 
ACE2 shedding/systemic activity, finally generating positive feedback loops that sustain COVID-19. In this regard, since ACE2 is 
undetectable or transcribed at low levels in normal lung epithelium (Carithers and Moore, 2015), it is possible that the lung micro-
vasculature of severe patients could be infected late after hypoxic induction of ACE2 expression (Garvin et al., 2020). Interestingly, 
chronic hypoxia induced a relative increase of ACE2-MasR/ACE-AT1R activity ratio in lungs of pulmonary hypertensive (Ren-2) 
transgenic rats (expressing higher baseline levels of renin) but not in normotensive transgene-negative control rats (Hampl et al., 
2015), suggesting that renin inhibition might be useful to inhibit not only both arms of RAS but also the relative increase of ACE2 
pathway activity, which may occur in the final phase (characterised by severe hypoxic conditions) during COVID-19 progression 
(Reindl-Schwaighofer et al., 2021). Moreover, in myocardial ischemia/reperfusion-induced injury, Ang (1–7) has been shown to 
exhibit cardioprotective effects, which were inhibited by indomethacin, a cyclooxygenase (COX) inhibitor (Liao et al., 2011), thus 
suggesting that COX activation is downstream of ACE2/Ang (1–7)/MasR pathway and accounting for protective activity of COX in-
hibitors when administered early during the course of SARS-CoV-2 infection (Suter et al., 2021). 

Possible new antithrombotic strategies and similarities between COVID-19 early phase and vaccine-induced mild adverse effects. 
Notably, the occurrence of thrombotic events in severe COVID-19 patients despite high heparin doses indicates the need to search for a 
better antithrombotic strategy (Longhitano et al., 2020; Zanza et al., 2021). In this regard, in a mouse model of microvascular 
thrombosis, Ang II-induced blood flow cessation was not inhibited by heparin pre-treatment; differently, antithrombin III 
pre-treatment was highly effective in preventing the acceleration of blood flow cessation elicited by Ang II infusion (Senchenkova 
et al., 2010). Therefore, this last antithrombotic strategy might prove more effective than heparin in treatment of the late phase of 
COVID-19, when both arms of the RAS are activated increasing both Ang II and the risk for thrombus formation. Moreover, admin-
istration of arginine (the NO precursor) has also been proposed to recover from coagulopathy in severe fever associated with 
thrombocytopenia syndrome (Li et al., 2018). In this syndrome, expansion of MDSCs, which are able not only to secrete 
anti-inflammatory cytokines but also to express arginase, was associated with decreased NO concentration in platelet, leading to 
platelet hyperactivation and thrombocytopenia (Li et al., 2018); curiously, both of which can occur either following SARS-CoV-2 
infection (Bhattacharjee and Banerjee, 2020; Zanza et al., 2021) or, in some rare cases, after vaccination (Lee et al., 2021; Tobaiqy 
et al., 2021). Indeed, despite the current vaccines do not contain the inactivated or attenuated virus, but only the nucleic acid sequence 
of the SARS-CoV-2 spike glycoprotein (a small fragment of the entire viral sequence) (Kyriakidis et al., 2021), SARS-CoV-2 vaccinated 
people may exhibit either mild to moderate COVID-19-like symptoms or, rarely, severe thrombotic-related adverse reactions (Lee 
et al., 2021; Tobaiqy et al., 2021). Notably, the envelope of the vaccine determines the cells in which the genetic content is inserted and 
expressed (the vaccine tropism); differently from traditional vaccines, novel spike-based vaccines can insert the spike nucleotide 
sequence into different cell tissues independently of their ACE2 surface expression. Moreover, spike protein expression (induced by 
vaccination) on the cell surface can favour not only immune protective responses but also the binding of spike-expressing cells to ACE2 
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cell surface receptors, which, as for binding to SARS-CoV-2 virions, can be subsequently shed from the cell surface (see Fig. 1). In the 
case in which spike proteins are expressed by blood cells, they might induce the release of ACE2 from the surface of endothelial cells 
into the systemic circulation. This possibility could lead to an increase of ACE2 systemic activity similar to that induced by SARS-CoV-2 
virions during the early and mild phase of COVID-19 (see Fig. 1), thus justifying the similarities between (early-phase) COVID-19 
symptoms and vaccine-mediated mild adverse effects. The lack of replication activity of vaccines likely limits the severity of 
adverse side reactions that usually produce symptoms similar to those induced during the early phase of COVID-19. It is therefore 
tempting to speculate that systemic and/or local ACE2 pathway activation might lead to both mild/moderate adverse symptoms 
and/or severe coagulation disorders that are similar (except in frequency) in both SARS-COV-2 infection and vaccination. However, if 
this is the case, systemic ACE2 protein/activity is expected to increase after vaccination and ACE2/ADAM17 inhibitors should work in 
protecting from severe forms of both COVID-19 and vaccine-induced adverse effects. Finally, persistent elevated activity of plasma 
ACE2 may be at the origin also of Long-COVID (Phetsouphanh et al., 2021), a syndrome characterised by prolonged illness lasting 
longer than 3 months after SARS-CoV-2 infection. However, as suggested above, both arms of RAS are likely upregulated in the late 
phases of severe COVID-19. In this regard, levels of follow-up sACE2 (four months after hospitalisation), but not those of sACE, 
correlated with several risk factors for severe COVID-19 infection, the total number of comorbidities and treatment with inhibitors 
(ACEIs and/or AT1RBs) of RAS pathway (Lundström et al., 2021). Unfortunately, the levels of ACE and renin activities in Long-COVID 
patients were not evaluated. Therefore, it is not clear whether inhibition of only ACE2 or rather of both arms of RAS might help to 
recover (or protect) from Long-COVID symptoms. 

Although in the present work it was supposed that most of the COVID-19 symptoms may derive from Ang (1–7), Ang II and Ang 
(1–9) peptide upregulation, the involvement of other pathways mediated by processing of ACE2 substrates such as bradykinins, 
apelins, casomorphins and dynorphins (Kuba et al., 2010; Vickers et al., 2002; Garvin et al., 2020) cannot be rule out. In particular, 
kinin-kallikrein system which can be affected by enzymes of RAS could also be involved in COVID-19 pathophysiology. 

Possible involvement of kinin-kallikrein system in COVID-19. The kinin-kallikrein system (KKS) plays a role in several physiological 
processes through different peptides (bradykinins), which are generated by enzymatic activation from two inactive kininogens. These 
two inactive proteins are the result of a tissue-specific alternative splicing, which generates the high molecular weight kininogen that is 
cleaved by plasma kallikrein into bradykinins (BKs) and the low molecular weight kininogen that is cleaved by tissue kallikreins into 
lysyl-BKs (De Maat et al., 2020; Garvin et al., 2020; Kalinska et al., 2016; Schmaier, 2003; Su, 2014; van de Veerdonk et al., 2020). The 
main active peptides of the plasma kallikrein-kinin system are BK and des-Arg(9)-BK. BK can activate the constitutively expressed 
bradykinin B2 receptor (BKB2R), which exerts hypotensive effects, while des-Arg(9)-BK can exerts inflammatory activities through the 
activation of the inducible BKB1R. It is well-known that there is a multilayered interaction between the RAS and plasma KKS systems, 
which reciprocally affect each other in regulating blood pressure, coagulation and inflammation (Schmaier, 2003; Su, 2014). For 
example, ACE has the bifunctional activity being able not only of converting Ang I to the biologically active Ang II but also of inac-
tivating BK (which represents the preferred substrate over Ang I) to form an inactive bradykinin peptide. ACE2 is another enzyme 
shared by these two systems, being able to metabolise and inactivate des-Arg(9)-BK. Therefore, ACE and ACE2 activities can down-
regulate the hypotensive and inflammatory effects mediated by BKB2R and BKB1R, respectively (Schmaier, 2003; Su, 2014). On the 
other hand, a kallikrein, a kinin-generating enzyme, has been proposed as a prorenin-activator (Schmaier, 2003; Su, 2014). Finally, the 
plasma KKS and RAS systems also interact at other levels, since BK synergise with Ang (1–7) in inducing hypotensive effects and the 
BKB2R can form heterodimers with the AT1R (Schmaier, 2003; Su, 2014). Notably, BKB1R is hardly expressed at baseline but it is 
highly inducible by proinflammatory cytokines, tissue injury and anoxia (Su, 2014), which are markedly upregulated during 
SARS-CoV-2 infection. Moreover, activation of BKB1R mediated by attenuation of pulmonary ACE2 activity has been shown to 
exacerbate inflammation by inducing further release of proinflammatory cytokines and promoting lung neutrophil infiltration (Sodhi 
et al., 2018). For these reasons, several reports have suggested the involvement of the KKS in COVID-19 (Abassi et al., 2021; De Maat 
et al., 2020; Garvin et al., 2020; Tolouian et al., 2020; van de Veerdonk et al., 2020). However, most reports hypothesised an enhanced 
Arg(9)-BK/BKB1R signalling due to a SARS-CoV-2-induced downregulation of ACE2 activity (Abassi et al., 2021; De Maat et al., 2020; 
Tolouian et al., 2020). Instead, ACE2 upregulation was recently revealed; therefore, an increased inactivation of Arg(9)-BK should lead 
to switch off BKR1R inflammatory pathway, at least during the early phase of COVID-19. On the other hand, gene expression data from 
cells in bronchoalveolar lavage fluid from COVID-19 patients identified an increased expression of kininogen, many kallikrein en-
zymes, both bradykinin receptors, ACE2, renin, angiotensin and RAS receptors, in combination with decrement in ACE expression, 
suggesting that the elevate bradykinin levels could cause increases in vasodilation, vascular permeability and hypotension (Garvin 
et al., 2020). Indeed, a decrease of both Ang I and BK metabolisation due to downregulation of ACE would produce a relative decrease 
activity of Ang II/AT1R axis and a relative increase of BK/BKB2R pathway activity, both leading to hypotensive effects. Consistent with 
this hypothesis, in COVID-19 patients, the concentrations of the soluble form of ACE were initially lower than healthy controls 
(Lundström et al., 2021) and hypotension in SARS-CoV patients has been documented (Yu et al., 2006). Interestingly, inhaled BK has 
been reported to induce cough response via a BK/BKB2R axis. Activation of BKB2R has been proposed to stimulate the release of both 
COX and 12-lipoxygenase enzymes that produce metabolites, enhancing both cough and airway obstruction (Al-Shamlan and 
El-Hashim, 2019). These symptoms are common during the early phase of COVID-19 (Docherty et al., 2020) and therefore they might 
be related, at least in part, to activation of BK/BKB2R axis. Although the above observations suggest that the KKS system, as well as the 
RAS, might induce an anti-inflammatory and hypotensive effects during the early phase of COVID-19, compensatory effects similar to 
those described for the RAS during late phase of COVID-19 could also be hypothesised for the KKS system. Unfortunately, analyses of 
circulating levels of bradykinin peptides and plasma kallikrein activities are lacking to address this possibility. Therefore, the role of a 
dysregulated KKS in COVID-19 remains to be elucidated. Nevertheless, the dysregulation of RAS enzymes, suggested in the present 
work, and the reciprocal interactions between KKS and RAS pathways indicate that both systems may be involved in COVID-19 
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manifestations. For example, the contribution of plasma kallikrein to prorenin activation might participate in hyperactivity of both 
arms of RAS during late phase of COVID-19. 

The many layers of interaction between the KKS and RAS suggest a fine tuning between these systems that contributes to maintain 
physiological homeostasis. In some cases, the changes in both the RAS and KKS seem to occur in the same direction. However, for other 
aspects, activation of one system is counterbalanced by the other system that is depressed (Schmaier, 2003; Su, 2014). In this regard, it 
is interestingly to note that simple cations such as free Zn2+, have been shown to inhibit kallikreins (Kalinska et al., 2016), while the 
same cation is known to activate the RAS pathway, indicating the importance of free Zn2+ concentrations in regulating both plasma 
KKS and RAS systems at a post-translational level possibly in the opposite way. This evidence adds further complexity to the regulation 
of RAS and KKS systems, whose activities do not depend only on their translated enzymes but also on the microenvironment in which 
the KKS/RAS enzymes work. In this regard, the total zinc concentration in the sera of healthy adults is mainly bound to albumin 
(approximately 75–90 %), while about 10–20 % bound to α2-macroglobulin (Craig et al., 1990; Foote and Delves, 1984). For this 
reason, there is a significant positive correlation between the serum zinc and albumin levels in the sera of healthy adults and in elderly 
hospital patients (Craig et al., 1990; Foote and Delves, 1984). Therefore, albumin is a “site” of Zn2+ storage in plasma, while 
α2-macroglobulin is known to inhibit the activity of proteinases including some kallikreins (Kalinska et al., 2016). On the other hand, 
labile-bound pool of Zn2+ (labile complexes, e.g., with AA) and free Zn2+ (present at low nanomolar concentrations) are the 
bioavailable forms of zinc in blood for (endothelial) cell internalization and/or enzymatic activities (Coverdale et al., 2019). Therefore, 
albumin, by binding most of the Zn2+ in plasma, reduces its bioavailability to endothelial cells. However, COVID-19 patients suffer 
from hypoalbuminaemia (Ramadori, 2020; Zamai, 2020a), which can lead to both reduction of total plasma Zn2+ concentrations and 
increase of bioavailable forms of plasma Zn2+, which, imported into endothelial cells, can ultimately sustain the upregulation of 
zinc-dependent RAS functions induced by SARS-CoV-2 infection. In this regard, the SARS-CoV-2-mediated increase of circulating 
sACE2, which is a zinc-binding enzyme, is expected to partially compensate the zinc reduction due to hypoalbuminemia. For this 
reason, we are now evaluating whether the ratio between plasma zinc and albumin could be used as a surrogate marker of circulating 
ACE2 and possibly as a prognostic marker of severe forms of COVD-19. Preliminary data indicate a significant increase of Zn/albumin 
ratio in plasma of COVID-19 patients as compared with healthy subjects (manuscript in preparation), suggesting that the disease 
induces a relative increase of albumin-unbound forms of zinc, such as free/bioavailable Zn2+ and/or Zn2+ bound to ACE2. 

Altogether the above observations suggest how SARS-CoV-2 infection may trigger several different positive feedback loops 
downstream of ACE2 shedding/activity (see also (Zamai, 2021; 2020a)), which sustain viral-independent COVID-19 symptoms and 
may justify the lack of correlation between SARS-CoV-2 viral loads and COVID-19 symptoms (Amiral, 2020; Casciola-Rosen et al., 
2020; Huang et al., 2020; Lavezzo et al., 2020). Moreover, the same aetiological agent, SARS-CoV-2, can produce a variety of different 
clinical manifestations, which, therefore, mainly depend on the subject’s predisposition. Interestingly, COVID-19 symptom progres-
sion consists of two main phases consistent with the sequential steps described above: an early “latency” (slow disease development) 
and a late severe and sudden progression of the disease. Indeed, the initial phase is commonly characterised by mild/moderate 
symptoms in most of the infected individuals (possibly corresponding to viral infection and ACE2 upregulation) and it is followed by 
either a progressive disease resolution or a second phase characterised by sudden worsening of symptoms, usually in comorbid patients 
characterised by high basal ACE2 activity (possibly concomitant to upregulation of both arms of RAS). 

Based on the above observations, in order to block the RAS-induced positive feedback loops, a COVID-19-phase-specific inhibition 
the RAS pathways with different pharmacological drugs can be hypothesised and pursued alone or in combination. This approach will 
be proposed and discussed in the following section. 

4. COVID-19-phase-specific inhibition of RAS pathways, as possible targets for COVID-19 treatment 

In the present work, it has been proposed that COVID-19 can be distinguished in three different phases: early, late and final. During 
the early “latent” phase of COVID-19, SARS-CoV-2 acts as a “pharmacological” activator of both ADAM17 and ACE2 zinc- 
metalloproteases, which ultimately increases ACE2 systemic activity, thus unbalancing the RAS toward the alternative ACE2 axis. 
In some individuals with high baseline levels of ACE2 activity (prognostic marker), a compensatory phase subsequent to persistent 
systemic ACE2 activation characterised by renin and ACE upregulation is supposed to occur and lead to severe forms of COVID-19. A 
third final phase, during which ACE2 activity is further upregulated, is also suggested by increase of circulating Ang (1–7)/Ang II ratio 
at day 9–11 of hospitalisation (Reindl-Schwaighofer et al., 2021). 

Based on this phase distinction, it is possible to propose different combinations of existing inhibitors (drug repurposing) specific for 
one or both arms of RAS pathways in a COVID-19 phase-specific manner, as COVID-19 therapies. 

Inhibition of specific RAS pathways during the early phase of COVID-19. In the early phase of COVID-19 or after vaccination, 
ADAM17 and ACE2 are likely the enzymes that are directly activated by spike SARS-CoV-2 protein binding. Specific inhibitors that 
target these two zinc-metalloproteases are expected to prevent at the origin the “pharmacological” ACE2 activation induced by spike 
SARS-CoV-2 proteins and therefore to work during the initial phase of COVID-19 and possibly against adverse effects induced by 
vaccines. The hypothesis that vaccination may induce SARS-CoV-like pathways/symptoms, if confirmed, might allow to prevent 
vaccine-induced side effects by a pre-treatment with RAS inhibitors, just before a scheduled vaccination. A more “safe” vaccination 
would hopefully lead to a higher compliance and less vaccine hesitancy, in particular in elderly and more vulnerable people for which 
risk/benefit balance is more favourable and opportune (Zamai and Rocchi, 2021). 

Inhibition of ADAM17 zinc-metalloprotease activity. The pharmacological inhibition of ADAM17 responsible of ACE2 shedding is 
expected to prevent the establishment of the positive feedback loops induced downstream of systemic ACE2 enzyme hyperactivity. The 
use of ADAM17 inhibitors (ADAM17Is) has been already proposed against SARS-CoV-1 (Haga et al., 2010) and recently against 
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SARS-CoV-2 infection (Yeung et al., 2021; Zamai, 2020a, 2021; Palau et al., 2020). In this regard, the targeting of ADAM17 activity has 
been considered especially in the context of cancer and inflammatory diseases (Calligaris et al., 2021), and in cancer therapy has been 
shown to have low toxicity (Bandsma et al., 2015; Blaydon et al., 2011); therefore, administration of ADAM17Is might be a safe and 
effective treatment against COVID-19. In fact, although ADAM17Is are expected to increase ACE2 membrane expression and therefore 
the probability of viral binding (and possibly viral entry) to ACE2-positive cells, the inhibition of ACE2 release in the systemic cir-
culation during the early phase of COVID-19 should be sufficient to limit upregulation of pathways downstream of systemic ACE2 
activity and therefore the development of severe COVID-19. Among the pathways activated by ACE2, the ADAM17Is should be able to 
inhibit the IL-10-mediated immune suppression, thus allowing the re-establishment of the correct immune responses, which are ex-
pected to be effective against SARS-CoV-2 as well as against HCoV-NL63 infection. 

MLN4760 and Dx600 ACE2 Inhibitors. MLN-4760 and DX600 are both potent and selective human ACE2 inhibitors (ACE2Is) (Dales 
et al., 2002; Joshi et al., 2016; Ye et al., 2012; Zamai, 2020a). MLN-4760 is able to strongly inhibit rhACE2 activity (near maximal 
inhibition at 10− 8 M), preventing rhACE2-mediated Ang II metabolisation, whereas DX600 inhibits rhACE2 at relatively higher 
concentrations ((Ye et al., 2012) see (Zamai, 2020a)). Both inhibitors are more effective in inhibiting soluble forms of ACE2 than 
membrane-bound ones expressed on human mononuclear or CD34+ cells (Joshi et al., 2016). Moreover, MLN-4760 inhibitor has been 
shown to retain its inhibitory effects on sACE2 bound to spike proteins (Li et al., 2005). Therefore, these inhibitors at opportune (low) 
concentrations are expected to preserve local, membrane-associated ACE2 activity, while preferentially reducing systemic sACE2 
activity induced by SARS-COV-2 binding. However, MLN-4760 inhibitor has been shown to induce the closed ACE2 conformation 
(Towler et al., 2004), which seems to be the preferential conformer for virus binding (Hadi-Alijanvand and Rouhani, 2020; Yan et al., 
2020; Zamai, 2021). For this reason, MLN-4760 is expected to not prevent viral entry; nevertheless, its inhibitory activity on sACE2 is 
expected to impair the establishment of positive feedback loops, ultimately allowing a quick eradication of SARS-CoV-2, as it happens 
in HCoV-NL63 infection. However, the inhibition of Ang II metabolisation by ACE2 could lead to an increase of blood pressure, as a 
potential risk. Nevertheless, the data from chronic administration of MLN-4760 do not reveal significant adverse effects or mortality in 
several rodent experimental models in vivo (Byrnes et al., 2009; Evans et al., 2020; Kim et al., 2010; Shenoy et al., 2013; Tikellis et al., 
2008; Trask et al., 2010) nor in a clinical Phase I trial in humans (http://oreholdings.com/wp-content/uploads/2013/06/09.10.09- 
425.pdf). Similarly, chronic administration of Dx600 inhibitor in mice suggests that its use is safe (Sodhi et al., 2018). Therefore, 
data indicate that chronic inhibition of systemic ACE2 activity is safe, and this is in line with the observation that in healthy in-
dividuals, circulating ACE2 activity is usually low to undetectable due to an endogenous ACE2I (Lew et al., 2008). However, in a 
diabetic mouse model, chronic administration of MLN-4760 led to increase of ACE, albuminuria and glomerular injury, indicating a 
possible adverse effect of ACE2 inhibition in a diabetic background (Soler et al., 2007). On the other hand, a report showed data 
consistent with a protective role of a prolonged ACE2 inhibition in post-myocardial infarction (Kim et al., 2010), see also (Zamai, 
2020a). Therefore, inhibition of ACE2 activity using MLN-4760 might be helpful not only for COVID-19 but also for other chronic 
pathologies associated with a persistent ACE2 hyperactivity, such as cardiovascular diseases, hypertension, metabolic syndrome, and 
inflammatory bowel disease (Anguiano et al., 2015; Epelman et al., 2009; Garg et al., 2015; Kornilov et al., 2020; Narula et al., 2020; 
Ortiz-Pérez et al., 2013; Ramchand et al., 2018; Sama et al., 2020; Soro-Paavonen et al., 2012; Úri et al., 2014, 2016; Walters et al., 
2017). As an example, inhibition of ACE2 by GL1001 (an old name of MLN-4760) surprisingly showed to produce anti-inflammatory 
activity in a colitis mouse model (Byrnes et al., 2009), further suggesting that the well-known anti-inflammatory and protective ac-
tivity of ACE2 in an acute phase of disease may lead to deleterious health effects when ACE2 is chronically activated. Unfortunately, a 
Phase Ib/IIa clinical trial using oral capsules (300 mg of ORE1001, the “clinical” name of MLN-4760) was abandoned (https:// 
clinicaltrials.gov/ct2/show/NCT01039597). For further details (safety concerns, administration routes and dosages) on these two 
ACE2-specific inhibitors, see (Zamai, 2020a). 

Inhibition of pathways downstream of Ang (1–7)/MasR and/or Ang (1–9)/AT2R axes. Inhibition of specific pathways downstream of 
ACE2 activity, such as Ang (1–7)/MasR and/or Ang (1–9)/AT2R pathways, can also be pursued through specific MasR (MasRBs) and/ 
or AT2R blockers/antagonists [AT2RBs, e.g. PD12319, (Senchenkova et al., 2010; Simões E Silva et al., 2013; Xu et al., 2011), see 
Fig. 1]. However, Ang (1–7)/MasR axis, the main pathway activated downstream of ACE2, is composed of, at least, two distinct MasR 
subtypes. In fact, D-Ala7-Ang-(1–7) (also known as A779), and D-Pro7-Ang-(1–7), two distinct MasRBs, have been shown to have 
differential ability to fully prevent some biological actions of Ang-(1–7) (Simões E Silva et al., 2013; Xu et al., 2011). Therefore, in 
order to inhibit Ang (1–7)/MasR pathway, MasRBs should be administered in combinations. In rodent models, MasRBs has been shown 
to be safe in acute and chronic in vivo studies (for further details see (Zamai, 2020a), Box 3); however, there are no data on 
administration in humans, therefore their administration in COVID-19 patients is not actionable at the moment. Finally, differently 
from ACE2Is, these pathway-specific inhibitors may only partially work against COVID-19, since they do not inhibit the pathways 
affected by other ACE2 substrates/products, such as some bradykinins, apelins, casomorphins and dynorphins (Garvin et al., 2020; 
Kuba et al., 2010; Vickers et al., 2002). 

Inhibition of ADAM-17 and ACE2 zinc-metalloproteases by metal chelating agents. Based on zinc-metalloprotease mechanism of action, 
there are alternative ways to impair ADAM-17 and ACE2 hyperactivity, for example by interfering with their zinc-dependent catalytic 
activity and/or limiting bioavailability of zinc ions. Cells of COVID-19 patients need high amounts of bioavailable Zn2+ in order to 
synthesise high amounts of functional ACE2 and ADAM17 (and ACE) zinc-metalloproteases. Since zinc-metalloproteases are activated 
by high concentrations of free Zn2+ (Anguiano et al., 2015; Towler et al., 2004), bioavailable plasma Zn2+ acts as “fuel” for ADAM17, 
ACE2 (and ACE) zinc-metalloprotease activities. Therefore, zinc chelating agents, by limiting zinc cellular availability, may affect 
zinc-dependent enzymes at different levels from the synthesis of functional proteins to their conformation, which may not only impair 
zinc-metalloprotease activities but also change their (permissive) cell surface structure for viral entry (see (Zamai, 2021; 2020a)). In 
this regard, zinc displacement by bismuth-based drugs has been shown to exhibit anti-SARS-CoV-2 activity in vivo golden Syrian 
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hamster model (Yuan et al., 2020), suggesting that reduction of zinc-mediated functions can be effective against COVID-19. Altogether 
these observations suggest that zinc-metalloprotease activities, such as ACE2 shedding and ACE2 enzymatic function, which are 
strongly upregulated by SARS-CoV-2, are expected to be sensitive to reduction of bioavailable Zn2+ concentrations in plasma. 
Therefore, drugs, such as metal-chelating agents that remove metal ions and in particular zinc from the body, are expected to work 
against severe forms of COVID-19. In this regard, both EDTA and citrate have been proposed as zinc-chelating agents able to reduce 
zinc bioavailability and therefore to work against COVID-19 (Zamai, 2020a, 2021). Indeed, CaNa2EDTA and citrate, as well as other 
zinc-chelating agents (e.g., phytates, phytates folic acid, nicotianamine and zeolites), have been already proposed as anti-SARS-CoV-2 
agents whose administration routes dosages and safety concerns have been widely discussed in previous works (Zamai, 2020a, 2021). 
Briefly, citrate can sequestrate both extracellular and intracellular Zn2+ (Sul et al., 2016) see (Zamai, 2021), while EDTA is an 
extracellular zinc chelator that is also able to directly inhibit ACE2 (and ACE) activity (Anguiano et al., 2015; Vickers et al., 2002). 
Similarly, nicotianamine, a metal chelator extracted from soybean, has been shown to inhibit the activity of both ACE2 (and ACE) 
zinc-metalloproteases (Takahashi et al., 2015), suggesting that it is able to accommodate into the catalytic pocket of ACE2 (and ACE) 
and bind to zinc. However, EDTA is poorly absorbed by the gastrointestinal wall; nevertheless, the small adsorbed fraction diffuses in 
extracellular fluids and it is subsequently excreted by kidney, while the non-adsorbed fraction can inhibit intestinal zinc absorption, 
thus reducing plasma zinc levels (see (Zamai, 2020a)). The differences in both affinities for zinc ions and whole-body bio-distributions 
between EDTA and citrate suggest that their combination treatment is expected to be more effective than each drug alone (Zamai, 
2020a, 2021). Altogether, these observations suggest that zinc-chelating agents may affect zinc-dependent RAS pathways upregulated 
by SARS-CoV-2 and, consequently, susceptibility to SARS-CoV-2 infection. 

Alternative agents for inhibition of the zinc-metalloproteases activated by SARS-CoV-2 infection. A bismuth citrate-based drug has also 
been shown to work against SARS-CoV-2 infection in vivo in a golden model hamster (Yuan et al., 2020). Bismuth-induced zinc 
displacement and inhibition of the zinc-dependent SARS-CoV-2 elicase has been claimed as the cause of protection from COVID-19 and 
mechanism of action (Yuan et al., 2020). However, when administered systemically, bismuth can induce zinc displacement in several 
different zinc-dependent proteins/enzymes including those of the host organism (Zamai, 2021). In this regard, it has been proposed 
that the actual targets of bismuth citrate were the zinc-metalloproteases activated by SARS-CoV-2 infection, suggesting that its po-
tential mechanism against COVID-19 might be mediated by RAS pathway inhibition (see (Zamai, 2021)). However, it is not clear 
whether bismuth systemic administration is feasible and safe in COVID-19 patients. 

Of interest, an endogenous small basic peptide has been shown to compete with ACE2 substrates and specifically inhibit ACE2 
activity (Lew et al., 2008). Among the possible inhibitors, the chemical structure of agmatine (decarboxylated arginine) resembles that 
of a specific ACE2I, NAAE (Huentelman et al., 2004), raising the possibility that agmatine may represent the endogenous inhibitor of 
ACE2 (see (Zamai, 2020a)). Alternatively, a (basic) amino acid (AA), which can chelate zinc, forming labile zinc (forming labile zinc 
complexes), could be capable to accommodate into the catalytic site of ACE2 and inhibit its activity (Zamai, 2020a). Indeed, most 
natural AAs can form complexes with Zn2+ and formulations of Zn-AA complexes have been shown to be absorbed by enterocytes, 
suggesting that zinc chelates of AA may contribute to cell uptake of zinc by AA transporter (Sauer et al., 2017). In this regard, B0AT1 
neutral AA transporter, which is associated with ACE2 (Yan et al., 2020), might also be involved in zinc-AA uptake, possibly supplying 
ACE2-positive cells with zinc for biosynthesis ACE2 zinc-metalloprotease (Zamai, 2020a). Interestingly, pancreatic β-cells express 
ACE2 (Fignani et al., 2020) and their insulin secretory granules have extremely high concentration of Zn2+ [see (Coverdale et al., 
2019)], possibly suggesting a mechanism of zinc uptake for insulin biosynthesis similar to that hypothesised for ACE2. Indeed, Zn2+ is 
necessary to stabilise the inactive form of insulin [see (Coverdale et al., 2019)]. On the other hand, active monomeric form of insulin 
requires zinc dissociation, which is promoted by plasma albumin that acts as a scavenger of zinc, by reducing plasma free Zn2+ [see 
(Coverdale et al., 2019)]. However, glycation of albumin reduces its zinc-binding ability [see (Coverdale et al., 2019)], thus increasing 
plasma free zinc concentrations. Finally, this complex interplay among Zn2+, albumin and insulin may indicate a rational for the 
diabetogenic effect of COVID-19 (Lim et al., 2021; Rubino et al., 2020; Sathish et al., 2021), for example it may be a consequence of 
SARS-COV-2-induced persistent hypoalbuminemia and/or increase free zinc levels in some susceptible individuals. 

Inhibition of both arms of RAS pathways during the late phase of COVID-19. When both arms of the RAS are upregulated, inhibition 
of ADAM17 and ACE2 may have a limited action and, by shifting the balance of ACE/ACE2 ratio in favour of ACE, their exclusive 
inhibition might be even dangerous. Instead, inhibition of both ACE2 and ACE and/or renin enzymatic activities may effectively work 
in blocking the compensatory responses that are established later in severe COVID-19 patients. Therefore, among the inhibitors of the 
RAS pathways, different strategy can be pursued involving not only ACE2 but also renin and/or ACE enzymatic activities, which are 
upstream of ACE2 pathway. Interestingly, enzymatic activity of both ACE and ACE2 enzymes seems significantly upregulated in ARDS 
as well as in pulmonary arterial hypertension (PAH) and coronary atherosclerosis (see (Hemnes et al., 2018; Li et al., 2016; Reddy 
et al., 2019; Zamai, 2020a). In this regard, both ACE2 and ACE zinc-metalloproteases have been shown to be activated by high 
concentrations of zinc (and chloride) ions (Anguiano et al., 2015; Towler et al., 2004), Intriguingly, inhalation of fumes containing zinc 
induces fever, fatigue, muscle ache, cough, dyspnoea, and a cytokine storm, which are symptoms similar to those observed in 
COVID-19 patients (Bleidorn et al., 2019; Riccelli et al., 2020). Moreover, inhalation of smoke bombs containing ZnCl2/ZnO/hexa-
chloroethane induces ARDS with lung radiographic and angiographic pictures that strongly resemble those of COVID-19 (Hjortsø et al., 
1988; Plum et al., 2010; Xie et al., 2017). It is therefore possible that ARDS induced by smoke bombs might originate from 
zinc-mediated activation of both arms of the RAS, as it may occur for SARS in COVID-19 patients (for further details see (Zamai, 
2020a). 

Inhibition of renin enzymatic activity. Renin inhibitors can be useful “tools” to reduce production of Ang I, which is the necessary 
“fuel” to allow both ACE and ACE2 pathway hyperactivities and their detrimental effects. Among renin inhibitors, which are able to 
inhibit the RAS pathway at its origin, aliskiren is the sole compound that was approved and commercialized for the management of 
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hypertension (Ramya et al., 2020). Therefore, when hypoxia and other systemic conditions upregulate both arms of the RAS, aliskiren 
may be used alone or in combination with other drugs to face severe forms of COVID-19. Alternatively, modulation of renin levels 
could be also pursued through vitamin D supplementation. Indeed, vitamin D is a regulator of RAS, as vitamin D metabolites mediate 
suppression of renin expression and RAS activity (Vaidya and Williams, 2012). Moreover, vitamin D deficiencies have been associated 
with severity of illness in COVID-19 patients (Carpagnano et al., 2021) and, in general, patients deficient in Vitamin D have an 
increased risk to develop ARDS (Dancer et al., 2015). Since the sun is the best source of vitamin D, its down-regulatory function on 
renin expression suggests a link between summer environmental conditions and susceptibility to severe COVID-19. 

However, the sole inhibition of renin and RAS pathways is not able to work on other pathways that can be affected by the enzymatic 
activities of ACE and ACE2, which have been shown to have broad substrate specificities (Kuba et al., 2010; Skidgel and Erdös, 1987; 
Vickers et al., 2002), and might not be able to restore homeostasis and recover from COVID-19 pathological conditions. Indeed, a 
double-blind, randomised, placebo-controlled trial with a single high dose of vitamin D3 did not show significant reduction in length of 
hospitalisation, thus not supporting the use of vitamin D3 for treatment of moderate to severe COVID-19 ((Murai et al., 2021), 
ClinicalTrials.gov: NCT04449718.). Therefore, a combination of RAS inhibitors specific for all three RAS enzymes may be more 
effective. 

Inhibition of the classical RAS pathway - ACE/Ang II/AT1R by ACE zinc-metalloprotease inhibitors or AT1R blockers. Hypertension, 
cardiovascular diseases and diabetes, which are the most frequent comorbidities for COVID-19, are often treated with ACEIs and/or 
with AT1RBs, suggesting a possible positive correlation (Bosso et al., 2020; Brown, 2020; Fang et al., 2020a, 2020b). In this regard, 
individuals on therapy with AT1RBs or oral antidiabetic agents have an increased ACE2 activity in circulation, while treatment with 
ACEIs and vitamin D have no significant influence on circulating ACE2 activity (Anguiano et al., 2015). In line with these observations, 
an AT1RB, but not an ACEI, has been shown to upregulate ACE2 activity (Ferrario et al., 2005). However, a report showed that plasma 
Ang (1–7) (a product of ACE2 activity) was increased in subjects treated with both ACEIs and AT1RBs, but ACEIs produced an increase 
of Ang (1–7) that was higher than that of AT1RBs (Binder et al., 2019). Moreover, both ACEIs and AT1RBs have been shown to 
upregulate ACE2 protein expression under hypoxic conditions (Zhang et al., 2009), a condition that occurs during the late phase of 
COVID-19. Therefore, hypoxia together with ACEI or AT1RB treatments might upregulate membrane ACE2 expression and therefore 
susceptibility to SARS-CoV-2 infection. On the other hand, ACEIs and AT1RBs can reduce the deleterious effects of Ang II/AT1R 
activation that occurs during the late COVID-19 phase and ACEIs might indirectly limit the persistent activation of Ang (1–7)/MasR 
pathway (typical of COVID-19), by reducing Ang II (an ACE2 substrate for Ang (1–7) production); nevertheless, ACEI-induced decrease 
of ACE/ACE2 activity ratio together with hypoxia-induced renin upregulation can abnormally increase Ang I concentrations and 
consequently ACE2-mediated production of Ang (1–9), leading to hyperactivation of AT2R pathway. Moreover, non-RAS peptide 
metabolisation by ACE and/or ACE2 enzymatic activities (Garvin et al., 2020; Kuba et al., 2010; Skidgel and Erdös, 1987; Vickers et al., 
2002) or transformation of Ang II (when increased by AT1RB treatments) by non-RAS enzymes into RAS peptides (see (Velez et al., 
2012)) might lead to even more unbalanced conditions, when ACEIs and/or AT1RBs are administered. Nevertheless, at the present 
time, several studies, meta-analyses and one randomised controlled trial have not confirmed a significant association between the use 
of classical RAS inhibitors and severity of COVID-19 (Bean et al., 2020; Chan et al., 2020; Cohen et al., 2021; Ghosal et al., 2020; J. Li 
et al., 2020; X. Li et al., 2020; Mackey et al., 2021; Reynolds et al., 2020; Yang et al., 2020). Actually, some reports show that 
administration of ACEIs and/or AT1RBs are associated with a lower risk of severe COVID-19 (Liu et al., 2020a; Meng et al., 2020; Pirola 
and Sookoian, 2020; Ren et al., 2020; Semenzato et al., 2021; P. Zhang et al., 2020; Xue Zhang et al., 2020); however, results were not 
always consistent between ACEI and AT1RB treatments (see (Zamai, 2020a)), thus suggesting that some of these reports did not adjust 
for confounders and/or there was a variability of responses depending on subject/cohort predisposition. 

Altogether the results suggest that the sole inhibition of the classical RAS pathway is not sufficient to recover from severe COVID- 
19, rather a pharmacological targeting of both arms of RAS may be more effective against late and severe phase of COVID-19. Indeed, 
during the late phase of COVID-19, when both arms of RAS are strongly activated by hypoxemia, a combined inhibition of the classical 
(by ACEIs/AT1RBs) and the alternative (by ACE2Is) RAS pathways together with that of renin activity, is expected to be a most 
effective treatment. 

Inhibition of zinc-metalloproteases and coagulation cascade by metal chelating agents. Alternatively to above-mentioned combination 
therapy, cation chelating agents such as CaNa2EDTA, citrate and nicotianamine might also work against severe COVID-19, by 
inhibiting both arms of the RAS. Indeed, zinc chelation may be an effective strategy to inhibit not only ADAM17 and ACE2 but also 
ACE, which is upregulated during late and severe phase of COVID-19. In addition, EDTA and citrate are also well-known for their 
anticoagulant activities, by chelating (although at different affinities) both Ca2+ and Zn2+ (see (Kiran Gotru et al., 2019; Zamai, 2021, 
2020a)). Thrombotic complications in late and severe phase of COVID-19 and, in some rare cases after vaccination are well-known; 
therefore, the activity of chelating agents may involve different targets that affect a range of functions from Zn2+-dependent RAS 
enzymatic activities to Ca2+- and/or Zn2+-dependent coagulation processes. 

5. Conclusions 

At the moment, specific pharmacological therapies against COVID-19 are lacking. In the present work, we have shown a body of 
evidence suggesting that targeting one or both arms of RAS pathways with existing inhibitors (drug repurposing) may be effective 
against this complex disease. The proposed pharmacological treatments based on a specific mechanism of action have been developed 
after having disclosed the most probable mechanisms involved in COVID-19 pathogenesis. The underlying mechanism of disease 
progression described in the current work is also consistent with the observation that some treatments can lead to opposite effects 
depending on the disease phase (early or late). On the other hand, one of the take-home messages of all these findings is that the same 
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response (e.g ACE2 shedding/systemic activity) that is protective in an acute phase of a disease may become even deleterious in 
chronic conditions. This is an evolutionary functional mechanism since it tends to select organisms that are able to quickly solve the 
challenge (e.g. SARS-CoV-2) posed by “environmental issues”, while eliminating those inadequate to properly respond to the new and 
persistent environmental conditions (see (Zamai, 2020b) paragraph 5.5). 

Among the COVID-19-phase-specific treatments, chelating agent supplementation during the SARS-CoV-2 pandemic as an adjunct 
treatment to reduce the risk of infection and severe disease progression is a feasible treatment because oral supplementation of 
chelating agents is well-tolerated, safe, promptly available, easily deliverable and storable, inexpensive and practically useable also in 
developing countries. Unfortunately, clinical trials employing chelating agents in COVID-19 are currently absent and urgently needed 
in order to shed more light on the efficacy of zinc chelators against SARS-CoV-2 infection in vivo. For further details (safety concerns, 
administration routes and dosages) on EDTA and citrate, see (Zamai, 2020a, 2021). However, metal chelating agents might be helpful 
not only against COVID-19 and side effects of SARS-CoV-2 vaccines but also against other chronic pathologies associated with 
upregulation of both arms of the RAS, such as ARDS, PAH, coronary atherosclerosis (see (Zamai, 2020a)). New treatment possibilities 
that would deserve further investigations. 

Finally, the proposed therapies for COVID-19, working downstream of the host pathways activated by SARS-CoV-2 infection, are 
expected both to protect from development of severe COVID-19 forms independently of SARS-CoV-2 variants and to allow the 
development of a natural and strong immunity against SARS-CoV-2 infection. 
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ACE2 and risk of death or cardiometabolic diseases: a case-cohort analysis. Lancet 396, 968–976. https://doi.org/10.1016/S0140-6736(20)31964-4. 

Ng, K.W., Attig, J., Bolland, W., Young, G.R., Major, J., Wrobel, A.G., Gamblin, S., Wack, A., Kassiotis, G., 2020. Tissue-specific and interferon-inducible expression of 
nonfunctional ACE2 through endogenous retroelement co-option. Nat. Genet. 52, 1294–1302. https://doi.org/10.1038/s41588-020-00732-8. 

Nikiforuk, A.M., Kuchinski, K.S., Twa, D.D.W., Lukac, C.D., Sbihi, H., Basham, C.A., Steidl, C., Prystajecky, N.A., Jassem, A.N., Krajden, M., Patrick, D.M., Sekirov, I., 
2021. The contrasting role of nasopharyngeal angiotensin converting enzyme 2 (ACE2) transcription in SARS-CoV-2 infection: a cross-sectional study of people 
tested for COVID-19 in British Columbia, Canada. EBioMedicine. https://doi.org/10.1016/j.ebiom.2021.103316, 66.  

Ocaranza, M.P., Jalil, J.E., 2012. Protective role of the ACE2/Ang-(19) axis in cardiovascular remodeling. Int. J. Hypertens. https://doi.org/10.1155/2012/594361. 
Ocaranza, M.P., Riquelme, J.A., García, L., Jalil, J.E., Chiong, M., Santos, R.A.S., Lavandero, S., 2020. Counter-regulatory renin–angiotensin system in cardiovascular 

disease. Nat. Rev. Cardiol. https://doi.org/10.1038/s41569-019-0244-8. 

M. Montanari et al.                                                                                                                                                                                                   

https://doi.org/10.1038/sj.emboj.7600640
https://doi.org/10.1038/sj.emboj.7600640
https://doi.org/10.1177/1470320316659618
https://doi.org/10.1126/scitranslmed.aat4162
https://doi.org/10.1001/jamacardio.2020.1624
https://doi.org/10.1016/j.isci.2020.101160
https://doi.org/10.3892/mmr.2011.570
https://doi.org/10.3892/mmr.2011.570
https://doi.org/10.1038/s41574-020-00435-4
https://doi.org/10.1038/s41574-020-00435-4
https://doi.org/10.1096/fj.10-169433
https://doi.org/10.1101/2020.03.20.20039586
https://doi.org/10.1101/2020.03.20.20039586
https://doi.org/10.1007/s11427-020-1643-8
https://doi.org/10.3390/biology9100310
https://doi.org/10.1074/jbc.RA120.015303
https://doi.org/10.1074/jbc.RA120.015303
https://doi.org/10.1016/j.tim.2015.06.003
https://doi.org/10.1016/j.it.2020.10.012
https://doi.org/10.1016/j.it.2020.10.012
https://doi.org/10.1002/jmv.27144
https://doi.org/10.1002/jmv.27144
https://doi.org/10.7326/l21-0223
https://doi.org/10.3389/fimmu.2018.00058
https://doi.org/10.1002/rmv.2207
https://doi.org/10.1002/rmv.2207
https://doi.org/10.1016/j.cell.2021.03.028
https://doi.org/10.1126/science.abf6950
https://doi.org/10.1080/22221751.2020.1746200
https://doi.org/10.1160/TH04-10-0701
https://doi.org/10.1177/1470320313498631
https://doi.org/10.1177/1470320313498631
https://doi.org/10.1016/j.cell.2020.04.004
https://doi.org/10.1128/jvi.78.19.10628-10635.2004
https://doi.org/10.1001/jama.2020.26848
https://doi.org/10.1016/j.ijid.2020.11.184
https://doi.org/10.1016/S0140-6736(20)31964-4
https://doi.org/10.1038/s41588-020-00732-8
https://doi.org/10.1016/j.ebiom.2021.103316
https://doi.org/10.1155/2012/594361
https://doi.org/10.1038/s41569-019-0244-8


Advances in Biological Regulation 81 (2021) 100820

19

Onabajo, O.O., Banday, A.R., Stanifer, M.L., Yan, W., Obajemu, A., Santer, D.M., Florez-Vargas, O., Piontkivska, H., Vargas, J.M., Ring, T.J., Kee, C., Doldan, P., 
Tyrrell, D.L., Mendoza, J.L., Boulant, S., Prokunina-Olsson, L., 2020. Interferons and viruses induce a novel truncated ACE2 isoform and not the full-length SARS- 
CoV-2 receptor. Nat. Genet. 52, 1283–1293. https://doi.org/10.1038/s41588-020-00731-9. 
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