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Abstract: The renin–angiotensin–aldosterone system (RAAS) has been recognized as a key player in
the complex scenario of cardiovascular regulation. Aside from its role in the cardiovascular diseases,
RAAS dysregulation has emerged as a central pathomechanism in the severe acute respiratory syndrome
coronavirus 1 (SARS-CoV1) epidemic, dating back to 2002–2004, and the current COVID-19 pandemic
with SARS-CoV2, with the latter involving the interaction with angiotensin-converting enzyme 2 (ACE2).
ACE2 is the enzyme responsible for Ang 1-7 production that partly counteracts the RAAS effects and
promotes nitric oxide synthase activation; moreover, it has also been reported to act as a receptor for
both SARS viruses. In the setting of the ongoing COVID-19 pandemic, the SARS–ACE2 interaction is
highly debated with respect to both viral infectivity and usage/discontinuation of RAAS medication—ACE
inhibitors (ACEi) and angiotensin-receptor blockers (ARBs)—in diagnosed or suspected SARS-CoV2
patients. Since ACE inhibitors and ARBs are largely prescribed in cardiovascular pathology, a better
understanding of the interaction between SARS-CoV2 andRAAS is urgently needed. In this review, we will
briefly discuss the SARS-CoV2 and ACE2 interaction and why the discontinuation of RAAS medication is
unsafe for either diagnosed or suspected SARS-CoV2 patients.
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Introduction

The world continues to face the challenge of the COVID-19 pandemic, caused by the SARS-CoV2 virus,
which is responsible for acute lung injury and its major complication, acute respiratory distress syndrome
(ARDS), respectively [1]. This pathogen interferes with the renin–angiotensin–aldosterone system (RAAS)
activity and, more precisely, has a high affinity for angiotensin-converting enzyme 2 (ACE2), an enzyme

TimisoaraMed. 2020, 2020, 8; doi:10.35995/tmj20200108 http://www.tmj.ro

https://doi.org/10.35995/tmj20200108
http://dx.doi.org/10.35995/tmj20200108
http://www.tmj.ro


TimisoaraMed. 2020, 2020(1), 8; 10.35995/tmj20200108 2

that is mainly responsible for the conversion of angiotensin II (ATII) into angiotensin 1-7 [2]. During
RAAS activation, AT II binds to angiotensin II type 1 receptors (AT1R) with several deleterious effects in
the long run, such as increased blood pressure, vasoconstriction, fluid retention, chronic inflammation, and
cardiovascular remodeling [3]. The ACE2 protein can be found in two forms, membrane ACE2 (mACE2)
and soluble (sACE2). mACE2 is expressed on the surface of lung alveolar epithelial cells, enterocytes,
cardiomyocytes, and endothelial cells from virtually all organs [4–6] that elicit opposite, anti-inflammatory,
vasodilatory effects and a decrease in blood pressure via Ang 1-7 generation [7,8]. An interaction between
SARS-Cov2 and mACE2 followed by virus replication will “block” the action of the enzyme through the
shedding of ACE2 by means of the A Disintegrin and Metalloprotease (ADAM)17 protease (ADAM—A
Disintegrin andMetalloprotease), thus reducing the expression of the former [9]; the same effectwas initially
reported for SARS-CoV1 [10]. Important, sACE2 will remain active, not being influenced by the shedding
process. As a consequence of lower ACE2 activity/expression, excessive ATII levels will promote lung injury,
myocarditis, thrombotic events, and thedamageof kidneys and thedigestive system. Itwas reported in a small
group of 12 patients with pneumonia and infected with SARS-CoV2 that plasmaATII level was significantly
increased and correlated with both lung injuries and viral load [11].

In early studies about fatality rates in SARS-CoV2 infection, a high prevalence of comorbidities such
as hypertension, cardiovascular disease, diabetes, malignancies and chronic pulmonary disease was
reported [12–14]. Notably, patients with chronic obstructive pulmonary disease had a fourfold higher risk
of developing COVID-19 [15]. Moreover, elderly patients had an increased susceptibility for this infection,
as has been recently shown [14].

Since most patients with cardiovascular and metabolic diseases are treated with ARBs or ACEi, a major
concernwas raised about the safety and/or persistent beneficial effects of these drugs in SARS-CoV2-infected
patients. It was suggested that the interaction between SARS-CoV2 and ACE2 is an important factor for
disease aggravation [16,17]. Currently, there are several ongoing clinical trials that investigate the effects of
ACEi and ARBs usage in the setting of SARS-CoV2 infection (Table 1). A couple of these studies already
concluded that ARBs and ACEi do not aggravate morbidity and mortality in COVID-19 patients with
cardiovascular diseases [18] and strongly recommended treatment continuation if indicated [19].

A better understanding of the interaction between SARS-CoV2 and RAAS components is needed for the
appropriate therapeutic management of these patients.

ACE2 and RAAS Interaction

ACE2 is a transmembrane glycoprotein (mono-carboxypeptidase), a homolog of ACE (40% identic) [8,14],
which converts ATII into its protective metabolite, Ang 1-7. Furthermore, ACE2 can convert angiotensin I
into Ang 1-9, which will be further transformed by ACE and ACE2 into Ang 1-7 [8,20]. By all these effects,
ACE2 can suppress the activity of RAAS and reduce vasoconstriction and cardiovascular remodeling [21].

Normally, AT1R andACE2 interact and form complexes on the cellular surface [22]. High levels ofATIIwill
separate and releaseACE2 (shedding), a process activated by themetalloproteinaseADAM17 (upregulated by
ATII) [9,22]. Even though the process of shedding represents an important mechanism of ACE2 regulation,
the amount of the soluble form of ACE2 is small [23]. Interestingly, it was reported that SARS-CoV2
can be blocked by the recombinant soluble ACE2 [24], which might represent a therapeutic option for
SARS-CoV2 aswell; in this respect, a pilot trial (NCT04335136) has been launched (Table 1). ACE2 represents
an important regulatory enzyme of RAAS not only by the reduction in ATII levels, but also because its
product—Ang 1-7—has specific effects by acting on the recently discovered receptor Mas (Mas oncogene
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product) [6,7]. The interaction with this receptor will block AT1R and activate nitric oxide synthase (NOS)
withNOproduction and the suppression ofATII effects [25]. Importantly, Ang 1-7 is able to have a crosstalk
interaction with the angiotensin type 2 receptor (AT2R) and bradykinin type 2 receptor (BK2R) [3,26].
Alterations in the Ang 1-7 levels are associated with hypertension, myocardial hypertrophy, myocardial
infarction, liver disease and chronic kidney disease [27].

The crucial role of ACE2 in cardiac regulation was firstly described in experimental models. Accordingly,
ACE2deficiency in rodents leads to increased levels ofATII, oxidative stress, inflammation, andhypertension
throughAT1R activation. ACE2 knockoutmice developed increased local cardiacATII, high oxidative stress,
neutrophilic infiltration and pathological hypertrophy [28]. An elevated activity and ACE2 gene expression
in pericytes (as compensatory mechanisms) were reported in patients with heart failure and were correlated
with severity of the disease [29].

In addition, ARB and ACEi were able to increase ACE2 activity and mRNA gene expression in the rat heart.
To date, no data about such an increase at the tissue level were reported in humans; however, ongoing studies
are investigating the effects of RAAS medication on circulating ACE2 levels.

The dual effect of RAAS activation is depicted in Figure 1.

Figure 1. Renin–angiotensin–aldosterone system (RAAS) components—thebalance between angiotensin-converting
enzyme (ACE) and ACE2 effects. Ang I = angiotensin I, Ang II = angiotensin II, Ang 1-7 = angiotensin 1-7
peptide, Ang 1-9 = angiotensin 1-9 peptide, ACE= angiotensin I converting enzyme 1, ACE2= angiotensin I converting
enzyme 2, AT1R = angiotensin II receptor type 1, AT2R = angiotensin II receptor type 2, AT4R = angiotensin II
receptor type 4, MasR = Mas oncogene (a G-protein–coupled receptor), BK2R = bradykinin type 2 receptor, NO =
nitric oxide, NOS = nitric oxide synthase.
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SARS-CoV2–ACE2 Interaction

SARS-CoV2 is a pathogen which shares many similarities with SARS-CoV1, including 76% of spike
(S) protein sequence identity [30] and an increased affinity for ACE2 (10–20-fold higher than that of
SARS-CoV1) [31].

In the heart and lungs, binding of SARS-CoV2 to ACE2 (which acts as a functional receptor) will lead
to ACE2 internalization [4,6]. After the binding and endocytosis of SARS-CoV2, ACE2 expression will
decrease, with a subsequent increase in ATII accumulation. Importantly, ACE2 expression can be directly
reduced by viral replication [32] or through the activation of ADAM17, the enzyme responsible for ACE2
shedding and inactivation (Figure 2).

Figure 2. Mechanisms of SARS-CoV2–ACE2 binding and inactivation.

The “liaison” between SARS-CoV2 and ACE2 receptors is mediated by the spike (S) viral glycoprotein from
the viral envelope that is also responsible for the “corona”-like appearance of the virus (Figure 2). Thebinding
process is facilitated by transmembrane protease serine 2 (TMPRSS2), a membrane protease important for
the connection between SARS-CoV2 and ACE2 with subsequent viral entry inside the cells (Figure 2) [33].

Genetic susceptibility can be responsible for the rapid spreading of SARS-CoV2. More specifically, it was
observed thatACE2polymorphism (p.Arg514Gly in theAfrican/African-American population) is associated
with pulmonary and cardiovascular states, andTMPRSS2polymorphism (p.Val160Met—rs12329760) canbe
responsible for the genetic susceptibility to SARS-CoV2 infection (including risk factors such as cancer and
male patients) [34].

ACE2 represents the “entry door” for both SARS-CoV1 and SARS-COv2. Indeed, in an experimental model
of SARS-CoV1 infection in mice, viral entry facilitated the increased expression of ACE2 [35]. Conversely, in
ACE2 knockout mice, the burden of infection with SARS-CoV1 was significantly reduced [4].

On the other hand, ACE2 exerts beneficial effects via the degradation of ATII into Ang 1-7. Suppression
of activity/expression of ACE2 will lead to high ATII levels with lung and cardiovascular consequences,
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an observation reported in a group of patients with SARS-CoV2 infection where plasma levels of ATII
were correlated with both the viral load and these types of injuries [11]. Notably, correlations of ATII levels
with the viral load and disease severity were also reported in other conditions such as influenza H5N7 and
respiratory syncytial viral infections [36,37].

SARS-CoV2 Infection, ACE2 and ACEi/ARB Treatment

Several studies reported that RAAS medication (ACEi and ARB) can increase the membrane ACE2
expression in the cardiovascular system [38,39]. Since ACE2 is the receptor that facilitates SARS-CoV2 entry,
treatment with these drugs in patients with hypertension and heart failure was suspected to elicit harmful
effects in the setting of SARS-CoV2 infection [17]. However, this hypothesis was not confirmed, since the
beneficial effects of ARB via the blockade of ATII action on AT1R appear to prevail [40].

The current hypotheses regarding the dual effect ofRAAS inhibition in the presence of SARS-CoV2 infection
are depicted in Figure 3.

Figure 3. Current hypotheses regarding the effects of angiotensin-receptor blockers (ARBs) andACE inhibitors (ACEi)
in COVID-19 patients.

It has been previously reported in the literature that the SARS-CoV2 infection is more severe in patients
with cardiovascular diseases (hypertension, myocardial injury, cardiomyopathy) [41,42], conditions where
RAAS medication provides indubitable protection. Thus, discontinuation of these drugs could increase the
propensity for decompensation in high-risk patients. When considering the opposite effects on ACE2, i.e.,
upregulation of ACE2 (induced by ARB and ACEi) vs. downregulation of ACE2 (induced by SARS-CoV2),
it is most probably more advantageous to have higher rather than lower enzymatic levels; thus, more ACE2
will be available to limit the ATII effects. In animal studies, ARBs and ACEi showed clearly beneficial
effects [4] and a decrease in ACE2 was already reported to be responsible for the maladaptive ventricular
remodeling after myocardial infarction [43].

Importantly, no data are currently available in the literature to support the hypothesis that ACEi or ARBs
increase the infection rates and/or the severity of the lesions in COVID-19 patients. Therefore, these drugs
represent important therapeutic options, if indicated, in the presence of SARS-CoV2 infection. There are
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animal studies that clearly present the beneficial effects of ARBs on lung injury in SARS-CoV2-infected
mice [4].

There are both ongoing and finalized clinical trials (Table 1) that address the effects of RAAS medication in
COVID-19 patients, in addition to vaccines and antiviral drugs. Accordingly, the Valsartan for Prevention
of Acute Respiratory Distress Syndrome in Hospitalized Patients With SARS-CoV2 (COVID-19) Infection
Disease (PRAETORIAN-COVID) trial (NCT04335786, Table 1) investigates the effect of valsartan in
SARS-CoV2-infected patients [44]. Other trials investigate the effects of losartan in COVID-19 patients
requiring or not requiring hospitalization (NCT04312009, NCT04311177, Table 1). The Angiotensin
Receptor Blockers and Angiotensin-Converting Enzyme Inhibitors and Adverse Outcomes in PatientsWith
COVID19 (BRACE-CORONA) trial showed that interruption of ACEi/ARBs for 30 days is not beneficial
for COVID-19 patients and the recommendation is to continue the treatment for those with therapeutic
indication [19].

Table 1. Clinical trials for investigation of treatment with ARBs and ACEi in COVID-19 patients (source:
ClinicalTrials.gov).

Trial Number Title

NCT04312009 Losartan for Patients with COVID-19 Requiring Hospitalization
NCT04311177 Losartan for Patients with COVID-19 Not Requiring Hospitalization

NCT04335136 Recombinant Human Angiotensin-converting Enzyme 2 (rhACE2) as a Treatment for Patients with
COVID-19 (APN01-COVID-19)

NCT04364893 Angiotensin Receptor Blockers and Angiotensin-Converting Enzyme Inhibitors and Adverse Outcomes in
Patients with COVID19 (BRACE-CORONA)

NCT04338009 Elimination or Prolongation of ACE Inhibitors and ARB in Coronavirus Disease 2019
(REPLACECOVID)

NCT04375046 Recombinant Bacterial ACE2 Receptors—Like Enzyme of B38-CAP Could be Promising COVID-19
Infection—and Lung Injury Preventing Drug Better Than Recombinant Human ACE2 (Bacterial ACE2)

NCT04318418 ACE Inhibitors, Angiotensin II Type-I Receptor Blockers and Severity of COVID-19 (CODIV-ACE)
NCT04353596 Stopping ACE inhibitors in COVID-19 (ACEI-COVID)
NCT04357535 Prognosis of Coronavirus Disease 2019 (COVID-19) Patients Receiving Antihypertensives

NCT04364893 Angiotensin Receptor Blockers and Angiotensin-Converting Enzyme Inhibitors and Adverse Outcomes in
Patients with COVID19 (BRACE-CORONA)

NCT04337190 Impact of Angiotensin II Receptor Blockers Treatment in Patients with COVID 19 (COVID-ARA2)
NCT04367883 Influenza Vaccination, ACEI and ARB in the Evolution of SARS-COVID19 Infection
NCT04329195 ACE Inhibitors or ARBs Discontinuation in Context of SARS-CoV2 Pandemic

NCT04519398 Investigating the Involvement of ACE and Angiotensinogen Genes’ Polymorphism Along with Other
Thrombophilic Genotypes in Severe Forms of COVID-19 with/without Thrombotic Events

NCT04338009 Elimination or Prolongation of ACE Inhibitors and ARB in Coronavirus Disease 2019
NCT04351581 Effects of Discontinuing Renin–Angiotensin System Inhibitors in Patients with COVID-19
NCT04331574 Renin–Angiotensin System Inhibitors and COVID-19
NCT04394117 Controlled Evaluation of Angiotensin Receptor Blockers for COVID-19 Respiratory Disease (CLARITY)
NCT04355936 Telmisartan for Treatment of COVID-19 Patients

NCT04335786 Valsartan for Prevention of Acute Respiratory Distress Syndrome in Hospitalized Patients with
SARS-CoV2 (COVID-19) Infection Disease (PRAETORIAN-COVID)
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Novel Therapeutic Strategies: Recombinant ACE2 and Regulation of Protease Activity

Severe cases of SARS-CoV2 infection are more common in men than in women and in adults/the elderly
than in children [45]. Furthermore, the death rate is sex-dependent, being significantly higher in men
compared to women [46]. The underlying mechanisms have not been elucidated so far, but, among the
contributing factors, smoking, impaired immune response, and the regulation of TMPRSS2 and ADAM17
have been incriminated [9,47]. Moreover, differences in mACE2 expression associated with high AngII
levels, ADAM17 activity and increased mACE2 shedding were reported [48], particularly in males [49].
Additionally, it was observed that high levels of sACE2 represent a higher risk factor for severe COVID-19
in adults > children and in men > women [48,50]. In this respect, in two groups of COVID-19 patients
with heart failure, sACE2 was found to be higher in men vs. women, an observation that might explain the
increased rate of death in men [50].

Regarding SARS-CoV2 treatment, an interesting therapeutic possibility is represented by recombinant
ACE2 (Figure 4). The beneficial effects of recombinant ACE2 were demonstrated in animal models of acute
lung failure [51]. In this respect, a clinical trial that uses circulating soluble recombinant ACE2 to bind
SARS-CoV2 and to prevent its connectionwithmembrane-boundACE2 is ongoing (NCT04335136, Table 1).

Figure 4. New therapeutic strategies for preventing SARS-CoV2–ACE2 binding and replication: recombinant ACE2
and inhibitors of proteases A Disintegrin and Metalloprotease (ADAM)17 and transmembrane protease serine 2
(TMPRSS2).

As mentioned before, the process of binding SARS-CoV2 to ACE2 is regulated by two membrane proteases,
ADAM17 and TMPRSS2. Their inhibition currently represents the newest therapeutic approach (Figure 4).
TMPRSS2 has a crucial role in SARS-CoV2 infection (and also in influenza A virus infection); interestingly,
the protease has been reported to be upregulated by androgen hormones, e.g., in prostate cancer [52].
A Japanese trial that investigates the efficiency of two TMPRSS2 inhibitors (nafamostat and camostat) in
the treatment of COVID-19 infection is ongoing [53,54].

Conclusions

ACE2, the enzyme responsible for the conversion ofATII intoAng 1-7, also acts as a receptor for SARS-CoV2,
the currently ongoing and pandemic-causing coronavirus. ACE2 expression is increased in response to ACEi
and ARBs, and there have been concerns regarding their usage in SARS-CoV2 patients. Several clinical trials
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are ongoing to test the safety and beneficial effects of RAAS medication (ACEi, ARBs) as well as new classes
of drugs (recombinant human ACE2 and inhibitors of proteases ADAM17 and TMPRSS2). Until new data
are available, the continuation of RAAS medication is recommended in patients suspected or confirmed to
have SARS-CoV2 infection.
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