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The soluble catalytic ectodomain of ACE2 a biomarker of cardiac
remodelling: new insights for heart failure and COVID19
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Abstract

The angiotensin-converting enzyme 2 (ACE2) is a type I integral membrane that was discovered two decades ago. The ACE2
exists as a transmembrane protein and as a soluble catalytic ectodomain of ACE2, also known as the soluble ACE2 that can
be found in plasma and other body fluids. ACE2 regulates the local actions of the renin-angiotensin system in cardiovascular
tissues, and the ACE2/Angiotensin 1-7 axis exerts protective actions in cardiovascular disease. Increasing soluble ACE2
has been associated with heart failure, cardiovascular disease, and cardiac remodelling. This is a review of the molecular
structure and biochemical functions of the ACE2, as well we provided an updated on the evidence, clinical applications, and
emerging potential therapies with the ACE?2 in heart failure, cardiovascular disease, lung injury, and COVID-19 infection.

Keywords ACE2 - soluble catalytic ectodomain of ACE2 - soluble ACE2 - Angiotensin 1-7 - cardiac remodelling - heart
failure - lung injury - COVID-19 - SARS-CoV-2 - Chelation therapy

The ongoing pandemic COVID19

On late December 2019, China reported a cluster of cases
of pneumonia at Wuhan, Hubei province; the pathogen was
identified as a betacoronavirus in the same subgenus as the
severe acute respiratory syndrome coronavirus (SARS-CoV)
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[1]. The Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses has proposed that this
virus be designated as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [2]. SARS-CoV-2 is the sev-
enth coronavirus that is known to cause human disease [3].
In February 2020, the World Health Organization (WHO)
designated the disease SARS-CoV-2 caused by coronavirus
2019 (COVID19), on early March 2020, the WHO declared
COVID-19 to be a pandemic [4]. At this moment, there was
no European Medicines Agency or Food and Drug Admin-
istration-approved drugs specifically for the treatment of
this pandemic [5]. Chloroquine and hydroxychloroquine,
especially the latter, is one of the most widely used drugs
during the pandemic due to some studies that reported that
they inhibit SARS-CoV-2 in vitro [6, 7]. One small trial,
hydroxychloroquine alone, and combination with azithro-
mycin reduced detection of SARS-CoV-2 ribonucleic acid
(RNA) in the upper respiratory tract [8]. Nevertheless, a
recent retrospective multicenter cohort study of patients hos-
pitalised in metropolitan New York with COVID-19 showed
that treatment with hydroxychloroquine, azithromycin, or
both, compared with neither therapy, was not significantly
associated with differences in in-hospital mortality [9].
Remdesivir was a promising drug during the pan-
demic, showing in vitro activity against SARS-CoV-2
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[10]. However, a double-blind, randomised trial in China
of 237 patients with severe COVID-19 clinical improve-
ment was not statistically different with remdesivir com-
pared with placebo for 10 days and mortality at 28 days
was also similar with remdesivir or placebo, although
not statistically significant, patients receiving remdesi-
vir had a numerically faster time to clinical improve-
ment than those receiving placebo among patients with
symptom duration of 10 days or less [11]. Also, Lopi-
tonavir-ritonavir was used at the start of the pandemic
until a randomised, controlled, open study of 199 patients
with severe SARS-CoV-2 infection did not demonstrate
clinical improvement or mortality at 28 days [12]. This
discouraged many countries from using the drug due to
important pharmacological adverse effects.

Convalescent plasma is one of the most widely stud-
ied non-pharmacological treatments at present. There
are small controlled case series of patients with SARS-
COV-2 and acute respiratory distress syndrome (ARDS).
The administration of convalescent plasma was followed
by improvement in their clinical status [13]. Similarly,
other small study showed that convalescent plasma treat-
ment can discontinue detection of viral shedding but can-
not reduce mortality in critically end-stage COVID-19
patients, suggesting that treatment should be initiated
earlier [14]. The limited sample size and study design
preclude a definitive statement about the potential effec-
tiveness of this treatment, and these observations require
evaluation in clinical trials. Moreover, finding appropriate
donors and establishing testing to confirm the neutralis-
ing activity of plasma may be logistical challenges. Fur-
thermore, SARS-CoV-2 C-terminal domain forms more
atomic interactions with angiotensin-converting enzyme
2 (ACE2) than SARS-CoV-1- receptor-binding domain
(RBD), suggesting that the previously developed SARS-
CoV-1-RBD-based vaccine candidates are unlikely to be
of any clinical benefit for SARS-CoV-2 prophylaxis [15].
Many drugs and treatments are under clinical trial [16],
and their efficacy for SARS-CoV-2 remains to be deter-
mined, so far, no treatment is effective against SARS-
CoV-2. There are several vaccines in development with a
wide range of strategies, from the traditional model based
on attenuated viruses to the most revolutionary design
based on mRNA or DNA. Currently, the first types of
commercialised vaccines are based on SARS-CoV 2 peak
RNA proteins packaged in lipid nanoparticles [17]. These
types of vaccines are very specific because they are based
on the synthesis of the SARS-Cov-2 peak protein.

Many studies demonstrated the ACE2 as an entry recep-
tor for SARS-CoV-2 infection [15]. Hence, understanding the
ACE?2 molecular structure and biochemical functions could
provide a better understanding of the SARS-COV-2 physiopa-
thology and new insights for COVID-19 treatment.

@ Springer

The concerns about the use
of renin-angiotensin-aldosterone system
inhibitor medication in COVID-19

On early March, the first retrospective cohort studies
revealed that older age, hypertension, and diabetes were
risk factors associated with the development of ARDS
and worse prognosis [18]. It is well known so far that
SARS-CoV-2 share 79.6% sequence identity to SARS-
CoV-1 and uses the same cell entry receptor ACE2 [19].
Pre-clinical studies indicated that angiotensin-converting
enzyme inhibitors (ACEI) and angiotensin II receptor
blockers (ARB) increased the ACE2 mRNA expression
[20, 21]. This led to speculate by some authors that the
use of renin—angiotensin—aldosterone system (RASS)
inhibitor medication could facilitate infection with
SARS-CoV-2 and even increases the risk of developing
a severe viral infection because hypertensive and diabetic
patients are most often treated with those medications
[22]. This has created a debate about the temporary dis-
continuation of RASS inhibitor medication. However, the
Cardiology Scientific Societies, their position, was not
to add or remove any RASS-related treatments, beyond
actions based on standard clinical practice [23]. Recently,
observational studies performed in Italy (n = 6272) and
New York (n = 12,594) showed that there was no evi-
dence that ACEI or ARB affected the risk of COVID-19
infection [24, 25].

The ACE2 molecular structure

The ACE2 is the first known human homologue of angi-
otensin-converting enzyme (ACE) discovered in 2000
[26, 27]. The ACE2 gene contains 18 exons, interspersed
with 17 introns, localised to chromosome X, position
p22.2 [26]. The ACE2 is a type I integral membrane
protein of 805 amino acids that contains two domains
[26-28], the first a transmembrane domain (amino acids
741-763) [27] and the second is an extracellular region,
also known as the ectodomain (amino acids 1-740). The
extracellular region is composed of two domains [28];
the first is a zinc metallopeptidase domain (amino acids
19-611) that is the single catalytic domain of the ACE2
[26, 27], which is 42% identical to each of the two cata-
lytic domains in ACE [27]; the second is located at the
C terminus (amino acids 612-740) is 48% identical to
a transporter protein known as collectrin. The crystal
structure revealed that ACE2 contains 20 a-helical seg-
ments [28].

The metalloprotease domain of ACE2 can be further
divided into two subdomains (I and II) which form the
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two sides of a long and deep cleft with dimensions of
~ 40 A long by ~ 15 A wide by ~ 25 A deep. The two
subdomains are connected only at the floor of the active
site cleft. One prominent a-helix (helix 17, residues 511-
531) connects the two subdomains and forms part of the
floor of the canyon. There are three disulfide bonds of
ACE2 (Cys133-Cysl41, Cys344-Cys361, and Cys530-
Cys542). The zinc-binding site is located near one side
of the large active site cleft (subdomain I); the zinc is
coordinated by His374, His378, Glu 402, and one water
molecule (in the native structure). A chloride ion (Cl-) is
bound in native ACE2, coordinated by Argl69, Trp477,
and Lys481 in subdomain II [28].

The ACE2 protein at the extracellular region has the
catalytically active ectodomain that undergoes shedding
by a disintegrin and metalloproteinase domain-contain-
ing protein 17 (ADAM17) also known as tumour necrosis
factor alpha-converting enzyme, a protease up-regulated
in heart failure (HF) [29]. This ADAM]17 releases a solu-
ble form of ACE2 (Fig. 1). The region of ACE2 cleavage

Fig. 1 ACE2 pathway. ACE2
is> 300 times effective to
converts Ang II to Ang 1-7 that
for converts Ang I to Ang 1-9,
which in the presence of NEP
or ACE can converts Ang I and
Ang 1-9 to Ang 1-7. ACE2
membrane-anchored protein at
the catalytically active ectodo-
main undergoes shedding by the
ADAM17, forming a soluble
form of ACE2. ACE angio- :'
tensin-converting enzyme, '
ACE2 angiotensin-converting
enzyme 2, Angangiotensin,
NEP neprilysin, PCP prolylcar-
boxypeptidase, ADAM17 dis-
integrin and metalloproteinase
domain-containing protein 17,
Znmetalloproteinase zinc-
binding site
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is localised between amino acids 716 and 741, near the
predicted transmembrane domain [30]. Some studies
suggest that a calcium signalling pathway is involved
in ACE2 release [29, 30]. Calmodulin is a ubiquitous
calcium-binding protein which is known to bind other
transmembrane proteins, including L-selectin and ACE,
and regulate their cell surface expression. Lambert et al.
demonstrated in vitro that calmidazolium (calmodulin
antagonist) resulted in increased soluble ACE2 activity.
This calmidazolium-mediated stimulation of ACE2 shed-
ding was time- and dose-dependent [31].

The ACE?2 exits in two forms: The first is as a type
I membrane protein anchored to the plasma membrane
through a transmembrane domain near de C terminus
(ACE2 mRNA expression). The second is as a solu-
ble enzyme lacking the transmembrane and cytosolic
domains, also known as the soluble catalytic ectodomain
of ACE2, that can be found in the plasma and other body
fluids (Soluble ACE2 plasma activity) [26].
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The ACE2 biochemical functions

ACE2 hydrolyses the carboxy-terminal leucine of the angio-
tensin I (AT1) to generate angiotensin 1-9 (AT1-9), which
is converted to smaller angiotensin peptides by ACE. ACE2
can also cleave des-Arg bradykinin, neurotensin, angioten-
sin IT (AT2), AT1, apelin-13, beta-casomorphin, dynor-
phin A 1-13, and ghrelin, but not bradykinin or 15 other
vasoactive and hormonal peptides tested. ACE2 catalytic
efficiency for AT2 is > 300 times that for AT1. ACE func-
tions as a dipeptidase whereas ACE2 as a carboxypeptidase
[27, 32]. On the other hand, ACE2 activity is unaffected by
10 uM lisinopril, enalaprilat, or captopril, but activity was
completely inhibited by 10 pM of calcium ethylenediami-
netetraacetic acid (EDTA) [26].

ACE2 mRNA expression in higher in kidney, heart, testis,
and moderate levels in the ovary, colon, and small intestine
[26] The ACE2 is expressed in the luminal surface of dif-
ferentiated small intestinal epithelial cells and is a regulator
of dietary amino acid homeostasis and gut microbial ecol-
ogy [33]. ACE2 mRNA is also localised to the endothelium
of intramyocardial vessels, medium-sized coronary arteries,
and a lesser extent in vascular smooth muscle cells [27].
ACE2 expression is increased in alveolar type II cells [34].
Moreover, ACE2 is expressed at the apical surface of airway
epithelia [35].

Pre-clinical studies indicated that ACE2 plays an important
role in the thrombogenic activity. Fraga-Silva et al. showed that
higher thrombus formation in vessels was associated with lower
ACE2 activity and the lower ratio between ACE2/ACE activity.
Besides, treatment with small-molecule Xanthenone ACE2 acti-
vator reduced platelet attachment to vessels and thrombus area
by 60%, whereas the time for thrombus formation was prolonged
by 45% [36]. ACE2-catalyzed hydrolysis of AT2 produces Angi-
otensin 1-7 (AT1-7) [32]. AT2 is associated with an increase in
the production and secretion of plasminogen activator- inhibitor
type 1 from endothelial and smooth muscle cells and an aug-
mentation of tissue factor expression, thereby enhancing the
activity of the coagulation system. Moreover, AT2-mediated
large vessel thrombosis involves activation of angiotensin II
receptor type 1 (AT2rl), whereas the AT2-mediated micro-
vascular thrombosis involves the activation of angiotensin II
receptor type 2 (AT2r2) [37]. On the other hand, AT1-7 induced
substantial nitric oxide production from platelets. It produced a
potent inhibition of thrombus formation in Mas positive cells,
whereas this effect was abolished in Mas negative cells. Also,
bleeding time was decreased in Mas negative cells [38]. Moreo-
ver, AT1-7 activates endothelial nitric oxide synthase through
an Akt-dependent mechanism and attenuates NADPH oxidase
via the Mas receptor, providing an important role in maintaining
endothelial function and vascular integrity [39]. Therefore, the
ACE2/AT1-7/mas receptor axis exerts anti-thrombotic effects.

@ Springer

The soluble catalytic ectodomain of ACE2
plasma activity (Soluble ACE2)

In recent years, some studies demonstrated that increas-
ing soluble catalytic ectodomain of ACE2 plasma activity
also known as soluble ACE2 is associated with the clinical
diagnosis of heart failure (HF) moreover correlated with
worsening New York Heart Association (NYHA) func-
tional class, increasing B-type natriuretic peptide levels
and is associated to all-cause mortality [40, 41]. Similarly,
the increasing soluble ACE2 has been found in patients
with both ischemic and nonischemic cardiomyopathies
and also in patients with clinical HF but a preserved left
ventricular ejection fraction [40]. Furthermore, in patients
with aortic stenosis, the elevated soluble ACE2 was an
independent predictor of all-cause mortality with a haz-
ard ratio (HR) of 2.28 (1.03-5.06, p = 0.042); increased
soluble ACE2 was associated with reduced myocardial
ACE2 gene expression (0.7-fold, p = 0.033) and severe
myocardial fibrosis (p = 0.027) [42]. This suggests that
the presence of circulating soluble ACE2 in plasma indi-
cates the cause or effect of an adaptive or maladaptive
physiological process operating in HF and cardiovascular
diseases. Moreover, the higher soluble ACE2 activity is
associated with diminished exercise capacity and corre-
lates with elevated plasma asymmetric dimethylarginine a
marker of oxidative stress-mediated endothelial dysfunc-
tion in patients with chronic systolic HF [43]. On the other
hand, in the Finnish Diabetic Nephropathy Study (FinnDi-
ane) using patients with type 1 diabetes (n = 859) and
healthy controls (n = 204), the soluble ACE2 increases in
patients with type 1 diabetes and vascular complications
such as albuminuria and coronary artery disease (CAD)
[44]. Moreover, in ST-elevation myocardial infarction
(STEMI) patients, elevated soluble ACE2 correlated with
infarct size (r = 0.373, p < 0.001) and is associated with
the occurrence of left ventricular remodelling (OR 4.4,
1.3-15.2, p = 0.027) [45]. Similarly, patients with angio-
graphically CAD, high soluble ACE2 was a predictor of
major adverse cardiovascular events (MACE) with HR 2.4
(1.24-4.72, p = 0.009) [46]. In addition, the soluble ACE2
is increased in atrial fibrillation (AF) and is associated
to left atrial (LA) electroanatomic mapping parameters
of low mean LA bipolar voltage (R2=0.22, p = 0.03),
a high proportion of complex fractionated electrocardio-
grams (R2=0.32, p = 0.009), and long LA activation time
(R* = 0.2, p = 0.04) which reflects a more advance LA
structural remodelling [47]. These studies indicated that
the ectodomain shedding of ACE2 plays an important role
in the process of early cardiac remodelling (Table 1) and
their cut-off values of soluble ACE2 could provide new
insight for a biomarker of cardiac remodelling. Hence, the
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human soluble ACE2 exerts an effect in the ACE2/angio-
tensin 1-7 axis modulation in heart failure, cardiovascu-
lar disease, and lung injury and currently, is a potential
approach for SARS-COV-2 infection therapy.

The human recombinant soluble ACE2

Healthy human subjects well tolerate doses of 100—-1200 pg/
kg of a recombinant version of the catalytic ectodomain of
human ACE2, also known as the human recombinant soluble
ACE2 (hrsACE2). The dose was given as an intravenous
infusion over 30 min and had a terminal half-life of about
10 h [48]. Basu R et al. measured the entire family of angio-
tensin peptides in patients with HF. After administration of
hrsACE?2 effectively normalised elevated AT2 while increas-
ing AT1-7 and AT1-9 in patients with HF. Interestingly, the
effect of hrsACE2 in the subgroup of chronic heart failure
(CHF) treated with ARB compared with CHF treated with
ACEI, the AT2 was lowered thereby increasing AT1-7/AT2
ratio but the AT1-7 was only mildly increased with rela-
tively dominant increased in plasma Angiotensin 1-5 (AT1-
5). Therefore, ACEI reduced AT1-7 degradation, whereas
hrsACE2 increased AT1-7 formation [49]. AT1-7 has a very
short half-life (< 9 s), and release of a soluble ectodomain
of ACE2 from the vascular endothelium may serve to alter
systemic AT1-7 concentrations and the relative peripheral
balance of ACE2/ACE [40]. In contrast, a small study of
patients with acute respiratory distress syndrome showed
that the AT2 was higher in nonsurvivors than in survivors,
the use of hrsACE2 GSK2586881, 3 days of twice-daily
infusions of 0.4 mg/kg, was well-tolerated and decreased
AT?2 level concentration, whereas AT1-7, AT1-5, and sur-
factant protein D concentrations were increased [50]. Hence,
the ACE2/AT1-7/mas axis exerts cardiovascular protection
providing anti-fibrotic, anti-hypertrophic, anti-oxidant, and
vasodilator effects. In contrast, ACE/AT2/Angiotensin 1
receptor (AT1R) axis exerts the opposite effect providing
fibrosis, hypertrophy, endothelial injury, and vasoconstric-
tion [51].

ACE2 catalytic ectodomain as the functional
receptor for the SARS-CoV-2

The envelope-embedded surface-located spike glycoprotein
(S) of SARS-CoV-1 attaches the virus to it is cellular recep-
tor ACE2 [52]. SARS-CoV-2 share 79.6% sequence identity
to SARS-CoV-1 and uses the same cell entry receptor ACE2
[19]. Structural analysis of ACE2 has revealed the presence
of a single catalytic domain that is located in the ectodomain
was identified as a functional receptor for SARS-CoV-1, and
the ectodomain is indispensable to viral attachment through
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a defined RBD on S mediates this interaction [53]. A recent
structural analysis demonstrated that S subunit 1 (S1) and
the C-terminal domain of the SARS-CoV-2, otherwise
known as the RBD, bound to soluble ectodomain protein of
human ACE2 with fourfold higher binding affinity compared
with the SARS-CoV-1 RBD. Hence, SARS-COV-2 C-ter-
minal domain utilises its external subdomain to recognise
subdomain I of the ectodomain protein of human ACE2 [15].
Furthermore, a study in vitro demonstrated that hrsACE2
inhibits the attachment of the SARS-CoV-2 to the cells;
this inhibition was dependent on the initial quantity of the
virus in the inoculum and the dose of hrsACE2, establishing
dose-dependency. Therefore, hrsACE2 blocks early entry of
SARS-CoV-2 infections in host cells [54]. SARS-CoV-1 and
SARS-CoV-2 bind to ACE2 ectodomain catalytic site recep-
tor, with the subsequent membrane fusion and virus entry
into the cell, leads to down-regulation of these receptors.
This ACE2 down-regulation induced by the cell entry of the
virus may be particularly detrimental in patients with pre-
existing ACE2 deficiency due, for example, to older age, dia-
betes, hypertension, and prior cardiovascular disease [56].
Also, these factors were associated with developed ARDS
in the cohorts of Wuhan and Lombardy [18, 55]. Therefore,
in the setting of enhanced ACE2 deficiency produced by
the viral invasion, the marked dysregulation of the ACE2/
AT1-7/Mas axis would contribute to enhancing the progres-
sion of inflammatory and thrombotic processes [56].

Disruption of the catalytic ectodomain
of the ACE2: a potential approach
for SARS-CoV-2 infection therapy?

A novel hrsACE2 with a fragment crystallisable region
(Fc) domain of human immunoglobulin IgG1 (ACE2-1g)
and ACE2 variant (HH/NN) in which two active-site histi-
dine residues (amino acids 374 and 378) had been altered
to asparagine residues to reduce the catalytic activity
(mACE2-Ig), both have high-affinity binding to the recep-
tor-binding domain and neutralised virus pseudotyped with
SARS-CoV-1 or SARS-CoV-2 spike proteins in vitro [57].
On the other hand, ACE2 activity is unaffected by 10 pM
of ACEI, but activity was completely inhibited by 10 pM
of EDTA. This reinforces the proposition that ACE2 is a
metalloprotease, but with a distinct substrate and inhibi-
tor specificity from ACE. Hence, chelating agents such
as EDTA removes zinc, which is essential for activity
and leads to complete inactivation [26]. EDTA is chela-
tor approved by the US Food and Drug Administration to
treat lead poisoning. The Trial to Assess Chelation Therapy
(TACT) study demonstrated that 3 g of EDTA intravenous
weekly had shown a safety profile in patients with ischemic
cardiomyopathy [58, 59]. It is known so far that the ACE2
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ectodomain subdomain I contain the single catalytic
domain composed of the metalloprotease zinc-binding site
(amino acids 374-378, HEMGH) and structural analysis
has demonstrated that SARS-CoV-2 uses this ectodomain
catalytic site receptor for viral attachment [15, 53]. There-
fore, EDTA chelation therapy could be a potential approach
for SARS-CoV-2 infection therapy.

Conclusion

The ACE?2 is a type I integral membrane that was discov-
ered two decades ago. The ACE2 exists as a transmembrane
protein (ACE2 mRNA expression) and as a soluble catalytic
ectodomain of ACE2 also known as the soluble ACE2 that
can be found in plasma and other body fluids (ACE2 plasma
activity). Moreover, many studies have shown that the solu-
ble ACE2 plasma activity is associated with an adverse car-
diac remodelling in heart failure and cardiovascular diseases,
as well as a prognostic marker of cardiovascular mortality
and all-cause mortality. Therefore, the ectodomain shedding
of ACE2 plays a role in the process of cardiac remodel-
ling. However, the presence of circulating soluble ACE2 in
plasma indicates either the cause or effect of an adaptive or
maladaptive physiologic process operative in HF and car-
diovascular diseases. The hrsACE2 exerts an effect in the
ACE2/AT1-7 axis modulation in HF, cardiovascular disease,
and lung injury and currently, is a potential approach for
SARS-COV-2 infection therapy. On the other hand, chelat-
ing agents such as EDTA disrupts the catalytic ectodomain
of the ACE2, and the SARS-CoV-2 uses this ectodomain
catalytic site receptor for viral attachment. Hence, EDTA
chelation therapy could be a potential approach for SARS-
CoV-2 infection therapy. Nevertheless, more research is
required for a better understanding of the physiology of the
soluble ACE2 for potential applications in SARS-CoV-2
infection and heart failure, providing an early diagnosis of
cardiac remodelling, prognosis and therapeutic approaches.
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