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The COVID-19 pandemic has called enormous scientific 
attention to angiotensin converting enzyme 2 (ACE2) and 
other components of the renin-angiotensin system (RAS) 
since ACE2 plays a central role as the viral receptor initi-
ating the SARS-CoV-2 cell infection process. In addition, 
ACE2 and other RAS components are known to play promi-
nent roles in lung injury, which is a major cause of COVID-
19 morbidity and mortality. Our limited current understand-
ing of SARS-CoV-2 and ACE2 roles, however, has made it 
difficult to delineate the pathophysiology associated with 
COVID-19.

The myriad of COVID-19 symptoms, alongside the prom-
inent role of ACE2 in SARS-CoV-2 infection, has led to 
conflicting recommendations regarding how ACE inhibitors 
(ACEi) or angiotensin receptor blockers (ARBs) that target 
both ACE2 and other RAS-related components should be 
approached in COVID-19 patient care. An early concern 
was that increased ACE2 resulting from ACEi or ARB treat-
ment of hypertensive patients might increase their SARS-
CoV-2 infection rate. This higher SARS-CoV-2 infection 
rate related to increased ACE2 has been criticized, while 
there are suggestions that administering ACEi and ARBs 
might be beneficial in treating COVID-19 [1]. Upregulation 
of ACE2 is potentially also beneficial by maintaining Ang II 
conversion to the vasodilatory, anti-inflammatory and anti-
atherosclerotic Ang 1–7 [2], while the use of ARBs could 
be beneficial by blocking excessive Ang II type-1 receptor 

(AT1R)-mediated Ang II activation, thereby increasing Ang 
1–7 levels by upregulating ACE2 activity. The potential, 
protective role of ACE2 in SARS-CoV-2 infection-induced 
COVID-19 morbidity and mortality has recently been 
reviewed (Supplemental Ref. [1]). In addition, not only are 
the effects of ACEi or ARBs potentially protective but more 
recently, Rho kinase (ROCK) inhibitors have also proven to 
be potentially useful via their ability to increase ACE2 [3].

Another line of evidence suggesting that elevated ACE2 
may be of potential benefit arises from the study of renal 
cells as ACE2 is strongly expressed in kidney tubules. Renal 
impairment has been found to be the main secondary out-
come of COVID-19 infection, following respiratory dys-
function (Supplemental Ref. [2]). Monteil and coworkers 
reported that SARS-CoV-2 directly infects human tubular 
kidney cells and has the ability to replicate post-infection 
in kidney organoids [4]. Of note, they further demonstrated 
that human recombinant soluble ACE2 treatment of kidney 
organoids significantly reduced SARS-CoV-2 infection in a 
dose-dependent manner [4]. These findings also argue that 
elevations of ACE2 are potentially beneficial.

The centrality of ACE2 and therefore of the RAS to 
COVID-19 provides a clear rationale for the study of sys-
tems, particularly human ones, in which ACE2 and other 
RAS components are altered (compared to normal). One 
such human system is represented by patients with Gitel-
man’s and Bartter’s syndromes (GS/BS), two rare genetic 
tubulopathies. We have explored and sought to better define 
the human RAS and RhoA/ROCK systems ([5], Supple-
mental Ref. [3]) by taking advantage of their endogenously 
activated RAS and high Ang II levels, yet blunted Ang 
II-mediated cardiovascular-renal effects, normotension or 
hypotension. Moreover, they exhibit increased and corre-
lated levels of both ACE2 and Ang 1–7, activation of anti-
inflammatory, anti-apoptotic, anti-proliferative and anti-ath-
erosclerotic defenses, reduced oxidative stress and blunted 
ROCK signaling [5, 6]. In addition, these patients also have 
up-regulated regulator of G-protein signaling (RGS)-2. 
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RGS-2 acts as a negative regulator for Ang II signaling via 
AT1R which significantly extends to Ang II-mediated acti-
vation of the RhoA/ROCK system [5].

As COVID-19 swept through Italy earlier this year, we 
were presented with an opportunity to use the unique charac-
teristics of GS/BS patients to probe for the effect of elevated 
ACE2 on COVID-19 in these patients. Our attention was 
drawn to this issue by the arguments that, in concert with the 
rising number of COVID-19 cases, quickly arose regarding 
the continuation/discontinuation of ACEi and ARB treat-
ment in hypertensive patients contracting COVID-19. In 
particular, the absence of studies in humans on the effects of 
ACEi and ARBs on ACE2 led us to reason that this unique 
human model could supply much needed data. We then sur-
veyed our cohort of GS/BS patients for the prevalence of 
COVID-19 with the intent to compare it to the prevalence 
found in the general Italian population. Our cohort consisted 
of 128 GS/BS patients; the relatively small number is the 
result of GS/BS both being rare genetic syndromes. We 
found no cases of COVID-19 as determined by either test-
ing or the presence of COVID-19-related symptoms. The 
survey found no COVID-19 cases in our cohort, and this 
was statistically significant (p = 0.0001; 95% CI 0.00–3.62%) 
compared with the estimated prevalence of COVID-19 in the 

general population of the hotspot Regions of northern Italy 
for COVID-19: Lombardia, Veneto and Emilia Romagna, 
(8.96%; 95% CI 8.96–8.99%) at the time of the survey (April 
2020) [7] (manuscript submitted. The results may represent 
an underestimation of the prevalence of asymptomatic viral 
infection in our cohort since it was not possible to test every 
patient for SARS-CoV-2.

Accepting that we may have missed some SARS-CoV-2 
infected patient(s), this occurrence would thus suggest 
that the effects of GS/BS renders SARS-CoV-2 infections 
asymptomatic and that COVID-19 symptoms are driven by 
ACE2 levels.

Regardless, our results indicate that GS/BS patients 
appear to be protected from either infection by SARS-CoV-2 
itself or from the resulting clinical disease.

Our findings in GS/BS patients point to increased ACE2 
as likely being beneficial, since the elevated ACE2 lev-
els in GS/BS may be the mechanism of protection from 
COVID-19. However, there are other characteristics of GS/
BS patients that might beneficially affect ACE2 in a dif-
ferent manner. GS/BS patients have characteristic chronic 
metabolic alkalosis, which may have direct effects on 
ACE2 itself, similar to that of chloroquine/hydroxychlo-
roquine (CQ). This potential ACE2-dependent mechanism 

Fig. 1  Mechanism of altered ACE2 glycosylation in GS/BS
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is based on earlier reports that CQ treatment successfully 
treated SARS-CoV-2 infection by interfering with termi-
nal glycosylation of ACE2 [8]. As SARS-CoV and SARS-
CoV-2 belong to the same viral family and share ACE2 as 
their means for infecting cells, this makes it likely that the 
negative effects of CQ on SARS-CoV ACE2 binding are 
shared by SARS-CoV-2. CQ inhibits infection by impairing 
terminal glycosylation of ACE2 by blocking the necessary 
acidification of Trans Golgi Network (TGN)/post-Golgi 
while leaving ACE2 membrane expression unaltered [8]. 
Thus it could be that metabolic alkalosis in GS/BS patients 
reproduces the same pH-dependent effect(s) on ACE2 gly-
cosylation, thereby impacting not only the GS/BS pheno-
types [Supplemental ref. 4], but in the case of COVID-19, 
blocking/inhibiting SARS-CoV-2 binding and the resulting 
COVID-19 disease ([8], Supplemental Ref. [5]) (Fig. 1). 
Interestingly, Brufsky suggested a different glycosylation-
related effect as being involved in the ACE2 role in SARS-
CoV-2 infection [9]. Based on animal experiments and on 
observations reported in COVID-19 patents, Brufsky sug-
gested that hyperglycemia and diabetes lead to increased, 
non-enzymatically glycosylated ACE2, which concentrates 
in the lung. This increased glycosylated ACE2 then serves to 
target SARS-CoV-2 to the lung, which explains the lung as a 
major target for SARS-CoV-2 and why diabetes is associated 
with poor outcomes for COVID-19 patients. Thus, the reduc-
tion of ACE2 glycosylation resulting from enzyme inhibition 
in GS/BS patients that seems to be protective for COVID-
19, alongside the increase in non-enzymatic glycosylation 
of ACE2 that has been associated with negative outcomes 
for COVID-19 [9] provides an impetus to further explore 
ACE2 glycosylation and its mechanisms linked to SARS-
CoV-2. Moreover, they provide a rationale for pursuing the 
identification and/or synthesis of new molecules/drugs that 
target ACE2 glycosylation while avoiding the known poten-
tial abnormal effects of CQ on heart rhythm.
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