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This editorial refers to ‘Hypertension and renin-angiotensin

system blockers are not associated with expression of

angiotensin-converting enzyme 2 (ACE2) in the kidney’†, by

X. Jiang et al., on page 4580.

The zinc metallopeptidase angiotensin-converting enzyme 2 (ACE2)
has been of much research interest recently due to its role as a re-
ceptor for the severe acute respiratory syndrome coronavirus
(SARS-CoV-2), the cause of coronavirus disease 2019 (COVID-19).
Hypertension, obesity, diabetes, older age, and male sex are the most
common comorbidities among patients with COVID-19 infection.1

This has led to the speculation that higher (than normal) ACE2 ex-
pression among patients with these conditions plays a role in their
greater susceptibility to COVID-19 infection. Additionally, it was sug-
gested that renin–angiotensin system (RAS) blockade with
angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin II
receptor blockers (ARBs) would lead to elevated ACE2 expression
and, thus, greater binding of SARS-CoV-2 to ACE2, resulting in se-
vere injury to the pulmonary epithelium and other tissues. This hy-
pothesis was based on studies in the Lewis rat model, in which
Ferrario et al.2 showed that the administration of ACEIs increased
cardiac ACE2 gene transcription. The same group showed that the
use of ARBs increased cardiac ACE2 mRNA in a similar model.3

In the current issue of the European Heart Journal, Jiang et al.4 exam-
ined a large number of renal tissues taken from patients with hyper-
tension, diabetes, and obesity. They observed no significant
association between renal expression of ACE2 at autopsy and the
patients’ history of hypertension, diabetes mellitus, or obesity.
Furthermore, they observed no association of patients’ treatment
with antihypertensive agents, including ACEIs and ARBs, and renal
expression of ACE2. They, however, did find a positive correlation
between renal expression of ACE2 and estimated glomerular

filtration rate (eGFR). The current study also shows a higher level of
ACE2 expression in the kidney and subcutaneous adipose tissue in
women compared with men, but a higher level of ACE2 in the aorta
in men compared with women. There were no significant sex-related
differences in ACE2 expression in the lungs, left ventricle, and atrial
appendages. The implications of these findings on our understanding
of COVID-19 are not clear, although higher ACE2 expression in the
lungs has been postulated to be a cause of higher mortality related to
COVID-19 in men (Take home figure).

The association between ACE2 and hypertension in humans is
poorly understood. In a rat model, Crackower et al.5 showed that
hypertension was associated with a decrease in renal ACE2 mRNA
levels. Gurley et al.6 showed that the administration of angiotensin II
(Ang II) to ACE2-deficient mice caused a larger increase in blood
pressure compared with controls. Tikelli et al.7 found that renal ex-
pression of ACE2 in spontaneously hypertensive rats (SHRs) was al-
most twice that seen in the normotensive Wistar Kyoto (WKY) rats
at birth. A three-fold increase in renal ACE2 expression in WKY rats
was observed at 6 weeks of age compared with that seen at birth;
however, there was no significant change in renal ACE2 expression in
SHRs between birth and 6 weeks of age, and the level of renal ACE2
expression in adult SHRs was half that seen in WKY animals. In con-
trast to the animal model, the current study shows that, in humans,
hypertension is not associated with a difference in renal ACE2 ex-
pression. Jiang et al.4 also showed that treatment with ACEIs and
ARBs had no effect on renal ACE2 expression in humans or SHRs.
These findings, in light of previous studies showing an increase in car-
diac ACE2 expression in rats in response to ACEIs and ARBs,2,3 sug-
gest a possible tissue-dependent association between ACE2
expression, hypertension, and RAS blockade.

Additionally, the absence of a correlation between hypertension
and ACE2 expression in the current study should be viewed with
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caution as the analysis was not done in age-matched kidney samples.
Further, the current study did not evaluate the association between
hypertension and ACE2 activity. In addition, the study did not take
into account changes that can modify protein abundance and localiza-
tion such as protein synthesis, degradation, modification, and cleavage
to produce soluble ACE2. More studies examining the association
between ACE2 tissue expression, ACE2 activity, and hypertension in
different human tissues are needed to understand the pathophysio-
logical role of ACE2 in hypertension.

The current study also shows that renal and lung ACE2 expression
increases with age, consistent with the previous data in nasal epithe-
lium.8 The increase in ACE2 expression with age could reflect a com-
pensatory response to age-related changes, such as an increase in
blood pressure, chronic proinflammatory status, and decreased
eGFR. As shown in animal models, ACE2 may counteract an increase
in blood pressure, via its ability to metabolize Ang II into vasodilator
peptide Ang-(1-7).9 Ang-(1-7) has anti-inflammatory effects,10 which
can probably counteract the age-related proinflammatory state. The
positively correlated association between eGFR and renal ACE2 ex-
pression might suggest a role for ACE2 in maintaining normal kidney
function and counteracting the age-related decline in eGFR. This
speculation is supported by the finding that many ACE2-co-
expressed kidney genes play a role in maintaining the physiological
functions of the kidney, such as reabsorption in the proximal tubule
and regulation of urinary excretion of protein. Alternatively, the
mechanism of this association is unclear but it could be related to
tubular senescence when renal mass is lost.

The study of Jiang et al. shows sex-related differences in ACE2 ex-
pression that are dependent on the type of tissue. The authors con-
clude that this finding suggests that the ACE2 gene, which is located
on the X chromosome, escapes inactivation in selected human tissue.
The sex-related differences in ACE2 are not confined to tissue ex-
pression but are also seen in serum ACE2 levels, as noted recently by
Sama et al.,11 who observed higher serum ACE2 levels in men with
heart failure compared with women. These findings, when viewed in
conjunction with the study by Stelzig et al.12 who observed down-
regulation of ACE2 expression by 17b-estradiol in human bronchial
epithelial cells, suggest important sex-related regulatory mechanisms.
While the exact role of ACE2 in the development of hypertension
and heart failure is not understood, this sex- and tissue-related differ-
ence might, in part, explain the higher prevalence of hypertension
and heart failure among men compared with women.

While this study shows a negative association between renal
ACE2 expression and the most common comorbidities in COVID-
19 infection (hypertension, obesity, and diabetes mellitus) as well as
ACEI/ARB use, several questions still need to be answered. The asso-
ciation between these conditions and ACE2 activity and serum level
is not clear. The role of higher ACE2 expression, activity, and serum
level as a possible cause of higher susceptibly and worse prognosis in
COVID-19 infection is not well established. In fact, Monteil et al.13 re-
cently showed that soluble recombinant ACE2 can significantly inhibit
SARS-CoV-2 infection and decrease viral load. Further, Imai et al.14

showed that recombinant ACE2 can protect mice from severe lung
injury. These findings suggest a possible protective value for ACE2 in
COVID-19 and other infections causing lung injury. This warrants

further investigation with clinical trials examining the effect of recom-
binant ACE2 and synthetic ACE2 inhibitors in such infections.

The clinical relevance of the association of renal ACE2 protein
abundance with kidney injury depends on whether injury is caused by
viral infection of kidney parenchyma or endothelium or by other
infection-associated factors such as an imbalance of the levels of
counter-regulatory angiotensin peptides. While several studies sug-
gested that the kidney may be directly infected by SARS-CoV-2, the
largest autopsy series did not show evidence of renal infection.15 If
direct infection of the kidney is a rare event, the significance of renal
ACE2 abundance may be more related to the balance between Ang
II and Ang-(1-7).

The variations in tissue collection and the retrospective nature of
the study are major limitations. The latter is particularly worrisome
wherein the autopsy data and the patient’s medical history and medi-
cations were correlated. Despite these limitations, the authors were
able to collect a large number of tissue samples and provide import-
ant data on renal ACE2 expression.

Ang II
DRVYIHPF

Inflammation
Endothelial Injury
Vasoconstriction

Thrombosis
Oxidative Stress

SARS-CoV-2

No effect

Age
Kidney Function

Kidney

ACEi
ARB

Hypertension

Ang (1-7)
DRVYIHP

+

ACE2

Take home figure The ACE2 enzyme is key to the effects of
SARS-CoV-2 in the kidney and other tissues. It is the mechanism of
cell entry for the virus, but also modulates actions of the renin–
angiotensin system by converting angiotensin II (Ang II) to Ang-(1-
7). Lower amounts of ACE2 increase the injurious effects of Ang II
on the kidney and other tissues while increased ACE2 leads to
more conversion to Ang-(1–7) and less injury. The study by Jiang et
al. shows that age and kidney function are positively associated with
ACE2 expression, but hypertension and antihypertensives which
block the renin–angiotensin system have no effect. ACE2, angioten-
sin-converting enzyme 2; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2 . The one-letter amino acid sequences of
Ang II and Ang-(1-7) are shown.
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13. Monteil V, Kwon H, Prado P, agelkrüys A, Wimmer RA, Stahl M, Leopoldi A,
Garreta E, Hurtado Del Pozo C, Prosper F, Romero JP, Wirnsberger G, Zhang
H, Slutsky AS, Conder R, Montserrat N, Mirazimi A, Penninger JM. Inhibition of
SARS-CoV-2 infections in engineered human tissues using clinical-grade soluble
human ACE2. Cell 2020;181:905–913.

14. Imai Y, Kuba K, Rao S, Imai Y, Kuba K, Rao S. Angiotensin-converting enzyme 2
protects from severe acute lung failure. Nature 2005;436:112–116.

15. Santoriello D, Khairallah P, Bomback AS, Xu K, Kudose S, Batal I, Barasch J,
Radhakrishnan J, D’Agati V, Markowitz G. Postmortem kidney pathology findings
in patients with COVID-19. J Am Soc Nephrol 2020;31:2158–2167.

Editorial 4591

Corrigendum doi:10.1093/eurheartj/ehaa600
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Corrigendum to: Characteristics and outcomes of patients hospitalized for COVID-19 and cardiac disease in Northern Italy [Eur Heart J
2020;41:1821–1829 https://doi.org/10.1093/eurheartj/ehaa388].

In Table 2, the unit for baseline CRP and peak CRP should have been mg/L and not mg/Dl. This has been corrected in the online version of
the article.
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