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Abstract—During the spread of the severe acute respiratory syndrome coronavirus-2, some reports of data still emerging 
and in need of full analysis indicate that certain groups of patients are at risk of COVID-19. This includes patients with 
hypertension, heart disease, diabetes mellitus, and clearly the elderly. Many of those patients are treated with renin-
angiotensin system blockers. Because the ACE2 (angiotensin-converting enzyme 2) protein is the receptor that facilitates 
coronavirus entry into cells, the notion has been popularized that treatment with renin-angiotensin system blockers might 
increase the risk of developing a severe and fatal severe acute respiratory syndrome coronavirus-2 infection. The present 
article discusses this concept. ACE2 in its full-length form is a membrane-bound enzyme, whereas its shorter (soluble) 
form circulates in blood at very low levels. As a mono-carboxypeptidase, ACE2 contributes to the degradation of several 
substrates including angiotensins I and II. ACE (angiotensin-converting enzyme) inhibitors do not inhibit ACE2 because 
ACE and ACE2 are different enzymes. Although angiotensin II type 1 receptor blockers have been shown to upregulate 
ACE2 in experimental animals, the evidence is not always consistent and differs among the diverse angiotensin II type 1 
receptor blockers and differing organs. Moreover, there are no data to support the notion that ACE inhibitor or angiotensin 
II type 1 receptor blocker administration facilitates coronavirus entry by increasing ACE2 expression in either animals 
or humans. Indeed, animal data support elevated ACE2 expression as conferring potential protective pulmonary and 
cardiovascular effects. In summary, based on the currently available evidence, treatment with renin-angiotensin system 
blockers should not be discontinued because of concerns with coronavirus infection.
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The spread of severe acute respiratory syndrome corona-
virus-2 (SARS-CoV-2) has already taken on pandemic 

proportions, having infected >100 000 people in 100 coun-
tries.1 Although the major current focus of public health 
authorities is to develop a coordinated global response to 
prepare health systems to meet this unprecedented challenge, 
a corollary concern has been identified that is of particular 
interest to clinicians and investigators with a major interest 
in hypertension. Hypertension, coronary heart disease, and 
diabetes mellitus, particularly in elderly people, increase 
susceptibility to SARS-CoV-2 infection.1–3 Given that ACE2 
(angiotensin-converting enzyme 2) is the receptor that allows 
coronavirus entry into cells, the idea has come up that preex-
isting use of renin-angiotensin system (RAS) blockers might 
increase the risk of developing a severe and fatal SARS-
CoV-2 infection.2 This commentary discusses this concern 
and concludes that based on current evidence, there is no 

reason to abandon RAS blockers in patients receiving this 
important class of antihypertensive agents because of con-
cerns of either increased risk of contracting SARS-CoV-2 or 
worsening its course.

Coronavirus and ACE2
In 2003, Li et al4 demonstrated that ACE2 is the receptor re-
sponsible for SARS coronavirus entry. Binding to the ACE2 
receptor requires the surface unit of a viral spike protein (S1; 
Figure).5,6 Subsequent cell entry relies on priming by the serine 
protease TMPRSS2 (transmembrane protease, serine 2).5 Two 
recent reports confirmed that SARS-CoV-2 also enters the cell 
via this route.7,8 Importantly, SARS-CoV-2 entry into the cell 
could be blocked both by S-protein neutralizing antibodies 
and TMPRSS2 inhibitors (camostat mesylate).7 In the lung, 
ACE2 expression occurs in type 2 pneumocytes and macro-
phages. Generally, however, pulmonary ACE2 expression is 

Review

D
ow

nloaded from
 http://ahajournals.org by on M

arch 25, 2020

mailto:a.danser@erasmusmc.nl


2  Hypertension  June 2020

low when compared with other organs like the intestine, testis, 
heart, and kidney.9–11

ACE2 and the RAS
ACE2 displays considerable homology with ACE (angioten-
sin-converting enzyme; 40% identity and 61% similarity) and 
on this basis received its name in 2000.12 As a mono-carboxy-
peptidase, it hydrolyzes multiple peptides, including apelin, 
opioids, kinins, and angiotensins. Much of the work on ACE2 
has centered on the biologic effects related to the formation of 
angiotensin-(1–7) from angiotensin II.13,14 Unlike ACE, ACE2 
does not convert angiotensin I to angiotensin II, nor do ACE 
inhibitors block its activity. This is not surprising because the 
homology does not concern the active site. ACE2 is the most 
potent of the 3 enzymes known to convert the vasoconstrictor 
angiotensin II to angiotensin-(1–7).9,15 Angiotensin-(1–7) is 
increasingly recognized to have organ-protective properties 
that oppose and counterbalance those of angiotensin II. Within 
the RAS, the other known target peptide for ACE2 cleavage 
is angiotensin I, with the subsequent formation of angio-
tensin-(1–9) (Figure).

ACE2 is a membrane-bound enzyme, and its (soluble) lev-
els in blood are very low.9,15 Cleavage of its membrane-anchor 
(shedding) by a disintegrin and metalloprotease 17 (ADAM17) 
(Figure) underlies its occurrence in body fluids. AT

1
 (angiotensin 

II, via its type 1) receptor, upregulates ADAM17, thus increas-
ing soluble ACE2 levels.16 In urine, soluble ACE2 levels can be 
significant and likely originate from shedding from the proximal 
tubular membrane. In pathological states, shedding of ACE2 
is often increased, resulting in elevated soluble ACE2 levels in 
blood, urine, and other body fluids.17,18 Indeed, a doubling of 

soluble ACE2 has been reported in cerebrospinal fluid of hy-
pertensive patients.16 However, given that by far the majority of 
ACE2 is membrane-bound, even a doubling is unlikely to sig-
nificantly alter the amount of membrane-bound ACE2. For in-
stance, if 2% of ACE2 occurs in a soluble form, doubling would 
increase this to 4%, while still 96% of ACE2 is membrane-
bound. Theoretically, RAS blockade might (partly) reverse this, 
thus returning the percent of membrane-bound ACE2 to 97–98. 
This is unlikely to seriously affect SARS-CoV-2 entry, which 
depends on membrane-bound (full-length) ACE2.

What Are the Effects of RAS Blockers on 
ACE2?

This is really at the crux of the question and the prevailing 
confusion and panic that we are witnessing in the medical 
community after the word came out that ACE2 is the receptor 
for SARS-CoV-2. Part of the confusion in social media and 
the public in general stands because, at times, ACE inhibi-
tors are confused with ACE2 inhibitors. Those are 2 different 
enzymes with 2 different active sites and any effect of ACE 
inhibitors on ACE2 activity must therefore be an indirect 
one, via their respective substrates. This is unlikely to have 
any relationship with SARS-CoV-2 binding. There are, how-
ever, limited reports that ACE inhibitors affect the expression 
of ACE2 in the heart and the kidney.19 AT

1
 receptor blockers 

(ARBs) alter ACE2 expression more consistently in several 
studies, both at the mRNA and protein level.19–21 Upregulation 
has been best documented in cardiac tissue and in the renal 
vasculature. Yet, even here, results are diverse, required high 
doses, and often differed per ARB and per organ. Given the re-
lationship with ADAM17, a clear distinction should be made 
between membrane-bound and soluble ACE2 because an 

Figure. The carboxypeptidase ACE2 
(angiotensin-converting enzyme 2) converts 
Ang II (angiotensin II) to Ang-(1–7) and Ang 
I to Ang-(1–9) (A), yet is not blocked by ACE 
(angiotensin-converting enzyme) inhibitors, 
which prevent the conversion of Ang I to Ang 
II. ACE2 also binds and internalizes SARS-
Cov-2 (severe acute respiratory syndrome 
coronavirus-2; B), after priming by the serine 
protease TMPRSS2 (transmembrane protease, 
serine 2). Shedding of membrane-bound 
ACE2 by a disintegrin and metalloprotease 17 
(ADAM17) results in the occurrence of soluble 
(s) ACE2, which can no longer mediate SARS-
Cov-2 entry and which might even prevent 
such entry by keeping the virus in solution. 
AT1R (Ang II, via its type 1 receptor) upregulates 
ADAM17, and AT1R blockers (ARBs) would 
prevent this.
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increase in soluble ACE2, if anything, might imply a decrease 
in membrane-bound ACE2. Because measuring membrane-
bound ACE2 in vivo is technically challenging, most publi-
cations from humans have reported levels of ACE2 activity 
in blood that reflect the soluble ACE2 protein circulating at 
very low levels.22 If ARBs as a drug class would truly upregu-
late membrane-bound ACE2, it is reasonable to first assume 
that this is because of AT

1
 receptor blockade. In agreement 

with this assumption, angiotensin II acutely induced ACE2 
internalization via its AT

1
 receptor in ACE2-transfected neu-

roblastoma cells.23 ACE inhibitors should then have the same 
directional effect as ARBs, although for these drugs there is 
very limited data showing upregulation of ACE2. Esler and 
Esler24 suggested that the difference is due to the increased 
levels of angiotensin II occurring after ARB treatment (but 
not ACE inhibition): high angiotensin II levels would impose 
an increased substrate load on the enzyme, thus requiring its 
upregulation. Here it should be stressed that the carboxypep-
tidase ACE2 has multiple substrates and that an alteration in 
the level of one of these substrates (angiotensin II, occurring 
at fmol/mL levels, ie, many orders of magnitude below the ac-
tual ACE2 concentration!) cannot possibly make a meaningful 
difference in its substrate load.

Taken together, there is evidence from animal studies that 
ARBs may upregulate membrane-bound ACE2, whereas ACE 
inhibitors may not. The current data, however, are often con-
flicting and vary between ARBs and tissue (eg, heart versus 
kidney). Even if the reported upregulation of tissue ACE2 by 
ARBs in animal studies and generally with high doses could 
be extrapolated to humans, this would not establish that it is 
sufficient to facilitate SARS-CoV-2 entry.

We like to point out that a potentially beneficial pulmo-
nary effect of ARBs needs to be considered as well. During 
acute lung injury, alveolar ACE2 appears to be downregu-
lated.25,26 This would decrease angiotensin II metabolism, thus 
resulting in higher local levels of this peptide, which increases 
alveolar permeability and fosters lung injury. In this context, 
one can speculate that having increased ACE2 expression by 
preexisting ARBs treatment may actually be protective in the 
course of SARS-CoV-2 infection.

Risks of Abandoning RAS Treatment  
in Corona Patients

It is not clear how hypertension was coded in the recent SARS-
CoV-2 report1—we can only speculate that it might be based 
on the use of hypertension medication rather than actual blood 
pressure measurement. To truly address whether patients with 
hypertension are more likely to get serious and fatal SARS-
CoV-2 infections, a prospective cohort study with incidence 
rates of SARS-CoV-2 infection in a cohort of patients with hy-
pertension and patients without hypertension is required, with 
similar exposure history. Instead, what has been reported is 
history of hypertension versus not, in SARS-CoV-2 patients, 
without any adjustment (eg, for age). The use of RAS block-
ers as a causal link is an assumption that lacks evidence, as 
discussed here. We therefore strongly recommend that patients 
who are taking ACE inhibitors or ARBs for high blood pres-
sure, heart failure, or other medical indications should not 
withdraw their current treatment regimens unless they are 

specifically advised to do so by their physician or healthcare 
provider. There is an additional caveat. Any resulting destabi-
lizing of blood pressure control in hypertension, which might 
possibly occur with medication changes, would carry unac-
ceptable risks of precipitating strokes and heart attacks, risks 
which clearly are not just hypothetical. Simply discontinuing 
antihypertensive agents is strongly discouraged and should not 
be an option, considering the widespread use of RAS blockers 
throughout the world. In particular, Asian people seem to be 
more prone to cough, and therefore, ARBs may be preferable.27

Next Steps
The available clinical database from the pandemic to date is 
insufficient to provide sufficient detail on the variables of in-
terest: hypertension diagnosis and the antihypertensive drugs 
prescribed to test the hypotheses proposed and provide certi-
tude. Hence such information is desperately needed.

Although no therapy is currently established for SARS-
CoV-2 patients, the field is moving rapidly with potential 
approaches being considered. Those include broad spectrum 
antivirals such as favipiravir and remdesivir,28 TMPRSS2 in-
hibition with camostat mesylate,7 and ADAM17 upregulation. 
A more specific approach might be using soluble recombinant 
ACE2 protein to intercept the virus from binding to the full-
length ACE2 anchored in the cell plasma membrane.6 These 
approaches make the most sense for the treatment of patients 
with high risk for acute respiratory distress syndrome. For pre-
ventive purposes, the goal, of course, is the development of a 
SARS-CoV-2 vaccine.

In closing, we see no reason to abandon or discontinue 
temporarily the use of RAS blockers preventatively in SARS-
CoV-2 patients.29 There are some concerns that these agents, 
particularly ARBs, can affect the expression of ACE2 based 
on animal models that, however, have not been challenged 
with coronavirus infection to evaluate the impact of RAS 
blocker therapy. Since this information is lacking, we see no 
rationale to panic and to alter the prescription of this criti-
cally important class of antihypertensives. Their therapeutic 
benefit, in our opinion, outweighs any potential risk of them 
predisposing to corona infection. Moreover, it is unknown 
whether alternative antihypertensives do not carry the same 
risk. Another question is what to do in infected individuals 
with risk to progress to end-stage renal disease. Here the de-
cision should be based on clinical judgment and considering 
the pros and cons of RAS blockade in the acutely ill, such as 
the presence or absence of hypotension and kidney function.

Take Home Messages
• ACE2 (angiotensin-converting enzyme 2) is the receptor 

that allows coronavirus entry into cells.
• ACE2 in its full-length form is a membrane-bound en-

zyme, whereas its shorter (soluble) form circulates in 
blood at very low levels.

• ACE inhibitors do not inhibit ACE2 because ACE and 
ACE2 are entirely different enzymes.

• Although angiotensin II type 1 receptor blockers have 
been suggested to upregulate ACE2, the evidence is not 
fully consistent and differs per angiotensin II type 1 re-
ceptor blocker and per organ.
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• There are no data supporting that ACE inhibitors or an-
giotensin II type 1 receptor blockers facilitate coronavi-
rus entry by increasing ACE2 expression.

• Animal data support a potential protective pulmonary 
and cardiovascular effects of elevated ACE2 expression.

• Treatment with RAS blockers should not be discon-
tinued because of concerns with coronavirus infection 
based on the currently available evidence.
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Are patients with 
hypertension and 
diabetes mellitus at 
increased risk for 
COVID-19 infection?

The most distinctive comorbidities 
of 32 non-survivors from a group 
of 52 intensive care unit patients 
with novel coronavirus disease 
2019 (COVID-19) in the study by 
Xiaobo Yang and colleagues1 were 
cerebro vascular diseases (22%) and 
diabetes (22%). Another study2 
included 1099 patients with con-
firmed COVID-19, of whom 173 had 
severe disease with comorbidities of 
hypertension (23·7%), diabetes mellitus 
(16·2%), coronary heart diseases 
(5·8%), and cerebrovascular disease 
(2·3%). In a third study,3 of 140 patients 
who were admitted to hospital with 
COVID-19, 30% had hypertension and 
12% had diabetes. Notably, the most 
frequent comorbidities reported in 
these three studies of patients with 
COVID-19 are often treated with 
angiotensin-converting enzyme (ACE) 
inhibitors; however, treatment was not 
assessed in either study.

Human pathogenic coronaviruses 
(severe acute respiratory syndrome 
coronavirus [SARS-CoV] and SARS-
CoV-2) bind to their target cells through 
angiotensin-converting enzyme 2 
(ACE2), which is expressed by epithelial 
cells of the lung, intestine, kidney, 
and blood vessels.4 The expression 
of ACE2 is substantially increased in 
patients with type 1 or type 2 diabetes, 
who are treated with ACE inhibitors 
and angiotensin II type-I receptor 
blockers (ARBs).4 Hypertension is also 
treated with ACE inhibitors and ARBs, 
which results in an upregulation of 

ACE2.5 ACE2 can also be increased by 
thiazolidinediones and ibuprofen. 
These data suggest that ACE2 
expression is increased in diabetes 
and treatment with ACE inhibitors 
and ARBs increases ACE2 expression. 
Consequently, the increased expression 
of ACE2 would facilitate infection with 
COVID-19. We therefore hypothesise 
that diabetes and hypertension 
treatment with ACE2-stimulating 
drugs increases the risk of developing 
severe and fatal COVID-19.

If this hypothesis were to be 
confirmed, it could lead to a conflict 
regarding treatment because ACE2 
reduces inflammation and has been 
suggested as a potential new therapy 
for inflammatory lung diseases, cancer, 
diabetes, and hypertension. A further 
aspect that should be investigated 
is the genetic predisposition for 
an increased risk of SARS-CoV-2 
infection, which might be due to 
ACE2 polymorphisms that have been 
linked to diabetes mellitus, cerebral 
stroke, and hypertension, specifically 
in Asian populations. Summarising 
this information, the sensitivity of 
an individual might result from a 
combination of both therapy and 
ACE2 polymorphism.

We suggest that patients with 
cardiac diseases, hypertension, or 
diabetes, who are treated with ACE2-
increasing drugs, are at higher risk 
for severe COVID-19 infection and, 
therefore, should be monitored for 
ACE2-modulating medications, such 
as ACE inhibitors or ARBs. Based on a 
PubMed search on Feb 28, 2020, we 
did not find any evidence to suggest 
that antihypertensive calcium channel 
blockers increased ACE2 expression 
or activity, therefore these could be a 
suitable alternative treatment in these 
patients.

We declare no competing interests.

Lei Fang, George Karakiulakis, 
*Michael Roth
michael.roth@usb.ch

Pulmonary Cell Research and Pneumology, 
Department of Biomedicine and Internal 
Medicine, University Hospital Basel, 
CH-4031 Basel, Switzerland (LF, MR); 
and Department of Pharmacology, School of 
Medicine, Aristotle University of Thessaloniki, 
Thessaloniki, Greece (GK)

1 Yang X, Yu Y, Xu J, et al. Clinical course and 
outcomes of critically ill patients with 
SARS-CoV-2 pneumonia in Wuhan, China: 
a single-centered, retrospective, observational 
study. Lancet Respir Med 2020; published 
online Feb 24. https://doi.org/10.1016/S2213-
2600(20)30079-5.

2 Guan W, Ni Z, Hu Y, et al. Clinical characteristics 
of coronavirus disease 2019 in China. 
N Engl J Med 2020; published online Feb 28. 
DOI:10.1056/NEJMoa2002032.

3 Zhang JJ, Dong X, Cao YY, et al. Clinical 
characteristics of 140 patients infected by 
SARS-CoV-2 in Wuhan, China. Allergy 2020; 
published online Feb 19. DOI:10.1111/
all.14238.

4 Wan Y, Shang J, Graham R, Baric RS, Li F. 
Receptor recognition by novel coronavirus 
from Wuhan: An analysis based on decade-
long structural studies of SARS. J Virology 2020; 
published online Jan 29. DOI:10.1128/
JVI.00127-20.

5 Li XC, Zhang J, Zhuo JL. The vasoprotective 
axes of the renin-angiotensin system: 
physiological relevance and therapeutic 
implications in cardiovascular, hypertensive 
and kidney diseases. Pharmacol Res 2017; 
125: 21–38.

Published Online 
March 11, 2020 
https://doi.org/10.1016/
S2213-2600(20)30116-8

Ju
an

 G
ae

rt
ne

r/
Sc

ie
nc

e 
Ph

ot
o 

Li
br

ar
y



S p e c i a l  R e p o r t

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med   nejm.org 1

Renin–Angiotensin–Aldosterone System 
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The renin–angiotensin–aldosterone system (RAAS) 
is an elegant cascade of vasoactive peptides that 
orchestrate key processes in human physiology. 
Severe acute respiratory syndrome coronavirus 1 
(SARS-CoV-1) and SARS-CoV-2, which have been 
responsible for the SARS epidemic in 2002 to 2004 
and for the more recent coronavirus disease 2019 
(Covid-19) pandemic, respectively, interface with 
the RAAS through angiotensin-converting enzyme 
2 (ACE2), an enzyme that physiologically counters 
RAAS activation but also functions as a receptor 
for both SARS viruses.1,2 The interaction between 
the SARS viruses and ACE2 has been proposed as 
a potential factor in their infectivity,3,4 and there 
are concerns about the use of RAAS inhibitors 
that may alter ACE2 and whether variation in ACE2 
expression may be in part responsible for disease 
virulence in the ongoing Covid-19 pandemic.5-8 
Indeed, some media sources and health systems 
have recently called for the discontinuation of 
ACE inhibitors and angiotensin-receptor blockers 
(ARBs), both prophylactically and in the context 
of suspected Covid-19.

Given the common use of ACE inhibitors and 
ARBs worldwide, guidance on the use of these 
drugs in patients with Covid-19 is urgently need-
ed. Here, we highlight that the data in humans 
are too limited to support or refute these hypoth-
eses and concerns. Specifically, we discuss the 
uncertain effects of RAAS blockers on ACE2 levels 
and activity in humans, and we propose an alter-
native hypothesis that ACE2 may be beneficial 
rather than harmful in patients with lung injury. 
We also explicitly raise the concern that with-
drawal of RAAS inhibitors may be harmful in 
certain high-risk patients with known or sus-
pected Covid-19.

Covid -19 and Older Adults  
with Coexisting Conditions

Initial reports5-8 have called attention to the po-
tential overrepresentation of hypertension among 
patients with Covid-19. In the largest of several 
case series from China that have been released 
during the Covid-19 pandemic (Table S1 in the 
Supplementary Appendix, available with the full 
text of this article at NEJM.org), hypertension was 
the most frequent coexisting condition in 1099 
patients, with an estimated prevalence of 15%9; 
however, this estimate appears to be lower than 
the estimated prevalence of hypertension seen with 
other viral infections10 and in the general popu-
lation in China.11,12

Coexisting conditions, including hypertension, 
have consistently been reported to be more com-
mon among patients with Covid-19 who have had 
severe illness, been admitted to the intensive care 
unit, received mechanical ventilation, or died than 
among patients who have had mild illness. There 
are concerns that medical management of these 
coexisting conditions, including the use of RAAS 
inhibitors, may have contributed to the adverse 
health outcomes observed. However, these con-
ditions appear to track closely with advancing 
age,13 which is emerging as the strongest predic-
tor of Covid-19–related death.14 Unfortunately, 
reports to date have not rigorously accounted for 
age or other key factors that contribute to health 
as potential confounders in risk prediction. With 
other infective illnesses, coexisting conditions 
such as hypertension have been key prognostic 
determinants,10 and this also appears to be the 
case with Covid-19.15

It is important to note that, despite inferences 
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about the use of background RAAS inhibitors, 
specific details have been lacking in studies (Ta-
ble S1). Population-based studies have estimated 
that only 30 to 40% of patients in China who have 
hypertension are treated with any antihypertensive 
therapy; RAAS inhibitors are used alone or in 
combination in 25 to 30% of these treated pa-
tients.11,12 Given such estimates, only a fraction 
of patients with Covid-19, at least in China, are 
anticipated to have been previously treated with 
RAAS inhibitors. Data showing patterns of use 
of RAAS inhibitors and associated health out-
comes that rigorously account for treatment indi-
cation and illness severity among patients with 
Covid-19 are needed.

Uncertain Effec ts of R A AS 
Inhibitors on ACE2 in Humans

Tissue-specific and circulating components of 
the RAAS make up a complex intersecting net-
work of regulatory and counterregulatory pep-
tides (Fig. 1). ACE2 is a key counterregulatory 
enzyme that degrades angiotensin II to angio-
tensin-(1–7), thereby attenuating its effects on 
vasoconstriction, sodium retention, and fibrosis. 
Although angiotensin II is the primary substrate 
of ACE2, that enzyme also cleaves angiotensin I 
to angiotensin-(1–9) and participates in the hy-
drolysis of other peptides.16 In studies in humans, 
tissue samples from 15 organs have shown that 
ACE2 is expressed broadly, including in the heart 
and kidneys, as well as on the principal target 
cells for SARS-CoV-2 (and the site of dominant 
injury), the lung alveolar epithelial cells.17 Of in-
terest, the circulating levels of soluble ACE2 are 
low and the functional role of ACE2 in the lungs 
appears to be relatively minimal under normal 
conditions18 but may be up-regulated in certain 
clinical states.

Because ACE inhibitors and ARBs have different 
effects on angiotensin II, the primary substrate 
of ACE2, the effects of these agents on ACE2 levels 
and activity may be anticipated to differ. Despite 
substantial structural homology between ACE and 
ACE2, their enzyme active sites are distinct. As a 
result, ACE inhibitors in clinical use do not di-
rectly affect ACE2 activity.19 Experimental animal 
models have shown mixed findings with respect 
to the effects of ACE inhibitors on ACE2 levels 

or activity in tissue.20-25 Similarly, animal models 
have had inconsistent findings with respect to 
the effects of ARBs on ACE2, with some showing 
that ARBs may increase messenger RNA expres-
sion or protein levels of ACE2 in tissue21,26-34 and 
others showing no effect.23

In contrast to available animal models, there 
are few studies in humans regarding the effects 
of RAAS inhibition on ACE2 expression. In one 
study, the intravenous administration of ACE in-
hibitors in patients with coronary artery disease 
did not influence angiotensin-(1–7) production, 
a finding that calls into question whether ACE in-
hibitors have any direct effects on ACE2-directed 
angiotensin II metabolism.35 Similarly, in another 
study, among patients with hypertension, angio-
tensin-(1–7) levels appeared to be unaffected after 
initial treatment with the ACE inhibitor capto-
pril; however, with exposure to captopril mono-
therapy over a period of 6 months, angioten-
sin-(1–7) levels increased.36 Furthermore, few 
studies have examined plasma ACE2 activity or 
urinary ACE2 levels in patients who have received 
long-term treatment with RAAS inhibitors. In 
cross-sectional studies involving patients with 
heart failure,37 atrial fibrillation,38 aortic steno-
sis,39 and coronary artery disease,40 plasma ACE2 
activity was not higher among patients who were 
taking ACE inhibitors or ARBs than among un-
treated patients. In a longitudinal cohort study 
involving Japanese patients with hypertension, 
urinary ACE2 levels were higher among patients 
who received long-term treatment with the ARB 
olmesartan than among untreated control pa-
tients, but that association was not observed with 
the ACE inhibitor enalapril or with other ARBs 
(losartan, candesartan, valsartan, and telmisar-
tan).41 Previous treatment with ACE inhibitors 
was associated with increased intestinal messen-
ger RNA levels of ACE2 in one study, but that 
association was not observed with ARBs25; data 
are lacking regarding the effects of RAAS inhibi-
tors on lung-specific expression of ACE2.

These seemingly conflicting data indicate the 
complexity underlying RAAS responses to path-
way modulators and reinforce the concept that 
findings from preclinical models may not readily 
translate to human physiology. Such data do sug-
gest that effects on ACE2 should not be assumed 
to be uniform across RAAS inhibitors or even in 
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response to therapies within a given drug class.41

It is important to note that the plasma ACE2 level 
may not be a reliable indicator of the activity of 
the full-length membrane-bound form, in part 
because ACE2 is shed from the membrane, a 
process that appears to be separately regulated 
by an endogenous inhibitor.42 In addition to the 
degree of expression, the biologic relevance of 
ACE2 may vary according to tissue and clinical 
state. Unfortunately, data showing the effects of 
ACE inhibitors, ARBs, and other RAAS inhibi-
tors on lung-specific expression of ACE2 in ex-
perimental animal models and in humans are 
lacking. Furthermore, even if RAAS inhibitors 
modify ACE2 levels or activity (or both) in target 
tissue beds, clinical data are lacking to indicate 
whether this would in turn facilitate greater en-

gagement and entry of SARS-CoV-2 spike pro-
tein. Further mechanistic studies in humans are 
needed to better define the unique interplay be-
tween SARS-CoV-2 and the RAAS network.

 Potential for Benefit R ather Than 
Harm of R A AS Blockers in Covid -19

SARS-CoV-2 appears not only to gain initial entry 
through ACE2 but also to subsequently down-
regulate ACE2 expression such that the enzyme 
is unable to exert protective effects in organs. It 
has been postulated but unproven that unabated 
angiotensin II activity may be in part responsible 
for organ injury in Covid-19.43,44 After the initial 
engagement of SARS-CoV-2 spike protein, there 
is subsequent down-regulation of ACE2 abundance 

Figure 1. Interaction between SARS-CoV-2 and the Renin–Angiotensin–Aldosterone System.

Shown is the initial entry of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) into cells, primarily type 
II pneumocytes, after binding to its functional receptor, angiotensin-converting enzyme 2 (ACE2). After endocytosis 
of the viral complex, surface ACE2 is further down-regulated, resulting in unopposed angiotensin II accumulation. 
Local activation of the renin–angiotensin–aldosterone system may mediate lung injury responses to viral insults. 
ACE denotes angiotensin-converting enzyme, and ARB angiotensin-receptor blocker.
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on cell surfaces.45 Continued viral infection and 
replication contribute to reduced membrane ACE2 
expression, at least in vitro in cultured cells.46 
Down-regulation of ACE2 activity in the lungs 
facilitates the initial neutrophil infiltration in 
response to bacterial endotoxin47 and may result 
in unopposed angiotensin II accumulation and 
local RAAS activation. Indeed, in experimental 
mouse models, exposure to SARS-CoV-1 spike pro-
tein induced acute lung injury, which is limited by 
RAAS blockade.45 Other mouse models have sug-
gested that dysregulation of ACE2 may mediate 
acute lung injury that is secondary to virulent 
strains of influenza48,49 and respiratory syncytial 
virus.50 In a small study, patients with Covid-19 
appeared to have elevated levels of plasma angio-
tensin II, which were in turn correlated with 
total viral load and degree of lung injury.44 Res-
toration of ACE2 through the administration of 
recombinant ACE2 appeared to reverse this dev-
astating lung-injury process in preclinical models 
of other viral infections49,50 and safely reduced 
angiotensin II levels in a phase 2 trial evaluating 
acute respiratory distress syndrome in humans.51

Dysregulated ACE2 may theoretically also at-
tenuate cardioprotection in the context of myo-
cardial involvement and abnormal pulmonary 
hemodynamics52,53 in Covid-19. Markers of myo-
cardial injury have been shown to be elevated 
during the disease course of Covid-1954 and to 
increase rapidly with clinical deterioration and 
preceding death.14 Many viruses are cardiotropic, 
and subclinical viral myocarditis is commonly 
seen in viremia associated with a wide range of 
infectious agents. ACE2 has a well-recognized 
role in myocardial recovery and injury response; 
in one study, ACE2 knockout in animal models 
contributed to adverse left ventricular remodeling 
in response to acute injury driven by angioten-
sin II.55 In autopsies of patients who died from 
SARS, 35% of heart samples showed the pres-
ence of viral RNA, which in turn was associated 
with reduced ACE2 protein expression.56 Admin-
istration of recombinant ACE2 normalizes angio-
tensin II levels in human explanted hearts with 
dilated cardiomyopathy.57 These hypotheses have 
prompted trials to test whether the provision of 
recombinant ACE2 protein may be beneficial in 
restoring balance to the RAAS network and po-
tentially preventing organ injury (ClinicalTrials 

.gov number, NCT04287686). In addition, paired 
trials of losartan as a treatment for Covid-19 are 
being conducted among patients who have not 
previously received treatment with a RAAS inhibi-
tor and are either hospitalized (NCT04312009) or 
not hospitalized (NCT04311177).

Maintenance of R A AS Inhibitors 
with Known or Suspec ted Covid -19

Despite these theoretical uncertainties regarding 
whether pharmacologic regulation of ACE2 may 
influence the infectivity of SARS-CoV-2, there is 
clear potential for harm related to the withdrawal 
of RAAS inhibitors in patients in otherwise stable 
condition. Covid-19 is particularly severe in pa-
tients with underlying cardiovascular diseases,9 
and in many of these patients, active myocar-
dial injury,14,54,58-60 myocardial stress,59 and cardio-
myopathy59 develop during the course of illness. 
RAAS inhibitors have established benefits in pro-
tecting the kidney and myocardium, and their 
withdrawal may risk clinical decompensation in 
high-risk patients.

Although rates of heart failure have been in-
frequently reported in epidemiologic reports from 
China to date, the prevalence of heart failure 
among critically ill patients with Covid-19 in the 
United States may be high (>40%).59 In the 
Quinapril Heart Failure Trial, among patients with 
chronic symptomatic heart failure, withdrawal 
of quinapril resulted in a progressive decline in 
clinical status.61 In the TRED-HF trial, among 
asymptomatic patients with heart failure with 
recovered left ventricular ejection fraction, the 
phased withdrawal of medical therapy (including 
RAAS inhibitors) resulted in rapid relapse of di-
lated cardiomyopathy.62 In addition, RAAS inhibi-
tors are a cornerstone of therapy after myocar-
dial infarction: maintenance of therapy in the days 
to weeks after the index event has been shown to 
reduce early mortality.63 Among patients with 
unstable clinical status, myocardial injury asso-
ciated with Covid-19 may pose even higher early 
risks after withdrawal of RAAS inhibitors.

Withdrawal of RAAS inhibitors that are being 
administered for the management of hyperten-
sion may be less risky than withdrawal of RAAS 
inhibitors that are being administered for condi-
tions in which they are considered guideline-
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directed therapy but may be associated with other 
challenges. Switching from a RAAS inhibitor to 
another antihypertensive therapy in a stable am-
bulatory patient may require careful follow-up to 
avoid rebound increases in blood pressure. In 
addition, selection of dose-equivalent antihyper-
tensive therapies may be challenging in practice 
and may be patient-dependent. Even small and 
short-lived periods of blood pressure instability 
after a therapeutic change have been associated 
with excess cardiovascular risk.64-66 This may be 
an especially important consideration in patients 
with Covid-19, which appears to result in a state 
of RAAS activation,44 and in settings (e.g., China) 
where baseline blood-pressure control is infre-
quently reached at the population level.11,12

The effects of withdrawing RAAS inhibitors 
or switching treatments are uncertain among pa-
tients with chronic kidney disease. Although re-
ported rates of chronic kidney disease appear to 
be low among hospitalized patients with Covid-19 
in China (1 to 3%) (Table S1), the prevalence may 
be higher among patients who are critically ill 
and among those in other geographic regions.59 
Many patients have varying degrees of acute kid-
ney injury during illness.14,67,68 For these high-risk 
patients, individualized treatment decisions re-
garding the maintenance of RAAS inhibitors that 

are guided by hemodynamic status, renal function, 
and clinical stability are recommended.

On the basis of the available evidence, we 
think that, despite the theoretical concerns and 
uncertainty regarding the effect of RAAS inhibi-
tors on ACE2 and the way in which these drugs 
might affect the propensity for or severity of 
Covid-19, RAAS inhibitors should be continued 
in patients in otherwise stable condition who are 
at risk for, are being evaluated for, or have Covid-19 
(see text box), a position now supported by mul-
tiple specialty societies (Table S2). Although ad-
ditional data may further inform the treatment 
of high-risk patients with Covid-19, clinicians need 
to be cognizant of the unintended consequences of 
prematurely discontinuing proven therapies in 
response to hypothetical concerns that may be 
based on incomplete experimental evidence.69

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

From the Cardiovascular Division, Brigham and Women’s Hos-
pital, and Harvard Medical School, Boston (M.V., T.M., M.A.P., 
S.D.S.); the Center for Care Delivery and Outcomes Research, 
Minneapolis VA Health Care System, and University of Minne-
sota, Minneapolis (O.V.); and the British Heart Foundation Car-
diovascular Research Centre, University of Glasgow, Glasgow, 
United Kingdom (J.J.V.M.). Address reprint requests to Dr. Sol-
omon at the Cardiovascular Division, Brigham and Women’s 
Hospital, 75 Francis St., Boston, MA 02115, or at  ssolomon@ 
 bwh . harvard . edu.

This article was published on March 30, 2020, at NEJM.org.

1. Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting 
enzyme 2 is a functional receptor for the SARS coronavirus. 
Nature 2003; 426: 450-4.
2. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-
CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked 
by a clinically proven protease inhibitor. Cell 2020 March 4 
(Epub ahead of print).
3. Li W, Zhang C, Sui J, et al. Receptor and viral determinants 
of SARS-coronavirus adaptation to human ACE2. EMBO J 2005; 
24: 1634-43.
4. Wrapp D, Wang N, Corbett KS, et al. Cryo-EM structure of 
the 2019-nCoV spike in the prefusion conformation. Science 
2020; 367: 1260-3.
5. Fang L, Karakiulakis G, Roth M. Are patients with hyperten-
sion and diabetes mellitus at increased risk for COVID-19 infec-
tion? Lancet Respir Med 2020 March 11 (Epub ahead of print).
6. Sommerstein R, Gräni C. Preventing a COVID-19 pandemic: 
ACE inhibitors as a potential risk factor for fatal COVID-19. BMJ 
2020; 368: m810 (https://www .bmj .com/ content/ 368/ bmj .m810/ rr - 2).
7. Esler M, Esler D. Can angiotensin receptor-blocking drugs 
perhaps be harmful in the COVID-19 pandemic? J Hypertens 
2020 March 11 (Epub ahead of print).
8. Diaz JH. Hypothesis: angiotensin-converting enzyme inhibi-
tors and angiotensin receptor blockers may increase the risk of 
severe COVID-19. J Travel Med 2020 March 18 (Epub ahead of 
print).

Key Points Related to the Interplay between Covid-19 
and the Renin–Angiotensin–Aldosterone System

• ACE2, an enzyme that physiologically counters 
RAAS activation, is the functional receptor to SARS-
CoV-2, the virus responsible for the Covid-19 pan-
demic

• Select preclinical studies have suggested that RAAS 
inhibitors may increase ACE2 expression, raising 
concerns regarding their safety in patients with 
Covid-19

• Insufficient data are available to determine whether 
these observations readily translate to humans, and 
no studies have evaluated the effects of RAAS inhibi-
tors in Covid-19

• Clinical trials are under way to test the safety and 
efficacy of RAAS modulators, including recombinant 
human ACE2 and the ARB losartan in Covid-19

• Abrupt withdrawal of RAAS inhibitors in high-risk 
patients, including those who have heart failure or 
have had myocardial infarction, may result in clinical 
instability and adverse health outcomes

• Until further data are available, we think that RAAS 
inhibitors should be continued in patients in other-
wise stable condition who are at risk for,  
being evaluated for, or with Covid-19

The New England Journal of Medicine 
Downloaded from nejm.org by UNSPECIFIED UNSPECIFIED on March 30, 2020. For personal use only. No other uses without permission. 

 Copyright © 2020 Massachusetts Medical Society. All rights reserved. 



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med   nejm.org 6

9. Guan W, Ni Z, Hu Y, et al. Clinical characteristics of corona-
virus disease 2019 in China. N Engl J Med. DOI:  10.1056/ 
NEJMoa2002032.
10. Al-Baadani AM, Elzein FE, Alhemyadi SA, Khan OA, Alben-
mousa AH, Idrees MM. Characteristics and outcome of viral 
pneumonia caused by influenza and Middle East respiratory 
syndrome-coronavirus infections: a 4-year experience from a 
tertiary care center. Ann Thorac Med 2019; 14: 179-85.
11. Wang Z, Chen Z, Zhang L, et al. Status of hypertension in 
China: results from the China Hypertension Survey, 2012-2015. 
Circulation 2018; 137: 2344-56.
12. Lu J, Lu Y, Wang X, et al. Prevalence, awareness, treatment, 
and control of hypertension in China: data from 1·7 million 
adults in a population-based screening study (China PEACE Mil-
lion Persons Project). Lancet 2017; 390: 2549-58.
13. Wu JT, Leung K, Bushman M, et al. Estimating clinical se-
verity of COVID-19 from the transmission dynamics in Wuhan, 
China. Nat Med 2020 (https://www .nature .com/ articles/ s41591 
- 020 - 0822 - 7).
14. Zhou F, Yu T, Du R, et al. Clinical course and risk factors for 
mortality of adult inpatients with COVID-19 in Wuhan, China: a 
retrospective cohort study. Lancet 2020 March 11 (Epub ahead of 
print).
15. Yang J, Zheng Y, Gou X, et al. Prevalence of comorbidities in 
the novel Wuhan coronavirus (COVID-19) infection: a systematic 
review and meta-analysis. Int J Infect Dis 2020 March 12 (Epub 
ahead of print).
16. Vickers C, Hales P, Kaushik V, et al. Hydrolysis of biological 
peptides by human angiotensin-converting enzyme-related car-
boxypeptidase. J Biol Chem 2002; 277: 14838-43.
17. Hamming I, Timens W, Bulthuis MLC, Lely AT, Navis GJ, van 
Goor H. Tissue distribution of ACE2 protein, the functional re-
ceptor for SARS coronavirus: a first step in understanding SARS 
pathogenesis. J Pathol 2004; 203: 631-7.
18. Serfozo P, Wysocki J, Gulua G, et al. Ang II (angiotensin II) 
conversion to angiotensin-(1-7) in the circulation is POP 
(prolyloligopeptidase)-dependent and ACE2 (angiotensin-con-
verting enzyme 2)-independent. Hypertension 2020; 75: 173-82.
19. Rice GI, Thomas DA, Grant PJ, Turner AJ, Hooper NM. Eval-
uation of angiotensin-converting enzyme (ACE), its homologue 
ACE2 and neprilysin in angiotensin peptide metabolism. Bio-
chem J 2004; 383: 45-51.
20. Hamming I, van Goor H, Turner AJ, et al. Differential regu-
lation of renal angiotensin-converting enzyme (ACE) and ACE2 
during ACE inhibition and dietary sodium restriction in healthy 
rats. Exp Physiol 2008; 93: 631-8.
21. Ferrario CM, Jessup J, Chappell MC, et al. Effect of angioten-
sin-converting enzyme inhibition and angiotensin II receptor 
blockers on cardiac angiotensin-converting enzyme 2. Circula-
tion 2005; 111: 2605-10.
22. Ocaranza MP, Godoy I, Jalil JE, et al. Enalapril attenuates 
downregulation of angiotensin-converting enzyme 2 in the late 
phase of ventricular dysfunction in myocardial infarcted rat. Hy-
pertension 2006; 48: 572-8.
23. Burchill LJ, Velkoska E, Dean RG, Griggs K, Patel SK, Burrell 
LM. Combination renin-angiotensin system blockade and angio-
tensin-converting enzyme 2 in experimental myocardial infarc-
tion: implications for future therapeutic directions. Clin Sci 
(Lond) 2012; 123: 649-58.
24. Burrell LM, Risvanis J, Kubota E, et al. Myocardial infarction 
increases ACE2 expression in rat and humans. Eur Heart J 2005; 
26: 369-75.
25. Vuille-dit-Bille RN, Camargo SM, Emmenegger L, et al. Hu-
man intestine luminal ACE2 and amino acid transporter expres-
sion increased by ACE-inhibitors. Amino Acids 2015; 47: 693-705.
26. Soler MJ, Ye M, Wysocki J, William J, Lloveras J, Batlle D. 
Localization of ACE2 in the renal vasculature: amplification by 
angiotensin II type 1 receptor blockade using telmisartan. Am J 
Physiol Renal Physiol 2009; 296: F398-F405.

27. Sukumaran V, Veeraveedu PT, Gurusamy N, et al. Olmesar-
tan attenuates the development of heart failure after experimen-
tal autoimmune myocarditis in rats through the modulation of 
ANG 1-7 Mas receptor. Mol Cell Endocrinol 2012; 351: 208-19.
28. Lakshmanan AP, Thandavarayan RA, Watanabe K, et al. 
Modulation of AT-1R/MAPK cascade by an olmesartan treatment 
attenuates diabetic nephropathy in streptozotocin-induced dia-
betic mice. Mol Cell Endocrinol 2012; 348: 104-11.
29. Sukumaran V, Veeraveedu PT, Lakshmanan AP, et al. Olmes-
artan medoxomil treatment potently improves cardiac myosin-
induced dilated cardiomyopathy via the modulation of ACE-2 
and ANG 1-7 Mas receptor. Free Radic Res 2012; 46: 850-60.
30. Ishiyama Y, Gallagher PE, Averill DB, Tallant EA, Brosnihan 
KB, Ferrario CM. Upregulation of angiotensin-converting en-
zyme 2 after myocardial infarction by blockade of angiotensin II 
receptors. Hypertension 2004; 43: 970-6.
31. Igase M, Strawn WB, Gallagher PE, Geary RL, Ferrario CM. 
Angiotensin II AT1 receptors regulate ACE2 and angioten-
sin-(1-7) expression in the aorta of spontaneously hypertensive 
rats. Am J Physiol Heart Circ Physiol 2005; 289: H1013-H1019.
32. Zhong J-C, Ye J-Y, Jin H-Y, et al. Telmisartan attenuates aortic 
hypertrophy in hypertensive rats by the modulation of ACE2 and 
profilin-1 expression. Regul Pept 2011; 166: 90-7.
33. Sukumaran V, Veeraveedu PT, Gurusamy N, et al. Cardiopro-
tective effects of telmisartan against heart failure in rats in-
duced by experimental autoimmune myocarditis through the 
modulation of angiotensin-converting enzyme-2/angiotensin 
1-7/mas receptor axis. Int J Biol Sci 2011; 7: 1077-92.
34. Sukumaran V, Tsuchimochi H, Tatsumi E, Shirai M, Pearson 
JT. Azilsartan ameliorates diabetic cardiomyopathy in young db/
db mice through the modulation of ACE-2/ANG 1-7/Mas receptor 
cascade. Biochem Pharmacol 2017; 144: 90-9.
35. Campbell DJ, Zeitz CJ, Esler MD, Horowitz JD. Evidence 
against a major role for angiotensin converting enzyme-related 
carboxypeptidase (ACE2) in angiotensin peptide metabolism in 
the human coronary circulation. J Hypertens 2004; 22: 1971-6.
36. Luque M, Martin P, Martell N, Fernandez C, Brosnihan KB, 
Ferrario CM. Effects of captopril related to increased levels of 
prostacyclin and angiotensin-(1-7) in essential hypertension.  
J Hypertens 1996; 14: 799-805.
37. Epelman S, Shrestha K, Troughton RW, et al. Soluble angio-
tensin-converting enzyme 2 in human heart failure: relation 
with myocardial function and clinical outcomes. J Card Fail 
2009; 15: 565-71.
38. Walters TE, Kalman JM, Patel SK, Mearns M, Velkoska E, 
Burrell LM. Angiotensin converting enzyme 2 activity and hu-
man atrial fibrillation: increased plasma angiotensin converting 
enzyme 2 activity is associated with atrial fibrillation and more 
advanced left atrial structural remodelling. Europace 2017; 19: 
1280-7.
39. Ramchand J, Patel SK, Kearney LG, et al. Plasma ACE2 ac-
tivity predicts mortality in aortic stenosis and is associated 
with severe myocardial fibrosis. JACC Cardiovasc Imaging 
2020; 13: 655-64.
40. Ramchand J, Patel SK, Srivastava PM, Farouque O, Burrell 
LM. Elevated plasma angiotensin converting enzyme 2 activity is 
an independent predictor of major adverse cardiac events in pa-
tients with obstructive coronary artery disease. PLoS One 2018; 
13(6): e0198144.
41. Furuhashi M, Moniwa N, Mita T, et al. Urinary angiotensin-
converting enzyme 2 in hypertensive patients may be increased 
by olmesartan, an angiotensin II receptor blocker. Am J Hyper-
tens 2015; 28: 15-21.
42. Lambert DW, Yarski M, Warner FJ, et al. Tumor necrosis 
factor-α convertase (ADAM17) mediates regulated ectodomain 
shedding of the severe-acute respiratory syndrome-coronavirus 
(SARS-CoV) receptor, angiotensin-converting enzyme-2 (ACE2). 
J Biol Chem 2005; 280: 30113-9.
43. Gurwitz D. Angiotensin receptor blockers as tentative SARS-

The New England Journal of Medicine 
Downloaded from nejm.org by UNSPECIFIED UNSPECIFIED on March 30, 2020. For personal use only. No other uses without permission. 

 Copyright © 2020 Massachusetts Medical Society. All rights reserved. 



Special Report

n engl j med   nejm.org 7

CoV-2 therapeutics. Drug Dev Res 2020 March 4 (Epub ahead of 
print).
44. Liu Y, Yang Y, Zhang C, et al. Clinical and biochemical in-
dexes from 2019-nCoV infected patients linked to viral loads and 
lung injury. Sci China Life Sci 2020; 63: 364-74.
45. Kuba K, Imai Y, Rao S, et al. A crucial role of angiotensin 
converting enzyme 2 (ACE2) in SARS coronavirus-induced lung 
injury. Nat Med 2005; 11: 875-9.
46. Dijkman R, Jebbink MF, Deijs M, et al. Replication-depen-
dent downregulation of cellular angiotensin-converting enzyme 
2 protein expression by human coronavirus NL63. J Gen Virol 
2012; 93: 1924-9.
47. Sodhi CP, Wohlford-Lenane C, Yamaguchi Y, et al. Attenua-
tion of pulmonary ACE2 activity impairs inactivation of des-Arg9 
bradykinin/BKB1R axis and facilitates LPS-induced neutrophil 
infiltration. Am J Physiol Lung Cell Mol Physiol 2018; 314: L17-L31.
48. Yang P, Gu H, Zhao Z, et al. Angiotensin-converting enzyme 
2 (ACE2) mediates influenza H7N9 virus-induced acute lung in-
jury. Sci Rep 2014; 4: 7027.
49. Zou Z, Yan Y, Shu Y, et al. Angiotensin-converting enzyme 2 
protects from lethal avian influenza A H5N1 infections. Nat 
Commun 2014; 5: 3594.
50. Gu H, Xie Z, Li T, et al. Angiotensin-converting enzyme 2 
inhibits lung injury induced by respiratory syncytial virus. Sci 
Rep 2016; 6: 19840.
51. Khan A, Benthin C, Zeno B, et al. A pilot clinical trial of re-
combinant human angiotensin-converting enzyme 2 in acute 
respiratory distress syndrome. Crit Care 2017; 21: 234.
52. Hemnes AR, Rathinasabapathy A, Austin EA, et al. A poten-
tial therapeutic role for angiotensin-converting enzyme 2 in hu-
man pulmonary arterial hypertension. Eur Respir J 2018; 51(6).
53. Tan WSD, Liao W, Zhou S, Mei D, Wong W-SF. Targeting the 
renin-angiotensin system as novel therapeutic strategy for pul-
monary diseases. Curr Opin Pharmacol 2018; 40: 9-17.
54. Shi S, Qin M, Shen B, et al. Association of cardiac injury with 
mortality in hospitalized patients with COVID-19 in Wuhan, 
China. JAMA Cardiol 2020 March 25 (Epub ahead of print). 
55. Kassiri Z, Zhong J, Guo D, et al. Loss of angiotensin-convert-
ing enzyme 2 accelerates maladaptive left ventricular remodel-
ing in response to myocardial infarction. Circ Heart Fail 2009; 2: 
446-55.
56. Oudit GY, Kassiri Z, Jiang C, et al. SARS-coronavirus modu-
lation of myocardial ACE2 expression and inflammation in pa-
tients with SARS. Eur J Clin Invest 2009; 39: 618-25.
57. Basu R, Poglitsch M, Yogasundaram H, Thomas J, Rowe BH, 
Oudit GY. Roles of angiotensin peptides and recombinant hu-
man ACE2 in heart failure. J Am Coll Cardiol 2017; 69: 805-19.
58. Ruan Q, Yang K, Wang W, Jiang L, Song J. Clinical predictors 

of mortality due to COVID-19 based on an analysis of data of 150 
patients from Wuhan, China. Intensive Care Med 2020 March 3 
(Epub ahead of print).
59. Arentz M, Yim E, Klaff L, et al. Characteristics and outcomes 
of 21 critically ill patients with COVID-19 in Washington State. 
JAMA 2020 March 19 (Epub ahead of print).
60. Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 
hospitalized patients with 2019 novel coronavirus-infected pneu-
monia in Wuhan, China. JAMA 2020 February 7 (Epub ahead of 
print).
61. Pflugfelder PW, Baird MG, Tonkon MJ, DiBianco R, Pitt B. 
Clinical consequences of angiotensin-converting enzyme inhibi-
tor withdrawal in chronic heart failure: a double-blind, placebo-
controlled study of quinapril. J Am Coll Cardiol 1993; 22: 1557-
63.
62. Halliday BP, Wassall R, Lota AS, et al. Withdrawal of phar-
macological treatment for heart failure in patients with recov-
ered dilated cardiomyopathy (TRED-HF): an open-label, pilot, 
randomised trial. Lancet 2019; 393: 61-73.
63. ACE Inhibitor Myocardial Infarction Collaborative Group. 
Indications for ACE inhibitors in the early treatment of acute 
myocardial infarction: systematic overview of individual data 
from 100,000 patients in randomized trials. Circulation 1998; 
97: 2202-12.
64. Julius S, Kjeldsen SE, Weber M, et al. Outcomes in hyperten-
sive patients at high cardiovascular risk treated with regimens 
based on valsartan or amlodipine: the VALUE randomised trial. 
Lancet 2004; 363: 2022-31.
65. Sever P. The VALUE trial: a commentary. J Renin Angioten-
sin Aldosterone Syst 2004; 5: 99-101.
66. Di Somma S. Importance of rapid and effective reduction of 
blood pressure in treating hypertension for the prevention of 
cardiovascular diseases: a lesson from the VALUE study. High 
Blood Press Cardiovasc Prev 2005; 12: 135-40.
67. Chen N, Zhou M, Dong X, et al. Epidemiological and clinical 
characteristics of 99 cases of 2019 novel coronavirus pneumonia 
in Wuhan, China: a descriptive study. Lancet 2020; 395: 507-13.
68. Wu C, Chen X, Cai Y, et al. Risk factors associated with acute 
respiratory distress syndrome and death in patients with coro-
navirus disease 2019 pneumonia in Wuhan, China. JAMA Intern 
Med 2020 March 13 (Epub ahead of print).
69. Nielsen SF, Nordestgaard BG. Negative statin-related news 
stories decrease statin persistence and increase myocardial in-
farction and cardiovascular mortality: a nationwide prospective 
cohort study. Eur Heart J 2016; 37: 908-16.

DOI: 10.1056/NEJMsr2005760
Copyright © 2020 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org by UNSPECIFIED UNSPECIFIED on March 30, 2020. For personal use only. No other uses without permission. 

 Copyright © 2020 Massachusetts Medical Society. All rights reserved. 


	Fang_et_al_2020.pdf
	Are patients withhypertension anddiabetes mellitus atincreased risk forCOVID-19 infection?
	References





