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Hypertension emerged from early reports as a potential risk factor for worse outcomes for persons with coronavirus disease

2019 (COVID-19). Among the putative links between hypertension and COVID-19 is a key counter-regulatory component of

the renin-angiotensin system (RAS): angiotensin-converting enzyme 2 (ACE2). ACE2 facilitates entry of severe acute respiratory

syndrome coronavirus 2, the virus responsible for COVID-19, into host cells. Because RAS inhibitors have been suggested to

increase ACE2 expression, health-care providers and patients have grappled with the decision of whether to discontinue these

medications during the COVID-19 pandemic. However, experimentalmodels of analogous viral pneumonias suggest RAS inhib-

itors may exert protective effects against acute lung injury. We review how RAS and ACE2 biology may affect outcomes in

COVID-19 through pulmonary and other systemic effects. In addition, we briefly detail the data for and against continuation

of RAS inhibitors in persons with COVID-19 and summarize the current consensus recommendations from select specialty

organizations.
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Coronavirus disease 2019 (COVID-19), caused by the
severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), results in a devastating, multisystem dis-
ease, which has affected millions of people worldwide.1

This pandemic has sparked efforts to identify modifiable
risk factors and investigate putative treatments. With the
first wave of observational data, hypertension quickly
emerged as a key comorbidity potentially associated
with increased COVID-19 mortality.1,2 Identification of
angiotensin-converting enzyme 2 (ACE2) as the primary
SARS-CoV-2–binding site led to further concern that
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angiotensin-converting enzyme (ACE) inhibitors and
angiotensin receptor blockers (ARBs) may increase
SARS-CoV-2 infection and COVID-19 mortality risk.3,4

Select experimental studies have shown that ACE inhibi-
tors and ARBs increase ACE2 expression in certain tis-
sues.5-7 However, data continue to emerge, which either
temper or refute these early concerns.8,9 In addition, these
concerns contrast with prior experimental data, which
suggest a protective role for these renin-angiotensin sys-
tem (RAS) inhibitors against acute lung injury and inflam-
mation in select viral pneumonias including SARS-CoV,
the virus responsible for the SARS outbreak of 2003.
Informed decisions to continue or discontinue ACE inhib-
itor or ARB therapy during COVID-19 hinge on ongoing
research to understand the roles of ACE2 and the RAS in
pulmonary biology and well-designed clinical trials tar-
geting this patient population.
We review RAS biology and how this classic mediator of

hypertension may also both hold the key to SARS-CoV-2
entry into pneumocytes and potentially modulate subse-
quent lung injury. We also briefly review the competing
data regarding the effect of RAS inhibition in COVID-19;
identify key unmet needs and the studies designed to
address them; and summarize consensus recommendations
regarding the use of RAS inhibition in COVID-19.

CARDIOVASCULAR AND IMMUNOMODULATORY
EFFECTS OF ACE2
The RAS is a crucial regulator of numerous physiologic
functions, including fluid and electrolyte balance, perfu-
sion, and inflammatory response. The 2 predominant
RAS axes, the ACE/angiotensin (Ang) II/type 1 Ang II re-
ceptor (AT1R) pathway and the counter-regulatory
ACE2/Ang-(1-7)/Mas receptor (MasR) pathway, are co-
expressed in most tissues.10 ACE exists in membrane-
bound and soluble forms and converts Ang I into Ang II
that acts via the AT1R and AT2R, whereas ACE2 is
Adv Chronic Kidney Dis. 2020;27(5):404-411
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predominately membrane bound and converts Ang II into
Ang-(1-7), which acts via the MasR.11 Homeostasis be-
tween these pathways is critical for normal physiology,
but in pathologic conditions, ACE/Ang II upregulation
and/or ACE2/Ang-(1-7) downregulation propagates dis-
ease.11,12

The RAS has several effects on the cardiovascular system
and target organs including the kidney and brain. Experi-
mental models of acquired or genetic ACE2 deficiency
associate with several deleterious structural and func-
tional abnormalities attributed to unopposed Ang II as
well as reduced Ang-(1-7), including decreased cardiac
contractility, cardiac hypoperfusion, myocardial dysfunc-
tion, impaired kidney function, and albuminuria.13-15 In
the vasculature, Ang II acts on the AT1R, resulting in
diminished nitric oxide and vasoconstriction.16 In the kid-
neys, Ang II promotes sodium and fluid retention, which
in combination with vasoconstriction raises blood pres-
sure. On the other hand, Ang-(1-7) activation of the
MasR results in part in the release of prostaglandin E2, bra-
dykinin, and nitric oxide to decrease blood pressure via
natriuresis, diuresis, and vasodilation.11,16 In the brain,
theACE2/Ang-(1-7) pathway reduces sympathetic activity
and increases nitric oxide synthase and nitric oxide levels,
further promoting vasodilation and blood pressure
CLINICAL SUMMARY

� ACE2 facilitates SARS-CoV-2 host-cell entry and may be

upregulated by RAS blockade.

� Despite their potentially deleterious interaction with ACE2,

RAS blockers may be helpful to protect against acute lung

injury.

� While we await trial evidence to determine the safety and

efficacy of RAS blockade in COVID-19, international

organizations recommend continuing these medications

unless otherwise contraindicated.
decline.17,18

In addition to its effects on
the vasculature, Ang-(1-7)
counteracts the proinflam-
matory and profibrotic ef-
fects of Ang II in the heart
and kidneys.19,20 In animal
models, unopposed Ang II
in the setting of diminished
ACE2 upregulated inflam-
matory cytokines inter-
feron-g, interleukin-6, and
monocyte chemoattractant
protein-1 and increased
phosphorylation of extracel-

lular signal-regulated protein kinase (ERK)1/2 and c-Jun
N-terminal kinase (JNK)1/2 signaling pathways.21

Furthermore, AT1R activation byAng II has prothrombotic
effects, including enhanced platelet activation and
impaired fibrinolysis, resulting in hypercoagulability.22,23

Ang II also stimulates plasminogen activator inhibitor-1,
further promoting thrombus production.24 The prothrom-
botic effects of Ang II are downregulated by ACE2-
mediated conversion into Ang-(1-7) and subsequent
Ang-(1-7) signaling via MasR. Dysregulation of this
pathway may contribute to the hypercoagulability and
endothelial dysfunction observed in COVID-19.25,26

ACE2 EFFECTS ON PULMONARY BIOLOGY
There has been increasing interest in the RAS, and ACE2/
Ang-(1-7) in particular, during the COVID-19 pandemic,
given that the SARS-CoV-2 spike protein binds to ACE2
to infect epithelial cells in the lung, most notably type II
alveolar epithelial cells, which was the same mechanism
observed with SARS-CoV.27,28
Adv Chronic Kidney Dis. 2020;27(5):404-411
In the lungs, the RAS regulates pulmonary vascular tone,
alveolo-capillary integrity, and inflammatory response.
Alveolar epithelial cells, endothelial cells, smooth muscle
cells, fibroblasts, and resident immune cells (i.e. alveolar
macrophages) express both RAS pathways, although
ACE/Ang II expression is generally much greater than
ACE2/Ang-(1-7).10,29-32 Lung injury upregulates and
stimulates de novo ACE/Ang II expression and, notably,
ACE2/Ang-(1-7) suppression, which in turn propagates
injury.29,30,33-35 As with SARS-CoV, evidence suggests
that SARS-CoV-2 downregulates ACE2 via endocytosis
and shedding and thus could potentially shift the RAS to-
ward ACE/Ang II.36-39

Acid aspiration–induced acute lung injury resulted in
ACE-dependent increased Ang II concentrations in lung
and plasma associated with reduced ACE2 expression.34

In a rat acute respiratory distress syndrome (ARDS)model,
a combination of lipopolysaccharide andmechanical venti-
lation decreased the ACE2/ACE activity and Ang-(1-7)/
Ang II concentration ratios in bronchoalveolar lavage
fluid.29 Patients with ARDS had elevated plasma Ang II
levels40; in addition, prior ACE inhibitor and ARB use, as
well as ACE genotype, were associated with improved
mortality in patients with ARDS.41,42 Ang II binds to
AT1R to increase pulmonary vascular permeability, induce
alveolar epithelial cell
apoptosis and fibroblast dif-
ferentiation, and promote
immune cell migration,
activation, differentiation,
and cytokine release.30,34,43-45

Indeed, cytokine release by
activated type II alveolar
epithelial cells and alveolar
macrophages is mediated in
part through ERK1/2 and p38
mitogen-activated protein
kinase signaling cascades,
which are regulated by AT1R
and MasR.45-47
The ACE2/Ang-(1-7) pathway mitigates acute lung
injury/ARDS. The binding of the SARS-CoV spike protein
to ACE2 downregulated ACE2 expression, increased Ang
II lung concentration, and enhanced AT1R-mediated acute
lung injury, including increased lung elastance and pulmo-
nary edema.36 Furthermore, ACE2 deficiency worsened
lung elastance, pulmonary vascular permeability and pul-
monary edema, inflammatory cell infiltration, and hyaline
membrane formation and decreased oxygenation in
several acute lung injury models; catalytically active re-
combinant human ACE2 improved these lung measures
and reduced lungAng II concentration.34 In a phase II clin-
ical trial, recombinant human ACE2 caused a sustained
decrease in plasma Ang II and a sustained increase in
Ang-(1-7).40

The beneficial effects of the ACE2/Ang-(1-7) pathway in
acute lung injury extend beyond Ang II metabolism; Ang-
(1-7) binding toMasR, and to a lesser extent Ang II binding
to AT2R, also exerts a protective effect.48 In several rodent
models of acute lung injury, Ang-(1-7) infusion (peptide
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and cyclized) reduced pulmonary vascular resistance and
edema, increased PaO2, blocked increased tumor necrosis
factor a, increased bronchoalveolar lavage fluid ACE2/
ACE activity and Ang-(1-7)/Ang II concentration ratios,
and protected against alveolo-capillary barrier failure
and neutrophil invasion.29,49 Intriguingly, Ang-(1-7)
restored systemic blood pressure and reduced right
ventricle pressure load and, in part, mediated beneficial
ARB effects.49 The RAS plays a significant role in acute
and chronic lung injury, including SARS, and given
ACE2’s role as the SARS-CoV-2 binding site, the RAS likely
plays a role in COVID-19 pathophysiology, although
confirmatory clinical and experimental data are needed.

THE CASE AGAINST RAS INHIBITION IN COVID-19
SARS-CoV-2 cellular entry via ACE2 is dependent on
priming of the SARS-CoV-2 spike protein by type II trans-
membrane serine proteases.3,39 In addition, SARS-CoV-2
binds to ACE2 with a higher affinity than SARS-CoV.50

Therefore, any process which increases ACE2 expression
theoretically could increase the likelihood of viral binding,
cellular infection, and thus increase the risk of worse out-
comes in patients with COVID-19 (Fig 1).
RAS inhibitorsmay increase cell surface ACE2 levels and

expression.5-7 ACE2 interacts with the AT1R on the cellular
surface; however, Ang II binding to AT1R interrupts this
AT1R-ACE2 interaction and promotes increased ACE2
Figure 1. Putative helpful and harmful actions of RAS inhibitio
increasedACE2 expression leading to increasedSARS-CoV-2 bin
effects from RAS inhibition in persons with COVID-19 outside of
potential for decreased acute lung injury from the shift from AC
bottom-right panel lists adverse effects of RAS discontinuation i
virus disease 2019; SARS-CoV-2, severe acute respiratory synd
Ang, angiotensin; ARB, angiotensin receptor blocker; MasR, M
created with the assistance of BioRender.com.)
internalization.51 In experimental models, RAS inhibitors
can decrease this effect and subsequently decrease ACE2
internalization, which can explain the increased ACE2
expression observed in certain animal models. However,
this association has multiple caveats, most important of
which are the lack of evidence of this phenomenon in hu-
man studies and the absence of specific experimental evi-
dence of ACE inhibitor or ARB-induced changes in ACE2
expression in the lungs.52,53 Although this putative effect
of RAS inhibition onACE2 expression could in theory facil-
itate viral entry intopneumocytes andother cellular targets
of SARS-CoV-2, whether this action truly increases suscep-
tibility to SARS-CoV-2 infection and subsequent develop-
ment of COVID-19 in humans remains unclear.
Among other complications of this multiorgan disease,

COVID-19 may increase the risk for acute kidney injury
(AKI); in studies of critically ill persons with COVID-19,
the rate of AKI ranges from 19 to 39%.54-56 However,
AKI estimates for all hospitalized patients vary
substantially and the incidence of AKI in outpatients
with COVID-19 remains unknown.1,2,56-58 Through
impairment of the autoregulatory response to changes in
kidney perfusion,59,60 ACE inhibitors or ARBs could theo-
retically increase the risk of AKI in highly susceptible indi-
viduals. However, aside from the demonstrated risks of
dual therapy,61 neither ACE inhibitors nor ARBs clearly in-
crease AKI risk in randomized studies of other at-risk
n in COVID-19. The top-left panel depicts the potential for
ding sites. The bottom-left panel lists other potential adverse
increased viral binding sites. The top-right panel depicts the
E/Ang II/AT1R to ACE2/Ang-(1-7)/MasR predominance. The
n persons with COVID-19. Abbreviations: COVID-19, corona-
rome coronavirus 2; ACE, angiotensin-converting enzyme;
as receptor; RAS, renin-angiotensin system. (Figure 1 was
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Table 1. Statements From Select Professional Societies Regarding the Use of RAS Inhibitors During COVID-19

Society Statement Summary

American College of Physicians � There is no evidence linking antihypertensive agents to

COVID-19 disease severity.

� ARBs have possible benefits for use as SARS-CoV-2

treatments.

� Discontinuing or changing antihypertensive therapy without

medical indication and supervision could lead to adverse ef-

fects and may be harmful.

American Heart Association, Heart Failure Society of America,

and American College of Cardiology
� There are no experimental or clinical data demonstrating

beneficial or adverse outcomes among COVID-19 patients

using ACE inhibitor or ARB medications.

� Recommend continuation of RAS antagonists for those pa-

tients who are currently prescribed such agents for indications

for which these agents are known to be beneficial, such as

heart failure, hypertension, or ischemic heart disease.

� In the event patients with cardiovascular disease are diag-

nosed with COVID-19, individualized treatment decisions

should be made according to each patient’s hemodynamic

status and clinical presentation.

American Society of Pediatric Nephrology � Strongly recommends that patients continue to take their ACE

inhibitors and ARBs, until new evidence to the contrary be-

comes available.

� Appropriatemedicalmanagement continues to be provided to

patients on thesemedicationswho test positive for SARS-CoV-

2 and those who have COVID-19, including discontinuation of

ACE inhibitors and ARBs when medically indicated.

European Society of Cardiology Council on Hypertension � Strongly recommend that physicians and patients should

continue treatment with their usual antihypertensive therapy

because there is no clinical or scientific evidence to suggest

that treatment with ACE inhibitors or ARBs should be discon-

tinued because of the COVID-19 infection.

International Society of Hypertension � There are no clinical data in humans to show that ACE inhibi-

tors or ARBs either improve or worsen susceptibility to COVID-

19 infection nor do they affect the outcomes of those infected.

� Strongly recommend that the routine use of ACE inhibitors or

ARBs to treat raised blood pressure should continue and

should not be influenced by concerns about COVID-19

infection.

National Institutes of Health � Persons with COVID-19 who are prescribed ACE inhibitors or

ARBs for cardiovascular disease (or other indications) should

continue these medications.

� The COVID-19 Treatment Guidelines Panel (the Panel)

recommends against the use of ACE inhibitors or ARBs for the

treatment of COVID-19 outside of the setting of a clinical trial.

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; ARB, angiotensin recep-
tor blocker; ACE, angiotensin-converting enzyme; RAS, renin-angiotensin system.
The position statements from each professional society have been summarized; edits to the statements were made only to truncate length
and standardize the abbreviations used. Statements are current through May 1, 2020.
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populations.62 Moreover, no study has directly demon-
strated an association between RAS inhibition and the
risk of AKI in patients with COVID-19.58

THE CASE FOR RAS INHIBITION IN COVID-19
Despite the theoretical increase inACE2 binding sites, RAS
blockade could improve clinical outcomes in persons in-
fected with SARS-CoV-2. This rationale is supported by
preclinical studies in which losartan, an ARB, attenuated
lung injury in a nonviral mouse model of SARS-CoV spike
protein–enhanced acid-induced lung injury.36 In this
Adv Chronic Kidney Dis. 2020;27(5):404-411
study, either infection with SARS-CoV or the use of spike
protein combined with an acid-inhalation model substan-
tially reduced ACE2 levels and increased Ang II levels in
the lung. Thus, the overarching hypothesis is that viral
infection diminishes ACE2 protein and activity, leading
to Ang II accumulation and reduced Ang-(1-7).
The aforementioned upregulation of ACE/Ang II and

concomitant suppression of ACE2/Ang-(1-7) likely prop-
agate lung injury during SARS-CoV-2 infection.29,30,33-35

This increased Ang II/Ang-(1-7) ratio leads to
vasoconstriction of the pulmonary vasculature, further
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reducing pulmonary blood flow to the already-damaged
lung parenchyma in the face of hypoxemia from the viral
pneumonia. The predominance of Ang II intensives the
immune response, which may further contribute to
lung injury.63 However, whether AT1R universally stimu-
lates inflammation and fibrosis remains unclear: specific
deletion of AT1Rs on both macrophages and T-cells in
mice suggests that activation of AT1Rs on these immune
cell lineages limits rather than propagates inflammation
and organ injury in kidney models.64,65 How AT1R
signaling of macrophages and T-cells contributes to
lung injury during SARS-CoV-2 infection remains un-
known.
Although the benefits of RAS inhibition in COVID-19

remain unclear, we may be able to extrapolate from
the use of RAS inhibition in other types of viral infec-
tions. For example, in a mouse model of H7N9 influ-
enza, viral infection also decreased ACE2 levels (with
resultant increased Ang II).66 ACE2 knockout mice
had worse outcomes after viral infection; in contrast,
losartan mitigated lung injury in wild-type mice with
influenza infection similar to the effect seen in the
SARS-CoV model.66 Moreover, respiratory syncytial vi-
rus models demonstrate similar improvements with
RAS inhibition.67 These data in other analogous viral in-
fections provide a favorable precedent for the use of
RAS inhibition in COVID-19.

OBSERVATIONAL STUDIES OF RAS INHIBITION IN
COVID-19
Several observational studies have evaluated the associa-
tion of ACE inhibitor and ARB therapy with the develop-
ment and severity of COVID-19.8,9,68,69 These studies
have several limitations, including confounding by indica-
tion, collider bias (conditioning on specific factors such as
hospitalization or for-symptom COVID-19 testing, which
may distort or induce spurious associations between
ACE inhibitor or ARB use and COVID-19), time-depen-
dent bias, or lack of accounting for multiple hypothesis
testing. Accordingly, the studies show conflicting results
regarding the association of ACE inhibitor and ARB ther-
apy with COVID-19. For example, Zhang and colleagues
found that ACE inhibitor or ARB therapy was associated
with lower risk of mortality among individuals hospital-
ized with COVID-19 in Hubei Province, China68; in
contrast, Rentsch and colleagues found thatACE inhibitors
and ARBs were associated with a higher risk of requiring
intensive care among US veterans hospitalized with
COVID-19.69 Further research is needed to better under-
stand the magnitude and direction of these associations.

CURRENT RECOMMENDATIONS AND FUTURE
DIRECTIONS
The dizzying pace of research in thewake of the COVID-19
pandemic has yielded incomplete and conflicting data
regarding the safety of RAS inhibitors for patients with
COVID-19. For patients with certain comorbidities such
as heart failure and chronic kidney disease, decades of
research clearly demonstrate improved survival and dis-
ease trajectory with RAS inhibitors.70,71 Given the stakes
of the decision to continue or hold these medications, pa-
tients and providers need clear guidelines to help navigate
this difficult situation. While our understanding of
COVID-19 continues to evolve, Table 1 summarizes the
current consensus guidelines from select organizations
regarding the use of RAS inhibitor therapy in persons
affected by COVID-19.72-77 The measured and consistent
responses from these organizations to continue RAS
inhibitor therapy through SARS-CoV-2 infection unless
otherwise directed by a health-care provider reflect the
lack of high-quality data to overturn the existing indica-
tions for these medications.
Several confounding factors—both measurable and un-

measurable—underlie the clinical decision to continue, dis-
continue, or start RAS inhibitor therapy in the setting of
COVID-19; these confounding factors limit the ability of
observational studies to definitively answer this question.
A growing number of clinical trials have begun enrollment
that target this question in various patient populationswith
or at risk for COVID-19. These trials include randomized
continuation vs discontinuation of existing ACE inhibitor
or ARB therapy to prevent SARS-CoV-2 infection (CORO-
NACION, NCT04330300) or improve outcomes of patients
hospitalized with COVID-19 (REPLACE-COVID,
NCT04338009; ACEI-COVID, NCT04353596; BRACE-
CORONA, NCT04364893; ACORES-2, NCT04329195;
RASCOVID-19, NCT04351581). In addition, select trials
randomize inpatients (COVIDMED, NCT04328012;
RAMIC, NCT04366050; CAPTOCOVID, NCT04355429;
NCT04312009, NCT04355936, NCT04335786,
NCT04394117) and outpatients (NCT04311177) with
COVID-19 to ARB or ACE inhibitor vs placebo or usual
care. As these and other studies providemore-definitive ev-
idence regarding the safety and efficacy of RAS inhibitors
during COVID-19, future studies will need to expand to
all stages of illness severity, consider inclusion of the pediat-
ric population,78,79 investigate how other ACE2-altering
processes suchas smokingmodifyany relationshipbetween
RAS inhibition and outcomes, and determine how RAS in-
hibitors influence clinical outcomes when used in concert
with other experimental COVID-19 therapies.

ACKNOWLEDGMENTS
The authors would like to acknowledge the extensive and ex-
panding resources related to this topic provided by the edi-
tors of nephjc.com. The authors also thank The COVID-19
and ACE2 in Cardiovascular, Lung, and Kidney Working
Group for providing critical review and discussion of the
literature: Matthew A. Sparks, Swapnil Hiremath, Daniel
Batlle, Andrew M. South, Paul Welling, J. Matt Luther, Jor-
dana B. Cohen, James Brian Byrd, Louise M. Burrell, Laurie
Tomlinson, Vivek Bhalla, María Jos�e Soler, Sundar Swamina-
than, Michelle N. Rheault, and Sundar Swaminathan. The
figure was created with the assistance of BioRender.com.
Adv Chronic Kidney Dis. 2020;27(5):404-411

http://nephjc.com
http://BioRender.com


ACE2 and the RAS in COVID-19 409
REFERENCES
1. Guan W-j, Ni Z-y, Hu Y, et al. Clinical characteristics of coronavirus

disease 2019 in China. N Engl J Med. 2020;382(18):1708-1720.
2. Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortal-

ity of adult inpatients with COVID-19 in Wuhan, China: a retrospec-
tive cohort study. Lancet. 2020;395(10229):1054-1062.

3. Lan J, Ge J, Yu J, et al. Structure of the SARS-CoV-2 spike receptor-
binding domain bound to the ACE2 receptor. Nature.
2020;581(7807):215-220.

4. Fang L, Karakiulakis G, Roth M. Are patients with hypertension and
diabetes mellitus at increased risk for COVID-19 infection? Lancet
Respir Med. 2020;8(4):e21.

5. Ferrario CM, Jessup J, Chappell MC, et al. Effect of angiotensin-
converting enzyme inhibition and angiotensin II receptor blockers
on cardiac angiotensin-converting enzyme 2. Circulation.
2005;111(20):2605-2610.

6. Ocaranza MP, Godoy I, Jalil JE, et al. Enalapril attenuates downregu-
lation of Angiotensin-converting enzyme 2 in the late phase of ven-
tricular dysfunction in myocardial infarcted rat. Hypertension.
2006;48(4):572-578.

7. Ishiyama Y, Gallagher PE, Averill DB, Tallant EA, Brosnihan KB,
Ferrario CM. Upregulation of angiotensin-converting enzyme 2 after
myocardial infarction by blockade of angiotensin II receptors. Hyper-
tension. 2004;43(5):970-976.

8. Reynolds HR, Adhikari S, Pulgarin C, et al. Renin-angiotensin-Aldo-
sterone system inhibitors and risk of Covid-19. N Engl J Med.
2020;382(25):2441-2448.

9. Mancia G, Rea F, Ludergnani M, Apolone G, Corrao G. Renin-angio-
tensin-Aldosterone system blockers and the risk of Covid-19. N Engl
J Med. 2020;382(25):2431-2440.

10. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H.
Tissue distribution of ACE2 protein, the functional receptor for
SARS coronavirus. A first step in understanding SARS pathogen-
esis. J Pathol. 2004;203(2):631-637.

11. South AM, Shaltout HA, Washburn LK, Hendricks AS, Diz DI,
Chappell MC. Fetal programming and the angiotensin-(1-7) axis: a
review of the experimental and clinical data. Clin Sci (Lond).
2019;133(1):55-74.

12. South AM, Diz DI, Chappell MC. COVID-19, ACE2, and the cardio-
vascular consequences. Am J Physiol Heart Circ Physiol.
2020;318(5):H1084-H1090.

13. Crackower MA, Sarao R, Oudit GY, et al. Angiotensin-converting
enzyme 2 is an essential regulator of heart function. Nature.
2002;417(6891):822-828.

14. Huentelman MJ, Grobe JL, Vazquez J, et al. Protection from angio-
tensin II-induced cardiac hypertrophy and fibrosis by systemic len-
tiviral delivery of ACE2 in rats. Exp Physiol. 2005;90(5):783-790.

15. Dilauro M, Zimpelmann J, Robertson SJ, Genest D, Burns KD. Effect
of ACE2 and angiotensin-(1-7) in a mouse model of early chronic
kidney disease. Am J Physiol Ren Physiol. 2010;298(6):F1523-F1532.

16. Sparks MA, Crowley SD, Gurley SB, Mirotsou M, Coffman TM.
Classical Renin-Angiotensin system in kidney physiology. Compr
Physiol. 2014;4(3):1201-1228.

17. Hendricks AS, Lawson MJ, Figueroa JP, Chappell MC, Diz DI,
Shaltout HA. Central ANG-(1-7) infusion improves blood pressure
regulation in antenatal betamethasone-exposed sheep and reveals
sex-dependent effects on oxidative stress. Am J Physiol Heart Circ
Physiol. 2019;316(6):H1458-H1467.

18. Shaltout HA, Rose JC, Chappell MC, Diz DI. Angiotensin-(1-7) defi-
ciency and baroreflex impairment precede the antenatal Betametha-
sone exposure-induced elevation in blood pressure. Hypertension.
2012;59(2):453-458.
Adv Chronic Kidney Dis. 2020;27(5):404-411
19. El Bekay R, Alvarez M, Monteseirin J, et al. Oxidative stress is a crit-
ical mediator of the angiotensin II signal in human neutrophils:
involvement of mitogen-activated protein kinase, calcineurin, and
the transcription factor NF-kappaB. Blood. 2003;102(2):662-671.

20. Esteban V, Heringer-Walther S, Sterner-Kock A, et al. Angiotensin-
(1-7) and the G protein-coupled receptor MAS are key players in
renal inflammation. PLoS One. 2009;4(4):e5406.

21. Kassiri Z, Zhong J, Guo D, et al. Loss of angiotensin-converting
enzyme 2 accelerates maladaptive left ventricular remodeling in
response to myocardial infarction. Circ Heart Fail. 2009;2(5):446-455.

22. Gromotowicz-Poplawska A, Stankiewicz A, Kramkowski K, et al.
The acute prothrombotic effect of aldosterone in rats is partially
mediated via angiotensin II receptor type 1. Thromb Res.
2016;138:114-120.

23. Brown NJ, Vaughan DE. Prothrombotic effects of angiotensin. Adv
Intern Med. 2000;45:419-429.

24. Vaughan DE, Lazos SA, Tong K. Angiotensin II regulates the expres-
sion of plasminogen activator inhibitor-1 in cultured endothelial
cells. A potential link between the renin-angiotensin system and
thrombosis. J Clin Invest. 1995;95(3):995-1001.

25. Whyte CS, Morrow GB, Mitchell JL, Chowdary P, Mutch NJ. Fibri-
nolytic abnormalities in acute respiratory distress syndrome
(ARDS) and versatility of thrombolytic drugs to treat COVID-19. J
Thromb Haemost. 2020;18(7):1548-1555.

26. Varga Z, Flammer AJ, Steiger P, et al. Endothelial cell infection and
endotheliitis in COVID-19. Lancet. 2020;395(10234):1417-1418.

27. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the
recognition of SARS-CoV-2 by full-length human ACE2. Science.
2020;367(6485):1444-1448.

28. Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting enzyme
2 is a functional receptor for the SARS coronavirus. Nature.
2003;426(6965):450-454.

29. Wosten-van Asperen RM, Lutter R, Specht PA, et al. Acute respira-
tory distress syndrome leads to reduced ratio of ACE/ACE2 activ-
ities and is prevented by angiotensin-(1-7) or an angiotensin II
receptor antagonist. J Pathol. 2011;225(4):618-627.

30. Wosten-van Asperen RM, Lutter R, Specht PA, et al. Ventilator-
induced inflammatory response in lipopolysaccharide-exposed rat
lung is mediated by angiotensin-converting enzyme. Am J Pathol.
2010;176(5):2219-2227.

31. Morrell NW, Upton PD, Higham MA, Yacoub MH, Polak JM,
Wharton J. Angiotensin II stimulates proliferation of human pulmo-
nary artery smooth muscle cells via the AT1 receptor. Chest.
1998;114(1 Suppl):90S-91S.

32. Li X, Molina-Molina M, Abdul-Hafez A, et al. Extravascular sources
of lung angiotensin peptide synthesis in idiopathic pulmonary
fibrosis. Am J Physiol Lung Cell Mol Physiol. 2006;291(5):L887-L895.

33. Li X, Zhang H, Soledad-Conrad V, Zhuang J, Uhal BD. Bleomycin-
induced apoptosis of alveolar epithelial cells requires angiotensin
synthesis de novo. Am J Physiol Lung Cell Mol Physiol.
2003;284(3):L501-L507.

34. Imai Y, KubaK, Rao S, et al. Angiotensin-converting enzyme 2 protects
from severe acute lung failure.Nature. 2005;436(7047):112-116.

35. Li X, Molina-Molina M, Abdul-Hafez A, Uhal V, Xaubet A, Uhal BD.
Angiotensin converting enzyme-2 is protective but downregulated
in human and experimental lung fibrosis. Am J Physiol Lung Cell
Mol Physiol. 2008;295(1):L178-L185.

36. 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(8):875-879.

37. Haga S, Yamamoto N, Nakai-Murakami C, et al. Modulation of
TNF-alpha-converting enzyme by the spike protein of SARS-CoV

http://refhub.elsevier.com/S1548-5595(20)30112-9/sref1
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref1
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref2
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref2
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref2
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref3
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref3
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref3
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref4
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref4
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref4
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref5
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref5
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref5
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref5
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref6
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref6
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref6
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref6
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref7
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref7
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref7
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref7
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref8
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref8
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref8
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref9
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref9
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref9
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref10
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref10
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref10
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref10
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref11
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref11
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref11
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref11
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref12
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref12
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref12
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref13
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref13
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref13
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref14
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref14
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref14
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref15
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref15
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref15
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref16
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref16
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref16
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref17
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref17
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref17
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref17
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref17
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref18
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref18
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref18
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref18
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref19
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref19
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref19
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref19
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref20
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref20
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref20
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref21
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref21
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref21
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref22
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref22
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref22
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref22
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref23
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref23
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref24
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref24
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref24
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref24
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref25
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref25
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref25
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref25
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref26
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref26
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref27
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref27
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref27
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref28
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref28
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref28
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref29
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref29
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref29
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref29
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref30
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref30
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref30
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref30
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref31
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref31
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref31
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref31
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref32
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref32
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref32
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref33
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref33
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref33
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref33
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref34
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref34
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref35
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref35
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref35
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref35
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref36
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref36
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref36
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref37
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref37


Edmonston et al410
and ACE2 induces TNF-alpha production and facilitates viral entry.
Proc Natl Acad Sci U S A. 2008;105(22):7809-7814.

38. Song W, Gui M, Wang X, Xiang Y. Cryo-EM structure of the SARS
coronavirus spike glycoprotein in complex with its host cell receptor
ACE2. Plos Pathog. 2018;14(8):e1007236.

39. 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;181(2):271-280.e8.

40. Khan A, Benthin C, Zeno B, et al. A pilot clinical trial of recombinant
human angiotensin-converting enzyme 2 in acute respiratory
distress syndrome. Crit Care. 2017;21(1):234.

41. Kim J, Choi SM, Lee J, et al. Effect of renin-angiotensin system
blockage in patientswith acute respiratory distress syndrome: a retro-
spective case control study.Korean J Crit CareMed. 2017;32(2):154-163.

42. Jerng JS, Yu CJ, Wang HC, Chen KY, Cheng SL, Yang PC. Polymor-
phism of the angiotensin-converting enzyme gene affects the
outcome of acute respiratory distress syndrome. Crit Care Med.
2006;34(4):1001-1006.

43. Papp M, Li X, Zhuang J, Wang R, Uhal BD. Angiotensin receptor
subtype AT(1) mediates alveolar epithelial cell apoptosis in response
to ANG II. Am J Physiol Lung Cell Mol Physiol. 2002;282(4):L713-L718.

44. Silva-Filho JL, Souza MC, Henriques M, et al. AT1 receptor-
mediated angiotensin II activation and chemotaxis of T lympho-
cytes. Mol Immunol. 2011;48(15-16):1835-1843.

45. Thorley AJ, Ford PA, Giembycz MA, Goldstraw P, Young A,
Tetley TD. Differential regulation of cytokine release and leukocyte
migration by lipopolysaccharide-stimulated primary human lung
alveolar type II epithelial cells and macrophages. J Immunol.
2007;178(1):463-473.

46. Koka V, Huang XR, Chung AC, Wang W, Truong LD, Lan HY.
Angiotensin II up-regulates angiotensin I-converting enzyme
(ACE), but down-regulates ACE2 via the AT1-ERK/p38 MAP kinase
pathway. Am J Pathol. 2008;172(5):1174-1183.

47. Xue H, Zhou L, Yuan P, et al. Counteraction between angiotensin II
and angiotensin-(1-7) via activating angiotensin type I and Mas re-
ceptor on rat renal mesangial cells. Regul Pept. 2012;177(1-3):12-20.

48. Wagenaar GT, Laghmani el H, Fidder M, et al. Agonists of MAS
oncogene and angiotensin II type 2 receptors attenuate cardiopul-
monary disease in rats with neonatal hyperoxia-induced lung injury.
Am J Physiol Lung Cell Mol Physiol. 2013;305(5):L341-L351.

49. Klein N, Gembardt F, Supe S, et al. Angiotensin-(1-7) protects
from experimental acute lung injury. Crit Care Med.
2013;41(11):e334-e343.

50. Wrapp D, Wang N, Corbett KS, et al. Cryo-EM structure of the 2019-
nCoV spike in the prefusion conformation. Science.
2020;367(6483):1260-1263.

51. Deshotels MR, Xia H, Sriramula S, Lazartigues E, Filipeanu CM.
Angiotensin II mediates angiotensin converting enzyme type 2
internalization and degradation through an angiotensin II type I
receptor-dependent mechanism. Hypertension. 2014;64(6):1368-1375.

52. Walters TE, Kalman JM, Patel SK, Mearns M, Velkoska E,
Burrell LM. Angiotensin converting enzyme 2 activity and human
atrial fibrillation: increased plasma angiotensin converting enzyme
2 activity is associated with atrial fibrillation and more advanced
left atrial structural remodelling. Europace. 2017;19(8):1280-1287.

53. Ramchand J, Patel SK, Srivastava PM, Farouque O, Burrell LM.
Elevated plasma angiotensin converting enzyme 2 activity is an inde-
pendent predictor of major adverse cardiac events in patients with
obstructive coronary artery disease. PLoS One. 2018;13(6):e0198144.

54. 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;8(5):475-481.

55. Arentz M, Yim E, Klaff L, et al. Characteristics and outcomes of 21
critically ill patients with COVID-19 in Washington state. JAMA.
2020;323(16):1612-1614.
56. Chen N, Zhou M, Dong X, et al. Epidemiological and clinical char-
acteristics of 99 cases of 2019 novel coronavirus pneumonia in Wu-
han, China: a descriptive study. Lancet. 2020;395(10223):507-513.

57. Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 hospital-
ized patients with 2019 novel coronavirus–infected pneumonia in
Wuhan, China. JAMA. 2020;323(11):1061-1069.

58. Cheng Y, Luo R, Wang K, et al. Kidney disease is associated with in-
hospital death of patients with COVID-19. Kidney Int.
2020;97(5):829-838.

59. Braam B, Koomans HA. Renal responses to antagonism of the
renin-angiotensin system. Curr Opin Nephrol Hypertens.
1996;5(1):89-96.

60. Plante GE, Chainey A, Sirois P, Devissaguet M. Angiotensin convert-
ing enzyme inhibition and autoregulation of glomerular filtration. J
Hypertens Suppl. 1988;6(3):S69-S73.

61. Fried LF, Emanuele N, Zhang JH, et al. Combined angiotensin inhi-
bition for the treatment of diabetic nephropathy. N Engl J Med.
2013;369(20):1892-1903.

62. Whiting P, Morden A, Tomlinson LA, et al. What are the risks and
benefits of temporarily discontinuing medications to prevent acute
kidney injury? A systematic review and meta-analysis. BMJ Open.
2017;7(4):e012674.

63. Li X, Rayford H, Uhal BD. Essential roles for angiotensin receptor
AT1a in bleomycin-induced apoptosis and lung fibrosis in mice.
Am J Pathol. 2003;163(6):2523-2530.

64. Zhang JD, Patel MB, Griffiths R, et al. Type 1 angiotensin receptors
on macrophages ameliorate IL-1 receptor-mediated kidney fibrosis. J
Clin Invest. 2014;124(5):2198-2203.

65. Wen Y, Rudemiller NP, Zhang J, et al. Stimulating type 1 angiotensin
receptors on T lymphocytes attenuates renal fibrosis. Am J Pathol.
2019;189(5):981-988.

66. Yang P, Gu H, Zhao Z, et al. Angiotensin-converting enzyme 2
(ACE2) mediates influenza H7N9 virus-induced acute lung injury.
Sci Rep. 2014;4:7027.

67. 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.

68. Zhang P, Zhu L, Cai J, et al. Association of inpatient use of
angiotensin converting enzyme inhibitors and angiotensin II re-
ceptor blockers with mortality among patients with hyperten-
sion hospitalized with COVID-19. Circ Res. 2020;126(12):
1671-1681.

69. Rentsch CT, Kidwai-Khan F, Tate JP, et al. Covid-19 testing, hospital
admission, and intensive care among 2,026,227 United States veter-
ans aged 54-75 years. medRxiv. 2020:2020.2004.2009.20059964.

70. Writing Committee M, Yancy CW, Jessup M, et al. 2016 ACC/AHA/
HFSA Focused Update on New Pharmacological therapy for heart
failure: an update of the 2013 ACCF/AHA Guideline for the Man-
agement of Heart Failure: a report of the American College of Car-
diology/American Heart Association Task Force on Clinical Practice
Guidelines and the Heart Failure Society of America. Circulation.
2016;134(13):e282-e293.

71. Doshi SM, Friedman AN. Diagnosis and management of type 2 dia-
betic kidney disease. Clin J Am Soc Nephrol. 2017;12(8):1366-1373.

72. COVID-19: an ACP Physician’s Guide. American College of Physi-
cians. Treatment: Pharmacotherapy Web site. Available at: https://
assets.acponline.org/coronavirus/scormcontent/#/. Accessed May 1,
2020.

73. HFSA/ACC/AHA statement addresses concerns Re: using RAAS
Antagonists in COVID-19. Available at: https://www.acc.org/
latest-in-cardiology/articles/2020/03/17/08/59/hfsa-acc-aha-statement-
addresses-concerns-re-using-raas-antagonists-in-covid-19. Accessed
May 1, 2020.

74. Clinical Affairs & Pactice Management Committee: position state-
ment on Covid-19 and ACE inhibitor and angiotensin receptor
blocker use in children with hypertension and kidney disease.
Adv Chronic Kidney Dis. 2020;27(5):404-411

http://refhub.elsevier.com/S1548-5595(20)30112-9/sref37
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref37
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref38
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref38
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref38
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref39
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref39
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref39
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref40
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref40
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref40
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref41
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref41
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref41
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref42
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref42
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref42
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref42
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref43
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref43
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref43
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref44
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref44
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref44
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref45
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref45
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref45
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref45
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref45
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref46
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref46
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref46
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref46
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref47
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref47
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref47
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref48
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref48
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref48
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref48
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref49
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref49
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref49
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref50
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref50
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref50
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref51
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref51
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref51
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref51
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref52
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref52
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref52
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref52
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref52
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref53
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref53
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref53
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref53
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref54
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref54
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref54
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref54
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref55
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref55
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref55
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref56
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref56
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref56
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref57
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref57
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref57
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref58
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref58
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref58
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref59
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref59
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref59
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref60
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref60
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref60
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref61
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref61
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref61
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref62
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref62
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref62
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref62
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref63
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref63
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref63
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref64
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref64
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref64
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref65
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref65
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref65
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref66
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref66
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref66
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref67
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref67
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref67
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref68
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref68
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref68
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref68
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref68
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref69
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref69
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref69
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref70
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref70
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref70
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref70
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref70
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref70
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref70
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref71
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref71
https://assets.acponline.org/coronavirus/scormcontent/#/
https://assets.acponline.org/coronavirus/scormcontent/#/
https://www.acc.org/latest-in-cardiology/articles/2020/03/17/08/59/hfsa-acc-aha-statement-addresses-concerns-re-using-raas-antagonists-in-covid-19
https://www.acc.org/latest-in-cardiology/articles/2020/03/17/08/59/hfsa-acc-aha-statement-addresses-concerns-re-using-raas-antagonists-in-covid-19
https://www.acc.org/latest-in-cardiology/articles/2020/03/17/08/59/hfsa-acc-aha-statement-addresses-concerns-re-using-raas-antagonists-in-covid-19


ACE2 and the RAS in COVID-19 411
COVID-19 Inf Web site. Available at: https://www.aspneph.org/
covid-19-information/. Accessed May 1, 2020.

75. Position Statement of the ESC Council on Hypertension on ACE-
Inhibitors and Angiotensin Receptor Blockers. Available at: https://
www.escardio.org/Councils/Council-on-Hypertension-(CHT)/News
/position-statement-of-the-esc-council-on-hypertension-on-ace-
inhibitors-and-ang. Accessed May 1, 2020.

76. A statement from the International society of hypertension on
COVID-19. Available at: https://ish-world.com/news/a/A-statement-
from-the-International-Society-of-Hypertension-on-COVID-19/.
Accessed May 1, 2020.
Adv Chronic Kidney Dis. 2020;27(5):404-411
77. Considerations for certain concomitant medications in patients with
COVID-19. COVID-19 treatment guidelines Web site. Available at:
https://covid19treatmentguidelines.nih.gov/concomitant-medications/.
Accessed May 1, 2020.

78. South AM, Brady TM, Flynn JT. ACE2, COVID-19, and ACE inhib-
itor and ARB use during the pandemic: the pediatric perspective.
Hypertension. 2020;76(1):16-22.

79. Hwang TJ, Randolph AG, Bourgeois FT. Inclusion of children in
clinical trials of treatments for coronavirus disease 2019 (COVID-
19). JAMA Pediatr. https://doi.org/10.1001/jamapediatrics.2020.1888.
May 7, 2020 [online ahead of print].

https://www.aspneph.org/covid-19-information/
https://www.aspneph.org/covid-19-information/
https://www.escardio.org/Councils/Council-on-Hypertension-(CHT)/News/position-statement-of-the-esc-council-on-hypertension-on-ace-inhibitors-and-ang
https://www.escardio.org/Councils/Council-on-Hypertension-(CHT)/News/position-statement-of-the-esc-council-on-hypertension-on-ace-inhibitors-and-ang
https://www.escardio.org/Councils/Council-on-Hypertension-(CHT)/News/position-statement-of-the-esc-council-on-hypertension-on-ace-inhibitors-and-ang
https://www.escardio.org/Councils/Council-on-Hypertension-(CHT)/News/position-statement-of-the-esc-council-on-hypertension-on-ace-inhibitors-and-ang
https://ish-world.com/news/a/A-statement-from-the-International-Society-of-Hypertension-on-COVID-19/
https://ish-world.com/news/a/A-statement-from-the-International-Society-of-Hypertension-on-COVID-19/
https://covid19treatmentguidelines.nih.gov/concomitant-medications/
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref78
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref78
http://refhub.elsevier.com/S1548-5595(20)30112-9/sref78
https://doi.org/10.1001/jamapediatrics.2020.1888

