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BACKGROUND: Published randomized controlled trials are underpowered for binary clinical end points to assess the safety and 
efficacy of renin-angiotensin system inhibitors (RASi) in adults with COVID-19. We therefore performed a meta-analysis to as-
sess the safety and efficacy of RASi in adults with COVID-19.

METHODS AND RESULTS: MEDLINE, EMBASE, Clini​calTr​ials.gov, and the Cochrane Controlled Trial Register were searched for 
randomized controlled trials that randomly assigned patients with COVID-19 to RASi continuation/commencement versus no 
RASi therapy. The primary outcome was all-cause mortality at ≤30 days. A total of 14 randomized controlled trials met the 
inclusion criteria and enrolled 1838 participants (aged 59 years, 58% men, mean follow-up 26 days). Of the trials, 11 contrib-
uted data. We found no effect of RASi versus control on all-cause mortality (7.2% versus 7.5%; relative risk [RR], 0.95; [95% 
CI, 0.69–1.30]) either overall or in subgroups defined by COVID-19 severity or trial type. Network meta-analysis identified no 
difference between angiotensin-converting enzyme inhibitors versus angiotensin II receptor blockers. RASi users had a non-
significant reduction in acute myocardial infarction (2.1% versus 3.6%; RR, 0.59; [95% CI, 0.33–1.06]), but increased risk of 
acute kidney injury (7.0% versus 3.6%; RR, 1.82; [95% CI, 1.05–3.16]), in trials that initiated and continued RASi. There was no 
increase in need for dialysis or differences in congestive cardiac failure, cerebrovascular events, venous thromboembolism, 
hospitalization, intensive care admission, inotropes, or mechanical ventilation.

CONCLUSIONS: This meta-analysis of randomized controlled trials evaluating angiotensin-converting enzyme inhibitors/angio-
tensin II receptor blockers versus control in patients with COVID-19 found no difference in all-cause mortality, a borderline 
decrease in myocardial infarction, and an increased risk of acute kidney injury with RASi. Our findings provide strong evidence 
that RASi can be used safely in patients with COVID-19.
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Renin-angiotensin system inhibitors (RASi), in-
cluding angiotensin-converting enzyme inhibi-
tors (ACEIs) and angiotensin II receptor blockers 

(ARBs), are the most widely prescribed antihyperten-
sive treatments used by hundreds of millions of people 
worldwide.1 RASi are not only first-line agents for the 
treatment of hypertension but also are the cornerstone 
for treating conditions such as heart failure, coronary 
heart disease, diabetes, and chronic kidney disease. It 
has been suggested that RASi therapy may upregulate 
the expression of the angiotensin-converting enzyme 2 
(ACE2) receptor,2,3 which is the functional receptor for 
SARS-CoV-2,4 the virus responsible for the COVID-19 

pandemic. However, ACE2 upregulation has not been 
consistently demonstrated,5 nor has it been shown to 
affect the function of RASi.6

The BRACE CORONA (blockers of angiotensin re-
ceptor and angiotensin-converting enzyme inhibitors 
suspension in hospitalized patients with coronavirus 
infection) randomized trial7 in patients hospitalized with 
mild–moderate COVID-19 suggested that days alive 
outside of hospital were equivalent in those continuing 
ACEIs/ARBs compared with those who had therapy 
suspended. Similarly compared with discontinuation of 
RASi, the REPLACE COVID (the randomized elimina-
tion or prolongation of angiotensin converting enzyme 
inhibitors and angiotensin receptor blockers in corona-
virus disease 2019) trial found that continuation of RASi 
had no effect on a composite global rank score as a 
marker for COVID-19 severity.8 In comparison, the ACE-
COVID trial demonstrated that RASi discontinuation 
may lead to a more rapid and improved recovery from 
COVID-19.9 Most randomized controlled trials (RCTs) 
starting ARB therapy have also failed to demonstrate 
any difference compared with those not randomized 
to RASi therapy.10–15 These trials, together with multiple 
others, are small to moderate in size, with many unable 
to meet their recruitment targets, and are insufficiently 
powered to answer questions regarding binary clini-
cal end points or subgroup populations. Animal and 
observational studies have provided conflicting data, 
including concerns that RASi-induced upregulation of 
ACE2 receptor expression may increase viral cell entry, 
whereas other studies have suggested that therapies 
may provide protective benefits2,3,16 or have no effect 
on ACE2 expression.17 In response to these uncertain-
ties, numerous RCTs have been initiated to determine 
the short-term safety of RASi in patients with COVID-19. 
International hypertension, cardiology, and nephrology 
societies have consistently recommended that patients 
continue RASi therapy during the COVID-19 pandemic 
on the basis of the strong and well-documented evi-
dence on their cardiovascular protective effects, but 
identified a need for more reliable human data.18–22 We 
therefore performed a meta-analysis of RCTs in pa-
tients with COVID-19 to assess the safety and efficacy 
of RASi therapy compared with controls without RASi 
at short-term follow-up.

METHODS
Meta-Analysis Design and Selection of 
Trials
Our meta-analysis and search strategy were reported 
in accordance with the Preferred Reporting Items for 
Systematic Review and Meta-Analysis for protocol 
recommendations.23 The methods of this review were 
previously published24 and will be outlined here in brief. 

CLINICAL PERSPECTIVE

What Is New?
•	 There was an almost 2-fold increased risk of 

acute kidney injurty associated with renin-
angiotensin system inhibitors (RASi) in patients 
hospitalized with acute COVID-19 in hospital-
ized patients (7.0% versus 3.6%; relative risk, 
1.82; [95% CI, 1.05–3.16]). The overall event rate 
was low, but effects were consistent across tri-
als that initiated and those that continued RASi, 
but was not associated with an increased need 
for dialysis or mortality at short-term follow-up.

What Are the Clinical Implications?
•	 Evidence suggests that patients who are using 

RASi should continue taking their medication 
as prescribed; the overall cardiovascular ben-
efits of these drugs are overwhelming, and early 
alerts of potential increased risk in patients with 
COVID-19 have been silenced; similarly, clini-
cians should not be hesitant to initiate RASi 
treatment in patients with COVID-19.

•	 RASi can still be safely used in patients with 
COVID-19 while being aware of an increased risk 
of acute kidney injury in hospitalized patients.

•	 There does not appear to be increased risk 
of acute kidney injury in outpatients, which is 
where the vast majority of COVID-19 is man-
aged, and longer term follow-up is needed to 
investigate renal outcomes and whether there 
may even be benefits of RASi to slow the pro-
gression of proteinuric chronic kidney disease in 
such patients.

Nonstandard Abbreviations and Acronyms

ACE2	 angiotensin-converting enzyme 2
AKI	 acute kidney injury
RASi	 renin-angiotensin system inhibitors
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Using the Cochrane Collaboration guidelines,25 elec-
tronic searches of MEDLINE (1996–present), EMBASE 
(1996–present), the Cochrane Central Register of 
Controlled Trials (most recent edition), and Clini​calTr​
ials.gov were performed in June 2021 to identify RCTs 
that meet the inclusion criteria.

Trials with the following criteria were included: (1) 
RCTs recruiting between March 2020 and June 2021, (2) 
patients aged ≥18 years; (3) laboratory-confirmed SARS-
CoV-2 infection, (4) comparison of patients randomly 
assigned to RASi versus no RASi therapy (this includes 
trials that investigate continuation versus cessation of 
RASi among patients currently treated with RASi and 
trials that report initiation of RASi versus control in those 
not currently treated with such therapies), (5) findings re-
ported in English, and (6) oral administration of RASi ther-
apies. Two reviewers (S.R.G. and A.E.S.) independently 
performed study selection, quality assessment, and 
data extraction. Data extraction included information 
regarding study design, participants, methods, inter-
ventions, and outcome measures. End points were all-
cause mortality, acute myocardial infarction, congestive 
cardiac failure, venous thromboembolism, hospitaliza-
tion, admission to intensive care, mechanical ventilation, 
hypotension requiring inotropes, and acute kidney injury 
(AKI; defined according to the Kidney Disease Improving 
Global Outcomes criteria)26 at short-term follow-up 
(defined as ≤30 days). Standardized grouped tabular 
deidentified data were requested from trialists. A quality 
assessment of each trial was performed by 2 authors 
(S.R.G. and A.E.S.) using the Cochrane Collaboration 
risk of bias tool.25,27 Each included trial was approved by 
an institutional review committee, and the participants 
gave informed consent.

Statistical Analysis
Trial-specific outcome data were pooled. For binary 
outcomes, risk ratios and 95% CIs were estimated. 
Head-to-head meta-analyses were performed by the 
Mantel–Haenszel fixed-effects models,28 with key re-
sults presented using forest plots. A 2-tailed P value of 
5% was used for hypothesis testing. Small study effect 
was assessed by visual inspection of funnel plots and 
by formal regression-based Egger tests.29 Quantitative 
heterogeneity has been explored by prespecified sub-
group analyses and fitting univariable meta-regression 
with the percentage loss to follow-up as a fixed-effect 
covariate.24 A fixed-effects analysis was used unless 
there was significant heterogeneity (as evidenced by 
I2  >50% and quantitatively large variation), in which 
case random-effects analysis was performed in-
stead.28 Sensitivity analyses to account for zero and 
small counts in some trials were performed using the 
reciprocal of the sample size of the opposite arm.30 
To assess the relative efficacy of ACEIs versus ARBs 

(versus control), we also fitted a frequentist random-
effects network meta-analysis. We reported resulting 
rankograms and P scores31: these allow rank treat-
ments on a continuous scale (with a 0–1 range, the 
higher the better) and are the frequentist analog of the 
surface under the cumulative ranking curve.

Analyses were conducted using Review Manager 
5.3 software (Copenhagen, The Nordic Cochrane 
Centre, The Cochrane Collaboration), Comprehensive 
Meta-Analysis V3 (Biostat, Englewood, NJ), and the 
package netmeta in R.32

The authors declare that all supporting data are 
available in the article and its supplemental files.

RESULTS
Of 45 articles identified through a systematic search 
and 23 trials on Clini​calTr​ials.org, 14 RCTs met the 
inclusion criteria (Table  1, Figure  1). Of the trials, 11 
provided grouped tabular data. A total of 1838 pa-
tients with a mean follow-up of 26 days were enrolled, 
including sites in Argentina, Austria, Brazil, Canada, 
France, Germany, Iran, Mexico, the Netherlands, and 
the United States. Of these, 5 trials evaluated the con-
tinuation versus discontinuation of RASi therapies in 
those already on such therapies (n=1079), and 9 tri-
als involved initiation of RASi in those naïve to therapy 
(n=759). All 9 trials initiating RASi therapies involved 
commencement of ARBs (n=5 telmisartan, n=3 losar-
tan, n=1 valsartan).

Study Quality
The RCTs were of high quality as assessed by the 
Cochrane Collaboration risk of bias tool (Table  S1, 
Figure S1). There were 4 placebo-controlled, double-
blinded RCTs, 9 open-label trials, and 1 double-
blinded RCT comparing ARB versus amlodipine. Of 
these, 12 trials were conducted in patients hospital-
ized with COVID-19 and 2 trials recruited outpatients. 
All trials used random sequence generation and were 
judged as being low risk of selection bias. The double-
blinded trials were judged as being at low risk of allo-
cation concealment and performance biases, whereas 
the open-label trials were judged as having moderate 
risk of these biases. Most trials were at low risk of de-
tection bias and attrition bias, with only 1 trial having 
a loss to follow-up of >10%. All trials had a low risk of 
reporting bias.

Baseline Clinical Characteristics
Baseline clinical characteristics of the intervention and 
control groups are described in Table 2, indicating com-
parable profiles. The mean age of the population was 
58.8 years, and 57.6% were men. Hypertension was 
prevalent in 75.5%, diabetes in 28.5%, cardiovascular 
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disease in 10.4%, obesity in 35.8%, and chronic ob-
structive pulmonary disease in 10.8%. COVID-19 se-
verity ranged from mild (46.6%) or moderate (44.2%) to 
severe (9.2%). Of those patients recruited, 21.6% were 
either current or past smokers.

Primary Outcome
All-Cause Mortality

A total of 14 trials provided all-cause mortality data 
(n=1838; Figure 2A), with 12 trials reporting a total of 

Table 1.  Characteristics of Included Randomized Controlled Trials of Adults With COVID-19

Trial name Country Inclusion criteria Intervention Control No. Follow-up, d

ACEI-COVID9 Germany; Austria •	 Symptomatic COVID-19
•	 ACEI/ARB use before admission
•	 Hemodynamically stable

Continue ACEI/
ARB

Discontinue 
ACEI/ARB

204 30

BRACE CORONA7 Brazil •	 Hospitalization with COVID-19
•	 ACEI/ARB use before admission

Continue ACEI/
ARB

Discontinue 
ACEI/ARB

659 30

RAAS-COVID15 Canada •	 Hospitalization with COVID-19
•	 ACEI/ARB use before admission

Continue ACEI/
ARB

Discontinue 
ACEI/ARB

46 30

REPLACE-COVID8 United States, 
Canada, Mexico, 
Sweden, Peru, 
Bolivia, and 
Argentina

•	 Hospitalization with COVID-19
•	 ACEI/ARB use before admission

Continue ACEI/
ARB

Discontinue 
ACEI/ARB

152 5

SWITCH-COVID Brazil •	 Hospitalization with COVID-19
•	 Hypertension requiring ACEI/ARB use before 

admission

Continue ACEI/
ARB

Discontinue 
ACEI/ARB

18 30

ALPS-COVID IP14 United States •	 Hospitalization with a respiratory SOFA ≥1 and 
increased oxygen requirement compared with 
baseline among those on home O2

Losartan Placebo 205 28

ALPS-COVID OP13 United States •	 Outpatients not requiring hospitalization
•	 Symptomatic (within 24 h of informed consent)

Losartan Placebo 117 28

ARB use to minimize 
progression to 
respiratory failure11

United States •	 Mild to moderate hypoxia
•	 SpO2<96% on ≥L/min O2 by nasal cannula but 

not requiring mechanical ventilation

Losartan Standard 
care

31 10

COVERAGE-France France •	 No indication for hospitalization or acute oxygen 
therapy

•	 Age ≥60 years or 50 to 59 years with
•	 At least 1 of the following risk factors: 

hypertension, obesity, diabetes, CAD, CCF, 
stroke, COPD, CKD, solid tumors, or malignant 
blood diseases that are progressive or were 
diagnosed <5 years ago or immunodeficiency

Telmisartan Vitamin 
supplement

69 14

COVID MED United States •	 Hospitalized patients Losartan Placebo 12 30

Evaluation of the 
effect of losartan in 
COVID-1912

Iran •	 Hospitalized patients
•	 Hypertension: systolic BP 130 to 140 mm Hg and 

diastolic BP 85 to 90 mm Hg who were managed 
by nonpharmacological strategies or were newly 
diagnosed

Losartan Amlodipine 80 30

PRAETORIAN-COVID The Netherlands •	 Hospitalized patients Valsartan Placebo 23 14

STAR-COVID Mexico •	 Hospitalized with hypoxic respiratory failure: 
SpO2≤94% on room air or tachypnea (respiratory 
rate≥22 breaths/min)

Telmisartan Standard 
care

64 30

Telmisartan for 
treatment of patients 
with COVID-1910

Argentina •	 Hospitalization with COVID-19
•	 Symptomatic COVID-19

Telmisartan Standard 
care

141 30

ACEI indicates angiotensin-converting enzyme inhibitor; ACEI-COVID, the stopping ACE-inhibitors in COVID-19 trial; ALPS-COVID OP, angiotensin receptor 
blocker based lung protective strategy for COVID-19 outpatient trial; ALPS-COVIDIP, Angiotensin receptor blocker based lung protective strategy for COVID-
19inpatient trial; ARB, angiotensin II receptor blocker; BP, blood pressure; BRACE CORONA, blockers of angiotensin receptor and angiotensin-converting enzyme 
inhibitors suspension in hospitalized patients with coronavirus infection; CAD, coronary artery disease; CCF, congestive cardiac failure; CKD, chronic kidney 
disease; COPD, chronic obstructive pulmonary disease; COVERAGE-France, randomized trial to evaluate the safety and efficacy of outpatient treatments to reduce 
the risk of worsening in individuals with COVID-19 with risk factors; COVID MED, comparison of therapeutics for hospitalized patients infected with SARS-CoV-2; 
PRAETORIAN-COVID, randomized clinical trial with valsartan for prevention of acute respiratory distress syndrome in hospitalized patients with SARS-COV-2 
Infection Disease; RAAS-COVID, renin-angiotensin aldosterone system inhibitors in COVID-19; REPLACE COVID, the randomized elimination or prolongation of 
angiotensin converting enzyme inhibitors and angiotensin receptor blockers in coronavirus disease 2019; SOFA, sequential organ failure assessment; STAR-COVID, 
telmisartanin respiratory failure due to COVID-19; and SWITCH-COVID, switch of renin-angiotensin system inhibitors in patients with COVID-19.
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135 deaths. We found no effect of RASi versus con-
trol on all-cause mortality (7.2% versus 7.5%; relative 
risk [RR], 0.95; [95% CI, 0.69–1.30]; I2=15%; P=0.73). 
When analyzed by trial type, there was no significant 
difference between trials that compared RASi initiation 
(RR, 0.72; [95% CI, 0.46–1.14]; P=0.16) versus continu-
ation (RR, 1.24; [95% CI, 0.78–1.96]; P=0.36; P=0.28 
for subgroup difference; Figure  S2). We also found 
no difference in mortality by placebo control versus 
open-label trials, location of trial, or COVID-19 severity 
(Figures S3 through S5). In the ARB class, there was 
no difference between the different drugs (Figure S6). 
There was no significant publication bias as assessed 
by Egger regression testing (P=0.86), although inspec-
tion of the plot suggested an underrepresentation of 
trials showing benefit with RASi therapy (Figure S7).

Sensitivity analyses demonstrated that there were 
no effects on all-cause mortality across subgroups 
based on age, sex, or ethnicity (Figures  S8 through 
S10), although there was a nonsignificant trend to in-
creased mortality among the White population with 
RASi therapy (RR, 1.52; [95% CI, 0.85–2.72]; P=0.16). 
Analyses accounting for the small counts in some trials 
also did not change the results (Table S2). There were 
also no between-group differences in all-cause mor-
tality for those on RASi compared with control when 
stratified by the presence or absence of hypertension, 
diabetes, cardiovascular disease, chronic kidney dis-
ease, chronic obstructive pulmonary disease, smoking 
status, or obesity (Figures S11 through S17). Although 

the largest trial (BRACE-CORONA) accounted for a 
large proportion of participants, an analysis excluding 
this trial did not change the results (RR, 0.93; [95% 
CI, 0.66–1.31]). Meta-regression analysis of trials ac-
cording to percentage loss to follow-up demonstrated 
that trials with a higher loss to follow-up overesti-
mated mortality benefit with RASi (coefficient, −0.165;  
[95% CI, −0.281 to −0.050]; P=0.005; Figure S18).

Network meta-analysis comparing control to ACEIs 
versus ARBs demonstrated no statistically significant 
differences between ACEIs and ARBs, but ACEIs were 
associated with a worse mortality effect with a P score 
of 0.089 compared with P scores of 0.72 and 0.69 
for ARBs and control, respectively (Figures  S19 and 
S20). In particular, we found the RR of ARBs versus 
ACEIs of 0.60 (95% CI, 0.29–1.23) and the RRs versus 
placebo for ACEIs and ARBs equal to 1.65 (95% CI, 
0.78–3.48) and 0.99 (95% CI, 0.62–1.59), respectively 
(overall inconsistency I2=28.3%; test of homogeneity 
P value=0.15).

Secondary Outcomes
Myocardial Infarction

A total of 10 trials collected acute myocardial infarction 
outcomes (n=1546; Figure 2B): 3 trials that compared 
continuation versus discontinuation of RASi in people 
with preexisting hypertension and/or cardiovascu-
lar disease reported a total of 44 events. Pooling of 
these studies suggest a substantial but nonstatistically 

Figure 1.  Flowchart of study selection methodology. 

D
ow

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

ber 5, 2022



J Am Heart Assoc. 2022;11:e026143. DOI: 10.1161/JAHA.122.026143� 6

Gnanenthiran et al� Renin-Angiotensin System Inhibitors in COVID-19

significant reduction in acute myocardial infarction with 
RASi compared with control (2.1% versus 3.6%; RR, 
0.59; [95% CI, 0.33–1.06]; I2=9%; P=0.078).

Coronary Revascularization

Data were collected from 8 trials (n=841), but there 
were no coronary revascularization events reported in 
the RASi and control groups.

Cerebrovascular Accidents

A total of 10 trials provided cerebrovascular out-
comes (n=1546; Figure S21), with 2 trials reporting 
events. A total of 8 cerebrovascular events were 

observed. There was no significant difference in 
cerebrovascular events with RASi compared with 
control (0.6% versus 0.4%; RR, 1.62; [95% CI, 0.43–
6.15]; I2=0%; P=0.48).

Congestive Cardiac Failure

A total of 9 trials provided congestive cardiac failure 
outcomes (n=1341; Figure S22), with 3 trials reporting 
a total of 41 heart failure events. There were no sta-
tistically significant between-group differences in con-
gestive cardiac failure on RASi compared with control 
(2.8% versus 3.3%; RR, 0.71; [95% CI, 0.16–3.17]; 
I2=60%; P=0.66).

Venous Thromboembolism

Data were available from 9 trials (n=1500; Figure S23), 
with 3 trials reporting 16 venous thromboembolism 
events. There was no difference in the rate of thrombo-
embolism between the groups (1.2% versus 0.9%; RR, 
1.18; [95% CI, 0.45–3.05]; I2=0%; P=0.74).

Hospitalization

There were only 2 small outpatient trials13,33 that re-
ported hospitalization rates for COVID-19 (n=186; 
Figure S24). A total of 9 hospitalization episodes were 
observed. There was no significant difference in rates 
of hospitalization detected between those on RASi 
compared with control (6.4% versus 3.3%; RR, 1.92; 
[95% CI, 0.50–7.35]; I2=0; P=0.34).

Intensive Care Admission

A total of 11 trials collected intensive care admission 
outcomes (n=1035; Figure 2C), with 10 trials reporting 
a total of 175 admissions. There was no difference in 
admission to intensive care between those on RASi 
compared with control (17.0% versus 16.9%; RR, 1.00; 
[95% CI, 0.77–1.30]; I2=2%; P=0.98). Analysis com-
paring trials that commenced versus those that con-
tinued/discontinued RASi also did not demonstrate 
differences in intensive care admission rates (P=0.91 
for subgroup differences; Figure S25).

Table 2.  Baseline Clinical Characteristics of Total Cohort 
(N=1838)

Renin-angiotensin 
system inhibitors (n=917) Control (n=921)

Mean age, y 58.6 58.9

Sex, n (%)

Male sex 526/917 (57.4) 532/921 (57.8)

Female sex 391/917 (42.6) 389/921 (42.2)

Past medical history, n (%)

Hypertension 669/889 (75.3) 679/897 (75.7)

Diabetes 266/917 (29.0) 258/921 (28.0)

Hypercholesterolemia 115/329 (35.0) 94/325 (28.9)

Cardiovascular disease 90/856 (10.5) 89/867 (10.2)

Obesity 164/451 (36.4) 159/450 (35.3)

Chronic kidney disease 48/759 (6.3) 44/763 (5.8)

Chronic obstructive 
pulmonary disease

64/586 (10.9) 61/572 (10.7)

Smoking, n (%)

Ever smoked 109/514 (21.2) 113/516 (21.9)

Nonsmoker 405/514 (78.8) 403/516 (78.1)

COVID-19 severity, n (%)

Mild 343/722 (47.5) 324/709 (45.7)

Moderate 311/722 (43.0) 321/709 (45.3)

Severe 68/722 (9.4) 64/709 (9.0)

Cardiovascular disease defined as established coronary artery disease, 
heart failure, arrythmia, and/or stroke; chronic kidney disease defined as 
estimated glomerular filtration rate <60 mL/min per 1.73 m2.

Figure 2.  Outcomes at short-term follow-up (≤30 days).7–15

ACEI-COVID, the stopping ace-inhibitors in COVID-19 trial; ALPS-COVID IP, angiotensin receptor blocker based lung protective strategy 
for COVID-19 inpatient trial; ALPS-COVID OP, angiotensin receptor blocker based lung protective strategy for COVID-19 outpatient 
trial; BRACE CORONA, blockers of angiotensin receptor and angiotensin-converting enzyme inhibitors suspension in hospitalized 
patients with coronavirus infection; COVERAGE-France, randomized trial to evaluate the safety and efficacy of outpatient treatments 
to reduce the risk of worsening in individuals with COVID-19 with risk factors; COVID MED, comparison of therapeutics for hospitalized 
patients infected with SARS-CoV-2; M-H indicates Mantel–Haenszel; PRAETORIAN-COVID, randomised clinical trial with valsartan 
for prevention of acute respiratory distress syndrome in hospitalised patients with SARS-COV-2 infection disease; RAAS-COVID, 
renin-angiotensin aldosterone system inhibitors in COVID-19 trial; RASi, renin-angiotensin system inhibitors; REPLACE COVID, the 
randomized elimination or prolongation of angiotensin converting enzyme inhibitors and angiotensin receptor blockers in coronavirus 
disease 2019; STAR-COVID, telmisartan in respiratory failure due to COVID-19; and SWITCH-COVID, switch of renin-angiotensin 
system inhibitors in patients with COVID-19.
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Mechanical Ventilation
Of the trials, 9 collected outcome data on need for 
mechanical ventilation (n=1838; Figure 2D), with 6 trials 
reporting 185 mechanical ventilation events. There was 

no difference in the rate of mechanical ventilation be-
tween people on RASi compared with controls (10.1% 
versus 10.0%; RR, 1.00; [95% CI, 0.76–1.31]; I2=0%; 
P=0.99). Analysis comparing trials that commenced 
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versus those that continued/discontinued RASi also did 
not demonstrate differences in mechanical ventilation 
rates (P=0.41 for subgroup differences; Figure S26).

Hypotension Requiring Inotropes

A total of 9 trials measured hypotension requiring 
inotropes (n=1500; Figure  3A), with 6 trials reporting 
a total of 127 events requiring inotropes. In the total 
group, there was no increase in inotrope use between 
people on RASi compared with no RASi (8.6% versus 
8.4%; RR, 1.01; [95% CI, 0.73–1.41]; I2=0%; P=0.93). 
However, sensitivity analyses restricted to patients with 
severe COVID-19 demonstrated that RASi was asso-
ciated with a trend to increased risk of hypotension 
requiring inotropes compared with controls (33.8% 
versus 20.3%; RR, 1.56;  [95% CI, 0.88–2.79]; I2=0%; 
P=0.13; Figure  S27). Analysis comparing trials that 
commenced RASi showed a nonsignificant increase in 
inotrope use compared with those that continued/dis-
continued RASi (RR, 1.40 [95% CI, 0.82–2.39] versus 
RR, 0.84 [95% CI, 0.55–1.28], respectively; P=0.15 for 
subgroup comparison; Figure S28).

AKI and Need for Dialysis

A total of 9 trials measured AKI outcomes (n=887; 
Figure  3B); 6 trials of hospitalized patients reported 
47 AKI events. Increased AKI (7.0% versus 3.6%; RR, 
1.82; [95% CI, 1.05–3.16]; I2=0%; P=0.033) was noted 
in the RASi versus control groups. Although the AKI 
events were low, this effect was consistent across 
trials that initiated RASi versus those that continued/
discontinued RASi (P=0.90 for subgroup differences; 
Figure S29) and across those with mild, moderate, and 
severe COVID-19 (P=0.90 for subgroup differences; 
Figure  S30). There was no statistically significant in-
crease in need for dialysis in the RASi group com-
pared with control (2.4% versus 2.1%; RR, 1.15; [95% 
CI, 0.60–2.21]; I2=0%; P=0.67; Figure 3C).

DISCUSSION
In this meta-analysis of 14 clinical trials in patients with 
COVID-19, we found no effect on all-cause mortality, 
a trend toward decreased myocardial infarction, and 
an increased risk of AKI in patients randomly assigned 
to RASi versus controls. Evidence from RCTs in pa-
tient groups without COVID-19 including those with 
hypertension and high cardiovascular risk has also 
indicated an increased risk of AKI from RASi-based 
blood pressure (BP) lowering but decreases in vas-
cular events from RASi therapy long term,34 suggest-
ing that these effects in patients with COVID-19 may 
be real. In this analysis, the safety of RASi was seen 
across other outcomes, including heart failure, stroke, 

hospitalization, need for intensive care, and use of ino-
tropes or mechanical ventilation. This is consistent with 
observational studies that suggested there was no ad-
verse effect of renin-angiotensin system blockade on 
COVID-19 severity and outcomes.16,35–38 The totality 
of data from this international collaboration provides 
strong evidence to suggest that RASi can be safely 
used in patients with COVID-19 while being aware of 
an increased risk of AKI, which will better inform public 
health policy and clinical decision making.

The collective inclusion of data from >1800 patients 
enabled us to conduct several subgroup analyses. 
Consistent effects were seen across subgroups. The 
majority of patients used RASi therapy for the treat-
ment of hypertension, but results in the subgroups 
with cardiovascular disease and chronic kidney dis-
ease were reassuring. Importantly, we were able to 
demonstrate for the first time that there was no statis-
tically significant difference in ACEI versus ARB use on 
all-cause mortality. This suggests that neither the up-
stream renin-angiotensin syndrome inhibition by ACEIs 
nor the downstream inhibition at the receptor level by 
ARBs influence mortality outcomes in COVID-19.

We found an almost 2-fold increased risk of AKI as-
sociated with RASi in patients hospitalized with acute 
COVID-19 in hospitalized patients, with CIs suggesting 
a minor to a 4-fold increase. This risk is a potentially 
important finding that was unknown before our meta-
analysis.39 Effects were consistent across trials that ini-
tiated and those that continued RASi,40–42 but were not 
associated with increased need for dialysis or mortality 
at short-term follow-up. AKI is common in COVID-19, 
with proteinuria often seen in those admitted to hos-
pital,43 although the mechanisms appear to be multi-
causal. Some studies suggest that SARS-CoV-2 can 
directly infect the renal tubular epithelium through an 
ACE2-dependent pathway,40–42,44 whereas others 
have instead demonstrated acute tubular necrosis, 
thrombotic microangiopathy, glomerulonephritis, and 
other intrinsic renal disease.45–47 Kidney invasion of 
SARS-CoV-2 has been difficult to demonstrate con-
sistently in all studies, and whether it directly leads to 
AKI is controversial.48 There have been reports of virus 
detected in the kidney by different methods,49 but oth-
ers did not find any such evidence.48 The kidneys may 
be particularly susceptible to SARS-CoV-2 because 
of the high ACE2 expression50,51 and coexpression 
of the cell surface protease facilitating viral cell entry 
transmembrane serine protease 2 in the proximal 
tubular cells and tubular progenitor cells.4,52 AKI in 
COVID-19 can stem from hypovolemia, hypotension, 
hypoxia, and inflammation or use of different nephro-
toxic medications (eg, nonsteroidal anti-inflammatory 
drugs) or their combined effects.53 It is well recognized 
that RASi produces reduction in intraglomerular pres-
sure and this can translate into a drop in glomerular 
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filtration rate,54 in particular in patients whose baseline 
kidney function is compromised.54 Analyses in pa-
tients without COVID-1955,56 have demonstrated that 
a decline in glomerular filtration rate associated with 
intensive BP reduction actually preserves blood flow 
to the renal tubules, a region highly sensitive to hy-
poxia and susceptible to acute tubular necrosis with 

sustained hypoperfusion.57 Longer term follow-up is 
needed to investigate clinical outcomes in patients 
with a history of COVID-19 treated with RASi—previous 
studies in patients without COVID-19 demonstrated 
that angiotensin-converting enzyme inhibition or ARB-
based treatment is associated with lower mortality in 
the follow-up after AKI.58

Figure 3.  Adverse outcomes at short-term follow-up (≤30 days).7–15

ACEI-COVID, the stopping ace-inhibitors in COVID-19 trial; ALPS-COVID IP, angiotensin receptor blocker based lung protective 
strategy for COVID-19 inpatient trial; ALPS-COVID OP, angiotensin receptor blocker based lung protective strategy for COVID-19 
outpatient trial; BRACE CORONA, blockers of angiotensin receptor and angiotensin-converting enzyme inhibitors suspension in 
hospitalized patients with coronavirus infection; COVERAGE-France, randomized trial to evaluate the safety and efficacy of outpatient 
treatments to reduce the risk of worsening in individuals with COVID-19 with risk factors; COVID MED, comparison of therapeutics 
for hospitalized patients infected with SARS-CoV-2; M-H indicates Mantel–Haenszel; PRAETORIAN-COVID, randomised clinical trial 
with valsartan for prevention of acute respiratory distress syndrome in hospitalised patients with SARS-COV-2 infection disease; 
RAAS-COVID, renin-angiotensin aldosterone system inhibitors in COVID-19 trial; RASi, renin-angiotensin system inhibitors; REPLACE 
COVID, the randomized elimination or prolongation of angiotensin converting enzyme inhibitors and angiotensin receptor blockers 
in coronavirus disease 2019; STAR-COVID, telmisartan in respiratory failure due to COVID-19; and SWITCH-COVID, switch of renin-
angiotensin system inhibitors in patients with COVID-19.
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We also observed a borderline decrease in acute 
myocardial infarction with continuation of RASi therapy. 
The results were driven by the BRACE CORONA trial7 
(RR, 0.66; [95% CI, 0.33–1.15]), with the addition of 2 
smaller trials further confirming this trend in our meta-
analysis (RR, 0.59; [95% CI, 0.33–1.06]; P=0.078). 
These 3 trials all compared continuation versus dis-
continuation of RASi therapy in people with preexisting 
hypertension and/or cardiovascular disease. The result 
is unsurprising given the well-established benefits af-
forded by RASi therapy in the reduction in cardiovas-
cular mortality, myocardial infarction, and stroke.59,60 
One small RCT (n=46) demonstrated that RASi discon-
tinuation increased the incidence of acute heart fail-
ure (33% versus 4%; P=0.016),15 which was consistent 
with the direction of effect observed in our analysis. 
The short duration of this analysis did not allow the 
longer beneficial effects of RASi to be demonstrated. 
Increased vascular events have been observed with 
RASi cessation,61 with continuation leading to avoid-
ance of drug discontinuation syndromes. The benefits 
of RASi can take months to accrue, but the risks of 
withdrawal occur more rapidly.62 Our results support 
the importance of continuing RASi in people with el-
evated cardiovascular risk—including patients with 
COVID-19—consistent with the recommendations of 
international guidelines.18–22

There are a number of limitations to the present 
analysis. Our meta-analysis focused on binary clini-
cal end points, and benefits on continuous outcomes 
(eg, length of stay, duration of ventilation) were not 
assessed. Visual inspection of the all-cause mortality 
funnel plot also suggested an underrepresentation of 
trials showing benefit with RASi therapy. This is likely 
to arise from poor recruitment leading to trial termi-
nation (NCT04329195), inability to participate in this 
meta-analysis because of failure to meet predefined 
recruitment targets for unblinding (NCT04360551, 
NCT04351581), or provision of only a low num-
ber of participants to the analysis (NCT04335786, 
NCT04328012, NCT04493359). The relatively low 
event rates and short follow-up duration of included 
trials (≤30 days) also prevents robust assessment of 
long-term outcomes. The risk profile of patients in-
cluded in RCTs may also limit the extrapolation of the 
results to patient groups in clinical practice who are 
older and more comorbid. The results also do not eval-
uate the posological discrimination of the ARBs used 
in each clinical trial.63 Further research is required to 
assess the mechanism of AKI associated with RASi, 
rates of renal recovery, and the benefits of RASi for 
the treatment of proteinuria in these patients and other 
longer term outcomes. Nevertheless, this is the largest 
pooled analysis of RCTs compared with other meta-
analyses that were smaller64 or included observa-
tional studies65 and represents a major achievement 

in international collaboration. This is the most highly 
powered randomized analysis to assess binary clini-
cal end points and the first to directly compare ACEIs 
versus ARBs.

This first meta-analysis of RCTs evaluating RASi 
versus control in patients with COVID-19 found no dif-
ference in all-cause mortality, a borderline decrease in 
myocardial infarction, and an increased risk of AKI with 
RASi. The risk of AKI was consistent across trials that 
initiated and those that continued RASi. More evidence 
is needed with longer term follow-up to establish the 
clinical implications of this finding.

CONCLUSION
Early controversies that RASi therapy may upregulate 
the ACE2 receptor and hence pose safety and efficacy 
issues in patients with COVID-19 has resulted in sev-
eral RCTs to be conducted across the globe to ad-
dress this issue. Our meta-analysis including 14 RCTs 
suggests that RASi can be safely used (continued or 
initiated) in patients with COVID-19. In those using 
RASi, we report a trend toward decreased myocar-
dial infarction, with a potential increased risk of AKI—a 
finding unknown in patients with COVID-19 before our 
meta-analysis. Our inclusion of several trials also ena-
bled the first direct comparison of ACEIs versus ARBs, 
but our findings indicate no difference. Overall, this 
meta-analysis provides strong evidence that RASi can 
be used safely in patients with COVID-19, balancing 
both the benefits and risks on cardiovascular and renal 
outcomes, respectively.
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Data S1. Trials that contributed grouped tabular data 

Trial Name Trial Team 

ACEI-COVID 

Team: Bauer A, Sappler N, Dolejsi T, Tilg H, Aulinger BA, Weiss G, Bellmann-Weiler R, Adolf 

C, Wolf D, Pirklbauer M, Graziadei I, Gänzer H, von Bary C, May AE, Wöll E, von Scheidt W, 

Rassaf T, Duerschmied D, Brenner C, Kääb S, Metzler B, Joannidis M, Kain HU, Kaiser N, 

Schwinger R, Witzenbichler B, Alber H, Straube F, Hartmann N, Achenbach S, von Bergwelt-

Baildon M, von Stülpnagel L, Schoenherr S, Forer L, Embacher-Aichhorn S, Mansmann U, 

Massberg S 

Funding: Austrian Science Fund and German Center for Cardiovascular Research. 

RAAS-COVID 

Team: Elharram M, Ni J, Afilalo J, Flannery A, Ezekowitz JA, Cheng MP, Ambrosy AP, Zannad 

F, Brophy J, Giannetti N, Bessissow A, Kronfli N, Marelli A. Aziz H, Alqahtani M, Aflaki M, 

Craig M, Lopes RD, Ferreira JP 

Funding: McGill Interdisciplinary Initiative in Infection and Immunity (MI4) and the Division 

of Cardiology at McGill University. 

REPLACE-

COVID 

Team: Hanff TC, William P, Sweitzer N, Rosado-Santander NR, Medina C, Rodriguez-Mori JE, 

Renna N, Chang TI, Corrales-Medina V, Andrade-Villanueva JF, Barbagelata A, Cristodulo-

Cortez R, Díaz-Cucho OA, Spaak J, Alfonso CE, Valdivia-Vega R, Villavicencio-Carranza M, 

Ayala-García RJ, Castro-Callirgos CA, González-Hernández LA, Bernales-Salas EF, Coacalla-

Guerra JC, Salinas-Herrera CD, Nicolosi L, Basconcel M, Byrd JB, Sharkoski T, Bendezú-

Huasasquiche LE, Chittams J, Edmonston DL, Vasquez CR 

Funding: REPLACE COVID Investigators, REPLACE COVID Trial Social Fundraising 

Campaign, and FastGrants. 

SWITCH-

COVID 

Team:  Girardi ACC, Tavares CAM, Cardozo FAM, Betonico GN, de Almeida L 

Funding:  University of Sao Paulo   

ALPS-COVID 

IP 

Team: Ingraham NE, Merck LH, Driver BE, Wacker DA, Black LP, Jones AE, Fletcher 

CV, South AM, Nelson AC, Lewandowski C, Farhat J, Benoit JL, Biros MH, Cherabuddi K, 

Chipman JG, Schacker TW, Guirgis FW, Voelker HT, Koopmeiners JS, Tignanelli CJ 

Funding:  Bill and Melinda Gates Foundation, NIH 

ALPS-COVID 

OP 

Team: Cummins NW, Ingraham NE, Wacker DA, Reilkoff RA, Driver BE, Biros MH, Bellolio 

F, Chipman JG, Nelson AC, Beckman K, Langlois R, Bold T, Aliota MT, Schacker TW, Voelker 

HT, Koopmeiners JS 

Funding:  Minnesota Partnership for Biotechnology and Medical Genomics 

COVERAGE-

France 

Team: Malvy D, Anglaret X, Richert L, Wittkop L, Lhomme E, Sitta R, Gelley A, Hardel L, 

Wallet C, Schwimmer C, Thiebaut R, Onaisi R, Saint-Lary O, Joseph JP, Dupouy J, Gimenez 

L, Boucaut A, Chastang J, Naccache JM, Piroth L, Binquet C, Lefèvre B, Makinson A, Picot 

MC, Montoya A, Crantelle L, Molimard M, Bouchet S, de Lamballerie X, Roussillon C, 

Landman R 

Funding: Ministère des Solidarités et de la Santé, Agence Nationale de la Recherche, ANRS | 

Maladies Infectieuses Emergentes, University of Bordeaux 

COVID MED 

Team: Victory J, Jenkins P, Krupa N, Wheeler J, Vail GM, Riesenfeld E, Cross P, Gilmore C, 

Huckabone M, Schworm A, Boregowda U, Deshmukh F, Choi Y, Khan A, Gadomski A 

Funding: Bassett Healthcare, Reid Health, Goshen Health System 

PRAETORIAN-

COVID 

Team: Aarts GWA, Konijnenberg LSF, Mensink FB, Herrmann JJ.  

Funding: NLHI, the Dutch Heart Foundation, Novartis Pharma and ZonMW grant 

10430012010020 

STAR-COVID 

Team: Ángeles-Duran GY, Flores-Gómez IR, Flores-Martínez E, Valdin-Orozco TI, Pedraza-

Hervert C 

Funding:  National Polytechnic Institute, Mexico 

Telmisartan for 

treatment of 

patients with 

COVID-19 

Team: Duarte M, Nicolosi LN, Salgado MV, Vetulli H, Aquieri A, Azzato F, Castro M, Coyle 

J, Davolos I, Criado IF, Gregori R, Mastrodonato P, Rubio MC, Sarquis S, Wahlmann F 

Funding:  Facultad de Medicina (Universidad de Buenos Aires, Argentina), Hospital Espa~nol 

de Buenos Aires (Argentina) and Laboratorio Elea (Argentina) 
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Table S1. Quality assessment of RCTs – Cochrane Collaboration Risk of Bias Tool. 

Trial Name 

Random 

sequence 

generation 

(selection 

bias) 

Allocation 

concealment 

(selection bias) 

Blinding of 

participants 

and 

researchers 

(performance 

bias) 

Blinding of 

outcome 

assessment 

(detection 

bias) 

Incomplete 

outcome data 

(attrition 

bias) 

Selective 

reporting 

(reporting 

bias) 

Other 

ACEI-COVID Low risk High risk High risk Low risk Low risk Low risk Open label trial 

BRACE-CORONA Low risk High risk High risk Low risk Low risk Low risk Open label trial 

RAAS-COVID Low risk High risk High risk Unclear risk Low risk Low risk Open label trial 

REPLACE-COVID Low risk High risk High risk Low risk Low risk Low risk Open label trial 

SWITCH-COVID Low risk High risk High risk Low risk Low risk Low risk Open label trial 

ALPS-COVID IP Low risk Low risk Low risk Low risk Low risk Low risk Placebo controlled 

ALPS-COVID OP Low risk Low risk Low risk Low risk Low risk Low risk Placebo controlled 

ARB use to minimize 

progression to respiratory 

failure 
Low risk High risk High risk Unclear risk Low risk Low risk Open label trial 

COVERAGE-France Low risk High risk High risk Low risk Low risk Low risk Open label trial 

COVID MED Low risk Low risk Low risk Low risk Low risk Low risk Placebo controlled 

Evaluation of the effect 

of losartan in COVID-19 
Low risk Low risk Low risk Low risk Low risk Low risk 

Comparator 

amlodipine rather 

than placebo 

PRAETORIAN-COVID Low risk Low risk Low risk Low risk Low risk Low risk Placebo controlled 

STAR-COVID Low risk High risk High risk Low risk Low risk Low risk Open label trial 

Telmisartan for treatment 

of patients with COVID-

19 
Low risk High risk High risk Unclear risk High risk Unclear risk 

Open label trial 

loss to follow-

up:>10% 
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Table S2. Sensitivity analyses to account for small counts in trials*  

RR relative risk, CI confidence interval 

*Sensitivity analysis using the reciprocal of the sample size of the opposite arm to the cells in tables with zeroes  

 

 

  

 Original analyses  

RR, 95%CI 

Sensitivity analyses*   

RR, 95%CI 

Mortality RR 0.95 (0.69-1.30), p=0.73 RR 0.95 (0.69-1.30), p=0.73 

Myocardial infarction RR 0.59 (0.33-1.06), p=0.08 RR 0.60 (0.24-1.06), p=0.08 

Intensive care admission RR 1.00 (0.77-1.30), p=0.98 RR 1.02 (0.78-1.32), p=0.90 

Mechanical ventilation RR 1.00 (0.76-1.31), p=0.99 RR 1.02 (0.77-1.35), p=0.90 

Hypotension requiring 

inotropes 
RR 1.01 (0.73-1.41), p=0.93 RR 1.01 (0.73-1.41), p=0.93 

Acute kidney injury RR 1.82 (1.05-3.16), p=0.03 RR 1.82 (1.05-3.14), p=0.03 

Acute kidney injury 

requiring dialysis 
RR 1.15 (0.60-2.21), p=0.67 RR 1.15 (0.60-2.19), p=0.68 
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Figure S1. Quality assessment of RCTs – Cochrane Collaboration Risk of Bias Tool. 
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Figure S2: All-Cause Mortality – Start vs Continue/Discontinue Trials 
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Figure S3: All-Cause Mortality – Placebo Control vs Open Label Trials 
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Figure S4: All-Cause Mortality – Trial Location  

(A) Random Effect 
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(B) Fixed Effects 
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Figure S5: All-Cause Mortality – Severity of COVID-19  
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Figure S6: All-Cause Mortality by Angiotensin II type 1 Receptor Blocker 

(A) Random Effects 

 

(B) Fixed Effects 
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Figure S7: Publication bias and all-cause mortality  

(A) Observed trials; (B) Observed and imputed trials. 

Open circles: observed trials; closed black circles: imputed trials 

D
ow

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

ber 5, 2022



Figure S8: All-Cause Mortality – Age subgroups 
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Figure S9: All-Cause Mortality – Sex 
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Figure S10: All-Cause Mortality – Ethnicity 
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Figure S11: All-Cause Mortality – COPD vs no COPD 

(A) Random Effects 

 

(B) Fixed Effects 
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Figure S12: All-Cause Mortality – Hypertension vs no Hypertension 
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Figure S13: All-Cause Mortality – Diabetes Mellitus vs no Diabetes 
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Figure S14: All-Cause Mortality – Obesity vs No Obesity  
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Figure S15: All-Cause Mortality – CVD vs no CVD 
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Figure S16: All-Cause Mortality – CKD vs no CKD 
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Figure S17: All-Cause Mortality - Smoker vs Non-Smoker 

 

 

 

  

D
ow

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

ber 5, 2022



Figure S18: Meta-regression of loss to follow-up versus all-cause mortality  
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Figure S19: Network Meta-analysis comparing control vs ACEi or ARB – Mortality Risk 

Ratio with 95%CI. 
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Figure S20: Network Meta-analysis comparing control, ACEi and ARB Rankogram Plot - 

Probability of having a specific rank. 
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Figure S21: Cerebrovascular Events 
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Figure S22: Congestive Cardiac Failure  

 

(A) Random Effects 

 

(B) Fixed Effects 
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Figure S23: Venous Thromboembolism  
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Figure S24: Hospitalisation 
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Figure S25: ICU admission –Start vs Continue/Discontinue Trials 
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Figure S26: Mechanical Ventilation –Start vs Continue/Discontinue Trials 

 

  

D
ow

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

ber 5, 2022



Figure S27: Hypotension requiring Inotropes by COVID-19 severity 
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Figure S28: Inotropes – Start vs Continue/Discontinue Trials 
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Figure S29: Acute Kidney Injury – Start vs Continue/Discontinue Trials 
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Figure S30: Acute Kidney Injury – Severity of COVID-19  
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