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Abstract

Introduction The use of renin-angiotensin system (RAS) inhibitors, including angiotensin-converting enzyme inhibitors
(ACEIs) and angiotensin receptor blockers (ARBs), was alleged to cause a more severe course of novel coronavirus disease
2019 (COVID-19).

Methods We systematically reviewed the published studies to assess the association of RAS inhibitors with mortality as
well as disease severity in COVID-19 patients. A systematic literature search was performed to retrieve relevant original
studies investigating mortality and severity (severe/critical disease) in COVID-19 patients with and without exposure to
RAS inhibitors.

Results A total of 59 original studies were included for qualitative synthesis. Twenty-four studies that reported adjusted
effect sizes (24 studies reported mortality outcomes and 16 studies reported disease severity outcomes), conducted in RAS
inhibitor—exposed and unexposed groups, were pooled in random-effects models to estimate overall risk. Quality assessment
of studies revealed that most of the studies included were of fair quality. The use of an ACEI/ARB in COVID-19 patients was
significantly associated with lower odds (odds ratio [OR] =0.73, 95% confidence interval [CI] 0.56-0.95; n=18,749) or haz-
ard (hazard ratio [HR]=0.75, 95% CI 0.60-0.95; n=26,598) of mortality compared with non-use of ACEI/ARB. However,
the use of an ACEI/ARB was non-significantly associated with lower odds (OR=0.91, 95% CI 0.75-1.10; n=7446) or hazard
(HR=0.73,95% CI 0.33-1.66; n=6325) of developing severe/critical disease compared with non-use of an ACEI/ARB.
Discussion Since there was no increased risk of harm, the use of RAS inhibitors for hypertension and other established
clinical indications can be maintained in COVID-19 patients.
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1 Introduction

Cardiovascular diseases including hypertension remain one
of the most significant comorbidities identified in patients
with novel coronavirus disease 2019 (COVID-19) [1-6]. The
presence of cardiovascular diseases including hypertension
tends to portend a more severe course of illness in patients
hospitalized with COVID-19 [1-6]. Some researchers were
quick to link such an association with the use of renin-angi-
otensin system (RAS) inhibitors, including angiotensin-
converting enzyme inhibitors (ACEIs) and angiotensin type
I receptor blockers (ARBs), among patients with cardiovas-
cular disease [7, 8].

The causative pathogen for COVID-19, namely severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
binds to the ACE2 receptor on host cells to gain entry [9]. In
several animal models and human studies, the expression of
ACE2 is increased with the chronic administration of RAS
inhibitors, which suggests a possibility for the increased
susceptibility to SARS-CoV-2 infection and a more severe
course of illness with the use of RAS inhibitors [10-17].
Conversely, there are studies [18-23] that reported no asso-
ciation between increased expression of ACE2 receptor and
the use of RAS inhibitors. Interestingly, a protective role
of ACE2 has been suggested in the mitigation of corona-
virus-induced lung injury [24, 25]. In addition, it has been
theoreticized that RAS inhibitors can be used as a potential
therapy for COVID-19 as both ACE and its product angio-
tensin II, for which their downstream effects are inhibited
by RAS inhibitors, seem to promote lung injury [25]. It has
been demonstrated that the coronavirus spike protein binds
to ACE2, leading to ACE2 downregulation, which in turn
results in the retention of angiotensin II due to a lack of
its clearance/conversion to angiotensin (1-7) by ACE2 and
leads to vasoconstriction of pulmonary vessels, increased
pulmonary vascular permeability, and increased inflamma-
tion due to overactivity of the vasoconstrictive ACE/angio-
tensin II pathway [25, 26]. Therefore, users of RAS inhibi-
tors should, in theory, be protected from acute respiratory
distress syndrome (ARDS), the primary cause of mortality
in COVID-19 [3, 4, 28-34]. Nonetheless, such a lung-pro-
tective mechanism is not firmly established in human trials.

Several learned cardiovascular societies have dis-
credited the association between RAS inhibitors and the
increased susceptibility to COVID-19 or associated poor
outcomes and encouraged clinicians and patients to con-
tinue the use of prescribed RAS inhibitors in hypertension
or other established indications [27]. In addition, several
observational studies have since reported clinical outcomes
among patients with COVID-19 receiving RAS inhibitors
[35-93]. As this issue remains one of the most debated sub-
jects among clinicians and researchers amid the COVID-19
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pandemic, we systematically reviewed the data from avail-
able studies to date to critically examine the association of
RAS inhibitors use with mortality and disease severity in
COVID-19.

2 Methods
2.1 Scope of Review: Eligibility Criteria

This systematic review was performed with a protocol in
accordance with the Preferred Reporting Items for System-
atic Review and Meta-Analyses (PRISMA) statements [94].
To systematically review the mortality and disease severity
in COVID-19 patients receiving RAS inhibitors, a literature
search was performed using scientific databases to identify
original studies (prospective or retrospective in design) pub-
lished in full between 1 January 2020 and 31 August 2020.
The eligibility criteria, which were defined prospectively,
are provided in Box 1.

2.2 Box 1: Eligibility criteria

Original, observational (prospective or retrospective) studies

Included patients with coronavirus disease 2019 (COVID-19)

Documented use of either angiotensin-converting enzyme (ACE)
inhibitors or angiotensin receptor blockers (ARBs)

Reported frequency, percentage, and/or adjusted estimate of mortality
or disease severity and/or adverse clinical outcomes (septic shock,
admission to intensive care units) associated with COVID-19

From any region or language

2.3 Information Sources and Search Strategy

Two authors (SSH and CSK) independently performed a
systematic literature search in PubMed, Google Scholar,
and two preprint repositories (medRxiv and SSRN) without
language restriction up to 19th August 2020. The medical
literature was searched using the following search terms:
angiotensin-converting enzyme or ACE or ACE inhibitor
or angiotensin receptor blocker or ARB or renin-angioten-
sin-system or renin-angiotensin-system or RAS inhibitor or
renin—angiotensin—aldosterone or RAA inhibitor or RAAS
inhibitor) AND COVID-19 OR novel coronavirus OR severe
acute respiratory syndrome OR SARS-CoV-2. The search
was limited to original observational studies (prospective
or retrospective), involving human subjects, and published
in any language. However, studies in the Chinese language
were only assessed by CSK (native Chinese speaker). The
titles and abstracts of the resulting articles were first exam-
ined to exclude irrelevant studies. Subsequently, the full
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texts of the remaining articles were read to determine if
studies met the eligibility criteria in full. Bibliographies of
retrieved articles were also reviewed to search for additional
studies. Differing decisions were resolved by mutual con-
sensus. Articles were excluded if they contained no original
data (narrative reviews, letters, opinions, and comments) or
reported a combined severity and mortality endpoint without
individual presentation of severity and mortality data.

2.4 Data Extraction

One of the authors (CSK) extracted data independently on
a Microsoft Excel spreadsheet (XP Professional edition;
Microsoft, Redmond, Washington, USA) that was verified
by the second reviewer (SSH). In the case of disagreement,
a third author was involved to resolve, by consensus, any
discrepancies with respect to the relevance of the sources.
The following data were collected for each study: the name
of the first author; country; publication year; study design;
the number of subjects; the age of the subjects; the pres-
ence of hypertension; the frequency of deaths; the fre-
quency of severe/critical disease; adjusted estimates; and
confounders.

2.5 Assessment of Quality of Included Studies

The methodological quality of the eligible studies was exam-
ined using the Newcastle—Ottawa Scale for cohort studies
[95]. The Newcastle-Ottawa Scale is easy to use with its star
rating system and is considered reliable to measure biases
in cohort studies. Each of the selected cohort studies was
evaluated for selection of study group (0—4 stars), compara-
bility or quality of adjustment for confounding factors (0-2
stars), and ascertainment of the outcome of interest (0-3
stars), with a maximum of nine stars representing the highest
methodological quality. Studies with a Newcastle-Ottawa
Scale score of >7 were regarded as high quality.

2.6 Data Synthesis and Analysis

The reported odds ratios (ORs) and hazard ratios (HRs) that
had been adjusted for potential covariates in the respective
original studies and the corresponding 95% confidence inter-
vals (CIs) were extracted and pooled in a random-effects
model to estimate the association between the use of ACEIs/
ARBs and the risk of mortality and severe/critical illness in
COVID-19 patients. If a study reported the estimates from
different multivariable models, the most extensively adjusted
estimate in terms of the number of covariates was extracted.
However, in the presence of different multivariable mod-
els adjusted for the same number of covariates, the model
containing the most clinically meaningful covariates was
extracted for the pooled analysis. A random-effects model

was employed since we assumed that the treatment effect
was not the same across all the studies included in the analy-
sis. Cochran’s Q heterogeneity test (Q test) and a related
metric, the 1%, were used to evaluate heterogeneity. We
used a p value of 0.10 and an /? value of 50% as the cut-off
points for statistically significant heterogeneity. Publication
bias was examined through visual inspection of the funnel
plot for symmetry. Four different subgroup analyses were
conducted: (1) the first subgroup analysis considered only
studies that included, exclusively, hypertensive COVID-19
patients in their analysis, to determine the effect of ACEIs/
ARBs in this patient population; (2) the second subgroup
analysis was based on the region where the studies were
performed to determine the presence of heterogeneity in
the effect of ACEIs/ARBs across different regions globally;
(3) the third subgroup analysis considered only studies that
reported separate estimates for the use of ACEIs and ARBs,
to determine the presence of differential effects between the
two classes of RAS inhibitors; and (4) the fourth subgroup
analysis was based on the different definitions of severe/
critical outcome in COVID-19, to determine the presence of
heterogeneity in the effect of ACEIs/ARBs according to the
definitions of severe/critical outcome. All meta-analytical
calculations were performed using Meta XL, version 5.3
(EpiGear International, Queensland, Australia).

3 Results
3.1 Characteristics of the Included Studies

Our literature search yielded 10,481 unique titles. A
PRISMA flowchart [89] of the literature search and study
selection with the number of studies at each stage is pre-
sented in Fig. 1. After deduplication and application of
the eligibility criteria, 523 relevant full-text articles were
examined for inclusion. Of these, 464 studies were excluded
for three reasons: no original data, combined mortality and
severity endpoint, or retraction. A total of 59 original stud-
ies [35-93] that compared the mortality and/or severity
outcomes between COVID-19 patients receiving an ACEI/
ARB and their counterparts not receiving an ACEI/ARB
were finally shortlisted for the qualitative synthesis.

The characteristics of the shortlisted studies are sum-
marized in Table 1. Among shortlisted studies, 23 stud-
ies were from China [36-58], nine studies were from Italy
[64-72], ten studies were from the United States [83-92],
four studies were from South Korea [75-78], three studies
were from France [60-62], two studies were from Spain [79,
80], one study each was from Belgium [35], Denmark [59],
Hong Kong [63], Kuwait [73], Singapore [74], Turkey [81],
and the United Kingdom [82]; and one study included data
from 38 countries [93]. There were 24 studies that included
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10,481 records identified through database searching:
PUBMED (n=1,468), Google Scholar (n=8,139), medRxiv
(n=572) & SSRN (n=302)

» 2,177 duplicate records excluded

8,304 records screened

7,781 records excluded (not meeting the inclusion
criteria)

y

523 full-text articles assessed for eligibility

464 full-text articles excluded with reasons
including no mortality & severity data, combined
mortality and severity endpoint, and retracted
study

J

59 articles included in qualitative synthesis

v

29 articles included in quantitative synthesis (24
on mortality and 16 on severity)

Fig.1 Study selection process (Preferred Reporting Items for Sys-
tematic Review and Meta-Analyses [PRISMA])

hypertensive patients exclusively (100%) [36, 38, 39, 4345,
47,48, 50-52, 54, 56, 58, 66, 71, 72,75, 78, 81, 87-89, 91].

The comparison of mortality and clinical severity out-
comes between ACEI/ARB users and non-ACEI/ARB users
with COVID-19 is summarized in Table 2. There were 50
studies [35-38, 4145, 48-51, 53-59, 61, 62, 64-82, 85-93]
and 36 studies [35, 36, 39-41, 43-53, 55, 56, 59-63, 66, 71,
74,75, 78, 80, 83-85, 89-92], respectively, that reported
mortality outcomes and clinical severity outcomes among
COVID-19 patients with and without the use of ACEIs/
ARBs. Among 50 studies that reported mortality outcomes,
24 studies [35, 36, 54, 56, 57, 59, 64, 66, 67, 69, 70, 72,
74-78, 80, 81, 86, 88, 89, 92, 93] provided adjusted mortal-
ity estimates with the use of an ACEI/ARB relative to the
non-use of an ACEI/ARB. Out of 36 studies that reported
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outcomes on clinical severity, 16 studies [35, 40, 52, 56, 59,
61, 63,66, 74,75, 78, 80, 84, 89, 90, 92] provided adjusted
estimates for severe/critical disease with the use of an ACEl/
ARB relative to the non-use of an ACEI/ARB.

3.2 Mortality Associated with the Use of RAS
Inhibitors in COVID-19 Patients

There were 24 studies [35, 36, 54, 56, 57, 59, 64, 66, 67,
69, 70, 72, 74-78, 80, 81, 86, 88, 89, 92, 93] that provided
adjusted estimates on the risk of mortality among ACEI/
ARB and non-ACEI/ARB users. The Newcastle-Ottawa
Scale [95] was used for the quality assessment of all studies
that provided adjusted estimates and were included in the
meta-analysis of the risk of mortality associated with the
use of ACEIs/ARBs (Supplementary Table S1, see the Elec-
tronic Supplementary Material). Of the 24 original studies
included, only two studies, by Zhang et al. [56] and Zhou
et al. [57], were deemed ‘good’, with a score of 7 points.
The remaining 22 studies [35, 36, 54, 59, 64, 66, 67, 69,
70, 72, 74-78, 80, 81, 86, 88, 89, 92, 93] were regarded
as ‘fair’, with scores of 4—6 points. No studies were con-
sidered ‘poor’, i.e. scored less than 4 points in the quality
assessment. The main quality issue often noticed was the
comparison of cohorts, with inadequate adjustment for the
confounders that may influence the estimated risk of mortal-
ity associated with the use of ACEIs/ARBs in 21 studies [35,
36, 54, 59, 64, 66, 67, 69, 70, 72, 74, 7678, 80, 81, 86, 88,
89, 92, 93]. Another major issue detected during the quality
assessment was the inability to ascertain exposure to ACEIs/
ARBs during the course of illness in 19 studies, where a
possibility of ACEIs/ARBs discontinuation upon COVID-19
diagnosis could not be ruled out based on the study design
[35, 36, 54, 59, 66, 67, 69, 70, 72, 74-78, 80, 86, 88, 92,
93]. Representativeness of the exposed cohort could not be
established in 16 studies [36, 54, 56, 57, 59, 64, 67, 69, 72,
74, 81, 86, 88, 89, 92, 93] that included hospitalized patients
only. In 13 studies [35, 59, 67, 72, 74-76, 78, 80, 81, 86,
88, 93], it was unclear whether the entire included cohort of
patients was followed until discharge/death.

Since Selcuk et al. [81] provided mortality estimates
with a very wide CI (OR=3.66; 95% CI 1.11-18.18), we
excluded this study from our meta-analysis. In a pooled
analysis of the 12 remaining original studies that provided
adjusted ORs, with 18,749 COVID-19 patients being ana-
lyzed [35, 64, 66, 75, 76, 78, 80, 86, 88, 89, 92, 93], the use
of an ACEI/ARB was significantly associated with lower
odds of mortality compared to non-use of an ACEI/ARB
(Fig. 2; pooled OR =0.73, 95% CI 0.56-0.95). In a separate
pooled analysis of 11 studies that provided adjusted HRs,
with 26,598 COVID-19 patients being analyzed [36, 54, 56,
57, 59, 67, 69, 70, 72, 74, 77], the use of an ACEI/ARB
was significantly associated with lower risk of mortality
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Table 1 Characteristics of the included studies

Study Study design Origin Total Age Proportion of patients
number of with hypertension (%)
patients®

Amaouche et al.® [35]  Retrospective, single Brussels, Belgium 299 ACEI/ARB users=70 42.1

centre
Non-ACEI/ARB
users =63 (Mean)

Chen C et al. [36] Retrospective, single ‘Wuhan, China 1182 Hypertensive =67 100

centre
Non-hypertensive =54
Chen M et al.¢ [37] Retrospective, single Wuhan, China 123 Discharged patients=53  33.3
centre
Death patients =72
Chen Y et al. [38] Retrospective, single Wauhan, China 71 ACEI/ARB users =68 100
centre
Non-ACEI/ARB
users=67
Feng Y et al. [39] Retrospective, multicentre  China 113 All patients =53 100
Feng Z et al. [40] Retrospective, multicentre  China 65 ACEI/ARB users =57 14.5
Non-ACEI/ARB
users =63
Gao et al. [41] Retrospective, single Wuhan, China 2877 Hypertensive =64 29.5
centre
Non-hypertensive =55
(Mean)

Guo et al. [42] Retrospective, single Wuhan, China 187 All patients=59 (Mean)  32.6

centre

Hu et al. [43] Retrospective, multicentre  Zhejiang, China 149 ACEI/ARB users =56 100

Non-ACEI/ARB
users =58

Huang et al. [44] Retrospective, single Wuhan, China 50 ACEI/ARB users=53 100

centre
Non-ACEI/ARB
users =68 (Mean)

LiJetal. [45] Retrospective, single Wauhan, China 362 ACEI/ARB users =65 100

centre
Non-ACEI/ARB
users =67

Li X et al. [46] Ambispective; single Wuhan, China 548 All patients =60 30.3

centre

Liu et al.® [47] Retrospective, multicentre  China 78 All patients =65 (Mean) 100

Meng et al. [48] Retrospective, single Shenzhen, China 42 All patients =65 100

centre

Peng et al. [49] Retrospective, single ‘Wuhan, China 112 All patients =62 82.1

centre

Tan et al. [50] Retrospective, single Wauhan, China 100 ACEI/ARB users =67 100

centre
Non-ACEI/ARB
users =68

Xuetal. [51] Retrospective, single Wuhan, China 101 All patients =65 100

centre

Yan et al. [52] Retrospective, multicentre  Zhejiang, China 136 All patients =49 100

Yang et al. [53] Retrospective, single Hubei, China 251 ACEI/ARB users =65 50.2

centre
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Table 1 (continued)

b

Study Study design Origin Total Age Proportion of patients
number of with hypertension (%)
patients®

Non-ACEI/ARB
users =67
Yuan et al. [54] Retrospective, multicentre ~ Wuhan, China 260 ACEI/ARB users =67 100
Non-ACEI/ARB
users =66
Zeng et al.® [55] Retrospective, single Wauhan, China 274 ACEI/ARB users =64 274
centre Non-ACEI/ARB
users =69
Zhang et al. [56] Retrospective, multicentre Hubei, China 1128 ACEI/ARB users =64 100
Non-ACEI/ARB
users =64
Zhou F et al. [57] Retrospective, multicentre Hubei, China 3572 N/A N/A
Dauchet et al.€ [60] Retrospective, single Lille, France 187 Outpatient=50 N/A
centre Inpatient=58
ICU=61 (Mean)
Liabeuf et al. [61] Prospective, single centre ~ Amiens, France 268 All patients =73 56.7
Oussalah et al. [62] Retrospective, single Nancy, France 147 ACEI/ARB users=70 49.6
centre Non-ACEI/ARB
users =63

ZhouJ et al.® [63] Retrospective, multicentre Hong Kong 976 All patients =34 11.1

Cannata et al. [64] Retrospective, single Lombardy, Italy 280 - -

centre

Conversano et al. [65]  Retrospective, single Milan, Italy 191 Discharged patients=60  50.2

centre Death patients =75
(Mean)
Felice et al. [66] Retrospective, single Treviso, Italy 133 ACEI users=73 100
centre
ARB users =69
Non-ACEI/ARB
users =76 (Mean)

Ferrante et al. [67] Retrospective, single Milan, Italy 332 All patients =67 54.1

centre

Giacomelli et al. [68]  Prospective, single centre ~ Milan, Italy 233 All patients =61 N/A

Grasselli et al. [69] Retrospective, multicentre  Milan, Italy 3988 All patients =63 41.2

Rossi et al. [70] Prospective database Reggio Emilia, Italy 2362 All patients =63 18.1

Sardu et al. [71] Prospective, multicentre Naples, Italy 62 All patients =58 (Mean) 100

Tedeschi et al. [72] Retrospective, multicentre  Italy 311 All patients =76 100

Ayed et al. [73] Retrospective, single Kuwait 103 All patients =53 35.0

centre

Dalan et al. [74] Retrospective, single Singapore 717 - 19.4

centre

Choi et al. [75] Retrospective database South Korea 1250 ACEI/ARB users =65 100

review Non-ACEI/ARB
users =68
(Mean)
Jung S et al. [76] Retrospective database South Korea 5179 ACEI/ARB users =63 22.3
review Non-ACEI/ARB
users =42
(Mean)
Lee et al.c [77] Retrospective database South Korea 8266 ACEI users =69 19.0

review

ARB users =64
Non-ACEI/ARB

users =42
(Mean)
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Table 1 (continued)

b

Study Study design Origin Total Age Proportion of patients
number of with hypertension (%)
patients®

Son et al. [78] Retrospective database South Korea 102 All patients =64 100

review (Mean)

Amat-Santos et al. [79] Randomized controlled Spain 11 All patients =86 54.5

trial

Lépez-Otero et al. [80] Retrospective, single A Coruiia, Spain 965 All patients =60 30.9

centre (Mean)

Selguk et al. [81] Retrospective, multicentre  Istanbul, Turkey 113 ACEI/ARB users =67 100

Non-ACEI/ARB
users =58
(Mean)

Baker et al.® [82] Retrospective, single Newcastle, UK 311 All patients =75 42.1

centre

Argenziano et al. [83]  Retrospective database New York, USA 1000 All patients =63 60.1

review

Chang et al. [84] Retrospective, multicentre Los Angeles, USA 177 All patients =62 N/A

(Mean)
Chaudhri et al. [85] Retrospective, single New York, USA 300 ACEI/ARB users=56 44.3
centre Non-ACEI/ARB
users =69
(Mean)
Imam et al. [86] Retrospective, multicentre Michigan, USA 1305 All patients =61 56.2
(Mean)
Ip etal.c [87] Retrospective, multicentre  New Jersey, USA 1129 - 100
Khera et al. [88] Retrospective database USA 7933 ACEI users=76 100
review ARB users=76
Non-ACEI/ARB
users =78

Lam et al. [89] Retrospective, single New York, USA 335 All patients =68 100

centre

Mehta et al. [90] Retrospective database Ohio and Florida, USA 1735 ACEI/ARB users =63 739

review Non-ACEI/ARB
users =65
(Mean)

Richardson et al. [91]  Retrospective database New York, USA 1366 All patients =63 100

review

Shah et al. [92] Retrospective, multicentre  Georgia, USA 531 ACEI/ARB users =64 80.0

Non-ACEI/ARB
users =58 (Mean)
Jung C et al. [93] Prospective, multicentre 38 countries 324 All patients =75 65.1

ACEI angiotensin-converting enzyme inhibitor, ARB angiotensin receptor blocker, COVID-19 coronavirus disease 2019, N/A not available

aThe total number of COVID-19 patients included in the analysis of mortality and/or severity of disease with the use of ACEIs/ARBs

"Median age unless otherwise stated

“Preprint

compared to the non-use of an ACEI/ARB (Supplementary
Figure S1; pooled HR=0.75, 95% CI 0.60-0.95). The fun-
nel plot was used to detect the publication bias and revealed
some degree of asymmetry (Supplementary Figure S3 and
S4).

Subgroup analysis that was limited to studies that provided
adjusted mortality estimates for exclusively hypertensive

patients with COVID-19 demonstrated a statistically non-signif-
icant association with lower odds of mortality (Supplementary
Table S2; pooled OR=0.73, 95% CI 0.52—-1.02; six studies [66,
75, 78, 88, 89, 92]) and a statistically significant association
with lower risk of mortality (Supplementary Table S2; pooled
HR=0.39, 95% CI 0.20-0.77; five studies [36, 54, 56, 57, 72])
among users of ACEIs/ARBs compared to the non-users.
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Table 2 Comparison of mortality and severe/critical illness between COVID-19 ACEI/ARB users and non-ACEI/ARB users

Study Mortality Severe/critical illness®
ACEI/ARB users Non-ACEI/ARB Adjusted esti- ACEI/ARB Non-ACEI/ARB Adjusted esti-
(n/N; %) users (n/N; %) mate (95% CI) users (n/N; users (n/N; %) mate (95% CI)
%)
Amaouche etal.®  N/A N/A OR=1.10 N/A N/A OR=1.12 (0.59-
[35] (0.49-2.48) 2.13)
Chen Cetal. [36] 12/355;3.4 95/827; 11.5 HR=0.28 6/355; 1.7 25/827;3.0 -
(0.15-0.52)
Chen M et al.’ [37] 3/11;27.3 28/112;25.0 - - - -
Chen Y et al. [38]  4/32;12.5 10/39; 25.6 - - - -
Feng Yetal. [39] - - - 4/33; 12.1 36/80; 45.0 -
Feng Z etal.’[40] - - - 1/16; 6.3 16/49; 32.7 OR=0.41 (0.05-
3.19)
Gao et al. [41] 4/183;2.2 Overall cohort: - 74/183; 40.4  Overall cohort: -
52/2694; 1.9 670/2694; 24.9
Hypertensive Hypertensive
cohort: cohort:
30/667; 4.5 221/667; 33.1
Guo et al. [42] 7/19; 36.8 43/168; 25.6 - - - -
Hu et al. [43] 1/65; 1.5 0/84; 0 - 28/65; 43.1 33/84; 39.3 -
Huang et al. [44] 0/20; 0.0 3/30; 10.0 - 13/20; 65.0 24/30; 80.0 -
LiJ et al. [45] 21/115; 18.3 56/247;22.7 - 57/115;49.6  116/247;47.0 -
Li X et al. [46] - - - 19/42;45.2 250/506; 49.4 -
Liu et al.® [47] - - - 7/22;31.8 31/56; 55.4 -
Meng et al. [48] 0/17; 0.0 1/25; 4.0 - 4/17; 23.5 12/25; 48.0 -
Peng et al. [49] 4/22;18.2 13/90; 14.4 - 3/22;13.6 13/90; 14.4 -
Tan et al. [50] 0/31; 0 11/69; 15.9 - 0/31; 0 9/69; 13.0 -
Xuetal. [51] 11/40; 27.5 21/61; 344 - 8/40; 20.0 17/61; 27.9 -
Yan et al.’ [52] - - - N/A N/A ACEL
OR=1.23 (0.19-
7.93)
ARB:
OR=0.77 (0.36—
1.63)
Yang et al. [53] 2/43; 4.7 Overall cohort: - 15/43; 34.9 Overall cohort: -
19/208; 9.1 33/208; 15.9
Hypertensive Hypertensive
cohort: cohort:
11/83; 13.3 19/83; 22.9
Yuan et al. [54] 6/130; 4.6 22/130; 16.9 HR=0.23 - - -
(0.09-0.56)
Zeng et al.’ [55] 2/28; 7.1 Overall cohort: - 15/28; 53.6 Overall cohort: -
19/246; 7.7 102/246; 41.5
Hypertensive Hypertensive
cohort: cohort:
5/47; 10.6 15/47;31.9
Zhang et al. [56] 7/188; 3.7 92/940; 9.8 HR=0.37 6/188; 3.2 75/940; 8.0 HR=0.32 (0.13-
(0.15-0.89) 0.80)
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Table 2 (continued)

Study Mortality Severe/critical illness®
ACEI/ARB users Non-ACEI/ARB Adjusted esti- ACEI/ARB Non-ACEI/ARB Adjusted esti-
(n/N; %) users (n/N; %) mate (95% CI) users (n/N; users (n/N; %) mate (95% CI)
%)
Zhou F et al. [57] N/A N/A Opverall cohort - - -
(ACEI/ARB):
HR=0.39
(0.26-0.58)
Hypertensive
cohort
(ACEI/ARB):
HR=0.32
(0.15-0.66)
ACEL
HR=0.49
(0.20-1.20)
ARB:
HR=0.31
(0.18-0.53)
Zhou X et al. [58]  2/15;13.3 5/21;23.8 - - - -
Fosbgl et al. [59] 181/895; 20.2 297/3585; 8.3 ACEI/ARB: 203/895;22.7 373/3585;10.4 ACEI/ARB:
HR=0.83 HR=1.15 (0.95-
(0.67-1.03) 1.41)
ACEL ACEL
HR=0.98 HR=1.21 (0.91-
(0.71-1.35) 1.60)
ARB: ARB:
HR=0.80 HR=1.01(0.78-
(0.60-1.09) 1.31)
Dauchet et al.® [60] - - 34/62; 54.8 54/125; 43.2 -
Liabeuf et al. [61]  17/96; 17.7 30/172; 17.4 - 35/96; 36.5 34/172; 19.8 OR=2.28(1.17-
4.42)
Oussalah et al. [62] 10/43; 23.3 9/104; 8.7 - 20/43; 46.5 34/103; 33.0 -
Zhou J et al.? [63] - - 14/184;7.6 4/792; 0.5 OR=1.10(0.24-
2.14)
Cannata et al. [64]  7/56; 12.5 39/224;17.4 OR=0.05 - - -
(0.01-0.54)
Conversano et al. Overall cohort: Overall cohort: - - - -
[65] 21/69; 30.4 21/122;17.2
Hypertensive Hypertensive
cohort: cohort:
21/68; 30.9 13/28; 46.4
Felice et al. [66] 15/82; 18.3 18/51; 35.3 OR=0.56 21/82;25.6 25/51; 49.0 OR=0.25 (0.09-
(0.17-0.83) 0.66)
Ferrante et al. [67] N/A N/A HR=0.68 - - -
0.41-1.14)
Giacomelli et al. 14/31;45.2 34/202; 16.8 - - - -
[68]
Grasselli et al. [69] N/A N/A ACEL - - -
HR=0.97
(0.69-1.34)
ARB:
HR=1.05
(0.85-1.29)
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Table 2 (continued)

Study Mortality Severe/critical illness®
ACEI/ARB users Non-ACEI/ARB Adjusted esti- ACEI/ARB Non-ACEI/ARB Adjusted esti-
(n/N; %) users (n/N; %) mate (95% CI) users (n/N; users (n/N; %) mate (95% CI)
%)
Rossi et al. [70] N/A N/A ACEL - - -
HR=1.17
(0.97-1.42)
ARB:
HR=1.16
(0.83-1.64)
Sardu et al. [71] 7/45; 15.6 2/17;11.8 - 9/45;20.0 3/17;17.6 -
Tedeschi et al. [72] N/A N/A HR=0.97 - - —
(0.68-1.39)
Ayed et al. [73] 5/10; 50.0 10/93; 10.8 - - - -
Dalan et al. [74] N/A N/A ACEL N/A N/A ACEL
HR=0.50 HR=0.26 (0.10-
(0.08-3.24) 0.68)
ARB: ARB:
HR=2.87 HR=2.19 (1.08-
(0.41-20.00) 4.43)
Choi et al. [75] 42/625; 6.7 69/625; 11.0 OR=0.48 34/625; 5.4 55/625; 8.8 OR=0.49 (0.30-
(0.29-0.79) 0.79)
Jung S et al. [76] 33/377; 8.8 51/1577;3.2 OR=0.88 - - -
(0.53-1.44)
Lee et al.’ [77] 50/977; 5.1 62/7289; 0.85 HR=1.07 - - -
(0.68-1.65)
Son et al. [78] 30/77; 39.0 8/25;32.0 ACEI/ARB: 18/51; 35.3 4/15;26.7 ACEI/ARB:
OR=1.36 (0.51- OR=1.52(0.40-
3.66) ACEI: 5.70)
OR=0.26 ACEL
(0.03-2.26) OR=2.24(0.13-
ARB: 37.88)
OR=2.10 ARB:
(0.83-5.34) OR=1.70 (0.46—
6.32)
Amat-Santos et al.  2/5; 40.0 2/6; 33.3 - - - -
[79]
Lopez-Otero etal.  11/210; 5.2 27/755;3.6 ACEI/ARB: 13/78; 16.7 20/156; 12.8 ACEI/ARB:
[80] OR=0.62 OR=0.87 (0.30-
(0.17-2.26) 2.50)
ACEL ACEL
OR=0.14 OR=0.97 (0.22—
(0.01-1.57) 4.16)
ARB: ARB:
OR=1.54 OR=0.84 (0.25-
(0.42-5.59) 2.87)
Selguk et al. [81] 31/74;41.9 4/39; 10.3 OR=3.66 - - —
(1.11-18.18)
Baker et al.” [82] 17/78; 21.8 63/233;27.0 - - - -
Argenziano et al. - - - 71/284;25.0 165/716; 23.0 -
[83]
Chang et al. [84] - - - 6/27;22.2 50/150; 33.3 ACEL
OR=0.62 (0.14-
2.20)
ARB:
OR=0.50 (0.11-
1.80)
Chaudhri et al. [85] 14/80; 17.5 25/220; 11.4 — 22/80; 27.5 59/220; 26.8 -
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Table 2 (continued)
Study Mortality Severe/critical illness®
ACEI/ARB users Non-ACEI/ARB Adjusted esti- ACEI/ARB Non-ACEI/ARB Adjusted esti-
(n/N; %) users (n/N; %) mate (95% CI) users (n/N; users (n/N; %) mate (95% CI)
%)
Imam et al. [86] N/A N/A OR=1.20 - - -
(0.86-1.68)
Ip et al.® [87] 137/460; 29.8 262/669; 39.2 - - - -
Khera et al. [88] 664/4587; 14.5 466/3346; 13.9 ACEL - - -
OR=0.97
(0.81-1.16)
ARB:
OR=1.15
(0.95-1.38)
Lam et al. [89] 10/164; 6.1 48/171;28.1 OR=0.22 20/164; 12.2  45/171;26.3 OR=0.35(0.19—
(0.10-0.46) 0.64)
Mehta et al. [90] 8/211; 3.8 34/1494; 2.3 - 22/212;10.4  15/1523; 0.98 ACEI/ARB:
OR=1.64 (1.07-
2.51)
ACEL
OR=1.77 (1.07-
2.92)
ARB:
OR=1.16 (0.67-
2.02)
Richardson et al. 130/413; 31.5 254/953; 26.7 - 87/413;21.1  141/953; 14.8 -
[91]
Shah et al. [92] 38/207; 18.4 48/324; 14.8 Overall cohort: 59/207;28.5 62/324; 19.1 Overall cohort:
OR=0.82 OR=1.26 (0.74—
(0.45-1.50) 2.15)
Hypertensive Hypertensive cohort:
cohort: OR=1.25 (0.72—
OR=0.79 2.16)
(0.43-1.44)
Jung Cet al. [93] 62/157;39.5 85/167; 50.9 ACEI: - - -
OR=0.32
(0.15-0.67)

ACEI angiotensin-converting enzyme inhibitor, ARB angiotensin receptor blocker, CI confidence interval, COVID-19 coronavirus disease 2019,
HR hazard ratio, N/A not available, OR odds ratio

*The definition of severe/critical disease in the studies by Amaouche et al. [35], Feng et al. [39], Feng et al. [40], Gao et al. [41], Hu et al. [43],
Huang et al. [44], Li et al. [45], Li et al. [46], Liu et al. [47], Meng et al. [48], Peng et al. [49], Yan et al. [52], and Yang et al. [53] is based on
the definition given in ‘Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia’ by Chinese National Health Commission; Chen
et al. [36] is based on the development of multiple organ dysfunction syndrome; Tan et al. [50] is based on the development of acute respiratory
distress syndrome; Xu et al. [51], Fosbgl et al. [59], Dauchet et al. [60], Liabeuf et al. [61], Zhou et al. [63], Felice et al. [66], Sardu et al. [71],
Dalan et al. [74], Son et al. [78], Lopez-Otero et al. [80], Argenziano et al. [83], Chaudhri et al. [85], Lam et al. [89], Mehta et al. [90], Richard-
son et al. [91], and Shah et al. [92] are based on the requirement for admission into intensive care units; Zeng et al. [55] is based on the guideline
for community-acquired pneumonia; Zhang et al. [56] is based on the development of septic shock; Oussalah et al. [62] is based on the require-
ment for intubation or mechanical ventilation; Choi et al. [75] is based on the requirement for mechanical ventilation, admission into intensive
care units, continuous renal replacement therapy, or extracorporeal membrane oxygenation; and Chang et al. [84] is based on the requirement for
admission into intensive care units or intubation

Preprint

Subgroup analysis based on the region where the studies
were performed demonstrated a non-significant association
with lower odds of mortality in studies originated from East
Asia (Supplementary Table S2; pooled OR =0.76, 95% CI
0.44-1.31) [75, 76, 78], Europe (Supplementary Table S2;
pooled OR=0.51, 95% CI 0.21-1.25) [35, 64, 66, 80],

and the United States (Supplementary Table S2; pooled
OR=0.89, 95% CI 0.66-1.21) [86, 88, 89, 92] in the users
of ACEIs/ARBs compared to the non-users.

Subgroup analyses that were limited to studies that pro-
vided respective mortality estimates (adjusted OR) for ACEI
and ARB showed a statistically non-significant association
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Fig.2 Pooled mortality esti-

mate (OR) associated with the Study OR (95% CI) % Weight
use of ACEIs/ARBs. Heteroge- Amaouche et al, Belgium — 110 ( 0.49, 2.48) 6.2
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inhibitor, ARB angiotensin Choietal, South Korea - 0.48 ( 0.29, 0.79) 9.4
receptor blocker, CI confidence Felice etal, Italy | —mm- 0.56 ( 0.17, 0.83) 6.3
interval, OR odds ratio Imam et al, USA 1.20 ( 0.86, 1.68) 11.4
Jung S et al, South Korea - 0.88 ( 0.53, 1.44) 9.4
Khera et al, USA (ACEI) 0.97 ( 0.81, 1.16) 13.1
Khera et al, USA (ARB) 1.15 ( 0.95, 1.38) 13.0
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Overall o 0.73 ( 0.56, 0.95) 100.0
Q=46.73, p=0.00, 12=74%

with lower odds of mortality with the use of an ACEI com-
pared to non-use of an ACEI (Supplementary Table S2;
pooled OR=0.46, 95% CI 0.18-1.17; four studies [78, 80,
88, 93]), but higher odds of mortality with the use of an
ARB (Supplementary Table S2; pooled OR=1.18, 95% CI
0.99-1.42; three studies [78, 80, 88]) compared to non-use
of an ARB, among COVID-19 patients.

Subgroup analyses in the studies that provided respec-
tive mortality estimates (adjusted HR) for ACEIs and ARBs
showed a statistically non-significant association with higher
risk of mortality with the use of an ACEI (Supplementary
Table S2; pooled HR =1.03, 95% CI 0.85-1.23; five studies
[57, 59, 69, 70, 74]), but lower risk of mortality with the use
of an ARB (Supplementary Table S2; pooled HR =0.82,
95% CI 0.55-1.24; five studies [57, 59, 69, 70, 74]) com-
pared to non-use of an ACEI and an ARB, respectively,
among COVID-19 patients.

3.3 Severe/Critical Outcomes Associated
with the Use of RAS Inhibitors in COVID-19
Patients

There were 16 studies [35, 40, 52, 56, 59, 61, 63, 66, 74,
75,78, 80, 84, 89, 90, 92] that provided adjusted estimates
for severe/critical disease with the use of an ACEI/ARB
relative to the non-use of an ACEI/ARB. Non-uniformity in
the definition of the severe/critical outcomes was observed
amongst the 16 included studies. Three studies [35, 40,
52] defined severe/critical cases of COVID-19 according
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to the ‘Diagnosis and Treatment Protocol for Novel Coro-
navirus Pneumonia’ by the Chinese National Health Com-
mission. Choi et al. [75] defined severe/critical outcomes
from COVID-19 based on the requirement for mechanical
ventilation, admission into intensive care units, continuous
renal replacement therapy, or extracorporeal membrane
oxygenation; whilst Chang et al. [84] defined severe/criti-
cal outcomes from COVID-19 based on the requirement
for admission into intensive care units or intubation. Eleven
studies did not classify patients into severe/critical cohort
and non-severe/critical cohort; however, in our analyses, we
considered patients with septic shock (for Zhang et al. [56])
and those admitted into intensive care units (for the remain-
ing ten studies [59, 61, 63, 66, 74, 78, 80, 89, 90, 92]) as
having a severe/critical course of COVID-19.

The Newcastle—Ottawa scale [95] was used for the quality
assessment of all studies that provided adjusted estimates
and were included in the meta-analysis of severe/critical
outcomes associated with the use of ACEIs/ARBs (Supple-
mentary Table S1). Of the 16 original studies included, only
one study, by Zhang et al. [56], was deemed ‘good’, with a
score of 7 points. Ten studies [35, 40, 61, 63, 66, 75, 78, 89,
90, 92] were regarded as ‘fair’, with scores of 4—6 points.
Five studies [52, 59, 74, 80, 84] were considered ‘poor’ (i.e.,
scored less than 4 points) in the quality assessment.

The main quality issue noticed in 14 studies [35, 40, 52,
59, 61, 63, 66, 74, 78, 80, 84, 89, 90, 92] was the compari-
son of cohorts with inadequate adjustment for confound-
ers that may influence the estimated risk of severe/critical
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disease associated with the use of ACEIs/ARBs. Another
major issue detected during quality assessment in 12 stud-
ies [35, 52, 59, 61, 66, 74, 75, 78, 80, 84, 90, 92] was the
inability to ascertain the exposure to ACEIs/ARBs during
the course of illness, where the possibility of discontinua-
tion of ACEIs/ARBs upon COVID-19 diagnosis could not
be ruled out based on the study design. Similarly, 12 studies
[40, 52, 59, 61, 63, 74,75, 78, 84, 89, 90, 92] were not able
to demonstrate that severe/critical outcome was not present
at the start of the study based on their study design. In 11
studies [35, 52, 59, 63, 66, 74, 75, 78, 80, 84, 90], it was
unclear whether the entire cohort of patients was followed
until discharge/death. The representativeness of the exposed
cohort could not be established in ten studies [40, 52, 56,
59, 63, 74, 80, 84, 89, 92] that included hospitalized patients
only.

In a pooled analysis of 13 original studies that provided
adjusted ORs, with 7446 COVID-19 patients being analyzed
[35, 40, 52, 61, 63, 66, 75, 78, 80, 84, 89, 90, 92], the use of
an ACEI/ARB was non-significantly associated with lower
odds of developing severe/critical disease compared to the
non-use of an ACEI/ARB (Fig. 3; pooled OR=0.91, 95%
CI0.75-1.10). In a separate pooled analysis of three studies
that provided adjusted HRs, with 6325 COVID-19 patients
being analyzed [56, 59, 74], the use of an ACEI/ARB was
non-significantly associated with a lower risk of developing
severe/critical disease compared to the non-use of an ACEl/
ARB (Supplementary Figure S2; pooled HR=0.73, 95% CI

0.33-1.66). The funnel plot was used to detect the publica-
tion bias and revealed some degree of asymmetry.

Subgroup analysis that was limited to six studies that pro-
vided adjusted mortality estimates for exclusively hyperten-
sive patients with COVID-19 [52, 66, 75, 78, 89, 92] dem-
onstrated a statistically significant association with lower
odds of developing severe/critical disease (Supplementary
Table S2; pooled OR =0.63, 95% CI 0.41-0.96). Subgroup
analyses based on the region where the studies were per-
formed demonstrated a statistically significant association
with lower odds of developing severe/critical disease from
studies originated from East Asian countries (Supplemen-
tary Table S2; pooled OR =0.70, 95% CI 0.52-0.93) [40,
52, 63,75, 78], but a statistically non-significant association
with higher odds of developing severe/critical disease from
studies originated from European countries (Supplementary
Table S2; pooled OR=1.02, 95% CI 0.61-1.70) [35, 61,
66, 80] and lower odds of developing severe/critical dis-
ease from studies originated from the United States (Sup-
plementary Table S2; pooled OR =0.80, 95% CI 0.40-1.61)
[84, 89, 90, 92], among users of ACEIs/ARBs compared to
non-users.

Subgroup analyses limited to the studies that provided
respective estimates for severe/critical outcomes (adjusted
OR) for ACEIs and ARBs observed a statistically signifi-
cant association with higher odds of development of severe/
critical illness with the use of an ACEI (Supplementary
Table S2; pooled OR =1.50, 95% CI 1.04-2.14; five studies

Fig.3 Pooled estimate (OR) of
severe/critical illness associ-
ated with the use of ACEIs/

Study
Feng et al, China

ARBs. Heterogeneity: I =66%;

p=0.001. ACEI angiotensin-
converting enzyme inhibitor,
ARB angiotensin receptor
blocker, CI confidence interval,
OR odds ratio
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[52,78, 80, 84, 90]), but a statistically non-significant asso-
ciation with lower odds of development of severe/critical
illness with the use of an ARB (Supplementary Table S2;
pooled OR =0.98, 95% CI 0.67-1.44; five studies [52, 78,
80, 84, 90]), compared to the non-use of an ACEI and an
ARB, respectively, among patients with COVID-19.
Subgroup analysis with regards to different definitions of
severe/critical outcomes used across the studies reported a
statistically non-significant association with lower odds of
developing severe/critical illness according to the definitions
of the Chinese National Health Commission (Supplemen-
tary Table S2; pooled OR=0.93, 95% CI 0.59-1.48; three
studies [35, 40, 52]) and a non-significant association with
lower odds of being admitted into intensive care units (Sup-
plementary Table S2; pooled OR=0.91, 95% CI 0.56-1.49;
eight studies [61, 63, 66, 78, 80, 89, 90, 92]), with the use
of ACEIs/ARBs compared to the non-use of ACEIs/ARBs.

4 Discussion

To the best of our knowledge, this systematic review and
meta-analysis is the most comprehensive exploration and
analysis of the existing literature in terms of mortality and
clinical outcomes with the use of RAS inhibitors to date.
An in-depth analysis of study methods and findings for
each original study is of utmost importance to prevent false
assumptions about the safety of RAS inhibitors in COVID-
19. From our literature review, there have been a large num-
ber of observational studies [35-38, 41-45, 48-51, 53-59,
61, 62, 64-82, 85-93] thus far evaluating the association
between the use of ACEIs/ARBs in COVID-19 and mortal-
ity since concerns were raised with regard to the potential
harms from the use of these drugs. However, conflicting
results were observed among these studies. There were 23
studies [37, 41-43, 49, 59, 61, 62, 65, 68, 71, 73, 76-81, 85,
88, 90-92] that reported a higher crude mortality rate; con-
versely 19 studies [36, 38, 44, 45, 48, 50, 51, 53-56, 58, 64,
66, 75, 82, 87, 89, 93] reported a lower crude mortality rate
among ACEI/ARB users with COVID-19 compared with
their counterparts without receiving ACEIs/ARBs. How-
ever, as mentioned earlier, there were only a few studies
that adjusted covariates that may confound the association
between the use of ACEIs/ARBs in COVID-19 and the risk
of mortality. With different extents of adjustment for covari-
ables, all [59, 76-78, 80, 88, 92] but one study [81] (which
reported a higher crude mortality rate among ACEI/ARB
users compared to non-ACEI/ARB users) demonstrated no
significant difference in the risk of mortality between ACEl/
ARB users and non-ACEI/ARB. The study by Selcuk et al.
[81] reported a higher crude mortality rate and provided
mortality estimates with a very wide CI (OR =3.66; 95%
CI 1.11-18.18); therefore, the reliability of their findings is
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questionable. In fact, in our random-effects meta-analysis
of studies that provided adjusted mortality estimates, we
observed significantly lower risk of mortality with the use
of ACEIs/ARBs in COVID-19 patients relative to non-use
of ACEIs/ARBs. Our findings are in line with previously
reported meta-analyses [96—100] with unadjusted estimates
that demonstrated no increased risk of mortality with the use
of ACEIs/ARBs in COVID-19 patients.

Similarly, upon extensive literature review, we found
that a vast number of observational studies [35, 36, 3941,
43-53, 55, 56, 59-63, 66, 71, 74,75, 78, 80, 83-85, 89-92]
have thus far evaluated the association between the use of
ACEIs/ARBs in COVID-19 and clinical severity of illness,
albeit with conflicting results. There were 18 studies [41, 43,
45,53, 55,59-63, 71, 78, 80, 83, 85, 90-92] that reported a
higher crude rate for the severe/critical outcomes; however,
15 studies [36, 39, 40, 44, 46-51, 56, 66, 75, 84, 89] reported
a lower crude rate for severe/critical clinical outcomes, in
ACEI/ARB users with COVID-19 compared to non-users.
Nonetheless, only a few studies adjusted covariates that may
have confounded the association between the use of ACEIs/
ARBs in COVID-19 and clinical severity. With different
extents of adjustment for covariables, among seven stud-
ies [59, 61, 63, 78, 80, 90, 92] that reported a higher crude
rate for severe/critical outcomes, five studies [59, 63, 78,
80, 92] demonstrated no significant difference with regards
to the risk of severe/critical outcomes between ACEI/ARB
users and non-ACEI/ARB users. Conversely, Liabeuf et al.
[61] and Mehta et al. [90] demonstrated significantly higher
odds for admission into intensive care units with the use of
an ACEI/ARB relative to the non-use of ACEI/ARB upon
adjustment of covariates, but arguably this may be due to
the residual confounding effect. In fact, the random-effects
meta-analysis of studies with adjusted estimates observed no
significant association between the use of ACEIs/ARBs and
severe/critical outcomes in COVID-19 patients, which con-
curs with previously reported unadjusted meta-analyses [96,
99, 101] that showed no increased risk of developing severe/
critical illness with the use of ACEIs/ARBs in COVID-19
patients. Nevertheless, an unadjusted meta-analysis [102]
reported a significantly reduced risk of developing severe/
critical illness with the use of ACEIs/ARBs in COVID-19
patients.

The subgroup analysis is important to determine the pres-
ence of heterogeneity on the effect of RAS inhibitors based
on different definitions of severe/critical outcomes. We
observed no significant association with the use of ACEIs/
ARBs and severe/critical outcomes based on the definition
by the Chinese National Health Commission. This is in line
with another meta-analysis [96] that pooled studies that
defined the clinical severity based on the Chinese National
Health Commission. We also observed no significant
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association with the use of ACEIs/ARBs and severe/criti-
cal outcomes based on admission into intensive care units.

When studies that included hypertensive patients exclu-
sively or provided a separate analysis for hypertensive
patients were analyzed, we observed a greater number of
studies (n=17) [36, 38, 41, 44, 45, 48, 50, 51, 53-56, 58,
66, 75, 87, 89] reporting a lower crude mortality rate than
studies (n=38) [43, 65, 71, 78, 81, 88, 91, 92] reporting
higher crude mortality rates in COVID-19 hypertensive
ACEI/ARB users relative to the non-ACEI/ARB users. With
the exception of the study by Selguk et al. [81], all stud-
ies that reported a higher crude mortality rate [78, 88, 92]
demonstrated no significant difference with regards to the
risk of mortality between ACEI/ARB users and non-ACEl/
ARB users upon adjustment for covariables. We observed
a significantly lower risk of mortality in COVID-19 ACEl/
ARB users in our subgroup meta-analyses that were lim-
ited to studies that provided adjusted mortality estimates
for exclusively hypertensive patients. These findings are in
line with two previously reported unadjusted meta-analyses
in COVID-19 hypertensive patients [102, 103]. However,
another meta-analysis [97] reported no significant associa-
tion between the use of ACEIs/ARBs and mortality among
COVID-19 patients with hypertension where the authors
pooled mortality estimates without adjustment of covariates.

Likewise, for studies that included hypertensive patients
exclusively or provided a separate analysis for hyperten-
sive patients, we also observed a greater number of studies
(n=11)[36, 39, 44, 47, 48, 50, 51, 56, 66, 75, 89] reporting
a lower crude rate for severe/critical outcomes than studies
(n=8) [41, 43, 45, 53, 55, 71, 78, 91] reporting a higher
crude rate for severe/critical outcomes, though the only
study [78] that reported a higher crude rate for severe/critical
outcomes and provided an adjusted estimate demonstrated
no significant difference with regards to the risk of severe/
critical outcomes between ACEI/ARB users and non-ACEI/
ARB users. Indeed, our subgroup meta-analyses that were
limited to studies that provided adjusted estimates for severe/
critical outcomes in exclusively hypertensive patients noted
a significantly reduced risk of developing severe/critical dis-
ease among COVID-19 ACEI/ARB users.

It is interesting to observe that ACEI/ARB users with
or without hypertension had a lower risk of death from
COVID-19, but no difference with regards to the risk of
developing severe/critical illness from COVID-19, com-
pared to non-ACEI/ARB users with or without hyperten-
sion. Equally interesting is the observation that hypertensive
ACEI/ARB users had a lower risk of death and a lower risk
of developing severe/critical disease from COVID-19 com-
pared to hypertensive non-ACEI/ARB users. One explana-
tion for such observations is that RAS inhibitors may be able
to protect COVID-19 patients from angiotensin II-related
lung injury and subsequent ARDS, the major cause of

mortality in COVID-19 patients [104]. However, since the
definition of severe/critical illness in our meta-analysis did
not specifically include ARDS, such a protective effect was
not reflected in the risk of developing severe/critical illness
in our analysis. In fact, a retrospective case—control study
[105] performed before the COVID-19 pandemic reported
better survival rates among patients with ARDS who
received RAS inhibitors compared to their counterparts who
did not receive RAS inhibitors. Another plausible explana-
tion for the observations is that hypertensive patients may
be more sensitive to the protective effects of RAS inhibitors
against the development of a fatal or severe/critical course
of illness from COVID-19 since they have a higher base-
line risk of a worse prognosis. In fact, the mortality benefits
demonstrated in the meta-analysis were driven mainly by
studies that provided adjusted mortality estimates for exclu-
sively hypertensive patients (constituting 53% of the weight
of the meta-analysis on mortality). In contrast, studies that
provided adjusted estimates for severe/critical outcomes in
exclusively hypertensive patients only constituted 23.7% of
the weight of the meta-analysis on severe/critical illness.

Since previous meta-analyses [96—102] included a major-
ity of studies from China, the generalizability of their find-
ings to patient populations from other regions was also
questioned. In the present study, we observed no regional
difference with regard to mortality estimates, where separate
pooled analyses of studies from East Asian countries, Euro-
pean countries, and the United States, respectively, did not
find an increased risk of mortality with the use of ACEIs/
ARBs. Nonetheless, our findings did suggest a potential
regional difference in the risk of severe/critical outcomes
with the use of ACEIs/ARBs in which pooled analysis of
studies from East Asian countries demonstrated a significant
association with lower odds of developing severe/critical
disease compared to the studies from Europe and the United
States. Since East Asian populations have a genetically
higher expression of ACE2 compared to Caucasians (Euro-
peans or Americans) [106], the downregulation of ACE2
upon a viral invasion of the host cells by SARS-CoV-2 may
be consequently greater in East Asian populations. There-
fore, East Asian populations with COVID-19 may be more
sensitive to the protective effect of RAS inhibitors against
lung injuries from downregulation of ACE2 and the subse-
quent development of severe/critical illness, though it does
not appear to translate to any significant mortality benefits.
Nevertheless, these findings should be confirmed in a large
pharmacogenetic study comparing the effects of ACEIs/
ARBs in COVID-19 patients of different ethnicities.

While both ACEIs and ARBs could prevent lung injuries
induced by angiotensin II in COVID-19, ARBs can pro-
vide further protection due to their different mechanisms
of action. In its native state, the angiotensin type I receptor
(AT1R) binds to ACE2 to form a receptor complex [107].
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ARBs stabilize the ACE2-AT1 receptor complex on the cell
membrane and thus prevent the interaction of SARS-CoV-2
with the ACE2 catalytic site. In addition, ARBs are reported
to possess anti-inflammatory effects due to their ability to
utilize the ACE2/angiotensin II type 2 receptor/mas receptor
pathway that could limit SARS-CoV-2—mediated cytokine
storm. It is therefore interesting to determine the respective
effects of ACEIs and ARBs in COVID-19 patients. We dem-
onstrated no significant difference in the risk of mortality
with the use of either ACEIs or ARBs in COVID-19 patients
compared to non-use of either of these two agents. Surpris-
ingly, we found that ACEIs were associated with higher odds
of developing severe/critical illness from COVID-19 relative
to non-use of ACEIs, while no difference in the risk of devel-
oping severe/critical illness from COVID-19 was found with
the use of ARBs relative to non-use of ARBs. In the pooled
analysis, the increased risk of developing severe/critical ill-
ness from COVID-19 is largely driven by the findings in the
study by Mehta et al. [90] (constituting 71% of the weight of
the meta-analysis), which revealed higher odds of admission
into intensive care units with the use of ACEIs compared
to the non-use of ACEIs. It should be noted that there may
be confounding by indication since Mehta et al. [90] com-
pared the clinical outcomes between COVID-19 users of
ACEIs who had comorbidities and COVID-19 non-users of
ACEIs who may or may not have had comorbidities. In fact,
the other studies [52, 78, 80, 84] included in the subgroup
pooled analysis reported no difference in the risk of severe/
critical illness with the use of ACEIs compared to non-use
of the ACEIs.

A key strength of this systematic review and meta-anal-
ysis was the pooling of adjusted estimates on the mortality
and severe/critical outcomes from the use of RAS inhibitors
in COVID-19 patients. Previous meta-analyses were either
unadjusted [96-103, 108, 109] or only pooled adjusted
estimates for combined mortality and severity endpoints
[110]. Inclusion of studies that provided adjusted estimates
would reduce the confounding effects that could modify
the association between the use of RAS inhibitors and risk
of adverse clinical outcomes in COVID-19. Furthermore,
independent analysis of the risk of mortality and the risk
of severe/critical outcomes, instead of combining mortality
and severity endpoints, enabled the evaluation if the effect
of RAS inhibitors on the risk of severe/critical outcomes
will translate the same to the risk of mortality. As discussed
above, we have observed on two occasions that the effect of
the use of RAS inhibitors on severe/critical outcomes did
not translate the same to the risk of mortality. Another key
strength of our systematic review and meta-analysis lies in
our comprehensive inclusion of a large number of studies
across different countries and continents. Previous meta-
analyses included studies mainly from China and therefore
were limited regarding the generalizability of their findings
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to other populations. Inclusion of a large number of studies
with adjusted estimates allowed different subgroup analyses
to be performed in our study, including subgroup analysis on
hypertensive cohort, which reduced confounding by indica-
tion, subgroup analysis stratified by the regions where the
studies were conducted, to evaluate the regional difference
in the effects of RAS inhibitors on clinical outcomes in
COVID-19, and subgroup analysis to determine the respec-
tive effects of ACEIs and ARBs on clinical outcomes in
COVID-19.

Nonetheless, this study has also limitations that should be
considered while interpreting the findings. Notably, although
we pooled only studies that provided adjusted estimates,
most of the studies did not adequately adjust for all con-
founders. Other than demographic characteristics, major
confounders include comorbidities, co-medications, and the
therapies intended for treating COVID-19. It is acknowl-
edged that patients with comorbidity, especially cardiovas-
cular diseases and diabetes mellitus, are particularly vulnera-
ble to the severe course of COVID-19 [111, 112]. Moreover,
some co-medications such as statins are reported to exert
protective effects on mortality or the development of severe/
critical disease from COVID-19 [113, 114]. In addition, the
varying proportion of patients receiving various potential
therapies for COVID-19 in the absence of an established
treatment may also confound the association between the
use of RAS inhibitors and clinical outcomes from COVID-
19. Among the studies included in our meta-analysis, only
two studies properly adjusted for major confounders (Zhang
et al. [56] and Zhou et al. [57]), and coincidentally these two
studies also reported a significantly reduced risk of mortal-
ity from COVID-19 with the use of RAS inhibitors. Despite
these findings, residual confounding cannot be completely
ruled out, like in any observational study. Moreover, limited
by the study designs, we could not establish with certainty
whether RAS inhibitors were continued during the course of
the disease in COVID-19 patients, as the use of RAS inhibi-
tors was only established via medical record review or medi-
cal database review in majority of the studies included. Fur-
thermore, there were some studies in which the duration of
follow-up may not have been long enough for the outcomes
of interest (mortality and/or severe/critical illness) to occur.

5 Conclusions

For patients with or without hypertension regardless of
the treatment setting, it can be concluded from our meta-
analyses that the use of RAS inhibitors would not increase
the risk of mortality or severity in COVID-19. Indeed, the
risk, if any, is outweighed by the benefits of continuing RAS
inhibitors in COVID-19 patients with clinical indications
where the efficacy of RAS inhibitors has been rigorously
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established. However, due to the variable quality of the
existing evidence, this needs further confirmation from a
methodologically sound, large, prospective cohort study or
a randomized controlled trial.
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