Liu et al. BMC Infectious Diseases (2023) 23:53 BMC Infectious Diseases
https://doi.org/10.1186/512879-023-07994-7

- , ®
Effect of continuing the use of renin- Rl

angiotensin system inhibitors on mortality

in patients hospitalized for coronavirus disease
2019: a systematic review, meta-analysis,

and meta-regression analysis

Qi Liu'"", Wei Fu?', Chang-ju Zhu*", Zi-heng Ding', Bin-bin Dong', Bao-qing Sun?" and Rong-chang Chen**'

Abstract

Background The effect of angiotensin-converting enzyme inhibitors (ACEls)/angiotensin receptor blockers (ARBs)

on mortality was preliminarily explored through the comparison of ACEIs/ARBs with non-ACEIs/ARBs in patients with
coronavirus disease 2019 (COVID-19). Reaching a conclusion on whether previous ACEI/ARB treatment should be
continued in view of the different ACE2 levels in the comparison groups was not unimpeachable. Therefore, this study
aimed to further elucidate the effect of ACEI/ARB continuation on hospital mortality, intensive care unit (ICU) admis-
sion, and invasive mechanical ventilation (IMV) in the same patient population.

Methods We searched PubMed, the Cochrane Library, Ovid, and Embase for relevant articles published between
December 1, 2019 and April 30, 2022. Continuation of ACEI/ARB use after hospitalization due to COVID-19 was con-
sidered as an exposure and discontinuation of ACEI/ARB considered as a control. The primary outcome was hospital
mortality, and the secondary outcomes included 30-day mortality, rate of ICU admission, IMV, and other clinical
outcomes.

Results Seven observational studies and four randomized controlled trials involving 2823 patients were included.
The pooled hospital mortality in the continuation group (13.04%, 158/1212) was significantly lower than that (22.15%,
278/1255) in the discontinuation group (risk ratio [RR] =0.45; 95% confidence interval [Cl], 0.28-0.72; P=0.001).
Continuation of ACEI/ARB use was associated with lower rates of ICU admission (10.5% versus 16.2%, RR=0.63; 95% Cl
0.5-0.79; P<0.0001) and IMV (8.2% versus 12.5%, RR=0.62; 95% Cl 0.46-0.83, P=0.001). Nevertheless, the effect was
mainly demonstrated in the observational study subgroup (P <0.05). Continuing ACEI/ARB had no significant effect
on 30-day mortality (P =0.34), acute myocardial infarction (P =0.08), heart failure (P =0.82), and acute kidney injury
after hospitalization (P=0.98).
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Conclusion Previous ACEI/ARB treatment could be continued since it was associated with lower hospital deaths, ICU
admission, and IMV in patients with COVID-19, although the benefits of continuing use were mainly shown in obser-
vational studies. More evidence from multicenter RCTs are still needed to increase the robustness of the data.

Trial registration PROSPERO (CRD42022341169). Registered 27 June 2022

Keywords Renin-angiotensin system inhibitors, COVID-19, Hypertension, Hospital mortality, Regression analysis

Background

The coronavirus disease 2019 (COVID-19) pandemic has
imposed unprecedented challenges on both the world-
wide health system and global economic development
[1]. COVID-19 is a viral multiorgan disease although it
predominantly originates from the respiratory system
[2]. In particular, the renin—angiotensin—aldosterone sys-
tem (RAAS) has been implicated, as it has not only been
associated with the transmission of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) through
angiotensin-converting enzyme 2 (ACE2) [3], but also
with inflammatory lung injury. During the development
of COVID-19, RAAS plays multiple roles. On one hand,
angiotensin-converting enzyme (ACE) converts angio-
tensin I (Ang I) into angiotensin II (Ang II), increases
oxidative stress, promotes inflammation, and induces
fibrosis through the type 1 angiotensin receptor (AT1R)
[4, 5]. On the other hand, ACE2, another enzyme in
the RAAS, transforms Ang II into Ang-(1-7), increases
the level of nitric oxide, and alleviates inflammation by
combining with the Mas receptor [6, 7]. In theory, ACE
inhibitors (ACEIs)/angiotensin receptor blockers (ARBs)
potentially relieve SARS-CoV-2-induced lung injury by
downregulating the proinflammatory effect of the ACE-
Ang II-AT1R pathway, thus redirecting considerable
attention to the potential benefit of ACEIs/ARBs [8, 9].
Nonetheless, animal model studies have also indicated
that ACEIs/ARBs could upregulate the expression and
enhance the activity of ACE2 [10, 11], which plays an
important role in the mechanism by which SARS-CoV-2
enters the human lungs [12, 13], and thereby potentially
aggravates lung injury. As a result, there are two oppos-
ing hypotheses regarding the effect of ACEIs/ARBs
on SARS-CoV-2-induced lung injury, that is, whether
ACEIs/ARBs are protective or harmful [7, 14].

The results of certain clinical trials comparing patients
taking ACEIs/ARBs with those receiving other antihy-
pertensive agents revealed that ACEIs/ARBs were asso-
ciated with a lower risk of mortality in patients with
COVID-19 and hypertension [15]; however, other studies
found that ACEIs/ARBs did not affect mortality or severe
diseases in a conservative tone [16—19]. In these studies,
the levels of ACE2 in COVID-19 patients with and with-
out the chronic use of ACEIs/ARBs were not completely
identical; the expression of ACE2 in the former might

have been regulated by the chronic use ACEIs/ARBs nev-
ertheless, ACE2 in the latter was in the protoform state.
In other words, there are two differences existed between
the comparative groups: the intervention strategy (taking
ACEIs/ARBs or not) and baseline ACE2 levels. Hence,
an immediate conclusion regarding the continuation of
ACEIs/ARBs in patients who have previously undergone
chronic ACEI/ARB treatment may be premature, accord-
ing to the aforementioned studies. Therefore, comparison
of mortality between patients who continue and those
who discontinue previous ACEI/ARB treatment is war-
ranted [7]. Such a comparison potentially contributes to
the elucidation of the feasibility of continued ACEI/ARB
after a COVID-19 diagnosis [20—22]. This study aimed to
further determine the effect of ACEI/ARB continuation
on hospital mortality, ICU admission, and IMV com-
pared with discontinuation of ACEI/ARB in the patients
with the chronic use of ACEIs/ARBs before being
infected with SARS-CoV-2.

Methods

General information

This systematic review, meta-analysis, and meta-regres-
sion analysis was performed under the guidance of the
PRISMA statement [23]. The protocol was registered in
the PROSPERO database (CRD42022341169). Ethical
review and informed consent were waived for this type of
study. In this study, participants comprised adult patients
with COVID-19 who had a history of chronic ACEI/ARB
therapy for the treatment of their underlying diseases.
We considered the continuation of ACEIs/ARBs after
hospitalization for COVID-19 as an exposure and the
discontinuation of ACEIs/ARBs as a control. The primary
outcome of interest was hospital mortality, and the sec-
ondary outcomes were 30-day mortality, rate of intensive
care unit (ICU) admission, rate of invasive mechanical
ventilation (IMV) use, acute myocardial infarction, new
or worsening congestive heart failure, and new onset
acute kidney injury after hospitalization.

Search strategy

The electronic search was performed in PubMed, the
Cochrane Library, and Ovid Embase for relevant articles
published between December 1, 2019 and April 30, 2022.
The following combinations of terms or keywords were
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used: (COVID-19 OR corona virus OR SARS-CoV-2)
AND (ACE inhibitors OR ARB OR angiotensin-convert-
ing enzyme inhibitors OR angiotensin receptor blockers
OR RAS inhibitors OR renin—angiotensin system inhibi-
tors). We did not stipulate any further restrictions except
the publication time. Duplicate papers were identified
and counted once. The references of the relevant publica-
tions were verified manually to identify potentially eligi-
ble studies.

Eligibility criteria

Full texts were evaluated for potentially eligible stud-
ies based on the inclusion and exclusion criteria by Q.L.
and W.E. independently. In case of disagreement, they
discussed and consulted a third author (C.Z.) for arbi-
tration. The inclusion criteria were as follows: (1) par-
ticipants aged > 18 years, (2) COVID-19 hospitalization
and diagnosis, (3) ACEI/ARB administration as a chronic
treatment for any indication prior to COVID-19 infec-
tion, (4) at least one objective to compare the effect of
continuing previously administered ACEIs/ARBs with
that of discontinuing ACEIs/ARBs, and (5) at least one
outcome of interest extractable from the publication and
Additional file 1. The exclusion criteria included the fol-
lowing: (1) patients aged <18 years, (2) trials comparing
effect of ACEIs/ARBs with that of placebos or other anti-
hypertensive agents, (3) sole availability of an abstract or
meeting paper without published full text, and (4) non-
original studies, such as editorials, case reports, reviews,
and guidelines. Additionally, only one of the papers was
included if multiple articles were published for the same
trial.

Data extraction and quality assessment of the included
studies

The characteristics and outcomes of interest of the
included studies were extracted and managed using a
spreadsheet. The numbers of events, and the sample sizes
in each group were directly extracted to acquire dichoto-
mous data from the articles and appendixes. The New-
castle-Ottawa Scale (NOS) was used to assess the quality
of cohort studies in this meta-analysis [24]. The NOS
was used to evaluate quality with regard to three aspects:
selection, comparability, and outcome. One star was
awarded for each numbered item within the selection
and outcome categories if it qualified, while a maximum
of two stars was awarded for comparability. A maximum
of nine stars could be awarded to a study. For randomized
controlled trials (RCTs), the Cochrane Collaboration
tool was adopted to assess the risk of bias [25]. This tool
appraised the quality in six dimensions: sequence gen-
eration, allocation concealment, blindness to participants
and personnel, outcome assessment, data integrality of
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the outcome, and selective reporting. Each item was clas-
sified as follows: low risk, high risk, or unclear risk of bias
based on the related information. Two authors (Q.L. and
W.E.) performed the evaluations independently. Disa-
greements were resolved by discussion and subsequently
referred to a third author (C.Z.) for arbitration.

Statistical analysis

We adopted risk ratios (RRs) with 95% confidence inter-
vals (CIs) to determine the effect size of dichotomous
outcomes in this study. The pooled RR was calculated
using the Mantel-Haenszel method with the fixed model
if the heterogeneity was not high (<75%); otherwise, the
random model was employed. Additionally, to get the
adjusted RR and evaluate the stability of the result, the
RRs were logarithmically transformed and then pooled
together combined with the corresponding stand errors,
which were calculated from 95% Cls of crude RR. Het-
erogeneity was estimated quantitatively using I square
(1) [26, 27], and the value of I? was divided into three
levels: <50% indicated low heterogeneity, 50%-75% mod-
erate heterogeneity, and >75% high heterogeneity [28].
Subgroup analyses were performed based on the research
design (RCT or observational study) and number of
research centers (single or multiple-centers). Sensitivity
analyses were performed by removing each study one by
one or changing the effect model to observe the changes
in heterogeneity and check whether the results remained
stable, especially after removing some low-quality stud-
ies. Univariate and multivariate meta-regression analyses
based on random-effects restricted maximum likelihood
were performed to estimate the effect of the character-
istics of trials on the relationship between ACEIs/ARBs
and hospital mortality. P<0.05 was considered as a sig-
nificant difference. We utilized both Stata/IC (version
16.1, Single-user License, StataCorp, Texas, USA) and
Review Manager 5.3.5 (Cochrane Collaboration, Oxford,
UK) for statistical analyses.

Results

As shown in Fig. 1, 2236 articles were identified from the
electronic search. Thereafter, 2160 were excluded based
on their titles and abstracts. Further full text evaluation
eliminated 65 studies, including one study that reported
overlapping data from a different perspective [29].
Finally, we included 11 studies, including seven obser-
vational studies [30—36] and four RCTs [37-40]. In total,
2823 hospitalized patients were recruited in the eleven
studies. Five studies were performed in single centers
and six in multiple centers. The studies were distributed
across several countries, including Canada [37], United
States [31, 32], Spain [35, 36], Italy [30], Brazil [40], Iran
[33], France [34], Austria, and Germany [38]. One study
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g Search Strategy
":;3 Electronic literature search in Cochrane library, PubMed, Ovid, and
f*é Embase: 2236
§
< Added after manual search of bibliographies: 0
—
Excluded by titles and abstracts: 2160
0 | *Review 639 « Case reports, comment 205
g - Other animals 305 < Protocol 20
&
R * Study design 112« The others 879
) Articles identified as relevant: 76
) Retrieved for detailed evaluation of the full texts
. Excluded according to the full text: 65
% * Study design 58
o »| o Irrelevant 5
= * Letter 1
* Overlapping data 1
— \4
—_—
Studies included in this meta-analysis: 11
4 RCTs and 7 cohort studies
v
§ Studies with available outcomes: 11
= * Hospital mortality 9
= * 30 day mortality 5
* Intensive care unit admission 8
* Invasive mechanical ventilation 7
_ * Acute myocardial infarction 3
* New or worsening congestive heart failure 4
* New onset acute kidney injury 4

Fig. 1 Flow chart of the trial inclusion in this study. RCT randomized controlled trial, COVID-19 Corona Virus Disease 2019

simultaneously covered several American countries and
Sweden [39]. More characteristics of the included stud-
ies are presented in Table 1. The reasons of discontinu-
ing ACEI/ARB were summarized in Additional file 1:
Table S1.

Quality assessment of the included studies

The quality of the included trials was high in both
RCTs and cohort studies. The bias in RCTs was rated
as low risk for most of the appraisal items, while high
risk of bias or unclear risk of bias was predominantly
associated with the course of performance, that is,
participants and personnel were not blinded for the
safety of the patients (Table 2). All the included cohort

studies were awarded at least five stars, and half of
them were awarded eight stars, thus yielding a high
quality of cohort studies (Table 3). In the cohort stud-
ies, all the patients were confirmed using clear diag-
nostic criteria, and they originated from the same
population. Simultaneously, the continuation or dis-
continuation of ACIEs/ARBs was described explicitly
or judged according to the electronic medical record
system, and stars were awarded for the selected items
and for comparability among all the included studies.
Outcome assessment was awarded a star if the mortal-
ity was extracted from the record system regardless of
blinding. Follow-up information was considered not to
qualify for a star if information about it could not be
located in the article.
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Table 2 Quality assessment of RCTs through Cochrane Collaboration tool
Bias type Selection Performance Detection Attrition Reporting
Study, year Random Allocation Blinding of Blinding of Incomplete Selective reporting
sequence concealment participants and outcome outcome data
generation personnel assessment assessments

Sharma et al. 2022 [37]  Low Unclear High Low Low Low
Bauer et al. 2021 [38] Unclear Low High Low Low Low
Cohenetal.2020[39]  Low Low High Low Low Low
Lopes et al. 2021 [40] High Unclear Low Low Low Low
Low, high and unclear denote low risk, high risk and unclear risk of bias judged by the related information
Table 3 Quality assessment of the included cohort studies by Newcastle-Ottawa scale
Study, Selection Comparability Outcome Overall
year stars

Representativeness Representative of Ascertainmentof Outcome Assessment of Lengthof  Adequacy of

of the exposed the non-exposed  exposure was not the outcome  follow-up  follow-up

cohort cohort present

at start of
study

Cannata * * * * * * * * 8
etal. 2020
[30]
Llametal. % * * * * * - - 6
2020 [31]
Chaudhri % * * * * * - - 6
etal. 2020
(32
Soleimani % * * * * * * * 8
etal. 2020
33]
Lahens * * * * * * * * 8
etal. 2021
[34]
Aparisi * * * * * - - - 5
etal. 2022
[35]
de Abajo * * * * * * * * 8
etal. 2021
[36]

*: the quality of this specific item met the criterion; —: the item was not qualified to be awarded a star

Effect of ACEI/ARB continuation on hospitalization

and 30-day mortality

Nine studies covering 2467 patients, reported hos-
pital mortality, and the pooled hospital mortality was
13.04% (158/1212) and 22.15% (278/1255) in the con-
tinuation group and discontinuation group respec-
tively, and the difference was significant in random
effect model (RR=0.45; 95% CI 0.28-0.72; z=3.34,
P=0.0008) with high heterogeneity among studies
(I>=80%; P<0.00001) (Fig. 2A),sensitivity analysis
demonstrated that the difference was still significant
in fixed effect model (RR=0.60; 95% CI 0.51-0.71;
z=5.83, P<0.00001). Five studies, recruiting 1178
patients, reported on 30-day mortality, and accord-
ing to the pooled results, no significant difference was

observed between the continuation and discontinua-
tion of ACEIs/ARBs (6.8% versus 7.5%; RR, 0.83; 95%
CI10.56-1.22; z=0.96; [2=51%; P =0.34) (Fig. 2B).

Effect of ACEI/ARB continuation on ICU admission and IMV
use

As shown in Fig. 3A, the pooled results indicate that
the ICU admission rate was lower in the ACEI/ARB
continuation group (10.5%, 102/927) than in the ACEI/
ARB discontinuation group (16.2%, 153/942), and
the difference between the two groups was statisti-
cally significant (RR=0.63; 95% CI 0.5-0.79; z=3.94;
P<0.0001) with moderate heterogeneity (I>=51%;
P =0.05). Moreover, the continuation of ACEIs/ARBs
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A Hospital mortality
Continuation Discontinuation Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H. Random, 95% Cl M-H. Random, 95% Cl
Observational studies
Aparisi A 2022 32 151 48 159 14.7% 0.70 [0.48, 1.03] ]
Cannata F 2020 4 56 32 117 11.5% 0.46 [0.22, 0.97] %
Chaudbhri | 2020 5 49 9 31 9.4% 0.35[0.13, 0.95] _—
de Abajo FJ2021 79 285 94 340 15.6% 1.00[0.78, 1.29] & a
Lahens A 2021 7 78 13 39 10.8% 0.27[0.12, 0.62] .
Lam KW 2020 10 164 48 171 12.5% 0.22[0.11, 0.41] —
Soleimani A 2020 10 79 23 43 12.5% 0.24 [0.12, 0.45] =
Subtotal (95% CI) 862 900 87.1% 0.42[0.25, 0.71] -
Total events 150 267
Heterogeneity: Tau? = 0.40; Chi? = 39.06, df = 6 (P < 0.00001); I> = 85%
Test for overall effect: Z = 3.22 (P = 0.001)
RCTs
Lopes RD 2021 7 325 9 334 9.6% 0.80[0.30, 2.12] ] T
Sharma A 2022 1 25 2 21 3.3% 0.42[0.04, 4.31]
Subtotal (95% CI) 350 355 12.9% 0.73 [0.30, 1.79] ’
Total events 8 1
Heterogeneity: Tau? = 0.00; Chi*=0.25, df =1 (P = 0.62); I? = 0%
Test for overall effect: Z=0.70 (P = 0.49)
Total (95% CI) 1212 1255 100.0% 0.45[0.28, 0.72] >
Total events 158 278
Heterogeneity: Tau? = 0.35; Chi? = 39.33, df = 8 (P < 0.00001); I> = 80% ’0.0 ” of ” . 1‘0 ” 00‘

Test for overall effect: Z = 3.34 (P = 0.0008)
Test for subaroup differences: Chiz = 1.07. df = 1 (P = 0.30). I? = 6.5%

Favours [continuation] Favours [discontinuation]

B 30-day mortality

Continuation Discontinuation Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H. Random, 95% CI = 5% Cl
Bauer A 2021 12 100 8 104 22.2% 1.56 [0.67, 3.66] %
Cohen JB 2020 11 75 10 77 23.3% 1.13[0.51, 2.50]
Lahens A 2021 7 78 13 39 225% 0.27 [0.12, 0.62] S
Lopes RD 2021 9 325 9 334 21.1% 1.03 [0.41, 2.56] S
Sharma A 2022 2 25 3 21 10.9% 0.56 [0.10, 3.04] - =
Total (95% CI) 603 575 100.0% 0.80 [0.41, 1.57]
Total events 41 43

Heterogeneity: Tau? = 0.34; Chi? = 10.09, df = 4 (P = 0.04); I = 60%
Test for overall effect: Z = 0.66 (P = 0.51)

10 100
Favours [discontinuation]

0.01 0.1 1

Favours [continuation]

Fig. 2 Effect of ACEI/ARB continuation on the hospital and 30-day mortality. A Effect of ACEI/ARB continuation on the hospital mortality; B effect of
ACEI/ARB continuation on the 30-day mortality. C/ confidence interval, M-H Mantel-Haenszel, RCT random controlled trial

also was associated with the lower rate of IMV (8.2%
versus 12.5%; RR=0.62; 95% CI 0.46-0.83; P =0.001)
with low heterogeneity (I =43%; P=0.11) (Fig. 3B).

Effect of ACEI/ARB continuation on key organs

A few included studies reported the outcomes of key
organs. The pooled results indicated that ACEI/ARB
continuation did not have significant effects on acute
myocardial infarction, new or worsening conges-
tive heart failure, and new onset acute kidney injury
(P=0.08, P=0.82, and P =0.98, respectively, Fig. 4).

Subgroup and sensitivity analysis
Subgroup analysis based on the research design (RCT
or observational study) revealed a significant effect of

ACEI/ARB continuation, predominantly in observa-
tional studies (RR 0.42; 95% CI 0.25-0.71; P=0.001),
and the pooled in-hospital mortality was higher in
observational studies than in RCTs in both the inter-
vention (17.4% versus 2.3%) and control (29.7% versus
3.1%) groups. The benefit in reducing ICU admission
and IMV use mainly derives from observational stud-
ies (P<0.05). Subgroup analysis based on the num-
ber of research centers (single or multiple centers)
revealed that the benefit of ACEI/ARB continuation
was predominantly observed in single-center studies
with low heterogeneity (RR 0.20; 95% CI 0.28-0.39;
P <0.00001; I?=0%) (Additional file 1: Fig. S1). Accord-
ing to the description about blood pressure (Additional
file 1: Table S1), we allocated the studies into three
categories: studies in which patients had comparable



Liu et al. BMC Infectious Diseases (2023) 23:53 Page 8 of 14
ICU Admission
A Continuation  Discontinuation Risk Ratio Risk Ratio
_Study or Subgroup  Events Total Events  Total Weight M-H. Random. 95% ClI M-H. Random. 95% Cl

Observational studies
Aparisi A 2022 11 151 25 159 13.1% 0.46 [0.24, 0.91] ==

Chaudhri | 2020 9 49 13 31 12.2% 0.44 [0.21, 0.90] T
de Abajo FJ2021 17 285 19 340 13.9% 1.07 [0.57, 2.01] ==
Lahens A 2021 10 78 14 39 12.3% 0.36 [0.17, 0.73] - 5

Lam KW 2020 20 164 45 171 17.3% 0.46 [0.29, 0.75] -

Subtotal (95% ClI) 727 740  68.8% 0.52 [0.36, 0.75] <>
Total events 67 116

Heterogeneity: Tau? = 0.07; Chi? = 6.56, df =4 (P = 0.16); I* = 39%
Test for overall effect: Z = 3.54 (P = 0.0004)

RCTs

Bauer A 2021 18 100 20 104 15.1% 0.94 [0.53, 1.66] =

Cohen JB 2020 16 75 14 77 13.7% 1.17 [0.62, 2.23] 2
Sharma A 2022 1 25 3 21 2.3% 0.28 [0.03, 2.50]

Subtotal (95% Cl) 200 202 31.2% 0.99 [0.65, 1.50] <>

Total events 35 37

Heterogeneity: Tau? = 0.00; Chi? = 1.59, df = 2 (P = 0.45); I = 0%

Test for overall effect: Z = 0.07 (P = 0.95)

Total (95% Cl) 927 942 100.0% 0.62 [0.44, 0.88] <>

Total events 102 153

Heterogeneity: Tau? = 0.12; Chi? = 14.36, df = 7 (P = 0.05); I?=51% =0.0 ) of ” ; 1‘0 " 00‘
Test for overall eﬁegt: 2=285 (P,z 0.008) Favours [continuation] Favours [discontinuation]
Test for subaroup differences: Chiz = 5.13. df = 1 (P = 0.02). I> = 80.5%

IMV

B Continuation  Discontinuation Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight M-H. Fixed, 95% CI M-H, Fixed. 95% CI
Observational studies
Aparisi A 2022 4 151 20 159  19.2% 0.37[0.16, 0.85] .
Chaudhri | 2020 9 49 10 31 121% 0.57 [0.26, 1.24] e
Soleimani A 2020 6 79 14 43 17.9% 0.23[0.10, 0.56] e~
Subtotal (95% ClI) 279 233 49.2% 0.37 [0.23, 0.59] -
Total events 22 44
Heterogeneity: Chi? = 2.23, df =2 (P = 0.33); I? = 10%
Test for overall effect: Z =4.10 (P < 0.0001)
RCTs
Bauer A 2021 8 100 10 104 9.7% 0.83[0.34, 2.02] S P
Cohen JB 2020 10 75 8 {44 7.8% 1.28 [0.54, 3.07] — e
Lopes RD 2021 25 325 32 334 31.2% 0.80 [0.49, 1.32] &
Sharma A 2022 1 25 2 21 21% 0.42[0.04, 4.31]
Subtotal (95% CI) 525 536 50.8% 0.87 [0.59, 1.27]
Total events 44 52

Heterogeneity: Chiz = 1.25, df = 3 (P = 0.74); I = 0%
Test for overall effect: Z = 0.74 (P = 0.46)
Total (95% Cl) 804 769 100.0% 0.62 [0.46, 0.83] <&
Total events 66 96

Heterogeneity: Chi? = 10.49, df = 6 (P = 0.11); I = 43% ‘0.0 v 0? y : 1‘0 v 00’

Test for overall effect: Z = 3.20 (P = 0.001)
Test for subaroup differences: Chi? = 7.50. df = 1 (P = 0.006). I> = 86.7%

Favours [continuation] Favours [discontinuation]

Fig. 3 Effect of ACEI/ARB continuation on ICU admission and invasive mechanical ventilation. A Effect of ACEI/ARB continuation on ICU admission;
B effect of ACEI/ARB continuation on the rate of IMV. ICU intensive care unit, IMV invasive mechanical ventilation, C/ confidence interval, M-H

Mantel-Haenszel

blood pressure between the two groups, studies in
which some of the patients in the discontinuing group
had hypotension, and studies in which patients had
unstated blood pressure (Additional file 1: Table S2).
Benefit in hospital mortality, rate of ICU admission,
and IMV use was found in the studies in which some

of the patients in the discontinuing group had hypoten-
sion (Table 4). Information about AKI and chronic kid-
ney diseases was reported in Additional file 1: Table S3,
unfortunately, it was not feasible to perform a success-
ful analysis because of the incomplete data.
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Total events 29 27
Heterogeneity: Chi? = 5.16, df = 3 (P = 0.16); 12 = 42% ‘0 = 0’ 7 i 1’0 . oo=
Testforoverall effect: 2.=0.23 (P = 0.82) Favours [continuation] Favours [discontinuation]
New onset acute kidney injury
G
Continuation  Discontinuation Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H. Random, 95% CI M-H. Random, 95% CI
Bauer A 2021 1 100 0 104  57% 3.12[0.13, 75.67]
Cohen JB 2020 2 75 1 77 10.2% 2.05[0.19, 22.17]
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Sharma A 2022 ] 25 1 21 7.8% 0.84 [0.06, 12.63] >
Total (95% Cl) 525 536 100.0% 0.99 [0.46, 2.12]
Total events 13 13
Heterogeneity: Tau? = 0.00; Chi? = 1.01, df = 3 (P = 0.80); I> = 0% '0 o1 0'1 1’ 1'0 100’

Test for overall effect: Z = 0.02 (P = 0.98)

Fig. 4 Effect of ACEI/ARB continuation on heart and kidney

Sensitivity analysis demonstrated that removing
de Abajo et al. [36] (higher mortality rates but fewer
patients admitted to ICU in both the intervention and
control group) sharply decreased heterogeneity, and the
reduction in hospital mortality rate remained statisti-
cally significant (RR 0.39; 95% CI 0.25-0.59; P <0.0001;
1>=58%) (Additional file 1: Fig. S2). For 30-day mortal-
ity, the heterogeneity (I?) decreased from 60% (P = 0.04)
to 0 (P=0.74) without distorting the pooled result
(z=0.59, P=0.56) when one study [34] was removed.
The heterogeneity of IMV use was attributed to the
study performed by Abbas Soleimani [33], the origin of
heterogeneity might be that the rate of IMV was vastly
different in the aforementioned two studies. Adjusted
RRs were reported in Additional file 1: Table S4, the
differences of 30-day mortality and new or worsening
congestive heart failure increased to be statistically sig-
nificant (both Ps <0.05).

Favours [continuation] Favours [discontinuation]

Meta-regression analysis

Meta-regression analysis was performed to explore the
relationship between hospital mortality and the char-
acteristics of the research design and patient baseline
characteristics. The RR was found to be significantly
affected by the sample size (t=3.04, P=0.019) (Addi-
tional file 1: Fig. S3A) but not by the publishing year
(t=1.29, P=0.237) (Additional file 1: Fig. S3B), trial
type (t=—0.30, P=0.771) (Additional file 1: Fig. S3C),
number of research centers (t=1.14, P=0.292) (Addi-
tional file 1: Fig. S3D), and number of nations (t=—1.91,
P =0.098) (Additional file 1: Fig. S3E). Multivariate meta-
regression indicated these research design characteris-
tics and explained the R*=78.78% heterogeneity result
among studies on hospital mortality. Univariate meta-
regression analysis revealed that the effect of patient
baseline characteristics (age, male sex, rate of underlying
chronic kidney disease or diabetes) on the association
between ACEI/ARB continuation and hospital mortality
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Table 4 Subgroup analysis by the baseline blood pressure
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No. of
studies

Con event/total Discon event/total 1% (%) P value for

heterogeneity

RR 95% CI

Overall effect
Z/P value

Hospital mortality subgroup analysis by blood pressure

With comparable blood pressure 3 13/399 220/386 0.50 0.52[0.27,1.02] 1.9/0.06
Part of patients with hypotensionin 3 27/321 84/253 092 0.24[0.16,0.35] 7.07/<0.00001
the discontinuing group
With unstated blood pressure 3 118/492 174/616 0 0.18 0.76 [0.52,1.13] 1.35/0.18
30-day mortality subgroup analysis by blood pressure
With comparable blood pressure 4 34/525 30/536 0 0.74 1.15[0.72,1.84] 0.59/0.56
Part of patients with hypotension in 1 7/78 13/39 NA NA 0.27[0.12,0.62] 3.08/<0.002
the discontinuing group
Rate of ICU admission subgroup analysis by blood pressure
With comparable blood pressure 4 44/249 50/233 42 0.16 0.76 [0.45,1.28] 1.02/0.31
Part of patients with hypotensionin 2 30/242 59/210 0 0.55 0.43[0.29,0.64] 4.18/<0.0001
the discontinuing group
With unstated blood pressure 2 28/436 44/499 68 0.08 0.711[0.31,1.51] 0.83/041
Rate of IMV subgroup analysis by blood pressure
With comparable blood pressure 5 53/574 62/567 0 0.71 0.81[0.57,1.14] 1.21/0.23
Part of patients with hypotension in 1 6/79 14/43 NA NA 0.23[0.10,0.56] 3.24/0.001
the discontinuing group
With unstated blood pressure 1 7/151 20/159 NA NA 0.62[0.46,0.83] 3.20/0.001

Con continuation, Dis discontinuation, NA not applicable, ICU intensive care unit, IMV invasive mechanical ventilation, RR risk ratio, Cl confidence interval

was not significant (P>0.05) (Additional file 1: Fig. S4);
however, multivariate meta-regression revealed a con-
fident model between hospital mortality and male sex
(P=0.023), and underlying diabetes (P =0.023).

Publication bias

Based on visual inspection, the funnel plot was slightly
asymmetric, thus indicating potential publication bias
(Additional file 1: Fig. S5), which was significant when
evaluated using Egger’s test (P=0.042) and not signifi-
cant when assessed using Begg’s test (P =0.754).

Discussion

To the best of our knowledge, this is the first meta-anal-
ysis study to determine whether ACEIs/ARBs should be
continued in patients with previous ACEI/ARB use in
both the intervention and control groups before COVID-
19 infection. We found that the continuation of ACEIs/
ARBs could be maintained as it was associated with lower
hospital deaths, ICU admission, and IMV in patients with
COVID-19 without significant side effects on other clini-
cal outcomes, although the benefits of continuing previ-
ous ACEI/ARB use were mainly shown in observational
studies.

The RAAS has become a cause of concern ever
since. ACE2 was considered the binding receptor of
SARS-CoV during the 2003 SARS pandemic [41]. In
this COVID-19 pandemic, ACE2 has been implicated

again as the key passage of SARS-CoV-2 entry into the
host cells but with a 10- to 20-fold higher affinity than
SARS-CoV [42]. Additionally, ACE2 has not only been
limited to being a receptor; it has also been found to
play a crucial role in lung injury caused by both SARS-
CoV [43] and SARS-CoV-2 [7]. The RAAS is involved
in the process of lung injury through the regulation of
the ACE2-Ang-(1-7)-Mas receptor-G protein path-
way and/or ACE-Ang II-AT1R pathway [44]. The two
homologs interact with each other; ACE2 hydrolyzes
Ang II to Ang-(1-7) and whittles the ACE-Ang II-AT1R
pathway [45], whereas ACE cleaves Ang I to produce
Ang II and counteracts the function of the ACE2-Ang
II-Ang-(1-7) access. The imbalance of the two path-
ways dominates the effect of the RAAS during inflam-
matory lung injury [46, 47], thus rendering it possible
to adopt ACEIs/ARBs or recombinant ACE2 protein
as a therapeutic option [48]. Results of animal stud-
ies have found that ACEIs potentially reduce Ang-II
and increase Ang-(1-7) levels in the plasma and ARBs
potentially increase Ang-II, Ang-(1-7) levels, as well as
the activity of ACE2. Therefore, ACEIs/ARBs poten-
tially attenuate lung injury by hindering the classical
RAAS axis (ACE-Ang II-AT1R) and aggrandizing the
new ACE2-Ang II-Ang-(1-7)/Mas receptor pathway
(10, 49].

At the clinical level, trials that explored the effect of
ACEIs/ARBs on COVID-19-induced lung injury were
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predominantly performed on patients with hyperten-
sion before SARS-CoV-2 infection. Two cohort stud-
ies with large sample sizes indicated that taking ACEIs/
ARBs before COVID-19 infection could reduce all-cause
mortality compared with non-use of ACEIs/ARBs [9, 50].
However, a few meta-analyses found that taking ACEIs/
ARBs did not affect mortality significantly [16, 51-54],
but all the included trials compared the effect of ACEIs/
ARBs with that of placebos or other anti-hypertension
drugs. For these trials, it remains impeachable to draw a
conclusion regarding the continuation or discontinuation
of previous ACEI/ARB treatment considering the differ-
ing ACE2 levels between the two comparison groups.
Patients in the control group took placebos or other anti-
hypertensives, and ACE2 expression was not affected
by ACEIs/ARBs, whereas ACE2 in intervention group
patients was upregulated by ACEIs/ARBs.

The present study further clarified whether ACEIls/
ARBs should be continued in patients who possessed
the same level of ACE2 in both the intervention and
control groups because they all took ACEIs/ARBs
before COVID-19 infection. This novelty distinguishes
the present study from aforementioned studies. The
pooled result of the present study indicated that con-
tinued exposure to ACEIs/ARBs was associated with a
41.1% decrease in all-cause hospital mortality, thus cor-
roborating the protective survival effect of continued
ACEI/ARB use. This protective effect may be attrib-
uted to the multiple inhibition function of ACEIs/ARBs
on inflammation induced by the RAAS axis. ACEIls
inhibit the conversion of Ang I to Ang II, and ARBs
block the attachment of Ang II to ATI1R, thus inter-
rupting the ACE-Ang I-Ang II-AT1R inflammatory
pathway, with ACEIs/ARBs simultaneously increas-
ing the substrates (Ang I and Ang II) of ACE2. Addi-
tionally, ACEIs/ARBs increase ACE2 expression and
enhance its activity [55], thus playing a protective role
after infection [56]. The increased substrates (Ang I and
Ang II) and the enhanced converzyme (ACE2) produce
more Ang-(1-7), which strengthens the Ang-(1-7)-
Mas receptor anti-inflammatory pathway. Hence, we
deemed ACEI/ARB continuation to relieve lung injury
and the cytokine storm through correcting the imbal-
ance between the COVID-19-induced inflammatory
and anti-inflammatory pathways. This standpoint was
verified by the lower rate of ICU admission and lower
risk of IMV in the ACEI/ARB continuation group.
In patients who took ACEIs/ARBs prior to COVID-
19 infection, continued ACEI/ARB use mitigated the
severity of COVID-19 and reduced the risk of death.
Nonetheless, heterogeneity among studies was high,
and further sensitivity analysis found that it predomi-
nantly arose from the study by de Abajo et al. [36]. In
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that study, the definition of (dis)continuation of ACEIs/
ARBs was more rigorous, and the patient inclusion cri-
teria were more stringent; additionally, hospital mor-
tality was considerably high in both the ACEI/ARB
discontinuation and continuation groups.

Subgroup analysis revealed that the effect of continu-
ing ACE/ARB use in reducing hospital mortality, ICU
admission, and IMV was predominantly demonstrated
in observational studies; all RCTs found no difference
between the continuation and discontinuation use of
ACE/ARB. According to the strength of evidence, RCT
provides more robust evidence than observational stud-
ies. There might be some confounders in the nonrandom
trials. The reasons of discontinuing were excavated. Three
studies reported that the reasons of ACEI/ARB discon-
tinuation were dependent on clinical need such as hypo-
tension and acute kidney injury [31, 33, 34]. Subgroup
analysis was performed on blood pressure and found
that the benefits of discontinuation were mainly dem-
onstrated in the studies in which patients in the group
who were discontinuing ACEI/ARB had hypotension,
which is consistent with clinical medicine. However, it is
well known that those who have severe symptoms have
a higher risk of bad outcomes due to their serious con-
dition besides the effect of the discontinuation of drugs,
which hints that hypotension might be a vital confound-
ing bias that could give misleading results, although base-
line blood pressure and kidney function were comparable
in all the included RCTs and one observational studies
(Additional file 1: Table S2). Nevertheless, the weakness
of this evidence cannot be used to give a recommenda-
tion to discontinue previous ACEI/ARB treatment as no
evidence was found that indicated a disadvantage in con-
tinuing ACEI/ARB use [57]. In addition, blind withdrawal
of drugs may result in unstable disease control [58, 59].
As a result, ACEI/ARB treatment could be maintained
based on the current results of the present study. How-
ever, more RCTs should be performed to obtain more
robust evidence.

Meta-regression indicated that male sex and diabetes
were impact factors, a finding that is inconsistent with
that of studies in which the pooled results compared
ACIEs/ARBs with placebos or other antihypertensive
agents [51]. The negative impact of male sex might have
been related to the higher expression of ACE2 [60], which
allowed more SARS-CoV-2 to enter the patients’ body
and cause more severe disease and higher mortality than
that in the female sex [61, 62]. Similarly, ACE2 expres-
sion was upregulated approximately 30% in both type 1
[63] and type 2 [64] diabetes. The mechanism underly-
ing the negative effect of diabetes might not have been
limited to the higher level of ACE2; a more complicated
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pathophysiology might have been involved in the disease
course of patients COVID-19 and comorbid diabetes
[65].

Limitations

Our conclusions were predominantly derived from
observational studies, although they were confirmed to
be of relatively high quality. More RCTs were required
to strengthen the evidence. ACEIs and ARBs elicit dif-
ferent feedbacks in the RAAS, especially the levels of
Ang II, Ang-(1-7) ACE, and ACE2 [4], thus potentially
making them exert varying effects on inflammation and
even the clinical outcomes. However, this study had no
means of clarifying this because subgroup analysis based
on antihypertensive agents, AClIs, or ARBs could not be
performed. The findings might be affected to a certain
extent by a confounder (patients had more severe symp-
toms in the ACEI/ARB discontinuation group). There
was no way to elucidate the influence of this confound-
ing factor by multivariate regression analysis with the
effect size because limited data could be extracted from
the included trials in this meta-analysis study, however,
sensitivity analysis by removing a dataset, changing the
effect model or introducing adjusted RR as effect size
indicated robust and stable findings in most of the out-
comes of interest. Additionally, publication bias might
have subsisted owing to the divergence between the Egg-
er’s and Begg’s tests.

Conclusions

In patients with COVID-19, previous ACEI/ARB treat-
ment could be continued as the continuation of ACEI/
ARB use was associated with reduced hospital mortal-
ity, ICU admission, and IMV, without remarkable dis-
advantage. However, the benefits were mainly shown in
observational studies, and simultaneously, the potential
confounders should be kept in mind. The effects of the
continuation of ACEI/ARB treatment might have also
been affected by sample size, male sex, and underlying
diabetes mellitus. More multicenter RCTs are warranted
to enhance the robustness of evidence.
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