
Hypertension Research (2022) 45:1147–1153
https://doi.org/10.1038/s41440-022-00922-3

MINI REVIEW

Impact of renin–angiotensin–aldosterone system inhibitors on
COVID-19

Yasushi Matsuzawa1 ● Kazuo Kimura1,2 ● Hisao Ogawa3 ● Kouichi Tamura4

Received: 7 March 2022 / Revised: 19 March 2022 / Accepted: 22 March 2022 / Published online: 18 May 2022
© The Author(s), under exclusive licence to The Japanese Society of Hypertension 2022

Abstract
Since the onset of the coronavirus disease 2019 (COVID-19) pandemic, the possible roles of renin–angiotensin system
(RAS) inhibitors in COVID-19 have been debated as favorable, harmful, or neutral. Angiotensin-converting enzyme 2
(ACE2) not only is the entry route of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection but also
triggers a major mechanism of COVID-19 aggravation by promoting tissue RAS dysregulation, which induces a
hyperinflammatory state in several organs, leading to lung injury, hematological alterations, and immunological
dysregulation. ACE inhibitors and angiotensin II type-1 receptor blockers (ARBs) inhibit the detrimental hyperactivation
of the RAS by SARS-CoV-2 and increase the expression of ACE2, which is a counter-regulator of the RAS. Several studies
have investigated the beneficial profile of RAS inhibitors in COVID-19; however, this finding remains unclear. Further
prospective studies are warranted to confirm the role of RAS inhibitors in COVID-19. In this review, we summarize the
potential effects of RAS inhibitors that have come to light thus far and review the impact of RAS inhibitors on COVID-19.
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ACE2, counterregulatory renin–angiotensin
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Coronavirus disease 2019 (COVID-19) is caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection by binding to angiotensin-converting enzyme 2
(ACE2) [1]. ACE2, a membrane-bound enzyme, is present
in the lungs, intestine, liver, heart, testis, and kidney tissues;
it is also released into the circulatory system [2]. ACE2 was
discovered in 2000 and has 60% homology with
angiotensin-converting enzyme 1 (ACE1). It has recently
attracted increased attention owing to its association with

SARS-CoV-2 [3]. SARS-CoV-2 has four main structural
proteins: spike, envelope, nucleocapsid, and membrane
proteins. The interaction of the spike protein of SARS-CoV-
2 with the entry receptor ACE2 is the first step of SARS-
CoV-2 entering host cells [1]. When SARS-CoV-2 invades
the host, the spike protein is primed by transmembrane
protease serine 2 (TMPRSS2), a cellular serine protease [1].
The downregulation and depletion of ACE2 results from the
binding of SARS-CoV-2 to ACE2 and processing of the
spike protein by TMPRSS2 [1, 4]. In addition to its
pathogenic role as the entry receptor of SARS-CoV-2, the
physiological essential role of ACE2 is as a pivotal coun-
terregulatory enzyme of the renin–angiotensin system
(RAS) in various cell types.

The clinical severity of COVID-19 ranges widely from
asymptomatic to mild respiratory symptoms and even critical
situations, with serious complications involving the cardio-
vascular and pulmonary systems (e.g., myocardial injury,
myocarditis, myocardial infarction, acute respiratory distress
syndrome [ARDS], and renal failure). ACE2 and the RAS
play important pathophysiological roles in COVID-19
through the downregulation of ACE2 expression by the
SARS-CoV-2 spike protein. Figure 1 illustrates the potential
role of the RAS and its inhibitors in COVID-19. After
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engagement with the plasma membrane, SARS-CoV-2
undergoes endocytosis, resulting in reduced ACE2 expres-
sion in infected cells. ACE2 generates Ang 1–9 by cleaving a
single residue from angiotensin I (Ang I) and degrades Ang
II, the main effector of the RAS, to the vasodilator Ang 1–7.
Therefore, ACE2 acts in a counterregulatory manner in the
ACE-mediated RAS. The RAS regulates blood pressure,
renal function, water homeostasis, electrolyte balance, and
inflammation through the production of Ang II. In addition to
the downregulation of Ang II, Ang 1–7 metabolized from
Ang II by ACE2 exerts vasodilatory effects and improves
cardiac function through the activation of the Ang 1–7/MAS
receptor pathway. Thus, ACE2 has multiple beneficial effects
on cardiovascular pathologies, diabetic injury, fibrosis,
inflammation, and, most importantly, acute lung injury [5–7].
Although ACE2 and its receptor function as the counter-
regulatory axis of the RAS, the binding of SARS-CoV-2 to
ACE2 and processing of the spike protein by TMPRSS2
result in the downregulation and depletion of ACE2. SARS-
CoV-2 infection activates the local RAS and downregulates
membrane-bound ACE2 in the lungs, contributing to more
severe inflammation and ARDS.

RAS inhibitors in ACE2 and COVID-19

Previous studies have reported that ACE inhibitors (ACEIs)
do not inhibit ACE2 activity, and RAS inhibitors, including
ACEIs and angiotensin II type-1 receptor blockers (ARBs),
restore and increase ACE2 expression [8, 9]. ACE2 func-
tions as the entry receptor of SARS-CoV-2 and as a coun-
terregulatory enzyme to RAS activity, which induces

detrimental hyperactivation of inflammatory cytokine
release and subsequent ARDS. Considering the contrasting
activities of ACE2 in SARS-CoV-2 infection, the question
of whether to increase ACE2 levels in tissues to inhibit the
inflammatory response and prevent the aggravation of
COVID-19 or to promote the reduction of tissue ACE2
levels to decrease viral entry and replication was raised.
However, recent large-scale clinical studies have reported
that using ACEIs or ARBs did not affect either SARS-CoV-
2 infection or the frequency of COVID-19 [10–12]. ACEIs
and ARBs are expected to improve COVID-19 clinical
outcomes through the counterregulation of RAS over-
activation under SARS-CoV-2 infection [13].

Kanagawa RASI COVID-19 study

We conducted a multicenter retrospective observational
study (Kanagawa renin–angiotensin system inhibitor
COVID-19 study) of 151 patients who were diagnosed with
COVID-19 through polymerase chain reaction tests at six
hospitals in Kanagawa, Japan [14]. The purpose of this
study was to examine whether the preceding use of ACEIs
and ARBs affected the clinical manifestations and prog-
noses of COVID-19 patients. Among the study population
(n= 151), 39 had hypertension, and 21 had been using
ACEIs or ARBs preceding COVID-19. With this small
number of patients, we could not demonstrate the statistical
significance of RAS inhibitors for in-hospital death or
severity of the respiratory condition. However, RAS inhi-
bitor use was significantly associated with a lower incidence
of confusion in COVID-19 patients with hypertension.
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Delirium, an acute state of confusion, is characterized by
an altered level of consciousness and attention. Delirium is
a multifactorial syndrome that is caused by complex

interrelationships. In addition, delirium reflects COVID-19
disease severity. It is suggested that involvement of the
brain and neuroinflammatory reactions is a key factor for
acute brain dysfunction in COVID-19 patients [15–17].
Systemic inflammation increases blood–brain barrier per-
meability and alters the expression of tight junction pro-
teins, resulting in the spread of inflammation into the central
nervous system [16]. Counterregulation of RAS inhibitors
to RAS overactivation in SARS-CoV-2 infection may
contribute to the decreased occurrence of confusion in
patients with COVID-19 [18, 19]. Delirium is a common
complication of SARS-CoV-2 infection and is associated
with a longer hospital stay and increased mortality [20]. A
recent meta-analysis reported that the pooled prevalence of
delirium was 24.3%, and it ranged widely from 2.8% to
77.4% [21]. The same study reported that the pooled inci-
dence of delirium was 32.4%, ranging from 4.0% to 80.2%,
and delirium was associated with a threefold higher mor-
tality rate (44.5% mortality in patients with COVID-19 and
delirium). A prospective observational study conducted in
Italy and published in 2022 reported delirium in 28% of
patients with COVID-19-related pneumonia admitted to a
noncritical care unit, and delirium was associated with 7
times higher mortality in COVID-19 patients after adjusting
for age and frailty [20]. In our study, 14 out of 151 COVID-
19 patients (9.3%) had newly developed delirium, a rate that
was relatively lower than that in previous studies, and the
mortality rate in the patients with delirium was 78.6% [14].
The frequency of delirium and mortality from delirium in

Fig. 1 SARS-CoV-2 Interaction with the renin–angiotensin system.
A Angiotensin-converting enzyme (ACE) converts angiotensin I into
angiotensin II. Angiotensin II, the main effector of the RAS, stimulates
the secretion of aldosterone, which stimulates salt and water reab-
sorption by the kidneys, the constriction of small arteries (arterioles),
and inflammation. ACE2 degrades Ang I to Ang 1–9 and Ang II to
Ang 1–7. In addition to the downregulation of Ang I and Ang II, Ang
1–7 exerts functions such as vasodilation and an improvement in
cardiac function through activation of the Ang 1–7/MAS receptor
pathway. Therefore, ACE2 acts in a counterregulatory manner in the
ACE-mediated RAS. ACE2 has multiple beneficial effects on cardi-
ovascular pathologies, inflammation, and, most importantly, acute lung
injury. B The binding of SARS-CoV-2 to ACE2 results in the
downregulation and depletion of ACE2. SARS-CoV-2 infection acti-
vates the local RAS and downregulates membrane-bound ACE2 in the
lungs, contributing to more severe inflammation and ARDS. C RAS
inhibitors, including ACEIs and ARBs, restore and increase ACE2
expression. ACEIs and ARBs inhibit the detrimental hyperactivation
of the RAS by SARS-CoV-2 and increase the expression of ACE2,
which is a counterregulator of the RAS. Thus, these drugs are expected
to improve COVID-19 clinical outcomes. ACE angiotensin-converting
enzyme, ACE2 angiotensin-converting enzyme 2, ACEI angiotensin-
converting enzyme inhibitor, Ang I angiotensin 1, Ang II angiotensin
2, Ang 1–7 angiotensin 1–7, ARB angiotensin receptor blocker,
ARDS acute respiratory distress syndrome, AT1R angiotensin 2 type-1
receptor, COVID-19 coronavirus disease 2019, RAS
renin–angiotensin system, SARS-CoV-2 severe acute respiratory
syndrome coronavirus 2
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COVID-19 patients was reportedly lower in Asian countries
than in non-Asian countries [21]. However, considering the
retrospective nature of our study, the incidence of delirium
was likely underestimated. The pathophysiology of the high
mortality related to delirium in COVID-19 is multifactorial.
In addition, delirium reflects COVID-19 severity, and the
involvement of SARS-CoV-2 in the brain is suggested to be
a major factor [17, 22]. Thus, in COVID-19 patients,
delirium needs to be assessed regularly and routinely, and it
should be recognized and managed early [23]. However,
there have been no randomized clinical trials investigating
the treatment or prevention of delirium in COVID-19
patients.

Randomized trials on the effects of RAS
inhibitors on COVID-19

Although the association between ACE2 expression and
RAS inhibitors is still being studied, the effects of RAS
inhibitors on clinical outcomes in COVID-19 patients have
been reported by many studies, particularly prospective
randomized studies, as shown in Table 1 [24–29]. In early
2021, the REPLACE COVID trial and the BRACE COR-
ONA trial were published [24, 25]. The REPLACE COVID
trial [24] was a prospective, randomized, open-label trial
that enrolled 152 patients (mean age, 62 years) who were
hospitalized for COVID-19 with chronic prescription of
ACEIs or ARBs prior to hospitalization. Patients were
randomized into groups for the continuation or dis-
continuation of RAS blockers. There were no differences in
the global rank score, intensive care unit (ICU) admission,
invasive mechanical ventilation, or death between the two
arms. The BRACE CORONA trial [25] from Brazil enrol-
led 659 hospitalized COVID-19 patients (median age, 55
years) who were using ACE inhibitors or ARBs prior to
hospitalization. The authors compared the number of days
patients survived and were out of the hospital up to 30 days
after randomization into groups for the continuation or
discontinuation of RAS blockers and observed no differ-
ence between the groups (discontinuation group 21.9 ±
8 days and continuation group 22.9 ± 7.1 days). In the
BRACE CORONA trial, there were significant interactions
between randomization and some subgroups, which indi-
cated that the continuation of ACEIs or ARBs may be more
beneficial than discontinuation in patients with lower oxy-
gen saturation and in those with greater COVID-19 severity
at hospital admission. The ACEI-COVID trial [26] was
published online in June 2021. It included 204 COVID-19
patients who were on chronic ACEIs or ARBs and were
randomly divided into two groups according to the con-
tinuation or discontinuation of RAS blockers. The ACEI-
COVID trial included older people (median age, 75 years)

than the previous two trials. Although secondary endpoints,
such as the area under the receiver operating characteristic
(ROC) curve for the Sequential Organ Failure Assessment
(SOFA) score and mean SOFA score, were significantly
lower in the discontinuation group than in the continuation
group, the primary endpoint of the maximal SOFA score
within 30 days was not different between the two groups.

In addition to the abovementioned randomized clinical
trials that compared the continuation and discontinuation of
RAS blockers in COVID-19 patients, two randomized
clinical trials investigated the effect of the initiation of RAS
blockers in COVID-19 patients who were not on chronic
ACEIs or ARBs [28, 29]. A double-blind randomized study
from Minnesota included 117 symptomatic outpatients with
COVID-19 not already on ACEIs or ARBs [28]. Patients
were randomly administered losartan 25 mg twice daily or a
placebo for 10 days. The primary outcome, all-cause hos-
pitalization within 15 days, did not differ between groups.
Viral load, the secondary outcome, was also not sig-
nificantly affected by the treatment. Duarte et al. reported an
open-label randomized trial of 158 patients hospitalized for
COVID-19 who were not on ACEIs or ARBs on admission
[29]. Patients in the control arm received standard care only,
whereas those in the treatment arm were administered a
high dose of telmisartan (80 mg twice daily) in addition to
standard care for 14 days. C-reactive protein levels sig-
nificantly decreased from 9.04 mg/dL at baseline to 3.83
mg/dL on Day 5 and 2.37 mg/dL on Day 8 in the telmi-
sartan group; however, in the control group, they did not
decrease (5.53 mg/dL at baseline, 6.06 mg/dL on Day 5, and
6.30 mg/dL on Day 8), suggesting an anti-inflammatory
effect of telmisartan in COVID-19. Furthermore, the median
time to discharge in the telmisartan group was significantly
shorter than that in the control group, (9 days in the telmi-
sartan group vs. 15 days in the control group), and the 30-day
mortality rate was significantly lower (4.29% in the telmi-
sartan group vs. 22.54% in the control group, P= 0.002).
The combination of ICU admission, mechanical ventilation,
and death was also reduced by telmisartan treatment on Days
15 and 30. No adverse events with high-dose telmisartan
were reported in this study. It is suggested that the early and
sustained administration of an ARB at a high dose will be
more effective against COVID-19 than the late administra-
tion of an ARB in severe cases of lung injury.

Future prospects

Since the beginning of the COVID-19 pandemic, the
potential roles of RAS inhibitors in COVID-19 have been
widely debated as favorable, harmful, or neutral. As men-
tioned above, large observational retrospective studies in
humans and meta-analyses have revealed that there is no

Impact of renin–angiotensin–aldosterone system inhibitors on COVID-19 1151



harmful effect of RAS blockers on COVID-19 suscept-
ibility, severity, or mortality. Later, the beneficial effects of
RAS inhibitors on COVID-19 were investigated; however,
evidence to guide clinical decision-making is still scarce.
Several randomized clinical trials investigating this issue are
ongoing, and the International Society of Hypertension is
conducting a prospective meta-analysis [30].
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