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Abstract

The COVID-19 pandemic led to an enormous burden on healthcare systems worldwide.
Causal therapy is still in its infancy. Contrary to initial views that the use of angiotensin-
converting enzyme inhibitors (ACEi)/angiotensin Il receptor blockers (ARBs) may
increase the risk for a deleterious disease course, it has been shown that these agents
may actually be beneficial for patients affected by COVID-19. In this article, we provide
an overview of the three most commonly used classes of drugs in cardiovascular
disease (ACEi/ARB, statins, beta-blockers) and their potential role in COVID-19 therapy.
More results from randomized clinical trials are necessary to identify patients that can
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benefit most from the use of the respective drugs.
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Since the outbreak in 2019, the COVID-19
pandemic has led to more than 750 mil-
lion infections and more than 6 million
cumulative deaths as of 27 January 2023
[1]. Just like SARS-CoV-1, SARS-CoV-2 uses
the membrane-bound angiotensin-con-
verting enzyme (ACE) 2 as the entrance to
cells during the infection process (B Fig. 1;
[2]). The organ primarily affected by the
respiratory virus is the lung, especially
alveolar cells type 2, which express ACE2
on their surface. The interaction takes
place by binding of the viral spike pro-
tein, primed by the viral serine protease
TMPRSS2, to the membrane-bound ACE2
[2, 3]. Besides the lung where ACE2 ex-
pression is considered rather low, ACE2
is expressed by other organs such as the
heart [4], the intestine, or the kidneys
[5], which may explain the potential to
affect multiple organs and the systemic
disease course following an infection. An-

giotensin-converting enzyme 2 is part of
the renin-angiotensin—aldosterone sys-
tem (RAAS) and is important in vascular
and cardiac physiology and homeostasis.
The RAAS is the main contributing sys-
tem for regulation of blood pressure in
a distinct interplay between the kidneys
and blood vessels.

The protease renin converts the prelim-
inary molecule angiotensinogen into an-
giotensin |, which is then cleaved by the
ACE—mainly located on the endothelial
cells of the lung—to angiotensin Il (Ang Il
@ Fig. 1). Ang Il exerts its effects via bind-
ing to AT-receptors and induces vasocon-
striction. Ang Il also induces aldosterone
secretion with subsequentsodium and wa-
ter retention, which additionally impacts
blood pressure regulation. In homeostasis,
the RAAS is then regulated by a feedback
mechanism with Ang Il inhibiting the ex-
pression of renin in the kidney [6].
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Fig. 1 A The renin-angiotensin-aldosterone (RAAS) system in homeostasis and COVID-19. The
protease renin (expressed by the juxtaglomerular cells in the kidneys) converts the preliminary

molecule angiotensinogen into angiotensin . This is cleaved by the angiotensin-converting enzyme
(ACE)—mainly located on the endothelial cells of the lung but alsoin the heart [50]—to angiotensin |
(Ang II). This effect can be blunted by ACE-inhibitors (ACEi). Ang Il exerts its effects via binding to
ATi-receptors and induces vasoconstriction. Ang Il also leads to lysosomal internalization of ACE2,
resulting in reduced expression. In homeostasis, RAASis requlated by a feedback mechanism via Ang Il
inhibiting the expression of renin in the kidney. ACE2 cleaves Ang Il into angiotensin 1-7 and Ang | into
angiotensin 1-9 thereby having anti-hypertensive action. Angiotensin 1-7 exerts anti-inflammatory
and anti-fibrotic actions binding to the Mas receptor, expressed by various cell types. Binding of SARS-
CoV-2to ACE2 leads tointernalization of this complexinto the cell and further downregulation of ACE2
on the cell surface. Treatment with ACEi or ATq-receptor blockers (ARBs) increases ACE2 expression on
the cell surface by prevention of internalization. (Figure contains modified image material available at
Servier Medical Art by Servier licensed under a Creative Commons Attribution 3.0 Unported License;

https://smart.servier.com)

Angiotensin-converting enzyme 2
counteracts Ang Il by cleavage into an-
giotensin 1-7, which may have anti-
inflammatory and anti-fibrotic action via
binding to the Mas receptor (BFig. 1),
expressed by various cell types [7]. Addi-
tionally, it cleaves Ang | to angiotensin 1-9.
Conversely, Ang Il leads to lysosomal in-
ternalization of ACE2, resulting in reduced
surface expression. Binding of SARS-
CoV-2 to ACE2 in the lung—analogous
to SARS-CoV-1—also leads to internal-
ization of this complex into the cell and
further downregulation of ACE2 on the
cell surface [3].

Treatment with ACE inhibitors (ACEi)
or angiotensin receptor blockers (ARBs;
e.g., for hypertension or heart failure) was
shown to increase ACE2 expression in var-
ious tissues (@Fig. 1, including the heart

[8], lung [9], and kidneys [10]) in the ma-
jority of animal studies.

Given the crucial role of ACE2 in the
pathophysiology of SARS-CoV-2 infection
and its alteration in expression following
ACEi/ARB treatment, it was speculated dur-
ing the beginning of the pandemic that
treatment with ACEi or ARB could be harm-
ful due to increased accessibility of the
virus to its host cells [11]. The need for
clinical studies and clarification of this is-
sue was broadly discussed throughout the
public media and the scientific community
[12]. The initial hypothesis that ACEi/ARB
treatment could be harmful was supported
by small observational studies and the fact
that patients with comorbidities (e.g., hy-
pertension) treated with ACEi/ARB were
particularly atrisk for a severe course of the
disease [13]. Especially patients with dia-

betes and vascular diseases on ACEi/ARB
treatment were thought to be at higher
risk due to increased circulating serum
ACE2 activity [14]. However, as no solid
evidence could be derived from these ob-
servations, several professional societies
published recommendations early on not
to discontinue ACEi/ARB treatment, as it
was unclear whether discontinuation may
possibly cause even greater harm [12, 15].

Observations on COVID-19 and
RAAS inhibition

The most commonly prescribed drugs
worldwide are ACEi and ARB. The range
of applications is quite broad (e.g., hyper-
tension, heart failure; [12]). Several ob-
servational studies have been published,
investigating whether the treatment with
ACEi/ARB has an effect on the mortality
or disease severity following COVID-19
[16]. An ltalian population-based case-
control study comprising 6272 case pa-
tients and 30,759 control patients showed
no association between the use of ACEi or
ARB and COVID-19 disease severity [17].
In a retrospective analysis from Denmark
in which 4480 COVID-19 patients were
included, no association of patients who
were on ACEi/ARB prior to the diagnosis
(n=895) with mortality or disease severity
was found. In the same study, a nested
case-control analysis of COVID-19 suscep-
tibility showed no association of ACEi/ARB
treatment and the incidence of COVID-19
when comparing 571 COVID-19 patients
with 5710 age- and sex-matched controls
[18]. This was confirmed in a study from
Cleveland. Here, out of 18,472 patients,
12.5% were on ACEi/ARB treatment and
9.4% had tested positive for COVID-19.
Among those who tested positive for
COVID-19, only 214 patients were either
on ACEi or ARBs, but there was no asso-
ciation between ACEi/ARB treatment and
a positive SARS-CoV-2 test result [19]. In
line with this, a study from New York also
found no association between the use
of ACEi or ARBs and the risk for a posi-
tive COVID-19 test result. In addition, in
the same study, no association was found
between the use of ACEi/ARBs and the like-
lihood of a severe disease course, defined
as intensive care treatment, mechanical
ventilation, or death. Interestingly, other
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Fig. 2 A Potential therapeuticimplications for cardiovasculardrugsin COVID-19. Given the pleiotropic
effects of lipid-lowering agents, they may exert anti-inflammatory and immunomodulatory effects.
They could also reduce vascular inflammation and thus diminish thrombotic complications. Statins
were shown to inhibit factors that are important for viral entry into cells and immune signaling, and
have antioxidant effects. Omega-3 polyunsaturated fatty acids may also have anti-inflammatory ac-
tion,andfibrates were showntoinhibitthe receptor-bindingdomain of SARS-CoV-2 thatis necessary to
bind to ACE2. Beta-blockers may decrease the inflammatory response by direct action on contributing
cells (e.g., macrophages). This can potentially ameliorate respiratory function in critically ill patients
(e.g.,increased PaO»/FiO; ratio). ARBs act through inhibition of ATi-receptors and thereby increase
ACE2 expression, which cleaves Ang Il to angiopoietin 1-7. Angiotensin 1-7 exerts anti-inflamma-
tory effects via Mas-receptor activation. Data even indicate that ARBs (i.e., losartan) may affect viral
replication of SARS-CoV-2 in vitro. ACE angiotensin-converting enzyme, Ang Il angiotensin Il, ARB AT+-
receptor blocker. (Figure contains modified image material available at Servier Medical Art by Servier
licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com)

drugs, such as calcium-channel blockers or
thiazide diuretics, also showed no associ-
ation with the aforementioned outcomes
[20]. Furthermore, in a meta-analysis of
16 studies comprising 24,676 COVID-19
patients, no association between the use
of ACEi/ARBs and death or disease sever-
ity was found. On the contrary, an effect
estimate even showed a protective effect
using ACEi or ARB with a 23% reduced
risk of death or critical disease course
[21]. Another meta-analysis showed that
among patients with hypertension, the
use of ACEi/ARB was even associated
with a lower disease severity and lower
mortality [22].
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Discontinuation of RAAS inhibition

Due to the initial concern that the con-
tinuation of ACEi/ARBs could worsen the
course of COVID-19, several studies were
initiated to investigate the effect of dis-
continuation of ACEi/ARBs in COVID-19.
None of the trials (BRACE CORONA trial,
REPLACE COVID, ACEI-COVID) showed an
effect on disease severity, suggesting the
decision to continue or discontinue should
be made on an individual basis [23-25].
A recently published analysis even sug-
gests that variables affecting mortality are
age and comorbidities and not the use of
ACEi/ARBs [26]. In summary, the concerns
about the increased risk for deleterious
consequences using ACEi/ARBs were not
confirmed by several studies and different
cohorts of patients.

RAAS inhibition as treatment for
COoVID-19

Insights from observational studies and
meta-analyses on a potential beneficial
effect of ACEi/ARB therapy in COVID-19
patients led to the initiation of studies to
investigate the effect of ACEi/ARB ther-
apy for COVID-19. Support for this hy-
pothesis was gathered by animal studies
showing that SARS-CoV-induced lung fail-
ure could berescued by AT, inhibition using
losartan, which increases ACE2 expression
[3]. A shift toward increased levels of an-
giotensin 1-7 would thus, due to its anti-
inflammatory actions, be in favor (B Fig. 2).

Losartan

Losartan was even shown to preventthein-
ternalization of ACE2 via its action on AT;-
receptors (@Fig. 1; [27]). Recently, data
have been published indicating that losar-
tan may affect viral replication of SARS-
CoV-2 in vitro [28]. Therefore, most pub-
lished clinical trials were performed us-
ing losartan as a treatment for COVID-19.
First, the small COVIDMED trial included
patients in the early phase of the pan-
demic and comprised only 14 patients,
hospitalized due to COVID-19. |In this
double-blinded, placebo-controlled trial,
losartan, however, did not improve out-
come but showed an adverse safety signal
[29]. Losartan also did not reduce the risk
of hospitalization for outpatients in a small
randomized clinical trial (RCT) using 25mg
daily [30] nor did it change the clinical out-
come of hospitalized patients with mild
hypoxemia in another small RCT includ-
ing 31 patients [31]. Evaluating the effect
of using either losartan or amlodipine for
hypertensive patients hospitalized due to
COVID-19 showed no difference on 30-day
mortality or length of stay in the ICU or
hospital in general [32]. In a multicen-
ter, blinded, and placebo-controlled RCT
conducted in 13 hospitals in the United
States, investigating the effect of 50mg
losartan twice daily for COVID-19 patients
with respiratory failure, no improvement
in the Horowitz index was observed af-
ter 7 days. It also did not improve any
other secondary clinical outcome but led
to fewer vasopressor-free days compared
to placebo [33], which seems plausible



given the effect of ARBs on blood pres-
sure.

Telmisartan

Fewer trials are published to date for using
telmisartan. In one RCT 80mg telmisar-
tan was administered twice a day to pa-
tients hospitalized for COVID-19. Telmis-
artan treatment reduced death by day 30
and the composite of ICU, mechanical ven-
tilation, and death was also reduced by
day 15 and 30. In addition to this, patients
receiving telmisartan had lower C-reac-
tive protein (CRP) values on day 5 and 8.
The authors speculate that an anti-inflam-
matory effect of telmisartan (e.g., via in-
creased angiotensin 1-7 levels) led to the
reduction in mortality and morbidity [34].
The CLARITY trial using 40 mg telmisartan,
however, showed no benefit of ARB treat-
ment for hospitalized COVID-19 patients
and was stopped due to futility [35].

To overcome potential systemicadverse
effects (e.g., hypotension) that may be as-
sociated with ARB treatment, novel ther-
apeutic approaches are tested using in-
haled forms of telmisartan. The formula-
tion showed an inhibitory effect against
replication of SARS-CoV-2 in vitro and suf-
ficient lung pharmacokinetics in different
animal models [36], which seems promis-
ing for further application (@ Fig. 2).

Pleiotropic effects of cardio-
vascular medications in
COVID-19

With respect to the exaggerated im-
mune response and resultant cytokine
storm in COVID-19 disease course, drugs
that specifically have anti-inflammatory
action are central in COVID-19 therapy
and anchored in the current guideline-
recommended therapies (e.g., cortisone,
tocilizumab). Some cardiovascular drugs,
including beta-blockers and lipid-lower-
ing agents, were also tested in COVID-
19 therapy for their potential pleiotropic
effects. Specifically, lipid-lowering agents,
such as statins, may exert anti-inflam-
matory and immunomodulatory effects
(B Fig. 2; [37]). Indeed, statins were shown
to inhibit factors that are important for
viral entry into cells [38] and immune
signaling, and to have antioxidant effects.

Omega-3 polyunsaturated fatty acids may
also have anti-inflammatory action, and
fibrates were shown to inhibit the recep-
tor-binding domain of SARS-CoV-2 that
is necessary to bind to ACE2 [39]. For an
overview of ongoing RCTs, there reader is
referred to the work of Talasaz et al. [40].

In the INSPIRATION-S trial, 587 patients
with COVID-19 admitted to the ICU were
randomized to receive atorvastatin 20 mg
once daily or placebo for 30 days. No
difference was found for the composite
endpoint of thrombosis (venous/arterial),
need for extracorporeal membrane oxy-
genation, or all-cause mortality [41]. In
a retrospective registry-based analysis,
lower odds for in-hospital mortality and
development of a severe disease course
(defined as admission to the ICU, me-
chanical ventilation, in-hospital death,
or discharge to hospice) were observed.
However, a propensity match revealed
that only those patients with preexisting
cardiovascular comorbidities profit from
additional statin therapy [42]. Evidence
for a benefit of statin therapy is still lack-
ing and more results from ongoing RCTs
are needed to clarify, in particular, which
patients might benefit most from statin
therapy.

Beta-blockers and COVID-19

COVID-19 is characterized by an immuno-
logical dysregulation and overshoot of
cytokine production, i.e., a cytokine storm
(CS). Beneficial effects of beta-blockers on
mortality in critically ill patients with acute
respiratory distress syndrome (ARDS) or
sepsis (also characterized by a disturbed
immunoregulation) were shown before
[43, 44]. Contributors to the CS and to the
endothelial dysfunction following COVID-
19 are leukocytes, especially macrophages
and lymphocytes. These cells are known
to express beta-adrenergic receptors and
thus play a crucial role in therapeutic
considerations, since activation of these
receptors may increase the release of pro-
inflammatory cytokines (e.g., TNF-alpha,
IL-1, IL-6; [45]).

Neutrophils also contribute to the
pathophysiology of ARDS and CS via
release of inflammatory mediators and
formation of neutrophil extracellular traps
(NETs) that further aggravate the inflam-

matory release [46]. Very recently it was
shown that the neutrophil inflammatory
activity (including NET formation) was
diminished in a lung injury mouse model
using i.v. administration of metoprolol
[47]. Indeed, in the MADRID COVID trial,
i.v. administration of 15mg metoprolol
to 20 patients with COVID-19 and ARDS
in need of mechanical ventilation led to
a reduction in pulmonary inflammation
(B Fig. 2) and NET markers and toimproved
oxygenation 4 days after randomization
[48]. In another RCT that additionally
aimed to target the sequelae of endothe-
lial dysfunction associated with COVID-
19, a mix of nicorandil, L-arginine folate,
nebivolol, and atorvastatin was given to
patients. However, the trial stayed neutral
and showed no difference in hospitalized
COVID-19 patients regarding time to re-
covery, need for mechanical ventilation,
ICU admission, or all-cause mortality [49].

Conclusion

To date, the best available protection for
COVID-19 is vaccination, since antiviral ther-
apies still have limited efficacy. Initial con-
siderations that cardiovascular medications
(e.g., angiotensin-converting enzyme in-
hibitors [ACEi]/angiotensin Il receptor block-
ers [ARBs]) may be harmful in the COVID-19
pandemic have not been confirmed to date.
On the contrary, intensive research efforts
have even found a potential protective effect
of using ARBs to treat COVID-19. In addition,
it appears that other drugs with primarily
different therapeutic objectives (e.g., statins,
beta-blockers) may have a small benefit in
COVID-19 or other clinical indications (sep-
sis, acute respiratory distress syndrome) due
to their pleiotropic effects. In the future,
ongoing preclinical and clinical studies will
certainly provide us with more certainty in
this regard and, if necessary, enable us to ex-
pand our arsenal for the therapy of COVID-
19.
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RAAS-Hemmung und dariiber hinaus - Herz-Kreislauf-Medikation bei
Patienten mit einem Risiko fiir oder Erkrankung durch COVID-19

Die COVID-19-Pandemie hat zu einer enormen Belastung der Gesundheitssysteme
weltweit gefiihrt. Die kausale Therapie steckt noch in den Kinderschuhen. Entgegen
der Auffassung, dass der Einsatz von Angiotensin-Converting-Enzym(ACE)-
Hemmern/Angiotensin-Il-Rezeptor-Blockern (ARB) das Risiko fiir einen deletdren
Verlauf erhdhen konnte, hat sich gezeigt, dass diese Substanzen sogar einen Nutzen
in der COVID-19-Therapie haben kénnten. Im vorliegenden Artikel geben die Autoren
einen Uberblick tiber die 3 am haufigsten verwendeten Medikamentenklassen bei
Herz-Kreislauf-Erkrankungen (ACE-Hemmer/ARB, Statine, Betablocker) und diskutieren
ihren mdoglichen Beitrag zur COVID-19-Therapie. Es sind weitere Ergebnisse aus
randomisierten klinischen Studien erforderlich, um die Patienten zu identifizieren, die
am meisten vom Einsatz der jeweiligen Medikamente profitieren kdnnen.

Schliisselworter
Herz-Kreislauf-Erkrankungen - SARS-CoV-2 - Renin-Angiotensin-Aldosteron-Hemmung -
Betablocker - Statine
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