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HYPERTENSION COMPENDIUM

Hypertension, a Moving Target in COVID-19
Current Views and Perspectives

Carmine Savoia , Massimo Volpe , Reinhold Kreutz

ABSTRACT: Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
associates with a considerable high rate of mortality and represents currently the most important concern in global health. 
The risk of more severe clinical manifestation of COVID-19 is higher in males and steeply raised with age but also increased 
by the presence of chronic comorbidities. Among the latter, early reports suggested that arterial hypertension associates with 
higher susceptibility to SARS-CoV-2 infection, more severe course and increased COVID-19–related deaths. Furthermore, 
experimental studies suggested that key pathophysiological hypertension mechanisms, such as activation of the renin-
angiotensin system (RAS), may play a role in COVID-19. In fact, ACE2 (angiotensin-converting-enzyme 2) is the pivotal 
receptor for SARS-CoV-2 to enter host cells and provides thus a link between COVID-19 and RAS. It was thus anticipated 
that drugs modulating the RAS including an upregulation of ACE2 may increase the risk for infection with SARS-CoV-2 and 
poorer outcomes in COVID-19. Since the use of RAS-blockers, ACE inhibitors or angiotensin receptor blockers, represents 
the backbone of recommended antihypertensive therapy and intense debate about their use in the COVID-19 pandemic has 
developed. Currently, a direct role of hypertension, independent of age and other comorbidities, as a risk factor for the SARS-
COV-2 infection and COVID-19 outcome, particularly death, has not been established. Similarly, both current experimental 
and clinical studies do not support an unfavorable effect of RAS-blockers or other classes of first line blood pressure 
lowering drugs in COVID-19. Here, we review available data on the role of hypertension and its management on COVID-19. 
Conversely, some aspects as to how the COVID-19 affects hypertension management and impacts on future developments 
are also briefly discussed. COVID-19 has and continues to proof the critical importance of hypertension research to address 
questions that are important for global health.
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Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) has revealed as a novel highly 
virulent coronavirus responsible of a respiratory 

infection termed coronavirus disease 2019 (COVID-
19) which started at the end of 2019 and developed in 
a planetary pandemic in 2020.1 COVID-19 is associ-
ated with a high rate of mortality and represents cur-
rently the top public health concern worldwide. The 
majority of patients affected by COVID-19 have a 
favorable clinical outcome during the acute phase of 
the infection,2 yet the risk of severe forms of COVID-
19 and poor outcomes increases significantly with 
age, male sex, and the presence of co-existing chronic 
comorbidities.3–6

The presence of hypertension was initially reported in 
a case series from China in 27% to 30% of patients with 
COVID-19, while other co-morbidities such as diabe-
tes and coronary heart diseases were observed in 19% 
and 6% to 8% of patients.7 Initial reports from China,7,8 
Europe,9,10 and United States11,12 showed that arterial 
hypertension and cardiovascular diseases (CVDs) were 
associated with increased COVID-19-related deaths. 
Both conditions together with diabetes were reported 
as the most frequent comorbidities among severely ill 
patients admitted to intensive care units, who received 
mechanical ventilation, or died as compared with patients 
who had only mild illness.13,14 Nevertheless, the role of 
hypertension as a risk factor for the SARS-CoV-2 

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021

mailto:reinhold.kreutz@charite.de
mailto:reinhold.kreutz@charite.de
mailto:massimo.volpe@uniroma1.it
https://orcid.org/0000-0002-2296-1959
https://orcid.org/0000-0002-9642-8380
https://orcid.org/0000-0002-4818-211X


HYPERTENSION COM
PENDIUM

Circulation Research. 2021;128:1062–1079. DOI: 10.1161/CIRCRESAHA.121.318054 April 2, 2021  1063

Savoia et al Hypertension and COVID-19

infection and COVID-19 outcome was not well defined. 
The frequent association between COVID-19 and hyper-
tension appeared not surprising, in view of the high global 
prevalence of hypertension.15–17 Thus, this association 
does not necessarily imply a causal relationship between 
hypertension and COVID-19 or its severity. Because 
hypertension is exceedingly frequent in the elderly,15 and 
older people seem to be at higher risk of being infected 
with SARS-CoV-2 and of experiencing a more severe 
course and complications of COVID-19.4,5

Furthermore, as the therapies commonly used to treat 
hypertension and CVD usually include ACE (angiotensin-
converting enzyme) inhibitors (ACEIs) and angiotensin 
receptor blockers (ARBs),16–18 a persistent and intense 
debate about the withdrawal or maintenance of chronic 
ACEI/ARB therapy in patients with COVID-19 has 
developed.19–21 Indeed, some animal studies available at 
the beginning of the COVID-19 pandemic suggested a 
potential upregulation of ACE2 (angiotensin-converting-
enzyme 2), that is, the key binding receptor promot-
ing cell entry of SARS-CoV-2 in the respiratory tract,22 

during treatment with renin-angiotensin system (RAS) 
blockers.21 Thus, a potential upregulation of ACE2 in the 
airway tissue of hypertensive patients upon treatment 
with RAS-blockers might contribute to a higher risk of 
SARS-CoV-2 infections and possibly to a more progres-
sive course of COVID-19. It is obvious that conclusive 
data on this topic are required, in view of the high preva-
lence of hypertension and CVD in patients with COVID-
19 and the widespread use of RAS inhibitors.

The objective of the present article is to review 
the available knowledge and evidence on the role of 
hypertension for SARS-CoV-2 infection, the develop-
ment, and disease course of COVID-19. Conversely, the 
impact of COVID-19 on hypertension management will 
be discussed.

Because of the huge number of publications related 
to this topic that continues to grow on a daily basis a 
comprehensive review, even when restricted to original 
work, is hard to fulfill and we apologize for articles not 
explicitly mentioned.

THE ROLE OF THE RAS IN THE LINK 
BETWEEN HYPERTENSION AND 
COVID-19
The RAS and ACE2 in Hypertension
Looking at the mechanisms of blood pressure (BP) con-
trol from the point of view of a physiologist, the RAS 
undoubtedly is one of the most important BP regulating 
systems.23–25 From a clinician’s point of view, this sys-
tem can be even considered the most important system, 
because the pharmacological blockade of the RAS is cur-
rently the backbone of antihypertensive therapy as evi-
dent from the recommendation in current guidelines.16–18 
In addition, RAS blockers play also a dominant role in 
the treatment of hypertension-mediated organ damage 
(HMOD), for example, left ventricular hypertrophy and 
other associated important cardiorenal diseases such as 
left ventricular dysfunction, heart failure, atherosclerosis, 
and chronic kidney disease (CKD).16,24,26 The core of the 
RAS pathway and its involvement in BP control involves 
the formation of the most important effector peptide Ang 
II (angiotensin II). Hence, Ang II is a potent vasoconstric-
tor, promotes aldosterone synthesis and secretion, thus 
increasing sodium and water reabsorption and increas-
ing BP.24 The main axis in the RAS cascade, which is cru-
cial for BP control and aldosterone secretion, concerns 
the signaling pathway from Ang II to the angiotensin type 
1 receptor (AT1R).23,25,27 In addition, by inducing prooxida-
tive, proinflammatory, and profibrotic changes the Ang II/
AT1R axis is also involved in cardiorenal remodeling.21,25,27

Within the RAS, several other angiotensin peptides 
are generated. Overall, these peptides are split off from 
the high-molecular protein angiotensinogen by renin 

Nonstandard Abbreviations and Acronyms

ACE angiotensin-converting enzyme
ACEI  angiotensin-converting enzyme 

inhibitor
ADAM17 a disintegrin and metalloprotease 17
Ang angiotensin
ARB angiotensin receptor blocker
AT1R angiotensin type 1 receptor
BP blood pressure
CCL2 chemokine [C-C motif] ligand 2
CKD chronic kidney disease
COVID-19 coronavirus disease 2019
CVD cardiovascular disease
CXCL10 C-X-C motif chemokine 10
HMOD hypertension-mediated organ damage
IL interleukin
INF interferon
MRA mineralocorticoid receptor antagonist
Nox NADPH oxidase
NRLP1 neuropilin 1
PURE  Prospective Urban Rural 

Epidemiology
RAS renin-angiotensin system
SARS-CoV-2  severe acute respiratory syndrome 

coronavirus 2
TACE TNF-α converting enzyme
TMPRSS2  transmembrane protease serine sub-

type 2
TNF tumor necrosis factor
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and are subsequently generated by other enzymes 
including the ACEs (angiotensin-converting enzymes). 
The classical ACE generates Ang II as the main effec-
tor peptide in the RAS by converting the decapeptide 
angiotensin I (Ang 1-10) into the octapeptide angioten-
sin II (Ang 1-8) (Figure 1).21,25,27

Twenty years ago, another enzyme, homologous 
to ACE was identified28 and named ACE2.23,29–31 Both 
ACE2 and ACE are very strongly membrane-bound 
enzymes.23,29 On the other hand, smaller soluble mol-
ecules for ACE and ACE2 can be generated from the 
respective membrane-bound forms by cleavage and 
shedding from the membrane. These soluble forms cir-
culate in blood plasma and other body fluids. Initially, the 
clinical relevance of ACE2 was considered low because 
of its potentially minor role within the RAS. The most 
important difference between ACE and ACE2, which 
was already described in the discovery, relates to the fact 
that ACE2 cannot be inhibited by ACEIs.25,28 This is due 
to important structural differences between ACE and 
ACE2, which affect the respective active center of the 
enzyme and also explain the differences in their func-
tions. Thus, ACE is a dipeptidyl carboxypeptidase and the 
most important enzyme for the conversion of Ang I to 
Ang II. ACE2, in contrast, is a mono-carboxypeptidase, 
which cleaves one amino acid at the end of peptides 
and forms another peptide from Ang II with only 7 amino 
acids, that is, Ang-(1-7). In addition, ACE2 can also cleave 
one amino acid from Ang I to form Ang 1-9 (Figure 1A).

In addition to the BP increasing and potentially harm-
ful Ang II/AT1R axis, the RAS has at least 2 other coun-
ter-regulatory (protective) arms. One arm concerns the 
signaling pathway via the angiotensin type 2 receptor,32 
which is also mainly activated by Ang II but additionally 
also by Ang 1-9. The other arm concerns the Mas recep-
tor signaling pathway, which is mainly activated by Ang 
1-7.29 Of interest, ACE2 has a pivotal role as the main 
enzyme responsible for Ang 1-7 formation. The ACE2/
Ang 1-7/Mas receptor axis mediates vasodilation, anti-
oxidant, anti-inflammatory, and antifibrotic protective 
functions (Figure 1A).21,27 The potential role for ACE2 
in hypertension has been supported by several experi-
mental studies in rodents.30,31 The co-localization of the 
Ace2 locus with a BP quantitative trait locus identified 
in inbred hypertensive rat models including the stroke-
prone spontaneously hypertensive rat and normoten-
sive Wistar-Kyoto rat models33 appeared initially of 
interest, although this locus encompassed a huge chro-
mosomal fragment and is still only crudely defined.34 
A possible link between ACE2 and hypertension was 
further supported by data showing lower expression of 
Ace2 mRNA and ACE2 protein expression in the kid-
neys of these inbred hypertensive rat models.34 Nev-
ertheless, differential Ace2 mRNA, ACE2 protein, and 
ACE2 activity levels in different compartments of the 
kidney could not be confirmed in subsequent detailed 

analysis in stroke-prone spontaneously hypertensive rat 
and Wistar-Kyoto rats.35

Other disparate differential expression patterns for 
ACE2 have been reported in kidney, heart, and brain 
of different rodent models with primary or secondary 
hypertension as previously reviewed.36 Nevertheless, as 
recently emphasized by Kuriakose et al,37 several fur-
ther studies in rodents supported a protective effect 
of ACE2 in hypertension. Thus, transgenic overexpres-
sion of human ACE2 in vascular smooth muscle cells in 
the genetic background of stroke-prone spontaneously 
hypertensive rats resulted in increased circulating levels 
of Ang 1-7 and associated with a significant reduction in 
BP, cardiac hypertrophy, and vasoconstrictive response 
to intraarterial administration of Ang II, while endothelial 
dysfunction of stroke-prone spontaneously hypertensive 
rat was significantly improved in transgenic animals.38 
Similarly, lentiviral transfer of the murine ACE2 into young 
spontaneously hypertensive rats (SHR) and Wistar-Kyoto 
rat lowered the elevated BP in SHR but caused no BP 
changes in normotensive Wistar-Kyoto rat.39 In addition, 
cardiovascular organ damage was reduced in SHR by 
the lentiviral gene transfer of ACE2. Attenuation of high 
BP, cardiac and/or vascular damage in rat models was 
further shown by pharmacological activation of ACE240 
or administration of recombinant human ACE2.41 Taken 
together, these results indicated that the antihyperten-
sive effect of increased vascular ACE2 could be medi-
ated by a combination of increased degradation of Ang II 
and augmented Ang 1-7 production.37

Recently, activation of the ACE2/Ang 1-7/Mas 
receptor axis in response to ARB treatment was also 
linked to the improvement of vascular remodeling in 
resistance arteries in rodent models with hypertension, 
which was independent from effects mediated the 
angiotensin type 2 receptor.42

ACE2 THE CONNECTING LINK BETWEEN 
BP REGULATION AND SARS-COV-2 
INFECTION
The spectrum of biological functions previously 
assigned to ACE230,31 was considerably extended in 
2003 when ACE2 was discovered as a receptor for 
the binding of the coronary virus SARS-CoV.43 Thus, 
viral cell entry into target cells depends on the bind-
ing of the spike protein of SARS-CoV to its cellular 
receptor ACE2, which facilitates viral attachment to 
the cell surface and cell entry. This provided the foun-
dation of an unexpected novel link between virology 
and cardiovascular medicine via ACE2 and the RAS. 
After this relationship had somewhat receded into the 
background when SARS epidemic in 2002 and 2003 
ended, the link between ACE2 and SARS-CoV-2 has 
currently regained a strong prominence in the context 
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of the COVID-19 pandemic. This resulted from the find-
ing that ACE2 is also the binding receptor for SARS-
CoV-2 responsible for COVID-19.22,43–45 Accordingly, all 
cells expressing ACE2 and in addition co-expressing 
other proteins including the cellular serine protease 
TMPRSS2 (transmembrane protease serine subtype 
2),22 cathepsin L,46 furin,47 NRLP1 (neuropilin-1)48,49 
and potentially other newly identified factors50 support-
ing cell entry of SARS-CoV-2 on their cell surface, can 
potentially take up and replicate SARS-CoV-2.

A systematic and stringent immunohistochemical 
analysis in human tissues revealed ACE2 expression 
mainly in enterocytes, renal tubules, gallbladder, cardio-
myocytes, male reproductive cells, placental trophoblasts, 

ductal cells, eye, and vasculature, while the expression in 
the respiratory tract was largely low.51 In the latter, ACE2 
is expressed in the epithelial cells of the upper (with 
higher levels) and lower respiratory tract (lower levels), 
and in the lung predominantly in type II alveolar epithelia 
(AT-2 cells).52 Ciliated airway of the upper airway and AT-2 
cells are the primary targets for SARS-CoV-2 infection 
(Figure 1C).52,53 Interestingly, a recent study using single 
cell and single nuclei RNA sequencing analysis in human 
tissues detected ACE2 mRNA expression also in tran-
sient secretory cells of subsegmental bronchial branches 
together with stronger expression levels of TMPRSS2.54

Importantly, activation of the Ang II/AT1R axis con-
tributes not only to remodeling and organ damage in 

Figure 1. The renin-angiotensin-system (RAS) and its regulation by RAS-blockers in relation to severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) infection. 
A, Schematic diagram of the RAS showing the role of ACE2 (angiotensin-converting enzyme 2) as a key element in the counter regulatory axis 
of the RAS (elements in green color, reviewed in the study by Arendse et al25). ACE2 counteracts the negative effects of the Ang II (angiotensin 
II)/angiotensin type 1 receptor (AT1R) axis (red) in the cardiovascular system, the kidneys, and other organs including the lung upon injury, for 
example, in response to infections in the lung.30,31 B, Pharmacological treatment with ACE inhibitors or ARBs will modulate several components 
of the RAS either directly or by affecting feedback-loops, for example, strong upregulation of renin.21 Treatment with RAS-blockers may protect 
against organ injury, for example, in the lung, by inhibiting the damaging Ang II/AT1R axis and by activation of the protective axis, particularly 
via the ACE2/Ang 1-7/MasR axis. Available data indicate that ACE2 mRNA58 and importantly also ACE2 protein expression53 are not increased 
in airway cells of patients treated with ACEIs or angiotensin receptor blockers (ARBs) suggesting that these drugs do not impact on the 
infectivity of SARS-CoV-2. C, ACE2 is expressed in airway epithelial cells as mbACE2 (membrane-bound enzyme) in ciliated cells in the upper 
and lower respiratory epithelium and in type II pneumocytes in the lung.52 While studies using single-cell RNA-seq profiling suggested ACE2 
mRNA expression also in secretory goblet cells of the airway, detailed expression analysis at the tissue level did not confirm the presence of 
neither ACE2 mRNA nor ACE protein expression in airway goblet cells.53 mbACE2 is cleaved (shedding) by ADAM17 (not shown) into a soluble 
form (sACE2) and thereby released in body fluids. After infection, SARS-CoV-2 binds through its viral spike protein to host cell mbACE2 in 
the respiratory system, thereby promoting viral cell entry and subsequent replication. D, The regulation of ACE2 in response to SARS-CoV-2 is 
still poorly understood.56 An upregulation of ACE2 mRNA expression in airway cells of patients infected with SARS-CoV-2 has been shown in 
several studies.55,56 The latter has been mechanistically linked to induction of ACE2 mRNA expression by INF (interferon), while the upregulation 
of mbACE2 by INF in airway cells of patients with COVID-19 remains to be shown.56 +, activation; -, inhibition; (), impaired effect; Ø, no effect. 
MasR indicates Mas receptor.
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the cardiovascular system and kidneys but also in the 
lung.21,25,27 In several lung injury models (eg, sepsis) in 
animals, impressive protective effects of the ACE2/Ang 
1-7/Mas receptor axis have been demonstrated.21,55 In 
contrast, activation of the Ang II/AT1R axis promotes lung 
damage. Accordingly, treatment with ACEIs or ARBs may 
protect the lung.55

In airway cells, the SARS-CoV-2 infection itself asso-
ciates with increased ACE2 mRNA expression.56–58 
Hence, in epithelial cells obtained from nasopharyngeal 
and bronchial samples in patients with COVID-19, an 
average 3-fold increase in ACE2 expression was found 
in epithelial cells.57This correlated with INF (interferon) 
signals by immune cells57 in agreement with a study 
that revealed the induction of ACE2 mRNA expression 
by interferon in human nasal epithelial and lung tissue 
(Figure 1D).56 Although preliminary data support also 
a potential upregulation of ACE2 protein in human air-
way cells in response to interferon,56 the upregulation of 
membrane-bound ACE2 at the luminal surface in airway 
cells in patients with COVID-19 remains to be shown 
(Figure 1C). The upregulation of ACE2 mRNA expression 
upon SARS-CoV-2 infection was not altered in patients 
with hypertension and/or by treatment with ACEI or ARB 
(Figure 1).58 Moreover, analysis of samples from human 
donors in a diverse panel of banked tissue demonstrated 
in nasal ciliary cells that ACE2 protein is not upregulated 
in patients taking ARB or ACEI (Figure 1C)53; ACE2 pro-
tein was also not affected by sex, age, or smoking history 
in this study. Taken together, to the best of our knowl-
edge, and in agreement with a previous statement,21 
convincing evidence for an upregulation of membrane-
bound ACE2 in key airway cells responsible for initiation 
of COVID-19, by hypertension and/or the use of RAS-
blockers has not been shown yet (Figure 1B and 1C).

IMPACT OF DYSREGULATED 
IMMUNOINFLAMMATION IN 
HYPERTENSION ON COVID-19
Inflammation is a complex process involving multiple 
cell types and secreted factors, many of which have 
been linked to hypertension.59–61 The importance of the 
immune system in the pathophysiology of hypertension 
may relate primarily to its effects on inflammation, which 
is involved not only in BP regulation and thus in the devel-
opment of hypertension, but also in the initiation and 
progression of cardiovascular and renal tissue damage/
remodeling.60,62 There is now extensive experimental and 
also clinical evidence that hypertension is associated with 
inflammation and immune cell activation, processes that 
are driven in large part by oxidative stress.60,63 The latter 
is characterized by excessive production of reactive oxy-
gen species and an altered oxidation-reduction (redox) 
state.60 Important factors involved in BP regulation, such 

as Ang II, endothelin-1, aldosterone and salt (sodium), 
induce the activation of Noxs (NADPH oxidases), which 
are key enzymes in the generation of reactive oxygen 
species.60,62,64 The resulting molecular events induce pro-
tein oxidation and dysregulated cell signaling, leading to 
inflammation, cell migration, and immune cell activation, 
among many other effects.59–61

Although it has not yet been proven whether inflam-
mation in humans is causatively related to hyperten-
sion or represents a secondary effect of hypertension, 
it is nevertheless clear that inflammation and the dys-
regulated immune system are closely linked, and that 
immunoinflammation plays an important role in hyperten-
sion.60,61 Several factors involved in hypertension includ-
ing genetic susceptibility,65 neurohumoral activation,64,66 
salt (sodium),67–69 and gut microbiome68,70 among oth-
ers may promote immunoinflammation in hypertension. 
Notwithstanding the complexity of the interplay of these 
factors, it has been suggested that oxidative stress and 
increased generation of reactive oxygen species repre-
sent a common molecular basis linking immunoinflam-
mation in hypertension.60 Both innate (macrophages, 
microglia, monocytes, dendritic cells, and myeloid-
derived suppressor cells) and adaptive immune cells 
(CD8+ T cells, CD4+ cells [Th1, Th17 and Treg cells], 
T cells and B cells) have been shown to play a critical 
role in hypertension.62 They produce factors that can 
promote or inhibit hypertension and, once activated, can 
generate reactive oxygen species themselves.60,62 Within 
the innate immune system, the NLRP3-related inflam-
masome in monocytes and dendritic cells may be par-
ticularly relevant in hypertension.61,71 The mechanisms 
of immune cell activation and their effector functions in 
hypertension, including the complex interplay of different 
cell types and mediators, are still poorly defined. Nev-
ertheless, the activation of several cytokines has been 
linked to hypertension in experimental and clinical stud-
ies.72,73 In particular, IL (interleukin)-6 is one of the major 
cytokines regulating immunoinflammatory responses in 
hypertension,73,74 while IL-1β seems not to be involved.75 
In addition, a recent study in the UK Biobank population 
showed a concordant and potentially causal relationship 
of lymphocyte count with systolic BP and diastolic BP 
suggesting a loss of lymphocytes in hypertension.76 Fur-
thermore, it has been shown that both CD4+ and espe-
cially CD8+ cells are dysregulated in hypertension and 
show increased production of proinflammatory cytokines 
such as IL-17, IL-7, IL-6, IFN-gamma, and TNF-alpha.77 
In addition, hypertension is associated with a particu-
lar immunologic profile of CD8+ cells, which tend to 
overproduce cytokines and are less efficient in antiviral 
defense.77,78 These immune mechanisms also contrib-
ute significantly to accelerated end-organ damage. The 
severity of COVID-19 and risk for clinical deterioration 
of patients associates also with a pattern of systemic 
activation of cytokines, that is, a cytokine storm74,79 that 

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021



HYPERTENSION COM
PENDIUM

Circulation Research. 2021;128:1062–1079. DOI: 10.1161/CIRCRESAHA.121.318054 April 2, 2021  1067

Savoia et al Hypertension and COVID-19

overlaps with the intrinsic activation of immunoinflamma-
tion in hypertension. Thus, increases in IL-2, IL-6, IL-7, 
granulocyte colony-stimulating factor, CXCL10 (C-X-C 
motif chemokine 10), CCL2 (chemokine [C-C motif] 
ligand 2) and TNF (tumor necrosis factor)-α21,74 have 
been associated with the severity of COVID-19. More-
over, in parallel with hypertension, loss of lymphocytes is 
also a major feature of COVID-19.80 Particularly, SARS-
CoV-2-induced immune dysregulation associated with 
an IL-6-driven inflammatory status with immunosuppres-
sive and inflammatory monocytes and macrophages has 
been associated with severe forms of COVID-19.80

SARS-COV-2 RESPONSES IN AIRWAY 
CELLS AND HYPERTENSION
Interestingly, a potential dysregulated immunoinflamma-
tion state of patients with hypertension or CVD has been 
recently also documented in cells obtained from naso-
pharyngeal swabs using single-cell RNA sequencing 
analysis.58 The data indicated an activated immunoin-
flammation state in airway cells from patients with hyper-
tension that was further augmented in patients with the 
SARS-CoV-2 infection.58 Moreover, the hyperinflamma-
tion status in airway cells correlated with the severity of 
COVID-19 in agreement with previous findings.57 In addi-
tion, the detected differences between patients treated 
with either an ACEI or ARBs indicated a more favorable 
inflammatory transcriptome profile in patients during 
ACEI treatment.58 Thus, ACEI treatment was associated 
with a dampened COVID-19-related hyperinflammation 
and activated intrinsic antiviral response profile, while 
patients treated with ARBs exhibited enhanced epithe-
lial-immune cell interactions. However, cautious inter-
pretation of this analysis is warranted as suggested by 
the authors largely because of the small overall number 
of patients with COVID-19 (n=32) included in the tran-
scriptome analysis.58 This seems particularly important 
against the background of a wide age range (32–91 
years) of the included patients with COVID-19 and a 
variable pattern of additional CVD associated in some 
but not all patients with hypertension with unclear stag-
ing of the comorbidities, for example, for heart failure, 
that may have confounded the results. The latter could 
have also affected the interesting finding that viral clear-
ance in nasopharyngeal swaps was delayed in patients 
treated with ARB as compared with patients treated 
with ACEIs.58

Taken together, our current understanding of dys-
regulated immunoinflammation in hypertension resulting 
in a predisposition to hyperinflammatory responses may 
provide a possible mechanistic link to progression and 
poorer outcome in COVID-19. In particular, the data sug-
gesting accelerated immune aging in hypertension may 
support the notion that hypertension may be associated 

with COVID-19 severity. Of interest, in addition to tra-
jectories over the life course for BP,81 aging might thus 
also differentially affect the immunoinflammation status 
in patients with hypertension. In this regard, as recently 
indicated,82 a sexual dimorphism affecting both the 
innate and adaptive immune system could contribute to 
the higher mortality risk of male patients4 in COVID-19, 
particularly in the context of hypertension with inherent 
dysregulated immunoinflammation.

ROLE OF HYPERTENSION AND ITS 
ASSOCIATION WITH AGE, RACE/
ETHNICITY, TARGET ORGAN DAMAGE, 
AND OTHER COMORBIDITIES IN 
COVID-19
Association With Age and Race/Ethnicity
Hypertension is widely distributed in the world, affecting 
25% of the adult population with a peak of prevalence 
>60% in the elderly population in many countries. This 
is relevant to COVID-19-related mortality because older 
people seem to experience more severe forms and com-
plications of COVID-19.4 The initially reported associa-
tions between hypertension and hospitalization rates for 
COVID-19 in China seem to be in agreement with cor-
responding population data for hypertension in China.21 
Indeed, in a large database of 20 982 patients with diag-
nosed COVID-19 infections and information on underly-
ing diseases, the proportion of self-reported hypertension 
was 12.6%,83 which is very similar to the population data 
in China (10.9%) for self-reported hypertension.84 In a 
French cohort, it was observed that the high comorbidity 
rate among patients hospitalized for COVID-19 pneumo-
nia was up to 69% in those aged >65 years.85

In a cross-sectional, multicenter, observational study 
performed in Italy that included >1500 hospitalized 
patients, hypertension, and antihypertensive therapy 
did not affect the outcome of COVID-19.5 Indeed, the 
prevalence of hypertension among patients with COVID-
19 was comparable to the expected prevalence in the 
general population in Italy, although the median age of 
patients who died with COVID-19 in Italy was 79 years 
and 73% of them had known hypertension.5 Interestingly, 
the prevalence of other important comorbidities such as 
diabetes, CKD, and COPD increases also with age.86 
Thus, given that age is one of the most important risk 
factors for COVID-19, it appears reasonable to conclude 
that the observed association between hypertension and 
COVID-19 severity and particularly mortality as reported 
in several studies is clearly influenced and potentially 
confounded by the older age of the patients affected 
by the disease in the different populations. The impor-
tance of age for mortality of patients with COVID-19 was 
highlighted in one report among others,87,88 that analyzed 
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data in a large prospective cohort study of >20 000 hos-
pital patients with COVID-19 in the United Kingdom.4 
Among 11 significantly associated risk factors in mul-
tivariable Cox proportional hazards model, the hazard 
ratio for death increased in patients 50 to 59 years old 
as compared with younger patients from 2.63 ([95% CI, 
2.06–3.35], P<0.001) to 11.09 ([95% CI, 8.93–13.77]; 
P<0.001) in patients at least 80 years old. In contrast, 
apart from the role of male sex, the effect size for other 
comorbidities including chronic cardiac disease, COPD, 
CKD, or obesity resulted in hazard ratios between 1.13 
and 1.51 while the effect of diabetes was not signifi-
cant and the diagnosis of hypertension even not consid-
ered.4 Another large-scale study from the UK analyzed 
primary care records from over 17 million adults that 
were linked to 10 926 COVID-19-related deaths89 and 
confirmed again the important role of age, being male, 
and the impact of ethnicity with higher risk in Black and 
South Asian people. Of interest, the modestly elevated 
mortality risk associated with the diagnosis of hyperten-
sion after adjustment for age and sex (hazard ratio, 1.09 
[95% CI, 1.05–1.14]) changed to a hazard ratio of 0.89 
(95% CI, 0.85–0.93) when all variables were included in 
the statistical analysis with obesity and diabetes largely 
responsible for this decline in the hazard ratio. How-
ever, the authors detected strong evidence for a signifi-
cant interaction between age and the risk for death in 
COVID-19, with a significantly higher risk up to the age 
of 70 years and a lower risk in individuals older than 70 
years. They concluded that the reasons for the inverse 
relationship between hypertension and mortality in older 
individuals are unclear warranting further investigation, 
including detailed examination of frailty, comorbidity, and 
drug exposures in this age group.89

It is not surprising that age may represent the most 
significant risk factor for death due to COVID-19,89,90 
taken into account that also prior human coronaviruses 
and influenza viruses have been known to impact older 
people disproportionately.91 There are very few stud-
ies that connect the known mechanisms of aging to the 
pathogenesis of viruses. However, recent data describ-
ing the immunoinflammatory changes and pathology 
in patients with COVID-19 suggest that immunosenes-
cence and immunoinflammation in aging may represent 
major drivers in of the higher mortality rates in older 
patients.86 Hence the gradual decline in immune function, 
that is, immunosenescence in older individuals hampers 
pathogen recognition, alert signaling and clearance, due 
to deficiencies in both the innate and adaptive immune 
system.92 Blacks have a higher prevalence of hypertension 
than Hispanic, Americans, Whites, Native Americans, and 
other subgroups defined by race/ethnicity in the United 
States.18 Moreover, the control rates of hypertension are 
lower among non-Hispanic Black adults compared with 
non-Hispanic White adults,93 while morbidity and mortal-
ity attributed to hypertension are more common in Blacks 

and Hispanic Americans than in Whites.18 This indicates 
that differences in hypertension together with differential 
patterns of other comorbidities including obesity, diabe-
tes, and CKD could impact on outcome in COVID-19 in 
specific race/ethnic groups.94 In the large cohort of 7868 
hospitalized patients from the American Heart Associa-
tion COVID-19 Cardiovascular Disease Registry, Hispanic 
and non-Hispanic Black patients accounted for 58.5% 
of all patients hospitalized and bore a greater burden of 
mortality and morbidity.95 However, race/ethnicity was 
not independently associated with worse in-hospital mor-
tality or major cardiovascular events after adjustment. A 
large cohort study of patients within a large health sys-
tem in New York City found among patients hospitalized 
for COVID-19, that Black patients were even less likely 
than White patients to have severe illness and to die or be 
discharged to hospice.94 In agreement with another study 
focusing on black non-Hispanic and white non-Hispanic 
patients12 a study in an health care system in the United 
States including almost 3.5 Million members, revealed that 
race among White, Black, Hispanic, and Asian participants 
was the most important predictor of SARS-CoV-2 infec-
tion and hospitalization due to COVID-19 but not for mor-
tality.96 Thus, it appears that specific race/ethnic groups 
of patients are not inherently more susceptible to having 
poorer COVID-19 outcomes than other ethnic groups. 
Rather, existing structural determinants pervasive for 
example in Black and Hispanic communities may explain 
the observed disproportionately higher out-of-hospital 
deaths and hospitalizations due to COVID-19 in these 
populations.94 Nevertheless, whether or not the higher 
prevalence of hypertension, poorer BP control and sus-
ceptibility for HMOD in specific populations might contrib-
ute to COVID-19 related outcomes in addition to racial/
ethnic disparities should be explored in future research.

ASSOCIATION WITH TARGET ORGAN 
DAMAGE AND CVD
Endothelial dysfunction due to oxidative stress and 
inflammation is a major phenotype underlying both the 
pathogenesis and progression of hypertension.24 In this 
regard hypertension could aggravate endothelial dam-
age and dysfunction particularly in patients with severe 
COVID-19.97,98 Hence, the vasculature (both venous and 
arterial) can be also affected in COVID-19 either directly 
by the SARS-CoV-2 virus99,100 or indirectly as a result 
of the systemic inflammatory host response resulting 
in endotheliitis.101,102 Endothelial cells are directly linked 
to the SARS-CoV-2 infection by expression of ACE2/
TMPRSS2 and the potential role of SARS-CoV-2-me-
diated endocytosis and downregulation of ACE2 on 
cardiovascular complications is currently investigated.102 
Endotheliitis in COVID-19 contributes to systemic endo-
thelial damage including disseminated intravascular 
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coagulation and cardiovascular complications in COVID-
19. Detailed cardiac autopsy studies indicated that lym-
phomonocytic inflammation in arteries of patients with 
COVID-19 increases crescentically toward the small 
vessels suggesting that COVID-19-induced endothe-
liitis is a small vessel vasculitis not involving the main 
coronaries.103 This may also apply to the cerebral vascu-
lature and thus cerebrovascular complications in COVID-
19.104,105 With this in mind, it is understandable that the 
endothelium represents an important interface between 
hypertension and COVID-19. As a result, endothelial 
dysfunction in hypertension and endotheliitis in COVID-
19 can mutually potentiate each other and increase the 
risk of cardiovascular complications in COVID-19.

Moreover, hypertension is frequently associated with 
other structural HMOD and cardio-renal complica-
tions, which are also more prevalent in older persons.16 
Among the various pathophysiological changes in the 
cardiovascular system, left ventricular hypertrophy and 
fibrosis is of particular clinical importance and accounts 
for the increased occurrence of heart failure with pre-
served ejection fraction106 This pathological condition is 
most commonly found in the elderly patients and asso-
ciates with high cardiovascular morbidity and mortality 
which are likely underestimated in COVID-19 studies 
currently reported. It should be noted that the hyperten-
sion-induced modifications may render the heart also 
particularly susceptible to SARS-CoV-2 induced dam-
age74,107–109 including the development of arrhythmias 
including atrial fibrillation.110 Nevertheless, it is important 
to note that the information on the contribution of hyper-
tension on the manifestations and progression of cardio-
vascular complications during the course of COVID-19 is 
scarce (Figure 2). The same applies to the role of hyper-
tension for the progression of CKD in response to or 
independent from acute kidney injury events in patients 
with severe COVID-19.111,112 Moreover hypertension 
is a well-recognized risk factor for vascular remodeling 
and vascular stiffness,113,114 which may contribute to the 
impact of hypertension on outcomes and mortality in 
patients with COVID-19. Interestingly, increased arterial 
stiffness typically seen in older and hypertensive peo-
ple114 may exhibit an independent prognostic value for 
mortality in patients with COVID-19.115 Thus, it is reason-
able to assume that in patients with structural vascular 
changes, the risk of mortality is increased supporting 
the link between HMOD and COVID-19 outcomes. On 
the other hand, hypertension, particularly systolic hyper-
tension, is not only a contributor to increased vascular 
stiffness but also a consequence of it particularly in the 
elderly population, which underscores the complex inter-
play between hypertension and HMOD that might affect 
COVID-19. Furthermore, as hypertension per se is major 
risk factor for CVD and major adverse cardiovascular 
events, most importantly stroke and myocardial infarc-
tion, the presence of established CVD in hypertensive 

patients could clearly impact on cardiovascular outcome 
in patients with COVID-19. Finally, the presence of other 
comorbidities that frequently associate with hypertension 
or contribute to the development and progression of the 
disease such as obesity116–118 and diabetes119,120 may also 
modify the course of COVID-19 and the independent 
role of hypertension in the disease. Taken together, the 
aforementioned observations support the notion that the 
reported association between hypertension and COVID-
19 is in addition to age, likely also to be influenced by the 
presence of HMOD or target organ damage and CVD 
that occurred independently from hypertension. Finally, 
the role of treatment status, type of BP lowering drugs 
used and achieved BP control needs to be considered. 
Hence, while the significant role of age and male sex on 
the course of COVID-19 have been consistently docu-
mented,4,87–89 the independent role of diagnosed, that 
is, preexisting hypertension, has not been convincingly 
documented so far.

ROLE OF BP IN PATIENTS PRESENTING 
WITH COVID-19
Only a few studies considered the role of BP and the role 
of achieved BP control in hypertensive patients for both 
the risk of infection with SARS-CoV-2 and the course of 
COVID-19 and related outcome. In a small retrospective 
study, high systolic BP but not the diagnosis of hyper-
tension was identified as a covariate in both mortality 
and survival prediction by using prediction models at the 
time of hospital admission in a cohort of 157 patients 
with COVID-19.121 Another observational, retrospective 
study analyzed the role of pulse pressure as a surrogate 
for arterial stiffness in a larger cohort of 12 170 patients 
admitted to Spanish centers for COVID-19.115 In this 
study, elevated systolic BP>140 mm Hg at admission 
was also identified as a significant predictor for all-cause 
mortality but only when it associated with higher pulse 
pressure ≥60 mmHg; the latter was an independent pre-
dictor for mortality in patients with COVID-19 (odds ratio, 
1.27, P=0.001). Of interest, low systolic BP<120 mm Hg 
showed the strongest impact of BP phenotypes on risk 
(odds ratio, 1.48, P=0.001).115 These data indicate that 
the limited data so far available on BP phenotypes in 
patients with COVID-19 represents a major weakness. 
Thus, more data exploring the role of BP phenotypes for 
development and outcome in COVID-19 is needed.

IMPACT OF COVID-19 ON HYPERTENSION 
MANAGEMENT
Lifestyle and Risk Factors
The role of the COVID-19 pandemic on changes in life-
style may influence BP in a variety of ways and, in the 
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aggregate, possibly rather unfavorably.122 Several fac-
tors that are enhanced during lockdown and/or self-
isolation have been identified and include modifications 
of physical activity, dietary patterns, alcohol consumption, 
potential increase in body weight, smoking, emotional/
psychological stress, changes in sleep patterns, and diur-
nal rhythms may thus increase BP and promote poor BP 
control in treated hypertensive patients.122,123 In addition, 
physician attitude and health care–related factors asso-
ciated with delayed diagnosis and increased therapeutic 
inertia during the COVID-19 pandemic could contribute 
to poorer control of BP and overall cardiovascular risk.122 
In this regard, specific recommendations have been 
issued to preserve appropriate lifestyle and patient/phy-
sician communication.122,123

Therapy With BP-Lowering Drugs
Reflections on the Use of RAS-Blockers in 
COVID-19
Although, as mentioned above, ACEIs cannot bind and 
inhibit ACE2, there are several interactions and feedback 
loops between the individual components in the RAS.25 
The most well-known is the negative feedback between 

Ang II on renin secretion via AT1R, which explains the 
high renin levels under therapy with ACEI and ARB (Fig-
ure 1B). Thus, a potential upregulation of ACE2 in the 
airway tissue of hypertensive patients upon treatment 
with RAS-blockers might increase the risk of infection 
with SARS-Cov-2 and contribute to a more progressive 
course of COVID-19. However, the discussion on the link 
between ACE2 and the use of RAS blockers was initially 
mainly driven by animal studies that showed a potential 
upregulation of ACE2 in cardiovascular organs and the 
kidney after treatment with RAS blockers (especially 
ARBs).21 It appeared that many authors speculating on 
this link dismissed—among other issues such as concen-
tration-dependent basic pharmacological aspects20—to 
differentiate between the reported effects of RAS block-
ers on mRNA levels versus membrane-bound ACE2 tis-
sue protein or soluble ACE2 protein levels in body fluids, 
for example, blood, where the levels are normally low.20 
The latter is generated by cleavage of its membrane-
anchor (shedding) by ADAM17 (a disintegrin and metal-
loprotease 17).20,124 Activation of the AT1R upregulates 
ADAM17 and may result in increased soluble ACE2 
levels as it has been shown in the brain.124,125 Thus, the 
activation of the Ang II/AT1R axis in hypertension or 

Figure 2. Synopsis of the potential impact of hypertension, blood pressure, and antihypertensive drugs on the risk of infection 
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and the course of coronavirus disease (COVID-19). 
The overall impact of the parameters shown on the left on the risk of infection with SARS-CoV-2 and the risk of death as shown in available 
studies are indicated by the symbols. The impact of these parameters on the progression of COVID-19 or the development of long-term 
sequelae, for example, post-COVID syndrome and long-COVID is unclear and warrants future research; other first-line BP-lowering drugs include 
calcium channel blockers, thiazide/thiazide-like diuretics, and β-blockers. (), possible effect; Ø, no effect; ↥, increased risk; ?, unclear and/or no 
data available. ACEI indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP indicates blood pressure; MRA, 
mineralocorticoid receptor antagonist; and SBP, systolic blood pressure.

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021



HYPERTENSION COM
PENDIUM

Circulation Research. 2021;128:1062–1079. DOI: 10.1161/CIRCRESAHA.121.318054 April 2, 2021  1071

Savoia et al Hypertension and COVID-19

cardio-renal disease might result in increased activity of 
ADAM17,20,124 which may promote shedding of ACE-2 
from the membrane, thereby increasing soluble ACE2 
and decreasing membrane-bound ACE2. However, 
these potential links should be noted with caution, since 
the expression of ADAM17 expression and activity is 
highly complicated and systemically increased ADAM17 
expression does not necessarily enhance its shedding 
activity in vivo126 as reviewed in the study by Kawai et 
al.127 Nevertheless, ACE2 levels in blood or urine are 
possibly poor biomarkers for membrane-bound ACE2 
and its potential role to modulate infectivity with SARS-
CoV-2 in hypertension. On the other hand, this does not 
preclude a significant role for soluble/circulating ACE-2 
as a biomarker for cardiovascular risk128 as highlighted in 
a recent analysis in the PURE (Prospective Urban Rural 
Epidemiology) prospective study.129

In this global study, increased plasma ACE2 con-
centrations were associated with increased risk of total 
deaths and cardiovascular events including myocardial 
infarction, stroke, and incident heart failure.130 As previ-
ously documented in patients with heart failure, plasma 
concentrations of ACE2 were higher in men than in 
women, but treatment with ACEI or ARB was not asso-
ciated with higher plasma ACE2 concentrations.131 In 
addition, genetic loci that contribute to plasma ACE2 con-
centrations variations have been identified in men but not 
in women132 although a mechanistic link to COVID-19, 
based on the issues raised above, remains unclear. In this 
regard, a recent small observational study is of interest 
that analyzed ACE2 levels in individuals who were admit-
ted to emergency room care with suspected COVID-19. 
The analysis of several components of the RAS including 
several angiotensin peptides together with ACE2 con-
centrations, indicated that the patients who had largely 
no severe COVID-19 did not exhibit major changes in 
either RAS activity of ACE2 in plasma.133

Among the recent reports that performed tissue 
expression analysis, Wu et al134 showed that enala-
pril or losartan treatment had no effect on Ace2 mRNA 
expression in lung, ileum, kidney, or heart tissues in mice. 
In addition, Tmprss2 mRNA levels, co-expressed most 
abundantly in lung and ileum, were also not changed by 
either RAS blockade.134 Of interest, the authors could also 
show that downregulation of angiotensinogen expression 
by antisense oligonucleotides reduced Tmprss2 mRNA 
levels in lungs but did not change Ace2 expression.134

Furin promotes host cell infection by facilitating bind-
ing of NRLP1 to SARS-CoV-2 via processing of its spike 
protein.135 However, due to its function as proprotein con-
vertase that resides in the trans-Golgi network, furin is 
also involved in the maturation of several proprotein sub-
strates in the secretory pathway136 and thereby exhibits 
also complex interactions with hypertension and the RAS. 
Furin is for example involved in maturation of ADAM17—
also known as TACE (TNF-α converting enzyme)137—and 

thus indirectly linked to ACE2, the RAS, and hyperten-
sion.124 Furthermore, furin plays a key role in the matu-
ration of the epithelial sodium channel (ENaC) subunits 
linking it again to the RAS and particularly aldosterone, 
BP, and sodium handling.138 Based on experimental data, 
it was recently suggested that ACEI and ARB might 
enhance furin activity and thus SARS-CoV-2 infectivity 
by inhibiting protease nexin 1, while the opposite effect 
is predicted for mineralocorticoid antagonist (MRA).139 
This provides support for future clinical studies investi-
gating the potential protective effects of MRA in COVID-
19. In addition to furin, ACE2 itself as well as the other 
co-factors facilitating cell entry including TMPRSS2 are 
potential targets for the prevention and/or treatment of 
COVID-19 as discussed elsewhere.22,46–50,139

An important study by Jiang et al140 evaluated ACE2 
mRNA expression by RNAseq analysis in kidney tissues 
of 436 patients. The authors showed increasing ACE2 
expression with age but no association between renal 
expression of ACE2 and either hypertension or treatment 
with RAS inhibitors. Another study assessing expression 
in the heart is of special importance, because a pro-
teomic analysis of ACE2 was performed.141 The authors 
analyzed myocardial tissue obtained from the ventricu-
lar septum during valve surgery in patients with cardiac 
hypertrophy. The analysis revealed an increased ACE2 
protein abundance (4.76-fold upregulation compared 
with controls) in the hearts of patients with pressure 
overload heart disease due to aortic stenosis but not with 
volume-overload heart disease due to heart failure.141 
Thus, this study prompts further investigations to ana-
lyze whether cardiac ACE2 protein is also upregulated in 
common forms of left pressure overload left ventricular 
hypertrophy in patients with arterial hypertension, which 
could impact on the cardiac involvement in hypertensive 
patients with COVID-19.141

Clinical Studies With RAS Blockers in COVID-19
At the beginning of the COVID-19 pandemic, several 
scientific organizations and societies have consistently 
recommended to continue RAS-blockers in spite of 
their at this time still uncertain effects on susceptibil-
ity to the SARS-CoV-2 infection and clinical course of 
COVID-19.142–147 After this initial phase of concern and 
uncertainty, multiple observational studies have been 
presented that evaluated the use of ACEIs and ARBs in 
patients with COVID-19. The reports show large varia-
tions in sample size, robustness in design, and statisti-
cal analysis. Among the available reports, 3 case-control 
studies that were conducted in Europe148,149 and South 
Korea150 are particularly important. In the first study, Man-
cia et al148 reported a population-based study from the 
Lombardy region, Italy, involving 6272 confirmed patients 
with COVID-19 and 30 759 controls. In this study, the use 
of ARBs and ACE inhibitors was more frequent among 
patients with COVID-19 due to their higher prevalence 
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of CVD as compared with controls who were matched 
for age, sex, and place of residence. However, in multi-
variable adjusted analysis, the use of ARBs or ACEI or 
their combination with other antihypertensive drugs was 
not significantly associated with the risk of COVID-19 
and the severity of COVID-19.148 In the second report, 
de Abajo et al149 conducted a population-based study 
in the Madrid region, Spain, in 1139 cases of COVID-
19 hospital admissions and 11 390 matched population 
controls. No significant association between the use of 
ACEI or ARB and the risk of COVID-19 requiring admis-
sion to hospital or severity of disease was observed.149 In 
the third study, Son et al150 reported a study from South 
Korea in which they used the population-based data 
provided by the Korean National Health Insurance Sys-
tem. Of 16 281 subjects with hypertension, they identi-
fied 950 confirmed COVID-19 cases. After case-control 
matching and multivariable-adjusted conditional logistic 
regression analysis, exposure to RAS-blockers (95% 
related to ARB use) had no significant effect on the risk 
for COVID-19 or hospitalization.150

In addition to these, only few case-control stud-
ies, multiple single cohort studies, or case series that 
explored the role of RAS-blockers in COVID-19 have 
been reported.151 Among those, an observational analy-
sis reported by Reynolds et al152 in a cohort of 12 594 
patients who were tested for COVID-19 in a large health 
network in New York City, appears important.152 In this 
study, 46.8% of the included patients tested positive 
for COVID-19 and 17.0% had severe illness. A history 
of hypertension was present in 34.6% of patients with 
COVID-19. The authors found no association between 
the use of RAS-blockers and an increased likelihood of 
a positive test or the risk of severe illness among patients 
with COVID-19. Importantly, this applied to both patients 
with hypertension and without hypertension.152 Similar 
findings were also obtained in a retrospective cohort 
study conducted at the Cleveland Clinic Health System 
on 18 472 patients tested for COVID-19.153 A recent 
meta-analysis of 31 available observational cohort stud-
ies provided outcome data on 87 951 patients with 
COVID-19.154 The analysis revealed no association 
between the use of ACEI/ARB and all-cause mortality/
severe COVID-19 (risk ratio, 0.94 [95% CI, 0.86–1.03], 
P=0.20) or occurrence of severe disease (risk ratio, 0.93 
[95% CI, 0.74–1.17], P=0.55). Likewise, the analysis of 
the 3 population-based case-control studies identified 
no significant association between ACEI/ARB (pooled 
odds ratio, 1.00 [95% CI, 0.81–1.23], P=0.98) and all-
cause mortality/severe disease.154 Moreover, there was 
also no differential effect between ACEI and ARB for 
outcomes. Taken together, it seems that the majority 
of the studies available thus far documented a neutral 
effect of the use of either ACEIs or ARBs on both the 
risk for COVID-19 and severity of the disease includ-
ing all-cause mortality.151 In any case, it seems difficult 

to imagine to establish a cause-effect relation between 
the use of ACEIs or ARBs and risk for COVID-19 and 
adverse events in COVID-19 due to the many confound-
ing factors that could play a role for a worse or better 
prognosis in observational studies.

In contrast to the initial suspicion of a harmful influ-
ence or RAS blockers, a protective effect of RAS block-
ade in COVID-19 could also be considered.58,149,152,155–158 
For example, in a nation-wide Swedish registry study157 
including 1.4 million patients, after adjustment of mul-
tiple potential confounders, use of ACEI or ARB was 
associated with a reduced risk of hospitalization/death 
for COVID-19 (odds ratio, 0.86 [95% CI, 0.81–0.91]) 
in the overall population, and with a reduced mortality 
in COVID-19 cases (hazard ratio, 0.89 [95% CI, 0.82–
0.96]). These data are only hypothesis generating and a 
protective effect of RAS-blockers in COVID-19 requires 
to be tested in prospective randomized control trials 
(REGISTRATION: URL: https://www.clinicaltrials.gov; 
Unique identifier: eg, NCT04493359, NCT04394117, 
NCT04591210, NCT04312009, NCT04351581, 
NCT04366050; and DRKS00021732). Two random-
ized trials addressing the influence of RAS blockers on 
the course and prognosis of COVID-19 are published. In 
the BRACE-CORONA trial,159 659 hospitalized patients 
with COVID-19 with hypertension were randomized in 
a 1:1 ratio to either continuous ACEI/ARB treatment 
or temporary suspension of treatment for 30 days. The 
primary outcome was to determine whether ARB/ACEI 
discontinuation versus continuation affected the number 
of days alive and out of hospital at 30 days. The patients 
interrupting ACE inhibitors/ARBs were on average alive 
and out of the hospital for 21.9 days as compared with 
22.9 days for those continuing therapy (average differ-
ence between groups was −1.1 days; mean ratio, 0.95 
[95% CI, 0.90–1.01]; P=0.09). Thus, withdrawal of ACEI/
ARB therapy in patients hospitalized for COVID-19 has 
no impact on the short-term prognosis of the disease. 
Some limitations of the study should not go unmen-
tioned.160,161 First, the overall number of patients was low 
and the study statistically probably somewhat underpow-
ered. Second, the patients were relatively young (median 
age 55.1 years) and only a few were taking ACE inhibi-
tors (17%). In addition, the overall risk of the patients 
was rather low because 57% had mild disease and 43% 
had at most moderate disease, and the mortality rate 
was 2.7% (9 deaths in each treatment arm). Consistent 
results were reported in the REPLACE COVID trial162,163 
in which 152 patients with hypertension (mean age, 62 
years; 45% women) were randomized to continue or dis-
continue ACEI/ARBs. Again, there were no significant 
differences between groups in the incidence of the pri-
mary outcome, consisting in a global rank score of time 
to death, duration of mechanical ventilation or extracor-
poreal membrane oxygenation, time to renal replace-
ment, or inotropic vasopressor therapy and multiorgan 
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dysfunction during hospitalization. These results support 
the current view to maintain ACEI/ARBs during COVID-
19 hospitalization in patients with hypertension, since 
these compounds do not promote worse outcomes and 
the opposite may reveal true, as it is currently investi-
gated in the trial RAMIC (Ramipril for the treatment of 
COVID-19), which investigates the potential benefits 
of ramipril 2.5 mg compared with placebo in improving 
survival, reducing intensive care unit admissions or use 
of mechanical ventilation support in 560 patients admit-
ted to hospital for severe COVID-19 (NCT04366050). 
Similarly, 2 randomized controlled trials are investigating 
the effect of the ARB losartan (NCT04312009) or the 
MRA spironolactone (NCT04345887) versus placebo in 
patients admitted to hospital for COVID-19.

Role of Other Antihypertensive Drugs
The primary intention and end point in most reported 
studies was related to the role of ACEIs and ARBs 
(ie, RAS-blockers) in COVID-19 and did not primarily 
address the role of MRA, although this was intended in 
the title of some studies when referring to blockers of the 
renin-angiotensin-aldosterone system.148,152 Neverthe-
less, the role of MRA and other first-line antihypertensive 
drug classes, including calcium channel blockers (CCBs), 
thiazides/thiazide-like diuretics, and β-blockers was also 
assessed, despite these analyses received much less 
attention.164 In the study by Mancia, only a few (3.8%) 
of the COVID-19 cases were treated with MRA and no 
significant effect on COVID-19 was found in adjusted 
analysis. Since several exogenous/environmental as well 
as endogenous (eg, emotional stress)122 can further trig-
ger the activation of sympathetic system in hypertensive 
patients with COVID-19, the use of β-blockers may pro-
vide beneficial effects as suggested.152,165 In the cohort 
study from New York City, United States, reported by 
Reynolds,152 the authors investigated in addition to RAS-
blockers also all other classes of first line BP-lowering 
drugs. Similarly to the findings obtained for RAS-block-
ers, no substantial increase in the likelihood of a positive 
test for COVID-19 or in the risk of severe COVID-19 
among patients who tested positive was found in associa-
tion with the use of CCB, thiazide diuretics or β-blockers. 
However, in separate analysis of the different end points, 
individuals treated with β-blockers had a marginally lower 
likelihood of a positive COVID-19 test than patients not 
treated with these agents.152 In contrast, a slightly higher 
likelihood of severe illness associated with the previous 
use of CCBs was obtained.152 Among the case-control 
studies that investigated primarily the role of RAS-
blockers as summarized above no significant association 
with the other first-line BP-lowering drugs in separate 
analysis for each drug class148 or for combination therapy 
with RAS-blockers149 and the investigated COVID-19 
related outcomes was found. Treatment with loop diuret-
ics was apparently associated with an increased risk of 

COVID-19.148 Nevertheless, the use of loop diuretics in 
this cohort could reflect the existence of more severe 
comorbidities such as heart failure or advanced CKD, the 
severity of which could not be appropriately quantified in 
the study.148 The latter highlights again the important role 
of potential confounding by the pattern and severity of 
comorbidities in these analyses.

CONCLUSIONS AND FUTURE 
DIRECTIONS
Hypertension is the most common comorbidity in middle-
aged and older adults who represent as well the popu-
lation carrying the heavier burden of fatal COVID-19 
cases. Nevertheless, at this time, there are no consistent 
proofs that hypertension is an independent risk factor for 
worse outcomes in patients with COVID-19. A possible 
beneficial/harm effect using the pivotal ACEIs or ARBs 
first-line BP-lowering drugs had become controversial 
for the management of hypertensive patients at the 
beginning of the current COVID-19 pandemic.19–21 The 
prevailing evidence currently supports that these RAS 
inhibitors are safe and should not be discontinued for 
fear of an increased risk of COVID-19. This reinforces 
previous statements presented by several national and 
international cardiovascular and hypertension scientific 
societies142–147 to recommend the continued use of anti-
hypertensive medications and in particular of ACEIs/
ARBs in patients with COVID-19.

Many knowledge gaps (Figure 2) remain to fill with 
regard to the relationship between hypertension and its 
management in relation to COVID-19. It is unclear how 
much physician and health care–related factors associ-
ated with delayed diagnosis and increased therapeu-
tic inertia will contribute to poorer BP control and thus 
increased cardiovascular risk during the COVID-19 pan-
demic. This applies also to the effects of hypertension on 
the long-term outcome of patients after acute COVID-19 
disease with regard to either full recovery (healing)166 or 
the development of long-term sequelae167,168 (Figure 2). 
The latter could be driven by aggravated endothelial dys-
function due to COVID-19 induced endothelial damage 
and endotheliitis102 or other acquired cardiovascular inju-
ries during acute COVID-19. There are as well interesting 
perspectives that were widened during COVID-19 pan-
demic and lock-down of the population. The COVID-19 
outbreak in fact induced rough challenges in providing 
health care including delayed care delivery for patients with 
cardiovascular pathologies that were afraid to attend hos-
pitals or even outpatient practice for hypertension care.122 
To afford these unexpected hurdles in the prevention and 
care of patients, technological advances were developed 
to provide new innovative solutions, in particular, regard-
ing the use of telemedicine or telehealth applictions.169–172 
This appears highly appropriate for the management of 
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chronic diseases including hypertension.122,169,173 Remote 
care may result in multiple benefits by reducing resource 
use in health care systems, improving appropriate access 
to care, while minimizing the risk of infections by reducing 
exposure and direct transmissions.174 Consequently, the 
use of remote care using telehealth applications might 
have also positive psychological impact on patients by 
providing a safer access to care givers.175 In addition, phy-
sicians who are in quarantine can employ these services 
to assist their patients remotely.176 Intensive further devel-
opment of telehealth technology will undoubtedly take 
place and has certainly received a significant boost from 
the current requirements and experiences during the 
COVID-19 pandemic. This will require the development 
of tailored approaches for hypertension care and suitable 
training of health care professionals involved. Currently, 
telemedical care appears already as a very welcome by-
product in hypertension management as many doctors 
experienced during the COVID-19 pandemic. Further-
more, COVID-19, driven by the various links and contro-
versies summarized in this review, seems to have provided 
a powerful stimulus to hypertension research. Hopefully, 
this trend will continue and help close the bitter gap177 
that has emerged in recent years compared with general 
biomedical research.178 COVID-19 has and continues to 
proof the critical importance of hypertension research to 
address questions that are important for global health.

ARTICLE INFORMATION
Affiliations
Clinical and Molecular Medicine Department, Division of Cardiology, Sant' An-
drea Hospital, Sapienza University of Rome, Rome, Italy (C.S., M.V.). Charité 
- Universitätsmedizin Berlin, corporate member of Freie Universität Berlin, 
Humboldt-Universität zu Berlin, and Berlin Institute of Health, Institut für 
Klinische Pharmakologie und Toxikologie (R.K.).

Acknowledgments
We thank Engi Abd El-Hady Algharabl for support in the preparation of the Fig-
ures. This work is supported by the DFG (German Research Foundation): project 
number 394046635-SFB 1365-RENOPROTECTION (R.K.) and by Research 
Grant Sapienza University of Rome (C.S., M.V.). 

Disclosures
R. Kreutz has received support of research by Bayer and personal honoraria from 
Bayer, Berlin-Chemie Menarini, Daiichi Sankyo, Ferrer, Merck, Sanofi, and Servier 
outside of the submitted work. The other authors report no conflicts.

REFERENCES
 1. Fauci AS, Lane HC, Redfield RR. Covid-19 — navigating the uncharted. N 

Eng J Med. 2020;382:1268–1269. doi: 10.1056/NEJMe2002387.
 2. Vincent JL, Taccone FS. Understanding pathways to death in patients with 

COVID-19. Lancet Respir Med. 2020;8:430–432. doi: 10.1016/S2213- 
2600(20)30165-X

 3. Deng G, Yin M, Chen X, Zeng F. Clinical determinants for fatality of 44,672 
patients with COVID-19. Crit Care. 2020;24:179. doi: 10.1186/s13054- 
020-02902-w

 4. Docherty AB, Harrison EM, Green CA, Hardwick HE, Pius R, Norman L, 
Holden KA, Read JM, Dondelinger F, Carson G, et al; ISARIC4C investiga-
tors. Features of 20 133 UK patients in hospital with covid-19 using the 
ISARIC WHO clinical characterisation protocol: prospective observational 
cohort study. BMJ. 2020;369:m1985. doi: 10.1136/bmj.m1985

 5. Iaccarino G, Grassi G, Borghi C, Ferri C, Salvetti M, Volpe M; SARS-
RAS Investigators. Age and multimorbidity predict death among 
COVID-19 patients: results of the SARS-RAS Study of the Italian Soci-
ety of hypertension. Hypertension. 2020;76:366–372. doi: 10.1161/ 
HYPERTENSIONAHA.120.15324

 6. Iaccarino G, Grassi G, Borghi C, Carugo S, Fallo F, Ferri C, Giannattasio 
C, Grassi D, Letizia C, Mancusi C, et al; SARS-RAS Investigators. Gen-
der differences in predictors of intensive care units admission among 
COVID-19 patients: the results of the SARS-RAS study of the Ital-
ian Society of hypertension. PLoS One. 2020;15:e0237297. doi: 
10.1371/journal.pone.0237297

 7. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, Xiang J, Wang Y, Song B, Gu X, et al. 
Clinical course and risk factors for mortality of adult inpatients with covid-
19 in wuhan, china: A retrospective cohort study. Lancet (London, England). 
2020;395:1054–1062. doi: 10.1016/S0140-6736(20)30566-3

 8. Guan W, Ni Z, Hu Y, et al. Clinical characteristics of coronavirus disease 
2019 in china. N Eng J Med. 2020. doi: 10.1056/NEJMoa2002032

 9. Onder G, Rezza G, Brusaferro S. Case-fatality rate and characteristics of 
patients dying in relation to covid-19 in italy. JAMA. 2020;323:1775–1776. 
doi: 10.1001/jama.2020.4683

 10. Ciceri F, Castagna A, Rovere-Querini P, De Cobelli F, Ruggeri A, Galli 
L, Conte C, De Lorenzo R, Poli A, Ambrosio A, et al. Early predictors of 
clinical outcomes of COVID-19 outbreak in Milan, Italy. Clin Immunol. 
2020;217:108509. doi: 10.1016/j.clim.2020.108509

 11. Richardson S, Hirsch JS, Narasimhan M, Crawford JM, McGinn T, 
Davidson KW, Barnaby DP, Becker LB, Chelico JD, Cohen SL, et al; the 
Northwell COVID-19 Research Consortium. Presenting characteris-
tics, comorbidities, and outcomes among 5700 patients hospitalized with 
COVID-19 in the New York City area. JAMA. 2020;323:2052–2059. doi: 
10.1001/jama.2020.6775

 12. Price-Haywood EG, Burton J, Fort D, Seoane L. Hospitalization and mortal-
ity among black patients and white patients with Covid-19. N Engl J Med. 
2020;382:2534–2543. doi: 10.1056/NEJMsa2011686

 13. Li B, Yang J, Zhao F, Zhi L, Wang X, Liu L, Bi Z, Zhao Y. Prevalence and 
impact of cardiovascular metabolic diseases on COVID-19 in China. Clin 
Res Cardiol. 2020;109:531–538. doi: 10.1007/s00392-020-01626-9

 14. Cummings MJ, Baldwin MR, Abrams D, Jacobson SD, Meyer BJ, Balough 
EM, Aaron JG, Claassen J, Rabbani LE, Hastie J, et al. Epidemiology, 
clinical course, and outcomes of critically ill adults with COVID-19 in New 
York City: a prospective cohort study. Lancet. 2020;395:1763–1770. doi: 
10.1016/S0140-6736(20)31189-2

 15. Forouzanfar MH, Liu P, Roth GA, Ng M, Biryukov S, Marczak L, Alexander 
L, Estep K, Hassen Abate K, Akinyemiju TF, et al. Global burden of hyper-
tension and systolic blood pressure of at least 110 to 115 mm Hg, 1990-
2015. JAMA. 2017;317:165–182. doi: 10.1001/jama.2016.19043

 16. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier 
M, Clement DL, Coca A, de Simone G, Dominiczak A, et al; Authors/
Task Force Members:. 2018 ESC/ESH guidelines for the management 
of arterial hypertension: the task force for the management of arterial 
hypertension of the European Society of Cardiology and the European 
Society of Hypertension: the task force for the management of arte-
rial hypertension of the European Society of Cardiology and the Euro-
pean Society of hypertension. J Hypertens. 2018;36:1953–2041. doi: 
10.1097/HJH.0000000000001940

 17. Unger T, Borghi C, Charchar F, Khan NA, Poulter NR, Prabhakaran 
D, Ramirez A, Schlaich M, Stergiou GS, Tomaszewski M, et al. 2020 
International Society of Hypertension global hypertension practice 
guidelines. J Hypertens. 2020;38:982–1004. doi: 10.1097/HJH. 
0000000000002453

 18. Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, 
Dennison Himmelfarb C, DePalma SM, Gidding S, Jamerson KA, Jones 
DW, et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/
ASPC/NMA/PCNA Guideline for the prevention, detection, evaluation, 
and management of high blood pressure in adults: a report of the Ameri-
can College of Cardiology/American Heart Association Task Force on 
clinical practice guidelines. J Am Coll Cardiol. 2018;71:e127–e248. doi: 
10.1016/j.jacc.2017.11.006

 19. Vaduganathan M, Vardeny O, Michel T, McMurray JJV, Pfeffer MA, Solomon 
SD. Renin-Angiotensin-Aldosterone system inhibitors in patients with Covid-
19. N Engl J Med. 2020;382:1653–1659. doi: 10.1056/NEJMsr2005760

 20. Danser AHJ, Epstein M, Batlle D. Renin-Angiotensin System blockers and 
the COVID-19 pandemic: at present there is no evidence to abandon renin-
angiotensin system blockers. Hypertension. 2020;75:1382–1385. doi: 
10.1161/HYPERTENSIONAHA.120.15082

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021



HYPERTENSION COM
PENDIUM

Circulation Research. 2021;128:1062–1079. DOI: 10.1161/CIRCRESAHA.121.318054 April 2, 2021  1075

Savoia et al Hypertension and COVID-19

 21. Kreutz R, Algharably EAE, Azizi M, Dobrowolski P, Guzik T, Januszewicz A, 
Persu A, Prejbisz A, Riemer TG, Wang JG, et al. Hypertension, the renin-
angiotensin system, and the risk of lower respiratory tract infections and 
lung injury: implications for COVID-19. Cardiovasc Res. 2020;116:1688–
1699. doi: 10.1093/cvr/cvaa097

 22. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S, 
Schiergens TS, Herrler G, Wu NH, Nitsche A, et al. SARS-CoV-2 cell entry 
depends on ACE2 and TMPRSS2 and is blocked by a clinically proven prote-
ase inhibitor. Cell. 2020;181:271–280.e8. doi: 10.1016/j.cell.2020.02.052

 23. Paul M, Poyan Mehr A, Kreutz R. Physiology of local renin-angiotensin sys-
tems. Physiol Rev. 2006;86:747–803. doi: 10.1152/physrev.00036.2005

 24. Oparil S, Acelajado MC, Bakris GL, Berlowitz DR, Cífková R, Dominiczak AF, 
Grassi G, Jordan J, Poulter NR, Rodgers A, et al. Hypertension. Nat Rev Dis 
Primers. 2018;4:18014. doi: 10.1038/nrdp.2018.14

 25. Arendse LB, Danser AHJ, Poglitsch M, Touyz RM, Burnett JC Jr, 
Llorens-Cortes C, Ehlers MR, Sturrock ED. Novel therapeutic approaches 
targeting the renin-angiotensin system and associated peptides in 
hypertension and heart failure. Pharmacol Rev. 2019;71:539–570. doi: 
10.1124/pr.118.017129

 26. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk 
V, González-Juanatey JR, Harjola VP, Jankowska EA, et al; ESC Scientific 
Document Group. 2016 ESC Guidelines for the diagnosis and treatment 
of acute and chronic heart failure: The Task Force for the diagnosis and 
treatment of acute and chronic heart failure of the European Society of 
Cardiology (ESC)Developed with the special contribution of the Heart Fail-
ure Association (HFA) of the ESC. Eur Heart J. 2016;37:2129–2200. doi: 
10.1093/eurheartj/ehw128

 27. Paz Ocaranza M, Riquelme JA, García L, Jalil JE, Chiong M, Santos RAS, 
Lavandero S. Counter-regulatory renin-angiotensin system in cardio-
vascular disease. Nat Rev Cardiol. 2020;17:116–129. doi: 10.1038/ 
s41569-019-0244-8

 28. Tipnis SR, Hooper NM, Hyde R, Karran E, Christie G, Turner AJ. A human 
homolog of angiotensin-converting enzyme. Cloning and functional 
expression as a captopril-insensitive carboxypeptidase. J Biol Chem. 
2000;275:33238–33243. doi: 10.1074/jbc.M002615200

 29. Santos RAS, Sampaio WO, Alzamora AC, Motta-Santos D, Alenina N, 
Bader M, Campagnole-Santos MJ. The ACE2/Angiotensin-(1-7)/MAS axis 
of the renin-angiotensin system: focus on angiotensin-(1-7). Physiol Rev. 
2018;98:505–553. doi: 10.1152/physrev.00023.2016

 30. Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong JC, Turner AJ, Raizada 
MK, Grant MB, Oudit GY. Angiotensin-converting enzyme 2: SARS-CoV-2 
receptor and regulator of the renin-angiotensin system: celebrating the 20th 
anniversary of the discovery of ACE2. Circ Res. 2020;126:1456–1474. doi: 
10.1161/CIRCRESAHA.120.317015

 31. Wang K, Gheblawi M, Oudit GY. Angiotensin converting enzyme 2: a 
double-edged sword. Circulation. 2020;142:426–428. doi: 10.1161/ 
CIRCULATIONAHA.120.047049

 32. Savoia C, D’Agostino M, Lauri F, Volpe M. Angiotensin type 2 recep-
tor in hypertensive cardiovascular disease. Curr Opin Nephrol Hypertens. 
2011;20:125–132. doi: 10.1097/MNH.0b013e3283437fcd

 33. Hilbert P, Lindpaintner K, Beckmann JS, Serikawa T, Soubrier F, Dubay C, 
Cartwright P, De Gouyon B, Julier C, Takahasi S. Chromosomal mapping 
of two genetic loci associated with blood-pressure regulation in hereditary 
hypertensive rats. Nature. 1991;353:521–529. doi: 10.1038/353521a0

 34. Crackower MA, Sarao R, Oudit GY, Yagil C, Kozieradzki I, Scanga SE, 
Oliveira-dos-Santos AJ, da Costa J, Zhang L, Pei Y, et al. Angiotensin-
converting enzyme 2 is an essential regulator of heart function. Nature. 
2002;417:822–828. doi: 10.1038/nature00786

 35. Kamilic J, Hamming I, Kreutz R, Bolbrinker J, Siems WE, Nassar I, Sluimer JC, 
Walther T, Navis GJ, van Goor H. Renal ACE2 expression and activity is unal-
tered during established hypertension in adult SHRSP and TGR(mREN2)27. 
Hypertens Res. 2010;33:123–128. doi: 10.1038/hr.2009.191

 36. Patel SK, Velkoska E, Freeman M, Wai B, Lancefield TF, Burrell LM. From 
gene to protein-experimental and clinical studies of ACE2 in blood pres-
sure control and arterial hypertension. Front Physiol. 2014;5:227. doi: 
10.3389/fphys.2014.00227

 37. Kuriakose J, Montezano AC, Touyz RM. ACE2/Ang-(1-7)/Mas1 axis and 
the vascular system: vasoprotection to COVID-19-associated vascular dis-
ease. Clin Sci (Lond). 2021;135:387–407. doi: 10.1042/CS20200480

 38. Rentzsch B, Todiras M, Iliescu R, Popova E, Campos LA, Oliveira ML, Baltatu 
OC, Santos RA, Bader M. Transgenic angiotensin-converting enzyme 
2 overexpression in vessels of SHRSP rats reduces blood pressure and 
improves endothelial function. Hypertension. 2008;52:967–973. doi: 
10.1161/HYPERTENSIONAHA.108.114322

 39. Díez-Freire C, Vázquez J, Correa de Adjounian MF, Ferrari MF, Yuan L, 
Silver X, Torres R, Raizada MK. ACE2 gene transfer attenuates hyper-
tension-linked pathophysiological changes in the SHR. Physiol Genomics. 
2006;27:12–19. doi: 10.1152/physiolgenomics.00312.2005

 40. Hernández Prada JA, Ferreira AJ, Katovich MJ, Shenoy V, Qi Y, Santos RA, 
Castellano RK, Lampkins AJ, Gubala V, Ostrov DA, et al. Structure-based 
identification of small-molecule angiotensin-converting enzyme 2 activators 
as novel antihypertensive agents. Hypertension. 2008;51:1312–1317. doi: 
10.1161/HYPERTENSIONAHA.107.108944

 41. Lo J, Patel VB, Wang Z, Levasseur J, Kaufman S, Penninger JM, Oudit 
GY. Angiotensin-converting enzyme 2 antagonizes angiotensin II-induced 
pressor response and NADPH oxidase activation in Wistar-Kyoto rats and 
spontaneously hypertensive rats. Exp Physiol. 2013;98:109–122. doi: 
10.1113/expphysiol.2012.067165

 42. Savoia C, Arrabito E, Parente R, Nicoletti C, Madaro L, Battistoni A, 
Filippini A, Steckelings UM, Touyz RM, Volpe M. Mas receptor activation 
contributes to the improvement of nitric oxide bioavailability and vascular 
remodeling during chronic AT1R (Angiotensin Type-1 Receptor) blockade 
in experimental hypertension. Hypertension. 2020;76:1753–1761. doi: 
10.1161/HYPERTENSIONAHA.120.15527

 43. Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne MA, Somasundaran 
M, Sullivan JL, Luzuriaga K, Greenough TC, et al. Angiotensin-convert-
ing enzyme 2 is a functional receptor for the SARS coronavirus. Nature. 
2003;426:450–454. doi: 10.1038/nature02145

 44. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure, 
function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell. 
2020;181:281–292.e6. doi: 10.1016/j.cell.2020.02.058

 45. Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q, 
Zhang L, et al. Structure of the SARS-CoV-2 spike receptor-binding 
domain bound to the ACE2 receptor. Nature. 2020;581:215–220. doi: 
10.1038/s41586-020-2180-5

 46. Liu T, Luo S, Libby P, Shi GP. Cathepsin L-selective inhibitors: a poten-
tially promising treatment for COVID-19 patients. Pharmacol Ther. 
2020;213:107587. doi: 10.1016/j.pharmthera.2020.107587

 47. Johnson BA, Xie X, Bailey AL, Kalveram B, Lokugamage KG, Muruato A, 
Zou J, Zhang X, Juelich T, Smith JK, et al. Loss of furin cleavage site attenu-
ates sars-cov-2 pathogenesis. Nature. 2021;591:293-299. doi: 10.1038/ 
s41586-021-03237-4

 48. Daly JL, Simonetti B, Klein K, Chen KE, Williamson MK, Antón-Plágaro C, 
Shoemark DK, Simón-Gracia L, Bauer M, Hollandi R, et al. Neuropilin-1 is 
a host factor for SARS-CoV-2 infection. Science. 2020;370:861–865. doi: 
10.1126/science.abd3072

 49. Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian M, Franz J, Kuivanen S, 
van der Meer F, Kallio K, Kaya T, Anastasina M, et al. Neuropilin-1 facilitates 
SARS-CoV-2 cell entry and infectivity. Science. 2020;370:856–860. doi: 
10.1126/science.abd2985

 50. Wei J, Alfajaro MM, DeWeirdt PC, Hanna RE, Lu-Culligan WJ, Cai WL, 
Strine MS, Zhang SM, Graziano VR, Schmitz CO, et al. Genome-wide 
CRISPR screens reveal host factors critical for SARS-CoV-2 infection. Cell. 
2021;184:76–91.e13. doi: 10.1016/j.cell.2020.10.028

 51. Hikmet F, Méar L, Edvinsson Å, Micke P, Uhlén M, Lindskog C. The protein 
expression profile of ACE2 in human tissues. Mol Syst Biol. 2020;16:e9610. 
doi: 10.15252/msb.20209610

 52. Hou YJ, Okuda K, Edwards CE, Martinez DR, Asakura T, Dinnon KH 3rd, 
Kato T, Lee RE, Yount BL, Mascenik TM, et al. SARS-CoV-2 reverse 
genetics reveals a variable infection gradient in the respiratory tract. Cell. 
2020;182:429–446.e14. doi: 10.1016/j.cell.2020.05.042

 53. Lee IT, Nakayama T, Wu CT, Goltsev Y, Jiang S, Gall PA, Liao CK, Shih LC, 
Schürch CM, McIlwain DR, et al. ACE2 localizes to the respiratory cilia and 
is not increased by ACE inhibitors or ARBs. Nat Commun. 2020;11:5453. 
doi: 10.1038/s41467-020-19145-6

 54. Lukassen S, Chua RL, Trefzer T, Kahn NC, Schneider MA, Muley T, Winter 
H, Meister M, Veith C, Boots AW, et al. SARS-CoV-2 receptor ACE2 and 
TMPRSS2 are primarily expressed in bronchial transient secretory cells. 
EMBO J. 2020;39:e105114. doi: 10.15252/embj.20105114

 55. Imai Y, Kuba K, Penninger JM. The discovery of angiotensin-converting 
enzyme 2 and its role in acute lung injury in mice. Exp Physiol. 2008;93:543–
548. doi: 10.1113/expphysiol.2007.040048

 56. Ziegler CGK, Allon SJ, Nyquist SK, Mbano IM, Miao VN, Tzouanas CN, Cao 
Y, Yousif AS, Bals J, Hauser BM, et al; HCA Lung Biological Network. Elec-
tronic address: lung-network@humancellatlas.org; HCA Lung Biological 
Network. SARS-CoV-2 receptor ACE2 is an interferon-stimulated gene in 
human airway epithelial cells and is detected in specific cell subsets across 
tissues. Cell. 2020;181:1016–1035.e19. doi: 10.1016/j.cell.2020.04.035

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021



HY
PE

RT
EN

SI
ON

 C
OM

PE
ND

IU
M

1076  April 2, 2021 Circulation Research. 2021;128:1062–1079. DOI: 10.1161/CIRCRESAHA.121.318054

Savoia et al Hypertension and COVID-19

 57. Chua RL, Lukassen S, Trump S, Hennig BP, Wendisch D, Pott F, 
Debnath O, Thürmann L, Kurth F, Völker MT, et al. COVID-19 sever-
ity correlates with airway epithelium-immune cell interactions identi-
fied by single-cell analysis. Nat Biotechnol. 2020;38:970–979. doi: 
10.1038/s41587-020-0602-4

 58. Trump S, Lukassen S, Anker MS, Chua RL, Liebig J, Thürmann L, Corman 
VM, Binder M, Loske J, Klasa C, et al. Hypertension delays viral clearance 
and exacerbates airway hyperinflammation in patients with covid-19. Nat 
Biotechnol. 2020. doi: 10.1038/s41587-020-00796-1

 59. Wenzel U, Turner JE, Krebs C, Kurts C, Harrison DG, Ehmke H. Immune 
mechanisms in arterial hypertension. J Am Soc Nephrol. 2016;27:677–686. 
doi: 10.1681/ASN.2015050562

 60. Touyz RM, Rios FJ, Alves-Lopes R, Neves KB, Camargo LL, Montezano 
AC. Oxidative stress: a unifying paradigm in hypertension. Can J Cardiol. 
2020;36:659–670. doi: 10.1016/j.cjca.2020.02.081

 61. Patrick DM, Van Beusecum JP, Kirabo A. The role of inflammation in 
hypertension: novel concepts. Curr Opin Physiol. 2021;19:92–98. doi: 
10.1016/j.cophys.2020.09.016

 62. Norlander AE, Madhur MS, Harrison DG. The immunology of hypertension. 
J Exp Med. 2018;215:21–33. doi: 10.1084/jem.20171773

 63. Wingler K, Wünsch S, Kreutz R, Rothermund L, Paul M, Schmidt HH. 
Upregulation of the vascular NAD(P)H-oxidase isoforms Nox1 and Nox4 
by the renin-angiotensin system in vitro and in vivo. Free Radic Biol Med. 
2001;31:1456–1464. doi: 10.1016/s0891-5849(01)00727-4

 64. Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S, 
Goronzy J, Weyand C, Harrison DG. Role of the t cell in the genesis of 
angiotensin ii–induced hypertension and vascular dysfunction. J Exp Med. 
2007;204:2449–2460. doi: 10.1084/jem.20070657

 65. Dominiczak A, Delles C, Padmanabhan S. Genomics and precision medicine 
for clinicians and scientists in hypertension. Hypertension. 2017;69:e10–
e13. doi: 10.1161/HYPERTENSIONAHA.116.08252

 66. Mancia G, Grassi G, Giannattasio C, Seravalle G. Sympathetic activation in 
the pathogenesis of hypertension and progression of organ damage. Hyper-
tension. 1999;34:724–728. doi: 10.1161/01.hyp.34.4.724

 67. Machnik A, Neuhofer W, Jantsch J, Dahlmann A, Tammela T, Machura K, 
Park JK, Beck FX, Müller DN, Derer W, et al. Macrophages regulate salt-
dependent volume and blood pressure by a vascular endothelial growth 
factor-C-dependent buffering mechanism. Nat Med. 2009;15:545–552. 
doi: 10.1038/nm.1960

 68. Wilck N, Matus MG, Kearney SM, Olesen SW, Forslund K, Bartolomaeus 
H, Haase S, Mähler A, Balogh A, Markó L, et al. Salt-responsive gut com-
mensal modulates TH17 axis and disease. Nature. 2017;551:585–589. doi: 
10.1038/nature24628

 69. Rossitto G, Mary S, Chen JY, Boder P, Chew KS, Neves KB, Alves RL, 
Montezano AC, Welsh P, Petrie MC, et al. Tissue sodium excess is not 
hypertonic and reflects extracellular volume expansion. Nat Commun. 
2020;11:4222. doi: 10.1038/s41467-020-17820-2

 70. Chakraborty S, Mandal J, Yang T, Cheng X, Yeo JY, McCarthy CG, 
Wenceslau CF, Koch LG, Hill JW, Vijay-Kumar M, et al. Metabolites 
and hypertension: insights into hypertension as a metabolic disorder: 
2019 Harriet Dustan Award. Hypertension. 2020;75:1386–1396. doi: 
10.1161/HYPERTENSIONAHA.120.13896

 71. Krishnan SM, Ling YH, Huuskes BM, Ferens DM, Saini N, Chan CT, Diep H, 
Kett MM, Samuel CS, Kemp-Harper BK, et al. Pharmacological inhibition of 
the NLRP3 inflammasome reduces blood pressure, renal damage, and dys-
function in salt-sensitive hypertension. Cardiovasc Res. 2019;115:776–787. 
doi: 10.1093/cvr/cvy252

 72. Loperena R, Van Beusecum JP, Itani HA, Engel N, Laroumanie F, Xiao 
L, Elijovich F, Laffer CL, Gnecco JS, Noonan J, et al. Hypertension and 
increased endothelial mechanical stretch promote monocyte differentiation 
and activation: roles of STAT3, interleukin 6 and hydrogen peroxide. Cardio-
vasc Res. 2018;114:1547–1563. doi: 10.1093/cvr/cvy112

 73. Jayedi A, Rahimi K, Bautista LE, Nazarzadeh M, Zargar MS, Shab-Bidar 
S. Inflammation markers and risk of developing hypertension: a meta-
analysis of cohort studies. Heart. 2019;105:686–692. doi: 10.1136/ 
heartjnl-2018-314216

 74. Guzik TJ, Mohiddin SA, Dimarco A, Patel V, Savvatis K, Marelli-Berg FM, 
Madhur MS, Tomaszewski M, Maffia P, D’Acquisto F, et al. COVID-19 
and the cardiovascular system: implications for risk assessment, diagno-
sis, and treatment options. Cardiovasc Res. 2020;116:1666–1687. doi: 
10.1093/cvr/cvaa106

 75. Rothman AM, MacFadyen J, Thuren T, Webb A, Harrison DG, Guzik 
TJ, Libby P, Glynn RJ, Ridker PM. Effects of interleukin-1β inhibition on 
blood pressure, incident hypertension, and residual inflammatory risk: a 

secondary analysis of CANTOS. Hypertension. 2020;75:477–482. doi: 
10.1161/HYPERTENSIONAHA.119.13642

 76. Siedlinski M, Jozefczuk E, Xu X, Teumer A, Evangelou E, Schnabel RB, Welsh 
P, Maffia P, Erdmann J, Tomaszewski M, et al. White blood cells and blood 
pressure: a Mendelian Randomization Study. Circulation. 2020;141:1307–
1317. doi: 10.1161/CIRCULATIONAHA.119.045102

 77. Itani HA, McMaster WG Jr, Saleh MA, Nazarewicz RR, Mikolajczyk TP, 
Kaszuba AM, Konior A, Prejbisz A, Januszewicz A, Norlander AE, et 
al. Activation of human T Cells in hypertension: studies of humanized 
mice and hypertensive humans. Hypertension. 2016;68:123–132. doi: 
10.1161/HYPERTENSIONAHA.116.07237

 78. Youn JC, Yu HT, Lim BJ, Koh MJ, Lee J, Chang DY, Choi YS, Lee SH, Kang 
SM, Jang Y, et al. Immunosenescent CD8+ T cells and C-X-C chemokine 
receptor type 3 chemokines are increased in human hypertension. Hyperten-
sion. 2013;62:126–133. doi: 10.1161/HYPERTENSIONAHA.113.00689

 79. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ; HLH 
Across Speciality Collaboration, UK. COVID-19: consider cytokine storm 
syndromes and immunosuppression. Lancet. 2020;395:1033–1034. doi: 
10.1016/S0140-6736(20)30628-0

 80. Gautret P, Million M, Jarrot PA, Camoin-Jau L, Colson P, Fenollar F, Leone 
M, La Scola B, Devaux C, Gaubert JY, et al. Natural history of covid-19 
and therapeutic options. Expert Rev Clin Immunol. 2020;16:1–24. doi: 
10.1080/1744666X.2021.1847640

 81. Ji H, Kim A, Ebinger JE, Niiranen TJ, Claggett BL, Bairey Merz CN, Cheng 
S. Sex differences in blood pressure trajectories over the life course. JAMA 
cardiology. 2020;5:19–26. doi: 10.1001/jamacardio.2019.5306

 82. Bienvenu LA, Noonan J, Wang X, Peter K. Higher mortality of COVID-19 in 
males: sex differences in immune response and cardiovascular comorbidi-
ties. Cardiovasc Res. 2020;116:2197–2206. doi: 10.1093/cvr/cvaa284

 83. Epidemiology Working Group for NCIP Epidemic Response, Chinese 
Center for Disease Control and Prevention. [the epidemiological charac-
teristics of an outbreak of 2019 novel coronavirus diseases (covid-19) in 
china]. Zhonghua liu xing bing xue za zhi = Zhonghua liuxingbingxue zazhi. 
2020;41:145–151. doi: 10.3760/cma.j.issn.0254-6450.2020.02.003

 84. Wang Z, Chen Z, Zhang L, Wang X, Hao G, Zhang Z, Shao L, Tian 
Y, Dong Y, Zheng C, et al; China Hypertension Survey Investiga-
tors. Status of hypertension in China: results from the china hyper-
tension survey, 2012-2015. Circulation. 2018;137:2344–2356. doi: 
10.1161/CIRCULATIONAHA.117.032380

 85. Liabeuf S, Moragny J, Bennis Y, Batteux B, Brochot E, Schmit JL, Lanoix JP, 
Andrejak C, Ganry O, Slama M, et al. Association between renin-angiotensin 
system inhibitors and covid-19 complications. Eur Heart J Cardiovasc phar-
macother. 2020:pvaa062. doi: 10.1093/ehjcvp/pvaa062

 86. Mueller AL, McNamara MS, Sinclair DA. Why does COVID-19 dispropor-
tionately affect older people? Aging (Albany NY). 2020;12:9959–9981. doi: 
10.18632/aging.103344

 87. Ioannou GN, Locke E, Green P, Berry K, O’Hare AM, Shah JA, Crothers 
K, Eastment MC, Dominitz JA, Fan VS. Risk factors for hospitaliza-
tion, mechanical ventilation, or death among 10 131 US veterans with 
SARS-CoV-2 infection. JAMA Netw Open. 2020;3:e2022310. doi: 
10.1001/jamanetworkopen.2020.22310

 88. Panagiotou OA, Kosar CM, White EM, Bantis LE, Yang X, Santostefano 
CM, Feifer RA, Blackman C, Rudolph JL, Gravenstein S, et al. Risk 
factors associated with all-cause 30-day mortality in nursing home 
residents with covid-19. JAMA Intern Med. 2021:e207968. doi: 
10.1001/jamainternmed.2020.7968

 89. Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton CE, 
Curtis HJ, Mehrkar A, Evans D, Inglesby P, et al. Factors associated with 
COVID-19-related death using OpenSAFELY. Nature. 2020;584:430–436. 
doi: 10.1038/s41586-020-2521-4

 90. Santesmasses D, Castro JP, Zenin AA, Shindyapina AV, Gerashchenko 
MV, Zhang B, Kerepesi C, Yim SH, Fedichev PO, Gladyshev VN. COVID-
19 is an emergent disease of aging. Aging Cell. 2020;19:e13230. doi: 
10.1111/acel.13230

 91. Geller C, Varbanov M, Duval RE. Human coronaviruses: insights into envi-
ronmental resistance and its influence on the development of new antisep-
tic strategies. Viruses. 2012;4:3044–3068. doi: 10.3390/v4113044

 92. Hinojosa E, Boyd AR, Orihuela CJ. Age-associated inflammation and toll-
like receptor dysfunction prime the lungs for pneumococcal pneumonia. J 
Infect Dis. 2009;200:546–554. doi: 10.1086/600870

 93. Muntner P, Hardy ST, Fine LJ, Jaeger BC, Wozniak G, Levitan EB, 
Colantonio LD. Trends in blood pressure control among US adults with 
hypertension, 1999-2000 to 2017-2018. JAMA. 2020;324:1190–1200. 
doi: 10.1001/jama.2020.14545

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021



HYPERTENSION COM
PENDIUM

Circulation Research. 2021;128:1062–1079. DOI: 10.1161/CIRCRESAHA.121.318054 April 2, 2021  1077

Savoia et al Hypertension and COVID-19

 94. Ogedegbe G, Ravenell J, Adhikari S, Butler M, Cook T, Francois F, 
Iturrate E, Jean-Louis G, Jones SA, Onakomaiya D, et al. Assessment of 
Racial/Ethnic disparities in hospitalization and mortality in patients with 
COVID-19 in New York City. JAMA Netw Open. 2020;3:e2026881. doi: 
10.1001/jamanetworkopen.2020.26881

 95. Rodriguez F, Solomon N, de Lemos JA, et al. Racial and ethnic differenc-
es in presentation and outcomes for patients hospitalized with covid-19: 
Findings from the american heart association’s covid-19 cardiovascular 
disease registry. Circulation. 2020

 96. Escobar GJ, Adams AS, Liu VX, Soltesz L, Chen YI, Parodi SM, Ray GT, 
Myers LC, Ramaprasad CM, Dlott R, et al. Racial disparities in covid-19 
testing and outcomes: Retrospective cohort study in an integrated health 
system. Ann Intern Med. 2021:M20–6979. doi: 10.7326/M20-6979

 97. Gambardella J, Santulli G. What is linking covid-19 and endothelial dysfunc-
tion? Updates on nanomedicine and bioengineering from the 2020 aha 
scientific sessions. Eur Heart J Cardiovasc Pharmacother. 2020:pvaa145. 
doi: 10.1093/ehjcvp/pvaa145

 98. Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger 
F, Vanstapel A, Werlein C, Stark H, Tzankov A, et al. Pulmonary vascular 
endothelialitis, thrombosis, and angiogenesis in Covid-19. N Engl J Med. 
2020;383:120–128. doi: 10.1056/NEJMoa2015432

 99. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel 
AS, Mehra MR, Schuepbach RA, Ruschitzka F, Moch H. Endothelial cell 
infection and endotheliitis in COVID-19. Lancet. 2020;395:1417–1418. 
doi: 10.1016/S0140-6736(20)30937-5

 100. Fox SE, Lameira FS, Rinker EB, Vander Heide RS. Cardiac endotheliitis 
and multisystem inflammatory syndrome after covid-19. Ann Intern Med. 
2020;173:1025–1027. doi: 10.7326/L20-0882

 101. Teuwen LA, Geldhof V, Pasut A, Carmeliet P. COVID-19: the vasculature 
unleashed. Nat Rev Immunol. 2020;20:389–391. doi: 10.1038/s41577- 
020-0343-0

 102. Evans PC, Rainger GE, Mason JC, Guzik TJ, Osto E, Stamataki Z, Neil D, 
Hoefer IE, Fragiadaki M, Waltenberger J, et al. Endothelial dysfunction in 
COVID-19: a position paper of the ESC working group for atherosclerosis 
and vascular biology, and the ESC council of basic cardiovascular science. 
Cardiovasc Res. 2020;116:2177–2184. doi: 10.1093/cvr/cvaa230

 103. Maccio U, Zinkernagel AS, Shambat SM, Zeng X, Cathomas G, Ruschitzka 
F, Schuepbach RA, Moch H, Varga Z. SARS-CoV-2 leads to a small 
vessel endotheliitis in the heart. EBioMedicine. 2021;63:103182. doi: 
10.1016/j.ebiom.2020.103182

 104. Stancu P, Uginet M, Assal F, Allali G, Lovblad KO. Covid-19 associ-
ated stroke and cerebral endotheliitis. J Neuroradiol. 2021:S0150-
9861(21)00041-9. doi: 10.1016/j.neurad.2021.01.012.

 105. Kirschenbaum D, Imbach LL, Rushing EJ, Frauenknecht KBM, Gascho 
D, Ineichen BV, Keller E, Kohler S, Lichtblau M, Reimann RR, et al. 
Intracerebral endotheliitis and microbleeds are neuropathological features 
of covid-19. Neuropathol Appl Neurobiol. 2020:10.1111/nan.12677. doi: 
10.1111/nan.12677

 106. Kjeldsen SE, von Lueder TG, Smiseth OA, Wachtell K, Mistry N, Westheim 
AS, Hopper I, Julius S, Pitt B, Reid CM, et al. Medical therapies for heart 
failure with preserved ejection fraction. Hypertension. 2020;75:23–32. doi: 
10.1161/HYPERTENSIONAHA.119.14057

 107. Akhmerov A, Marbán E. COVID-19 and the heart. Circ Res. 2020; 
126:1443–1455. doi: 10.1161/CIRCRESAHA.120.317055

 108. Lindner D, Fitzek A, Bräuninger H, Aleshcheva G, Edler C, Meissner 
K, Scherschel K, Kirchhof P, Escher F, Schultheiss HP, et al. 
Association of cardiac infection with SARS-CoV-2 in confirmed 
COVID-19 autopsy cases. JAMA Cardiol. 2020;5:1281–1285. doi: 
10.1001/jamacardio.2020.3551

 109. Lala A, Johnson KW, Januzzi JL, Russak AJ, Paranjpe I, Richter F, Zhao 
S, Somani S, Van Vleck T, Vaid A, et al; Mount Sinai COVID Informatics 
Center. Prevalence and impact of myocardial injury in patients hospital-
ized with COVID-19 infection. J Am Coll Cardiol. 2020;76:533–546. doi: 
10.1016/j.jacc.2020.06.007

 110. Russo V, Rago A, Carbone A, Bottino R, Ammendola E, Della Cioppa N, 
Galante D, Golino P, Nigro G. Atrial fibrillation in COVID-19: from epi-
demiological association to pharmacological implications. J Cardiovasc 
Pharmacol. 2020;76:138–145. doi: 10.1097/FJC.0000000000000854

 111. Puelles VG, Lütgehetmann M, Lindenmeyer MT, Sperhake JP, Wong MN, 
Allweiss L, Chilla S, Heinemann A, Wanner N, Liu S, et al. Multiorgan and 
renal tropism of SARS-CoV-2. N Engl J Med. 2020;383:590–592. doi: 
10.1056/NEJMc2011400

 112. Braun F, Lütgehetmann M, Pfefferle S, Wong MN, Carsten A, Lindenmeyer 
MT, Nörz D, Heinrich F, Meißner K, Wichmann D, et al. SARS-CoV-2 renal 

tropism associates with acute kidney injury. Lancet. 2020;396:597–598. 
doi: 10.1016/S0140-6736(20)31759-1

 113. Safar ME, Asmar R, Benetos A, Blacher J, Boutouyrie P, Lacolley P, 
Laurent S, London G, Pannier B, Protogerou A, et al; French Study 
Group on Arterial Stiffness. Interaction between hypertension and 
arterial stiffness. Hypertension. 2018;72:796–805. doi: 10.1161/ 
HYPERTENSIONAHA.118.11212

 114. Battistoni A, Michielon A, Marino G, Savoia C. Vascular aging and central 
aortic blood pressure: from pathophysiology to treatment. High Blood Press 
Cardiovasc Prev. 2020;27:299–308. doi: 10.1007/s40292-020-00395-w

 115. Rodilla E, Lopez-Carmona MD, Cortes X, Cobos-Palacios L, Canales 
S, Sáez MC, Campos Escudero S, Rubio-Rivas M, Díez Manglano J, 
Freire Castro SJ, et al. Impact of arterial stiffness on all-cause mortality in 
patients hospitalized with covid-19 in spain. Hypertension. 2021;77:856–
867. doi: 10.1161/HYPERTENSIONAHA.120.16563

 116. Kwok S, Adam S, Ho JH, Iqbal Z, Turkington P, Razvi S, Le Roux CW, Soran 
H, Syed AA. Obesity: a critical risk factor in the COVID-19 pandemic. Clin 
Obes. 2020;10:e12403. doi: 10.1111/cob.12403

 117. Hussain A, Mahawar K, Xia Z, Yang W, El-Hasani S. Obesity and mortality 
of COVID-19. meta-analysis. Obes Res Clin Pract. 2020;14:295–300. doi: 
10.1016/j.orcp.2020.07.002

 118. Simonnet A, Chetboun M, Poissy J, Raverdy V, Noulette J, Duhamel A, 
Labreuche J, Mathieu D, Pattou F, Jourdain M; LICORN and the Lille 
COVID-19 and Obesity study group. High prevalence of obesity in severe 
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) requiring inva-
sive mechanical ventilation. Obesity (Silver Spring). 2020;28:1195–1199. 
doi: 10.1002/oby.22831

 119. Lim S, Bae JH, Kwon HS, Nauck MA. COVID-19 and diabetes mel-
litus: from pathophysiology to clinical management. Nat Rev Endocrinol. 
2021;17:11–30. doi: 10.1038/s41574-020-00435-4

 120. Barron E, Bakhai C, Kar P, Weaver A, Bradley D, Ismail H, Knighton P, 
Holman N, Khunti K, Sattar N, et al. Associations of type 1 and type 
2 diabetes with COVID-19-related mortality in England: a whole-
population study. Lancet Diabetes Endocrinol. 2020;8:813–822. doi: 
10.1016/S2213-8587(20)30272-2

 121. Caillon A, Zhao K, Klein KO, Greenwood C, Lu Z, Paradis P, Schiffrin EL. 
High systolic blood pressure at hospital admission is an important risk fac-
tor in models predicting outcome of covid-19 patients. Am J Hypertens. 
2021:hpaa225. doi: 10.1093/ajh/hpaa225

 122. Kreutz R, Dobrowolski P, Prejbisz A, Algharably EAE, Bilo G, Creutzig F, 
Grassi G, Kotsis V, Lovic D, Lurbe E, et al. Lifestyle, psychological, socio-
economic and environmental factors and their impact on hypertension dur-
ing the coronavirus disease 2019 pandemic. J Hypertens. 2020;Publish 
Ahead of Print. doi: 10.1097/HJH.0000000000002770

 123. Volpe M, Battistoni A, Bellotti P, Bellone S, Bertolotti M, Biffi A, 
Consoli A, Corsini A, Desideri G, Ferri C, et al; board of the Italian 
Society of Cardiovascular Prevention. Recommendations for cardio-
vascular prevention during the Sars-Cov-2 pandemic: an executive 
document by the board of the Italian Society of cardiovascular pre-
vention. High Blood Press Cardiovasc Prev. 2020;27:373–377. doi: 
10.1007/s40292-020-00401-1

 124. Xu J, Sriramula S, Xia H, Moreno-Walton L, Culicchia F, Domenig O, 
Poglitsch M, Lazartigues E. Clinical relevance and role of neuronal AT1 re-
ceptors in ADAM17-mediated ACE2 shedding in neurogenic hypertension. 
Circ Res. 2017;121:43–55. doi: 10.1161/CIRCRESAHA.116.310509

 125. Mukerjee S, Gao H, Xu J, Sato R, Zsombok A, Lazartigues E. ACE2 and 
ADAM17 interaction regulates the activity of presympathetic neurons. 
Hypertension. 2019;74:1181–1191. doi: 10.1161/HYPERTENSIONAHA. 
119.13133

 126. Yoda M, Kimura T, Tohmonda T, Morioka H, Matsumoto M, Okada Y, Toyama 
Y, Horiuchi K. Systemic overexpression of TNFα-converting enzyme does 
not lead to enhanced shedding activity in vivo. PLoS One. 2013;8:e54412. 
doi: 10.1371/journal.pone.0054412

 127. Kawai T, Elliott KJ, Scalia R, Eguchi S. Contribution of adam17 and re-
lated adams in cardiovascular diseases. Cell Mol Life Sci. 2021. doi: 
10.1007/s00018-021-03779-w

 128. Ramchand J, Burrell LM. Circulating ACE2: a novel biomarker of car-
diovascular risk. Lancet. 2020;396:937–939. doi: 10.1016/S0140- 
6736(20)32011-0

 129. Narula S, Yusuf S, Chong M, Ramasundarahettige C, Rangarajan 
S, Bangdiwala SI, van Eikels M, Leineweber K, Wu A, Pigeyre M, et 
al. Plasma ACE2 and risk of death or cardiometabolic diseases: a 
case-cohort analysis. Lancet. 2020;396:968–976. doi: 10.1016/ 
S0140-6736(20)31964-4

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021



HY
PE

RT
EN

SI
ON

 C
OM

PE
ND

IU
M

1078  April 2, 2021 Circulation Research. 2021;128:1062–1079. DOI: 10.1161/CIRCRESAHA.121.318054

Savoia et al Hypertension and COVID-19

 130. Volpe M, Patrono C. The second life of the ambiguous angiotensin-convert-
ing enzyme 2 as a predictive biomarker for cardiometabolic diseases and 
death. Eur Heart J. 2020;41:4302–4303. doi: 10.1093/eurheartj/ehaa929

 131. Sama IE, Ravera A, Santema BT, van Goor H, Ter Maaten JM, Cleland JGF, 
Rienstra M, Friedrich AW, Samani NJ, Ng LL, et al. Circulating plasma con-
centrations of angiotensin-converting enzyme 2 in men and women with 
heart failure and effects of renin-angiotensin-aldosterone inhibitors. Eur 
Heart J. 2020;41:1810–1817. doi: 10.1093/eurheartj/ehaa373

 132. Nelson CP, Sama IE, Codd V, Webb TR, Ye S, Lang CC, Voors AA, Ng 
LL, Samani NJ. Genetic associations with plasma angiotensin converting 
enzyme 2 concentration: potential relevance to COVID-19 risk. Circulation. 
2020;142:1117–1119. doi: 10.1161/CIRCULATIONAHA.120.049007

 133. Kintscher U, Slagman A, Domenig O, Röhle R, Konietschke F, Poglitsch M, 
Möckel M. Plasma angiotensin peptide profiling and ACE (Angiotensin-
Converting Enzyme)-2 activity in COVID-19 patients treated with phar-
macological blockers of the Renin-Angiotensin System. Hypertension. 
2020;76:e34–e36. doi: 10.1161/HYPERTENSIONAHA.120.15841

 134. Wu C, Ye D, Mullick AE, Li Z, Danser AHJ, Daugherty A, Lu HS. Effects 
of Renin-Angiotensin inhibition on ACE2 (Angiotensin-Converting 
Enzyme 2) and TMPRSS2 (Transmembrane Protease Serine 2) expres-
sion: insights into COVID-19. Hypertension. 2020;76:e29–e30. doi: 
10.1161/HYPERTENSIONAHA.120.15782

 135. Kielian M. Enhancing host cell infection by SARS-CoV-2. Science. 
2020;370:765–766. doi: 10.1126/science.abf0732

 136. Thomas G. Furin at the cutting edge: from protein traffic to embryogenesis 
and disease. Nature Reviews Molecular Cell Biology. 2002;3:753–766. doi: 
10.1038/nrm934

 137. Endres K, Anders A, Kojro E, Gilbert S, Fahrenholz F, Postina R. Tumor 
necrosis factor-alpha converting enzyme is processed by propro-
tein-convertases to its mature form which is degraded upon phor-
bol ester stimulation. Eur J Biochem. 2003;270:2386–2393. doi: 
10.1046/j.1432-1033.2003.03606.x

 138. Mutchler SM, Kleyman TR. New insights regarding epithelial Na+ chan-
nel regulation and its role in the kidney, immune system and vasculature. 
Curr Opin Nephrol Hypertens. 2019;28:113–119. doi: 10.1097/MNH. 
0000000000000479

 139. Wilcox CS, Pitt B. Is spironolactone the preferred renin-angiotensin-
aldosterone inhibitor for protection against COVID-19? J Cardiovasc 
Pharmacol. 2020;77:323–331. doi: 10.1097/FJC.0000000000000960

 140. Jiang X, Eales JM, Scannali D, Nazgiewicz A, Prestes P, Maier M, Denniff M, 
Xu X, Saluja S, Cano-Gamez E, et al. Hypertension and renin-angiotensin 
system blockers are not associated with expression of angiotensin-con-
verting enzyme 2 (ACE2) in the kidney. Eur Heart J. 2020;41:4580–4588. 
doi: 10.1093/eurheartj/ehaa794

 141. Stegbauer J, Kraus M, Nordmeyer S, Kirchner M, Ziehm M, Dommisch H, 
Kelle S, Kelm M, Baczko I, Landmesser U, et al. Proteomic analysis re-
veals upregulation of ace2 (angiotensin-converting enzyme 2), the puta-
tive sars-cov-2 receptor in pressure&#x2013;but not volume-overloaded 
human hearts. Hypertension (Dallas, Tex.: 1979). 2020;76:e41–e43. doi: 
10.1161/HYPERTENSIONAHA.120.16261

 142. European Society of Hypertension Corona-virus Disease 19 Task F. Statement 
of the european society of hypertension (esh) on hypertension, renin angio-
tensin-system blockers and covid-19. Accessed February 23, 2021. Https://
www.Eshonline.Org/esh-content/uploads/2020/06/statement-esh-on-hy-
pertension-ras-blockers-and-covid-19-update-april-15-2020.Pdf.

 143. Hypertension ISo. International society of hypertension. A statement from 
the international society of hypertension on covid-19. Accessed June 7, 
2020. Https://ish-world.Com/news/a/a-statement-from-the-internation-
al-society-of-hypertension-on-covid-19/. 

 144. AHA HA. Hfsa/acc/aha statement addresses concerns re: Using raas 
antagonists in covid-19. Accessed February 23, 2021. https://www.Acc.
Org/latest-in-cardiology/articles/2020/03/17/08/59/hfsa-acc-aha-
statement-addresses-concerns-re-using-raas-antagonists-in-covid-19.

 145. Cardiology ESo. Esc council on hypertension. Position statement of the 
esc council on hypertension on ace-inhibitors and angiotensin receptor 
blockers. Accessed June 7, 2020. Https://www.Escardio.Org/councils/
councilon-hypertension-(cht)/news/position-statement-of-theesccouncil-
on-hypertension-on-ace-inhibitors-and-ang. 

 146. Iaccarino G, Borghi C, Cicero AFG, Ferri C, Minuz P, Muiesan ML, Mulatero 
P, Mulè G, Pucci G, Salvetti M, et al. Renin-angiotensin system inhibition in 
cardiovascular patients at the time of COVID19: much ado for nothing? A 
statement of activity from the directors of the board and the scientific di-
rectors of the Italian Society of Hypertension. High Blood Press Cardiovasc 
Prev. 2020;27:105–108. doi: 10.1007/s40292-020-00380-3

 147. Hypertension JSo. Japanese society of hypertension. Information of co-
vid-19. Accessed June 7, 2020. Https://www.Ipnsh.Jp/corona.Html.

 148. Mancia G, Rea F, Ludergnani M, Apolone G, Corrao G. Renin-Angiotensin-
Aldosterone system blockers and the risk of covid-19. N Engl J Med. 
2020;382:2431–2440. doi: 10.1056/NEJMoa2006923

 149. de Abajo FJ, Rodríguez-Martín S, Lerma V, Mejía-Abril G, Aguilar M, 
García-Luque A, Laredo L, Laosa O, Centeno-Soto GA, Ángeles Gálvez 
M, et al; MED-ACE2-COVID19 study group. Use of renin-angiotensin-
aldosterone system inhibitors and risk of COVID-19 requiring admission 
to hospital: a case-population study. Lancet. 2020;395:1705–1714. doi: 
10.1016/S0140-6736(20)31030-8

 150. Son M, Seo J, Yang S. Association between Renin-Angiotensin-Aldosterone 
System inhibitors and COVID-19 infection in South Korea. Hypertension. 
2020;76:742–749. doi: 10.1161/HYPERTENSIONAHA.120.15464

 151. Bavishi C, Whelton PK, Mancia G, Corrao G, Messerli FH. Renin-
angiotensin-system inhibitors and all-cause mortality in patients with 
COVID-19: a systematic review and meta-analysis of observational studies. 
J Hypertens. 2021;39:784–794. doi: 10.1097/HJH.0000000000002784

 152. Reynolds HR, Adhikari S, Pulgarin C, Troxel AB, Iturrate E, Johnson 
SB, Hausvater A, Newman JD, Berger JS, Bangalore S, et al. Renin-
angiotensin-aldosterone system inhibitors and risk of covid-19. N Engl J 
Med. 2020;382:2441–2448. doi: 10.1056/NEJMoa2008975

 153. Mehta N, Kalra A, Nowacki AS, Anjewierden S, Han Z, Bhat P, 
Carmona-Rubio AE, Jacob M, Procop GW, Harrington S, et al. Association 
of use of angiotensin-converting enzyme inhibitors and angiotensin ii recep-
tor blockers with testing positive for coronavirus disease 2019 (COVID-19). 
JAMA Cardiol. 2020;5:1020–1026. doi: 10.1001/jamacardio.2020.1855

 154. Bavishi C, Whelton PK, Mancia G, Corrao G, Messerli FH. Renin-
angiotensin-system inhibitors and all-cause mortality in patients 
with coronavirus disease 2019: A systematic review and meta-anal-
ysis of observational studies. J Hypertens. 2021;39:784–794. doi: 
10.1097/HJH.0000000000002784

 155. Vila-Corcoles A, Satue-Gracia E, Ochoa-Gondar O, Torrente-Fraga C, 
Gomez-Bertomeu F, Vila-Rovira A, Hospital-Guardiola I, de Diego-Cabanes 
C, Bejarano-Romero F, Rovira-Veciana D, et al. Use of distinct anti-hyper-
tensive drugs and risk for COVID-19 among hypertensive people: a pop-
ulation-based cohort study in Southern Catalonia, Spain. J Clin Hypertens 
(Greenwich). 2020;22:1379–1388. doi: 10.1111/jch.13948

 156. Zhang P, Zhu L, Cai J, Lei F, Qin JJ, Xie J, Liu YM, Zhao YC, Huang 
X, Lin L, et al. Association of inpatient use of angiotensin-converting 
enzyme inhibitors and angiotensin II receptor blockers with mortality 
among patients with hypertension hospitalized with COVID-19. Circ Res. 
2020;126:1671–1681. doi: 10.1161/CIRCRESAHA.120.317134

 157. Savarese G, Benson L, Sundström J, Lund LH. Association between renin–
angiotensin–aldosterone system inhibitor use and covid-19 hospitalization 
and death: A 1.4 million patient nationwide registry analysis. Eur J Heart 
Fail. 2020:10.1002/ejhf.2060. doi: 10.1002/ejhf.2060

 158. Hippisley-Cox J, Young D, Coupland C, Channon KM, Tan PS, Harrison DA, 
Rowan K, Aveyard P, Pavord ID, Watkinson PJ. Risk of severe COVID-19 
disease with ACE inhibitors and angiotensin receptor blockers: cohort 
study including 8.3 million people. Heart. 2020;106:1503–1511. doi: 
10.1136/heartjnl-2020-317393

 159. Lopes RD, Macedo AVS, de Barros E Silva PGM, Moll-Bernardes 
RJ, Dos Santos TM, Mazza L, Feldman A, D’Andréa Saba Arruda G, 
de Albuquerque DC, Camiletti AS, et al; BRACE CORONA Investigators. 
Effect of discontinuing vs continuing angiotensin-converting enzyme in-
hibitors and angiotensin II receptor blockers on days alive and out of the 
hospital in patients admitted with COVID-19: a Randomized Clinical Trial. 
JAMA. 2021;325:254–264. doi: 10.1001/jama.2020.25864

 160. Mancia G. COVID-19, hypertension, and RAAS blockers: the BRACE-
CORONA trial. Cardiovasc Res. 2020;116:e198–e199. doi: 10.1093/ 
cvr/cvaa325

 161. Volpe MP, Patrono C. A randomized trial supports the recommendation to 
continue treatment with acei or arbs during hospitalization for covid-19. Eur 
Heart J. 2021;ehab106. doi: 10.1093/eurheartj/ehab106

 162. Cohen JB, Hanff TC, William P, et al. Continuation versus discontinuation 
of renin–angiotensin system inhibitors in patients admitted to hospital with 
covid-19: a prospective, randomised, open-label trial. Lancet Respir Med. 
2021;42:1061-1062. doi: 10.1016/S2213-2600(20)30558-0

 163. Williams B. Renin-angiotensin system inhibitors in hospitalised patients 
with covid-19. Lancet Respir Med. 2021;9:221–222. doi: 10.1016/S2213- 
2600(21)00003-5

 164. Kjeldsen SE, Narkiewicz K, Burnier M, Oparil S. Potential protective effects of 
antihypertensive treatments during the Covid-19 pandemic: from inhibitors 

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021

Https://ish-world.Com/news/a/a-statement-from-the-international-society-of-hypertension-on-covid-19/
Https://ish-world.Com/news/a/a-statement-from-the-international-society-of-hypertension-on-covid-19/


HYPERTENSION COM
PENDIUM

Circulation Research. 2021;128:1062–1079. DOI: 10.1161/CIRCRESAHA.121.318054 April 2, 2021  1079

Savoia et al Hypertension and COVID-19

of the renin-angiotensin system to beta-adrenergic receptor blockers. 
Blood Press. 2021;30:1–3. doi: 10.1080/08037051.2021.1862483

 165. Pinto-Sietsma SJ, Flossdorf M, Buchholz VR, Offerhaus J, Bleijendaal 
H, Beudel M, Volders PGA, Ter Bekke RMA, Dormans T, Zwetsloot 
PP, et al. Antihypertensive drugs in COVID-19 infection. Eur Heart 
J Cardiovasc Pharmacother. 2020;6:415–416. doi: 10.1093/ 
ehjcvp/pvaa058

 166. Mancusi C, Grassi G, Borghi C, Carugo S, Fallo F, Ferri C, Giannattasio 
C, Grassi D, Letizia C, Minuz P, et al; SARS-RAS Investigators. 
Determinants of healing among patients with coronavirus disease 
2019: the results of the SARS-RAS study of the Italian Society of 
hypertension. J Hypertens. 2021;39:376–380. doi: 10.1097/HJH. 
0000000000002666

 167. Datta SD, Talwar A, Lee JT. A proposed framework and timeline of the 
spectrum of disease due to SARS-CoV-2 infection: illness beyond acute 
infection and public health implications. JAMA. 2020;324:2251–2252. 
doi: 10.1001/jama.2020.22717

 168. Mahase E. Covid-19: what do we know about “long covid”? BMJ. 
2020;370:m2815. doi: 10.1136/bmj.m2815

 169. Neubeck L, Hansen T, Jaarsma T, Klompstra L, Gallagher R. Delivering 
healthcare remotely to cardiovascular patients during covid-19: a rapid 
review of the evidence. Eur J Cardiovascu Nurs. 2020;19:486–494. doi: 
10.1177/1474515120924530

 170. Smith AC, Thomas E, Snoswell CL, Haydon H, Mehrotra A, Clemensen J, 
Caffery LJ. Telehealth for global emergencies: implications for coronavirus 
disease 2019 (COVID-19). J Telemed Telecare. 2020;26:309–313. doi: 
10.1177/1357633X20916567

 171. Wax RS, Christian MD. Practical recommendations for critical care and 
anesthesiology teams caring for novel coronavirus (2019-nCoV) patients. 
Can J Anaesth. 2020;67:568–576. doi: 10.1007/s12630-020-01591-x

 172. Zhou X, Snoswell CL, Harding LE, Bambling M, Edirippulige S, Bai 
X, Smith AC. The role of telehealth in reducing the mental health bur-
den from COVID-19. Telemed J E Health. 2020;26:377–379. doi: 
10.1089/tmj.2020.0068

 173. European Society of Hypertension Corona-virus Disease 19 Task F. The 
corona-virus disease 2019 pandemic compromised routine care for hy-
pertension: A survey conducted among excellence centers of the euro-
pean society of hypertension. J Hypertension. 2021;39:190–195. doi: 
10.1097/HJH.0000000000002703

 174. Charles BL. Telemedicine can lower costs and improve access. Healthc 
Financ Manage. 2000;54:66–69.

 175. Chauhan V, Galwankar S, Arquilla B, Garg M, Somma SD, El-Menyar 
A, Krishnan V, Gerber J, Holland R, Stawicki SP. Novel coronavirus 
(COVID-19): leveraging telemedicine to optimize care while minimizing 
exposures and viral transmission. J Emerg Trauma Shock. 2020;13:20–24. 
doi: 10.4103/JETS.JETS_32_20

 176. Hollander JE, Carr BG. Virtually perfect? Telemedicine for Covid-19. N Engl 
J Med. 2020;382:1679–1681. doi: 10.1056/NEJMp2003539

 177. Kreutz R, Januszewicz A, Riemer TG. Hypertension research Quo Vadis?: 
Can we afford to fall behind? Hypertension. 2020;76:1423–1424. doi: 
10.1161/HYPERTENSIONAHA.120.15911

 178. Devos P, Ménard J. Trends in worldwide research in hypertension over the 
period 1999-2018: a Bibliometric Study. Hypertension. 2020;76:1649–
1655. doi: 10.1161/HYPERTENSIONAHA.120.15711

D
ow

nloaded from
 http://ahajournals.org by stanton.shanedling@

state.m
n.us on A

pril 27, 2021




