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Abstract

Potential but unconfirmed risk factors for coronavirus disease 2019 in adults and children may
include hypertension, cardiovascular disease, and chronic kidney disease, as well as the
medications commonly prescribed for these conditions, angiotensin-converting enzyme
inhibitors and angiotensin II receptor blockers. Coronavirus binding to angiotensin-converting
enzyme 2, a crucial component of the renin-angiotensin-aldosterone system, underlies much of
this concern. Children are uniquely impacted by the coronavirus but the reasons are unclear. This
review will highlight the relationship of coronavirus disease 2019 with hypertension, use of
angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers, and lifetime risk
of cardiovascular disease from the pediatric perspective. We briefly summarize the renin-
angiotensin-aldosterone system and comprehensively review the literature pertaining to the
angiotensin-converting enzyme 2/angiotensin-(1-7) pathway in children and the clinical evidence
for how angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers affect this
important pathway. Given the importance of the angiotensin-converting enzyme 2/angiotensin-
(1-7) pathway and the potential differences between adults and children, it is crucial that children
are included in coronavirus-related research, as this may shed light on potential mechanisms for
why children are at decreased risk of severe coronavirus disease 2019.
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Introduction

Early reports during the coronavirus disease 2019 (COVID-19) pandemic emphasized theoretical
concerns that the continued use of medications that block the renin-angiotensin-aldosterone
system (RAAS), including angiotensin-converting enzyme (ACE) inhibitors and angiotensin II
receptor blockers (ARBs), may influence disease severity and mortality', yet little attention has
been paid to the potential unique aspects of this issue in pediatrics. Similar to adults, many
children depend on these drugs to manage their chronic conditions. Unlike adults, children
frequently have congenital anomalies, genetic defects, and distinct pathophysiology that underlie
their elevated cardiovascular disease risk, highlighting their need for the targeted treatment these
agents offer. Their lifetime-increased risk of cardiovascular disease mandates the continued use
of evidence-based treatments.” Given this, it is important to understand the pediatric data
regarding the ACE2/angiotensin-(1-7) [Ang-(1-7)] pathway of the RAAS, including the effect
ACE inhibitors and ARBs may have on this pathway. We will highlight the interaction of the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with the RAAS and discuss the
potential role of the RAAS in COVID-19 pathophysiology. Finally, we will discuss future
directions, including implications for clinical management and the importance of including
children in research that could inform why children appear to be largely protected against severe
COVID-19.

COVID-19 and Hypertension | g
Early reports from the outbreak in Wuhan, China indicated that a large proportion of patients
with severe COVID-19 had hypertension, raising the concern that hypertension was a risk factor
for more-severe disease.”> Similar data have emerged from preliminary analyses from Italy and
the United States.”” However, in all of these reports, patients with severe COVID-19 were older
— age 65 and above — making it challenging to separate the impact of age from comorbid
conditions, such as hypertension. Indeed, the proportions of children and adolescents in these
early reports were less than two percent. These early reports have been descriptive case series,
describing one-way associations without employing appropriate epidemiological or statistical
methods to estimate the independent association of hypertension with COVID-19 outcomes. It is
well known that hypertension prevalence, and thus antihypertensive medication use, increases
with age.® Until the results of more-sophisticated analyses that account for age, comorbid
conditions, baseline medication use, and other potential confounding factors become available,
one cannot conclude that hypertension is an independent risk factor for SARS-CoV-2 infection
or more-severe COVID-19.

There has been additional speculation that ACE inhibitors and ARBs may also increase the risk
of SARS-CoV-2 infection and COVID-19.” Like the original SARS-CoV described in 2003, data
suggest that SARS-CoV-2 binds to ACE2 to gain entry to host cells on the respiratory tract
epithelium. As select animal studies have demonstrated increased ACE2 expression with ACE
inhibitor or ARB administration, a potential mechanistic link between SARS-CoV-2 infection
and these medications has been proposed (see below).” ' However, studies in animals or humans
have not demonstrated that this actually occurs in the lungs. Similar to the studies mentioned
earlier that considered hypertension a risk factor for COVID-19, these early papers speculating
on the link between RAAS-blocking agents and COVID-19 have not fully considered potential
sources of bias, confounding, or mediation.'" '? As such, it remains unclear if such an association
exists.

DOI: 10.1161/HYPERTENSIONAHA.120.15291 3



020z ‘S A2\ uo Aq Bliosfeulnofeyey/:dny woly papeojumoq

Pediatric Significance

The distinct epidemiology of SARS-CoV-2 and COVID-19 in the pediatric population suggests
that children may not only have a different response to the infection, but that management
considerations for youth may need to be considered separately. One of the more-striking aspects
of this pandemic is that, counter to the usual high incidence and prevalence of viral respiratory
infections in the pediatric age group, children have not constituted a significant proportion of
patients with COVID-19. Symptoms of SARS-CoV-2 infection and COVID-19 in children also
appear to be different from those in adults, with fever, cough, and shortness of breath occurring
less frequently."® In the United States, children <18 years of age comprised 1.7% of cases in
which age was known between February 12, 2020 and April 2, 2020." Three deaths were
reported in this age group over the same timeframe."? These reports are subject to a number of
limitations, not the least of which is the lack of population-based screening for SARS-CoV-2.
Despite this, the preponderance of data to-date suggest that children are at reduced risk of
developing COVID-19 once infected with SARS-CoV-2. Reasons for this are unclear and
require further study.

Pediatric-specific risk factors for COVID-19 have not been defined, thus there is no evidence
that hypertension, cardiovascular disease, or chronic kidney disease per se are independent risk
factors for COVID-19 in children.'* '* Clarification of these risk factors is important, as an .,
estimated 4% of children worldwide have hypertension, 50-75 per million of the age-related
population have chronic kidney disease, and an even greater proportion either have or are at
increased risk for cardiovascular disease.'®'” ACE inhibitors and ARBs are often the first-line
agents to treat these chronic conditions in children and are among the most-commonly prescribed
antihypertensive medications to children.'® '” Thus, the safety of continuing these medications

during the pandemic is of particular interest to pediatricians.

SARS-CoV-2, ACE2, and the RAAS

Overview of the ACE2/Ang-(1-7) Pathway

ACE2, the SARS-CoV-2 binding site, is a critical component of the counter-regulatory pathway
of the RAAS, which is one of the most-important regulators of blood pressure, inflammation,
and fibrosis, and is crucial to the pathophysiology of hypertension, cardiovascular disease, and
chronic kidney disease (Figure 1).** ACE2 converts Ang II into Ang-(1-7) which acts at the Mas
receptor to lower blood pressure and reduce inflammation and fibrosis.”' Ang-(1-7)’s primary
actions are to promote vasodilation and sodium and water excretion, reduce sympathetic nervous
system tone, and increase nitric oxide production.””* This counteracts the predominant effects
of the ACE/Ang II/Ang II type 1 receptor pathway, namely vasoconstriction, sodium and water
reabsorption, increased sympathetic nervous system tone, and increased oxidative stress leading
to inflammation and fibrosis.*" ***” Both pathways are co-expressed in a majority of tissues,
including the lungs, heart, kidney, vasculature, and intestines. Thus the balance between the two
major RAAS pathways, ACE2/Ang-(1-7) and ACE/Ang 11, contributes to the development,
progression, and regression of hypertension in children as well as adults, and plays a critical role
in cardiovascular and kidney disease (Figure 1A-C).*""*** Generally, in younger age groups, the
RAAS is in balance and no disease develops (Figure 1A).

ACE?2 Pathway in Children
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Despite its importance, few pediatric-specific data exist on expression of either the ACE2/Ang-
(1-7) or the ACE/Ang II pathways.>* Clinical studies in adults have demonstrated that in the
kidney, for example, ACE2 is expressed on the epithelium and vascular endothelium of the
glomeruli and tubulointerstitium, predominantly on the apical brush border of the proximal
tubules.”® However, there are scant data specific to ACE2/Ang-(1-7) tissue expression in
children.”® Studies predominantly report circulatory concentrations of the RAAS components,
which are non-specific and do not correlate with local tissue expression, further limiting the
clinical application of published results in children.***’

Most data in children come from clinical hypertension studies. In addition to describing that
ACE2 gene single nucleotide polymorphisms may be associated with higher blood pressure in
adolescence™, these studies have suggested that hypertension etiology is linked to plasma
concentrations of the RAAS. In one cross-sectional study of children who had untreated
hypertension, both primary hypertension and renovascular hypertension were associated with
higher plasma Ang-(1-7) concentrations compared to normotensive controls, but only
renovascular hypertension was associated with higher plasma Ang II concentrations compared to
normotensive controls.’® Compared to primary hypertension, renovascular hypertension was
associated with lower Ang-(1-7) and higher Ang II. In another cross-sectional analysis, children
with chronic kidney disease and treated hypertension had higher plasma Ang-(1-7) =
concentrations compared to children with chronic kidney disease and normal blood preséurés%rhd
to healthy controls.”’ These data highlight the appropriate compensatory response to increased
ACE/Ang Il pathway activity that may occur in pediatric hypertension, consistent with adult
data.> ** Indeed, the majority of clinical and animal studies support the notion of this
compensatory increase in ACE2/Ang-(1-7) expression with increasing age and in the presence of
various diseases, though the net effect is usually reduced expression relative to increased
ACE/Ang II expression (Figure 1B).*"-** Moreover, a hallmark of ACE inhibitor and ARB
therapy-in these diseases isto shift the RAAS back towards the ACE2/Ang-(1-7) pathway
(Figure 1C).

Emerging data suggest that alterations to the RAAS can precede development of clinically
apparent disease in children.”"*' In a pilot study, decreasing urinary Ang-(1-7) levels over time
significantly predicted biopsy-proven acute allograft injury in pediatric kidney transplant
recipients (Andrew M. South and Paul C. Grimm, unpublished data, 2019; NCT03317925).
Among healthy 14-year-olds participating in an ongoing longitudinal birth cohort
(NCT04026776), those born preterm with very low birth weight had higher plasma Ang II
concentrations relative to lower Ang-(1-7) compared to those born term.*® Furthermore, lower
urinary Ang-(1-7)/creatinine in adolescence predicted higher blood pressure in young adulthood
~5 years later.”' However, these findings have not been consistently demonstrated, likely due to
significant methodological differences between studies.*”

Potential Role of the RAAS in COVID-19

The unique interaction of SARS-CoV-2 with the host cell is the putative link between COVID-
19 and hypertension, cardiovascular disease, and kidney disease. As with SARS-CoV, the
SARS-CoV-2 spike protein binds to membrane-bound ACE2 on the surface of respiratory
epithelial cells to gain cell entry, though SARS-CoV-2 appears to do so with significantly greater
affinity.” > ** Endocytosis of the SARS-CoV-2—ACE2 complex as well as viral-induced ACE2
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cell surface shedding and ACE2 downregulation all may contribute to decreased ACE2
expression and activity in infected cells.” *® This overall loss of ACE2 functionality could be
critically important to COVID-19 pathophysmlogy, as was suggested in SARS, though this has
not yet been confirmed in humans.*”

There are two primary theories regarding the role of the RAAS in SARS-CoV-2 infection and
COVID-19 pathophysiology. First, SARS-CoV animal models and other experimental data have
demonstrated that Ang [I-mediated inflammation is a major mediator of acute lung injury and
progression to fibrosis.”” *** As with SARS-CoV, loss of ACE2 expression and activity could
increase local Ang II concentration in the lungs and drive COVID-19 acute lung injury (Figure
1D). In patients with acute respiratory distress syndrome, ACE and ACE2 activity from
bronchoalveolar lavage fluid correlated with inflammatory markers.”' One study demonstrated
significantly higher circulating Ang II concentrations in patients with COVID-19 that correlated
with viral load and indices of lung injury, though this study had significant methodological
limitations.”” **>* Data from the original SARS-CoV epidemic also suggest that SARS-CoV-2
may cause ACE2-dependent infection of the myocardium leading to decreased cardiac ACE2
expression, facilitating acute heart injury.”> While compelling, it is important to note that we do
not yet have adequate clinical data to confirm this hypothesized pathophysiologic process.

vvvvvvvvvv

expresswn in the lungs, increasing the risk of acquiring SARS-CoV-2 infection.* ** Whlle ACE
inhibitors and ARBs can increase kidney and heart ACE2 expression in select experimental
animal models'” >, there are no data demonstrating that these agents definitively increase lung
ACE2 expression in animals or humans. Similarly, there are no data to show that the downstream
effects of these agents would increase viral infectivity or virulence.

The few clinical studies that have examined the effect of ACE inhibitors and ARBs on
ACE2/Ang-(1-7) pathway expression and activity have not demonstrated any consistent
association between ACE inhibitor and ARB use and increased ACE2/Ang-(1-7) expression,
activity, or concentration in tissue, circulation, or urine.”® Interestingly, mineralocorticoid
receptor antagonists block aldosterone-induced ACE2 downregulation, so the role of this drug

class should be explored as well.*

The scant pediatric data exploring how these medications may affect the ACE2/Ang-(1-7)
pathway are limited to children with specific disease processes.”* Among children with IgA
nephropathy, RAAS blockade may attenuate increased ACE2 glomerular expression.”® ACE
inhibitor use in hypertensive children with chronic kidney disease was associated with higher
plasma Ang-(1-7) concentrations, while in patients with primary hypertension, treatment with a
calcium channel blocker did not affect plasma Ang II or Ang-(1-7) concentrations.>”>!
Hopefully, the results of an ongoing observational study that is investigating the effect of an
ACE inhibitor on circulatory and urinary ACE2/Ang-(1-7) and ACE/Ang Il in children with

primary hypertension (NCT03310684) will shed additional light on these complex relationships.
Despite the lack of evidence to support the role of ACE inhibitor/ARB use on ACE2 expression

and SARS-CoV-2 infectivity, the majority of experimental evidence actually supports the notion
that ACE inhibitors and ARBs may attenuate Ang II-driven acute lung injury and fibrosis by
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reducing the actions of Ang II relative to Ang-(1-7) (Figure 1E).** "% As such, these agents
offer promise as potential novel therapies to treat COVID-19.*" %% Eortunately, several
ongoing clinical trials in adults aim to inform these decisions by investigating the impact of
withdrawal versus continuation of these medications in patients with COVID-19
(NCT04338009) and by determining the role of ARBs in treating COVID-19 (NCT04311177
and NCT04312009). While results from these trials and ongoing robust observational studies are
not yet available, at a minimum the available data support the continued use of these
pharmacologic agents among those who need them. In fact, in light of the many serious potential
consequences of unnecessarily stopping ACE inhibitors and ARBs, numerous commentaries and
hypertension/cardiovascular/kidney society statements have endorsed the continued use of these
important medications until evidence emerges to the contrary." %

Clinical Impact and Future Steps

At this time, there is no evidence that children with hypertension, cardiovascular disease, or
chronic kidney disease, and/or those who are taking ACE inhibitors or ARBs, are at increased
risk of SARS-CoV-2 infection or more-severe COVID-19. Given the proven benefits of these
medications in all patients, and the unique circumstances that make these agents particularly
beneﬁcial for youth with these chronic conditions, we support the recommendations of many
current guidelines.®® Ongoing and planned research studies should include pediatric pat1énté%‘z)zn
both better characterize the important questions raised above and to identify any pediatric-
specific nuances in the results, including the mechanisms behind why children may be at
decreased risk of SARS-CoV-2 infection and COVID-19. Future research into RAAS expression
in children, especially the ACE2/Ang-(1-7) pathway, is urgently needed as there remain
significant knowledge gaps.

Conclusions

ACE2 is critical to SARS-CoV-2 infection, and an imbalance in the RAAS, with a shift towards
ACE/Ang II and suppression of ACE2/Ang-(1-7), may be an important mediator of COVID-19
pathophysiology. Given its importance to cardiovascular and kidney physiology, the RAAS, and
the differences therein between children and adults, could shed light on potential relationships
between ACE inhibitor and ARB use and COVID-19. Further investigations in both children and
adults to define risk factors and determine pathophysiology of SARS-CoV-2 and COVID-19 are
of utmost importance given the high prevalence of hypertension and use of ACE inhibitors and
ARBs.
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Figure 1 Balance of the RAAS and Impact of Age, Disease, SARS-CoV-2, and ACE inhibitors
and ARBs

A: In younger and healthier individuals (e.g. children), the RAAS is in balance: blood pressure is
appropriate and no disease develops.

B: With advancing age and in various disease states (e.g. hypertension), there is a shift towards
the ACE/Ang II pathway.

C: ACEi and ARB block the ACE/Ang II pathway and shift the RAAS towards ACE2/Ang-(1-
7).

D: SARS-CoV-2-induced ACE2 downregulation could stimulate a shift towards the ACE/Ang II
pathway to propagate acute lung injury in COVID-19.

E: In patients with COVID-19, ACEi and ARB therapy could block the ACE/Ang II pathway
and shift the RAAS towards the ACE2/Ang-(1-7) pathway to mitigate lung injury.
Pro-inflammatory and pro-fibrotic pathway in red, anti-inflammatory and anti-fibrotic pathway
in blue. Dashed lines indicate decreased pathway activity. ACE, angiotensin-converting enzyme;
ACEi, ACE inhibitors; Ang, angiotensin; ARB, angiotensin II receptor blocker; AT|R, Ang II
type 1 receptor; COVID-19, coronavirus disease 2019; MasR, Mas receptor; RAAS, renin-
angiotensin-aldosterone system; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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