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Renin-Angiotensin-Aldosterone System: Double-Edged Sword in COVID-19 infection
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Abstract

The role of the Renin-Angiotensin-Aldosterone System (RAAS) in Corona Virus Disease 2019
(COVID-19) infection has become a controversial topic of discussion. RAAS inhibitors, such as
Angiotensin Converting Enzyme (ACE) inhibitors and Angiotensin II receptor blockers (ARBs),
which are used to treat cardiovascular diseases, have been implicated in potentially increasing
cell surface levels of ACE2. ACE2 is the host receptor for COVID-19 that was discovered in
Wuhan, China in December 2019. Since December, COVID-19 has transmitted rapidly across
the world and has become a global pandemic. COVID-19 is similar to the Middle East
respiratory syndrome coronavirus (MERS-CoV) with the first case reported in Saudi Arabia in
September 2012. COVID-19, also known as severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), is also similar to SARS-CoV, which first infected humans in the Guangdong
province of southern China in 2002, and caused an epidemic between November 2002 and July
2003. Both SARS-CoV and COVID-19 use ACE2 to enter host cells. ACE2 is primarily
expressed in the mouth, lung, heart, esophagus, kidney, bladder, and intestines, and is a
component of RAAS, which serves to maintain vascular tone and blood volume. Inhibition or
activation of other components of RAAS has been shown to directly increase or decrease the
expression and/or activity of ACE2. Furthermore, RAAS-targeting therapeutics, such as ACE
inhibitors and ARBs, have also been shown to regulate the expression and/or activity of ACE2,
albeit in animal models. Although these changes in ACE2 have been demonstrated only in
animal models, there is no evidence that administration of RAAS-targeting therapeutics to
humans for the treatment of hypertension, diabetes, and other cardiovascular diseases (e.g.,
myocardial infarction and heart failure) causes changes in ACE2 expression. Nor is there clinical
evidence that RAAS-targeting therapeutics augment COVID-19 infection, morbidity, or
mortality. However, clinical evidence does suggest that ACE2 expression may protect against
respiratory distress caused by a variety of noxious agents. This review attempts to provide a
balanced overview of the potential role of RAAS in regulating ACE2, and the role of ACE2
during COVID-19 infection. Evidence is provided to show that the expression of ACE2 may
mediate both positive and negative outcomes, depending on the timing of ACE2 expression.
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Clinical Characteristics of COVID-19-infected Patients

Since the outbreak of Corona Virus Disease 2019 (COVID-19), also known as Severe Acute
Respiratory Syndrome 2 (SARS-CoV-2), in Wuhan, China that is now spreading throughout the
world, the clinical characteristics of patients and their risks for major complications and death
have been reported from several clinical studies.” > After COVID-19 infection, patients
commonly present with fever (88.5%), cough (68.6%), myalgia or fatigue (35.8%), expectoration
(28.2%), and dyspnea (21.9%).> In addition, some patients experience gastrointestinal
symptoms.” Although many patients present with mild symptoms, some patients suffer severe
complications and have an increased risk of death. A recent, comprehensive analysis of six
clinical studies, which comprised 783 patients,’ revealed patient fatality was approximately 2%,
primarily due to acute respiratory distress syndrome (ARDS), acute kidney injury, or myocardial
injury, and the major complications leading to patient fatality appear to be related to pre-existing
cardiovascular diseases. One of the earliest studies in Wuhan that assessed 41 COVID-19-
infected patients, who had been infected and identified before January 2, 2020, revealed that of
the 41 COVID-19 patients, eight had diabetes (20%), six had hypertension (15%), and six had
unspecified cardiovascular disease (15%)." In a study of 26 patient fatalities, 53.8% of these
patients had hypertension, 42.3% diabetes, and 19.2% coronary heart disease, and these major
comorbidities were associated with an increased risk of mortality.® In a retrospective study of
COVID-19 patients, who were hospitalized in Wuhan Jinyintan Hospital from January 1, 2020 to
January 20, 2020 and followed up on January 25, 2020, 50 (51%) of the 99 patients had chronic
diseases, including cardiovascular diseases, and 17 (17%) of patients developed ARDS, with
subsequent rapid decline of 11 (11%) to multiple organ failure and death.” Death also occurred in
44 (52.4%) of the 84 COVID-19-infected ARDS patients who were hospitalized at the Wuhan
Jinyintan Hospital between December 25, 2019 and January 26, 2020 and followed up on
February 13, 2020. Of those 84 ARDS patients, a significant number of patients had
comorbidities, such as hypertension (27.4%; 23 of 84 patients) and diabetes (19%; 16 of 84
patients).® Precisely why these cardiovascular comorbidities are associated with increased
complications and/or increased mortality rates for patients infected with COVID-19 is not
known. As COVID-19 is highly transmissible and exceptionally pathogenic and, now,
threatening the world population, there is an urgent need in understanding these mechanisms in
order to expedite the development of effective treatments for COVID-19 infections.

Binding of COVID-19 to ACE2

COVID-19 is a beta coronavirus that is homologous to SARS-CoV, which was identified in 2003
and caused an epidemic in 26 countries. Similar to SARS-CoV, COVID-19 binds to host
angiotensin-converting enzyme 2 (ACE2),” ' but with much higher affinity.'' ACE2 is
expressed in the mucosa of the oral cavity, specifically enriched in epithelial cells of the tongue'?
as well as lung, heart, esophagus, kidney, bladder, and intestinal ileum."? SARS-CoV infection of
human airway epithelia is associated with ACE2 expression,'* and in autopsy samples from
patients who died of SARS, SARS-CoV RNA and protein could be detected only in cells that
expressed ACE2."> SARS-CoV cleaves ACE2 into the cell, where it is subsequently degraded.'®
Furthermore, the expression pattern of ACE2 seems to correlate with cellular susceptibility of
SARS-CoV infection,'” and in mice deficient of ACE2, infection by SARS-CoV was
abrogated.'® Susceptibility of infection by the coronavirus NL63 also correlates with ACE2
expression;'’ however, whether ACE2 expression levels and patterns similarly correlate with
COVID-19 infection has not been confirmed.
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Role of ACE2 within the Renin-Angiotensin-Aldosterone System

ACE2 is a component of the renin-angiotensin-aldosterone system (RAAS), which functions to
maintain blood volume and vascular tone. RAAS is frequently targeted by therapeutics used to
treat hypertension, diabetes, and other cardiovascular diseases (e.g., acute myocardial infarction
and heart failure). During a normal, physiological response to low blood pressure, renin is
released from the kidney into the blood cleaving its target angiotensinogen into Angiotensin
(Ang) 1. Angiotensin-converting enzyme (ACE) cleaves Ang I to physiologically active Ang II
that signals to type 1 angiotensin II receptor (AT1R) or type 2 angiotensin II receptor (AT2R) to
mediate vasoconstriction. Ang II also stimulates the release of aldosterone, a steroid hormone,
which increases salt reabsorption for increased blood volume. In addition, Ang II serves as a
substrate of ACE2. Although ACE2 shares 44% homology with ACE, ACE inhibitors do not
inhibit ACE2. ACE inhibitors (e.g., aptopril, enalapril, lisinopril) decrease the generation of Ang
II, thereby reducing the amount of Ang II available for ATIR binding and ultimately, reducing
blood pressure. Angiotensin receptor blockers (i.e., AT1R), such as olmesartan, valsartan,
losartan, also inhibit Ang II-mediated vasoconstriction. Aldosterone inhibitors (e.g.,
spironolactone, eplerenone, amiloride) control vascular tone by affecting sodium channels for
sodium reabsorption in the kidneys to maintain blood volume. RAAS-targeted therapeutics are
becoming major topics for discussion surrounding the COVID-19 pandemic.

These RAAS-targeting therapeutics have become cost-effective and are commonly used in the
management of hypertension, diabetes, acute myocardial infarction, and heart failure throughout
the world. Pre-existing and persistent use of these RAAS-targeting therapeutics by COVID-19
patients before infection may be associated with poor clinical outcomes. Eighty-four patients
(41.8%) of 201, who were infected with COVID-19, developed ARDS, and 44 (52.4%) of these
patients died.® Of the 84 patients who developed ARDS, 23 of 84 [27.4%] patients had pre-
existing hypertension and 16 of 84 [19.0%] patients had diabetes. However, 117 of the 201
patients did not develop ARDS and had hypertension or diabetes (16 of 117 [13.7%] patients and
6 of 117 [5.1%] patients, respectively). It is not known whether these patients with hypertension
or diabetes were treated and managed with different classes of drugs before COVID-19 infection.
Specifically, it is not known whether the COVID-19-infected patients in China who had major
complications had previously received aldosterone inhibitors, ACE inhibitors, or ATIR blockers.

Deleterious role of the Renin-Angiotensin-Aldosterone System in COVID-19 Infection

ACE inhibitors and ATIR blockers have been shown to increase ACE2 activity and/or
expression in kidneys,” hearts,” ** and intestines™ of animal models, and aldosterone
antagonists upregulate ACE2 expression in renal disease.”* This increase in ACE2 expression
may lead to a greater density of ACE2 molecules on the host cell surface available for COVID-
19 binding as well as an increase in ACE2 on different cell types (e.g., endothelial cells, cardiac
myocytes, lung epithelial cells, intestinal epithelial cells, etc.). This increase in ACE2 availability
could enhance the efficiency of COVID-19 host cell membrane fusion and explain how COVID-
19 might affect seemingly similar hosts differently. Indeed, expression levels of ACE2 were
shown to mediate acute lung injury from the influenza H7N9 virus.* Furthermore, aggregates of
viruses can infect the same cell. This can increase cellular multiplicity of infection, expedite the
early stages of infection, which can provide short-term evolutionary fitness of a virus, and
release multiple viral genomes into one cell.”® Although not yet proven, it has been suggested
that two different strains of COVID-19 can infect the same cell and undergo genetic
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recombination,”” which could lead to the acquisition of new drug-resistance or drug-
susceptibility traits, a stealthier strain of COVID-19, or a strain undetectable by current
diagnostics tests. It is plausible that the cardiovascular diseases of COVID-19-infected patients
in China, and elsewhere, had been managed with RAAS-targeting therapeutics that may have
altered ACE2 expression and/or activity, and subsequently the pathogenesis and disease severity.

Genetic Variations in ACE2

The increased risk of major complications and mortality in some patients may also be
contributed to genetic variations in ACE2 that may lead to differences in ACE2 expression in
certain human populations. In one study of only eight normal and healthy human lung samples,
single-cell RNA sequencing suggested that the sample from the only Asian individual had more
lung cells expressing ACE2 than samples from Caucasians and African Americans.”®
Interestingly, this study revealed that ACE2-expressing lung cells also highly express viral
infectious cycle genes. Conversely, another study analyzing RNA sequencing and microarray
datasets showed no differences in ACE2 gene expression between Asians and Caucasians, but
found differences in nonsmoker samples compared to smoker samples and former smoker
samples.” In a rat model of smoke exposure-induced ARDS, ACE2 expression was
augmented.’® Whether the lungs of smokers of electronic nicotine delivery systems also have
changes in ACE2 expression is not known, but nicotine, itself, alters RAAS components,’’ and
whether smoking is associated with COVID-19 infection and clinical outcomes is not yet clear.’

Investigation of allele frequency differences between East Asians, Europeans, Africans, South
Asians, and Mixed Americans found that diverse genetic backgrounds could affect ACE2
function in different populations. Using genetic analysis of expression quantitative trait loci, the
authors demonstrated that the genotypes of ACE2 gene polymorphisms may be associated higher
expression levels of ACE2 in East Asians.”> These data would suggest that the COVID-19
patients treated in Wuhan, China are more susceptible to COVID-19 infection, morbidity, and
mortality. In an analysis of susceptibility to SARS-CoV infection, single-nucleotide
polymorphisms in ACE2 were measured, but there was no association with common genetic
variants of ACE2 and SARS-CoV susceptibility or outcomes.’* Furthermore, the current, high
rate of mortality from COVID-19 infection in Italy compared with Wuhan, China would suggest
that ACE2 genotype is not be the only factor in determining the lethality of COVID-19.
Unfortunately, the genetic analysis by Cao Y et. al. did not find any natural resistant mutations in
ACE?2 that would inhibit or limit COVID-19 binding.”

ACE?2 expression in Cardiovascular Diseases

Alternatively, differences in ACE2 expression levels may be dependent on pre-existing
pathological health conditions, regardless of ACE2 genetic polymorphisms. Complications and
morbidity from COVID-19 infection have been associated with pre-existing cardiovascular
diseases, and differences in ACE2 expression have been shown in these diseases. ACE2
expression is increased in failing human heart.” This cardiac ACE2 expression in mice can
mediate infection of the heart upon pulmonary infection of human SARS-CoV.*® ACE2 has been
shown to be important in cardiac contractility. In animal models of diabetes, kidney ACE2
activity concurrently increases along with ACE2 protein expression.’’ >* Interestingly,
endothelial cells, which express high levels of ACE2, have been shown not to be infected by
SARS-CoV. These findings suggest that ACE2 can be upregulated in chronic cardiovascular
conditions, and thus, may contribute to major complications in COVID-19-infected patients.
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Conversely, in untreated hypertension and after myocardial infarction, ACE2 appears to be
downregulated. Preclinical studies have shown that 4-week infusion of Ang II downregulates
ACE2 activity’® and leads to ACE2 cellular internalization and degradation via ATR1.*” Ang II
can also downregulate ACE2 gene expression in a time- and dose-dependent manner via
ATRI1.* This suggests that the balance of the generation of Ang II by ACE and the utilization of
Ang II by ACE2 to generate Ang(1-7)is crucial for normal physiological conditions. In the
pathological condition of hypertension, the ACE to ACE2 ratio is higher in human renal tissue
from subjects with hypertension compared to those without hypertension.** The ability of Ang II
to upregulate ACE, but directly downregulate ACE2 gene expression may be a mechanism for
the downregulation of ACE2 protein in the kidneys of several hypertensive animal models.” In
animal models of myocardial infarction, ACE2 activity and mRNA levels were also decreased in
hearts,** but this was prevented by the ACE inhibitor enalapril.** However, this prevention of
ACE2 downregulation may be dependent on the specific RAAS-targeting therapeutic, because a
different ACE inhibitor ramipril had no effect on ACE2 gene expression in a similar model.*”
Administration of telmisartan, an ATI1R blocker, to a spontaneously hypertensive rat model
reduced aortic ACE2 levels.*® However, both losartan and olmesartan, two other ATR1 blockers,
increased ACE2 gene expression.”” These findings suggest that ACE2 may serve as a protective
response to tissue injury or disease and the use of RAAS-targeted therapeutics may reduce or
eliminate the beneficial effects of ACE2. Identifying which therapeutics result in changes in
ACE2 expression could be important in lieu of the COVID-19 pandemic.

COVID-19 infection results in fatality rates that strongly associate with age. Fatality rates due to
COVID-19 infection are less than 0.4% for individuals less than 49 years of age, but increase to
1.3% for individuals between the ages of 50 to 59, 3.6% (60 to 69), 8% (70 to 79), 14.8%
(>80)."” Advanced age is also a major risk factor for developing cardiovascular diseases.
Although the associations between age and ACE2 expression have not been shown in humans,
ACE2 expression decreases with aging in rats and mice.*® * Upon SARS-CoV infection of aged
mice, genes of the immune system, cytokines, and genes associated with ARDS were induced,
and the mice that died had decreased levels of ACE2.® A decrease in ACE2 expression in
elderly and middle-aged COVID-19-infected patients would seem counterintuitive if the levels
of ACE2 are associated with major complications and higher mortality rate in COVID-19-
infected patients. However, the major complications and higher mortality rate may be due, in
part, to when ACE?2 is expressed on cells. Increased ACE2 expression on cell surfaces at the time
of COVID-19 infection may lead to worse clinical outcomes, unless higher levels of ACE2 in
COVID-19-affected organs after the initial onset of illness are present to protect patients and
improve outcomes. Thus, in the elderly or middle-aged, wherein ACE2 levels may be lower, the
protective role of ACE2 during disease progression may be lost.

Protective role of the Renin-Angiotensin-Aldosterone System in COVID-19 Infection

Numerous studies have implicated a protective role for ACE2 in respiratory illnesses.
ACE2 mRNA and protein levels have been shown to increase during the early stages of
pulmonary hypoxia,”’ and ACE2 has been shown to protect against acute lung injury in several
animal models of ARDS.> Therefore, promoting ACE2 expression seems reasonable; however,
upon SAR-CoV infection, in which COVID-19 infection is likely to follow similar mechanisms,
ACE2 is cleaved and undergoes shedding. Therefore, its protective effects may be lost. Indeed,
decreased ACE2 expression correlates with the lethal outcome of SARS-CoV infection-induced
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lung injury.”® It has been postulated that a soluble form of ACE2 may compete for binding with
SARS-CoV;> thus, a recombinant human ACE2, APNOI, has been designed to compete with
cell membrane-bound ACE2 and is now being tested to treat COVID-19-infected patients.
However, if COVID-19 has an incubation period of approximately 5 days before symptoms
begin, a competitive ACE2 receptor would unlikely be administered at the time of COVID-19
infection, when it may be most effective.

As targeting ACE2 for COVID-19 infection is still early in development, it would be more
expeditious to repurpose already approved RAAS-targeting therapeutics.”® Based on recent
evidence that higher levels of plasma Ang II may be associated with viral load and lung injury in
COVID-19-infected patients, it was suggested that RAAS-targeted therapeutics could be used to
treat COVID-19 infection.”® The balance between ACE and ACE?2 s critical for regulating Ang
I levels, and both ACE and ACE2 play a significant role in ARDS.’® ATIR blockers also have
been shown to protect against acute lung injury after infection.'® >* In some, but not all studies,
administration of ACE inhibitors or AT1R blockers at the time of pneumonia onset was shown to
reduce the risk of complications and mortality in patients with community-acquired
pneumonia.’’ ** ** However, whether ACE inhibitors or ATIR blockers would mitigate COVID-
19-mediated development of ARDS is not known, and their efficacy may be dependent on the
specific noxious agent. Studies using RAAS-targeting therapeutics for the treatment ARDS have
been reviewed elsewhere.®”’

The efficacy of RAAS-targeting therapeutics may be dependent on timing of expression and/or
modulation of RAAS components. In an animal model of pneumonia, caused by the bacteria
Pseudomonas aeruginosa, pre-existing and persistent ACE2 activity decreased neutrophil
infiltration into the lungs,”' thus, compromising the host response to the bacteria. In this bacterial
pneumonia model, the timing of ACE2 activity and ACE2 mRNA and protein expression was
dynamic. ACE2 activity and ACE2 protein expression dramatically decreased on day 1 after
bacteria inoculation and ACE2 mRNA expression decreased at day 2, whereas ACE2 activity,
mRNA, and protein levels increased on day 3 after bacteria inoculation. This dynamic variation
in ACE2 was required to induce the correct timing of neutrophil infiltration into the lungs.
Timing of a host immune response is dictated by aging and has been shown to be important in
the host response against SARS-CoV.” In young mice, a rather late immune response (72 hours
post inoculation) to SARS-CoV infection was observed compared to aged mice (24 hours post
inoculation). This study suggested that an early and robust host immune response (e.g., cytokine
storm) against SARS-CoV was detrimental, which may be similar to the responses observed in
patients with COVID-19 infection. Therefore, the timing of administration of RAAS-targeted
therapeutics may be key in modulating a sufficient versus exacerbating immune response to
COVID-19. 1t is plausible that persistent, long-term administration of RAAS-targeted
therapeutics before COVID-19 infection may reduce or eliminate the beneficial effects of the
ACE2 pathway after COVID-19 infection. Perhaps administering RAAS-targeted therapeutics
within a therapeutic time window after COVID-19 infection may help modulate and temper the
immune response, especially in older COVID-19-infected patients.

In conclusion, although targeting ACE2 either directly or indirectly is a reasonable approach to
treating COVID-19 infection, ACE2 may not be the only molecule involved in COVID-19
infection. In addition, for SARS-CoV, and perhaps for COVID-19, other tissue-specific virus
receptors or co-receptors may be required for infection. SARS-CoV, as well as COVID-19, may
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even infect cells without ACE2 expression.®” Regardless, careful assessment of the timing of
administration of our currently available RA AS-targeting therapeutics is warranted and may be
the fastest path to win the fight against the COVID-19 pandemic.
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