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Abstract

COVID-19 is characterized by fever, cough, shortness of breath, myalgia, and headache. The disease also takes a more severe
form with life-threatening manifestations of acute respiratory distress syndrome (ARDS), acute cardiac injury, acute kidney
injury, disseminated intravascular coagulopathy, and cytokine storm. It has been elucidated that like its predecessor, the SARS
CoV, the SARS CoV-2 utilizes the ACE2 receptor to enter cells. This knowledge brought into speculation the effects of a
dysregulated Renin-Angiotensin system (RAS) in the pathogenesis of COVID-19. It has been proposed that the effects of a
dysregulated RAS would lead to an inflammatory cascade and contribute to the cytokine storm that is central to the disease.
This paper looks at the RAS pathway and the hypothesizes the possibility of a positive RAS feedback loop in the pathogenesis
of COVID-19. We also propose possible drug targets for the treatment of COVID-19.

Introduction

COVID-19, the largest pandemic of the modern world, has surpassed its predecessors SARS and MERS by
miles. What started in Wuhan, China, has spread worldwide within four months. It has infected over three
million people and has claimed over two hundred thousand lives. COVID-19 is characterized by fever, cough,
shortness of breath, myalgia, and headache. The disease also takes a more severe form with life-threatening
manifestations of acute respiratory distress syndrome (ARDS), acute cardiac injury, acute kidney injury,
disseminated intravascular coagulopathy, and cytokine storm.

Risk factors that tend to make individuals susceptible to severe disease include older age and co-morbidities
such as hypertension, diabetes, and pre-existing heart disease.! Another aspect of the course that has been
noted is the rapid deterioration of apparently stable individuals within a matter of hours. This observation
might call into consideration a positive feedback loop in the pathogenesis of the disease.

It has been elucidated that like its predecessor, the SARS CoV, the SARS CoV-2 utilizes the ACE2 receptor
to enter cells.? This knowledge brought into speculation the effects of a dysregulated Renin-Angiotensin
system (RAS) in the pathogenesis of COVID-19. It has been proposed that the effects of a dysregulated
RAS would lead to an inflammatory cascade and contribute to the cytokine storm that is central to the
disease.? This paper looks at the RAS pathway and the possibility of a positive RAS feedback loop in the
pathogenesis of COVID-19.

Pathogenesis of SARS CoV-2

The SARS CoV-2 virus enters the body through the respiratory epithelial cells. The envelope spike protein (S
protein) engages with the ACE2 receptors on epithelial cells.? This fusion can either be mediated by an early
pathway (involving the serine protease TMPRSS2) or an endocytic late pathway (involving the cathepsin
B/L pathway).* Viral replication and release probably lead to a period of viremia. This is evidenced by viral



RNA being detected in the stool and urine of humans.? Macaque autopsy studies have shown viral particle
staining in the lungs, lymph nodes, and ileum, suggesting interaction with these cells.®Replication increases
viral load and is known to downregulate the ACE2 receptor.”

Longer duration of viral shedding has been noticed in older monkeys than younger ones.® This might indicate
a delayed immune response in older individuals to viral invasion. A delayed response could lead to greater
ACE2 downregulation making older individuals susceptible to reaching a critical or tipping point in the
pathogenesis.

Physiology of the RAS axis

The RAS pathway is depicted in Figure 1. The RAS is a cascade of complex polypeptides that were originally
described in the context of hypertension, cardiovascular, and renal disease. Research now shows that RAS
plays a central role in immunomodulation.® Renin is the rate-limiting enzyme of the RAS axis. It is secreted
as a pro-enzyme, prorenin. Renin converts circulating angiotensinogen into angiotensin I. Angiotensin I is
then broken down into Angiotensin II by angiotensin-converting enzyme (ACE). Angiotensin II is the primary
effector molecule through its receptors - AT1 and AT2. Angiotensin II is degraded by angiotensin-converting
enzyme 2 (ACE2) into Ang (1-7).

While the ACE-Angiotensin II pathway exerts a pro-inflammatory effect, ACE2-Ang(1-7) plays a role in
immune tempering. Similarly, the effect of angiotensin IT on the AT1 receptor is mainly pro-inflammatory
while the action on the AT2 receptor is anti-inflammatory.®

Renin and prorenin exert a distinct proinflammatory effect through a separate receptor - the prorenin receptor
(PRR).1%Apart from the effects of circulating RAS, tissue-specific RAS pathways in the heart, lung, kidney,
and blood vessels mediate organ-specific inflammation; first described in the kidney.'!

RAS pathway in aging and COVID-19

The RAS pathway undergoes major physiological changes during development and aging. In fish models,
PRR has been found to play a role in embryogenesis, with PRR knockouts exhibiting developmental defects.
In adults, however, PRR is known to increase levels of pro-inflammatory cytokines independent of the
angiotensin II pathway.'2

Fetal and neonatal mice kidneys have a higher expression of AT2 receptors than AT1 receptors. In adult mice,
however, AT1 receptors are more widely distributed with AT2 having a selective and minor role.'® There
is an upregulation of AT1 receptors with aging in non-human primates.'* Sheep studies have demonstrated
that the ACE/ACE2 receptor expression ratio is significantly lower in male neonatal sheep than in adult
sheep.!® It has also been shown that ACE2 levels may decrease in the lungs of aged rats.'6

The low ACE2 levels in addition to the downregulation of ACE2 by SARS CoV-2 might be the tipping point in
the pathogenesis of COVID-19. The consequent increase in angiotensin II might make the AT1 predominant
elderly prone to severe disease. This effect might be tempered in the AT2 predominant neonates and children
leading to less severe disease.

Inflammation by activation of the RAS axis

The central role of the RAS pathway in inflammation came to light after the SARS pandemic in 2002. An
elevated ACE/ACE2 activity ratio after the downregulation of ACE2 increases the available angiotensin II.
AT1 receptor pathway dominates over the AT2 pathway due to its wider distribution and higher expression.'”
Activation of AT1 produces different effects in the tissue-localized RAS and the RAS localized to the immune
system.

The tissue effect of RAS dysregulation is multipronged in the pathogenesis of COVID-19. Activation of the
AT1 receptor mediates inflammation by transcription of NF-xB and the production of pro-inflammatory
cytokines like IL-6.!® The interaction between the S-protein of the virus and the ACE2 receptor increases
CCL2 production by a separate ERK1/2 pathway.'® In mice, ACE inhibition reduced CCL2 levels and the



recruitment of inflammatory cells.2® The latter two imply an increase in chemokine production leading to the
homing of macrophages and dendritic cells. Evidence that tissue inflammation occurs due to the recruitment
of inflammatory cells rather than direct T-cell activation comes from mouse models. Studies have shown that
AT1 mediated tissue injury occurs despite the transplant of AT1 devoid bone marrow.2!-22 Angiotensin II can
lead to early neutrophil accumulation through IL-8 production as studied in human umbilical vein endothelial
cells.?> ACE activity also enhances neutrophil activation and reactive oxygen species production.?* These
pathways stimulate tissue-specific inflammation leading to ARDS or acute cardiac injury.

The effect of AT1 activation on the immune system is different; it inactivates the immune system. AT1
knockout T-cells in mice showed increased T-bet expression, producing more IFN-y and TNF-0.2% AT1
knockout macrophages in mice also produced more TNF and IL-183.26 The stimulation of AT1 on T-cells and
macrophages curbed their polarization.

The above research suggests that RAS activation in COVID-19 damages tissue by recruiting inflammatory
cells rather than direct activation of the immune system. This might throw light on single organ dysfunction
(like ARDS) in patients with well-preserved function of other organ systems. Tempering and negative
regulation of T-cells, and increased neutrophil recruitment explains the poor prognosis in patients with
increased neutrophil to lymphocyte ratio.

Renin and prorenin in the context of COVID-19

Renin is formed by proteolytic or non-proteolytic cleavage of prorenin. While renin production can undergo
acute changes due to feedback, prorenin is constitutively secreted. Prorenin levels are elevated in hyperten-
sives (with elevated renin) and diabetics (out of proportion to renin). Renin and prorenin ligate with the
prorenin receptor that is present in the heart, kidney, brain, eyes, and on human macrophages and T-cells.?”

PRR stimulation by renin/prorenin yields a pro-inflammatory response independent of the angiotensin IT
pathway. They stimulate the ERK1/2 pathway to increase the production of IL-6 and COX-2.28 The pro-
inflammatory action of PRR activation has also been depicted in mouse models of sepsis. Mice treated with
PRR blockers had a significantly higher survival rate with reduced production of IL-13 and TNF.?

Angiotensin TI-AT1 interaction is a negative regulator of renin release as per classical teaching. The intri-
cacies of the RAS polypeptides, however, suggests differential activation that might be trigger based. AT1
activation upregulates PRR by increasing the binding of cAMP response element-binding protein to the PRR
promoter.?® Renin secretion and PRR activation are also upregulated by prostaglandins (PGE2) which is a
consequence of COX-2 induction.?!

The above-mentioned steps might be the key to a positive feedback loop in the RAS. This loop might be
the trigger for a hyper-immune response that leads to the severe manifestations of COVID-19, including a
cytokine storm. The higher expression of prorenin in diabetics and hypertensives supports the increased
mortality in these groups of patients.

Coagulation abnormalities in COVID-19

71% of COVID-19 non-survivors had an ISTH DIC score greater than 5.32 Coagulopathy is a major compli-
cation of severe COVID-19 infections. Though highly speculative, with few studies showing concrete proof,
the RAS and the coagulation pathways are intimately linked.

RAS is intimately linked to the bradykinin and coagulation pathway by ACE, which cleaves bradykinin into
inactive metabolites. In vivo dimerization of the AT1 receptor and the bradykinin 2 (BK2) receptor is also
known. This heterodimerization has been best studied in the context of pre-eclampsia where an augmented
response to angiotensin II is seen.® Conditions that cause heterodimerization have not been described in
literature so far. It is, however, worth noting that angiotensin II binds to this receptor conformation to
produce effects similar to bradykinin.

Bradykinin binds to endothelial cells causing vasodilatation and leakage of components of the coagulation
pathway (kallikrein and Hageman factor) into the bloodstream. Of note, is the potential for kallikrein and



Hageman factor to activate prorenin.3*

Plasma renin levels positively correlate with fibrinogen, plasminogen activator inhibitor, and D-dimer levels.
This correlation was not found with ACE levels.?® This further strengthens the evidence for the involvement
of renin in COVID-19 pathogenesis.

Drug Targets

Therapeutically, upstream regulation of RAS using aliskiren or global RAS blockade with a combination of
ACEi and ARBs have not shown many benefits.3% This has been studied in the context of chronic low-grade
activation of the RAS axis. A different strategy may be required in the case of a RAS-crisis or acute RAS
dysregulation. The following drug targets may be viable in the setting of severe COVID-19 infections.

1. The upsurge of Angiotensin II due to acute ACE2 downregulation in COVID-19 would cause a shift in
the prorenin/renin balance. Blocking the alternative pathway of RAS activation in the form of prorenin
receptor antagonists will help in curbing alternate pathways of inflammation in the dysregulated RAS
situation.

2. Recombinant ACE2 administered either systemically or locally to the lungs may help replenish ACE2
and restore balance to the tipped RAS axis.

3. RAS inhibition in the form of ACE inhibitors and ARBs have shown inconsistent effects in the pre-
sentation and course of COVID-19. This is because the RAS effects of the available drugs is different.
This is due to the differences in the pharmacokinetics and pharmacodynamic properties of the different
drugs. In the setting of an acute RAS dysfunction, we believe that global RAS blockade may help curb
the excessive inflammation due to the RAS positive feedback loop.

While the initiation of the pathogenesis occurs because of the viral replication, severe cases occur due to severe
immune system dysfunction. We insist that the RAS axis plays a major role in the immune dysregulation
and may be targeted in the treatment of COVID-19.

Conclusion

A dysregulated RAS axis is central to the pathogenesis of COVID-19. The rapid deterioration of patients
and the existence of severe manifestations, call into question the presence of a positive feedback loop (or the
suppression of negative feedback). The existence of such a loop in RAS might warrant an investigation into
the peptides present higher up in the pathway such as renin and prorenin. Knowledge about the functions
of these molecules and their role in disease is still in its infancy. This paper has tried to elucidate possible
mechanisms for the involvement of RAS in the pathogenesis of COVID-19.

Most of the studies discussed have delved into RAS as a mediator for hypertension, cardiovascular disease,
and kidney disease. We believe that their results may be extrapolated into the acute context of RAS
disruption in COVID-19. The lack of severe activation with positive feedback does not exist in the context
of chronic diseases like hypertension; Though the existence of renal crisis in scleroderma and sympathetic
crashing acute pulmonary edema might indicate otherwise. The reason for this "RAS-crisis” in the context
of COVID-19 is beyond us, but we imagine is worth considering.
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