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ABSTRACT

A growing number of studies suggest that SARS-CoV-2 could interfere with homeostatic mechanisms
in the lung but the implications of this possible interference have not been fully explored in the
literature. In this work, we examine the consequences that can be drawn from this hypothesis
according to currently available knowledge. We suggest that one such consequence is the potential
disruption of normal ventilation and perfusion of lung regions that may be distant from the infection
sites. Loss of ventilation might result in local alveolar hypoxia and contribute to hypoxemia, which in
turn could trigger homeostatic responses that enhance blood oxygenation by redistributing pulmonary
blood circulation. Sudden changes in perfusion might then lead to the development of hydrostatic
edema and eventually to vascular remodeling and inflammation. Therefore, the immune response
might not be the only source of the substantial inflammation observed in lung tissues of patients
with severe COVID-19, as is often assumed in the literature. The balance between the homeostatic
and the immune reaction in each patient could account for the observed heterogeneity of the clinical
manifestations of COVID-19.
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Introduction

The novel coronavirus disease (COVID-19; previously known as 2019-nCoV), caused by the severe acute respiratory
syndrome novel coronavirus (SARS-CoV-2) has spread worldwide since its initial report in Wuhan, China, in late
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December 2019. COVID-19 has a wide clinical spectrum, ranging from asymptomatic infection to severe viral
pneumonia with respiratory failure and even death [1]].

Most patients with severe COVID-19 exhibit signs of substantial inflammation, which may lead to lung tissue damage
and accelerate the development of respiratory failure [2]. However, recent reports suggest that some of the clinical
manifestations of respiratory failure in COVID-19 patients cannot be explained by the alveolar damage caused by the
infection or the subsequent immune response, so other processes would be involved in the progression of the disease [3]].
In this brief review, we suggest that these processes might be related to homeostatic mechanisms that control blood and
air circulation in the lungs in healthy circumstances. We will argue that these physiological mechanisms might spread
and amplify the effects of the infection, contributing to the combination of signs observed in patients with COVID-19.

Interference of SARS-CoV-2 infection with the homeostasis of ventilation and perfusion in
the lung

SARS-CoV-2 and the related severe acute respiratory syndrome coronavirus (SARS-CoV) use the angiotensin-converting
enzyme 2 (ACE2) to infect their target cells in the alveolar epithelium [4-6]. This enzyme plays a key role in the
renin-angiotensin system (RAS), a hormonal system that regulates blood pressure in the organism and participates
in blood volume homeostasis. Angiotensin II (Ang II) is the main effector agent of the RAS and other than being a
potent vasoconstrictor, it is also an inductor of proliferation, inflammation, and fibrosis in a variety of tissues [7]. In
physiological conditions, ACE2 inhibits these effects by degrading Ang II to produce Ang (1-7), which is an antagonist
of Ang II [8].

The binding of SARS-CoV and SARS-CoV-2 to ACE2 has raised the hypothesis that they could somehow interfere
with the function of the RAS in the lung [4, 5, 9H12]]. In the process of infecting a pneumocyte, these viruses might
foster the internalization and shedding of ACE2 from the surface of the cell, thereby repressing its enzymatic activity
and indirectly increasing the levels of Ang II in lung tissues [5, 13} [14]. In this work, we will explore the potential
consequences of the homeostatic hypothesis on the progression of the infections by SARS-CoV and SARS-CoV-2.

The expression of ACE2 in pneumocytes is circumscribed to the membrane surface in contact with the external
environment [[15]]. Therefore, any viral interaction with the enzyme would take place in the alveolar space. This
might lead to an unbalance in alveolar Ang II whose implications are difficult to judge owing to the limited available
information about the physiological role of the RAS in the alveolus. In contrast, current knowledge suffices to conjecture
the effects of an analogous viral interference with the RAS in the pulmonary interstitium. Several cell types, including
pulmonary mast cells, smooth muscle cells, and fibroblasts also express ACE2 [16H18]]. Even if these cells might not be
infected by SARS-CoV and SARS-CoV-2 [[19], the virus could still bind ACE2 present in their membranes and reduce
its enzymatic activity. The subsequent rise in the local levels of interstitial Ang II would induce the contraction of
smooth muscle cells that surround arterial vessels and lung airways via interaction with the angiotensin II receptor type
1 (ATR1) [9,120]. Therefore, viral interaction with ACE2 in the pulmonary interstitium would trigger the constriction of
arterial vessels and lung airways located in the proximity of infected alveoli.

Viral-induced vaso- and bronchoconstriction would disrupt the ventilation/perfusion ratio in two different ways. In
vasoconstricted arterioles, blood flow would be diverted towards upstream vessels offering lower resistance [21]]. As for
bronchoconstriction, it would entail a loss of ventilation in the alveolar units located downstream from the constricted
segments [22]. Importantly, the presence of the virus at some point along the length of greater bronchial branches could
suffice to induce its constriction and sharply reduce the ventilation of ample regions of the lung.

Pulmonary alveoli do not usually receive uniform ventilation and it is not exceptional for some of them to be deficiently
oxygenated even in healthy conditions [21, [23]]. In such poorly-ventilated areas of the lung, bronchoconstriction
could further reduce airflow but given their already lower relative contribution to blood oxygenation, this effect
would not necessarily imply a marked loss of pulmonary function. In contrast, the consequences of viral-induced
bronchoconstriction could be very conspicuous in optimally aerated areas. In this case, it might curtail the airflow to
respiratory units that were operating efficiently before the infection [24]. This could lead to the sudden appearance of
hypoxic zones in otherwise well-ventilated regions of the lung, which could compromise their function.

In healthy conditions, whenever alveolar hypoxia exceeds a critical threshold, a physiological mechanism known as
hypoxic pulmonary vasoconstriction (HPV) redirects the blood flow from areas with deficient ventilation to better-
oxygenated sectors, optimizing systemic oxygen delivery [21, 25| 26]]. It is natural to assume that alveolar hypoxia
caused by viral-induced bronchoconstriction should trigger HPV as it does in other circumstances. Very short exposure
to moderate hypoxia (of the order of seconds) suffices to onset HPV and if hypoxia does not reverse, significant
increases in vascular pressure take place over the next 6 to 8 hours [25-27]]. Therefore, the unbalance of the pulmonary
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Figure 1: Spatial propagation of the RAS-mediated effect of SARS-CoV-2 infections. A) The inflammation caused by the
immune reaction to the presence of the virus affects the immediate vicinity of the infective focus. B) In contrast, the respiratory units
subject to the indirect effects of the viral-induced increased in interstitial Ang II could be relatively distant from the infection site.
In the case illustrated in the figure, the infection of a few alveoli (1) could trigger vaso- and bronchoconstriction in blood vessels
and lung airways present in surrounding interstitium (2), reducing perfusion and ventilation alveolar units that do not need to be
connected with the infected ones (3). Blood flow diverted from these units would increase the perfusion of topologically connected
alveolar sacs (4 and 5), increasing the risk of hydrostatic edema.

RAS caused by the presence of the virus would rapidly translate into a local redistribution of the pulmonary blood
circulation, either directly by vasoconstriction or indirectly by bronchoconstriction-induced HPV.

Two synergic pathways to inflammation in COVID-19

What are the functional implications of the viral-induced changes in the pulmonary circulation? In order to address this
issue, we begin by remarking that the alveolar units undergoing viral-induced vaso- and bronchoconstriction would not
be necessarily infected by the virus (Fig. [T). The spatial extent of viral interference would depend on the location of
constricted blood vessels and airways within the circulatory and ventilatory networks respectively. For instance, the
constriction of a bronchiole would affect more respiratory units than the constriction of a single alveolar duct.

The effects of blood redistribution caused by viral-induced vasoconstriction and HPV would vary depending on the
previous degree of constriction of the affected vascular vessels. Viral interference with the pulmonary RAS would
be particularly adverse in those regions of the lung receiving greater blood flow. Small arterioles supplying blood to
these regions would be largely unconstricted, so they would be at greater risk of fluid leakage in the case of sudden
over-perfusion. In this situation, the extravascular accumulation of fluid might exceed the capacity of interstitial and
alveolar fluid reabsorption, leading to hydrostatic edema and reduced gas exchange in the distressed respiratory units.
In turn, edema might induce further changes in the local distribution of blood circulation [28], 29]. Therefore, in
well-perfused areas, viral-induced vasoconstriction and HPV might trigger a positive feedback loop of circulatory
rearrangements that might contribute to the spatial propagation of the indirect, RAS-mediated effects of the infection.

The progressive spread of viral-induced hydrostatic edema could eventually trigger a secondary inflammation reaction
and lead to vascular remodeling and fibrosis [30], much as in other forms of hydrostatic edema [32]]. In poorly
perfused regions, vascular vessels would be sufficiently constricted before the infection so as to accommodate unexpected
rises in perfusion. For this reason, the risk of fluid leakage from small arterioles would be much lower and, consequently,
the effects of the viral interferences with the pulmonary RAS would probably be negligible in this case.

From the previous remarks, it follows that those lung regions receiving higher ventilation and perfusion before the
infection would be the most vulnerable to the effects of viral interference with the local pulmonary RAS. Furthermore,
considering their substantial contribution to blood oxygenation relative to other areas, the RAS-mediated viral effects in
these regions could be particularly deleterious. This impact might be even more pronounced in the elderly owing to the
progressive reduction of ventilatory capacity with age [33]]. Contrarily, viral interference with the pulmonary RAS in
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Low ventilation High ventilation
Low perfusion No effects Risk of hypoxia
High perfusion | Risk of edema | Risk of edema and hypoxia

Table 1: Hypothesized effects of viral interference with the pulmonary RAS in lung regions depending on their ventilation
and perfusion before the infection.

other lung areas would have less severe consequences (see Table|[T). Therefore, the relative importance of viral-induced
vasoconstriction and HPV in the progress of the disease would be determined by the particular spatial distribution of the
infected lung areas in each patient.

The aspects of SARS-CoV-2 infections discussed so far are exclusively related to their potential interference with the
pulmonary RAS leading to the disruption of the ventilation/perfusion ratio. However, it is obvious that this is not the
only effect of the infection in the lung. Tissular stress caused by the replication of the virus in the infected cells and
by the subsequent immune response leads to inflammation. This, in turn increases microvascular permeability and
leukocyte infiltration and may cause permeability edema, with the subsequent impact on pulmonary function. The
ensuing loss of ventilation in the affected alveoli could also trigger HPV and local redistribution of blood flow around
the infective focuses, which would further boost the development of inflammatory edema [25, 33].

Respiratory failure from acute respiratory distress syndrome (ARDS) is currently the leading cause of mortality among
COVID-19 patients and in most severe cases, it is often accompanied by the cytokine release syndrome, which is a
typical sign of hyperinflammation 33} [36]. It is often implicitly assumed in the literature that state is exclusively caused
by the immune response to the virus. However, we have argued above that indirect, RAS-mediated effects of the viral
infection could lead to hydrostatic edema in well-perfused regions of the lung and to the subsequent development of
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Figure 2: Two intertwined pathways to inflammation in SARS-CoV-2 infections. In this work, we suggest that the development
of systemic immune inflammation and ARDS in the late stages of COVID-19 would result from the synergy of two simultaneous
processes. The first one is the well-characterized immune inflammation triggered in response to the viral presence that may lead
to the appearance of permeability edema. We suggest that the second one would naturally emerge from the interference of the
virus with the pulmonary RAS that has been hypothesized in the literature. Viral-induced increase in interstitial Ang II would
trigger the constriction of blood vessels and lung airways, which could result in alveolar hypoxia. Homeostatic mechanisms would
then respond by locally redistributing the blood circulation. In some regions of the lung, this could cause hydrostatic edema and
eventually lead to inflammation. The manifestations of the disease in its early stages would depend on the relative contribution of
direct (immune-mediated) and indirect (RAS-mediated) effects of the virus. Differences among patients in the balance between both
pathways would account for the observed interindividual heterogeneity in the manifestations of the disease.
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secondary inflammation. We suggest that this process could synergize with the immune-derived inflammation to drive
the progress of the disease into a more damaging phase, eventually leading to the development of ARDS [4,37H39]
(Fig. ).

From this viewpoint, even if the late stages of the disease often converge to generalized systemic inflammation and
ARDS, the particular pathway followed by the infection in its early phases could vary depending on the relative weight
of immune-mediated and RAS-mediated viral effects in each patient. For instance, the infection of a few respiratory
units located in particularly well-perfused and well-ventilated regions of the lung could lead to reduced gas exchange
and hydrostatic edema accompanied by low levels of immune inflammation. In contrast, with higher levels of infection
or more intense inflammatory responses, the immune-mediated effects would be more apparent. The symptoms arising
from the synergy of both pathways could account for the atypical manifestations of ARDS in COVID-19 [40].

Conclusions

The consequences of viral-inflicted damage on lung tissues and the adverse effects that may arise from the ensuing
immune response of the organism are well-known factors that account for some of the clinical signs of COVID-19. To
the best of our knowledge, the implications of the viral interference with the pulmonary RAS hypothesized in recent
studies [4, 5, 9-12] have been much less explored. In this work, we have argued that some of the manifestations of
SARS-CoV-2 infections arise at least in part from the normal operation of homeostatic mechanisms in the abnormal
context created by such viral interference with host homeostasis.

To begin with, in normal circumstances, increased pulmonary levels of Ang II usually respond to a variety of physiolog-
ical signals that determine the optimal degree of constriction of blood vessels and lung airways. The interaction of
the virus with ACE2 could be viewed as a source of misleading information in the pulmonary interstitium that would
intensify constriction in the absence of appropriate physiological clues. The ensuing vaso- and bronchoconstriction
would not respond to an actual need of the organism but to abnormal stimuli, which could have detrimental consequences.
For instance, the anomalous constriction of airways in originally well-oxygenated areas of the lung could be a largely
neglected factor in the development of hypoxemia and systemic hypoxia in some COVID-19 patients.

The viral disruption of the constriction of blood vessels and lung airways in the affected area would displace a number
of respiratory units from their former equilibrium. In the case of alveolar hypoxia, the reduction in oxygen levels should
trigger the same homeostatic compensatory mechanisms as in healthy circumstances. However, in the context of the
infection, they could have undesirable consequences. For instance, HPV helps to maintain oxygen homeostasis in
normal conditions by diverting blood flow away from areas with insufficient ventilation. In contrast, viral-induced HPV
could reduce blood supply to lung areas that were optimally ventilated before the infection and increase the perfusion
of poorly-ventilated regions [3]. It could also increase the risk of hydrostatic pulmonary edema in regions that were
initially well perfused. Importantly, these homeostasis-related effects of the viral infection would no be circumscribed
to the immediate surroundings of the infection sites.

Both the intensity of HPV in response to alveolar hypoxia and the susceptibility to develop HPV-mediated hydrostatic
edema are highly variable among individuals [26, 41} 42]]. On the other hand, the probability of viral-induced edema
would also be modulated by other factors such as the ventilation/perfusion ratio of the pulmonary regions undergoing
viral interference. The multifactorial susceptibility to the RAS-mediated effects of the infection could contribute to the
observed heterogeneity in the clinical signs of COVID-19. In this regard, a recent study suggests that COVID-19 lung
injuries could be similar to high altitude pulmonary edema (HAPE), a form of hydrostatic edema mediated by HPV that
appears at high altitudes [43]]. Other reports point in the opposite direction and affirm that there is no possible similarity
between COVID-19 and HAPE [44].

In our opinion, the question that COVID-19 is not altitude sickness is beyond doubt. The ultimate cause of HAPE
is global hypoxia owing to low atmospheric oxygen availability and it usually develops in the absence of a strong
inflammatory response against a pulmonary infection. This is is in sharp contrast with the causes of COVID-19.
Nevertheless, we have shown that a form of hydrostatic edema could arise as a potential consequence of viral-induced
vasoconstriction and HPV in COVID-19. Those patients in which RAS-mediated effects were more prevalent than
immune-mediated effects could exhibit signs of hydrostatic edema in the absence of apparent inflammation in the
early stages of the disease, which could cause lung injury similar to HAPE. However, the clinical manifestations
would be quite different for patients with dominant immune-mediated symptoms. The balance between RAS- and
immune-mediated effects induced by the virus (see Fig. 2) could give rise to a continuum of pulmonary clinical signs
between these two extremes, which could account for seemingly contradictory observations.

We want to stress that we are not advocating for the use of any particular clinical strategy over another. Instead, we
intend to highlight an aspect of SARS-CoV-2 infections that might provide useful insight into the underlying causes of
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the clinical manifestations of COVID-19. Unfortunately, current quantitative knowledge about the RAS is insufficient
to fully understand the effects that might derive from any attempt to offset viral-induced unbalance. Manipulating
the levels of Ang II or trying to mitigate the RAS-mediated effects caused by the infection in the lung might lead to
undesired consequences in other tissues or even in lung areas unaffected by viral interference.

SARS-CoV-2 might also interfere with the local RAS in other organs, such as the heart or the kidney. Furthermore, the
infection often leads to hypoxia and hypoxemia, which must obviously disturb the homeostasis of oxygen and iron in
the organism. We believe that deeper knowledge about how homeostatic mechanisms operate under healthy conditions
would be necessary to understand the consequences of indirect, non-immune responses of the organism to infections.
Many particular features of COVID-19 could well be impossible to understand without explicitly taking into account
this homeostatic approach to the disease.
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