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Abstract

Discovery of angiotensin converting enzyme 2 (ACE2) revealed that the renin angiotensin system 

(RAS) has two counterbalancing arms. ACE2 is a major player in the protective arm, highly 

expressed in lungs and gut with the ability to mitigate cardiopulmonary diseases such as 

inflammatory lung disease. ACE2 also exhibits activities involving gut microbiome, nutrition, and 

as a chaperone stabilizing the neutral amino acid transporter, B0AT1, in gut. But the current 

interest in ACE2 arises because it is the cell surface receptor for the novel coronavirus, SARS-

CoV-2, to infect host cells, similar to SARS-CoV. This suggests that ACE2 be considered harmful, 

however because of its important other roles, it is paradoxically a potential therapeutic target for 

cardiopulmonary diseases including COVID-19, caused by SARS-CoV-2.

This review describes the discovery of ACE2, its physiological functions, and its place in the RAS. 

It illustrates new analyses of the structure of ACE2 that provides better understanding of its 

actions particularly in lung and gut, shedding of ACE2 by ADAM17 and role of TMPRSS2 in 

SARS-CoV-2 entry into host cells. Cardiopulmonary diseases are associated with decreased ACE2 

activity and the mitigation by increasing ACE2 activity along with its therapeutic relevance are 

Address correspondence to: Mohan K. Raizada, PhD, Department of Physiology and Functional Genomics, University of Florida 
College of Medicine, PO Box 100274, Gainesville, Florida 32610 USA, mraizada@ufl.edu, Phone # 352-392-9299. 

Disclosure: None

HHS Public Access
Author manuscript
Hypertension. Author manuscript; available in PMC 2021 September 01.

Published in final edited form as:
Hypertension. 2020 September ; 76(3): 651–661. doi:10.1161/HYPERTENSIONAHA.120.15595.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



addressed. Finally, the potential use of ACE2 as a treatment target in COVID-19, despite its role to 

allow viral entry into host cells, is suggested.
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Introduction:

Discovery of angiotensin converting enzyme 2 (ACE2) was a major milestone proven to be 

paradigm-changing toward our understanding of the role of the renin-angiotensin system 

(RAS) in cardiovascular and pulmonary diseases. ACE2 is a transmembrane monopeptidyl 

carboxypeptidase that hydrolyzes angiotensin (Ang) I to Ang-(1–9) and Ang II to Ang-(1–

7).1, 2 ACE2 together with Ang-(1–7) and the Mas receptor, comprise the vasoprotective axis 

of the RAS. This plays a key role in antagonizing the other RAS axis that has proliferative, 

hypertrophic, vasoconstrictive, inflammatory and apoptotic functions and consists of the 

angiotensin converting enzyme/angiotensin II/angiotensin type 1 receptor (ACE/Ang II/AT1 

receptor).3,2,4,5 (Figure 1) A functional decrease in ACE2 has been implicated in 

development of cardiopulmonary diseases6,7,8,9 and other disorders impacting the 

cardiovascular (CV) system such as diabetes10,11 and hypertension.12,13 Therefore, 

increased expression or activation of ACE2 produces beneficial outcomes in these diseases.
14,15,16,17,18,19,20

ACE2 gained widespread attention recently for its non-classical functions as a receptor for 

both severe acute respiratory syndromes caused by the viruses (SARS-CoV) and (SARS-

CoV-2)21,22 and as stabilizing chaperone for the amino acid transporter B0AT1.23,24,4 

Binding of SARS-CoV-2 to ACE2 and subsequent internalization of the complex are critical 

steps in infection initiation. As a result, plasma membrane ACE2 levels decreased leading to 

increases in the ACE/Ang II/AT1 receptor axis of the RAS and promotion of deleterious 

effects.25 Recent evidence supports this concept as circulating Ang II was elevated in novel 

coronavirus disease 19 (COVID-19) patients and positively correlated with lung injury and 

viral load.26 Conversely, patients dying from COVID-19 were deficient in ACE2 and 

reduced myocardial ACE2 expression was observed in post-mortem CV tissue from 

COVID-19 and SARS patients.25,4 More support comes from studies showing that treatment 

with catalytically active ACE2 ameliorated lung injury and fibrosis, vascular remodeling, 

rescued pulmonary hypertension (PH) and improved ventricular function in experimental 

models of human disease.20,17,8,15,18 These effects of ACE2 may be either direct actions on 

the lung or through the ACE2-dependant gut-lung axis. Therefore, ACE2’s beneficial 

outcomes on lung injury could be obtained by manipulating ACE2 or Ang-(1–7) to develop 

a therapeutic strategy against COVID-19 despite ACE2 on the epithelial surface of the lung 

being used by SARS-CoV-2 for entry into pulmonary cells.

Evidence is also accumulating that individuals with pre-existing conditions such as lung 

disease, CV disease (CVD), hypertension and/or diabetes are at particularly high risk for 

COVID-19.27,4 Additionally, abnormal gut, liver, renal and neurological function have been 
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documented in COVID-19, suggesting multi-organ dysfunction is a critical manifestation of 

this disease.27,28,4 Experimental evidence supporting a central role of ACE2 in ameliorating 

the gut permeability and microbial dysbiosis in CVD29,30,31and lung diseases18,4,15,24 and 

neurobehavioral symptoms32 makes the ACE2/Ang-(1–7) axis an ideal target for managing 

COVID-19 pathophysiology. Here, we present a succinct understanding of the role of ACE2 

and its product, Ang-(1–7), in cardiopulmonary diseases (CPDs), recent developments on 

involvement of ACE2 in SARS-CoV-2 infection, discuss various components of ACE2-

mediated internalization of SARS-CoV-2 and propose mechanisms of the differing roles of 

ACE2 in this internalization in lungs and gut. Finally, we synthesize this information into a 

discussion of potential therapeutic targets for CPDs and COVID-19.

ACE2 structure and function:

In 2000, two seminal reports almost simultaneously described discovery of a gene encoding 

a protein with high similarity to well-known ACE but insensitive to its inhibitor, captopril.
1,33 The enzyme was named ACE2 or ACEH (ACE homolog).33 The ACE2 gene contains 

18 exons (Figure 2A) and is located on chromosome X (band: Xp22.2). The translated 

protein has a 740 amino acid extracellular N-terminal domain, a short single transmembrane 

domain, and a 44 amino acid cytosolic C-terminal tail (Figure 2A). ACE2 is a zinc 

metallocarboxyprotease in the cowrins family of metallopeptidases.34 The peptidase 

substrate binding pocket complexed with a specific inhibitor of ACE2, MLN-4760, was 

visualized using X-ray crystallography (Figure 2B).35 In contrast to ACE, ACE2 does not 

hydrolyze bradykinin.33 However, ACE2 can cleave apelin-13, apelin-17, Des-Arg-

bradykinin, dynorphin A, neurotensin, and kinetensin.33,1,35 Functionally ACE2 converts 

angiotensin I to Ang-(1–9) and Ang II to Ang-(1–7).

ACE2 is membrane bound but can be shed extracellularly by several membrane-bound 

ectoproteases, such as a disintegrin and metallopeptidase domain 17 protein (ADAM17) and 

transmembrane serine proteases 2 (TMPRSS2) (Figure 2A).36,37 Several studies attempted 

to map cleavage sites of membrane-bound ACE2 attacked by ADAM17 and TMPRSS237,36 

but no consensus has yet been reached. Further experiments will be necessary to resolve this.

ADAM17 sheds ACE2 in lung, heart, kidney and CNS, and this shedding may decrease 

ability of cells to counteract the deleterious effects of increased Ang II in COVID-19 (Figure 

3). The soluble domain of ACE2 remains catalytically active and its recombinant form 

showed great potential in reducing circulating Ang II while alleviating associated 

dysfunction, including hypertension.5,38

Mechanism of ACE2-mediated SARS-CoV-2 entry into cells:

Human ACE2 (hACE2) is highly expressed in nasal and airway epithelium, lungs, small 

intestine, colon, kidneys and heart, with highest expression in intestines.4,39 The ACE2 

expression pattern matters because both SARS-CoV and SARS-CoV-2 use membrane-bound 

ACE2 as a docking and anchoring site on the surface of epithelial cells,40 before viral RNA 

is internalized into the cytosol of victim cells. The SARS-CoV-2 ACE2-binding domain has 

a higher affinity for ACE2 versus SARS-CoV.41 The proteolytic cleavage-induced shedding 
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of sACE2 is protective against SARS-CoV-2 virus infection of human epithelial cells in 

vitro.42 Therefore, sACE2 may exhibit therapeutic potential to alleviate COVID-19.

To date, it is well-established that TMPRSS2-mediated cleavage of the homotrimeric SARS-

CoV-2 spike protein at its S1/S2 subunit junction is critical for virus entry into target cells 

(Figure 4).40 Spike protein subunits can exist in either open or closed (“down”) 

conformations.43 Cathepsin-mediated spike protein cleavage, independent from TMPRSS2 

activity, has also been reported.40 Spike protein of SARS-CoV-2 additionally has a furin site 

at the same S1/S2 junction that is proteolytically cleaved in host cells during virus egress.43 

The TMPRSS2-induced cleavage of S1 subunits from the SARS-CoV-2 spike protein allows 

the S2 subunit to initiate fusion of the viral and cellular membranes. Such fusion events were 

modeled in vitro.44 Alternatively, endocytosis of SARS-CoV-2 and reduction of viral entry 

by cathepsin L protease inhibition was reported.43,45 So the virus may use multiple 

pathways to access cells. After viral RNA enters the cytosol of host cells, initial translation 

is by the host ribosomes and thereafter by viral replication machinery. Viral replication 

occurs within double membrane vesicles whose presence in close proximity to the 

endoplasmic reticulum is characteristic of SARS-CoV-2 infected cells. Viral particle 

assembly involves the Golgi apparatus43 and viral RNA packaging into virions may be 

cytosolic.

The size of SARS-CoV-2 virions varies from 55 to 180 nm. Scaling a viral particle (~105 

nm) and SARS-CoV-2 spike proteins (~15.5 nm) to the molecular sizes of ACE2 and 

TMPRSS2 proteins (~11nm and ~7 nm above the cell surface, respectively) reveals that 

TMPRSS2 is unlikely to cleave the spike protein anchored to an ACE2 protein (Figure 4). 

Rather, TMPRSS2 may cleave an adjacent spike protein complex, and this may occur even 

in adjacent spike proteins in the closed (“down”) conformation.

In the gastrointestinal tract (GI), ACE2 has enzymatic and non-enzymatic functions and both 

have implications in SARS-CoV-2 infection. First, as a member of the protective arm of the 

local GI RAS, ACE2 increases Ang-(1–7) and helps maintain gut barrier integrity against 

microbial dysbiosis by influencing glucose homeostasis via Na+-coupled SGLT1 and 

GLUT2, and release of GLP-1, GIP and CCK.46 Second, ACE2 chaperones its cytosolic 

trafficking partner subunit B0AT1, stabilized as a 2[ACE2:B0AT1] dimers of heterodimers 

(Figure 5).21 B0AT1 is the intestinal brush border membrane Na+-coupled neutral amino 

acid transport system discovered and characterized by Stevens and coworkers23, 

alternatively called NBB, B, B0. B0AT1 is the dominant pathway for gut uptake of 

tryptophan, leucine, glutamine and their metabolites implicated in dysfunctional gut-

microbiome communication of many chronic diseases.47,29 Thus, physiological roles of gut 

B0AT1 are to 1) steer dietary protein digestion by absorption and processing of nutrient-

sensor signaling by amino acids; 2) linking gut metabolism with the commensal gut 

microbiome by the metabolomic processing of luminal bioactive peptides in the context of 

humans as meta-organisms; 3) modulate whole-body glucose homeostasis by governing 

glucose uptake and incretin secretion; 4) steer Na+ and water absorption; and 5) defend 

against dysbiosis by mechanisms including innate immunity, acquired immunity, systemic 

inflammation and gut barrier integrity.

Sharma et al. Page 4

Hypertension. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SARS-CoV-2 binding to intestinal apical membrane ACE2:B0AT1 decreases ACE2 activity 

disrupting the RAS, thereby inducing gut wall inflammation, barrier compromise and 

dysbiosis. Evidence for this includes: 1) significant number of COVID-19 patients have GI 

manifestations, sometimes prior to classic pulmonary symptoms.48; 2) COVID-19 patients 

exhibit altered fecal microbiomes.49 Interestingly, some of the altered bacteria have been 

associated with impaired ACE2.31,24; 3) disrupted gut nutrient-receptor signaling by B0AT1 

transported amino acids, with attending disruption of glucose homeostasis and gut integrity.
24; and 4) infectious SARS-CoV-2 virus is present in stool, and shed viral RNA is detected 

for weeks in sewage and toilet aerosols50 raising the potential for fecal transmission of 

SARS-CoV-2.

Gut-lung axis in COVID-19:

The pulmonary tropism of SARS-CoV-2, and attending respiratory pathophysiology and 

inflammation, may intimately be tied to gut tropism of SARS-CoV-2 and GI events of 

COVID-19. Firstly, active SARS-CoV-2 virus shed in feces50 and aerosolized from toilets 

likely contributes to pulmonary inoculation; this modality of transmission can inform the 

revisiting of public hygiene policy. Secondly, altered gut microbiome composition is 

reported in COVID-1949,51 consistent with involvement of an immune-gut dysbiosis-lung 

axis in COVID-19 progression.52 Although, impaired gut-lung communication in 

COVID-19 linked to ACE2 is presently an attractive concept, supporting evidence is rapidly 

emerging and further strengthened by evidence that gut and its microbiota are implicated in 

various pulmonary diseases including, chronic obstructive pulmonary disease (COPD)53, 

lung inflammatory diseases54 and pulmonary hypertension.18,55,56

Our studies were among the first demonstrating gut dysbiosis and gut pathology during PH 

in animal models.18,56 A link between gut dysbiosis and PH has been validated in patients 

with PH.55 This link is intriguing because the gut is a highly innervated and vascularized 

organ containing ~60% of the body’s immune cells. Furthermore, gut epithelium expresses 

high levels of ACE2.4 This raises questions of involvement of ACE2 in homeostasis of the 

gut epithelium and microbiota, also whether ACE2 influences PH pathophysiology. We have 

recent evidence indicating affirmative answers to these questions. Hypoxia-induced PH 

pathophysiology is attenuated in mice overexpressing ACE2.18 Moreover, fecal matter 

transfer from ACE2 overexpressing mice into wild type (WT) mice provides significant 

protection against PH.18 These studies demonstrate that gut microbiota composition alone 

has an impact on PH pathophysiology leading us to hypothesize gut-brain-lung axis 

dysfunction in PH (Figure 6). PH risk factors such as environmental toxins, smoking etc., 

can influence autonomic brain regions causing imbalanced sympathetic/parasympathetic 

activity resulting from microglia activation, increased pro-inflammatory pathways and 

neuroinflammation. Alternatively, PH risk factors may directly influence gut microbiota and 

epithelial-microbiota cross-talk resulting in leaky gut. This would permit release of 

inflammatory molecules, cells, microbiota metabolites into the blood to increase microglia 

activation and pathophysiological events in the lung and other cardiopulmonary-relevant 

organs. Together, they will perpetually influence overall PH pathology.
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Role of ACE2 in cardiopulmonary diseases (CPDs):

The most prevalent CPDs, with devastating health, economic and emotional impacts, include 

acute respiratory distress syndrome (ARDS), acute lung injury (ALI), and pulmonary 

hypertension (PH) and fibrosis (PF). The role and functions of RAS components, including 

ACE2, have been extensively studied in CPDs resulting in development of several 

therapeutic interventions. In this section, we review the physiological role of ACE2 and its 

involvement in the pathogenesis of various CPDs, including COVID-19.

1. Acute respiratory distress syndrome:

ARDS is a devastating inflammatory lung disease, commonly associated with multi-organ 

failure and high mortality. ARDS is a sudden injury to the lungs from infection, 

pathologically characterized by alveolar capillary leakage with diffuse alveolar damage. 

Clinical manifestations are severe hypoxemia and poor lung compliance. Mechanisms 

underlying ARDS are multifaceted making determination of associated risk factors 

challenging. Evidence strongly implicates RAS imbalance involving decreased ACE2 

expression in the lung disorder pathophysiology.9,57 For instance, ACE2 deficient mice have 

severe ARDS and blocking the AT1 receptor prevents the syndrome.9,8,58 In other murine 

ARDS models, ACE2 activity is reduced with exaggerated neutrophil accumulation, 

augmented vascular permeability and aggravated pulmonary edema.8,9,57 Moreover, 

recombinant human ACE2 (rhACE2), purified from ACE2 transfected cell supernatant, 

improved pulmonary blood flow and oxygenation in the LPS-induced pig ARDS model.59

Lung ACE2 is primarily produced in alveolar epithelial (type II), Clara, endothelial and 

vascular smooth muscle cells.60 Due to epithelial cell injury during ARDS, ACE2 is 

decreased resulting in an increase in the pro-inflammatory, hypertrophic RAS axis9 

Treatment of ACE2 deficient mice with ACEi or ARBs was beneficial, however ACEi and 

ARBs are not ideal because of potential to reduce systemic blood pressure. Instead, 

promising clinical trial results occurred with rhACE2.61

2. Acute lung injury

ALI is a milder form of ARDS with shared characteristics. Pulmonary ACE2 deficit and 

increased Ang II are associated with its development8 and ACE2 deficiency worsened 

virally-induced ALI.20 ACE2 null mice have more severe H5N1 influenza-induced ALI62 

and ACE2 expression in lung was reduced in influenza induced by H5N162, H1N1 infection 

in WT mice.63 Furthermore, H5H1 influenza patients and mice with H5N1 influenza 

infection showed increased serum AngII.62 Thus, ACE2 supplementation and Ang II 

inhibition should ameliorate ALI64,15 and in fact rhACE2 normalized lung function in 

ACE2-deficient mice with H5N1 influenza-induced lung pathology.62 Therefore, rhACE2 

was surmised as a novel therapeutic option for ALI.

Potential mechanisms underlying ALI amelioration by ACE2 supplementation is likely the 

counteracting of deleterious ACE/Ang II/AT1 receptor arm of the RAS. This blunts 

accumulation of inflammatory cells in the lungs8, reducing activation of LPS-TLR4 

pathways65 and apoptosis of endothelial cells through suppression of SMAD 
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phosphorylation.66 These data suggest an imbalance of RAS arms drives ALI, and ACE2 

maintains RAS balance to protect lungs against ALI.

3. Pulmonary Fibrosis:

PF is a progressive lung disorder associated with high morbidity and mortality secondary to 

ALI/ARDS and in some cases as idiopathic pulmonary fibrosis (IPF). IPF is a fibrotic lung 

disease with distorted pulmonary architecture resulting in respiratory failure with right heart 

dysfunction and death. Early diagnosis can help manage symptoms, minimize inflammation 

and slow disease progression and with a healthy lifestyle may improve quality of life. There 

are few FDA-approved treatments such as pirfenidone (Esbret) and nintedanib (Ofev) 

antifibrotics that slow progression of lung damage.

Histopathologic characteristics of IPF include damaged alveolar epithelium and enlarged 

airspaces with thick fibrotic walls filled with mucin and inflammatory cells. Overproduction 

and deposition of collagen and extracellular matrix are also indicative of fibrotic lung.67 A 

determinant in the pathogenesis of IPF is local activation of deleterious RAS axis. This 

mediates production of Ang II and its precursor angiotensinogen (AGT) from apoptotic 

alveolar cells damaging lung tissue.68,69 Furthermore, ACE2 expression and activity are 

decreased in humans with IPF and in animal models of lung fibrosis.6,7,70 ACE2 null mice 

were more susceptible to bleomycin-induced lung fibrosis20,8 while ACE2 overexpression 

ameliorated bleomycin-induced lung fibrosis by reversing local ACE2 loss and degrading 

elevated lung Ang II and AGT.69 Intraperitoneal rhACE2 abrogates bleomycin-induced 

fibrosis and inflammation improving lung function, exercise capacity and survival in mice.
20,8 ACE2 protects lungs by both degrading local Ang II and production of Ang-(1–7) which 

shifts RAS balance towards the anti-inflammatory, anti-fibrotic actions via the ACE2-

Ang-(1–7)-Mas axis.

4. Pulmonary Hypertension

PH is a chronic and incurable CPD characterized by increased blood pressure (BP) in 

pulmonary arteries that progresses to right heart failure and death. Factors causing PH are 

heredity, drug-induced, HIV infection, schistosomiasis, portal hypertension and congenital 

heart disease. The pathophysiology is complex and multifactorial, involving smooth muscle 

cell proliferation and endothelial dysfunction leading to increased resistance, constriction, 

fibrosis and remodeled pulmonary vessels.71,72

Most PH treatments are directed towards the pulmonary vasculature. Thus, limited success 

in PH control and treatment of PH could be due to the dogma that it is a disease of the heart, 

lung and blood vessels. PH was recently suggested to be a systemic disorder18,73 because of 

the involvement of multiple organs (e.g. gut, brain, bone marrow).18 Activation of the 

ACE/Ang II/AT1 receptor arm of the RAS leads to endothelial dysfunction and vascular 

remodeling of PH. But discovery of ACE2 as a regulator of RAS launched investigations 

into its role in PH pathology and therapy. Animal models of PH demonstrated decreased 

ACE215 leading investigators to test the hypothesis that increased pulmonary and circulating 

ACE2 decrease PH-associated pathophysiology. Evidence supporting this concept includes: 

1) Lentivirus-mediated ACE2 overexpression protected monocrotaline (MCT)-treated mice 

Sharma et al. Page 7

Hypertension. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from increased right ventricular systolic pressure (RVSP), remodeling of pulmonary vessels 

and right ventricular hypertrophy (RVH).14 Overexpression also reversed established 

elevations of RVSP and muscularization of pulmonary vessels14, interestingly, without 

affecting systolic blood pressure. 2) Overexpression of Ang-(1–7) prevented bleomycin-

induced pulmonary fibrosis and blocking Mas receptor inhibited this.7 3) Activation of 

ACE2 by diminazene aceturate (DIZE) both attenuated and arrested the progression of PH 

pathophysiology in multiple rat models involving angiogenic progenitor cells derived from 

bone marrow.16 Other ACE2 activators, resorcinolnapthalin and NCP2454, offered similar 

protection by improving endothelial function and suppressing intracellular inflammatory 

cascades.74 Oral delivery of ACE2 or Ang-(1–7) bioencapsulated in plant cells attenuated 

and arrested PH progression and pathophysiology.15 Bioencapsulation of a therapeutic 

protein like ACE2 for oral administration is a novel technology circumventing many 

limitations of delivery of ACE2 or Ang-(1–7) to preclinical testing.

Numerous preclinical studies have implicated benefits of ACE2 in PH. Decreased circulating 

ACE2 activity has been reported in PH patients.70,75 Others reported that although ACE2 

concentration was higher, its enzymatic activity was reduced in PH patients versus control.75 

This discrepancy was a result of more autoantibodies to ACE2 in PH patients versus healthy 

controls. Similarly, circulating Ang-(1–7) was reduced in PH patients with congenital heart 

disease.75 Finally, a small cohort study using rhACE2 supported the beneficial effect of 

ACE2 in PH.70 Taken together, decreased ACE2 is associated with PH pathophysiology and 

increasing it confirm that PH is associated with reduced ACE2 activity. Increasing ACE2 

with rhACE2 is proposed to ameliorate oxidative stress, inflammatory status and disordered 

hemodynamics.

Autonomic nervous system imbalance has long been implicated in PH pathophysiology. 

Higher sympathetic activity and increased muscle sympathetic nerve activity correlated with 

increased heart rate in PH patients.76 Sympathetic stimulation contributes to pulmonary 

vasoconstriction while pulmonary artery denervation reduces pulmonary pressure.77 

Furthermore, vagal nerve stimulation restores autonomic balance, preserves RV function and 

ameliorates vascular remodeling in PH animal models.78 This imbalance is associated with 

activation of microglia in autonomic brain regions, predominantly the paraventricular 

nucleus of the hypothalamus (PVN). This led us to propose that activation of microglia alters 

microglia-neuronal communication to induce neuroinflammation and increased sympathetic 

activity in PH.72 Evidence for this includes: (1) The number of activated microglia in the 

PVN positively correlates with RVSP.79 (2) Microglia in mice devoid of CX3CR1 remain at 

“resting state” under environmental effectors known to induce activation in WT mice.79 

These mice were protected from hypoxia-induced PH.79 (3) Minocycline, an anti-

inflammatory antibiotic that easily penetrates the blood brain barrier (BBB), inhibits 

activation of microglia. Treatment with minocycline attenuated activation of PVN microglia 

and ameliorated MCT-induced PH pathophysiology.72 ACE2, intrinsic to autonomic brain 

regions including the PVN, plays a critical role in neuroinflammation-driven PH 

pathophysiology. For example, global ACE2 overexpressing mice were protected from 

hypoxia-induced PH and failed to increase the number of activated PVN microglia.18
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ACE2 as a target for SARS-CoV-2 Treatments:

(i). Increase ACE2:

The idea that increasing ACE2 would be beneficial is based on the decrease of plasma 

membrane ACE2 following internalization of SARS-CoV-2 complexed with it. This shifts 

the RAS towards the vasodeleterious axis increasing inflammatory, fibrotic, and 

hypertrophic actions of Ang II and the AT1 receptor, accounting for most of the symptoms 

of COVID-19 patients. Support is from data that ACE2 expression correlates with SARS-

CoV spike protein-driven entry80 and is reduced in elderly subjects25, a group more 

susceptible to COVID-19. Furthermore, sACE2 combines with SARS-CoV-2 to decrease 

infectivity 1000–5000-fold in human blood vessel and kidney organoids.81 However, a 

recent study showed increased plasma ACE2 in COVID-19 patients by an ELISA assay.82 

These counterintuitive data could be explained by a compensatory response or/and 

dimerization of ACE2, a configuration with little SARS-CoV-2 binding affinity.21 There are 

many potential mechanisms for the benefits of increased ACE2, including that circulating 

ACE2 may bind SARS-CoV-2 and remove it from circulation. Additionally, increased ACE2 

could promote self-dimerization in cell membrane, reducing affinity for virus, internalization 

and propagation. Finally, increasing ACE2 would shift the RAS towards its vasoprotective 

functions. Multiple approaches and technologies are ready to be tested for therapeutic 

potential.

(ii). Recombinant human ACE2 protein.

Substantial evidence supports the validity of this approach. For example, treatment with 

rhACE2 is protective against vascular and pulmonary damage in many lung diseases.5,57,59,4 

It reduces viral load and blocks SARS-CoV-2 infection in Vero E6 cells and organoids made 

from blood vessels and kidney.42 A phase II study is underway to test the efficacy of 

rhACE2 in COVID-19 patients (NCT04287686). Even though rhACE2 is safe and reduces 

systemic inflammation (NCT01597635) its stability, relatively short half-life (3.5 h) and 

high manufacturing costs need to be addressed.

(iii). ACE2 activators.

ACE2 activators like DIZE prevent and arrest progression of pulmonary pathophysiology 

induced by PH and alveolar remodeling16,64 and reduce MI-induced cardiac damage and 

stroke.83 DIZE is an anti-parasitic for the treatment of trypanosomiasis and commercially 

available (VERIBEN®and Berenil®).

(iv). Bioencapsulated ACE2 and ACE2/Ang-(1–7) probiotics.

Our group has established two oral delivery systems for ACE2, sACE2 and Ang-(1–7) to 

circumvent limitations to use of recombinant human proteins described above and 

inactivation of proteins by stomach acid and/or digestion. Engineering of plant chloroplasts 

by the transplastomic method generated orally deliverable ACE2 and Ang-(1–7) that 

increases ACE2 and Ang-(1–7) in blood. Feeding this material provided impressive 

protection against PH pathophysiology.15 In addition, pulmonary ACE2 levels were 

increased and AT1 receptor and pro-inflammatory cytokines (TNFα, TGFβ, TLR4) were 
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decreased with improvement of right heart function. Additionally, feeding of ACE2 reduced 

endotoxin-induced uveitis.15 More recently, Lactobacillus paracasei expressing ACE284 was 

effective in diabetes-induced retinopathy.84 This probiotic strategy is easily scalable to 

produce large quantities of clinical grade shACE2 to sequester SARS-CoV-2 and potentially 

arrest pathophysiology of COVID-19. The probiotic delivery system has a potential 

additional advantage: Direct influence over gut B0AT1 transporter and gut epithelial-gut 

microbiota communication presumably relevant to the GI-related manifestations in 

COVID-19 patients.

(v). ACE inhibitors, angiotensin receptor blockers and biased AT1 receptor agonists.

Significant experimental evidence indicates that ACE-Is and ARBs increase ACE2.85,4 This 

led to predictions that COVID-19 patients with HTN taking these drugs would have worse 

outcomes. On the contrary, three recent retrospective studies demonstrate interesting 

observations. A Chinese study with 362 COVID-19 patients on ACE-Is or ARBs showed no 

difference in severity or mortality compared with patients without them86 and a second 

multicenter study involving 1128 patients reported significantly lower mortality.87 Finally, 

an UK study with 205 patients (not yet peer-reviewed), found reduced necessity for critical 

care and mortality when ACE-Is or ARBs were given 7 days before onset of COVID-19 

symptoms.88 The REPLACE COVID trial is determining whether discontinuation of these 

drugs attenuate severity of the disease (NCT04338009). However, impacts of these drugs in 

high risk patients with HTN, diabetes and obesity on COVID-19 outcomes remain unknown.

A novel strategy of using β-arrestin-biased angiotensin receptor agonists has been proposed.
89 This is based on the anti-inflammatory, anti-apototic and vasodilatory benefits of β-

arrestin-mediated AT1 receptor signaling.89 Although, Ang II has both deleterious and 

protective effects, β-arrestin-biased ligands selectively activate only the β-arrestin pathway. 

Interestingly, Ang-(1–7) acts as a β-arrestin-biased ligand for the AT1 receptor.90 Therefore, 

these ligands, alone or in combination with ACE2, would be a worthy of consideration.

(vi). Agents that influence plasma membrane ACE2.

Two proteases, TMPRSS2 and ADAM17, critically regulate plasma membrane ACE2 and 

thus present interesting targets. TMPRSS2 is essential for entry of SARS-CoV-2 into cells 

by priming its spike protein.40 An inhibitor of this enzyme, camostat mesylate, 

demonstrably reduced SARS entry into cells40 and a clinical trial is evaluating its efficacy in 

COVID-19 patients (NCT04321096). ADAM17 sheds the extracellular domain of ACE2 and 

sACE2 has both enzyme activity and SARS-binding properties.37 It has been postulated that 

SARS-CoV increases both shedding and internalization to decrease cellular ACE2 which 

suggests that ADAM17 inhibitors would be beneficial. Therefore, the ADAM17 inhibitors, 

paricalcitol and synthetic vitamin D analogues need to be tested for clinical use.

(vii). Repurposing of anti-inflammatory drugs.

Inflammation and “cytokine storm” are characteristics of COVID-19. Additionally, 

neuroinflammation has been postulated in COVID-19 patients with neurological 

abnormalities91 However, the long-term overall health implications of neurological 

symptoms following recovery remain speculative. Therefore, it is prudent to consider neural 
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effects of COVID-19 and test strategies for their control. Non-steroidal anti-inflammatory 

drugs (NSAIDs) have been tried but the latest WHO report indicates no resulting evidence of 

reduction in either severe adverse events, long-term survival or improvement to quality of 

life in COVID-19 patients. However, long-term outcomes cannot be evaluated at this early 

time point in the pandemic. This does not preclude testing of other classes of anti-

inflammatory drugs that penetrate the BBB. For example, minocycline, a safe anti-

inflammatory antibiotic in use for ≥40 years, easily passes through the BBB and attenuates 

neuro-inflammation.92 Our studies with experimental animal models have shown impressive 

effects of minocycline on neuroinflammation-driven HTN, PH and lung inflammation.
72,93,94 Furthermore, minocycline’s antibiotic properties may rebalance gut microbiota and 

gut functions in COVID-19 patients with GI-related abnormalities.

Concluding Remarks:

We have discussed the importance of homeostasis of the RAS in maintaining lung function 

that, once perturbed in favor of the ACE/Ang II/AT1R axis predisposes to cardiopulmonary 

diseases such as ARDS, ALI, PF and PH, including its particular relevance to COVID-19. 

The imbalance can be ameliorated by reducing the ACE/AngII/AT1R or increasing the 

ACE2/Ang-(1–7)/MasR axes. There are effective means to increase the beneficial arm of the 

RAS, including infusing rhACE2, feeding bioencapsulated ACE2, using probiotics designed 

to release ACE2 or Ang-(1–7), drug-induced activation of ACE2, genetic manipulation and 

using beneficially biased agonists of the AT1R. These relieve cardiopulmonary disease. The 

RAS also has important effects in the gut, where imbalance similarly causes inflammation 

and, ACE2 in complex with B0AT1 as a dimer of heterodimers, effects neutral amino acid 

transport, dampening systemic and gut inflammation, and promoting healthy microbial-host 

interactions that impact the lung.

The novel coronavirus, SARS-CoV-2, the cause of pandemic COVID-19, has thrown the 

RAS into the spotlight. COVID-19 is a respiratory infection, spread mostly by respiratory 

droplets, but there is productive infection of the gut and shedding of virus in feces. ACE2, 

highly expressed in the lung and gut, is the receptor this virus (and SARS-CoV) uses to enter 

cells via viral spike protein binding to ACE2 and internalized with virus. We discuss how the 

cell is then doubly jeopardized by viral infection and imbalanced RAS, and how rebalancing 

the RAS as described above would bring benefits. We illustrate more complete 

understanding of virus binding with ACE2 and its interaction partners at the cell surface 

revealing other potential treatments. For example, ADAM17 cleaves ACE2 in the lung 

releasing sACE2; shedding is increased upon SARS-CoV infection suggesting ADAM17 

inhibitors as possible candidates. The spike protein of the virus in either of its configurations 

is activated by TMPRSS2 to effect cell entry although it appears TMPRSS2 is unable to 

activate the spike protein bound to ACE2. Inhibitors of TMPRSS2 are in clinical trial for 

COVID-19. We suggest that while the world awaits development of an effective vaccine 

against COVID-19, there are available potentially beneficial treatments targeting the RAS, 

despite ACE2 being the receptor for SARS-CoV-2 entry into cells.
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Figure 1: 
Vasodeleterious (ACE-AngII-AT1 receptor) and vasoprotective (ACE2-[Ang-(1–7]-Mas) 

axes of the renin-angiotensin system.
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Figure 2: A. Block diagrams of the ACE2 gene and ACE2, ADAM17 and TMPRSS2 proteins.
ACE2 gene, exons (magenta), asterisk indicates coding for zinc-binding site “HEMGH”. 

ACE2 protein comprised of N-terminal signal peptide (blue), catalytic carboxypeptidase 

domain (cyan), junctional segment of the collectrin domain (green), peptidase cleavage site 

(PC, red), transmembrane domain (TM, yellow), and the C-terminal tail. The distal part of 

ACE2 protein, (the protease cleavage site, the transmembrane domain and the C-terminal 

tail), is highly homologous to the classical collectrin domain (green line). The large 

proximal N-terminal ectodomain of the ACE2 protein (red line) can be shed after proteolytic 

cleavage by endopeptidases, such as ADAM17 and TMPRSS2. This shed segment of ACE2 

is named soluble ACE2 (sACE2). sACE2 is a catalytically active serum protein. ADAM17 

protein consists of the N-terminal prodomain (PD, blue), metalloprotease (cyan), disintegrin 

(magenta), cys-rich (green), epidermal growth factor-like (red), and transmembrane domains 

(yellow), and cytoplasmic tail. TMPRSS2 is a relatively short 492 amino acid protein that 

consists of a cytoplasmic N-terminal tail, transmembrane (yellow) and scavenger receptor 

cysteine-rich domains (SRCR, red), a low-density lipoprotein receptor A (LDLRA, green), 

and C-terminal serine protease domain (cyan).

B. A structure of human soluble ACE2 with its inhibitor (S,S)-2-[1-Carboxy-2-[3-(3,5-

Dichloro-Benzyl)-3h-Imidazol-4-Yl]-Ethylamino]-4-Methyl-Pentanoic Acid (MLN-4760) at 

the presumed location of angiotensin I and angiotensin II catalytic site (pdb:1R4L). The 

cofactors Zn2+ and Cl− are shown as spheres (red and yellow, respectively). Histidine 

residues of the peptidase zinc-binding site HEMGH are labeled red (H374 and H378). The 

SARS-CoV and SARS-CoV-2 binding site is colored magenta, with key residues for binding 

S1-receptor binding domain of SARS-CoV-2 blue (K353, D38, E38, and K31).
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Figure 3: ADAM17-mediated cleavage of monomeric ACE2 and release of soluble sACE2 
ectodomain.
Left panel shows membrane-bound ACE2 (pdb: 6m17, gold) with box-outlined putative 

ADAM17 cleavage target site, red. The middle panel depicts ADAM17 (pdb:2m2f+2fv9) 

docking at its cleavage site within membrane-bound ACE2. The Zn2+ cofactor of ADAM17 

is shown as a magenta sphere. The right panel shows the release of soluble sACE2 

ectodomain following ADAM1 cleavage, leaving the membrane-bound C-terminal 

collectrin-like domain of ACE2. sACE ectodomain possess the enzymatic activity and the 

SARS-CoV-2 spike binding site.
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Figure 4. SARS-CoV-2 interactions with TMPRSS2, monomeric lung ACE2 or tetrameric gut 
ACE2:B0AT1.
Upper left shows SARS-CoV-2 virion approaching ACE2, then binding its spike protein to 

the S1 receptor binding domain (RBD) of ACE2 ectodomain (enlarged center inset). 

TMPRSS2 (predicted structure; Swiss-Model:O15393, cyan) can putatively cleave off 

soluble sACE2 from a region overlapping with the ADAM17 cleavage site in lung monomer 

ACE2, but both proteases are sterically blocked by B0AT1 in gut ACE2 tetramer (see Figure 

3). Right panel shows a scaled SARS-CoV-2 viral particle with spikes (brown) attached to 

either membrane-bound monomeric lung ACE2 or tetrameric intestinal ACE2:B0AT1 (pdb: 

6m17; see Figure 5) (both organ events displayed side by side for graphical expediency). 

TMPRSS2 ultimately cleaves an adjacent free spike not attached to RBD (bottom center, 

multicolor15.5 nm long) at the S1/S2 junction, which primes SARS-CoV-2 for host cell 

fusion and entry.
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Figure 5: Diagrammatic representation of the role of the gut epithelial cell ACE2 in SARS-CoV-2 
infection and gut pathology.
(A). The orientation of gut mucosa histology within a transverse cross-section of the 

intestine indicating virus in the lumen. Magnifying glass denotes the enlarged region of a 

single villus enterocyte, detailed in (B).

(B). Intestinal cell ACE2 chaperones the post-translational trafficking of B0AT1 to the apical 

membrane facing the lumen, forming a tetramer stabilized as a 2[ACE2:B0AT1] dimer of 

heterodimers (pdb: 6m17) limited primarily to gut cells of the body. Unlike lung monomeric 

ACE2 (see Figure 3), the intestinal ACE2 of the tetramer complex does not release soluble 

sACE2 ectodomains, because ADAM17 access is sterically blocked by the presence of 

B0AT1. SARS-CoV-2 spike S1 is activated (red) by integral membrane TMSRSS2 resulting 

in virus entry into host cells and replication within endosomes. Protease-damaged 

ACE2:B0AT1 is recycled by endosomal cathepsins. The disruption of gut ACE2 and B0AT1 

initiates a complex signaling cascade leading to pathophysiological sequelae manifested 

locally within the gut and systemically. This includes the consequence of blunting B0AT1 

transport of nutrient-signaling amino acids, e.g. tryptophan.
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Figure 6: Hypothetical representation of dysfunctional gut-brain-lung axis in pulmonary 
hypertension.
PH risk factors stimulate autonomic brain regions, initiating activation of microglia and 

neuroinflammation, altering neuron-microglia communication, and increased sympathetic 

nervous system activity. This sets up a sequence of events involving the gut, lung and bone 

marrow perpetuating the pathophysiological hallmarks of PH. ACE2 is proposed to act on 

the brain, gut, and lungs to interrupt this perpetual cycle and restore function to the axis.
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