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Abstract: 

The renin-angiotensin-aldosterone system (RAAS) is a key 

regulator of cardiovascular function through components 

like angiotensin II (Ang II) and angiotensin 1–7 (Ang 1–7). 

Angiotensin-converting enzyme (ACE) plays a pivotal 

role, existing as ACE1 and ACE2 isoforms. The COVID-

19 pandemic, resulting from coronavirus, exploits ACE2 

for cell entry, leading to a global outbreak. The virus's 

impact on ACE2 and the RAAS system influences disease 

severity. This review concentrates on the interplay between 

ACE2, RAAS, and SARS-CoV-2, investigating viral entry, 

binding patterns, and effects on RAAS balance. The virus 

binds to ACE2's receptor-binding domain (RBD) and 

enters cells via endocytosis, involving TMPRSS2 protease. 

SARS-CoV-2's higher ACE2 affinity contributes to its 

infectivity. ACE2 expression varies in health and disease, 

impacting COVID-19 outcomes. The RAAS has two 

opposing arms—classical and counter-regulating. ACE2 

bridges these arms, converting Ang II to Ang 1–7 with 

vasodilatory and protective effects. The pandemic 

introduces a "third arm," the RAAS-SARS-CoV-2-axis, 

impacting ACE2 expressions and RAAS balance. 

Recombinant ACE2 (hrsACE2) shows promise in 

inhibiting viral replication and reducing viral load. ACE2-

loaded extracellular vesicles (EVs) extend ACE2's 

effectiveness, inhibiting virus infectivity. Immunological 

factors such as cytokines, interferons, and cell count 

influence COVID-19 severity. Understanding ACE2's role 

and its interactions with RAAS and SARS-CoV-2 is vital 

for potential therapeutic strategies and disease 

management. 
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Introduction 

The renin-angiotensin-aldosterone system 

(RAAS), is one of the most important systems 

governing cardiovascular function through various 

components, notably angiotensin II (Ang II) and 

angiotensin 1–7 (Ang 1–7) Angiotensin-

converting enzyme (ACE), which exists in two 

physiologic isoforms, is a key enzyme in this 

system. The first form is ACE1 expressed 

extremely in the pulmonary vessels to synthesize 

Ang II and has potent vasoconstrictor activity. As 

well, it augments sympathetic tone and has 

mitogenic and pro-inflammatory effects over the 

epithelial or endothelial cellular layer. ACE2 is 

the second isoform forms a polypeptide named; 

Ang 1–7 that is opposite to Ang II and has 

vasodilating, anti-inflammatory, besides its 

cardioprotective properties (1). 

The COVID-19 pandemic arose in Dec. 2019 in 

China, spreading rapidly and prompting WHO's 

official designation of the virus as novel 

coronavirus-2019 on January 12, 2020 (2-6). This 

highly transmissible virus caused a global 

outbreak of pneumonia, affecting over 190 

countries, including severely impacted nations like 

the USA, India, and Brazil. By October 6, 2020, 

the infection had surpassed 34 million cases and 

resulted in a death toll exceeding one million (7). 

The virus's entry into alveolar cells involves 

binding with angiotensin-converting enzyme 2 

(ACE2), triggering infection propagation (8).  

Clinical symptoms of COVID-19 vary, fluctuating 

from asymptomatic to severe signs (8). Severe 

cases often involve respiratory and organ failure, 

notably refractory hypoxemia (9). While some 

patients recover, the disease has a more adverse 

prognosis in older persons and those with 

underlying health disorders. Despite significant 

progress, the exact virus-body interaction and 

severe conditions remain unclear.  

The ACE2’s role in susceptibility and immunity to 

SARS-CoV-2 is complex (10). Inhibition of 

proinflammatory cytokines IFNγ and TNF appears 

to reduce immunopathology, with disease severity 

tied to ACE2 (11). Understanding the disease's 

underlying pathobiology is vital, as ACE2 could 

serve as a therapeutic target. ACE inhibitors might 

benefit severe cases (12, 13) 

The pharmacological and physiochemical 

characteristics of the COVID-19 virus and its 

complex interactions with ACE2 and RAAS will 

be the main topics of this review. 

Structure, location, and role of ACE2 as the 

entry point of Coronavirus 

The ACE enzyme exists in two states: 

incorporated into the soluble (sACE2) or cell 

membrane (mACE2) (14). Both small intestinal 

epithelial cells and lung alveolar epithelial cells 

have highly expressed ACE2 on their cell surface. 

Such finding explains why SARS-CoV-2 has a 

significant impact on the respiratory and 

gastrointestinal systems (15). Certain cells, the 

skin, and the nasal epithelia all express ACE2. 

SARS-CoV-2 is one coronavirus that employs 

mACE2 as an entrance route into the cells. In 

actuality, SARS-CoV-2 enters cells mostly 

through mACE2. In more detail, the mACE2 on 

the surface of human cells is bound by the spike 

protein of the virus (at the enzymatic domain site). 

The enzyme-virus complex is endocytosed as a 

result of this reaction, and then it is translocated 

into intracellular endosomes (16). The priming of 

the spike protein necessary for the virus entry 

course is carried out by the host serine protease 

TMPRSS2. In this line, scientists are presently 

looking at TMPRSS2 suppression as a method for 

preventing viral entry into body cells. Other 

investigators also showed that the appropriate 

viral entry is significantly hampered by disruption 

of S-protein glycosylation (17). 

Binding pattern of SARS-CoV-2 spike protein 

and ACE2 

Cryo-electron microscopy was used in 2020 to 

determine the atomic-level binding pattern of the 

SARS-CoV-2 spike protein and ACE2 (Figure 1). 

The interaction of ACE2 and SARS-CoV-2 spike 

protein monomer is mediated mostly by the alpa1 

helix (mostly residues 21- 43), a few dispersed 

residues in alpha 2, β 3, and β 6 cell surface 

adherence. Since ACE2 is a key step of SARS-

CoV-2 endocytosis, blocking the ―protein-protein 

interaction (PPI)‖ of ACE2's ―receptor-binding 

domain (RBD)‖ is a crucial strategy for clinical 

SARS-CoV-2 prevention. This preventive 

approach is especially important because 

coronaviral alterations that result in immune 
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evasion are predicted to decrease the virus's affinity to the cell surface ACE2 (18).

 

 
Figure 1: Assembly of the ACE2 complex (greenish) and coronavirus spike receptor binding domain 

(RBD) in purple (18) 

 

 
Figure 2: Representations of the binding patterns of SARS-CoV-2 with the native ACE2 and its 

derivatives. 

ACE2 = angiotensin-converting enzyme 2, mACE2 =  membrane-bound ACE2 (18). 

 

SARS-CoV2 penetrates human cells via the 

ACE2 receptor to induce COVID-19 illness 

ACE2 was initially identified 20 years ago (19). 

ACE2 is extensively present in human organs, like 

the small intestine, kidney, lungs, heart, nasal 
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canals, and oral mucosa (20). ACE2 is mostly 

expressed in macrophages and type II alveolar 

cells in the lungs, with only expressed less in the 

epithelial lining of the trachea and bronchi (21), 

(Figure 2). 

The coronavirus that triggered the SARS epidemic 

in China in 2002 - 2003, SARS-CoV-2, is the 

same virus as COVID-19. Coronavirus accesses 

target cells via its cell ACE2 surface receptor. As 

a result, it seems that these coronaviruses all use 

the ACE2 receptor as a mechanism of entrance. 

When SARS-CoV-2's viral spike glycoprotein (S 

protein) links to the membrane-bound ACE2, it 

makes it easier for the virus to connect to its target 

endothelium and/or epithelial cells (22). 

According to Yan et al. (15), the trimeric SARS-

CoV-2 spike protein interacts with ACE2 via 

binding to the peptidase domain of the latter. 

Transmembrane protease serine 2 (TMPRSS2) 

then cleaves the ACE2 C-terminal section, 

allowing the SARS-CoV-2 viral particles to merge 

with the host cell membrane, leading to viral 

entrance and reproduction in target cells.  

Although the S-protein of the SARS-CoV and the 

SARS-CoV-2 share about 80% of the same amino 

acids, there are some significant changes. 

Contrary to SARS-CoV, SARS-CoV-2 appears to 

not use the human dipeptidyl peptidase-4 (DPP4) 

as a receptor and has an affinity of 10 to 20-fold 

higher for the ACE2 protein, which likely explains 

its increased infectivity and led to the current 

COVID-19 outbreak (23). (Figure 3) 

In various additional clinical disorders, such as 

diabetes, hypertension, and respiratory disorders, 

ACE2 levels are altered (24). Depending on the 

date of the measurements, ACE2 activity and/or 

expression in the body of various fluids or tissues 

may be caused by the primary pathology, 

medication, or compensatory pathways (25). 

There are also documented differences in ACE2 

expression and ACE2 genomic polymorphisms 

that affect variations in enzymatic activity (26). 

Since ACE2 is often expressed at lower levels in 

women and children, it is tempting to link these to 

the better results in these cases. 

On the other hand, subjects who are older or who 

have co-morbid conditions like diabetes or 

hypertension also have changed ACE2 levels and 

are linked to worse COVID-19 results. Therefore, 

more research is needed to completely understand 

the effects of changes in ACE2 hereditary variants 

besides levels of gene expression on COVID-19 

disease.

 

 
Figure 3. Coronavirus can enter cells easily using the ACE2 enzyme, which functions as a surface 

receptor in the RAAS. 
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The two opposing pathways that make up the 

RAAS system decide whether physiological or 

pathological consequences take place. 

Angiotensinogen is converted into Ang I through 

renin in one pathway, and subsequently, Ang II is 

produced via the ACE. Ang II can function in a 

variety of ways through the Mas receptor (MasR) 

or the AT1 receptor (AT1R), depending on how 

ACE2 converts it into Ang-1-7. While the ACE2-

Ang-(1-7)-MasR route has the opposite 

consequences, such as vasodilation and anti-

inflammatory actions, the ACE-Ang II-AT1 

pathway results in vasoconstriction, inflammation, 

and other detrimental signals. ACE2 serves as the 

entry point for the virus in addition to its function 

in the RAAS. The virus and ACE2 may interact to 

lower ACE2 levels on cell membranes. By being 

broken down by ADAM-17, ACE2 can also be 

released as soluble ACE2 (ACE2s), maintaining 

its functionality and possibly interfering with 

virus binding. The levels of ACE2 in various 

tissues and fluids are raised by medications like 

ACE inhibitors and blockers, which are used to 

treat hypertension and cardiac conditions. The 

synthesis, shedding, and breakdown mechanisms 

that take place in cells and bodily fluids are what 

keep ACE2 levels in check (27). 

The two counter-regulating arms of RAAS  

The physiopathologic effects of the RAAS are 

determined by the relative balance of its two 

pathways or "arms", which are antagonistic in 

their functions (Figure 3).  

Physiological arm 

Blood pressure and electrolyte balance are 

significantly regulated by the traditional RAAS 

'arm' (28). Angiotensin II (Ang II) is a vital part of 

the traditional RAAS. Angiotensinogen is 

transformed into angiotensin I by renin from the 

kidneys. Angiotensin I is then converted into Ang 

II by the kidneys' and lungs' released angiotensin-

converting enzyme (ACE). The latter causes 

vasoconstriction, the cardiovascular response, the 

production of aldosterone and anti-diuretic 

hormones, and the subsequent increase in blood 

pressure and volume through potassium, sodium, 

and water absorption.  

Pathophysiological arm 

When the ACE-Ang II-AT1 receptor is active, cell 

proliferation, pro-oxidative stress, pro-

inflammatory, and pro-fibrotic signals are 

generated (29-31). RAAS inhibitors, like ARBs, 

ACEIs, and MCRIs, can be used to avoid the 

hyperactivity of this RAAS arm, which has been 

related to several diseases, including hypertension, 

cardiovascular disease, issues from diabetes, and 

respiratory illnesses. Inhibitors of the RAAS are 

frequently used to treat hypertension, heart failure, 

and cardiac myopathies, and to halt the course of 

cardiac and renal disorders (31). 

The primary link between the two RAAS 

counter-regulating arms is ACE2 

The usual arm of the RAAS and its antagonistic 

arm appear to be connected by ACE2. Finally, 

Ang II is transformed by ACE2 into Ang-1-

7. When this arm of RAAS predominates, anti-

inflammatory, anti-proliferative, vasodilation, 

oxidative stress, and anti-fibrotic signals are in 

opposition to one another (28). 

Prior experiments demonstrated blood pressure-

lowering effects of Ang-(1-7) opposite to those of 

Ang II meanwhile, these actions most possibly 

involved a novel A (1-7) receptor rather than AT1 

or AT2 receptors (32). Others have since 

demonstrated how Ang-(1-7) affects the 

cardiovascular and pulmonary systems with anti-

inflammatory, anti-oxidative, and anti-fibrotic 

effects. In several diseases, such as problems 

brought on by diabetes, the respiratory, 

cardiovascular, and ACE2/Ang (1-7) regulatory 

arm of the RAAS, activation is protecting (33). 

Consequently, ACE2 plays an essential role in 

preserving a steadiness between the dual pathways 

of RAAS. 

The third arm: RAAS-SARS-CoV-2-axis  

Given that coronaviral infections need ACE2-

receptor-mediated penetrance and the potential for 

ACE down regulation after access of the virus into 

infected host cells, it stands to reason that SARS-

CoV-2 may also regulate the levels of ACE2 that 

are readily accessible. The general balance of the 

RAAS pathways is consequently likely to be 

affected by coronavirus interactions with ACE2, 

and accordingly, this interface might be assumed 

as a new RAAS "third arm" in SARS-CoV-2 cases 

or what can be called "RAAS-SARS-CoV-2-axis". 

Acute pulmonary injury is characterized by 
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decreased ACE2 levels in the lung parenchyma, 

whereas hypertension and diabetes mellitus are 

well-known co-morbidities correlated with poor 

clinical outcomes in coronavirus and are also may 

be linked with changed ACE2 bioactivity. The 

specific metabolic alterations caused by SARS-

CoV-2 in the different RAAS's components are 

still unclear, hence these investigations would be 

ascertaining the precise pathophysiological effect 

of the RAAS-SARS-CoV-2-axis (34). 

Recombinant ACE2 protein  

Due to its ability to prevent SARS-CoV-2 

infection, recombinant ACE2 protein (hrsACE2) 

has attracted interest. The binding affinity of 

ACE2 derivatives can be further improved by 

efficacy-enhancing changes (Figure 2), pointing to 

their potential as therapeutic approaches. Human 

membrane-bound ACE2 (805 amino acids) is 

broken down by the protease TMPRSS2 into 

naturally occurring soluble ACE2 (sACE2) 

proteins, which may hinder viral binding by 

serving as a deceptive tool (35). Despite the 

modest levels of sACE2 in the blood, different 

amounts have had diverse effects on SARS-CoV-2 

infection in cell lines (36). Notably, clinical 

investigations have shown that exogenous sACE2, 

such as hrsACE2 (residues 1-740 or APN01), is 

safe and has antiviral efficacy (37).  

Clinical-grade hrsACE2 effectively inhibits 

SARS-CoV-2 replication in cell culture, reducing 

viral load by 1000-to-5000-fold. The efficacy 

extends to variants like alpha, beta, delta, and 

omicron. Ongoing clinical trials assess hrsACE2's 

safety and effectiveness in COVID-19 patients 

(NCT04335136), revealing reduced viral load and 

improved mechanical ventilator-free days (38, 

39). 

HrsACE2's mechanisms benefit patients by 

neutralizing SARS-CoV-2 and downregulating the 

RAAS to prevent organ injury and inflammation 

(40). HrsACE2 demonstrates promise against 

coronavirus and other ACE2-targeting viruses, 

presenting a non-destructive neutralization 

approach. Ongoing clinical trials will further 

elucidate hrsACE2's efficacy and potential as a 

therapeutic agent (41). 

ACE2-loaded extracellular vesicles 

Since ACE2 has strong antiviral action against 

SARS-CoV-2, researchers are looking into ways 

to increase its efficacy. With its elimination half-

life of roughly 10 hours, one drawback is its short 

efficacy lifetime (37). Extracellular vesicles (EVs) 

have been researched as ACE2 protective carriers 

to remedy this (42). EVs are tiny, spherical cell 

secretions with the ability to encapsulate bioactive 

compounds and extend their bloodstream presence 

(43). To sustain therapeutic levels in clinical trials 

using human recombinant soluble ACE2 

(hrsACE2), intravenous dosages were given twice 

a day (41). In contrast, because of their prolonged 

blood circulation half-life, EVs may be able to 

provide a longer duration of activity. 

Since the lungs are the primary target of SARS-

CoV-2, EV-based treatments have shown promise 

in animal models for reducing lung inflammation, 

and fibrosis, and encouraging lung tissue repair 

(44). Plasma from COVID-19 patients had 

elevated amounts of endogenous circulating EVs 

that included ACE2 (evACE2), and these EVs 

were successful in preventing cell death brought 

on by SARS-CoV-2 infection (45). Additionally, 

when compared to soluble ACE2, EVs loaded 

with ACE2 showed a much stronger inhibitory 

effect on virus infectivity due to their strong 

binding affinity for spike proteins (46). 

An interesting finding was that EVs embedded 

with modified ACE2 (EVs-ACE2) showed strong 

neutralization capabilities both in vitro and in 

vivo. When it came to preventing virus entry into 

mouse nasal epithelial cells, these modified EVs-

ACE2 performed noticeably better than untreated 

controls. To improve ACE2's interaction with cell 

membranes and release into EVs, researchers also 

looked at palmitoylating it at particular residues. 

In vitro and human ACE2 transgenic mice, 

engineered EVs-ACE2 with these changes 

demonstrated increased neutralization power 

against pseudo-typed and real coronaviruses (47). 

ACE2-mimicking antibodies 

The spike protein of SARS-CoV-2 is a target for 

neutralization antibodies that can block cell entry. 

In convalescent serum samples, neutralization 

antibodies targeting the RBD of the S protein for 

90% of the entire response. The RBD-targeting 

neutralization antibodies are crucial in 

counteracting the virus. However, key mutations 

in the virus make neutralization challenging. P2C-

1F11 and S2K146 are class 1 neutralization 

antibodies that mimic ACE2 and effectively 
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neutralize different SARS-CoV-2 variants. These 

ACE2-like antibodies show promise as potential 

vaccine candidates due to their ability to compete 

with ACE2 for RBD binding and their efficacy 

against variant strains (48). 

The effectiveness of class 1 neutralization 

antibodies, specifically P2C-1F11 and S2K146, 

against SARS-CoV-2 and its variants of concern 

(VOCs) was the focus of concern. P2C-1F11 

exhibits high clash volumes with ACE2, 

indicating a neutralization mechanism through 

ACE2 mimicry. It successfully neutralizes the 

alpha, beta, and gamma variants through ACE2 

mimicry, unlike many other neutralization 

antibodies. S2K146, another ACE2-mimicking 

antibody, retains its efficacy against the Omicron 

variant. Both antibodies demonstrate superior viral 

neutralization potency and broad-spectrum 

properties due to their competitive binding to the 

receptor-binding domain (RBD) against ACE2, 

making them promising candidates for potential 

vaccines.  

Immunological factors affecting body response 

to SARS-CoV-2  

The immune system is the most efficient line of 

defense for enhancing the body's innate capacity 

to fight against resistant illnesses and viruses 

because there are no effective therapies for 

COVID-19 (49).  

Numerous immunological factors have been 

extensively researched in COVID-19 infections, 

including interleukins (50-52), interferons (53, 

54), tumor necrosis factors (52, 54), 

myeloperoxidase (55, 56), and a wide range of 

additional immunoregulatory factors (49, 54, 57, 

58). ICU patients had higher levels of growth 

factors like hepatocyte growth factor (HGF), 

cytokines like IL-8, and monocyte 

chemoattractant protein-3 (MCP-3), while the 

levels of some TNF-family like ―TNF-related 

activation-induced cytokine (TRANCE)‖ and stem 

cell factor were lower. Along with this, common 

severe COVID-19 traits include increased MCP-1, 

G-CSF, and IP-10 concentrations, decreased 

CD4+, CD8+, Treg, B, and NK cell numbers and 

activity, increased plasmablast and neutrophil 

numbers, downregulated type I interferon 

signaling, and decreased antigen presentation (58, 

59).  

Future steps and directions 

A few recent trials to make suitable anti-COVID-

19 agents were also promising including 

optimized synthesis of anti-COVID-19 drugs 

of  Favipiravir and sabizabulin aided by 

retrosynthesis software (60). Systemic 

corticosteroids (dexamethasone), IL-6 receptor 

antagonists (tocilizumab), and Janus kinase 

inhibitors (baricitinib) decrease mortality in those 

with severe COVID-19 besides have additional 

advantages, like shortening hospital stays and 

minimizing time spent on a ventilator. It further 

mentions that non-severe COVID-19 has also 

been proven to be responsive to the antivirals 

nirmatrelvir/ritonavir (Paxlovid), molnupiravir 

(Lagevrio), and remdesivir (Veklury) (61). As 

well, as evaluation of the practice of prescribing 

and monitoring antivirals among hospitalized 

patients (62). 

Moving forward in the study of coronavirus, 

highlighting the importance of understanding its 

cell entry pathway for combating the virus. While 

vaccines have shown initial effectiveness against 

COVID-19, their long-term potency might decline 

due to the rapid mutation rate of the virus.  

There's also concern about equitable vaccine 

distribution worldwide. Existing COVID-19 drugs 

could have uncertain outcomes. This review 

suggests that COVID-19 is not just an infectious 

disease, but a disruption of homeostasis caused by 

the virus exploiting cellular pathways. Preventing 

virus cell entry is seen as crucial to stopping 

infectivity and the emergence of new variants. The 

study recommends rebalancing disrupted signaling 

pathways using repurposed safe drugs as a key 

strategy for patient survival, regardless of the 

virus's presence or mutation status. 

Conclusion  

The severity and susceptibility of SARS-CoV-2 

are greatly influenced by the complex interaction 

between the RAAS and ACE2. Disease outcomes 

are impacted by the RAAS system's delicate 

balance between its two opposing arms, which 

ACE2 controls. Recombinant ACE2 protein and 

ACE2-imitated antibodies are two cutting-edge 

treatment modalities in addition to some recent 

agents that have the potential to block viral 

impacts. The continuous pandemic can be 
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combated and practical solutions can be created 

by comprehending this complicated relationship. 
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