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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused the
outbreak of pneumonia which originated in Wuhan, China, at the end of 2019
has turned into a global pandemic—now termed coronavirus diseases 2019
(COVID-19). Like previously reported SARS-CoV strains, the newly discovered
SARS-CoV-2 was also found to initiate the pathogenesis by binding with the
angiotensin-converting enzyme 2 (ACE2), a receptor produced by various organs
in the human body. Hence, COVID-19 is a viral multisystem disease which
particularly infects the vascular system expressing ACE2 and reduced the
ACE2 function; this further complexed by organ-specific pathogenesis related
to the damage of cells expressing ACE2, such as alveolus, glomerulus, endothe-
lium, and cardiac microvasculature. Under these conditions, it was advocated that
the upregulation of ACE2 expression in predisposing individuals with aberrant
renin–angiotensin system (RAS) level to advanced viral load on infection and
relatively a greater number of cell death. Recently, a significant role of decreased

Sang Gu Kang, Nikhil Kirtipal and R. C. Sobti contributed equally with all other contributors.

S. Bharadwaj · S. G. Kang
Department of Biotechnology, Yeungnam University, College of Life and Applied Sciences,
Gyeongsan-si, Gyeongbuk-do, Republic of Korea

V. D. Dwivedi
Center for Bioinformatics, Computational and Systems Biology, Pathfinder Research and Training
Foundation, Greater Noida, Uttar Pradesh, India

N. Kirtipal (*)
Department of Science, Modern Institute of Technology, Rishikesh, Uttarakhand, India

R. C. Sobti
Department of Biotechnology, Panjab University, Chandigarh, India

# The Author(s), under exclusive licence to Springer Nature Singapore Pte
Ltd. 2021
R. C. Sobti et al. (eds.), Delineating Health and Health System: Mechanistic Insights
into Covid 19 Complications, https://doi.org/10.1007/978-981-16-5105-2_13

233

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-5105-2_13&domain=pdf
https://doi.org/10.1007/978-981-16-5105-2_13#DOI


ACE2 production and inequality between the RAS and ACE2/angiotensin-(1–7)/
MAS (mitochondrial Ang system) after the onset of SARS-CoV-2 infection was
established as a key factor for multiple organ injury in SARS-CoV-2-infected
individuals. Furthermore, restoration of this imbalance has been suggested as a
therapeutic approach to attenuate organ injuries in SARS-CoV-2 infection. Based
on available data, this chapter presents the updated mechanism of the multi-organ
diseases causes by COVID-19 via ACE2 which can be further helpful in the
development of specific therapeutics.
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13.1 Introduction

A novel coronavirus, named severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), emerged at the end of 2019 in Wuhan, Hubei Province, China,
and since then has spread to become a global pandemic known as coronavirus
disease 2019 (COVID-19; Huang et al. 2020a, b; Zhu et al. 2020). SARS-CoV-
2 is reported as comparatively highly contagious by comparison to two major human
pandemic coronaviruses, namely, severe acute respiratory syndrome coronavirus
(SARS-CoV) and the Middle East Respiratory Syndrome coronavirus (MERS-
CoV). Since the outbreak of SARS-CoV-2, around 79 million cases of COVID-19
have been documented with nearly 1.7 million deaths worldwide by the end of
December 2020.

Genetic analysis of SARS-CoV-2 using complete genome sequencing established
that it shared 79.5% sequence similarity with SARS-CoV; pairwise protein sequence
analysis for SARS-CoV-2 assisted in its classification under the category of SARS-
related coronaviruses (Kirtipal et al. 2020; Yang et al. 2020). To note, both SARS-
CoV and SARS-CoV-2 infect the host cells with the aid of a common cell receptor,
namely, angiotensin-converting enzyme 2 (ACE2; Yang et al. 2020). Although the
mean mortality rate for SARS-CoV-2 is lower than that of SARS and MERS;
however, organ failures, such as acute cardiac injury, acute hepatic injury, acute
kidney injury, and acute respiratory distress syndrome (ARDS), are widely recorded
in serious SARS-CoV-2 infection. The receptor ACE2 is a homolog of angiotensin-
converting enzyme (ACE) and spatially expressed in various organs and tissues as an
essential factor for extensive biological activities; for instance, in many diseases,
ACE2 is known to reduce the deleterious effect of the renin–angiotensin system
(RAS; Donoghue et al. 2000; Patel et al. 2017; Santos et al. 2018). Surprisingly, the
production of ACE2 protein is low in the lungs but high in type II pneumocytes—a
cell type that also expresses TMPRSS2 (transmembrane protease serine 2) and also
activates SARS-CoV-2 spike protein to dock with ACE2 receptor for transmission
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into the host cell (Davidson et al. 2020). Hence, this chapter discusses the role of
ACE2 in SARS-CoV-2 infection and provides more comprehensive information on
the targeted organs expressing ACE2 which can be beneficial in epidemic
management.

13.2 RAS and ACE2 Relation

RAS, a complex cell signaling network, is known for essential functions in the
regulation of electrolyte and fluid homeostasis, blood pressure, and control the
functions of several organs, including the blood vessels, heart, and kidneys (Santos
et al. 2018). Angiotensin II (Ang-II)—a most demonstrative bioactive peptide in the
RAS network—extensively contributes to the advancement of cardiovascular
diseases, such as myocardial infarction, cardiac failure, and hypertension (Keidar
et al. 2007). In classic RAS, renin digests the angiotensinogen as substrate and forms
decapeptide angiotensin I (Ang-I) followed by removal of two amino acids by ACE
from Ang-I at the carboxyl terminus to yield Ang-II (Fig. 13.1). Till now, three
Ang-II receptors are discovered and hold common attractions in the nanomolar range
toward Ang-II (Keidar et al. 2007). Among these receptors, the binding of angioten-
sin type 1 receptor (AT1R) with Ang-II results in extracellular matrix remodeling,
cell division, inflammatory responses, vasoconstriction, and blood coagulation,
while angiotensin type 2 receptor (AT2R) responds to the said effects facilitated
by AT1R (Horiuchi et al. 1999). However, the catalytic activity of ACE2 on Ang-I
and Ang-II produces angiotensin-(1–7), which connects to the MAS receptor to
vascular protection, anti-proliferation, anti-fibrosis, anti-inflammation, and vasodi-
lation. Moreover, Ang-II can also attach to AT2R to reduce the aforementioned
consequences intermediated by AT1R (Yang et al. 2020). In 2000, two independent
research groups discovered a homolog of ACE named ACE2 that forms the
heptapeptide angiotensin-(1–7) by removing the carboxy-terminal phenylalanine in
Ang-II (Donoghue et al. 2000, Tipnis et al. 2000). Besides, the formation of
angiotensin-(1–7) was also suggested without interruption of Ang-II under the
varying influences of ACE2 and ACE (Fig. 13.1). Here, Ang-I is initially hydrolyzed
by ACE2 to form angiotensin-(1–9), which is subsequently dissected by ACE to
produce angiotensin-(1–7). Additionally, Ang-I was also reported to produce angio-
tensin-(1–7) by direct activities of endopeptidases and oligopeptidases (Santos et al.
2018). Remarkably, the classical pathway of Ang-II to angiotensin-(1–7) is rela-
tively widespread due to the high affinity between ACE and Ang-I (Santos et al.
2018). Furthermore, Angiotensin-(1–7) also acted as a ligand and attaches with the
G-protein-coupled receptor MAS and generates effect against that induced by
Ang-II; and thus, applies various events in multiple organs or systems (Patel et al.
2017; Santos et al. 2018).
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13.3 ACE2 as Potential Receptors for SARS-CoV-2

The virus instigates the infection cycle primarily through attachment with the aid of
functional receptors on the host cell; the functional receptor regulates the transmis-
sion, proliferation, and clinical symptoms in the infected individuals (Groneberg
et al. 2005; Kuba et al. 2013; Xu et al. 2020a). Thus, such functional receptors are

Fig. 13.1 Schematic presentation of the renin–angiotensin system (RAS) and ACE2/angiotensin-
(1–7)/MAS axis (Yang et al. 2020)
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projected as a key element in the avoidance and therapy of viral diseases. Under
COVID-19, ACE2 has been recognized as the potential functional receptor required
by SARS-CoV-2 for binding with host cells. However, some biological responses
associated with viral receptors that could not be elucidated by ACE2 indicated that
the functional receptor for SARS-CoV-2 binding is not quite clear. The
coronaviruses contained spike protein (S-protein) for attachment with the host
receptors; this S-protein shapes a trimer on the surface of virus structure, where
each monomer contained a receptor-binding domain (RBD) that binds to the specific
receptor on the membrane of the host cell (Li 2016). Interestingly, sequence analysis
of S-protein RBD in SARS-CoV-2 suggested its high similarity to SARS-CoV’s
RBD than MERS-CoV’s (Xu et al. 2020a). Furthermore, a close association of
S-protein RBD in SARS-CoV-2 with human ACE2 molecules was confirmed by
computer-guided homology modeling (Xu et al. 2020a). These results were also
established by experimental studies using cell lines, for instance, HeLa cells with
ACE2 expression were found sensitive to SARS-CoV-2 infection against cells
deficient in ACE2 expression (Wan et al. 2020). Therefore, these results suggested
the considerable role of ACE2 in SARS-CoV-2 infection and designated it as a
potential functional receptor for SARS-CoV-2. Initially, SARS-CoV-2 S-protein
structure in perfused conformation was determined using cryo-EM, where the
prevalent state of S-protein trimer holds one of the three RBDs placed vertically in
a receptor-accessible pose (Bian and Li 2021). Furthermore, structural and biophysi-
cal research revealed that the SARS-CoV-2 S-protein bound to ACE2 with a 10- to
20-fold higher affinity than the SARS-CoV S-protein, suggested its significant
contribution to enhanced infectious behavior of SARS-CoV-2 against SARS-CoV
(Wrapp et al. 2020), and hence, suggested as the significant factor that contributes to
more contagious nature of SARS-CoV-2 against SARS-CoV. Subsequently, RBD in
SARS-CoV-2 S-protein complexed with ACE2 crystal structure was also deter-
mined (Lan et al. 2020). This sequence of experimental work robustly reinforced
the ACE2 protein in the host cells as the functional receptor of SARS-CoV-2 (Bian
and Li 2021).

ACE2 receptor is nearly expressed with a varying degree in all the vital organs of
the human body. The conventional immunohistochemical approach showed that the
primary route of viral infection in the respiratory system is by type II alveolar
epithelial cells that express ACE2. Besides, single-cell RNA-seq analysis revealed
only weak expression of ACE2 on epithelial cells surface in the oral, nasal mucosa,
and nasopharynx, directed to lungs as a main vulnerable organ for SARS-CoV-
2 infection (Hamming et al. 2004; Zou et al. 2020a, b). ACE2 expression was also
found on myocardial cells, bladder urothelial cells, and proximal tubule cells of the
kidney as well as on enterocytes in the ileum of the small intestines (Hamming et al.
2004; Zhang et al. 2020; Zou et al. 2020a, b). Hence, it was suggested that cell-free
and macrophage phagocytosis-associated virus can transmit to other organs of the
host body with high expression of ACE2 from the lungs via blood circulation
(Fig. 13.2). These assumptions are supported by the fact that ~67% of patients in
the initial phase of SARS CoV infection suffered from diarrhea, while a considerable
number of patients infected by SARS-CoV-2 also exhibited enteric symptoms
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Fig. 13.2 Schematic representation for the SARS-CoV-2 infection on host cells expressing ACE2
receptor. Herein, initially, viral particles enter the lungs and bind with the cells via ACE2 cells with
the aid of spike glycoproteins in the presence of other transmembrane proteinases, such as
disintegrin metallopeptidase domain 17 (ADAM17) and transmembrane protease serine
2 (TMPRSS2), which assist the virus to enter into the cells allowing the virus to enter the cells.
Following, the infected cells along with inflammatory cells agitated by the viral antigens results in
the production of chemokines and pro-inflammatory cytokines (PICs) that further activate the
inflammation and immunological reactions to prevent viral proliferation. Cell-free and
macrophage-phagocytosed and cell-free viruses located in the blood are likely transferred to other
organs of the host and typically afflict the cells abundant with ACE2 expression at local sites
(Ni et al. 2020a, b)
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(Leung et al. 2003; Liu et al. 2020b; Wang et al. 2020a). In this context, active viral
replication has been documented in the enterocytes of the small intestine, and SARS-
CoV-2 viral particles were also isolated from the fecal specimens of infected
individuals (Cheung et al. 2020; Lamers et al. 2020).

13.4 Alliance of ACE2 with Multi-Organ Injury in SARS-CoV-2

The distribution of ACE2 in the different organs of the human body indicates the
chances for SARS-CoV-like viral infection in the multiple organs. This is was
supported by the autopsies of SARS-CoV-infected individuals, where damage in
the organs such as the central nervous system, heart, liver, kidney, skeletal muscle,
adrenal, and thyroid glands was observed apart from the mutilation in the lungs
(Gu et al. 2005; Gu and Korteweg 2007). Likewise, the majority of seriously infected
SARS-CoV-2 patients have had organ damage, including heart injury, acute lung
injury, liver disease, acute kidney injury, and pneumothorax (Yang et al. 2020).
Organ damaged, as seen in SARS and SARS-CoV-2, was commonly reported in
MERS-CoV-infected patients, mostly in the gastrointestinal tract and kidneys, with
the least occurrence of acute cardiac injury (Assiri et al. 2013; Alsaad et al. 2018;
Hui et al. 2018; Hwang et al. 2019). To be evident, unlike SARS-CoV and SARS-
CoV-2, MESR-CoV required Dipeptidyl-peptidase 4 (DPP4) as a functional recep-
tor on host cells for entry, which expressed on activated leukocytes, multinucleated
epithelial cells, pneumocytes, bronchial submucosal gland cells of the lungs, kidney
epithelial cells, and small intestine epithelial cells (Boonacker and Noorden 2003;
Lambeir et al. 2003; Raj et al. 2013). Moreover, DPP4 is sparsely expressed on the
myocardial cells (Boonacker and Noorden 2003, Lambeir et al. 2003; Raj et al.
2013). Thus, these reports suggested the association of functional receptors with
organ damage in the body (Fig. 13.3).

Conclusive results produced by a series of research on SARS-CoV suggested that
pathogenesis of SARS-CoV-2 should be complex, including induction of inflamma-
tory responses by the virus, excessive inflammatory cells recruitment, cytokines and
chemokines expression, auto-antibodies formation, and insufficient interferon
response (Gu and Korteweg 2007). To note, monocyte chemoattractant protein-1
(MCP-1), interferon-gamma-inducible protein 10 (IP-10), and chemokines plasma-
like interleukin (IL)-1, IL-6, IL-12, IL-8, and pro-inflammatory cytokines (PICs)
were observed with significant expression in the plasma of SARS-CoV-infected
individuals (Wong et al. 2004, Zhang et al. 2004). These observations were also
supported by the autopsy studies of SARS patients, where PICs and MCP-1 were
noted in exceedingly expressed ACE2+ cells infested by SARS-CoV when com-
pared to noninfected ACE2+ cells, indicating the role of virus-induced local
immune-mediated damage (He et al. 2006). Considerably, similar elevated
concentrations of PICs were discovered in the plasma of patients with a severe
infection of SARS-CoV-2 (Huang et al. 2020a). Additionally, several studies
documented that SARS-CoV caused downregulation of ACE2 expression in the
infected cells and, hence, disrupts the physiological balance between ACE/ACE2
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Ang-II/angiotensin-(1–7) consequently triggering severe damage to the organs in the
body (Kuba et al. 2005, Haga et al. 2008, Oudit et al. 2009, Glowacka et al. 2010).
Given that SARS-CoV-2 and SARS-CoV belong to the same family and used ACE2
as a functional receptor, ACE2 downregulation has been suggested as an essential
factor to cause multiple organ damage in SARS-CoV-2-infected individuals
(Fig. 13.3).

13.4.1 Acute Lung Injury

Although the mortality rate in SARS-CoV-2 infection is considerably lower in
comparison to SARS-CoV and MERS-CoV, several SARS-CoV-2-infected
individuals showed acute lung injury (ALI) (Leung et al. 2003, Yang et al. 2020).
Remarkably, similar pathological features as observed in SARS and MERS, includ-
ing severe diffuse alveolar damage, hyaline membrane formation, extensive edema,
microthrombi formation, inflammatory infiltrates, organization, and fibrosis, were
also noted in SARS-CoV-2 infection but relatively high cellular fibromyxoid
exudates in the small airways and alveoli (Wichmann et al. 2020, Xu et al.
2020b). Interestingly, the clinical experiments have related the ACE insertion/
deletion polymorphism along with the increased risk of ARDS (Marshall et al.
2002, Cruces et al. 2012), and elevated Ang-II levels in the lungs were associated

Fig. 13.3 Schematic representation for the multiple organ damage in SARS-CoV-2 infection
(Ni et al. 2020a, b)
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with an increase in vascular permeability resulting in pulmonary edema (Marshall
et al. 2004, Wsd et al. 2018). Moreover, various reports have suggested the defensive
role of the ACE2/angiotensin-(1–7)/MAS axis in the lungs against inflammation,
pulmonary arterial hypertension, fibrosis, cancer cell growth, tumor angiogenesis,
and tumor metastasis (Imai et al. 2005, Feng et al. 2010, Jia 2016, Santos et al. 2018).
From various studies on animal models of ALI, ACE2-knockout mice showed
increased vascular permeability, enhanced lung edema, accumulation of neutrophils,
and demonstrated obstruction in lung function in comparison to wild-type mice
(Imai et al. 2005). Interestingly, AT1R blockers or recombinant human ACE2
protein injection in the ACE2-knockout mice exhibited considerable decrement in
the degree of ALI (Imai et al. 2005). Of note, SARS-CoV infection was also noted
with a significant reduction in ACE2 expression in the lungs of the infected mouse
(Kuba et al. 2005, Cruces et al. 2012). Subsequent experimental data revealed that
recombinant SARS-CoV spike-Fc can significantly bind to human and mouse
ACE2, which produces a downregulation in cell-surface ACE2 expression (Kuba
et al. 2005). Moreover, deteriorated effects were observed in acid-induced ALI in
wild-type mice treated with spike-Fc protein, while no alternations were recorded in
the ACE2-knockout mice for the severity of lung failure, indicated that the effect of
spike protein on ALI is specific to ACE2 expression (Kuba et al. 2005). However,
the individuals infected with SARS-CoV-2 showed elevated levels of Ang-II in the
blood plasma, which was directly proportional to the viral load and lung injury (Liu
et al. 2020c). Based on these reports, RAS and ACE2 downregulation have been
suggested as an essential factor that contributes to pathogenesis of lung injury in
SARS-CoV-2 infection.

13.4.2 Endothelial Disease

In severe COVID-19, evidence of acute myocardial injury, that is, increased level of
cardiac troponins have been observed as a common event and associated with
impaired prognosis. Under the observation of tissue tropism of SARS-CoV-2 against
ACE2-expressing cells, another major target of the body more liable to infection is
vascular endothelium, where both small and large arteries and veins abundantly
expressed the ACE2 receptor (Hamming et al. 2004, Monteil et al. 2020). Thus,
endothelial dysfunction has been noted as a common feature to key comorbidities
that elevated the risk for severe SARS-CoV-2 infection, including diabetes mellitus,
obesity, hypertension, coronary artery disease, or heart failure. Interestingly, the
preliminary results also revealed that vascular endothelial cells can be infected by
SARS-CoV-2 as evident from inflammation and endothelial injury in advanced
cases of SARS-CoV-2 infection (Nägele et al. 2020). However, the essential role
of endothelial cells is well established to regulate and maintain the blood coagulation
and vascular homeostasis; exacerbation of endothelial dysfunction induced by
SARS-CoV-2 infection is therefore assumed to produce impaired organ perfusion
and procoagulant state that causes both macro- and microvascular thrombotic events.
In this context, ACE inhibitors, angiotensin receptor blockers (ARBs), and statins
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were documented to improve endothelial dysfunction (Nägele et al. 2020). More-
over, endothelial injury and dysfunction have been suggested as results of direct
infection by SARS-CoV-2, for instance, by stimulating intracellular oxidative stress
and profound systemic inflammatory response (Kochetkov et al. 2018). Therefore,
the potential relation of SARS-CoV-2 infection with endothelial injury projected a
more severe SARS-CoV-2 infection in patients with preexisting endothelial dys-
function (Nägele et al. 2020).

13.4.3 Acute Cardiac Damage

Heart cells expressed a high concentration of ACE2, indicating its vulnerability to
SARS-CoV-2 infection. For instance, autopsies of individuals diagnosed with SARS
disclosed that 35% (7 of 20) of the SARS-CoV infected individuals had viral
genome in cardiac tissue exhibited a comparatively high aggressive illness and
earlier mortality rate (Oudit et al. 2009). Moreover, edema of the myocardial stroma,
atrophy of cardiac muscle fibers, and inflammatory cell infiltration were also noted in
patients with myocardial damage and SARS (Ding et al. 2003, Lang et al. 2003,
Chong et al. 2004, Gu et al. 2005, Gu and Korteweg 2007). Of note, cardiac damage
has been noted as a common feature in severely sick patients with SARS-CoV-
2 while early acute myocardial damage was linked with an elevated risk of mortality
(Ni et al. 2020a, b). Besides, ACE2/angiotensin-(1–7)/MAS axis positive role in the
heart is already well established to induce vasorelaxation of coronary vessels,
attenuate pathological cardiac remodeling, inhibit oxidative stress, and improve
postischemic heart function (Jiang et al. 2014, Santos et al. 2018). It is important
to mention that high expressions of ACE2 are normally observed at the initial stage
of heart injury but gradually reduced with the progression of diseases (Keidar et al.
2007). For instance, knockout of ACE2 in mice causes myocardial hypertrophy and
interstitial fibrosis, and hastens heart failure (Oudit et al. 2007, Zhong et al. 2010).
Interestingly, both mice and humans infected with SARS-CoV exhibited a progres-
sive downregulation in ACE2 expression on myocardial cells in the heart (Oudit
et al. 2009). Recent studies also established hypertension as a comorbidity with
severe disease in several patients (Ni et al. 2020a, b; Novel 2020*; Wang et al.
2020a). Thus, a considerable downregulation of ACE2 and upregulation of Ang-II in
SARS-CoV-2 infected patients has been suggested to cause the overactivation of
RAS and deactivation of angiotensin-(1–7) protective function that exacerbates and
propagate cardiac injuries.

13.4.4 Damage to Digestive System

The gastrointestinal tract, particularly the intestine, has been documented as a
potential target to SARS-CoV and SARS-CoV-2. For instance, unlike in the esoph-
agus and stomach, SARS-CoV particles were only isolated from the epithelial cells
of the intestinal mucosa (He et al. 2006, Gu and Korteweg 2007). Later, depletion of

242 S. Bharadwaj et al.



mucosal lymphoid tissue was discovered as a major pathological discovery in the
intestines of individuals infected by SARS-CoV, while only mild focal inflammation
was observed only in the gastrointestinal tract of infected patients by SARS-CoV
(Shi et al. 2005). These findings provide the explanation to the non-sever and
non-transient nature of SARS-CoV-2 in the gastrointestinal tract. Moreover, several
individuals infected by SARS-CoV-2 exhibit a minor to mild increment in the serum
levels of aspartate aminotransferase (AST) and/or alanine aminotransferase (ALT)
during the viral infection (Chen et al. 2020b, Wang et al. 2020a). Also, postmortems
results for SARS patients showed cellular infiltration, hepatocyte necrosis, and fatty
degeneration in the liver (Gu and Korteweg 2007). Nevertheless, most infected
individuals infected by SARS-CoV particles showed no viral load in the autopsied
hepatic tissue samples (Gu and Korteweg 2007). This can be explained by the fact
that Kupffer cells, hepatocytes, and the endothelial lining of the sinusoids lack ACE2
expression as evident from both immunohistochemistry and single-cell RNA-seq
analyses; only cholangiocytes were found positive for the expression of ACE2
receptor (Hamming et al. 2004, Chai et al. 2020, Zou et al. 2020a, b). Interestingly,
a high expression level of gamma-glutamyl transpeptidase (GGT)—a marker of
cholangiocyte damage—was documented in some patients infected by SARS-
CoV-2 (Fan et al. 2020). These results reveal that most acute hepatic damage is
not induced by the viral infection but is highly likely caused by other factors,
including hypoxia, systemic inflammation, and drug hepatotoxicity. Hence, SARS-
CoV-2 induced injuries in the bile ducts which shows high expression of ACE2 on
cholangiocytes required further investigation to established SARS-CoV-2 hepatic
pathogenesis.

13.4.5 Acute Kidney Injury

The expression of ACE2 is considerably high in the kidney, chiefly in the apical
membranes of proximal tubular epithelial cells, and suggested that the kidney is an
additional susceptible organ to SARS-CoV-2 infection (Chen et al. 2020a, Zou et al.
2020a, b). A disturbance in the equilibrium between Ang-II and angiotensin-(1–7)
induced by deficiency of ACE2 deficiency was also suggested to intensify the
vulnerability for the kidney to acute kidney injury (AKI) caused by other factors
(Ortiz-Melo and Gurley 2016). For instance, SARS-CoV was isolated in epithelial
cells of the distal tubules while viral genomes were also detected in urinary samples
of several infected individuals (Chan et al. 2004, Farcas et al. 2005). To note, urinary
samples of some patients were also discovered with viral particles of SARS-CoV-
2 (Wang et al. 2020b). Moreover, a retrospective data analysis of 536 patients
infected by SARS-CoV-2 showed the development of acute renal damage in 6.7%
of patients during COVID-19 (Chu et al. 2005). Another large cohort study
conducted in New York on SARS-CoV-2-infected individuals revealed a 36.6%
incidence of AKI (Hirsch et al. 2020).
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13.4.6 Other Organ and Tissue Injuries

13.4.6.1 Olfactory Epithelium (OE) and Brain Infection Through Nasal
Cavity

During the clinical course of SARS-CoV-2 infection, symptoms range from asymp-
tomatic infection to severe acute respiratory distress, including involvement of
multiple organs and even death. The SARS-CoV-2 infection was also documented
to cause extrapulmonary complications such as neurologic disorders and has been
constantly reported in the literature (Abboud et al. 2020). Recent studies established
total anosmia or partial loss of smell as an early symptom of SARS-CoV-2 infection;
this occurrence can be caused by different unidentified factors, for example, “cyto-
kine storm” started in some infected individuals or by direct injury in the olfactory
receptor neurons (ORNs) situated in the olfactory epithelium (Butowt and Bilinska
2020). The latter possibility is most likely to occur under the fact that cells in the OE
significantly expressed the functional receptor used by SARS-CoV-2 to cause
infection in humans. In this context, several gene expression databases have been
documented that show a considerable level of ACE2 and TMPRSS2 in human and
murine olfactory mucosa (Butowt and Bilinska 2020). OE is a constantly
rejuvenating multilayer structure in mammals that contained both non-neuronal
and neuronal cells. Recent major RNA-seq (transcriptome) analysis on both
human and murine OE consistently revealed the expression of ACE2 in
non-neuronal cells (Kanageswaran et al. 2015, Saraiva et al. 2015, Olender et al.
2016). Besides, TMPRSS2 expression seems to be elevated by comparison to that of
ACE2 and observed in both neuronal and non-neuronal cells in the OE
(Kanageswaran et al. 2015, Saraiva et al. 2015). Also, RNA-seq analysis showed
even expression of the majority of the genes, except intriguingly mosaic TMPRSS2
expression was recorded in the subpopulation of mature ORNs (Saraiva et al. 2015).
These results indicated that some of the olfactory neurons in the OE are considerably
vulnerable to viral infection by comparison to other morphologically similar ORNs.
Furthermore, SARS-CoV-2 was suggested to bypass the olfactory axonal route and
directly pass from non-neuronal OCE cells to cerebrospinal fluid covered by olfac-
tory nerves—situated near the cribriform—and then migrate to most of the regions in
the brain such as medulla oblongata which holds the cardiorespiratory controlling
nuclei (Harberts et al. 2011). Thereof, SARS-CoV-2 infection in the brain poses a
considerable threat as several neurological impairments are reported, including
stroke, epilepsy, and encephalitis. Although, expression of ACE2 is considerably
low but well documented in the glia and neurons of the brain, however, specific sites
for SARS-CoV-2 indection are not identified (Harberts et al. 2011).

13.4.6.2 Pancreas Disability
Pancreatic cells substantially expressed the ACE2 receptors, thereof, a potential
target to SARS-CoV-2 infection (Pal and Banerjee 2020). Recent reports also
documented elevated serum amylase and lipase levels in ~16% of patients at a
severe stage of SARS-CoV-2 infection accompanied by significant pancreatic
changes in 7% of the infected patients on CT scans (Liu et al. 2020a). Additionally,
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the clinical presentation of acute pancreatitis was also observed in the SARS-CoV-2-
infected patients (Hadi et al. 2020). It is important to mention that ACE2/angioten-
sin-(1–7) display protective activity in diabetes by enhancing the pancreatic β cell
survival, promoting insulin secretion, and decreasing insulin resistance (Santos et al.
2018). On this note, several SARS-CoV-infected patients with no diabetes and who
had not been treated with steroids in comparison to non-SARS pneumonia patients
developed insulin-dependent acute diabetes during hospitalization (Yang et al. 2006,
Yang et al. 2010). Also, plasma glucose concentration and diabetes were observed as
independent factors of mortality in SARS-CoV-infected patients (Yang et al. 2006).
Moreover, postmortems of some SARS-CoV-infected individuals showed amyloid
degeneration and atrophy in most of the pancreatic islets, indicating the islets
damage induced by the virus (Lang et al. 2003). Thus, SARS-CoV-2 infection is
stipulated to influence the pancreatic function as documented in SARS-CoV, and
concentration of glucose levels should be diligently scrutinized in diabetic patients
or under glucocorticoid treatment.

13.4.6.3 Skeletal Muscles Weakness
SARS-CoV-2 infection is also assumed to hold the ability to infect skeletal muscle,
and a particular concern is the susceptibility of muscles connected with the respira-
tory pump, that is, the intercostal muscles and diaphragm (Ferrandi et al. 2020).
Previous studies documented muscle weakness and high concentration of serum
creatine kinase (CK) levels in ~30% of patients infected with SARS (Lee et al.
2003). Mild to moderate increases in CK levels were also recorded in the individuals
infected by SARS-CoV-2 on hospitalization (Chen et al. 2020c). Although atrophy
and myofiber necrosis were also noticed in the skeletal muscle tissues, electron
microscopy analysis showed the absence of SARS-CoV particles (Leung et al. 2005,
Gu and Korteweg 2007). Recently, a significant role of RAS was observed in the
pathogenesis of several skeletal muscle disorders, and the ACE2/angiotensin-(1–7)/
MAS axis was monitored to exert protective effects against muscle atrophy (Santos
et al. 2018). Skeletal muscle myopathies are widely spread (D’Souza et al. 2013,
Alway et al. 2014, Ryder et al. 2017, Maheshwari et al. 2020) and linked with certain
populations defined at risk for SARS-CoV-2 infection (Guan et al. 2020, Wu and
McGoogan 2020). However, infection of SARS-CoV-2 in the muscles and associa-
tion of ACE2 downregulation with myopathy is not identified. The function of the
diaphragm muscle is similarly obstructed in the course of aging caused by
sarcopenia (Kelley and Ferreira 2017), while markers of systemic inflammation in
chronic obstructive pulmonary disease (COPD) patients have been correlated with
the severity of sarcopenic muscle loss (Byun et al. 2017). Therefore, the susceptibil-
ity of skeletal muscle to SARS-CoV-2 infection has been suggested to extend based
on several myopathic circumstances correlated with comorbidities and aging
(Ferrandi et al. 2020).

13.4.6.4 Damage to Central Nervous System Function
The neurons in the human brain widely express the ACE2 and contribute to the
neural control of broad physiological functions, including, stress response and
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neurogenesis, cardiovascular, and metabolic activities (Santos et al. 2018, Alenina
and Bader 2019, Katsi et al. 2019). For instance, experimental studies with mouse
models infected with SARS-CoV showed infiltration of viral particles into the brain
through the olfactory bulb followed by transneuronal transmission to other regions
(Netland et al. 2008). To note, gustatory and olfactory dysfunctions were also
observed in several patients infected by SARS-CoV-2, indicating the involvement
of the olfactory bulb in viral infection (Lechien et al. 2020, Luers et al. 2020).
Moreover, SARS-CoV viral particles were discovered in the human brain tissue
specimens (Gu et al. 2005, Xu et al. 2005), and autopsies showed focal degeneration
and edema in the brains of the infected individuals by SARS-CoV (Gu et al. 2005,
Gu and Korteweg 2007). Likewise, several patients (78/214) showed neurologic
manifestations in SARS-CoV-2, and the virus was discovered in the cerebrospinal
fluid of a patient with encephalitis (Huang et al. 2020b, Mao et al. 2020). With the
fact that SARS-CoV-2 possessed a higher affinity for the ACE2 as a functional
receptor by comparison to SARS-CoV, the former has been implicit to infect and
damage the central nervous system.

13.4.6.5 Blood Vessels Damage
Endothelial cells of small and large blood vessels expressed elevated levels of
ACE2, while the vascular endothelium expresses angiotensin-(1–7) (Hamming
et al. 2004, Santos et al. 2018). Moreover, ACE2/angiotensin-(1–7)/MAS axis
stimulates antiproliferative, vasodilatory, and antithrombotic effects in the vascula-
ture (Santos et al. 2018). In this context, SARS-CoV RNA was detected in the
endothelia of the small veins (Zhang et al. 2003). Likewise, substantial increased
plasma D-dimer levels were observed in individuals under severe SARS-CoV-
2 infection (Chen et al. 2020b, Huang et al. 2020a, Yang et al. 2020), while the
incidence of disseminated intravascular coagulation (DIC) was not rare at the initial
stage of the disease. Inflammatory responses and viral infection cause severe injury
to the integrity of the vascular endothelium, and this results in elevated permeability,
microcirculation disturbance, and coagulation activation that has been assumed to
contribute to organ injury in SARS-CoV-2.

13.5 Conclusions

RAS and ACE2/angiotensin-(1–7)/MAS axis are well established for contribution in
various pathophysiological and physiological events. Both SARS-CoV and SARS-
CoV-2 utilize the ACE2 as a functional receptor to infect the host cells. Due to the
considerably higher expression of ACE2 in various organs and tissues of the human
body, SARS-CoV-2 has the ability not only to infiltrate the lungs but can also
damage the other organs with high ACE2 expression. The pathogenesis of
COVID-19 is exceedingly complicated involving multiple factors; in addition to
the direct viral effects, inflammatory and immune responses against the viral inva-
sion, imbalance of the RAS and ACE2/angiotensin-(1–7)/MAS axis, and
downregulation of ACE2 can also subsidize to the multiple organ damages in
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individuals infected by SARS-CoV-2. Thereof, the scientific community has
recently engrossed its attention on ACE2 and ATIR, and their conceivable benefit/
harms on the individuals infected by SARS-CoV-2 who experience pneumonia.
However, some doubts still exist for the effect of respective inhibitors on SARS-
CoV-2 infection. Thus, a potential approach to restoring the balance between RAS
and ACE2/angiotensin-(1–7)/MAS has been looked upon as potential therapy to
help diminish organ damages in patients infected by SARS-CoV-2.
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