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ARTICLE INFO ABSTRACT

Keywords: In November 2019 the first cases of a novel acute respiratory syndrome has been reported in Wuhan province,
COVID-19 China. Soon after, in January 2020 the World Health Organization declared a pandemic state due to the
Kinins

dissemination of a virus named SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), the cause of
coronavirus disease 2019 (COVID-19). Being an unknown disease, it is essential to assess not only its main
characteristic features and overall clinical symptomatology but also its patient infection mode and propagation to
design appropriate clinical interventions and treatments. In this review the pathophysiology of SARS-CoV-2
infection and how the virus enters the cells and activates the immune system are described. The role of three
systems involved in the SARS- CoV-2 infection (renin-angiotensin, kinin and coagulation systems) is discussed
with the objectives to identify and try to explain several of the events observed during the evolution of the

Kallikrein-kinin system
Renin-angiotensin system
Coagulation system

disease and to suggest possible targets for therapeutic interventions.

1. Introduction

In late 2019, numerous cases of pneumonia of unidentified cause
emerged in Wuhan, Hubei province, China [1,2]. With the increase of
cases the epidemiological and aetiological studies showed a correlation
between number of patients with pneumonia and their exposure to a
wholesale seafood market in Wuhan, where, in addition to seafood, wild
animals such as snakes, pangolins, rats, bats were traded [3]. The
infection was characterized as COVID-19 (Coronavirus Disease 19)
caused by a new Coronavirus named SARS-Cov-2 [1,4]. The high
contagion rate of SARS-CoV-2 occurs through direct transmission
(coughing, sneezing, and inhalation of viral particles) or through contact
(oral, nasal or ocular mucous membranes) that occur between humans,
thus favoring their rapid spread around the world ([5,6]; After more
than 35,000 confirmed cases and 700 deaths in China and other coun-
tries, in late February 2020 the World Health Organization declared a
pandemic state [6,7]. By September 28, more than 33,500,000 cases of
COVID-19 were identified, with more than 1,000,000 deaths worldwide
[8].

About 80 % of patients infected with SARS-CoV-2 have mild symp-
toms of the disease (with no or only a mild picture of pneumonia), 14 %

develop a severe picture of the disease with dyspnea, hypoxia or lung
injury greater than 50 % in imaging tests, and 5% develop a critical
condition characterized by respiratory failure, systemic shock or mul-
tiple organ failure [9]. It is important to note that patients may present
other symptoms within the mentioned clinical conditions including
fever (98 %), dry cough (76 %), tiredness (44 %) and less common
symptoms such as headache (8%) and diarrhea (3%) [1]. Pan and col-
laborators [10] have identified the maximum viral load which occurs
between the 5th and 7th days post-symptoms appearance and that
progressively decreases after 9 days. In moderate and severe cases the
presence of lymphopenia has been detected and associated with a drastic
reduction in CD4" and CD8" T cells, high levels of C-reactive protein,
ferritin, polymorphonuclear and lymphocyte cells, inflammatory cyto-
kines and chemokines [9,11,12].

2. SARS-COV-2
2.1. Isolation, classification and genome

SARS-CoV-2 was first isolated from bronchoalveolar lavage of five
patients with severe pneumonia hospitalized in Wuhan [13].
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Metagenomic analyses in RNA identified the virus as belonging to
Coronaviridae family, Nidovirales order [14]. Coronaviruses (CoVs) are
enveloped, single- and positive-stranded RNA viruses with a genome of
approximately 26—32 kb [15]. Genome and gene expression organiza-
tions are similar for all CoVs, most of them have 8-10 open reading
frames (ORFs). ORFla/b located at the 5’ end encodes 16 non-structural
proteins (NSPs) called NSP1 to NSP16. In addition, other ORFs at the 3’
end encode accessory and structural proteins [16-18], including spike
(S) protein responsible for anchoring the virus to the receptor and
subsequent fusion of the membrane, thereby mediating the entry of the
virus into the cell; the envelope protein (E) plays a pivotal role in the
assembly and release of the virus in addition to exercising the ion
channel function necessary for the pathogenesis of SARS-CoV-2. The
membrane protein (M) assists in maintenance of the membrane curva-
ture and binding to the nucleocapsid whereas the nucleocapsid protein
(N) is involved in the packaging of the viral genome encapsulated in the
viral particles and its interaction with the M and NSP3 proteins [19].

Currently there are four genera of CoVs: a-CoV, -CoV, y-CoV and
8-CoV, with only the genera o and p with strains considered pathogenic
for humans. These are a-CoV: HCoV-229E, HCoV-NL63 and B-CoV:
HCoV—-0C43, HCoV-HKU1, SARS-CoV, MERS-CoV and the recently
discovered SARS-CoV-2 [20] with approximately 79 % homology with
SARS-CoV and 50 % homology with MERS-CoV [12].

a-CoV and p-CoV mainly infect respiratory and gastrointestinal tracts
and the central nervous system of mammals whereas the y-CoV and
8-CoV mainly infect birds [6].

2.2. Transmission

Bats have been identified as natural hosts for several emerging vi-
ruses that can cause serious human diseases. These viruses are RNA vi-
ruses such as the Marburg, Hendra, Sosuga and Nipah virus. Evidence
suggests that other emerging viruses such as Ebola, the coronavirus that
causes severe acute respiratory syndrome (SARS-CoV), the coronavirus
that causes middle east respiratory syndrome (MERS-CoV) also origi-
nated from bats [21].

Similar to SARS-CoV and MERS-CoV, SARS-CoV-2 showed 96 %
genomic compatibility with the bat coronavirus RaTG13 (Bat CoV
RaTG13) of the species Rhinolophus affinis found in Yunnan province,
thus indicating the origin of SARS- CoV-2 [22,23].

The first corona virus epidemic was caused by SARS-CoV in
2002-2003 with 916 deaths in 37 countries. MERS-CoV epidemia which
occurred in 2012 has infected 1791 people causing 640 deaths in 27
countries [24].

CoVs that infect bats cannot directly infect humans, unless they
mutate or recombine in animals such as civets and camels, which are
intermediate hosts for SARS-CoV and MERS-CoV respectively [83].

Through metagenomic sequencing it was observed that the CoV
present in pangolins exhibited strong genomic similarities with SARS-
CoV-2 as well as its relation to the receptor binding domain region
[25]. In view of this fact, Zhang et al. [23] demonstrated that the CoV
that infects the pangolin had a 91.02 % and 90.55 % ratio of genetic
similarity to SARS-CoV-2 and Bat CoV RaTG13 respectively, which
suggested that pangolins are the intermediate hosts of SARS-CoV-2.

2.3. Mechanisms of entry into the host cells

The entry of CoVs into host cells is mediated by the transmembrane S
glycoprotein, which forms homotrimers projected from the viral surface.
This protein is composed of two functional subunits, the S1 subunit,
which has a specific region called the receptor binding domain (RBD)
responsible for binding to the host cell receptor and the S2 subunit
responsible for the fusion of the viral and cellular membranes, that oc-
curs after protein S activation [26-28].

Previous studies with SARS-CoV and MERS-CoV have shown that
protein S activation is a complex process that involves several cleavage
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events that occur in different locations and with the involvement of
several host proteases [29]. CoV protein S can be cleaved by one or more
proteases, including furin, trypsin, cathepsin, type 2 transmembrane
serine protease (TMPRSS-2), TMPRSS-4 or human airway trypsin-like
protease (HAT) [30].

Hoffmann and collaborators [31] were the first to report that the
spread of the SARS-CoV-2 virus was dependent on the action of the
serine protease TMPRSS2, responsible for cleaving the S protein be-
tween the S1/S2 subunit. In addition, studies with specific protease in-
hibitors such as E64d, a lysosomal cathepsin inhibitor, have also
significantly reduced the entry of the virus into HelLa cells. Overall, these
results demonstrate that cell surface proteases and lysosomal proteases
can cleave protein S, thus favoring the entry of the SARS-CoV-2 virus
[32].

SARS-CoV and SARS-CoV-2 S proteins are known to have approxi-
mately 76 % aminoacid similarity [33,34]. However, SARS-CoV-2 has a
distinct sequence of 4 aminoacids (SPRRAR) located between the S1/S2
subunit. This insertion, also known as a polybasic or multibasic site, is a
potent cleavage site for the furin protein. Polybasic sites are a highly
pathogenic characteristic feature expressed in protein S of MERS-CoV
and influenza virus [28,29,31,35].

To determine whether the insertion of amino acids in the S1/52
subunits of SARS-CoV and SARS-CoV-2 would have different patterns of
infectivity and pathogenicity between strains, it was observed that furin
cleaves the S1/S2 subunit of SARS-CoV-2 but not of SARS-CoV; however
other proteases such as PC1, matriptase, trypsin and cathepsin B can
efficiently recognize and cleave the S1/S2 cleavage site of the SARS-
CoV-2 protein [29]. Furthermore, furin pre-activation allows
SARS-CoV-2 to be less dependent on target cells, improving its entry
particularly into cells with relatively low expressions of TMPRSS2
and/or lysosomal cathepsins corroborating the high degree of patho-
genicity observed for the SARS-CoV-2 virus [32].

After binding the RBD to the host cell receptor and subsequent
cleavage of the S1/S2 protein by proteases, a structural change occurs in
the S2 subunit, causing the heptad repeat 1 (HR1) and 2 (HR2) domains
to interact between itself, forming a packet of six helices (6-HB), thus
approaching peptide with the cell membranes, resulting in the subse-
quent fusion and infection of the host cell [36,37].

2.4. Receptors

Just like the SARS-CoV virus, SARS-CoV-2 S protein binds directly to
angiotensin converting enzyme 2 (ACE2) facilitating virus entry into
cells demonstrating that the ACE2 enzyme acts as a functional receptor
for both virus [28,38]. It is also known that the RBD from SARS-CoV-2
has a 10 to 20-fold higher affinity to human ACE2 than the SARS-CoV
RBD [30,32,38].

Immune cells can also be infected with SARS-CoV-2, as well as with
MERS-CoV and SARS-CoV. Thus, it is possible that there are other re-
ceptors that allow the virus to enter different cell types [39]. In fact, as
seen with SARS-CoV, another receptor CD147 also called basigin
(encoded by BSG) has shown affinity for the SARS-CoV-2 protein S [40].
CD147 is a transmembrane glycoprotein belonging to the immuno-
globulin superfamily and is related to the development of tumors and
viral infection [37]. Radzikowska et al. [41] showed the expression of
CD147 in epithelial tissues and immune cells such as macrophages,
monocytes, innate lymphoid cells, natural killer, T and B cells, which
can be infected in the lungs or can carry the SARS-CoV-2 virus from
infected epithelial cells via CD147 and participate in the local and sys-
temic spread of the virus. It is important to note that the expression of
CD147 is regulated by high concentrations of glucose; this may reflect its
correlation with obesity and potentially with diabetes, two comorbid-
ities related to the development of more severe COVID-19 [42].
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2.5. Evasion of SARS-CoV-2 and the widespread inflammation

In a similar process to the SARS-CoV infection, after SARS-CoV-2
entry into the infected cell, the presence of viral replication is detec-
ted through pattern recognition receptors (PRRs) which include the
family of Toll-like receptors (TLRs). In particular, for RNA viruses such
as CoVs, the molecular patterns associated with viral pathogens
(PAMPs) such as viral genomic RNA, dsRNA (intermediate formed
during viral replication) and mRNA, are recognized by endosomal RNA
receptors, TLR3 and TLR7/8 and the cytosolic RNA sensor, the retinoic
acid-inducible gene I (RIG-I) and protein 5 associated with melanoma
differentiation (MDAS). These virus-specific RNA structures culminate
in the oligomerization of these receptors and the activation of tran-
scription factors, mainly interferon regulatory factors (IRFs) and nuclear
factor kB (NF-kB) [43].

Transcriptional activation of IRFs and NF-kB results in two general
antiviral programs. The first is related to cellular antiviral defenses
which are mediated by the transcriptional induction of type I and III
interferons (IFN-I and IFN-III, respectively) and subsequent positive
regulation of IFN-stimulated genes (ISGs). The second antiviral response
involves the recruitment and coordination of specific leukocytes through
the secretion of pro-inflammatory chemokines and cytokines [44,45]. If
properly located and early activated both systems can limit CoV infec-
tion [46].

Thus, viral pathogens develop mechanisms to escape immune
recognition and suppress the functions of IFNs and ISGs. CoVs can
interfere with any of the following steps of innate antiviral immunity:
(1) innate detection, (2) IFN production, (3) IFN signaling and (4)
effective ISG function [5]. Several studies have shown that structural
and non-structural proteins in SARS-CoV are responsible for suppressing
IFN release in vitro and in vivo [5,11,47] and that SARS-CoV-2 acts in a
similar way, as it inhibits IFN-I and IFN-III production in infected cell
lines, primary human bronchial cells as well as in a ferret model [48]. In
fact, patients with severe COVID-19 demonstrate remarkably impaired
IFN-I signatures compared to mild or moderate cases [11].

In addition to blocking IFN signaling, CoVs also promote the acti-
vation of other inflammatory pathways. SARS-CoV-2, through non-
structural proteins NSP9 and NSP10, induces the production of IL-6
and IL-8, potentially by inhibiting NKRF, an endogenous NF-kB
repressor. Collectively, these processes lead to a progressive increase
in viral load and hypercytokinaemia, also called “cytokine storm”,
observed in patients with COVID-19 [48].

After infecting lung cells such as type II pneumocytes, SARS-CoV-2
destroys these cells through the pyroptosis process, thus triggering a
local immune response. In most cases, this process is able to resolve the
infection. However, in some cases, a dysfunctional immune response
occurs, which can cause the severe lung damage and develop into a
systemic pathology [49].

It is noted that the immune dysfunction is mediated by a polarized
response by T helper 1 (TH1) cells which produce pro-inflammatory
cytokines such as IL-6, IFNy, MCP-1 and IP-10 [50]; these cytokines
are also elevated in the blood of patients affected by the disease. The
secretion of these cytokines and chemokines attracts immune cells
mainly monocytes and T lymphocytes from the blood to the infection
sites which in turn will produce more cytokines, making the process of
cell chemoattraction consecutive; this amplification loop results in an
exacerbated production of cytokines such as IL-2, IL-7, IL-10, gran-
ulocyte colony stimulating factor (G-CSF), IP-10, MCP-1, macrophage
inflammatory protein 1o (MIP1a) and tumor necrosis factor a (TNF-a),
in addition to those mentioned above [49,51]. These events increased
vascular permeability, fluid and protein leakage as well as reduced gas
exchange [43,52].

The histopathological characteristics of COVID-19-related pneumo-
nitis includes epithelial changes with diffuse alveolar damage, pneu-
mocyte denudation and atypia, vascular changes including
microvascular damage and thrombi, deposits of intra-alveolar fibrin
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with the presence of hyaline membrane associated with insufficient
surfactant production [53].

One of the main cytokines to play an important role in the patho-
physiology of COVID-19 is IL-6. Elevated levels of IL-6 are related to an
increased inflammatory process, cardiovascular damage, triggering an
excessive release of several cytokines which has been called a cytokine
storm, and worsening the clinical condition of patients [51,54].

The cytokine IL-6 activates numerous cells that express the glyco-
protein receptor (gp130), the membrane-bound IL-6 receptor and a
soluble form of the IL-6 receptor that interacts with gp130 and thus
causes the activation of signaling JAK/STAT, which in turn stimulates
the production of IL-6 [43]. This cytokine can further activate macro-
phages to secrete MCP-1, increase expression of cell adhesion molecules
as well as stimulate the proliferation and migration of vascular smooth
muscle cells [24]. Thus, the abnormal increase in IL-6 levels may be
implicated at least in part in the occurrence cardiovascular diseases (e.g.
coronary atherosclerosis, inflammation in the vascular system resulting
in diffuse microangiopathy with thrombosis) observed in COVID-19
patients [34,55].

In brief the pathophysiology of SARS-CoV-2 infection is character-
ized by an imbalance between the host late antiviral response and a
dysfunction of the immune system which results in an exacerbated in-
flammatory response strongly implicated in multiple organ associated to
the imbalance between the enzymes of the renin angiotensin system [48,
56] (Fig. 1).

3. Renin-angiotensin and kallikrein-kinin systems

The angiotensin-converting enzyme 2 (ACE2) is part of two systems
that physiologically regulate a wide variety of effects [57]. The
kallikrein-kinin system role in physiological control was first described
when it was observed that hypotension and muscle relaxation were
caused by a factor later called bradykinin [58] released from the action
of trypsin and snake venoms on the so-called bradykininogens. Later, it
was also discovered that the so-called bradykinin-enhancing peptides
were found in the venom of snakes of the Bothrops jararaca species and
had the effect of inhibiting the degradation of bradykinin [59,60].

ACE and ACE2 are fundamental enzymes of the renin-angiotensin
system (RAS) involved in hydroelectrolytic control and blood pressure
regulation [61]. The system keeps the levels of vasoconstrictor and
vasodilator agents in balance. A drop in blood pressure causes the jux-
taglomerular cells of the kidney to increase renin production and release
that will cleave angiotensinogen produced by the liver into angiotensin
L. Once in circulation, angiotensin I can be cleaved by two different
enzymes, the angiotensin converting enzyme 1 (ACE or kininase II)
which generates the angiotensin II and by a neutral endopeptidase to
release angiotensin 1-7. The angiotensin converting enzyme 2 (ACE 2)
(propylendopeptidase) cleaves angiotensin II into angiotensin 1-7 [62].

ACE2 is a membrane-bound monocarboxypeptidase having great
similarities to ACE (sometimes called ACE1) which is a dipepti-
dylcarboxypeptidase [62]. ACE levels is far higher than the level of
ACE2. ACE2 can be constitutively found in the lungs and other tissues
and the angiotensin-(1-7) that it generates is a vasodilating agent.
Angiotensin-(1-7) can be further metabolized into angiotensin-(1-5) by
the ACE [63]. However, ACE2 does not cleave bradykinin [64,65] but
cleaves the BK metabolite desArg9-BK which is the most potent B1 re-
ceptor agonist and inflammatory mediator [61].

Both angiotensin II and angiotensin (1-7) have important and
opposite biological effects, resulting from the activation of specific re-
ceptors. Angiotensin II is capable of activating the receptors called AT 1
found in several organs. Its activation leads to vasoconstriction,
increased release of antidiuretic hormone (ADH), aldosterone, water
and Na' reabsorption, remodeling, cell proliferation, thrombosis and
inflammation (increased recruitment of lymphocytes, PMN and
expression of adhesion molecules). The activation of the MAS receptor
(also called Receptor 3) by Angiotensin (1-7) causes vasodilation,
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Fig. 1. Hypothetical mechanism by which SARS-CoV-2 successfully evade the immune system while maintaining an inflammatory feedback loop. Following infection
coronaviruses remain highly pathogenic at least in part due to the various viral mechanisms allowing them to evade and suppress the IFN response. The CoVs
interfere with several processes in innate antiviral immunity. The SARS-CoV-2 can inhibit pattern recognition receptors (PPRs) and/or reduce IFN-I/III levels.
ADAM17 (a desintegrin and metalloproteinase 17)-mediated proteolytic cleavage of ACE2 is upregulated by endocytosed SARS-CoV-2 viral particle, that results in
over-production of angiotensin II (Angio II) by the related enzyme ACE. The elevate angiotensin II levels increase the activity of angiotensin 1 receptors (AT1R) as
found in conditions like fibrosis and inflammation as well as increase reactive oxygen species (ROS) formation and vasoconstriction. In turn, increased angiotensin II
enhances IL-6 production via JAK/STAT pathway, thus establishing a positive feedback loop. Moreover, the angiotensin II/AT1 receptor axis activates ADAM17 that
cleaves and inactivates ACE2, enhancing angiotensin II levels. In addition, ADAM17 induction also cleaves the membrane form of IL-6Rx to the soluble form (sIL-
6Ra), followed by the gp130-mediated activation of STAT, further amplifying the IL-6 signal. The SARS-CoV-2 can also activate NF-kB signaling pathway through

increased IxB degradation, a process that leads to the transcription of several pro-inflammatory cytokines that results in what is called a cytokine storm.

apoptosis, reduction in cell proliferation [66] and fibrosis [67]. It also
reduces cytokine production (IL1f, IL6, TNF, IL12), inhibits the intra-
cellular signaling including NFkB, MCP1, p38 MAPK, CCL2, JNK, ERK 5,
and act as an antifibrogen, cardioprotector, nephroprotector as well as
protecting against lung injuries [68-71] (Fig. 2).

ACE also has a fundamental role in the Kallikrein Kinin System
(KKS). Kinins are produced from the action of a group of serine proteases
called kallikreins on protein precursors named the kininogens. The kinin
activation/synthesis pathway originates with the action of Hageman
factor and/or trypsin in the plasma and tissue kallikreins, each cleaving
the high and low molecular weight kininogen giving rise to bradykinin
(BK) and kallidin (lysyl-BK), respectively ([72,73]). Once formed,
Lys-Bk can still be converted to BK by the action of an aminopeptidase.
Other carboxypeptidases (M and N) remove arginine from the C-termi-
nal and give rise to desArg9-BK (DABK) and Lys-desArg9-BK (LDABK),
respectively from BK and Lys-BK [74,75].

The interconnection of the kallikrein-kinin and renin-angiotensin
systems is done by angiotensin-converting enzymes present in both
systems. In plasma the half-life of kinins is in the order of seconds [60]
being cleaved mainly by the angiotensin-converting enzyme 1 (ACE or
kininase IT) which removes the carboxyl terminal of BK and generates BK
(1-7), an inactive peptide. This metabolite can be rapidly cleaved by
ACE generating BK (1-5) [76,77]. Other aminopeptidases and car-
boxypeptidases can also degrade bradykinin.

Once synthesized, both bradykinin and lysyl-BK can activate B2 re-
ceptors constitutively expressed in different organs of the body and
whose activation causes an increase in vascular permeability, vasodi-
lation and activation of nociceptors. They can also activate the Bl re-
ceptors which are expressed in high concentrations in a diversity of
tissues in inflammatory conditions. However, the binding and

stimulation of B1R by BK is dependent on its conversion to DesArg9-BK
by Kininase I, a carboxypeptidase N or M. In fact, BK has low affinity for
the native and cloned B1R [78,79]. Although both receptors can be
activated by either BK and lysyl-BK, the metabolite resulting from BK
cleavage, DesArg9-BK is the most specific and potent agonist of the type
1 receptor [75] (Fig. 2).

3.1. Renin-angiotensin and kallikrein systems in COVID-19

Like other SARS—COV, SARS—COV2 is able to enter the host cell. Its
entry results from the induction of a TNF-a converting enzyme (TACE)
that is dependent on the shedding of the ectodomain of ACE2 with its
consequent downregulation, an effect that facilitates the entry of the
virus into the host cell. Once bound, ACE2 is hijacked and internalized
by the cell. In addition, cleavage of its extracellular domain is also
observed [80]. Downregulation of the activity and availability of ACE2
cause an imbalance in the renin-angiotensin system, an accumulation of
angiotensin II and a reduction in levels of angiotensin (1-7) that favors
the binding of angiotensin II on the AT1 receptor and the effects of its
activation; this is one of the hypotheses presented to explain the cases of
severe respiratory syndrome that occurs in some SARS-CoV-2 infections.

Nicolau et al. [57] suggested that the inhibition of the ACE2 pathway
reduces the degradation of angiotensin II and DesArg9-BK. Together,
this triad of factors can cause an increase in the levels of angiotensin I, a
reduction in the synthesis of angiotensin (1-7) and an increase in the
availability of DesArg9-BK. The activity of TMPRSS2 (a kallikrein-like
effect) on plasma kininogen could also lead to an increase in the pro-
duction of BK and DesArg9-BK [81]. The cysteine protease present in the
virus has also the same action on kininogen which suggests that these
enzymes may become candidates for the production of kinins during
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Fig. 2. The interplay between renin-angiotensin, kallikrein-kinin and coagulation system activation during COVID infection. Renin cleaves the angiotensinogen into
angiotensin I that can be converted to angiotensin II by the angiotensin converting enzyme (ACE or kininase II). Both angiotensin I and II can also be cleaved by
angiotensin converting enzyme II (ACE 2) into angiotensin (1-9) and angiotensin (1-7) respectively. Angiotensin II will activate receptors (AT1) which leads to
oxidative stress, inflammation, increase in blood pressure due to a vasoconstriction whereas the angiotensin (1-7) will produce vasodilation and potentiates the
effects of bradykinin). Lysyl-bradykinin (LBK) and bradykinin (BK) produced after plasma kallikrein cleavage of low or high molecular weight kininogen (LMW or
HMW kininogen) respectively, will: 1) directly activate the B2 receptors; 2) be cleave by the kininase I leading to the metabolites lys-desArg’BK and desArg°BK (B1
receptor agonists). LBK can also be converted to BK through an aminopeptidase action. Activation of B1 or B2 receptors will culminate in inflammatory events
exacerbated by the cytokine storm. In the coagulation cascade, the Hageman factor can activate factor XII and convert plasminogen into plasmin which leads to
fibrinolysis and clot formation. ACE = angiotensin converting enzyme; ACE2=angiotensin converting enzyme 2; NPE = neutral endopeptidase; HMW kininogen =
high molecular weight kininogen; LMW kininogen = low molecular weight kininogen; LBK = lysil-bradykinin; BK = bradykinin. Created with BioRender.com.

infection by the virus [81,82].

ACE2 downregulation causes RAS imbalance, angiotensin II accu-
mulation, plus angiotensin-(1-7) decrease, which shifts angiotensin II
binding toward the AT1, leading to pro-inflammatory and cardiovas-
cular injury mechanisms. It also causes imbalance of the KKS, DesArg9-
BK accumulation and BKB1R activation leading to pro-inflammatory
repercussions. SARS-CoV2 invasion in target cells also depends on a
TMPRSS2 membrane protease necessary for the cleavage of its spike
protein. Active TMPRSS2 additionally cleaves the kininogen and acti-
vates the production of bradykinin (BK). The virus itself also expresses a
cysteine protease which could activate the kinin pathway by interacting
with kininogen. BK via BKB2R also contributes to the proinflammatory
pathway by activating nitric oxide (NO) and prostaglandins (PGs)
synthesis.

BKBIR is strongly upregulated by inflammatory mediators (mainly
cytokines) which increase endothelial permeability and leukocyte
migration. A positive feedback loop between BKBIR and cytokines
generates the “cytokines storm” that in turn leads to a sepsis-like con-
ditions. In addition, kallikrein causes an imbalance of coagulation sys-
tem by activating factor 12 (FXII) and plasmin. The two mechanisms
contribute to the formation of intravascular microthrombi observed
mainly in lung tissues (Fig. 2). The presence of plasmin increases
cleavage of spike proteins which boosts SARS-CoV-2 virulence.

Taken together all of these events lead to a positive inflammatory
feedback loop contributing and amplifying the lung damage caused by
COVID-19 and a poor prognosis for the treatment of patients who

develop severe illness caused by SARS-CoV-2. A better understanding of
the several pathways involved in the disease can lead to more treatment
options with better prognosis.

4. Drug repurposing in COVID-19 treatment

The repositioning of a drug for the treatment of new diseases has
several advantages such as the reduced development time, the known
side effects and the reduced financial risk when compared to a new drug
development (39). Various investigators have tested a diversity of pro-
teins from SARS-CoV-2 as potential targets for drug repurposing as they
take part in virus entry and replication in cells or in important metabolic
pathways and/or immune responses in the host. Other approaches
included targeting potential SARS-CoV-2 MP™ (a protease essential for
virus replication) inhibitors with FDA-approved antivirals, such as in-
hibitors of HIV-1 [e. g., lopinavir and ritonavir] and HCV [e.g., boce-
previr] proteases, as well as antineoplastic [e.g. carmofur] and
antibacterial [e.g., doxycycline] drugs [24,83,84]. Another important
viral target is the PLP™ that recognizes and hydrolyses ubiquitin from
cellular proteins; this regulates the post-translational modifications of
signaling molecules that trigger innate immune response of the host
[85]. Inhibitors of SARS-CoV-2 PLP™ include fostamatinib disodium (a
tyrosine kinase inhibitor) and natural products (platycodin D), two ex-
amples of FDA-approved drugs [86]. TMPRSS2 is also a potential drug
target since its inhibition or blockade could prevent virus infection.
Examples of this group are serine protease inhibitors camostat mesylate
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and others [33].

One important condition that can be observed in several cases is the
so called “cytokine storm”. A syndrome caused by an overactivation of
the immune system and a huge production of cytokines affecting several
organs [87]. Cytokine receptor antagonists also have therapeutic po-
tential in the condition coined “cytokine storm”. Humanized antibodies
(i.e., tocilizumab and sarilumab) could be used as an IL-6 receptor
antagonist and are under clinical trial for the treatment of COVID-19
[88].

Drugs aiming at the host system such as the RAS is another valuable
approach. The interaction between S protein and ACE2 makes the pro-
tein a potential drug target for the treatment of COVID-19. Different
approaches were suggested including the development of a vaccine
using the S protein, the administration of a soluble form of ACE2 or the
administration of small molecules or antibodies that prevent the inter-
action ACE2-S protein [89]. Another option could be the use of drugs
presenting anti-SARS-CoV effect through glycosylation of ACE2 (i.e.
chloroquine) [90].

ACE inhibitors such as Captopril and angiotensin receptor antago-
nists such as Losartan, highly popular drugs for the treatment of hy-
pertension and other cardiovascular diseases have raised a lot of
questions in relation to the COVID-19 treatment [91]. It has been sug-
gested that patients using these drugs could be at higher risk of COVID
infection since inhibitors of RAS may increase expression of ACE2.
Although these drugs do not directly inhibit/affect ACE2 activity,
experimental protocols showed that they can upregulate the expressio-
n/activity of ACE2 [92,93], increasing the availability of ACE2 to
SARS-CoV-2. This is still controversial. The use of one of these groups of
drugs could rather protect patients from lung injury due to a reduction in
the angiotensin II pathway activated by the angiotensin receptor 1 [94].

Taken together it is clear that there are many possible drugs already
used for the treatment of various diseases that can be repositioned for
the treatment of COVID-19. It is not yet possible to identify only one
drug, but based on the present research effort, efficient and low-cost
treatment options should be unraveled. The efforts require a better un-
derstanding the angiotensin and kinin systems in patients infected with
COVID-19.
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