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A B S T R A C T

Coronavirus disease 2019 (COVID-19) is an infectious disease with fast spreading all over the world caused by
the SARS-CoV-2 virus which can culminate in a severe acute respiratory syndrome by the injury caused in the
lungs. However, other organs can be also damaged. SARS-CoV-2 enter into the host cells using the angiotensin-
converting enzyme 2 (ACE2) as receptor, like its ancestor SARS-CoV. ACE2 is then downregulated in lung tissues
with augmented serum levels of ACE2 in SARS-CoV-2 patients. Interestingly, ACE2+ organs reveal the symp-
tomatic repercussions, which are signals of the infection such as dry cough, shortness of breath, heart failure,
liver and kidney damage, anosmia or hyposmia, and diarrhea. ACE2 exerts a chief role in the renin-angiotensin
system (RAS) by converting angiotensin II to angiotensin-(1–7) that activates Mas receptor, inhibits ACE1, and
modulates bradykinin (BK) receptor sensitivity, especially the BK type 2 receptor (BKB2R). ACE2 also hydrolizes
des-Arg9-bradykinin (DABK), an active BK metabolite, agonist at BK type 1 receptors (BKB1R), which is upre-
gulated by inflammation. In this opinion article, we conjecture a dialogue by the figure of Sérgio Ferreira which
brought together basic science of classical pharmacology and clinical repercussions in COVID-19, then we
propose that in the course of SARS-CoV-2 infection: i) downregulation of ACE2 impairs the angiotensin II and
DABK inactivation; ii) BK and its metabolite DABK seems to be in elevated levels in tissues by interferences in
kallikrein/kinin system; iii) BK1 receptor contributes to the outbreak and maintenance of the inflammatory
response; iv) kallikrein/kinin system crosstalks to RAS and coagulation system, linking inflammation to
thrombosis and organ injury. We hypothesize that targeting the kallikrein/kinin system and BKB1R pathway
may be beneficial in SARS-CoV-2 infection, especially on early stages. This route of inference should be ex-
perimentally verified by SARS-CoV-2 infected mice.

Introduction

Background

Current evidence demonstrates that the virus SARS-CoV-2, like its
relative SARS-CoV, invades target cells through the interaction of its
spike proteins with an enzyme called angiotensin-converting enzyme 2
(ACE2) [1]. In this context, ACE2 is the receptor for SARS-CoV-2 and
the result of the interaction between them is the development of a se-
vere acute respiratory syndrome, a highly contagious disease known as
coronavirus disease 19 (COVID-19). The major aim of this article is to
propose a hypothesis concerning the potential mechanism by which the
interaction between the virus and ACE2 promotes pathological phe-
nomena, all this through a conjecture on the history of pharmacology,
Sérgio Ferreira’s contributions from basic science to clinical ambit and

the kallikrein/kinin system.
First, ACE2 is part of at least two physiological systems involved

with a pleiad of functions (Fig. 1). On the one hand, its physiological
role started to be unmasked in the 1940 s when Rocha e Silva, Beraldo
and Rosenfeld described that bradykinin exists as a hypotensive and
smooth muscle stimulating factor released by trypsin and snake venoms
from a plasma “bradykininogen” [2]. Additional studies of Rocha e
Silva, Ferreira and Vane revealed that certain peptides found in the
Bothrops jararaca snake venom potentiated the effects of bradykinin by
inhibiting its degradation especially in the lungs [3,4]. These peptides
were named bradykinin-potentiating factor or BPF.

On the other hand, the enzyme named angiotensin-converting en-
zyme (ACE) is a key component of the renin-angiotensin system (RAS),
a chief and well-known system for hydroelectrolytic and blood pressure
control that was initially unveiled by Tigerstedt and Bergman with the
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description of renin [5]. Skeggs and collaborators revealed that ACE
converts angiotensin I to angiotensin II by removing from the angio-
tensin I the peptide histidylleucine [6,7]. The study of Erdös and
Wohler showed the inactivation of bradykinin in plasma in response to
a carboxypeptidase [8]. Bakhle, Reynard and Vane demonstrated that
beyond the influence with the effects of bradykinin, the BPF inhibited
the conversion of angiotensin I to angiotensin II [9]. Altogether, it was
evident that ACE is an endogenous enzyme whose function is shared by
both angiotensin and bradykinin [10]. Finally, the studies of Ferreira,
Greene and other collaborators constituted the hallmark for the de-
velopment of non-peptide ACE inhibitors, e.g. captopril, one of the most
common therapies against arterial hypertension [11,12]. Most of these
steps and concepts are ingrained in Ferreira's thesis and in his scientific
journey [13].

Lentz and collaborators suggested that a second carboxypeptidase
was responsible for the inactivation of the angiotensin II by the lib-
eration of phenylalanine [14]. Such enzyme differed from ACE because
it cleaved a single amino acid from its substrates, whereas ACE func-
tions as a peptidyl dipeptidase [6,7]. In fact, Tipnis and colleagues,
almost simultaneously than Donoghue and collaborators, described an
angiotensin-converting enzyme homolog able to cleave angiotensin I
and angiotensin II but not bradykinin [15,16]. It was named ACE2 and
it is expressed constitutively in the lungs, as well as in other tissues
[17,18]. Although ACE2 is unable to cleave bradykinin, it has the
bradykinin metabolite des-Arg9-bradykinin as substrate, here named
DABK. The production of DABK results from the action of the kininase I
on the bradykinin [16]. At this point, the crosslink between the an-
giotensin and the bradykinin pathway has a potential influence in the

pathogenesis of COVID-19.

The hypothesis

Like other virus, SARS-CoV-2 has the ability to enter into the host
cell. It has been reported that the entry of its relative SARS-CoV resulted
from a SARS-S induced TNF-α-converting enzyme (TACE)-dependent
shedding of the ectodomain of ACE2 and the consequent ACE2 down-
regulation, a phenomenon that facilitates viral entry but also induces
tissue damage via TNF-α production [19]. It has been demonstrated
that the recruitment of ACE2 is protectant against lung injury [17]. A
similar pathway may be adopted by SARS-CoV-2, although with a de-
pendence of the cellular serine protease TMPRSS2 for S protein priming
(virus spike proteins). The interaction between SARS-CoV-2 and ACE2
promotes viral attachment to the surface of the target cells and priming
of the viral S protein by a target cell-associated transmembrane serine
protease (TMPRSS2), steps that allow the fusion between the viral and
the target cell membranes, the virus entry into the cell and the down-
regulation of ACE2 [1]. ACE2 down-regulation is also a result of the
proteolysis of the its ectodomain by TMPRSS2, which cleaves ACE2 in
amino acid residues in a different manner than TACE/ADAM17 [20]. It
is probable that a putative SARS-CoV-2-induced ACE2 down-regulation
may be involved in the molecular basis of the severe respiratory distress
caused by SARS-CoV-2. We advocate that the key event in the COVID-
19 may be the interruption of the degradative pathway for angiotensin
II and DABK in virtue of this down-regulated ACE2 (Fig. 2), which
generates a triad of factors including (i) the increased levels of angio-
tensin II, (ii) a decreased production of angiotensin 1–7 and (iii) an

Fig. 1. Role of renin/angiotensin system (RAS) and kallikrein/kinin system (KKS) in body homeostasis. 1) Renin cleaves angiotensinogen producing angiotensin I
(AngI), which is quickly converted to angiotensin II (AngII) by the angiotensin-converting enzyme (ACE). AngII binds to two membrane receptors (AT1 and AT2)
with antagonistic effects on homeostasis. AT1 activation promotes proinflammatory and increase of blood pressure and AT2 activation produces cardioprotective and
anti-inflammatory effects. AT2 is also the target of Angiotensin1-7 (Ang1-7), product of ACE2 enzymatic activity upon AngII, which in turn decreases the con-
centration of AngII. MasR, another Ang1-7 binding site, produces anti-inflammatory, cardioprotective and hypotensive effects. (2) The crosstalk between the two
pathways takes place through the ACEs which have also catabolic activities on bradykinin (BK) and its analog, des-Arg9BK (DABK). BK and DABK are products of
KKS. Through kallikrein, kininogen is cleaved generating BK which is, metabolized to DABK by kininase I. The BKB1R receptor (activated by DABK), in physiological
conditions, has basal activity (constitutive) and promotes vasodilation, but is upregulated in inflammatory conditions, with important effects in this scenario. BKB2R
(activated by BK) is constitutive and participates in the homeostasis of organs such as heart and kidney.
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augmented availability of DABK. Other mechanisms that could be in-
volved in the sequence of these events should be the TMPRSS2 activity
(kallikrein-like effect) upon plasmatic kininogen, since serine proteases
has proteolytic activity upon kininogen, thus enhancing BK and DABK
production [21]. SARS-COV cysteine protease can also have the same
action upon kininogen and requires low pH for this activity, suggesting
these enzymes as candidates for kinin production in a pathophysiolo-
gical environment as shown in Fig. 2 [21,22].

Evaluation of the hypothesis

As angiotensin II degradation occurs via ACE2, a presumed down-
regulation of this enzyme afterwards the infection with SARS-CoV-2
may result in a potential augment in the angiotensin II levels. As de-
picted in Fig. 1, angiotensin II is the major biologically active peptide
belonging the RAS. By acting on AT1 receptors, it promotes effects such
as vasoconstriction and release of the anti-natriuretic hormone aldos-
terone [23]. However, angiotensin II has also AT1-mediated pro-in-
flammatory properties that may contribute to a detrimental role in the
function of the organs in disease [24]. Free radical generation and
mitochondrial dysfunction may constitute part of the potential events
involved with such a detrimental effect. In lungs, angiotensin II acting
on AT1 receptors induces pulmonary edema and impairs lung function
[17]. Neutrophil infiltration in the lung has been associated with the
angiotensin II/AT1 receptor axis, especially concerning the role of TGF-

β1 as a potent profibrotic cytokine downstream angiotensin II (JIA).
In contrast, binding of angiotensin II to AT2 receptors produce, for

instance, vasodilation and decreased cell proliferation [22]. The study
of Imai and collaborators revealed the protector role of angiotensin II
receptor 2 (AT2) by protecting mice from severe acute lung injury in-
duced by acid aspiration or sepsis [17]. By occasion of the SARS-CoV-2
infection (Fig. 2), the protective effects mediated by AT2 receptors
appear surmountable by the pro-inflammatory effects of AT1 receptors
in response to the increased levels of angiotensin II. Nevertheless, the
clinical scenario showed that one third of patients affected by SARS-
CoV-2 had arterial hypertension disease as comorbidity [25]. The use of
AT1 receptor blockers, such as losartan, is a common therapeutic option
against hypertension in these patients, and Gurwitz proposed losartan
as a therapeutic tool for reducing the aggressiveness and mortality from
SARS‐CoV‐2 virus infections [26]. However, Marin raised the concern
that the increased levels of ACE2 in patients treated with drugs that
inhibit this enzyme may favor infection or aggravation of COVID-19
symptoms [27]. Thus, it is probable that other factors of the triad fur-
ther contribute to the inflammatory scenario of COVID-19.

As a negative regulator of many actions of angiotensin II on AT1

receptors, the conversion of angiotensin II into angiotensin 1–7 by
ACE2 (Fig. 1) produces anti-inflammatory and vasodilatory effects
when angiotensin 1–7 binds to its functional receptor Mas (MasR) as
proposed by Santos and collaborators [28]. Evidence exist to suggest
that binding of angiotensin 1–7 to MasR counteracts angiotensin II-

Fig. 2. Role of renin/angiotensin system (RAS) and kallikrein/kinin system (KKS) in pathogenesis of COVID-19. (1) SARS-CoV2 (through spike proteins) binds to
ACE2, mechanism by which it enters the target cell. This action promotes a downlregulation of ACE2 by sequestration and internalization, as well as by cleavage of its
extracellular domain. ACE2′s downregulation causes RAS imbalance, angiotensin II (AngII) accumulation, plus Angiotensin-(1–7) (Ang1-7) decrease, which shifts
AngII binding toward the AT1, leading to pro-inflammatory and cardiovascular injury mechanisms. (2) ACE2 downregulation causes imbalance of the KKS, des-
Arg9BK (DABK) accumulation and BKB1R activation leading to pro-inflammatory repercussions. SARS-CoV2 invasion on the target cell also depends on a TMPRSS2
membrane protease, necessary for the cleavage of its spike protein. Active TMPRSS2 additionally cleaves the kininogen, activating 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 pro-
inflammatory pathway by activating nitric oxide (NO) and prostaglandins (PGs) synthesis. (3) BKB1R is strongly upregulated by inflammatory mediators (mainly
cytokines), rising endothelial permeability and leukocyte migration. A positive feedback loop between BKB1R and cytokines generates cytokines storm, that in turn,
lead the body to a sepsis-like scenario. (4) Kallikrein (from KKS), additionally, causes imbalance of coagulation system by activating factor 12 (FXII) and plasmin. The
two mechanisms contribute to the formation of intravascular microthrombi, observed mainly in the lung tissue. The presence of plasmin increases cleavage of spikes
proteins which boosts SARS-CoV2 virulence.
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mediated apoptosis, angiogenesis, vasoconstriction, and inflammation
in many tissues and organs including the lung. In support of this con-
text, Gheblawi and collaborators highlighted the critical role of ACE2 as
the negative regulator of the RAS by shifting the RAS peptide balance
away from angiotensin II towards angiotensin 1–7 [29]. Contrarily,
treatment with D-Ala-Ang-(1–7), an antagonist of the angiotensin 1–7
on Mas receptor, attenuated the protective effect of ACE2 in mice
subjected to LPS-induced acute lung injury [30].

The third factor is the augmented availability of DABK (Fig. 2). As
cited before, the major role in RAS is the conversion of angiotensin I to
angiotensin II, but ACE is also the enzyme responsible for the de-
gradation of bradykinin, a peptide formed by the activation of the kinin
cascade [31]. The breakdown of bradykinin produces an inactive pep-
tide, a relevant step to cease the actions of bradykinin. Once drugs such
as the antihypertensive drug captopril inhibit ACE, the subsequent ac-
cumulation of bradykinin is involved with dry cough events, one of the
common side effects of ACE inhibitor therapy [32]. Dry cough was
reported in almost 60% of the patients with COVID-19 in Wuhan [26];
and bradykinin is potential candidate to be involved in this signal.

A putative accumulation of bradykinin in COVID-19 by an impaired
degradation by ACE is unlikely, but we hypothesize that SARS-CoV-2
contributes to an augmented production of bradykinin. Niemeyer and
collaborators showed that catalytic activity of papain-like cysteine
proteases are critical to viral replication and may determine the viru-
lence among SARS-coronavirus species [33]. Interestingly, papain-fa-
mily cysteine proteases known as falcipains are found in Plasmodium
falciparum and they have the ability to generate kinins from proteolysis
of high molecular weight kininogen [34]. Such capability to release
kinins suggests that these enzymes may contribute for malaria patho-
physiology and we speculate whether papain-like protease (PLpro)
detected in SARS-CoV-2 by Wu and collaborators may be the source of
the increased levels of bradykinin in COVID-19 [35].

Ferreira and collaborators demonstrated that BK production is an
important step in the activation of a cascade of cytokines that partici-
pate in the inflammatory hyperalgesia [36]. In response to the pro-
duction of bradykinin, release of cytokines such as TNF-α, IL-1β, IL-6
and IL-8 occurs, which would then precede the release of pros-
taglandins, products of the cyclooxygenase [36–39]. In addition, bra-
dykinin is important in the pathophysiology of respiratory diseases such
as asthma and acute respiratory distress syndromes by upregulating
inflammatory mediators, mainly phlogistic cytokines [40].

The major constituent of the third factor of our hypothesis, how-
ever, is the high availability of DABK in virtue of its decreased de-
gradation by a down-regulated ACE2, a metallomonocarboxypeptidase
expressed not only along the respiratory tract in lung alveolar epithelial
cells and in the smooth muscle of blood vessels, but also in the intestine
and kidney (LI). DABK is an active metabolite of bradykinin and pos-
sesses a G protein-coupled receptor B1 (BK1) as the major site of its
action [41]. Sodhi and collaborators reported a similar place of dis-
tribution for BK1 and ACE2, the apical surface of airway epithelial cells,
arrange that would constitute a microenvironment for ACE2 the re-
lationship between DABK/BK1R axis [42]. BK1 receptor has a low ex-
pression under native conditions but may be strongly upregulated by
tissue offense or inflammatory mediators [43]. Sodhi and collaborators
also demonstrated that lacking ACE2 function in an experimental model
of lung injury activated the DABK/BK1 receptor axis with release of
pro-inflammatory chemokines from airway epithelia, neutrophil in-
filtration, lung inflammation and injury [42].

The fourth factor is that probably kininogen/kinin system induction,
both by interaction of SARS-CoV-2 cysteine protease and TMPRSS2
with kininogen, or by early inflammatory response activation of kal-
likrein, additionally can disturb the coagulation system (Fig. 2)
[21,35,44,45]. Indeed, activated factor 12 (FXIIa) from coagulation
cascade induces pre-kallikrein forms plasma kallikrein that reciprocally
activates FXII, generating a positive feedback loop between KKS and
coagulation factors, pushing the system toward thrombus formation

[46]. Miles and Cols (1983) have demonstrated that plasmin (from fi-
brinolytic cascade) is also activated by kallikrein, which, in turns col-
laborates to thrombus formation (via hyperfibrinolys with prolonged
prethrombin time) together with a burst in SARS-CoV2 virulence by
virus S proteins cleavage, recently reviewed by Ji and Cols (2020)
[47,48]. This could explain the evolution of COVID-19, in some sub-
jects, to an aggressive disease with intravascular microthrombi forma-
tion that aggravates lung injury [49]. Non survivors of COVID-19 pre-
sented severe decrease in platelet count and 71.4% of them meet the
criteria from International Society on Thrombosis and Hemostasis
(ISTH) for disseminate intravascular coagulation, suggesting the coex-
istence of coagulation activation and hyperfibrinolysis in patients with
severe COVID-19 infection [48,50].

Consequences of the hypothesis and discussion

Manifestations of Covid-19 include other sites with symptoms at the
digestive tract, kidney, cardiovascular system, sensory perceptions and
at the central nervous system. Several studies have shown that brady-
kinin causes activation of peristalsis and diarrhea by activation of in-
testinal chloride channels [41,51–54]. Murugesan and colleagues
(2016) showed in an experimental model of sepsis that a nonpeptide
BK1 antagonist reduced systemic and tissue inflammatory responses in
the liver and kidneys, and improved overall survival [55].

ACE2 is also expressed in cardiomyocytes, cardiac fibroblasts, and
coronary endothelial cells. Overexpression of ACE2 can prevent or even
reverse the heart failure phenotype, while loss of ACE2 can promote the
development of heart failure [56]. In BK1 receptor knockout mice, at-
tenuation of the cardiac inflammation and fibrosis with improved sys-
tolic and diastolic functions was seen during the development of ex-
perimental diabetic cardiomyopathy when compared to wild type mice
[57]. Deficiency in ACE2 may explain BK and its metabolites such as
DABK surplus on inflammatory intensification instead.

Activation of BK receptors in the medulla oblongata appears to be
related to the appearance of disorders in respiratory rate, and also
disturbances on taste and smell sensation caused by the accumulation
of bradykinin, probably caused by ACE impairment associated with the
use of ACE inhibitors captopril and enalapril [58,59]. Such observations
are in accordance with manifestations related by patients with COVID-
19 [60,61].

Indeed, there is ample evidence of BK's participation in multifaceted
functions over diverse systems (Fig. 3). The symptoms of Covid-19 in-
volve, in some cases, anosmia, in addition to dry cough, diarrhea,
breathing difficulties (possibly aggravated by the effects of ACE2 in-
activation on the CNS) and a pulmonary inflammation that leads to a
dangerous triggered systemic inflammation by a cytokine storm [62].
With all these symptoms, we can make an association between ACE2
inactivation by downregulation and the accumulation of BK, even in the
most dangerous phase of the disease where inflammatory reaction
spreads, leading the patient to death.

Just going back to the 80/90s, reviewing Professor Sérgio Ferreira's
publications on the acute inflammatory potential of bradykinin, we can
visualize this peptide as a robust molecular target for Covid-19. He
would probably look very closely at the relationships compiled here.
Possibly, preventing the increase in DABK (substrate of the notorious
ACE2) or its action on BK1 receptors is a promising route to reverse the
effects of SARS-CoV-2 as soon as possible, avoiding the stage of re-
spiratory failure, pulmonary inflammation and the unpleasant cytokine
storm.

At the beginning of this century, there was an important manifes-
tation of patent deposits aimed at the development of pharmacological
candidates aimed at antagonism of BK1 receptors as a beneficial ap-
plication for pain and inflammation [63,64]. Since the discovery of BK
with Rocha e Silva up to now, it has come a long highway in which
made the connection between basic and clinical science, also has led to
countless findings about the role of this peptide in health and disease
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[65]. Lately, Qadri and Bader (2018) summarized where were drugs
whose aim is the kinin BK1 receptors as a therapeutic target for in-
flammation. They related in most cases the pharmacological inhibition
of BK1 receptor or its genetic deletion was useful for the denouement of
disease in non-clinical models [66]. Then, many companies have de-
veloped BK1 receptor antagonists and tested them in phase I and II
clinical trials. However, none of the developed BK1 receptor antago-
nists was further developed for clinical use.

Kallikrein seem to be another target to be explored, since its im-
pairment can prevent BK and DABK formation and thus BKB1R/in-
flammatory loop activation, as well as the coagulation system disturbs.
In 2009 was approved, by FDA, the kallikrein inhibitor DX-88
(Ecallantide, Dyax Corp.). Ecallantide is a highly specific recombinant
plasma kallikrein inhibitor that halts the production of bradykinin and
analogues. Actually, is one of the few drugs used to treat hereditary
angioedema, a pathological condition provoked by genetic inability to
express C1 protein from Complement System [67].

In the same thinking line, it is known that heparin binds to high
molecular weight kininogen (HK). Binding of heparin to HK is a com-
plex function of Zn2+ interacting with histidine to create high-affinity
binding sites [68]. Thus, heparin administration, plus zinc, could be a
strategy in lowering KKS activation and kinins receptors derived in-
flammatory effects. Heparin could also interfere with the imbalance of
coagulation system related to KKS dysfunction caused by SARS-CoV2
infection. Indeed, autopsies of lung tissue from COVID-19 victims
showed disseminated intravascular coagulation, which has been sup-
posed to aggravate respiratory impairment in advanced disease [49].

In conclusion, our postulation hitched a ride on the history of
Brazilian pharmacology through a hypothetical dialogue between
Ferreira and his physician to try to understand what happens on the
backstage of SARS-CoV-2 infection. Greater attention should be given to
the participation of kallikrein, bradykinin and its metabolite des-Arg9-
BK via BK1 receptors to be verified experimentally by mice infected
with SARS-CoV-2 through non-clinical pharmacological tools and drugs

Fig. 3. Systemic repercussion of angiotensin/kinins systems disfunctions in COVID-19. Dysfunction of the renin/angiotensin and kallikrein/kinin systems by SARS-
CoV2 mainly due to downregulation of angiotensin converting enzyme (ACE2), activation of the kinin cascade, with increased angiotensin II (AngII), bradykinin (BK)
and des-Arg9BK (DABK), leads to pathological repercussions in the most diverse organs. Sustained inflammation, oxidative stress, and intravascular microthrombi
causes symptoms of inflammatory lung disease, shortness of breath, dry cough, dysfunction of smell and taste, changes in central breathing control, cardiovascular
damage, kidney injury, steatosis and liver injury, inflammation, pain and diarrhea in the gastrointestinal tract. Cytokine storm and intravascular microthrombi may
be late events related to COVID-19 mortality.
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