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Coronavirus disease 2019 (COVID-19) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus has taken an
immeasurable toll on humanity, with the number of deaths recently
surpassing 1,588,000 globally and 293,000 in the United States, and
many survivors suffering lingering symptoms and side effects (e.g.,
respiratory issues, post-infection fatigue syndrome, post-intensive care
syndrome, blood clots, muscle aches, and cardiac damage). Even with
this high incidence of morbidity and mortality, clinicians and scientists
are still struggling to understand why some COVID-19 patients are
asymptomatic and others require intensive care.

There has become an increasing appreciation of the vasculature in
COVID-19 pathogenesis, and particularly the endothelium, in many of
the complications that arise [1]. Specifically, endothelial dysfunction
after SARS-CoV-2 infection includes barrier breakdown, leading to tis-
sue edema and infiltration inflammatory cells, activation of intravas-
cular coagulation pathways [2], and endotheliitis [3].

Recently, it has been revealed that the endothelium-dependent
vasodilator, bradykinin, may also be involved [4,5]. Bradykinin, first
discovered by three Brazilian scientists from Bothrops jararaca snake
venom [6], is a downstream product of the kallikrein-kinin system,
generated in the plasma by the proteolytic cleavage of the liver-derived
kininogen by kallikrein serine proteases. Kallikrein exists in two distinct
forms, plasma kallikrein and tissue kallikrein, and are separate gene
products [7]. In fact, these two proteases have little amino acid sequence
homology, even though they have related functions (i.e., cleavage of
kininogens) [7]. Tissue kallikrein is secreted by many cells throughout
the body and initiates the cleavage of predominantly low-molecular
weight kininogen into Lys-bradykinin and then aminopeptidase gener-
ates bradykinin. On the other hand, plasma kallikrein is generated via

intersection with the intrinsic coagulation pathway and cleaves high-
molecular weight kininogen directly into bradykinin. Bradykinin is
subsequently broken down by kininase I and kininase II, the latter also
being known as angiotensin converting enzyme (ACE). Interestingly,
ACE has a higher affinity for bradykinin than it does for angiotensin I [8]
and therefore under conditions where ACE is low, bradykinin is pre-
served and the vasopressor effects of the renin-angiotensin-aldosterone
system (RAAS) are minimized.

Bradykinin and its metabolites act on G protein-coupled receptors,
B1 and B2 to exert vasoactive effects such as vasodilation and increased
vascular permeability. Specifically, bradykinin and Lys-bradykinin are
preferred B2 receptor agonists, where as their degradation metabolites,
des-Arg9-BK and Lys-des-Arg9-BK, respectively, have greater high af-
finity and selectivity for B1 receptor [9] and the B1 receptor shows a
greater preference for des-Arg9-BK than for bradykinin itself [10].

In addition to its role in pressure and fluid homeostasis via its
intersection with the RAAS, bradykinin is part of the inflammatory
response after injury and acts to induce pain [10], neutrophil recruit-
ment, and increases in vascular permeability [11,12]. Specifically, the
B2 receptor has been shown to play a role in the early stages of in-
flammatory pain, while in sustained inflammation the des-Arg9-BK and
B1 receptor activity becomes more important for the hyperalgesia.
Therefore, both the B1 and B2 receptors participate in inflammatory and
pain response depend on stimuli or phase [13].

Recently, an important paper was published by Garvin and col-
leagues in eLife [4] reporting that bronchoalveolar lavage fluid (BALF)
from COVID-19 patients have decreased gene expression of ACE in
combination with increases in ACE2, renin, angiotensin, angiotensin
receptors I and II, kininogen and many kallikrein enzymes that activate
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Fig. 1. Bradykinin signaling after SARS-CoV2 infection in pulmonary arterioles. Recent, high profile publications in eLife [4,5] have revealed that changes in the
renin-angiotensin-aldosterone system after SARS-CoV2 infection could predispose bradykinin storms. Given that bradykinin and its metabolites are well-known
inducers of endothelium-dependent vasodilation, vascular permeability, and pain via the activation of the G protein-coupled receptors Bl and B2, this signaling
could be a novel therapeutic target in the treatment of COVID-19, including lung edema, cardiovascular dysfunction, and thromboembolism.

it, and both bradykinin receptors. As a result, the authors surmised that
this milieu would likely induce a bradykinin storm, subsequently pro-
moting vasodilation, vascular permeability, and hypotension. A possible
source of this bradykinin in BALF from COVID-19 patients could be
bronchiole and alveoli-resident mast cells. It is well known that as tissue
resident granulocytes, mast cells can synthesize bradykinin via the
secretion of heparin, activation of coagulation factor XII, and formation
of plasma kallikrein [14,15]. Therefore, the increase in bradykinin may
be due to the increased mast cells density in the lungs of COVID-19
patients [16].

The work by Garvin et al. expanded on an earlier publication by van
de Veerdonk and colleagues, also published in eLife [5], that hypothe-
sized that the bradykinin metabolite, des-Arg9-BK, could contribute to
the inflammation, vasodilation, vascular permeability via activation of
bradykinin receptors. The hypothesis proposed by van de Veerdonk
et al. is significant because des-Arg9-BK is inactivated by ACE2 [17] and,
in conflict with what was observed by Garvin [4], it has been well
established that membrane bound ACE2 decreases after coronavirus
infection [18]. One possible reason why Garvin measured increased
ACE2 in BALF from COVID-19 patients could be because it is either the
membrane shed form (via ADAM17-mediated proteolytic cleavage) or
the soluble form. Nonetheless, the exact form of ACE2 was not delin-
eated [4].

While the most publicized contribution of the RAAS to SARS-CoV-2
infection has been ACE2 due to its “Trojan Horse” like properties that
allow it and other coronaviruses to enter into host cells [19], the work by
Garvin [4], van de Veerdonk [5], and their colleagues reveal that bra-
dykinin may be an important extension of this system to consider
(Fig. 1). These papers are supported by a more recent single cell tran-
scriptome analysis that observed that the kallikrein-kinin system, the
RAAS, and the coagulation system are all co-expressed with ACE2 in
alveolar cells [20]. These associations could help to explain how
changes in ACE2 promoted by SARS-CoV-2 infection could manifest
some of COVID-19’s most severe clinical symptoms such as, lung edema,

cardiovascular dysfunction, and thromboembolism.
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