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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 infection or COVID-19 has become a worldwide pandemic; however, effective treatment for COVID-

Heart 19 remains to be established. Along with acute respiratory distress syndrome (ARDS), new and old cardiovas-

Hypothalamus cular injuries are important causes of significant morbidity and mortality in COVID-19. Exploring new ap-
Immunology h . di 1 licati . ial i i he di . d
SARS.CoV.5 proaches managing cardiovascular complications is essential in controlling the disease progression an

Vasculature preventing long-term complications. Oxytocin (OXT), an immune-regulating neuropeptide, has recently emerged

as a strong candidate for treatment and prevention of COVID-19 pandemic. OXT carries special functions in
immunologic defense, homeostasis and surveillance. It suppresses neutrophil infiltration and inflammatory
cytokine release, activates T-lymphocytes, and antagonizes negative effects of angiotensin II and other key
pathological events of COVID-19. Additionally, OXT can promote y-interferon expression to inhibit cathepsin L
and increases superoxide dismutase expression to reduce heparin and heparan sulphate fragmentation. Through
these mechanisms, OXT can block viral invasion, suppress cytokine storm, reverse lymphocytopenia, and prevent
progression to ARDS and multiple organ failures. Importantly, besides prevention of metabolic disorders asso-
ciated with atherosclerosis and diabetes mellitus, OXT can protect the heart and vasculature through suppressing
hypertension and brain-heart syndrome, and promoting regeneration of injured cardiomyocytes. Unlike other
therapeutic agents, exogenous OXT can be used safely without the side-effects seen in remdesivir and cortico-
steroid. Importantly, OXT can be mobilized endogenously to prevent pathogenesis of COVID-19. This article
summarizes our current understandings of cardiovascular pathogenesis caused by COVID-19, explores the pro-
tective potentials of OXT against COVID-19-associated cardiovascular diseases, and discusses challenges in
applying OXT in treatment and prevention of COVID-19.

Chemical compounds: Angiotensin-converting enzyme 2 (ACE2); atrial natriuretic peptide (ANP); cathepsin L;
heparan sulphate proteoglycans (HSPGs); interferon; interleukin; oxytocin; superoxide dismutase; trans-
membrane serine protease isoform 2 (TMPRSS2).

1. Introduction

The outbreak of a novel coronavirus (SARS-CoV-2) infection (i.e.
COVID-19) has become a worldwide pandemic since December 2019.
The number of confirmed cases of COVID-19 in the world is >95.4
million including ~2 million deaths as of January 17, 2021 (htt
ps://www.worldometers.info/coronavirus/). The disease carries a
high mortality among those who are older, immune-suppressed, or with
underlying co-morbidities, predisposing them to acute respiratory
distress syndrome (ARDS), cardiovascular (CV) complications, and

multi-organ failure [1,2]. Given the medical emergency of a rapidly
spreading contagion, its unpredictable nature with continuous viral
mutations, lack of effective treatments, and current lack of data for long-
term effects of vaccines [3-5], novel strategies to prevent its infection
and improve survival rate among infected patients are urgently needed.

Among many potential treatments, oxytocin (OXT), a classical hy-
pothalamic neuropeptide with pleiotropic actions [6], has emerged as a
strong candidate against COVID-19. Moreover, evidences have emerged
showing the CV protective effects of OXT [7] by targeting many key
pathogenetic events in COVID-19. This is critical as CV complications
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contribute to significant morbidity and mortality among COVID-19 pa-
tients [8-10]. This article summarizes our current understandings of
potential roles of OXT in prevention and treatment of CV complications
in COVID-19.

2. Pathogenesis of COVID-19
2.1. Symptoms and clinical manifestations

Despite many asymptomatic cases, those with symptoms often pre-
sent with fever, cough, fatigue, anosmia or hyposmia, nausea, and
anorexia. Factors that are associated with mortality include male sex,
advanced age, cytokine storm, ARDS, acute cardiac injury, acute kidney
injury and the presence of comorbidities including hypertension, dia-
betes mellitus, CV diseases, and cerebrovascular diseases [11,12]. Pa-
tients often exhibit ground-glass opacity on chest computed tomography
[13], troponinemia [14], increased cytokines, and lymphocytopenia
[15] as well as hypometabolism in many brain regions including the
hypothalamus [16]. All of these findings indicate the involvement of
multiple organ systems.

2.2. Immunological disorders

The pathogenesis of COVID-19 involves dysfunction in immunolog-
ical homeostasis, fibrinolysis, vessel contractility, inflammation, oxida-
tive stress, and vascular permeability, etc. [1]. As reported, COVID-19
patients carry high levels of pro-inflammatory cytokines including
interleukin (IL)-6 and tumor necrosis factor-a, atrophy of spleen and
lymph nodes, higher neutrophil count and lower number of other types
of leukocytes, particularly T-lymphocytes [17]. This compromised im-
mune system causes destruction of pneumocytes following the invasion
of SARS-CoV-2, which in turn increases neutrophil infiltration and even
leads to the fatal “cytokine storm.” That is, an uncontrolled and exces-
sive release of pro-inflammatory cytokines that causes autoimmune self-
destructive response. The cytokine storm contributes to severe ARDS,
multiple organ failure and eventually fatality [18]. For instance, IL-1
induces a significant number of metabolic and hematological changes
such as hypotension, endothelial dysfunction, macrophage intervention
and increased protein leakage from blood vessels, venous thromboem-
bolism and shock [19]. The same importance applies to lymphocyto-
penia. For example, thymosin ol supplement significantly reduces
mortality of severe COVID-19 patients with the counts of CD8+ and
CD4+ T cells in circulation lower than 400/pL and 650/pL, respectively.
This is because thymosin ol reverses T cell exhaustion and improves
immune reconstitution by promoting thymus output during SARS-CoV-2
infection [20]. Thus, suppressing sustained release of cytokines and
inflammatory response, and promoting T-lymphocyte functions are the
essential therapeutic strategy to treat COVID-19 patients.

2.3. SARS-CoV-2 entry of cells

SARS-CoV-2 entry of host cells could involve host cell membrane-
bound angiotensin-converting enzyme 2 (ACE2), transmembrane
serine protease isoform 2 (TMPRSS2), lysosomal endopeptidase
cathepsin L, and membrane bound heparan sulphate proteoglycans
(HSPGs) and others [21]. As the receptor for SARS-CoV-2, ACE2 is
present on the surface of lung alveolar epithelial cells, enterocytes of the
small intestine, renal tubules, heart, arterial and venous endothelial
cells, arterial smooth muscle cells, cerebral neurons and monocytes/
macrophages [22,23]. Spike proteins give SARS-CoV-2 the ability for
cellular infection [24], as human immunodeficiency virus (HIV) does
[25]. SARS-CoV-2 enters human ACE2-expressing cells mainly via
endocytosis, in which cathepsin L and other components are critical
[26]. TMPRSS2 primes the viral spike protein in order to facilitate ACE2-
mediated viral entry and extra-pulmonary spread [27]. Besides
TMPRSS2, HSPGs are cell surface receptors that assist ACE2 in
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endocytosis-mediated coronavirus entry [28]. Thus, multiple cellular
components are involved in the invasion of SARS-CoV-2 and can be
potential targets in the treatment.

2.4. ACE2 loss and AT II effects

SARS-CoV-2 invasion destroys infected cells and reduces ACE2 ac-
tivity. Resultantly, the capacity of ACE2 to convert angiotensin II (AT II)
into inactive AT 1-7 decreases, which causes elevation of serum AT II
levels, neutrophil accumulation, vascular hyper-permeability, and pul-
monary edema seen in ARDS [29]. Infusion of ACE2 in ARDS patients
can decrease AT II and IL-6 levels, and increase surfactant protein,
thereby exerting protective functions [30]. Blocking viral endocytosis
and excessive AT II actions are alternative measures for controlling the
pathogenesis.

3. COVID-19 and CV complications
3.1. CV complications

CV disease represents a common comorbidity predisposing COVID-
19 patients to high mortality [8-10]. The complications include acute
cardiac injury, myocarditis, fibrosis, fulminant myocarditis rapidly
evolving into depressed systolic left ventricular function, arrhythmias,
hypercoagulable state, venous thromboembolism, and cardiomyopa-
thies mimicking ST-elevation myocardial infarction [14,31]. Acute
cardiac injury is commonly observed in severe cases and is strongly
associated with mortality [11]. It is important to note that COVID-19
patients often carry pre-existing CV comorbidities. Among 45 studies
including 14,358 adult participants, prevalent comorbidities are hy-
pertension (19.1%), CV disease (17.9%), endocrine disorder (9.3%) and
diabetes (9.2%) [13]. Patients with pre-existing conditions may face a
greater risk of developing into the severe condition. Thus, old and new
CV complications are worthy of special attention in COVID-19 patients.

3.2. Dissemination via endothelium of blood vessels

In the dissemination of SARS-CoV-2 from the lung to multiple organs,
endothelial dysfunction of the CV system is a common cause. After
infecting respiratory epithelial cells, SARS-CoV-2 gets into the circula-
tion through endothelial cells of blood vessels in the lung and then enters
tissues through the endothelial cells in capillaries again. COVID-19 pa-
tients exhibit abnormalities in the vascular endothelium, which alter the
blood flow, and evoke platelet function abnormalities and hyper-
viscosity [32]. The endothelial dysfunction and damage cause release
of procoagulant components, which together with hypoxia, immune
reactions and hypercoagulability contributes to thrombogenesis [33].
Thus, endothelium is a critical barrier in COVID-19 transmission and
dissemination.

3.3. Mechanisms underlying CV injuries

CV injuries from viral infection are also mediated by ACE2 and
cathepsin L [34]. In adult human heart, pericytes with high-expression
of ACE2 serve as target cardiac cells for SARS-CoV-2. Infection in peri-
cytes results in dysfunction of capillary endothelial cells and microvas-
cular dysfunction. Patients with heart failure show increased ACE2
expression at both mRNA and protein levels [35]. Among patients with
diabetes and CV disease, the expression levels of TMPRSS2 are elevated
significantly in comparison to healthy individuals. Additionally,
expression of viral entry-related genes is increased in the settings of
hypertension across target organ systems [21]. Thus, if infected by the
virus, these patients may have higher risk of CV complications and
progression to critically-ill condition.

The etiology of CV injuries seems to be multifactorial including
direct viral myocardial damage, hypoxia, hypoperfusion, enhanced
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Fig. 1. General protective functions of oxytocin (OXT) on the activity of cardiovascular system (CVS) and OXT-associated cardiovascular injuries evoked by SARS-
CoV-2. A. General protective functions of OXT on CVS activity. B. Mechanisms underlying cardiovascular injuries in association with potentially abnormal activity of
OXT/OXT receptor signaling events in COVID-19 patients. Abbreviations: 3rd V, the third ventricle; ACE2, angiotensin-converting enzyme 2; ANP, atrial natriuretic
peptide; AT II, angiotensin II; ARDS, acute respiratory distress syndrome; BBB, blood-brain barrier; CRH, corticotropin-releasing hormone; E,, 17p-estradiol; GnRH,
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OBs, olfactory bulbs; T, testosterone; T3, triiodothyronine; T-cells, T-lymphocytes; TRH, thyrotropin-releasing hormone.

inflammatory state, ACE2 down-regulation, drug toxicity, endogenous
catecholamine adrenergic status and others [36]. In SARS-CoV-2 infec-
ted human, pluripotent stem cell-derived cardiomyocytes, double-
stranded viral RNA and viral spike protein expressions are detected in
intracellular space. In addition, viral spike protein and particles are
present in living human heart slices after infection with SARS-CoV-2,
which induces cytotoxic and proapoptotic reaction and abolishes car-
diomyocyte activities. The subsequent virus-mediated myocardial injury
is closely related to inflammatory hyperactivity. For example, cardiac
injury is significantly associated with inflammation biomarkers such as
IL-6, C-reactive protein, hyperferritinemia, and leukocytosis along with
elevated troponin I levels [31]. Direct cardiac injury following viral
entry through ACE2 receptors is closely associated with cytokine storm
[371. One of the currently used treatments, remdesivir, has been shown
to inhibit viral infection of cardiomyocytes [34,38]. These findings
highlight the key role of viral injury in initiating the CV pathogenesis in
COVID-19 patients.

Further study also reveals that lung pathology can cause CV mal-
functions. Clinical and experimental observations have shown that loss
of ACE2 function aggravates pulmonary hypertension while restoring
ACE2 function exerts protection on cardiopulmonary circulation. In
addition, SARS-CoV-2 tropism and its interaction with the renin-
angiotensin-aldosterone system (RAAS), through ACE2 receptor, may
enhance inflammation response and cardiac aggression [31]. Lastly,
SARS-CoV-2 infection can lead to right heart dysfunction by inducing
pulmonary hypertension, pulmonary embolism, and ARDS.

4. Effects of OXT on CV activity

OXT, a nonapeptide synthesized in hypothalamic magnocellular
neuroendocrine cells in the supraoptic and paraventricular nuclei (SON
and PVN), is a well-known humoral factor regulating parturition and
lactation [6,39]. In the brain, OXT terminals are found on large intra-
cerebral arteries [40]. OXT-containing neural fibers are present in pia-
arachnoids, blood vessels at the base of the brain and over the dorsal
surface [41]. Thus, OXT can regulate cerebral blood flow directly.
Moreover, OXT and OXT receptor (OTR) are identified in the pulmonary
artery, vena cava and aorta of rats, dogs and sheep [42] as well as car-
diac cells in rats [43] and endothelial cells of human umbilical vein
endothelial cells [44]. They allow OXT to regulate CV activity at pe-
ripheral sites as well.

4.1. General effects of OXT on CV activity

OXT can modulate CV activity including the development of car-
diomyocytes, ionotropic and chronotropic effects, dual role in cardiac
output, endocrine activity (e.g. secretion of atrial natriuretic peptide,
ANP) and direct cardioprotection [7].

In general, OXT exerts negative chronotropic and ionotropic effects
on cardiac activity. OXT can reduce heart rate and cardiac contractility
by activating intrinsic cardiac cholinergic neurons of the vagus and
promoting nitric oxide (NO) production. This is because atropine and
NO synthase inhibitor, L-NAME, can significantly inhibit this OXT effect
[45]. Consistently, in OXT knockout mice, there were mild hypotension,
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higher sympathetic tone and higher heart rate [46], indicating activa-
tion of sympathetic outflow. At higher concentrations, OXT can directly
reduce left ventricle pressure and heart rate in isolated rat hearts and
decrease mean artery pressure in rats, which could involve the action of
ANP [47]. Thus, OXT participates in the maintenance of tonic blood
pressure and suppression of sympathetic reserve.

OXT can protect the CV system from social stress damages or the
brain-heart syndrome via neural and endocrine approaches. Social stress
is important etiology of CV malfunctions because it can disrupt normal
behavior, neuroendocrine, and autonomic responses. By facilitating
positive social interactions, suppressing sympathetic outflow and
reducing fear and anxiety, OXT can counteract the deleterious effects of
social stress and its associated unhealthy life-style, hypertension, and
coronary artery diseases [48,49].

Another approach for OXT protection is its influencing the secretion
of many cytokines [50,51]. For example, OXT infusion dose-
dependently increases plasma ANP concentration as much as 4-fold
after 20 min. ANP produced in the right atrium can prevent reperfu-
sion arrhythmia and maintain ATP production in ischemic tissue while
facilitating Na™ excretion to reduce after-load and blood pressure [52].
Moreover, OXT can suppress the activity of hypothalamic-pituitary-
adrenocortical axis [53], and reduce the release of stress hormone.
Through these approaches, OXT can reduce heart rate and blood pres-
sure while increasing the reserve of cardiac output, thereby exerting CV
protective effects.

4.2. Suppressing pathogenesis underlying CV diseases by OXT

OXT is a well-documented hormone of CV protection [54,55]. For
example, in rats with myocardial infarction, OXT infusion results in
suppression of inflammation by reducing neutrophils and macrophages,
depressing the expression of tumor necrosis factor-o and IL-6, promoting
transforming growth factor-p and reducing apoptosis and fibrotic de-
posits [56]. In rabbits of myocardial infarction and reperfusion, OXT
treatment significantly improves left ventricular function, reduces
infarct size, and increases the number of CD31-positive microvessels.
These effects are associated with increased expression of OTR, pro-
survival signals, and antifibrotic and angiogenic signals like
phosphorylated-Akt protein kinase, phosphorylated-endothelial NO
synthase, and vascular endothelial growth factor [57]. In addition, OXT
can reduce oxygen consumption by its negative chronotropic and ion-
otropic effects and protect the heart from ischemia/reperfusion injuries.
These facts support that OXT can be a potential treatment in patients
with CV complications.

The protective effects of OXT can also be achieved through central
approach. In a rat model of trans-ascending aortic constriction-induced
left ventricular hypertrophy and heart failure, chronic activation of
hypothalamic OXT neurons in the PVN to elevate parasympathetic tone
can improve cardiac function, reduce IL-1p expression and lower
myocardial collagen density (an indicator of cardiac fibrosis) as well as
heart rate sensitivity to p-adrenergic stimulation [58]. Intra-
cerebroventricular infusion of OXT or centrally released OXT can induce
a preconditioning effect in ischemic-reperfused rat heart via brain OTR
[59].

In OXT protection of the CV system, endothelial cells are an impor-
tant target. OXT can elicit mesenchymal cells to express endothelial cell
markers [60] and promote proliferation and migration of human dermal
microvascular endothelial cells [61]. OXT is necessary for the formation
of neurovascular interface in the pituitary by affecting endothelial
morphogenesis [62]. In the posterior pituitary, OXT-containing axonal
terminals express vascular endothelial growth factor A that can cause
active proliferation of endothelial cells [63]. By protecting endothelial
cells in blood vessels and stabilizing anticoagulant heparan [64], OXT
could reduce the formation of thromboembolism and atherosclerosis
while blocking pathogen invasion. Fig. 1 summarizes the CV protective
effects and potential involvement of OXT in COVID-19-associated CV
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diseases.
5. OXT functions against COVID-19-associated CV injuries

The OXT-secreting system is considered as the higher neuroendo-
crine regulation center of the immune system [50,51] and key protective
factor of CV system. Interruption of this system by COVID-19 partially
accounts for the CV complications while reviving the OXT-secreting
system or supplying OXT becomes a feasible strategy of inhibiting the
pathogenesis of CV manifestations in COVID-19.

5.1. Evidence suggesting OXT involvement in COVID-19

The pathological changes in CV system of COVID-19 patients could
result from dysfunction of the OXT-secreting system. In epidemiology,
the decline in OXT and OTR with aging is likely responsible for the
increased incidence of CV diseases since weakened OTR signaling can
accelerate inflammatory and oxidative injuries, particularly among
menopausal women [53,65]. In aged man, OXT secretion is also
reduced, which is in parallel with increased incidence of hypertension,
coronary artery disease, diabetes and cerebrovascular diseases. These
diseases are also the common comorbidities that increase susceptibility
to COVID-19 [11]. Consistently, plasma OXT level experiences a 3-fold
decline in aged mice compared with young, and this decline is accom-
panied by similar decrease in OTR levels in muscle stem cells [66]. By
contrast, exogenous estrogen application can increase OXT secretion,
OTR mRNA expression in mouse brain [67], and intracardiac OTR
signaling [68], which simulates the physiology of young women who are
less susceptible than menopausal women to COVID-19. In addition,
melatonin, a pineal hormone that has remarkable anti-inflammatory
effects and can antagonize various viral infections including COVID-19
[69], can also regulate OXT release [70]. Thus, the susceptibility to
COVID-19 is highly correlated with the activity of the OXT-secreting
system.

In COVID-19 patients, there is also evidence indicating involvement
of the hypothalamic-pituitary system. In two SARS-CoV-2 infected pa-
tients, the mammillary bodies and hypothalamus carried T2-
hyperintensity, the pituitary gland was enlarged, and the upper pitui-
tary stalk seemed globular in sagittal fluid-attenuated inversion recov-
ery [71]. Since the mammillary bodies function as the upstream center
of OXT neuronal activity, particularly its release in a pulsatile pattern
[72], viral infection of the mammillary bodies unavoidably changes the
downstream OXT neuronal activity and OXT secretion. In COVID-19
patients, many brain areas innervated by olfactory bulbs including the
hypothalamus showed hypometabolism in '®F-FDG positron emission
tomography scans [16], suggesting low activity of olfaction-associated
hypothalamic neuroendocrine processes. It is also reported that activa-
tion of ACE2 in the PVN increases neuronal NO synthase and NO pro-
duction, which can increase sympatho-inhibitory GABA activity and
decrease sympatho-excitatory AT II signaling and glutamate activity
[73]. ACE2 can reduce oxidative stress and cyclooxygenase-mediated
neuroinflammation, increase antioxidant and NO signaling, and atten-
uate the development of neurogenic hypertension [74]. Studies on
pathological changes in the hypothalamus of SARS-CoV-associated dis-
eases also support the involvement of the hypothalamic neuroendocrine
system in COVID-19. For example, in autopsies of 8 SARS patients,
SARS-CoV was identified in the cytoplasm of numerous neurons in the
hypothalamus and cortex [75]. In post-mortem tissues from HIV pa-
tients, OXT immunoreactivity in hypothalamic neurons decreased
significantly [76]. Since these viruses use the same mechanisms of
cellular infection and disruption as SARS-CoV-2 does, disruption of
endogenous OXT production could be one etiology leading to the pro-
gression of COVID-19.

Involvement of the neuroendocrine hypothalamus is also supported
by findings of endocrine disorders in COVID-19 patients as well.
Testosterone and estrogen can increase the expression of ACE2, whereas
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serum total testosterone level is significantly decreased in COVID-19
patients [77]. This can result from the malfunction of sex glands as
well as hypothalamic gonadotropin-releasing hormone. Levels of thy-
roid stimulating hormone and serum total triiodothyronine of COVID-19
patients are significantly lower than those of the healthy control group
and non-COVID-19 pneumonia patients [78], which likely worsens the
hypometabolism of the hypothalamus [16]. COVID-19 patients also
have lower circulating levels of natriuretic peptides [79]. Since ANP is
under facilitatory regulation of OXT, its reduction manifests that OXT or
OTR signaling is reduced in COVID-19. In addition, systemic OXT levels
are significantly suppressed following a peripheral infusion of AT II
[80]. Since AT II is increased due to the reduction of ACE2, which can
also reduce OXT secretion in COVID-19 patients. Decreases in these
hypothalamus- and pituitary-associated hormones are in agreement
with the hypometabolism found in the hypothalamus and pathological
manifestations in COVID-19 patients [16,81], and they together indicate
suppression of the hypothalamic neuroendocrine activity including the
OXT-secreting system.

It is likely that SARS-CoV-2 enters the brain from the nose to the
olfactory bulbs, and then infects neurons in the hypothalamus via the
olfactory nerve [16]. The olfactory bulb involvement is supported by the
high rates of anosmia or hyposmia in patients with COVID-19 [81] and
by neural connections between the olfactory bulb and SON [82].
Alternatively, SARS-CoV-2 in the blood can enter the hypothalamus and
pituitary through fenestrated capillaries of blood-brain barrier around
the third ventricle and pituitary [83]. Direct evaluation of plasma OXT
levels and examination of hypothalamic histology of COVID-19 patients
are needed to further clarify this association.

5.2. Suppression of immunological disorders by OXT

Cytokine storm and lymphocytopenia are two major features of
immunological disorders among COVID-19 patients. OXT has the po-
tential to suppress cytokine storm. Diffuse pneumocyte and alveolar
damage with pulmonary edema, proteinaceous exudate, inflammatory
cell infiltrates, and release of pro-inflammatory cytokines can lead to
cytokine storm [84]. This process can be suppressed by OXT adminis-
tration. As shown in animal studies, exogenous OXT can decrease levels
of IL-1p, IL-6, IL-18, and myeloperoxidase as well as incidence of acute
lung injury in mice induced by lipopolysaccharide, an endotoxin [85].
OXT can downregulate neutrophil chemotactic molecules and myocar-
dial neutrophil infiltration, and prevent myocardial injury by reducing
inflammatory reaction, reactive oxygen species, and apoptosis caused by
neutrophils [86]. In both smooth muscle and vascular endothelial cells,
OXT can inhibit oxidative stress and pro-inflammatory cytokine release
[87,88], thereby attenuating the cytokine storm and inflammation.

Additionally, OXT has the potential to block SARS-CoV-2 infection of
cells and reduce SARS-CoV-2 loads. OXT can induce y-interferon
expression as shown in mouse spleen cell cultures [89]. Interferons can
reduce viral infections by producing y-interferon-inducible lysosomal
thiol reductase that restricts the entry of selected enveloped RNA viruses
via disrupting cathepsin L metabolism [90]. This potential of OXT is
supported by the fact that at 24-h following weaning of suckling when
OXT levels and pulsatility reduce, cathepsin L and cell apoptosis increase
dramatically in mouse mammary glands [91]. Another potential
approach of OXT blocking SARS-CoV-2 infection is its blocking HSPGs-
mediated viral infection. OXT can induce the expression of extracellular
superoxide dismutase [92], an antioxidant enzyme that has been shown
to protect tissues from reactive oxygen species-induced heparin and
heparan sulphate fragmentation, and thus the subsequent neutrophil
chemotaxis [64]. Importantly, heparin and heparan sulphate can
antagonize the binding of SARS-CoV-2 to HSPGs and block their cellular
internalization [93]. Through these approaches, OXT has the potential
to prevent SARS-CoV-2 entry and disruption of cells.

OXT can also reduce viral load by reversing lymphocytopenia. As
reported, OXT acts on OTR in the thymus to promote the differentiation
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of T-lymphocytes [94]. OXT elicits a functional intracellular [Ca®™]
response in T-lymphocytes to activate resident T-lymphocytes [95]. In
women infected with HIV that has spike proteins highly homologous to
COVID-19, high-level of OXT was associated with a positive correlation
between stress and CD4 cell counts [96]. In a recent study, OXT was
found to be more effective than hydroxychloroquine or lopinavir in
modulating inflammation, and enhancing T-lymphocyte activation [97].
These findings suggest that OXT can prevent or alleviate lymphocyto-
penia in COVID-19 patients and thus reduce SARS-CoV-2 load, making
OXT an ideal candidate for treatment of COVID-19.

5.3. Alleviating CV pathogenesis by increasing endothelial integrity

Besides immunological modulation, OXT may reduce CV injury from
COVID-19 by increasing cellular integrity, particularly endothelium.
First, OXT can prevent ACE2 loss by increasing T-lymphocytes that can
in turn reduce SARS-CoV-2 viral load and cellular injuries [98]. Second,
OXT maintains cell integrity by reducing neutrophil-mediated inflam-
matory injury and cardiac apoptosis [99]. Third, OXT may protect
endothelial cells by increasing vascular endothelial growth factor [57]
and promoting angiogenesis [44]. Fourth, OXT antagonizes the adverse
effect of AT II on the CV system by increasing ANP production [7]. ANP
can reduce renin and thus AT II activity in the RAAS, thus reducing
damages in endothelial, pulmonary, and CV systems from COVID-19
[79]. Fifth, OXT can activate brainstem vagal neurons to increase
parasympathetic output while decreasing RAAS activity [100] driven by
sympathetic outflow [101] that are activated during COVID-19 [102].
Lastly, OXT can inhibit carbonic anhydrase activity that is associated
with hypoxic pulmonary vasoconstriction, pulmonary hypertension
right ventricle hypertrophy and fibrosis among COVID-19 patients
[103]. While direct evidence on OXT modulation of ACE2 and AT II
remains to be collected, OXT can be used to antagonize AT II effects in
COVID-19 patients.

5.4. Suppression of COVID-19-associated CV injuries

CV system is a major target of COVID-19 that causes myocardial
infarction, fulminant myocarditis, heart failure, arrhythmias, venous
thromboembolism, and cardiomyopathies [14,31,104,105]. OXT exerts
cardioprotective functions by reducing inflammation and cardiac
fibrosis, improving left ventricular function, enhancing pro-survival ki-
nases, elevating parasympathetic tone, reducing the infarct size, and
protecting the heart from myocardial injury [7]. For example, OXT pre-
treatment inhibits the degranulation of cardiac mast cells induced by
ischemia and reperfusion injury, and down-regulates the expression of
inflammatory factors [106]. OXT also functions as an anti-arrhythmic
agent. For example, acute myocardial ischemia is accompanied by a
rapid increase in electrical instability and often fatal ventricular ar-
rhythmias. OXT can cause a significant and biphasic dose-dependent
reduction in ectopic heart activity and arrhythmia score [107]. Intra-
nasal application of OXT significantly reduces brain infarction and
maintains the integrity of the blood-brain barrier in mice [108] and rats
[109] undergoing transient middle cerebral artery occlusion. Addi-
tionally, OXT can promote angiogenesis, regeneration of car-
diomyocytes, resistance to apoptosis and cardiac fibrosis [58]. For these
reasons, OXT is able to increase the integrity of endothelial cells and
thus, reduce the occurrence of thromboembolism. Furthermore, OXT
significantly suppresses oxidized low-density lipoprotein-induced
attachment of spontaneously immortalized THP-1 monocytes to human
brain microvascular endothelial cells by reducing the expression of
adhesion molecules, such as vascular cell adhesion protein 1 and E-
selectin [110]. Thus, OXT carries the capacity to protect CV functions at
all levels from COVID-19 injuries.
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5.5. Weakening pre-existing comorbidities of COVID-19

Many COVID-19 patients have pre-existing comorbidities including
hypertension, CV disease, endocrine disorder and diabetes. These
comorbidities, particularly CV diseases, increase the morbidity and
mortality of COVID-19 [3,11,104,111]. Inhibiting or improving these
pre-existing conditions is important for reducing COVID-19 morbidity
and mortality and thus, we further discuss the role of OXT in stabiliza-
tion of these conditions.

5.5.1. Prevention of obesity, atherosclerosis and their complications
Metabolic and immunological disorders are essential etiologies un-
derlying obesity, atherosclerosis and the associated diseases, such as
hypertension, coronary artery disease and ischemic stroke [112]. OXT
does not only carry anti-inflammatory effects as stated above but also
reduces hyperlipidemia, an essential metabolic disorder for obesity and
atherosclerosis. As reported, serum OXT levels were low in obese person
[113]; OXT- or OTR-deficient mice developed late-onset obesity [114].
In response to subcutaneous injection of OXT, cholesterol levels
decreased in rats [115]. Chronic OXT application also reduced weight
gain in diet-induced obese mice and rats; chronic subcutaneous or
intranasal OXT treatment was sufficient to elicit body weight loss in
obese humans [116]. Thus, OXT may reduce individual susceptibility to
COVID-19 by suppressing obesity, atherosclerosis and its complications.

5.5.2. Prevention of hypertension

OXT has the potential to inhibit the development of hypertension. In
hypertensive rats, OXT and OXT mRNA expressions are reduced in the
hypothalamus whereas, OXT injected subcutaneously or intra-
cerebroventricularly for 5 days can significantly decrease blood pressure
in rats [117]. Centrally released OXT can significantly reduce blood
pressure and heart rate and antagonize acute stress-induced CV re-
sponses [118]. Moreover, chronic activation of OXT neurons restores the
release of OXT from PVN neural fibers in the dorsal motor nucleus of the
vagus, and prevents chronic intermittent hypoxia-evoked hypertension
[119]. Based on these findings, we believe that OXT can exert anti-
hypertensive effects through both central and peripheral approaches.

5.5.3. Anti-diabetic effects

Population with diabetes mellitus has high prevalence of CV diseases
[120] and high susceptibility to COVID-19. In patients with type 2
diabetes mellitus, serum OXT levels are relatively low [113]. In a mouse
model of type 2 diabetes mellitus, OXT, OTRs, ANP, and endothelial NO
synthase gene expressions in the heart are low [121]. In fasting men,
intranasal OXT application can attenuate the peak excursion of plasma
glucose [122]. Mechanistically, OTR signaling attenuates the death of
beta cells in pancreatic islets exposed to cytotoxic stresses [123] and
increases beta-cell response to the glucose challenge [122]. Further-
more, OXT can promote glucose uptake in cultured cardiomyocytes from
newborn and adult rats [124], in myocardial cells during hypoxia [125]
and in mesenchymal stem cells [126]. These facts indicate that OXT
plays a significant role in the regulation of glucose metabolism and can
prevent development and progression of diabetes mellitus. Thus, OXT
could be used to reduce COVID-19 morbidity through glycemic control
and stabilization.

5.5.4. Anti-social stress

Anxiety and panic are common responses in COVID-19 patients
especially with ARDS [127]. OXT can reduce the expression of panic-
related behaviors (e.g. fear and escape) by acting on the medial amyg-
dala and the dorsal periaqueductal gray as previously reviewed [51].
OXT is positively associated with diminished stress among securely
attached participants and can attenuate perception of stress due to
adverse life events in old age [128]. In stroke, social pairing in adult
mice enhances hypothalamic OXT gene expression and leads to smaller
infarct size by reducing neuroinflammation and oxidative stress [112].
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OXT can reduce stress-elicited neuroendocrine, autonomic, and behav-
ioral responses [53], which can be used to prevent the brain-heart
syndrome [129]. In addition, OXT also has anti-depressive effects
[130] and may be used to relieve social isolation-associated depression
in COVID-19 patients [48]. Thus, OXT/OTR signaling contributes to
cardio-protection through diverse approaches in COVID-19.

6. Further questions about CV protective potential of OXT in
COVID-19

In prevention and treatment of COVID-19, particularly the CV
complications, OXT or OTR agonist is an ideal candidate for clinical
trials. The following questions should be considered before its trials in
management of COVID-19.

6.1. Platelet aggregation and thrombosis

Some observations suggest that OXT can promote platelet aggrega-
tion. For example, inducing labor by using OXT tends to increase platelet
aggregation and decrease disaggregation [131]; synthetic poly-
phosphate can inhibit OXT-induced platelet aggregation by reducing
platelet Ca2t levels and inhibiting the thromboxane A2 signaling
pathway [132]. Notably, OXT has different effects on ADP-induced
platelet aggregation at different reproductive states. That is, the aggre-
gation is potentiated at low (<200 nM) and inhibited at high (>400 nM)
ADP concentrations in nonpregnant women; in pregnant women, OXT
does not modulate ADP-induced platelet aggregation [133]. Since most
of these observations are associated with parturition and depending on
the doses of OXT applied, the pro-coagulation effect of OXT may facil-
itate homeostasis during parturition. In contrast, OXT generally protects
endothelial cells from immunological injuries [110], increases antico-
agulant heparan sulphate stability, and reduces adhesion molecules
[110], and thus could reduce the formation of thrombosis. These facts
support the possibility that OXT may reduce the pro-thrombotic state in
non-pregnant COVID-19 patients.

6.2. Biomarker or inducer of CV injuries

While OXT exhibits extensive protective potentials for CV compli-
cations in COVID-19, there are some observations showing controversial
results about OXT protection of CV system. For example, left coronary
artery ligation-induced myocardial infarction in rats increased OXT
release, which was inhibited by melatonin [134], an agent having CV
protective function. Acute myocardial infarction can increase brain
release of OXT in the PVN which mediates sympatho-excitatory re-
sponses and the production of proinflammatory cytokines in rats [135].
Various stressors can provoke sudden CV effects and trigger the release
of OXT in rats. However, administration of exogenous OXT on the
ischemic-reperfused isolated heart of rats still reduced infarct size, levels
of creatine kinase MB isoenzyme and lactate dehydrogenase in coronary
effluent, and severity of ischemia and reperfusion injury [136]. As for
the inhibition of OXT level by the CV protective melatonin [137], this
effect is likely due to dose-dependent effects of melatonin on OXT
secretion [70]. Taken together, these findings support that OXT is crit-
ical in immunologic surveillance [50] and the increased OXT levels
function as a compensatory reaction to the acute hypoxia injury.

Another question is whether cardiac-specific over-expression of OTR
is beneficial to myocardial functions. In mice with cardiac-specific over-
expression of OTR, the left ventricular function was reduced, end-
diastolic volume was larger and mortality was high along with cardiac
fibrosis, atrial thrombus, and increased expression of pro-fibrogenic
genes [138]. Interestingly, in rat dams separated from her pups, hypo-
thalamic OXT secretion increased; however, plasma OXT levels were
low. This is due to that over-activation of OTR signaling causes post-
excitation inhibition and a subsequent reduction of the secretory ac-
tivity of OXT neurons [130,139]. Thus, it is possible that over-expression
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or over-activation of OTR exerts an effect opposite to the physiological
effect although normal OTR signaling is essential for CV protection.

The third question is about the effect of OXT on renin secretion. In
denervated kidney, direct infusion of OXT can significantly increase
renin secretion from the kidneys in association with the activation of
B-adrenoceptors [140]. This effect is likely due to that the denervation of
sympathetic nerve increases the expression of p-adrenoceptors or its
sensitivity to adrenergic agonist, which amplifies a weaker OXT effects
on renin secretion without the antagonism of secondary ANP release
from the atrium and inhibition of sympathetic outflows from the PVN by
OXT in vivo. As a whole, OXT increase during acute CV injuries can be
viewed as a biomarker of cardiac stresses and a compensatory reaction
of body defense system, but not an inducer of CV injuries.

6.3. The characteristics of OXT effects on the CV system

OXT in the blood could differentially modulate CV activities,
depending on the amount and pattern of its secretion from the posterior
pituitary. This is because the effects of OXT on its targets are time-, dose-
and pattern-dependent [141]. That is, longer and higher dose of OXT
stimulation can cause inhibition of target cells following initial excita-
tion [142,143]; OXT released in bolus can cause stronger response than
the same amount of OXT in lower dose for longer time [144]. In the CV
system, the same characteristics are also present. For example, in iso-
lated hearts, 10~/ M OXT caused 10% reduction of left ventricle pres-
sure, but 101° to 108 M concentrations had no effects while diastolic
pressure raised and heart rate fell only with 107% M OXT [47]. Relative
to the physiological levels of plasma OXT in 10712 to 107! M
[145,146], the negative ionotropic effects of OXT are clearly based on
pharmacological mechanism. For example, the pressor effect of high-
dose OXT is actually mediated by vasopressin receptors [147]. Under
different conditions, expressions of OXT and OTR are also different [43],
which make OXT effects on CV system different following changes in CV
activity, such as the effect of cardiac-specific over-expression of OTR in
mice [138].

In addition, the action of OXT is tissue-specific. In isolated dog ca-
rotid arteries, OXT causes vasoconstriction of human basilar artery [41],
likely by acting on smooth muscle cells [148]. It is also reported that
OXT in 107 11-1077 M levels causes relatively weaker contraction of the
basilar artery compared to vasopressin and has no effects on mesenteric
arteries in rats [149]. Intramuscular injection of OXT decreases uterine
blood flow during uterine contractions in puerperal dairy cows [150],
which occurs at postpartum day 2 but not day 5. Lastly, patterns of OXT
actions are also important for its effect. For example, pulsatile but not
tonic secretion of OXT plays the role of anti-precancerous lesions of the
mammary glands in rat dams [151]; social desirability and milk trans-
ferred from the mother to the baby are largely dependent on OXT pul-
satility [152]. Thus, in application of OXT, it is necessary to consider the
location of target tissue- and organ-specific effect, the time- and dose-
dependent effects as well as the patterns of application.

7. Strategies of OXT application in COVID-19
7.1. Clinical trials of OXT in COVID-19 patients

In management of COVID-19, many drugs have been considered,
such as ACE2 blockers, anti-inflammatory drugs, antibodies against IL-1
and anti-IL-6, remdesivir, dexamethasone, hydroxychloroquine and
vaccines [153]. In clinical studies, their efficacies are either under
further evaluation or proved to be ineffective. For instance, COVID-19
patients’ sera have only limited cross-neutralization [26], suggesting
that recovery from one infection might not protect against the other. In
patients with COVID-19, the hypothalamic-pituitary-adrenocortical axis
is likely inhibited as stated above, which makes corticosteroid critical
for prevention of cytokine storm [154]; however, corticosteroid delays
virus clearing but does not convincingly improve survival or reduce
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hospitalization duration and the use of mechanical ventilation [155].
Hydroxychloroquine previously used to treat COVID-19 is known to
prolong the QT interval and can have a proarrhythmic propensity [36].
Right now it is not given to COVID-19 patients as it is considered to be
ineffective [156,157]. Lastly, COVID-19 vaccines have been developed
extensively; however, their safety and efficacy profiles remain to be
established. Notably, at 6 months after acute infection, COVID-19 sur-
vivors are troubled with fatigue, sleep difficulties, anxiety or depression
and even severe impaired pulmonary diffusion capacities and abnormal
finding on pulmonary imaging tests [158]. So far, there are currently no
known specifically effective treatments for COVID-19. OXT, with broad-
spectrum anti-COVID-19 potential, is relatively safe compared to anti-
viral drugs and corticosteroids, and inexpensive relative to antiviral
therapies [3,111], and thus is worthy of clinical trial to validate its
efficiency.

In treatment of CV diseases, many approaches of applying OXT have
been proposed [7]. These considerations are also viable for treating CV
complications in COVID-19. In brief, OXT or its agonists can be used
exogenously by intravenous infusion, intramuscular injection or intra-
nasal application. OXT can be used in a continuous low dose to minimize
potential CV disturbances, or in bolus to maximize the efficiency
without desensitizing OTR. OXT can also be used in nasal approach to
activate the OXT-secreting system. Special caution should be taken for
pregnant women around parturition, particularly for those who are
allergic to OXT or have high basal AT II levels. As reported, acute sys-
temic administration of low-dose OXT exerts a protective role; however,
chronic subcutaneous administration of low-dose OXT (20 or 100 ng/
kg/h, for 28 days) can enforce AT II-induced hypertension, cardiac hy-
pertrophy, and renal damage in rats although OXT itself does not have
these effects [159]. Future laboratory study and clinical trial of OXT
usages are critical in translating its therapeutic potentials into reality,
not only for COVID-19 but also for other unexpected viral infections.

7.2. Prevention of COVID-19 through mobilization of endogenous OXT

Besides the needs for treatment, prevention of COVID-19 is another
irreplaceable potential of OXT. Human-to-human transmission via
droplets and contaminated surfaces has been described, from both
symptomatic and asymptomatic individuals. Correspondingly, wearing
mask and social distance have been adopted as common prevention
measures. While these measures are effective in reducing COVID-19
morbidity, they also raise concerns for massive social isolation and
long-term psychological effects [160] that decrease immunological de-
fense [50,51] and thus can increase COVID-19 susceptibility. It is known
that social isolation can cause CV complications [161] while disrupting
normal OXT secretion [162-164]. Importantly, application of OXT can
alleviate social isolation-induced atherosclerosis and adipose tissue
inflammation [165]. Currently, newly developed specific vaccines face
the challenge of continued mutations in SARS-CoV-2 and immune
evasion [166,167] while complete social isolation is difficult to achieve,
which leave majority of the population remaining under the threats of
COVID-19. Thus, strengthening the basic immunologic function is a
measure that universally fits our human society, particularly for aged
population who have reduced immunologic function and OXT produc-
tion [168]. For this purpose, mobilization of endogenous OXT can be an
optimal approach to improve our resistance to COVID-19 by blocking
SARS-CoV-2 entry, reducing viral load, and reducing pre-existing
comorbidities.

OXT is a “social hormone” and can be elicited by many types of
healthy behavior via increasing vagal inputs and by conditioned reflex,
such as massage [169], listening to music [170], brief mindfulness ses-
sion [171], light therapy [134], and physical exercise [172,173].
Although the integrity of our human society can be disrupted by self-
isolation and social distancing, mobilizing endogenous OXT functions
can help us to rebuild it by giving individuals of high immunologic
defense capacity and lower susceptibility to COVID-19 in the "re-
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Fig. 2. Hypothetic mechanisms underlying the cardiovascular protection by OXT in COVID-19. The diagrams show the targets of OXT on different links of the
pathogenesis. Black stop lines indicate inhibition or reduction; red arrows show activation or promotion. Other annotations refer to Fig. 1. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

opening."
8. Conclusion

CV protective potentials of OXT allow reversal of lymphocytopenia,
suppression of cytokine storm, prevention of ARDS, and reversal of
multiple organ failures. While blocking SAR-CoV-2 infection, OXT also
has the potential to treat CV complications in COVID-19 patients
through multiple mechanisms (Fig. 2). For this reason, we should
repurpose OXT for treatment and prevention of COVID-19.
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