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The  COVID-19  pandemic  has  emerged  as an  unprecedented  global  healthcare  emergency  and  has  devas-
tated  the  global  economy.  The  SARS-CoV-2  virus  replicates  in  the host  cells  and  is  seemingly  much  more
virulent  compared  to  other  flu  viruses,  as well  as the  SARS-CoV-1.  The  respiratory  complications  of  the
disease  include  acute  respiratory  distress  syndrome  (ARDS),  cytokine  storm,  systemic  inflammation,  and
pulmonary  fibrosis.  Nanoceria  (NC)  is a versatile  rare earth  nanoparticle  with  remarkable  catalase  and
superoxide  dismutase  mimetic  redox  regenerative  properties.  Interestingly,  NC  possesses  promising  anti-
inflammatory,  antioxidant  and anti-fibrotic  properties,  making  it an  attractive  tool  to  fight  against  the
SARS-CoV-2  as  well  as the  associated  systemic  complications.  Until  now,  there  is  no  clinically  approved
ytokine storm
ung fibrosis
ARS-CoV-2

vaccine  or  drug  for the  treatment  of  COVID-19,  and  the  conquest  to  find  a novel therapy  for  this  global
havoc  is  being  undertaken  at a warlike  pace.  Herein,  based  on  preclinical  evidence,  we  hypothesize  that
NC owing  to its unique  pharmacological  properties,  might  be an  attractive  preclinical  candidate  to  win
the  battle  over  COVID-19.  Further,  it may  be  used  as a prevention  or treatment  strategy  in combination
with  other  drugs.

© 2020  Elsevier  Ltd.  All  rights  reserved.
ntroduction

The COronaVIrusDiease-2019 (COVID-19) has emerged as an
nprecedented global health crisis [1]. The SARS-CoV-2 virus enters
he host cell through the angiotensin-converting enzyme 2 (ACE-
) receptor. Till date, more than nineteen million people have
een infected with the SARS-CoV-2, and more than 0.7 million

atients have succumbed to death. As of August 09, 2020, there

s no approved vaccine to provide a robust clinical solution to this
apidly spreading viral disease [2]. Further, sadly it may  still take
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up to 2 years for the pharmaceutical companies to come up with a
clinically approved vaccine.

For the management of COVID-19, it is important to halt fur-
ther viral replication as well as provide symptomatic relief from the
systemic complications, particularly the respiratory complications.
Clinically, a large number of antiviral drugs as well as anti-parasitic
drugs have been tried in the past few months. However, the
clinical benefit of drugs like remdesivir, hydroxychloroquine, and
chloroquine have been questionable [3–5]. Further, the patients
are given various medications such as steroids, nonsteroidal anti-
inflammatory drugs (NSAIDs), and others for the management of
systemic complications [6].

The acute respiratory distress syndrome (ARDS) is a critical
complication of COVID-19. It is mediated by a complex interplay
of multiple signaling pathways like activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF�B) pathway,

enhanced inflammation, cytokine storm, mitogen-activated pro-
tein kinases (MAPKs) and others [7,8]. Moreover, patients with
prior chronic lung inflammation like emphysema may  suffer from
pulmonary fibrosis which is driven by induction of epithelial-
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o-mesenchymal transition (EMT) by fibrogenic growth factors
ike transforming growth factor-beta (TGF-�) [9–11]. Nanoceria
NC) has emerged as a remarkably safe, redox regenerative, rare
arth-based nanomedicine against acute and chronic inflamma-
ory diseases owing to its unique ability to interchange between
3 and +4 oxidation states [12–20]. NC is postulated to be a
obust antioxidant, possessing catalase and superoxide dismutase
imetic activity [21,22]. Further, NC possesses promising anti-

nflammatory properties by inhibition of NF�B and MAPK pathways
23–25]. On the other hand, NC has been shown to reduce fibro-
enic signaling by inhibition of the TGF-� signaling pathway [26].
C can be administered in various dosage forms, including aerosol
r transdermal patches based on the condition and compliance of
he patient.

ypothesis

We  hypothesize that NC could be a novel therapeutic for the
anagement of COVID-19 by halting the progression of systemic

nflammatory complications due to the ability of NC to inhibit NF�B,
APKs and TGF-� signaling pathways.

ustification of hypothesis

anoceria can inhibit acute and chronic inflammatory response
nd fibrosis during COVID-19

Cytokine storm and severe inflammatory response to COVID-19

ose significant risks to the health of the patients. Pharmacother-
peutics, which can suppress the cytokine storm and reduce
verall inflammation, can be of benefit [27]. NC is an excellent
anomedicine for combating acute inflammatory insult. It was

ig. 1. Putative mechanistic involvement of nanoceria in the proposed inhibition of cytok
CE-2  cell surface receptors, and modulates the IKK and JNK activity which potentiates N
xpression of more than 100 genes, including the gene coding for cytokine production, wh
tormïn  COVID-19. Nanoceria may  inhibit these changes and could be implied as an adjuv

 ” indicates the inhibition of cytokine synthesis by nanoceria. ACE2- Angiotensin-conv
-Jun  N-terminal kinases. Part of the figure was  adapted and reproduced from reference [
l. / Nano Today 35 (2020) 100982

shown to reduce severe sepsis-related mortality by inhibition of
NF�B signaling and suppressed lipopolysaccharide-induced MAPK
signaling [23,28]. Manne et al., showed that NC is effective against
peritonitis, proving its effective anti-inflammatory activity [29].
Inflammatory cells, like neutrophils and macrophages, are the
major players during the pathological response. It is well known
that cytokines such as interleukin (IL)-1�, IL-6, IL-8, tumor necrosis
factor (TNF)-� and TGF-� play a profound role in the pathogen-
esis of COVID-19. Pathogenic viral stimuli trigger the synthesis
and release of cytokines by inducing I�B kinase (IKK) and c-Jun
N-terminal kinase (JNK) protein complex, which further stimulate
the production of excessive cytokines by amplifying the transcrip-
tional activity of NF�B as well as activator protein 1 (AP1) [30].
NC has been shown to attenuate cytokine signaling by affecting
multiple cytokine sources including the autocrine and paracrine
pathways. NC can directly decrease cytokine synthesis or sup-
press activity by blocking the receptor interaction of cytokines.
Nanoceria is reported to show cytokine inhibition by modulation
of p65-NF�B, MAP  kinase/NF�B  and Nrf2/NF�B pathways (Fig. 1)
[24,25,31]. Based on this, intervention with NC could significantly
reverse elevated levels of cytokines during COVID-19 and could halt
the disease progression.

Recently, reports have emerged indicating neurological damage
caused by SARS-CoV-2. To improve the outcomes in neurodegen-
erative diseases where oxidative stress and chronic inflammation
play pathological role in conjunction, classical antioxidants have
achieved limited success. In this context, NC exhibits promis-
ing effects on chronic inflammation and may  be effective against
COVID-19 associated neuroinflammation. The seminal work of Rzi-

galinski et al., in 2003 and subsequent studies showed that NC
improved longevity of brain cells and provided protection from free
radicals and mechanical trauma [32–35]. Owing to its regenerative

ines production stimulated by SARS-CoV-2: SARS-CoV-2 enters into the host cell by
F�B as well as AP1 protein transcription, respectively. These events stimulate the
ich in turn results in a high level of cytokine release, technically known as c̈ytokine
ant treatment for COVID-19 owing to its strong anti-inflammatory effects. The red

erting enzyme 2, AP1- Activation protein 1, IKK- I�B kinase enzyme complex, JNK-
57] under the Creative Commons Attribution License (CCBY).
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Fig. 2. Schematic mechanism of lung injury in COVID-19: The SARS-CoV-2 sensitizes the lung epithelial cells and macrophages, which in response generate inflammatory
signals, producing oxidative stress and release a massive amount of cytokines including TGF-�. TGF-� in turn, promotes the conversion of fibroblast to myofibroblast and

provokes epithelial-to-mesenchymal transition (EMT). All these alterations advance the fibrosis mechanism, which causes lung injuries. The red “ ” indicates the inhibition
of  regulatory step in disease progression. EMT- Epithelial-to-mesenchymal transition, MAPK- Mitogen-activated protein kinase, NF�B- Nuclear factor kappa-light-chain-
enhancer of activated B cells, TGF-�- Transforming growth factor-beta. Part of the figure was  adapted and reproduced from reference [57] under the Creative Commons
Attribution License (CCBY).
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ig. 3. Diagrammatic representation of nanoceria based formulation for administr
gure  were adapted and reproduced from reference [58] under the Creative Comm

otential and efficacy at low dose, NC has been pharmacologically
ffective against neurodegenerative diseases [36,37]. In a stroke
odel, NC reduced ischemic cell death in brain slices by more than

0 %, reduced the levels of nitric oxide and superoxide. The out-
omes in models of ischemia and traumatic brain injury associated
euroinflammation entails that NC is a plausible candidate against
hronic inflammation [38–40].

During ARDS, severe inflammation encompasses the lungs
apidly and increases mortality risk. The cyanosis of skin and
hort/rapid breathing are some of the important clinical features
f ARDS for which patients require ventilator support. Lung images

f affected patients have revealed characteristic white patches
ith jelly like fluid accumulation (ground glass) within the lungs,
hich resembles the pathological lungs after drowning [41]. Fur-

her, lung fibrosis is one of the observed complications of COVID-19
through various routes with specific advantages to combat COVID-19. Part of the
tribution License (CCBY).

patients with prior respiratory diseases like emphysema [42,43].
Without any respiratory support, lung fibrosis can potentially
make the patients incapable of breathing [44,45]. Physiologically,
TGF-� is an important growth factor required for normal growth
and development. Its excessive inhibition may  have side effects
like reduced apoptosis of Th17 cells, increased TNF-� expres-
sion, developmental disorders, cardiotoxicity and hyperkeratosis
[46–48]. Pathologically, TGF-� induces the EMT  which promotes
the transformation of fibroblasts to highly mobile and secretory
myofibroblasts [49]. These myofibroblasts secrete excessive extra-
cellular matrix (ECM), resulting in scarring and fibrosis-related

injuries [50,51]. However, a large pool of scientific evidences indi-
cate that pharmacological inhibition of excessive TGF-� can be a
promising strategy for the management of fibrotic disorders. In
pre-clinical studies, it has been revealed that NC can potentially
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ttenuate fibrosis progression by inhibiting TGF-� signaling. NC
as shown to effectively reduce liver fibrosis, with marked reduc-

ion in collagen deposition and EMT  activation [52]. Inhibition of
GF-� by NC makes it a promising adjuvant for COVID-19 treatment
herapy. Moreover, Arya et al., reported protective role of NC against
ypobaric hypoxia-induced oxidative damage and inflammation
ia modulation of oxidative stress [53]. These findings indicate that
C could aid in lung protection in COVID-19. Fig. 2 provides the

ationale for the pharmacological benefits of NC for the alleviation
f respiratory complications.

anoceria scavenges reactive oxygen species (ROS)

Due to redox imbalance, the homeostasis between pro-oxidants
nd antioxidants is disturbed which results in cellular damage pro-
oting COVID-19 related systemic complications. The mechanisms
hich lie behind the ROS generation are macromolecular dam-

ge and impeded thiol redox circuit that result in impaired redox
ontrol and aberrant cellular signaling. Altogether, these make the
isease more intense. NC being a potent reactive oxygen species
ROS) scavenger, reduces pathological damage in various diseases
54]. NC can reduce lipid peroxidation, improve physiological glu-
athione levels, as well as elicits SOD and catalase mimetic activity
hich make it a potential candidate for the management of sys-

emic complications of COVID-19 [22,25].

ossible formulations of nanoceria for COVID-19 treatment
herapy

The route of administration and dosage form of a drug play key
ole in effective disease management. So, it is important to design

 suitable dosage form to achieve desired therapeutic outcome.
n this connection, nanotechnology provides versatile options to
esearchers and the pharmaceutical industry. Since, lungs are the
rimary target in COVID-19 infection, local targeted drug delivery
o the lungs might be an excellent therapeutic approach for effec-
ive treatment. To serve this purpose, aerosol based inhalational
pray is a promising approach that is not only patient compliant
ut also imparts quick relief for a defined time period [55]. Aerosols
an deliver NC directly to the lungs and may  reduce the disease
everity caused by the novel coronavirus, with probable efficacy in
he amelioration of ARDS related complications. While many drugs
nd macromolecules suffer from temperature and pressure gener-
ted through the nebulization process, this will not affect inorganic
anocrystals of NC which have a dense and robust crystal struc-
ure. Additionally, its catalytic behavior makes it effective at lower
oses for a long period of time, thus it can be nebulized at very

ow concentration, hence preventing any change to aggregation
uring transportation into the alveoli. In cases, where patients are
nable to administer the drug on their own, NC can be impregnated

nto a thin film and could be administered as transdermal patches
hich might provide effect for sustained and prolonged duration
ithout any significant first-pass metabolism. Further, addition of

ther NSAIDs in combination with NC would serve a synergistic
pproach for effective COVID-19 management [56]. Fig. 3 shows the
entioned routes of administration with their specific advantages.

herapeutic implications of the hypothesis

Our hypothesis provides pre-clinical rationale for the manage-
ent of COVID-19 with NC. It demonstrates the basis on which
C may  attenuate the cytokine storm progression, reduce the inci-

ence of ARDS, and modulate the EMT  signaling. Theoretically, NC
an significantly improve the respiratory functions during COVID-
9 infection. The preclinical rationale sheds light on the futuristic
pproaches based on this novel rare earth based nanomedicine for

[

l. / Nano Today 35 (2020) 100982

the management of COVID-19. Thus, we  envisage that this hypoth-
esis may  serve as a stimulus for further research in this direction.
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