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ABSTRACT: COVID-19 is a deadly pandemic and has resulted in a huge loss of money and life in the past few months. It is well
known that the SARS-CoV-2 gene mutates relatively slowly as compared to other viruses but still may create hurdles in developing
vaccines. Therefore, there is a need to develop alternative routes for its management and treatment of COVID-19. Based on the
severity of viral infection in COVID-19 patients, critically ill patients (∼5%, with old age, and comorbidities) are at high risk of
morbidities. The reason for this severity in such patients is attributed to “misleading cytokine storm”, which produces ARDS and
results in the deaths of critically ill patients. In this connection, ethyl pyruvate (EP) controls these cytokines/chemokines, is an anti-
inflammatory agent, and possesses a protective effect on the lungs, brain, heart, and mitochondria against various injuries.
Considering these facts, we propose that the site-selective EP formulations (especially aerosols) could be the ultimate adjuvant
therapy for the regulation of misleading cytokine storm in severely affected COVID-19 patients and could reduce the mortalities.

■ INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a highly infectious
viral disease caused by severe acute respiratory syndrome
coronavirus type-2 (SARS-CoV-2). Originated from China in
December 2019, COVID-19 soon spread all around the world,
and finally, on 11 March 2020, the World Health Organization
(WHO) declared it a pandemic.1 Till 01 February 2021,
∼102,399,513 cases have been reported worldwide including
∼2,217,005 deaths.2 The battle is still on as the path of vaccine
development is quite challenging due to the mutating nature of
the virus.3,4 In SARS-COV-2 infection, most patients (∼80%)
show mild symptoms or remain asymptomatic and thus need
no hospitalization, while in some patients (∼15%), it becomes
severe (need hospitalization) but can be recovered with proper
care. However, a significant number of patients (∼5%),
especially with older age and comorbidities like diabetes,
hypertension, asthma, COPD, etc. are likely to develop
interstitial pneumonia/acute respiratory distress syndrome

(ARDS) and may eventually lead to death; therefore, such
patients may need intensive care.5,6

Early pathogenesis of SARS-CoV-2 infection activates
various immune cells (dendritic cell macrophages and
neutrophils) leading to the further expression of several
proinflammatory chemokines and cytokines such as IL-6,
TNF-α, HMGB1, and so forth. Among them, being an
imperative member of the cytokine network, interleukin-6 (IL-
6) plays an important role as a proinflammatory mediator. The
main activators of IL-6 production are tumor necrosis factor
(TNF-α) and IL-1β. At the beginning of infectious
inflammation, IL-6 plays a very crucial role in stimulating
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various host-cell defense mechanisms.27 Unfortunately, the
overproduction of different chemokines and cytokines could
develop an uncontrolled pathological condition, famously
termed as “the Cytokine storm”.7 Incongruous development
and misleading cytokine storm (majorly due to the increased
level of TNF-α, IL-6, HMGB1, etc.) result in a plethora of
immunopathological events after severe SARS-COV-2 in-
fection. These uncontrolled immunopathological events
develop ARDS and are responsible for deaths in COVID-19
patients.8−10 A huge amount of effort and money is being
invested in the development of vaccines and drugs for the
complete treatment of COVID-19; however, scientists are still
struggling to get an ideal vaccine and/or drug for the same.
Fortunately, corticosteroids (dexamethasone/hydrocortisone)
have been found effective in patients with severe and critical
COVID-19, and WHO has also recommended their use in
special cases.11 Nonetheless, the research efforts should be
diverted toward alternative treatment strategies such as
management of misleading cytokine storm wherein the
human body will get sufficient time to regulate its immunity
to fight against this deadly infection.
To manage the misleading cytokine storm in COVID-19, we

propose that the site-specific formulation (specifically an
aerosol) of ethyl pyruvate (EP) could be a game-changer
therapeutic intervention for the management of infection
caused by SARS-COV-2 and other viruses.
Immunopathological Events in COVID-19. The spike

proteins of SARS-COV or SARS-COV-2 attach to the
angiotensin-converting enzyme 2 (ACE2) receptor for entering
into the host cells. The ACE2 receptors are expressed on the
alveolar epithelial type II cell, intestinal, cardiac, renal, and
endothelial cells. The organs associated with these cells may be
the targets for the development of new drugs for the treatment
of COVID-19.5 The binding of the virus with the host cell
receptor is a significant determinant of the pathogenesis of
infection. As the virus enters into the host cell, its antigens
activate antigen-presenting cells (APCs), and this phenomenon
is the central part of the body’s immune system.5,8,12 The APC
cells then activates the immune system and causes the
production of a large amount of cytokines. In some patients,
the cytokine activation gets misled (activates uninhibited
“cytokine storm”), resulting in multiorgan failure and finally
causing death in some critical cases.5,13−15

Relationship between TNF-α and COVID-19. TNF-α is
a type of cell-signaling protein (a proinflammatory mediator)
and an important member of the cytokine family, which is
involved in the regulation of systemic inflammation. Typically,
the infection caused by coronaviruses results in the
upregulation of TNF-α and other cytokines (Figure 1);10,16

it has been observed that TNF-α levels get elevated in critical
COVID-19 patients.17 Indeed, chloroquine and hydroxychlor-
oquine have been proposed for the treatment of COVID-19
and found to inhibit the overproduction of these cytokines,18

and recent studies have also proven this hypothesis.19

Role of IL-6 in COVID-19. Studies reveal that the
uncontrolled production of interleukins, especially IL-6, plays
a major role in the development of misleading cytokine storm
(Figure 1).9 Therefore, it has been proposed that the early
prediction of the elevated levels of IL-6 can be the hallmark for
severely infected COVID-19 patients, which may require
intensive care in the future.20 Moreover, such patients are
being clinically tested for the effectiveness of tocilizumab and
sarilumab in the treatment of COVID-19. These clinical trials

typically cite the importance of these cytokines as the best
strategies for the management of COVID-19.21,22 Thus, if we
can reduce the production of these proinflammatory mediators
(especially IL-6), then the uncontrolled hyperimmune
response can be conquered, which in turn will provide a big
relief to the severely affected patients of COVID-19 and could
reduce the resulting deaths.23

Role of High-Mobility Group Box 1 Protein in COVID-
19 (a Potential Therapeutic Target). Cells infected with
viruses or traumatic cells release many endogenous damage-
associated molecular-pattern molecules (DAMPs) as emer-
gency signals for intracellular homeostatic imbalance. High-
mobility group box 1 protein (HMGB1) regulates the
pathogenesis of many inflammatory diseases by acting as
DAMPs and activates innate immunity as a result of viral
infection or other cell damages such as oxidative damage,
hypoxia, starvation, and pathogen infection.24,25 Moreover,
excessive amounts of extracellular HMGB1 are associated with
an increased release of IL-6, TNF, and IL-126 making it an
another important mediator to be regulated in COVID-19
(Figure 1). It has been found that chloroquine inhibits
HMGB1 and exerts its action in the treatment of COVID-
19.25,27,28 However, the use of chloroquine and hydroxy-
chloroquine is associated with some toxicities.29 Moreover,
HMGB1 also has a major role in neuroinflammation and has
been implicated in brain injury.30 This also correlates with the
after-effects of SARS-COV-2 infection as some brain injuries
have also been reported in COVID-19 patients who got
successfully recovered from this deadly disease.31,32 Very
recently, an experiment performed in Vero-E6 cells using
genome-wide CRISPR screens proved that HMGB1 regulates
ACE2 expression and results in SARS-CoV-2 infection.33

Therefore, drugs that control HMGB1 levels could provide
potential benefits from mortality and the after-effects of
COVID-19.24,34−37

EP: A Human Metabolite and a Novel Anti-inflam-
matory Agent. EP is also known as pyruvic acid ethyl ester or
2-oxo-propionate ethyl ester or as an investigation drug known

Figure 1. Immunopathological events (“cytokine storm”) of SARS-
COV-2 infection and probable role of EP in ARDS management.
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as CTI-01 (Figure 2).38 EP is one of the compounds in the
human metabolome database (HMDB).39,40 It belongs to the

family of α-keto esters and derivatives.38,41 Different properties
of EP are given in Table 1. EP is a derivative of the pyruvic

acid/pyruvate which is the end product in the glycolysis cycle.
It is well known that in Krebs’s cycle, pyruvate produces more
energy in the form of ATP, while under anaerobic conditions,
fewer ATPs are produced. Therefore, EP belongs to the
indigenous compound family of our body and may produce
less undesired effects if used as a drug. EP is also being used as
a flavoring ingredient in food materials and can be consumed
in decent quantities.42

EP is a novel anti-inflammatory agent and has been found
useful in improving organ dysfunction in many preclinical
models of critical illnesses, for example, ARDS, acute
pancreatitis, severe sepsis, and stroke. It has been found that
EP treatment in humans is safe when used at clinically relevant
doses43 and also decreases the levels of various cytokines (e.g.,
IL-6, TNF-α, HMGB1, and so forth, Figures 3 and 4) in such
critical illnesses, which promote the body’s inflammatory
response.40

Various Therapeutic Applications of EP. EP is found to
be useful in treating many types of injuries of different organs
including lungs, heart, brain, spinal cord, and so forth., as
reported in the various literature studies (Figures 3 and 4).

Effect of EP in the Lung Function. Lipopolysaccharide
(LPS)-induced acute lung injury (ALI) is a deadly disease in
humans with high mortality rates and has symptoms that are
similar to ARDS; it occurs due to diffuse alveolar damage and
microvascular injury. EP is an anti-inflammatory agent which
increases survival by reducing the level of IL-6 and by
inhibiting the activation of nuclear factor-κB (NF-κB: a protein
complex that controls the transcription of DNA, cytokine
production, and cell survival). It also blocks the secretion of
HMGB1 in LPS-induced ALI in mice and inhibits the
circulation of HMGB1.44 By inhibiting autophagy in
neutrophils, EP has the potential to dampen the granule
release in ALI, and thus, it can be used in the treatment of
LPS-induced ALI.45 Therefore, we propose that EP may inhibit
the systemic release of both early (TNF-α, IL-1β, and IL-6)
and late (HMGB1) cytokines in COVID-19 critical patients.
It has been observed that when the airway epithelium is

persistently exposed to organic dust (OD), it results in several
respiratory symptoms.46 EP has been found to decrease the
expression levels of HMGB1 and receptors for advanced
glycation end products (RAGEs) in cytoplasm.46

It has been found that radiation therapy overdose (especially
in the case of lung cancer) induces the profibrotic cytokines
(TGF-β1 and HMGB1) and proinflammatory mediators which
lead to lung damage. EP treatment (at 4 weeks after
irradiation) in radiation-induced lung injury (RILI) signifi-
cantly reduces pulmonary inflammation infiltration and

Figure 2. Structure and the CAS registry number of EP.

Table 1. Molecular Properties of EP

S.
No property name property value

1. IUPAC name ethyl 2-oxopropanoate
2. CAS number 617-35-6
3. SMILES CCOC(O)C(C)O
4. molecular weight 116.11 g/mol
5. number of hydrogen

bond donors
0

6. number of hydrogen
bond acceptors

3

7. number of rotatable
bonds

3

8. logP value 0.24
9. pKa (strongest acidic) 16.920

10. pKa (strongest basic) −7.720

11. exact mass 116.047344 g/mol
12. topological polar surface

area
43.4 Å2

13. physical properties colorless liquid, with a sweet, floral-fruity,
warm odor

14. boiling point 155.0 °C
15. melting point 155.0 °C
16. solubility slightly solubility (31.3 mg/mL);38 soluble

in organic solvents, oils
17. density 1.044−1.065
18. rat acute toxicity 1.0990 LD50, mol/kg38

Figure 3. Different mechanisms of EP.

Figure 4. Various uses of EP.
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decreases the production of IL-6, HMGB1, IL-1β, and
granulocyte-macrophage colony-stimulating factor (GM−
CSF). It was also observed that EP has an anti-inflammatory
action in RILI (by reducing the collagen deposition induced by
radiation) and could ameliorate lung destruction resulted from
harmful radiations.47

The efficacy of EP for bleomycin-induced lung fibrosis was
investigated by the hyperpolarized 129Xe magnetic resonance
imaging (MRI) protocol. EP treatment has been found to
improve ventilation and gas-exchange impairment caused due
to lung fibrosis and tissue damage. In the experiments, it was
observed that HMGB1 is involved in chronic obstructive
pulmonary disease (COPD) progression (histological analysis
showed significant alveolar tissue destruction) and inhibition
of HMGB1 resulted in a relatively normal alveolar
structure.48,49 These studies suggest that the utility of EP can
be one of the potential supportive therapies for the
management of COVID-19 critical patients.
EP is a potent antioxidant and scavenges free radicals and

has also been found to downregulate inflammatory gene
expression in acute injuries. It has been found to attenuate
pulmonary artery cytokine storm by inhibiting hypoxic
pulmonary vasoconstriction.50 Similarly, hypoxia is also
observed in COVID-19 patients and may be useful for
improving the health of such patients.
Effect of EP on the Brain Function. EP has a

neuroprotective effect in the postischemic brain51 and protects
peripheral nerve degeneration via the inhibition of neuronal
nitric oxide synthase.52 Moreover, by inhibiting HMGB1, EP
has demonstrated neuroprotective effects against acute brain
injury.53 Considering the neuroprotective action of EP, post-
COVID-19 brain abnormalities can be treated with EP-based
therapy.32

Neuroinflammation and reactive astrogliosis are responsible
for neuronal degeneration and may develop spinal cord injury
(SCI), which in turn may hinder neural regeneration and
functional recovery. EP has shown its potential effects by
inhibition of astrogliosis and neuroinflammation which
promotes neuron survival and neural regeneration, with an
improvement in the functional recovery of the spinal cord,
indicating a potential neuroprotective effect of EP against
SCI.54,55

Effect of EP on the Cardiac Function. EP plays its role in
myocardial protection due to its antioxidant property, leading
to the reduction of reactive oxygen species (ROS).56 It has
been observed that EP improves cardiac functions by reducing
apoptosis resulting from myocardial ischemia and reperfu-
sion.57

Effect of EP on Inflammatory and Autoimmune
Disorders. The mitochondria are known to control cellular
oxidative homeostasis and are essential for the survival of
human cells. It has been found that SARS-CoV-2 hijacks the
host’s mitochondria and uses its machinery for replication.58,59

EP can be very useful in the protection of mitochondria in
COVID-19 patients, as the recent studies show that EP acts as
a novel NLR family pyrin domain containing 3 (NLRP3)
inflammasome inhibitor that preserves the integrity of
mitochondria during inflammation and significantly attenuates
mitochondrial damage and cytoplasmic translocation of
mitochondrial DNA.60

It is well known that immune response is mediated by
specialized antigen-presenting cells specifically tolerogenic
dendritic cells (tolDC). These cells have immunoregulatory

properties and are implicated in multiple sclerosis as well as
other autoimmune diseases. The in vitro experiments by
Djedovic et al. established the relationship for the use of EP in
the induction of tolDC cells.61 Similar observations were
reported by Chakhtoura et al., wherein EP was found to
modulate murine dendritic cell activation and survival through
their immunometabolism.62 Another very important study was
reported by Koprivica et al., wherein reduced inflammatory
responses and resulting diminished destruction of insulin-
producing pancreatic β-cells were observed in EP-treated
mice.63

Effect of EP on Other Organ Systems. Apart from the
above-mentioned positive effects, EP has many other positive
effects on other organs such as (1) ameliorates hepatic
injury,64 (2) attenuates sugar cataract,65,66 (3) provides
durable protection against inflammation-induced gastrointesti-
nal tract epithelial barrier dysfunction,67 (4) inhibits bacterial
translocation, and decreases the production of malondialde-
hyde/myeloperoxidase in the intestine occurred due to thermal
injury,68 (5) ameliorates intestinal epithelial barrier dysfunc-
tion,69 and (6) prevents renal damage induced by advanced
glycation end products (AGEs).70 Therefore, administration of
EP may be beneficial to COVID-19 patients when given before
and/or after the treatment plan.

■ CONCLUSIONS
The present study is novel in the context of COVID-19
management as (1) EP could never be identified through
molecular modeling studies as it is a fragment-like molecule.
(2) The article proposes a pulmonary delivery system of EP,
which could be a potential adjuvant therapy for the
management of pre- as well as post-SARS-COV-2 infection
in COVID-19 patients. Specifically, an EP−aerosol would be
the ideal choice as it will have a minimal systemic side effect on
other organs. (3) Such formulations are unavailable for the
complete management of misleading cytokine storm in
COVID-19 patients. (4) It may be one of the unique adjuvant
therapies that can be utilized in the present scenario as there is
no specific medication for the complete treatment of COVID-
19 and handling mutating strains. Overall, the use of EP could
be a boon for the management of misleading cytokine and
reducing the deaths due to pneumonia-like/viral infections or
diseases where patients succumb to death due to severe ARDS.
Based on various literature results mentioned above, it is

clear that EP possesses various beneficial and protective effects
against various organ injuries. Similar injuries are being
observed in COVID-19 patients, which lead to the develop-
ment of incongruous cytokine storm and finally death in many
patients. The administration of EP locally (lungs) or
systemically can be advantageous for COVID-19 patients and
may reduce the mortalities of such patients. EP formulation
can be a game-changer adjuvant therapy in controlling and
managing the COVID-19 and related diseases. Thus, we
propose to use EP formulations for controlling and managing
the misleading cytokine storm in COVID-19 patients.
Although this needs more clinical data as proof and may go
through a long process, it is worth trying to get some benefits
till ideal antiviral drugs reach the market.
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