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a  b  s  t  r  a  c  t

With  the  global  spread  of  SARS-CoV-2,  millions  of people  have  been  affected  leading  to  the  declaration  of
coronavirus  disease  2019  (COVID-19)  as a pandemic  by the  WHO.  Several  studies  have  linked  the  severity
of  COVID-19  cases  and  increased  fatality  in patients  with  obesity  and  other  comorbid  conditions  such  as
diabetes,  cardiovascular  diseases,  hypertension,  and  kidney  disease.  Obesity,  a  metabolically  deranged
condition,  establishes  a low-grade  chronic  inflammation  in  the  body,  which  affects  different  organs  and
promotes  the  development  of several  other  diseases.  The  ways  in which  SARS-CoV-2  infection  aggravates
the  already  overloaded  body  organs  with  inflammation  or vice  versa  has  perplexed  the  researchers.  As a
result,  there  is  an  intensified  search  for  the clear-cut  mechanism  to  understand  the link  of  obesity  with  the
Obesity
Inflammation
Coronavirus
Metabolic syndrome

increased  severity  of COVID-19  in  obese  patients.  In  this  article  we  have  discussed  various  mechanisms
linking  obesity,  inflammation,  and  COVID-19  to  enhance  the  understanding  of  the  disease  process  and
help  the  clinicians  and  scientists  develop  potential  cellular,  molecular  and metabolic  targets  for  clinical
intervention  and  management  of COVID-19  severity  in  obese  patients.

© 2021  Asia  Oceania  Association  for the Study  of  Obesity.  Published  by  Elsevier  Ltd.  All  rights
reserved.
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Introduction

Coronavirus disease 2019 (COVID-19), declared as a pandemic
by World Health Organization (WHO), is the result of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection [1].
The disease has affected more than 75 million people globally; more
than 1.6 million people have succumb to the COVID-19 disease
and died, and the number of infected is increasing consistently [2].
Among the dead, a majority of the patients were reportedly obese
and/or had other comorbid conditions. The obese people with >40
body mass index (BMI) have been reported to be at the increased
risk of showing severity from COVID-19 [3]. However, this intricate
relationship surfaced pretty late in the course of pandemic with a
scarce reporting on the metabolic parameters such as BMI  in the
preliminary data from the hospitalized COVID-19 patients [4].

Obesity as a medical condition has itself reached a pandemic
stage and globally there are 650 million (13%) obese (BMI ≥ 30
kg/m2) and over 2 billion (39%) are overweight [5]. Obesity predis-
poses an individual to develop many other comorbid conditions
including type 2 diabetes, cardiovascular disease, hypertension,
dyslipidemia, and several types of cancers. However, a miniscule
subpopulation of metabolically healthy obese seems to be at low
risk of developing obesity-associated comorbidities and mortality
[6]. An increase in the visceral fat depots and the overall fat mass
is believed to be orchestrating metabolic syndrome (MS) in the
obese and overweight. It is thus recommended by clinicians that
people with obesity follow a healthy diet and lifestyle in order to
have a reduced overall fat mass and thus stay metabolically healthy
[7]. Furthermore, the presence of low-grade chronic inflammatory
condition in people with obesity is believed to facilitate MS  [8].
The level of several key cytokines and chemokines such as inter-
leukin (IL)-6, IL-1�, IL-8, and tumor necrosis factor-alpha (TNF-�)
among others are elevated in the people with obesity as com-
pared to their lean counterparts [9]. The consistently elevated levels
of these inflammatory molecules weaken the response of innate
immune cells and the response of the first line of defense includ-
ing the mucosal lining of the airway is compromised. Additionally,
elevated levels of lipid-derived inflammatory mediators also affect
the airway epithelial cells (AEC) functions [10]. Since low-grade
chronic inflammation and its associated metabolic illness also
corroborate with both inherent [11] and acquired lipodystrophy
[12], the potential cellular & molecular targets for clinical inter-
vention in the obese COVID-19 patients discussed in this article
can also be exploited for metabolically unhealthy lean COVID-19
patients.

Obesity is known as a predisposing factor for develop-
ing asthma because of the presence of elevated levels of
cytokines, adipokines, and lipid-derived inflammatory media-
tors [13,14]. Activation of several inflammatory genes by nuclear
factor kappa B (NF-�B) is also implicated in the obese asth-
matic patients [15]. Besides, the SARS-CoV-2 infection of obese

could further aggravate the condition by inducing altered innate
immune response involving inflammasome activation. Studies
have shown that RNA viruses could activate the nucleotide-binding
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omain, leucine-rich-containing family, pyrin domain-containing-
 (NLRP3) inflammasome through increasing potassium efflux [16].
lthough not many studies have shown the same in the case of
ARS-CoV-2, a recent study has implicated a likely mechanism
nvolved in promoting NLRP3 based excessive innate immune
esponse in SARS-CoV-2 patients [17]. In this article, we  have dis-
ussed these and other mechanisms with an aim to enhance the
nderstanding and develop an insight on the potential molecu-

ar targets for clinical intervention and management of COVID-19
everity in obese patients.

athways of inflammation

Inflammation is body’s biological response to defend itself from
nvading foreign entities such as pathogens and/or their toxins.
t involves an organized response from the host’s structural and
mmune cells and secreted molecular signals. The invading for-
ign bodies act as stimulants that prime and activate immune
esponse pathways [18,19]. Largely, the inflammatory pathways
nvolve conventional transcription factors including signal trans-
ucer and activator of transcription (STAT), NF-�B, and hypoxia

nducing factor-1� (HIF-1�)  that are turned on by different stim-
li and further generate effector response by these immune cells.
F-�B is expressed in various cell types where it can be acti-
ated in the cytoplasm by canonical and non-canonical signaling
athways. The end products of NF-�B inflammatory response
re pro-inflammatory genes expression such as that of IL-1, IL-6,
L-8, TNF-�, monocytes chemoattractant protein-1 (MCP-1), CXCL-
0, CXCL1 etc. The activation of canonical NF-�B inflammatory
esponse is mediated through the ligand and receptor interaction
f the pathogen-associated molecular patterns/pattern recogni-
ion receptors (PAMP/PRR). The non-canonical NF-�B signaling
athway activation is mediated via ligand-receptor interaction of
NF-�/tumor necrosis factor receptor (TNFR). It may  be noted here
hat NF-�B mediated inflammatory pathway response is linked
o the acute phase of the inflammation where the homeostasis is
eached quickly.

The myeloid cells, a part of innate immune cells, after infiltrating
he site of injury or inflammation, may encounter a low oxygen
ondition. In order to better survive and perform their functions,
hese cells rely upon induction of HIF-1�,  a fundamental regulator
f hypoxia that also regulates pro-inflammatory cytokine genes.
eports show that both TNF� and IL-1�, through the downstream
ignaling, can induce the expression of HIF-1� via NF-�B activation
20].

STAT-based inflammatory immune response is widely medi-
ted by the interferons (IFN). IFNs are pro-inflammatory cytokines
hat render host protection by inducing the expression of antivi-
al proteins. Viral-PAMPs such as the DNA or RNA can trigger IFN
roduction, which activate signaling cascade for lodging antivi-
ype I, II, and III interferons differentially regulate the immune
esponse through Janus associated kinases (JAK) and STAT pathway
ventually stimulating the interferon stimulated genes (ISGs) [21],
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concerned with antiviral response protein such as 2′5′ oligoadeny-
late synthetase [22].

The purview of this article is to understand the mechanisms of
acute phase of inflammation lodged by the immune cells and their
mediators in the disease states such as obesity and COVID-19. Both
COVID-19 and obesity could be viewed as inflammatory patholo-
gies with different etiologies, making it essential to highlight the
pathways and inflammatory mediators involved [8,23]. This would
help devise effective strategies for intervention in obese as well as
metabolically ill lean COVID-19 patients in determining the better
clinical outcome.

Mediators of inflammation

The key inflammatory signaling pathways through which
immune response is generated were discussed in the previous
section. These signaling cascades culminate in the synthesis and
release of inflammatory mediators. Out of the several mediators
that are found elevated in the obese, the significant ones such as
TNF-�, IL-6, and IL-1� could be implicated in the severity of COVID-
19 in obese patients.

TNF-˛

In the acute inflammatory response TNF-� is believed to play an
important pro-inflammatory role [24]. Activated macrophages and
T cells are the prominent producers of TNF-� which acts through
two different receptors, TNFR-1 and TNFR-2 expressed on the tar-
get cells [25]. TNF-� signaling cascade activates the transcription
factors such as NF-�B and activated protein (AP)-1 which can fur-
ther induce the expression of other pro-inflammatory gene targets
[26]. Recently, it was found that TNF-� can activate the coagula-
tion of platelets in whole blood samples from humans, potentiating
its role in thrombosis [27]. Interestingly, obesity-associated pro-
thrombic state has been reported particularly in visceral adiposity
that mediates obesity-associated thrombosis [28,29]. Further, the
clinical cases of COVID-19 patients have also depicted the charac-
teristics of thrombosis [30]. Since serum concentration of TNF-�
is elevated in COVID-19 patients [31], and also during low-grade
chronic inflammation in the obese, inflammation and thrombosis
could both be attributed to the increased TNF-� activity. Therefore,
serum TNF-� could be considered as potential biomarker in acute
respiratory distress syndrome (ARDS) in obese COVID-19 patients
[32], and thus can be targeted to control the severity of the disease.

IL-6

One of the important functions of IL-6 as a mediator of inflam-
mation is the induction & secretion of acute phase proteins (APP)
from hepatocytes. APPs such as c-reactive proteins, serum amy-
loid A, haptoglobin act to either inhibit or destroy the invading
pathogens and have a systemic response. IL-6, a pro-inflammatory
cytokine with pleiotropic roles, can be secreted at the site of
injury or infection by the activated monocytes/macrophages that
have encountered the PAMP and triggered PRR-mediated immune
response and activation of downstream mediators such as NF-
�B [33]. Acting via JAK/STAT signal transduction pathway IL-6
can activate STAT-3, which causes attenuation of adhesion and
chemoattractant protein-coding genes such as intercellular adhe-
sion molecule-1 (ICAM-1) and MCP-1, respectively [34]. In this way,
IL-6 acts as a pro-inflammatory mediator of acute inflammation.
Visceral fat in the obese was characterized for the secretion of IL-6

and found to be associated with the co-morbidities such as diabetes
& MS  [35]. Also, in the severe cases of COVID-19, serum concentra-
tion of IL-6 was found elevated [36] and was reportedly a good
prognostic indicator of mortality associated with COVID-19 [37].
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hus, IL-6 can be targeted for better clinical outcome of the disease
38].

L-1ˇ

Studies have shown that priming and activation of the
nflammasome complex and subsequent activation of caspase-1
ontribute towards the activation and secretion of IL-1� [39], a
leiotropic pro-inflammatory cytokine. In obese, the level of IL-1�

s elevated and implicated in the development of systemic chronic
nflammation and other comorbidities. Once secreted in the extra-
ellular milieu, IL-1� binds to its receptor, IL-1R1 & activates NF-�B
ranscription factor to mediate an inflammatory response [40]. IL-
�, after getting secreted from the innate immune cells including
he AECs upon virus infection can act as chemoattractant & aid
n the clearance of pathogen-infected host cells. This response,
epending on the viral load of SARS-CoV-2 and activities of infil-
rated innate immune cells including macrophages, neutrophils, B
ells, and T cells etc. can be severe in obese patients leading to
ytokine storm, which if not controlled, can be fatal [41].

nflammation as a part of obesity

Before the COVID-19 pandemic, there was  another silent pan-
emic of obesity which has affected millions across the globe.
ccording to the CDC, people with BMI  between 25–30 kg/m2 are
onsidered overweight and those with >30 kg/m2 are obese [42].
besity is driven by excessive intake of calorie-rich diet, sedentary

ifestyle and in some cases genetic predisposition which promotes
ositive energy balance and subsequently dis-balanced adipocyte
omeostasis [43,44]. Low-grade systemic chronic inflammation
uring obesity has been identified as an underlying feature of the
S and can influence the clinical outcome of other pathogenetic

onditions in the patients including COVID-19 [45]. Increased
isceral adipose tissue mass affects the resident adipocytes, pre-
dipocytes, residential immune cells, and endothelial cells [46].
nteraction among these cellular players gives way  to the estab-
ishment of a chronic pro-inflammatory state, which is discussed
elow briefly.

dipocytes

The adipocytes may  contribute towards the development of a
ro-inflammatory state of the adipose tissues in two  ways. Firstly,
wing to their endocrine nature, adipocytes are known to secrete
dipokines that have pleiotropic effects. Leptin and resistin are pro-
nflammatory adipokines secreted by the adipocytes in the white
dipose tissue (WAT) of obese individuals. Leptin signaling can acti-
ate effector response in macrophages to secrete IL-6, IL-18, IL-12,
nd TNF-� via transcription factor STAT-3 activation [47]. Secondly,
ypoxia may  prevail in the adipose tissues due to adipocytes hyper-
rophy and hyperplasia, which may  further enhance inflammation.
he hypoxic adipocytes die through necrosis and induce infiltration
f the leukocytes and further augmentation of inflammation [48].
hese conditions weaken the innate immune response and may  not
isplay appropriate defense against the pathogens like Coronavirus
nd result in severe consequences for the host.

esident and recruited macrophages

As specified earlier, prevalent hypoxia in the adipose tis-

ues promotes the infiltration of circulatory macrophages. Upon
nfiltration these macrophages convert into M1  type of inflam-

atory macrophages and release pro-inflammatory cytokines and
hemokines such as IL-6, TNF-�, and IL-1� [49]. The presence of
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preexisting pro-inflammatory M1  polarization in obese may  fur-
ther aggravate the macrophages response to the invading virus
leading to increased severity of COVID-19.

Other myeloid cells

Mast cells infiltrate the adipose tissue in the early stage of obe-
sity and influence adipocytes behavior and function by secreting
IFN-ϒ and IL-6 [50,51]. The dendritic cells, which are professional
antigen-presenting cells, may  stimulate Th17 response by aiding in
the chemoattraction of macrophages and neutrophils in the obese
adipose tissues [52]. Thus, they may  drive the vicious cycle of
immune cell infiltration in the adipose tissues and promotion of
pro-inflammatory milieu in obese patients.

Lymphoid cells

The B cells are also reported to infiltrate the adipose tissues at
the early onset of obesity [53]. They can regulate the function of
macrophages and T cells that are already present in the adipose tis-
sues. The data suggest that activated B cells in the obese adipocytes
can produce auto-antibodies that can induce CD8+ & CD4+ T cells
to produce IFN-ϒ [54]. It is already known that IFN-ϒ can induce a
positive feedback loop in the macrophages to produce TNF-� and
other pro-inflammatory cytokines in the adipose tissues [55].

Thus, with the prevalence of an obese state, pro-inflammatory
mediators such as cytokines, adipokines, chemokines, and pro-
inflammatory immune cells can escalate to systemic inflammation.
A resultant systemic chronic inflammation may  affect multiple
organ systems of the body leading to poor clinical outcomes in
obese COVID-19 patients.

Obesity and metabolic syndrome

MS  can be defined as a combination of clinical features such
as insulin resistance and elevated levels of blood glucose, choles-
terol or triglycerides, and blood pressure that converge to a
poor clinical condition in obese [56]. Obesity is now consid-
ered as a defining factor for the progression of MS  where the
underlying low-grade chronic inflammation predisposes the obese
to develop MS-associated comorbidities [45]. In obese patients,
the pro-inflammatory cytokines may  destabilize insulin receptor
substrate (IRS) signaling leading to the development of insulin
resistance. TNF-� is known to promote insulin resistance in the
obese adipocytes through several inhibitory serine phosphoryla-
tion events. After binding to its receptor TNFR-1, it can activate a
downstream enzyme called sphingomyelinase which may  give rise
to ceramides & phosphocholine [57]. The ceramides can induce the
ceramide activated kinases, which lead to serine phosphorylation of
the Insulin receptor [58]. Further, TNF-� can also activate JNK that
may lead to serine phosphorylation of IRS-1, a crucial downstream
protein of the insulin receptor [59].

IL-6 is also implicated in the induction of insulin resistance in
insulin-sensitive tissue microenvironment via activation of STAT-3.
Once activated, STAT-3 transcribes the gene coding for suppressor
of cytokine signaling-3 (SOCS-3) protein. In the cytoplasm, SOCS-3
protein interacts with the phosphotyrosine binding domain of IRS-
1 or it may  directly phosphorylate the insulin receptor and inhibit
it [60]. Insulin resistance and/or metabolic syndrome manifested

in obese individuals may  also increase their risk for the COVID-19
[61]. Thus, it becomes pertinent for the obese patients to shed the
body weight by following a healthy diet and lifestyle and secure a
better metabolic health.
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ARS-CoV-2 and COVID-19

SARS-CoV-2 is the new variant of the erstwhile SARS-CoV virus
hat caused the SARS pandemic in 2003 and has been identified
s a causative agent for COVID-19 in humans [62]. When the infec-
ious nature and mortality associated with SARS-CoV are contrasted
ith SARS-CoV-2, it turns out that SARS-CoV-2 is more contagious

n causing infection and fatality [63,64]. Further, unlike SARS-CoV
hat used to colonize lungs, SARS-CoV-2 is perceived to colonize
he upper respiratory system with the capability of steering down
owards the lungs [65].

One of the pathological features of COVID-19 is the virus-
nduced cytopathy as evident from the biopsies of the SARS-CoV-2
nfected lung tissues [66]. Apart from that, pyroptosis, a caspase-1

ediated inflammatory cell death in the virus-infected epithelial
s well as infiltrating myeloid cells, has also been reported [67].
urther, this pathological event can cause the secretion of sev-
ral chemokines and cytokines such as macrophage inflammatory
rotein-1� (MIP-1�), MIP-1�,  IL-6, MCP-1 and interferon-gamma

nduced-protein-10 (IP-10) [68]. The released chemokines and
ytokines can drive the vicious cycle of immune cell infiltration
eading to cytokine storm and further organ damage. Usually, this
s the late stage of COVID-19, which due to an exaggerated host
esponse, may  lead to the development of ARDS and pneumonia
69].

Since obese and overweight already possess systemic low-grade
nflammation therefore, it is clinically important to understand the
mpact of COVID-19 in these patients and vice versa for better clin-
cal management of patients.

besity and COVID-19

The prevalence of obesity has been on a continuous rise globally,
nd given its impact on respiratory ailments, it becomes critical
o underline the effects it may  have on COVID-19. In the past as
ell, the prevalence of obesity amongst hospitalized cases of H1N1
as been shown to correlate with the poor prognosis and fatality
70]. Unfortunately, in the initial Chinese reports, the BMI  of the
ospitalized COVID-19 patients was  not considered sufficiently.
owever, later on a BMI  of >40 kg/m2 emerged as an important

actor that needed to be taken into consideration for the early hos-
italization of the COVID-19 patients [71]. Emerging data on the

ncrease in the prevalence of obesity amongst hospitalized COVID-
9 patients has also attracted the attention of clinicians. Simonnet
t al., (2020) conducted a retrospective cohort study to determine
he requirement of mechanical ventilator support by the inpatients
ith COVID-19 based on their BMI. It was  reported that the require-
ent of mechanical ventilator support increased parallelly with the

ncrease in BMI  of COVID-19 patients, thus indicating a strong cor-
elation of the disease severity with obesity [72]. The prevalence
f obesity amongst severe and critical patients with or without
OVID-19 in an ICU setup was  also analyzed by Caussy et al., (2020)
ho reported a 2.8% increase in the prevalence of obesity in those
ith COVID-19 [73]. Since obesity is known to alter the homeostasis

f the lungs and affect respiratory health via different mechanisms,
he emerging data of its prevalence as comorbidity in hospitalized
ases of COVID-19 highlight its importance as a factor worth consid-
ring for early hospitalization and care of obese COVID-19 patients.
he odds of obese patients developing a severe form of COVID-19
ere 3.4 folds high when compared to the non-obese counterparts

dmitted at a designated hospital in China [74]. Also, when the

linical features of the COVID-19 patients hospitalized at a Uni-
ersity Hospital Aachen were analyzed, apart from the preexisting
espiratory ailments, obesity was  found to increase the chances of
eveloping the ARDS and prolong the hospitalization [75]. Several
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of the adipose tissue residential cells such as adipocytes, stromal
cells, endothelial cells and macrophages are reported to be a target
of different viruses such as the H1N1, the adenoviruses or the Type
A Influenza [76]. Further, since these cells also express angiotensin
converting enzyme 2 (ACE-2) receptors [77], it could be speculated
that obese patients may  have a higher viral load for SARS-CoV-2 and
thus an increased virus shedding. It is reported that several RNA
viruses such as vesicular stomatitis virus or encephalomyocardi-
tis can activate NLRP3 inflammasome via potassium ion efflux and
promote the secretion of IL-1� [16]. Other RNA viruses have also
been shown to mediate NLRP3 inflammasome activation by the
viral RNA and subsequent IL-1� release [78]. Since SARS-CoV-2 is
an RNA virus, it would be rational to contemplate that after infect-
ing the host cells its RNA may  interact with the toll-like receptor
7/8. Following this, there might be a subsequent NLRP3 inflam-
masome priming and activation that can ultimately lead to IL-1�
secretion. Therefore, the SARS-CoV-2 infection of obese could fur-
ther aggravate the condition by inducing altered innate immune
response involving inflammasome activation & contemplating the
role of molecular players like NLRP3 inflammasome can bring more
clarity to understand the less studied inflammatory pathologies
in many COVID-19 patients. Indeed, a recent study has implicated
the involvement of this pathway in COVID-19 patients and shown
primary evidence of NLRP3 activation [17]. With obese adipocytes
already infiltrated with the macrophages and owing to the evidence
of SARS-CoV-2 tropism towards adipose tissue [79], activation of
NLRP3 inflammasome and successive IL-1� release may  aid to
the cytokine storm. The low-grade systemic chronic inflamma-
tion in the obese is implicated in endothelial dysfunction, which
is considered a common feature of the associated comorbidities
such as hypertension, type 2 diabetes, and dyslipidemia [80]. Since
endothelial cells express ACE-2 receptors, a site for SARS-CoV-2
entry and infection, they demonstrate endothelial inflammation in
the laboratory confirmed cases of COVID-19 [81]. Moreover, the
low-grade chronic inflammation is also known to activate pro-
thrombotic signaling in the vascular endothelial cells in the obese.
Apart from that, the adipocytes of the obese individuals may  get
infected with SARS-CoV-2 and undergo necrotic cell death liberat-
ing free fatty acids in the adipose interstitium which may  further
predispose the obese COVID-19 patients to fat embolism syndrome
[82]. Hence, the direct recruitment of SARS-CoV-2 to endothe-
lium or the adipocytes as well as preexisting systemic chronic
inflammation in the obese may  lead to severe form of the COVID-
19.

Although many of the molecular and clinical aspects of COVID-
19 are either under investigation or yet to be studied, the potential
interrelationship between COVID-19 and obesity and disease
mechanism in obese patients has been summarized in Fig. 1, which
will be helpful in developing potential cellular and molecular ther-
apeutic targets for clinically beneficial outcome in severe to critical
obese COVID-19 patients.

Potential cellular and molecular targets to decrease
COVID-19 severity in obese patients

As the cases of infection and mortality are rising unabated on
a daily basis, understanding the potential cellular and molecular
targets for the development of drugs or therapeutic strategies to
manage COVID-19 is a race against the time. As discussed below
some important molecular targets and strategies are already under

investigation for developing potential therapeutics, while some
additional cellular and molecular targets can also be explored as
new potential strategies for clinical intervention and management
of COVID-19 severity in obese patients.
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iral components and host response elements

Since we know that SARS-Cov-2 is efficient in utilizing its spike
rotein’s receptor binding domain to interact with the host ACE-

 receptor, this interaction could be molecularly targeted. Arbidol,
 drug that can target this interaction, has entered a clinical trial
n China (Clinical Trial Identifier: NCT04273763). It is reported to
lock the fusion of viral envelope with host cell membrane by tar-
eting the viral glycoproteins [83]. Arbidol is an approved drug for
nfluenza where it is illustrated to bind with haemagglutinin glyco-
rotein of influenza virus. It can thus stop the fusion of virus with
he host cells preventing an infection [84]. Further, a membrane-
ased protease, transmembrane protease serine 2 (TMPRSS2), that
elps SARS-CoV-2 fuse with the host cell membrane, can also be a
rucial target. The action of this serine protease could be blocked
y utilizing its inhibitor to prevent SARS-CoV-2 from entering the
ost cells. A clinically proven protease inhibitor camostat mesylate
as been recently shown to effectively engage with the TMPRSS2
n the AECs. Camostat mesylate treatment to the AECs showed a
ignificantly reduced entry of SARS-CoV-2 inside the cells and its
fficacy in blocking the TMPRSS2 did not cause any cytotoxic effects
85].

Once inside the host cells, SARS-CoV-2 exploits the host machin-
ry for completion of the infection cycle through its constituent
actors such as viral RNA and other proteins. One such viral
actor is the enzyme RNA dependent RNA polymerase (RdRP)
hich catalyzes the synthesis of viral RNA strands from the tem-
late viral-genomic RNA. Since RdRP uses the host nucleotides to
ynthesize the new viral genomic-RNA strands, it could be tar-
eted via nucleotide analog molecules. Nucleoside and nucleotide
nalogs such as Ribavirin, Remdesivir, and Favipiravir are found
o be effective towards blocking the function of RdRP and can
hus be exploited to target the SARS-CoV-2 replication [86].
avipiravir in the combination of other drugs (Clinical Trial Iden-
ifier: NCT04303299) and Remdesivir (Clinical Trial Identifier:
CT04257656) are being investigated for their safety and wide-

cale applicability in different clinical trials. Form these, Remdesivir
howed a reduction in the recovery time in COVID-19 patients [87]
nd thus has been issued an emergency use authorization by the
DA as a potential treatment option for COVID-19 [88].

Other SARS-CoV-2 factors such as replicase polyproteins, which
re crucial for virus replication and transcription, are subjected to
roteolytic processing and maturation by the viral proteases. The
ain protease (Mpro) of SARS-CoV-2 seems to be involved in this

roteolytic processing of the crucial replicase polyproteins and is
ighlighted as a potential target for therapeutic development. Fol-

owing the molecular modeling approach Kumar et al., (2020) have
ecently demonstrated an efficient binding efficiency of two phy-
ochemicals, withanone and caffeic acid phenethyl ester with the

pro of SARS-CoV-2. Their studies concluded that these two phyto-
hemicals were significantly similar to a known protease inhibitor
f Mpro and may  bind and inhibit the Mpro activity leaving it func-
ionless. Thus, withanone and caffeic acid phenethyl ester may  be
tilized as potential therapeutic drugs in COVID-19 [89].

Many of the pro-inflammatory cytokines are enhanced in the
yper-inflammatory response of the host during COVID-19 where

L-6 has been highlighted to be a central player [90]. Tocilizumab
nd Sarilumab are the monoclonal antibodies that are both IL-

 receptor antagonists and FDA approved agents to be utilized
or treatment against rheumatoid arthritis [91]. These monoclonal
ntibodies work by blocking IL-6 signaling cascade and preventing
he pro-inflammatory response of these cytokines. Since COVID-19

atients deal with an enhanced IL-6 plasma level, such antibodies
an help dampen the heightened immune response and manage the
ymptoms. To test the efficacy and assess the side effects, Sarilumab
Clinical Trial Identifier: NCT04315298) and Tocilizumab (Clinical
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Fig. 1. A schematic representation of the interrelationship between COVID-19 and obesity. SARS-CoV-2 utilizes ACE-2 receptors to infect a wide variety of cells. The cytopathic
effect  of the infection on the AECs leads to the activation of inflammasome complex and the secretion of the pro-inflammatory mediators culminating into the cytokine storm.
The  obese or metabolically ill lean patients with preexisting systemic chronic inflammation and comorbidities like diabetes, CVDs, endothelial dysfunction, hypertension,
chronic  kidney diseases when infected with the virus, may  develop severe COVID-19 symptoms due to the release of more chemokines and cytokines by accentuating the
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Trial Identifier: ChiCTR2000030196) have thus been into clinical
trials and found helpful in decreasing the severity of COVID-19 in
obese patients. Since the host response to SARS-CoV-2 may  lead to
an inflammatory damage to the body organs, although contraindi-
cated, preliminary results of dexamethasone use for COVID-19 have
shown significant efficacy. At randomization, dexamethasone was
found to reduce one third of the mortality amongst the severe and
critical cases of COVID-19 that needed mechanical ventilator sup-
port [92].

Targeting acute inflammatory response

In the following sections, we have highlighted several other host
response factors that are known to be involved in the attenuation of
pro-inflammatory state, and thus can be the potential therapeutic
targets in COVID-19 patients.

Receptors mediating innate immune response
The receptors responsible for innate immune responses act via

recognizing the pathogens or relay a signal downstream for an
effector immune response. These receptors, as discussed earlier,
are called PRRs and can recognize the PAMPs leading to the assem-
bly and activation of inflammasome. We  have further implicated
the possible involvement of NLRP3 class of inflammasome activa-
tion and secretion of IL-1� in COVID-19. This implication is in line
with the increased concentration of pro-inflammatory cytokine IL-
1� in COVID-19 patients. Since aberrant NLRP3 activation in obese
patients may  lead to excessive secretion of IL-1� and cause sterile
inflammation that may  aggravate COVID-19 inflammatory pathol-
ogy, it is rational to target IL-1� and improve the prognosis of
COVID-19. Anakinra, an IL-1� receptor antagonist, and approved
agent for the treatment of rheumatoid arthritis [93], could be repur-

posed for targeting the inflammation caused by IL-1� in critically
ill obese COVID-19 patients. Targeting these receptors in the early
stage of COVID-19 illness may  turn out to be beneficial in case of
obese patients as this can stop the cytokines storm in the bud.
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nflammatory cell death and immune responses
SARS-CoV-2 is a cytopathic virus and may thus lead to pyrop-

osis of the infected host cells leading to extensive tissue damage
nd aggravated inflammation. One of the characteristic features of
yroptosis is the activation of inflammasome complex and induc-
ion of gasdermin D (GSDMD) protein. The activated GSDMD  after
rocessing from inflammasome can form pores in the host cells
embrane leading to the leakage of pro-inflammatory cytokines

94]. If this particular protein can be exploited as a molecular
arget in COVID-19, the spillage of pro-inflammatory cytokines
nd chemokines could be blocked at the source. By doing so,
he pro-inflammatory response could be dampened. Disulfiram,
n approved drug used to manage alcohol addiction, is reported
o deactivate GSDMD pore-forming protein in pyroptotic cells. It
auses the modification of cysteine residue on GSDMD, ultimately
locking the pore formation and further cytokine release [95].
ence, targeting activated GSDMD in SARS-CoV-2 infected cells
ndergoing pyroptosis can be another potential therapeutic strat-
gy.

argeting augmentation of the anti-inflammatory immune
esponse

esolution of inflammation
An aberrant inflammatory response can lead to several forms of

evastating effects on the tissues and organs. Pathological features
f aberrant and dysregulated inflammation have been depicted
n patients with COVID-19. Undertaking a different strategy to
ackle the inflammatory pathogenesis, targeting the resolution of
nflammation (RoI) seems quite viable option. RoI is mediated by
nti-inflammatory lipid mediators that prevent the infiltration of
mmune cells at the site of inflammation, promotes the clear-
nce of apoptotic cells, and ultimately reduce the availability of
ro-inflammatory cytokines. RoI mediating lipid mediators are
he metabolites derived from omega-3 fatty acid such eicosapen-

aenoic acid and docosahexaenoic acid e.g. resolvin, protectin and

aresin. Levels of these anti-inflammatory mediators are report-
dly low in obese people that give way to pro-inflammatory stimuli
n upper hand leading to delay in RoI. These metabolites of omega-
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Table  1
Summary of plausible pharmacological intervention in COVID-19 patients with obesity.

S. No. Target Therapy Effects Ref.

1. TMPRSS Camostat Mesylate
(FOY-305)

Blocks TMPRSS activity reducing entry of SARS-CoV-2 inside host
cells

[84]

2.  ACE-2 Umifenovir (Arbidol) Blocks the fusion of viral envelope with host cell membrane [82] [83]
3.  RdRPs Ribavirin, Remdesivir,

and Favipiravir
Blocks the function of RdRPs and thus checks the incorporation of
nucleotides in newly synthesized viral RNA

[85]

4.  Main protease
(Mpro)

Withanone and Caffeic
Acid-Phenethyl Ester

Demonstrated to prevent the proteolytic processing of the crucial
polyproteins involved with viral replication & transcription

[88]

5.  IL-6 Tocilizumab and
Sarilumab

IL-6 receptor agonist may  prevent the IL-6 mediated signaling
cascade & proinflammatory response

[90]

6.  IL-1� Anakinra IL-1� agonist may  prevent the proinflammatory activity of
heightened IL-1� in the organs and tissues during SARS-CoV-2
infection

[93]

7.  Gasdermin- D Disulfiram Inactivate gasdermin- D activity and thus prevent
pro-inflammatory cytokine release from the inflammatory dead
cells

[95]
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3 fatty acids act on the respective immune cells via G-protein
coupled receptors (GPCRs) expressed on them such as ChemR23
(expressed on dendritic cells and monocytes), GPR37 and LGR-6
[96–98]. Targeting these receptors by developing their agonists
and timely induction of RoI in an aberrant inflammatory response
such as COVID-19 may  also seem a promising approach to tackle
COVID-19 severity in obese patients.

Metabolic targets in pro-inflammatory immune response
Immune cell metabolism is an important player in driving

immune cells mediated inflammatory response [99]. The pro-
inflammatory mediators are believed to activate the metabolic
switch leading to a dependence on the glycolysis for these cells
just like in the case of the Warburg effect observed in the cancer
cells [99]. Ultimately, a dependence on glycolysis leads to the acti-
vation of pro-inflammatory phenotypes in these cells [100]. Such a
phenomenon of metabolic reprogramming could thus be targeted
to develop therapeutics that can drive the pro-inflammatory cells
towards a more anti-inflammatory state and regulate the hyper
immune response such as seen in the critical cases of COVID-
19. Dimethyl fumarate (DMF), an approved drug candidate for
the treatment of Multiple sclerosis, is effective in reprogram-
ming the pro-inflammatory response of the activated immune
cells towards an anti-inflammatory state [101]. DMF  is reported
to reprogramme the classically activated, pro-inflammatory M1
macrophage towards the anti-inflammatory M2  macrophage. Fur-
ther, DMF  has been shown to achieve the switching of M1  to
M2 macrophages and Th1 to Treg phenotype, respectively by
targeting a key enzyme called glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), active in the glycolysis. Furthermore, DMF
is reported to cause the succinylation of cysteine residues at the
active site of GAPDH ultimately inhibiting its function [102]. Since
the activation of the macrophages and Th1 cells is dependent
on glycolysis, inhibition of GAPDH, a rate limiting enzyme, may
alter their fate and push them towards an anti-inflammatory M2
and Treg types. Since the active pro-inflammatory macrophages
have been implicated in COVID-19 related cytokine storm [103],
targeting metabolic reprogramming of these cells to achieve an
anti-inflammatory state warrants further exploration. Another
advantage of this cellular target could be the selectivity in blocking
certain activated immune cells only as compared to the broad-
spectrum inhibition of inflammatory response as seen with steroid

based drugs.

Finally, it is being emphasized that the selection of the targets
to devise therapeutic strategies should be based on the stages of
the COVID-19 illness. For example, in the early stage of SARS-CoV-
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 the metabolism in the pro-inflammatory
s and Tells so as to push them towards an
atory state

[101]

 infection, halting the replication of the virus can be effective in
ctivating a judicious host immune response. In the late stage of
he illness that is driven by the host-mediated pro-inflammatory
esponse, its effective suppression can be beneficial. Thus, novel
herapeutics could be designed keeping into consideration this fine
alance and the associated side effects of the treatment. It can be
urther speculated that the obese COVID-19 patients might respond

uch better to the therapies designed keeping into considera-
ion the late stage of the illness. This is owing to the possibility
f an involvement of obesity-induced chronic systemic inflamma-
ion in aggravating the host response in the late stage of COVID-19.
ome molecular players discussed above, such as NLRP3 inflam-
asome activation, pyroptosis, and the augmentation of pro- and

nti-inflammatory cytokines could be exploited as possible cel-
ular and molecular targets to devise therapeutics for COVID-19,
specially for the obese as well as metabolically ill lean COVID-19
atients. A few of these prominent and potential molecular targets
ave been summarized below in Table 1.

onclusion

The pandemic of COVID-19 involves a novel Coronavirus-2
nduced respiratory ailment that has shown serious repercussions
n the people suffering from comorbidities such as obesity and
ssociated metabolic illnesses. Thus, we  have reviewed the avail-
ble literature and clinical studies and highlighted some of the
otential and novel cellular and molecular targets that can be
xplored, understood, and exploited to develop new therapeutic
trategies for better clinical outcome in obese and metabolically ill
atients with SARS-CoV-2 infection.
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