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Abstract: Nuclear factor-kappa B (NF-«B) induces the expression of many pro-inflammatory genes,
including cytokines and chemokines. In the past decades, a wealth of clinical as well as animal
model-based studies have demonstrated the association of the deregulated NF-«B signaling pathway
with the progression of various inflammatory diseases, including inflammatory bowel disease (IBD),
multiple sclerosis (MS), and chronic obstructive pulmonary disease (COPD). Given the conserved
role of the NF-kB pathway as the pivotal regulator of pro-inflammatory gene expression, different
components of the NF-kB pathway are proposed as major therapeutic targets against these dis-
eases. The ongoing coronavirus disease of 2019 (COVID-19) has posed a significant public health
crisis regarding inflammation-related diseases. A robust inflammatory response is associated with
COVID-19-infection-related complications, including muti-organ failure and death. This review
summarizes the past and current state of knowledge on the role of the NF-«kB signaling pathway in
the innate immune response and inflammatory diseases with the objective of potential therapeutic
use in developing effective treatment options for COVID-19.
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1. Introduction

Inflammatory responses are the key defense mechanisms against pathogenic encoun-
ters. Misregulation of the inflammatory response is associated with many human diseases,
including inflammatory bowel disease (IBD) and rheumatoid arthritis. The expression of
many genes involved in the inflammatory immune response is regulated by one inducible
transcription factor family, NF-«kB. All five NF-«B family proteins, i.e., NF-«kB1(p50), NF-
kB2(p52), RelA(p65), RelB, and c-Rel bind to the kB enhancer DNA segment to induce the
expression of targeted genes [1,2]. The NF-«B signaling pathway is employed in various
cellular functions, including redox maintenance and innate immune development. Deregu-
lation of NF-«B signaling is associated with the pathogenesis of various immunological
diseases, and thus the NF-kB pathway is a promising therapeutic target. NF-«B signaling
in response to infections is depicted in Figure 1.

The ongoing COVID-19 pandemic started a little over two years ago. It is caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). According to the
Johns Hopkins Coronavirus Resource Center, 2022 data, the number of confirmed cases
worldwide is over 500 million, while the number of deaths is over 5 million (https://
coronavirus.jhu.edu/ (accessed on 16 May 2022). Relentless efforts from different research
labs facilitated the development of SARS-CoV-2 vaccines, which helped meet the urgent
need for survival against COVID-19 complications, including death. Emerging reports on
persistent clinical symptoms, even in vaccinated individuals, and reoccurrence of clinical

Physiologia 2022, 2, 34-45. https:/ /doi.org/10.3390/physiologia2020004

https://www.mdpi.com/journal /physiologia


https://doi.org/10.3390/physiologia2020004
https://doi.org/10.3390/physiologia2020004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physiologia
https://www.mdpi.com
https://orcid.org/0000-0001-7899-3397
https://orcid.org/0000-0003-3733-3928
https://coronavirus.jhu.edu/
https://coronavirus.jhu.edu/
https://doi.org/10.3390/physiologia2020004
https://www.mdpi.com/journal/physiologia
https://www.mdpi.com/article/10.3390/physiologia2020004?type=check_update&version=1

Physiologia 2022, 2

35

manifestations post COVID-19 recovery and post-vaccination warrant further research for
effective treatment options.
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Figure 1. NF-kB signaling during normal development and pathological infection is shown. In
response to stimuli (grey stars), cytokines and chemokines are produced (black stars). The production
of these cytokines and chemokines is elevated during the infection, often resulting in cytokine storm
syndrome during sever infections such as COVID-19.

In the SARS-CoV-2 infected tissue, viral components cause overactivation of inflam-
matory responses in the innate immune cells, e.g., macrophages, neutrophils, and mono-
cytes [3]. The innate immune inflammatory response is an antiviral defense mechanism
against viral infection. However, the overabundance of immune response regarding the
immoderate increase in inflammatory cytokines and chemokines upon SARS-CoV-2 infec-
tion is detrimental to airways and epithelial and vascular endothelial cells [4]. In line with
this, reports on the clinical manifestations of COVID-19 infection documented increased
titers of different inflammatory molecules, including IL-2, IL-6, IL-8, IFNy TNF«, MIP1«,
MCP1, and IP-10, in the blood samples of COVID-19 patients [3,5-7]. Notably, studies have
found a correlation between the increased expression of IL-6 and TNF-« and the severity of
disease and mortality in COVID-19 patients [3,8].

The single-stranded RNA of SARS-CoV-2 encodes four proteins for the spike, the
membrane, the nucleocapsid, and the envelope [9]. The binding of viral spike proteins to
the angiotensin-converting enzyme 2 (ACE2) receptors on the surface of human epithelial
cells facilitates the invasion of the virus into the host cell, where it replicates. Upon
recognizing the viral proteins, macrophages are activated and pro-inflammatory proteins,
such as cytokines and chemokines, are released to clear the viral particles from the infected
cells [10]. Notably, a deregulated pro-inflammatory response may lead to a robust release
of these immune response proteins and a satiation called a cytokine storm, which can be
detrimental to the host cells [11,12]. A recent report by Khan and colleagues showed that
the robust inflammatory responses of the macrophages and the epithelial cells are caused
by the spike proteins of SARC-CoV-2 [13]. In this study, the authors demonstrated that one
of the Toll-like receptor proteins (TLRs), TLR2, binds the viral spike proteins and induces
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the pro-inflammatory protein through MyD88/NF-«B pathway activation. Interestingly,
another study by Zheng and colleagues documented the association of COVID-19 severity
with TLR2 and MyD88 expression [14]. These studies strongly suggest that the robust
increase in the inflammatory response and cytokine storm are significant contributors to
the detrimental outcomes of COVID-19, and TLR2 and its downstream molecule (possibly
NEF-«B related) may have therapeutic potential against the cytokine storm in COVID-19
infection. NF-«B signaling in COVID-19 infection is illustrated in Figure 2.
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Figure 2. NF-«kB signaling in COVID-19 infection is illustrated. In response to viral infections,
the downstream signaling results in amplified cytokine response, activating different immune cell
types such as T cells and dendritic cells. This hyperactivation of immune response causes cytokine
storm syndrome.

Overall, a robust inflammatory response and cytokine storm are associated with
COVID-19%-infection-related complications, including multi-organ failure and death. This
review aims to summarize the past and current state of knowledge on the role of the
NF-«B signaling pathway in the innate immune response and inflammatory diseases with
the objective of potential therapeutic use in developing effective treatment options for
COVID-19.

2. The Modulatory Role of NF-«B in the Innate Inmune Response: Inflammation and
ROS Production

Innate immunity and inflammation employ different immune cells, including neu-
trophils, macrophages, and dendritic cells. Innate immune response activation is mediated
by a family of pattern-recognition receptors (PRRs) which can recognize pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) [15]. Dif-
ferent families of PRRs include Toll-like receptors (TLRs), RIG-I-like receptors (RLRs),
Nod-like receptors (NLRs), and cytosolic DNA sensors [16]. Activation of the canonical
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NF-kB pathway is a common downstream signaling cascade of the PRRs and leads to the
induction of pro-inflammatory molecules, including cytokines and chemokines. NF-«B
proteins are located in the cytosol and remain associated with the inhibitory protein called
IkBs. Various NF-kB stimuli include viral or bacterial infections, antigen (e.g., TLRs) ac-
tivation, cytokines (e.g., TNFa and IL-1), and genotoxicity induced by UV radiation or
oxidative stress [1].

Upon the activation by the inducers, the inhibitor of the NF-«kB (IkB) proteins becomes
phosphorylated and subsequently undergoes ubiquitylation and proteasome degradation.
Dissociation of IkB leads to the translocation of NF-«kB proteins from the cytosol to the
nucleus and induces the transcription of target genes, including cytokines, chemokines,
and antimicrobial peptides. The activity of the NF-«B signaling pathway is essential for the
survival and activation of lymphocyte cells and the induction of immune responses [17]. In
response to infections or injury, an inflammatory immune response is one of the defense
mechanisms, and its deregulation of inflammation can lead to the onset of tissue damage
or chronic inflammatory diseases. Studies have shown evidence that NF-«kB signaling plays
pro- and anti-inflammatory roles in inflammation [18].

Another important cellular entity, reactive oxygen species (ROS), is well-documented
for its roles in the immune system’s development and the execution of immune responses.
NF-kB regulates cellular ROS levels by increasing the expression of antioxidant-encoding
genes. Different NF-«kB-targeted antioxidants include copper-zinc superoxide dismu-
tase (Cu,Zn-SOD/SOD1), manganese superoxide dismutase (Mn-SOD/SOD2), ferritin
heavy chains (FHC), catalase, thioredoxin-1 (Trx1), thioredoxin-2 (Trx2), glutathione-s-
transferase (GST), metallothionein-3 (MT3), NADPH dehydrogenase quinone 1 (NQO1),
heme oxygenase 1 (HOL1), glutathione peroxidase 1 (Gpx1), and dihydrodiol dehydrogenase
(DDH1) [19]. Out of these, the superoxide dismutases and ferritin heavy chains are the most
common antioxidant employed by NF-«B signaling to regulate ROS levels. In the context
of inflammation, NF-«kB regulates different enzymes in immune cells. Majorly documented
enzymes are NADPH oxidase NOX2, xanthine oxidase/dehydrogenase (XOR), inducible
nitric oxide synthase (iNOS), neuronal nitric oxide synthase (nNOS), cyclooxygenase-2
(COX2), and cytochrome p450 (Cyp450).

Regulation of ROS levels by NF-«B signaling is well established, but it is to be noted
that cellular ROS also regulate the activity of the NF-«kB pathway. ROS include various
radical and non-radical reactive molecules and can target the NF-«B signaling pathway at
different steps. One of the well-studied mechanisms of NF-«B regulation by ROS is the
oxidation of cysteine residue leading to the functional inactivation of protein [20]. Through
the oxidation of cysteine residue, ROS can also regulate NF-«B by suppressing its DNA
binding ability [21]. ROS also regulate NF-«B signaling through upstream activators. One of
the most common non-radical forms of ROS, hydrogen peroxide (H202), can differentially
affect the upstream regulators of NF-«B signaling, including IkBe, IKK, MEKK1, and
NIK [19]. The schematic in Figure 3 depicts the role of ROS in regulating inflammation in
the context of the NF-kB signaling pathway. Overall, in the intricate crosstalk between ROS
and the NF-kB pathway, the expression of NF-«kB-targeted genes affects ROS levels, and
ROS regulates the NF-«B signaling pathways. However, the outcome of regulation, whether
inhibition or activation of signaling, is highly context dependent. ROS are implicated in the
progression of various inflammatory disease conditions.
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Figure 3. Activation of NF-kB signaling in response to stimuli such as infections, antigen receptors,
cytokines, or oxidative stress and their downstream cellular responses are highlighted.

3. NF-«B in Inflammatory Diseases

Given the role of NF-kB in the induction of cytokines, chemokines, cell adhesion
molecules, cyclooxygenases 2, and matrix metalloproteinases and in the development of
innate immune cells and inflammatory T cells, the deregulation of NF-«B signaling has
been incriminated in the pathogenesis of various inflammatory diseases, including multiple
sclerosis, inflammatory bowel disease (IBD), rheumatoid arthritis, lupus erythematosus,
and type I diabetes [22,23].

To discuss a few of these, the pathogenesis of multiple sclerosis involves the central
nervous system-specific CD4+ T cells, e.g., Th1l and Th17 cells [24]. The genome-wide
association studies noise reduction method (GWAS-NR) has identified the NF-«B pathway
associated molecules, including RelA, IkBx, IkBz, and MALT1, and Bcl10, as susceptible
candidates in multiple sclerosis [25]. IBD involves pathogenic action in intestinal epithelial
cells and innate immune cells, including macrophages, neutrophils, and lymphoid cells [26].

Mutations in NF-«kB-signaling-associated genes, including IL-12, IL-23, and NOD2, are
casually linked with human IBD [27]. Studies on animal models have shown that genetic de-
ficiencies in deubiquitinases CYLD and A20 (negative regulators of NF-«B signaling) induce
colonic inflammation [28]. In corroboration of this, NF-kB decoy oligonucleotides targeting
the DNA-binding activity of NF-«B proteins improved chemically induced IBD phenotypes
in a murine model [29]. These reports are in line with the induction of pro-inflammatory
cytokines by NF-«kB in innate immune cells and the differentiation of inflammatory T cells.

In addition to the above discussed inflammatory diseases related to the nervous
system and gastrointestinal system, NF-kB signaling has been documented to play essential
roles in the two inflammatory airway/lung disorders, e.g., chronic obstructive pulmonary
diseases (COPD) and asthma [30,31]. Oxidative stress and redox imbalance-induced airway
inflammation are common manifestations in both diseases. Both asthmatics and COPD
patients exhibit increased NF-«B activation [32,33].

In two allergic asthma models, deletion of TLR2 and TLR4 genes attenuated the NF-«B
overreaction, suggesting that increased NF-«B signaling is contributed to by the innate
immune system [34,35]. The anti-inflammatory activity of glucocorticoids offers them as
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treatment options for these diseases. Ligand-bound glucocorticoid receptors bind NF-«B
and, subsequently, the expression of target inflammatory genes is inhibited [36]. Under-
standing the intricate NF-«B signaling pathway and its target genes and processes has
led to the identification of different inhibitor molecules for potential therapeutic purposes
against inflammatory diseases, including asthma and COPD. The NF-«B pathway upstream
kinases, such as IKK1, IKK2, and MEKK3, and the downstream effectors, including IkB ubig-
uitin E3 ligase, are promising targets for the selective regulation of NF-«kB functions [31,37].
In addition, the components of the TNF and IL-1 signaling pathways, e.g., TRADD, TRAF2,
TRAF6, and IRAK, as well as PI3K and PKC isoforms, also offer their candidature as
potential NF-«B inhibitory targets.

In the context of inflammatory lung disorders/abnormalities, the ongoing coronavirus
disease (COVID-19) outbreak is of major concern. The causative pathogen of COVID-19
is severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), and the clinical man-
ifestations of the disease include pulmonary, e.g., acute respiratory distress, respiratory
failure, and pneumonia, as well as extrapulmonary, e.g., arrhythmia, acute coronary syn-
drome, elevated liver enzymes, acute kidney failure, and neuropathy (Johnson et al.,
2020/PMID: 32903492). Recurrent clinical occurrences of pulmonary abnormalities and
persistent COVID-19 manifestations are well documented in COVID-19 patients [38—41].
As inflammation is majorly employed in COVID-19-associated multi-organ dysfunction
and is well regulated by NF-«B signaling, the following sections discuss NF-«B signaling in
the context of cytokine storm, multiple organ failure, comorbidities, and NF-«B signaling
modulation as a therapeutic measure for COVID-19.

4. NF-«kB Activation in Cytokine Storm Syndrome and Multiple Organ Failure during

Some of the major consequences of severe cases of COVID-19 include cytokine storm
syndrome and multiple organ failure. These events are related to complications such as high
levels of pro-inflammatory cytokines and chemokines, such as TNF-«, IL-1, IL-6, IL-8, IFN-
Y, MCP-1, etc. ‘Cytokine storm’ was originally coined to define certain medical conditions
in response to the use of muromonab-CD3 (OKT3) for allograft rejection [42]. Increased
levels of pro-inflammatory cytokines can result in a systemic inflammatory response leading
to tissue and organ damage and eventually multiple organ failure. A number of infections
can cause these systemic immune responses, and it is becoming increasingly evident that
severe cases of COVID-19 are one of the leading causes of fatalities in the recent past
owing to these complications. The cause and manifestation of cytokine storm can vary
depending on the type of infection, and thus the treatment options should be considered
accordingly. A clear understanding of the mechanism of cytokine storm in COVID-19 is
rapidly evolving, and this can provide useful insights into the development of specific
diagnoses and effective treatment strategies.

One of the reasons for the increase in pro-inflammatory cytokines in COVID-19 is
the activation of NF-«kB by viral spike protein [6]. The most potent manifestation of the
cytokine storm can result from the activation of both CD4+ T and effector CD8+ T cells.
In addition, other immune cells such as monocytes, macrophages, dendritic cells, and
mast cells are also hyperactivated [42]. The spike protein subunit 1 (CoV2-51) of the
SARS-CoV-2 has a strong binding affinity for the ACE2 receptor and is a key inducer of
full-blown pro-inflammatory cytokine storm [43]. Once NF-«B is activated by the binding
of the spike protein onto the ACE2 receptor, multiple cytokines, chemokines, and signaling
intermediates are upregulated, resulting in a self-activating NF-kB pathway loop and
leading to hyperimmune responses and fatalities

Depending on the extent of the cytokine storm syndrome, the clinical and laboratory
manifestations can range from symptoms such as high-grade fever, anorexia, arthralgia,
myalgia, and systemic intravascular coagulation to complex pulmonary symptoms such
as cardiomyopathy and acute renal and hepatic failure [42]. In addition, COVID-19 long
haulers also show neurological and neuropsychiatric symptoms and neurotoxicity syn-
drome. Hence, the extent, presentation, and degree of the manifestations of cytokine storm
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syndrome are directly associated with the extent of multiple organ dysfunction and failure.
A detailed description of the clinical features and laboratory findings are illustrated in

Figure 4.
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Figure 4. Clinical manifestations associated with COVID-19 infection in multiple organs
are highlighted.

5. NF-kB in Crosstalk between COVID-19 and Associated Comorbidities

One of the main reasons for the diagnostic and treatment challenges in COVID-19 is the
risk of associated comorbidities. These comorbid conditions include lifestyle factors, such as
obesity, diabetes, hypertension, and other diseases, such as cardiovascular/cerebrovascular
diseases, chronic renal disease, tuberculosis, and chronic obstructive pulmonary disease
(COPD), among others [44-48]. Complete knowledge of the associated risk factors and their
role in personalized diagnostics and treatment is now considered necessary. Several groups
are now undertaking various strategies such as CORD-19 database analysis [48], pathway
analysis [44], and literature-based meta-analysis [46,47] to understand pathway-based
associated risk factors in COVID-19.

These studies have underpinned the involvement of NF-kB signaling-associated
crosstalk in several comorbid conditions such as cancers, chronic renal disease, and car-
diovascular disease [44]. Lifestyle factors such as obesity and insulin resistance are char-
acterized by chronic low-grade inflammation [49]. The non-canonical NF-kB pathway is
reported to be involved in 3-cell failure in diabetes [50]. A recent report also proposed that
some of these comorbid conditions can result from viral-bacterial interactions initiated
by bacterial products such as lipopolysaccharide (LPS) [51]. Increased levels of LPS in
circulation are reported in obesity and diabetes, and gut dysbiosis is also involved in the
pathogenesis of insulin resistance. An interaction between the viral S protein and bacterial
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LPS can cause pro-inflammatory NF-«kB activation in such conditions. Interestingly, blood
microbiota and circulating microbial metabolites are also linked to the etiology and pro-
gression of cardiovascular disease [52]. Hence, a systematic correlation between COVID-19
progression and pro-inflammatory NF-kB activation with these comorbid conditions can
provide novel insights into the severity associated with COVID-19 and also treatment strate-
gies. Efforts are underway to identify shared pathway-based targets for drug repurposing
and the treating comorbidities associated with severe COVID-19.

In addition to many cancers, accumulating evidence suggests that sustained activation
of the NF-«kB pathway is also observed in many neurodegenerative disorders, such as
multiple sclerosis (MS) and Alzheimer’s disease [53-55]. In fact, severe COVID-19 is
associated with many neurological symptoms such as demyelination, seizures, anosmia,
ageusia, encephalitis, Guillain-Barré Syndrome (GBS), and long-term cognitive deficits [53].
The term ‘neuro-COVID-19’ was introduced to define the symptoms associated with severe
and prolonged COVID-19. Many hospitals inducted neuro-COVID-19 wards during the
pandemic to treat and study the neurological symptoms associated with COVID-19. Several
patients manifested stroke, delirium, seizures, encephalitis, brain fog, fatigue, and cognitive
impairments associated with COVID-19 [53]. The risk association of neurological disorders
with the severity of COVID-19 is not yet well cataloged. Pathway and meta-analysis-
based approaches are required to identify NF-kB-dependent, shared drug targets to treat
COVID-19 long haulers suffering from prolonged neurological symptoms.

6. Therapeutic Use of NF-«B Modulators in COVID-19

Earlier studies suggested that inhibition of NF-kB-mediated inflammation in severe
acute respiratory syndrome coronavirus—infected mice increased survival [56]. Severe
cases of COVID-19 also have lymphopenia, a condition observed by decreased lymphocyte
count, making patients more susceptible to infections [57,58] The abnormal activation of
T cells followed by their depletion has been proposed as one of the vital steps in many
immunological responses [59]. Furthermore, it is proposed that the SARS-CoV-2 virus
may infect T cells, interfere with T-cell expansion, and result in T-cell exhaustion [58,60]
NF-kB-induced cellular proptosis is another proposed mechanism of lymphopenia [42].
This may explain the observed lymphopenia in some patients. It is also hypothesized that
inflammatory cytokine storm is likely a key factor behind the lymphopenia observed [58].
Since multiple cytokines and chemokines are involved in NF-kB-dependent cytokine storm,
a reasonable approach to mitigate severity in some cases of COVID-19 is to prevent NF-«B
activation, thereby preventing inflammation and cytokine storm.

One approach is to repurpose antiviral drugs to treat COVID-19 symptoms concurrent
with NF-kB activation. Many antiviral drugs that suppress activation of the NF-«B pathway,
such as lopinavir and ritonavir, are being repurposed to treat COVID-19 [61,62]. In addition,
tocilizumab, which is used to treat rheumatoid arthritis, also suppresses NF-kB and has
been repurposed for the treatment of COVID-19 [53]. The NF-«kB inhibitor digoxin, an
approved drug, has been proposed in one of the pathway-based target identification studies
as a promising candidate for COVID-19 patients with comorbid conditions such as diabetes
and cancer [44]. Although the therapeutic effects of chloroquine and hydroxychloroquine
in the treatment of COVID-19 remain controversial, their immunosuppressive effects are
dependent on the reduction of NF-«B [63].

One of the key steps in the activation of NF-«kB signaling is the phosphorylation of
IKK-B, followed by its degradation. Hence, blocking the phosphorylation of IKKf{ is
another approach to blocking the NF-«B pathway. Many pharmacological phosphoryla-
tion inhibitors of IKK-{, such as vinpocetine, resveratrol, N-acetylcysteine (NAC), or the
proposed inhibitor botulinum neurotoxin (BoNT), may be other candidates of interest to
prevent NF-«B pathway activation [59].

Common NSAIDs, such as acetylsalicylic acid and aspirin, and a synthetic form of
glucocorticoid, dexamethasone, have shown varying degrees of clinical efficacy in patients
with COVID-19 [59,64]. A novel proteasome inhibitor, VL-01, has shown inhibition of
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NF-kB in both virus-induced and LPS-induced cytokine storm and may be a promising
therapeutic candidate [64].

In addition, many studies have shown that blocking the NF-«kB pathway with antioxi-
dants could be an effective therapeutic approach. These antioxidants include vitamin A,
vitamin C, vitamin E, glutathione, and zinc. Furthermore, vitamin D has neuroprotective
roles and can provide prophylactic protection for COVID-19 long haulers suffering from
neurological symptoms of neuro-COVID-19 [53]. Figure 5 represents a schematic showing
the targets of the NF-«kB pathway used by some of the inhibitor drugs for the treatment of
COVID-19. In a parallel approach, utilization of some natural compounds including propo-
lis [65], astaxanthin [66], and palmitoylethanolamide [67] in regulating NF-«kB-dependent
immune response during COVID-19 is also being investigated by many laboratories.
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Figure 5. Schematic diagram showing the NF-kB-associated targets of potential COVID-19 drugs.
AMs (Adhesion molecules).

7. Conclusions

The ongoing COVID-19 pandemic has caused severe public and community health
issues that need to be dealt with effectively to mitigate the risk of COVID-19-associated
long-term problems. The severity of the symptoms depends on the degree of inflammation
and overactivation of the immune response. The unregulated pro-inflammatory response
results in cytokine storm syndrome and multiple organ failure leading to fatalities. NF-«xB
pathway activation is one of the leading causes of these severe symptoms, and comorbidities
increase the risk of these symptoms and causalities several fold. Hence, when designing
comprehensive treatment strategies, the NF-kB activation associated with comorbidities
should be considered. Several groups have undertaken multiple approaches to effectively
formulate and repurpose NF-«B modulators for treating severe symptoms of COVID-19,
and future studies are warranted to expand the repertoire of these modulators.
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