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Abstract

The immune system protects the body against diseases caused by bacteria, virus and fungi. As essential controllers of both innate and adaptive
immune responses, activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) signaling pathway has a role in the
development of immunological diseases. NF-kB is a well-known proinflammatory mediator and its deregulated activation has been linked to
autoimmune disorders and chronic inflammation. Autoimmune disorders can arise when the immune system mistakenly attack healthy cells.
An adaptive immune response specifically directed against a self-antigen is known as an autoimmune disease. Autoimmune diseases are broadly
divided into two categories namely organ-specific and non-organ-specific (systemic). Some of the known organ-specific autoimmune diseases
are multiple sclerosis (brain), autoimmune pancreatitis (pancreas), autoimmune hepatitis (liver), ulcerative colitis (gastrointestinal tract) and
Hashimoto thyroiditis (thyroid). Therapeutic approaches are available for the treatment of autoimmune diseases, which are not completely
efficient and have unfavourable side effects. As an alternative approach, phytochemicals and herbs are effective in fighting off a variety of
diseases, including autoimmune disorders. This review aims to provide information about the use of phytochemicals in treating autoimmune
diseases focusing on NF-kB signaling pathway specific to gastrointestinal tract.
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Abbreviations: NF-xB: Nuclear factor kappa-light-chain-enhancer of activated B cells; IL: Interleukin; Th: T helper cell; IFN: Interferon; TCR: T
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Introduction

as Kkilling by cytotoxic T cells through the release of cytokines or
by IgG and IgM antibodies directed against cell-surface antigens,
which resultin Fc receptor-mediated killing. Elevated levels of Th2
cytokines including IL-4, IL-5 and IL-10, the extensive circulation

The compleximmune system evolved with the primary purpose
of defending hosts against infectious pathogens. However, there
are two major ways in which this pleiotropic immune system can
lead to pathology: autoimmune disorders and immune deficiency

of autoantibodies and immune complex deposition, opsonization

(sj}./ndromes [1].Prev;(ouslythoughtto be;r;omn;or}ll, aut01mlm1.1ne with antibody and cell injury via complement-mediated lysis
iseases are now known to impact 3-5% of the population are all characteristics of systemic autoimmune diseases [4]. NF-

and their effects on mortality and morbidity are significant. kB promotes the differentiation of Th1 cells by regulating T cell

There are nearly 100 different autoimmune diseases, some of

i o o ) receptor (TCR) signaling and functioning in innate immunity
which are organ-specific and others are indicative of various

to mediate the generation of cytokines like IL-12 that promote

immunological dysfunctions affecting multiple organs or systemic Th1 development. Th17 cells are characterized by the secretion

autoimmune diseases [2,3]. In general, autoimmune diseases are
characterized by the predominance of T helper 1 (Th1) cytokines
like interleukin-2 (IL-2) and interferon-y (IFN-y), and the effector
responses typically involve cell-mediated immune responses, such

of IL-17, an inflammatory cytokine that recruits monocytes and
neutrophils to the site of inflammation in response to invasion by
pathogens or self-antigens [5].
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NF-xB Signaling Pathways

The canonical and non-canonical routes are the two main
signaling pathways involved in the activation of NF-kB. Despite
having different signaling mechanisms, both are crucial for
controlling immunological and inflammatory responses [6,7].
The canonical NF-kB pathway reacts to a variety of stimuli, such
as ligands for various cytokine receptors, pattern-recognition
receptors (PRRs), members of the TNF receptor (TNFR)
superfamily, TCR, and B-cell receptor (BCR) [8]. The inducible
degradation of inhibitory kappa Ba (IxBa), which is brought on
by its site-specific phosphorylation by a multi-subunit IxB kinase
(IKK) complex, is the main mechanism for canonical NF-kB
activation [9,10]. Two catalytic subunits, [IKKa and IKKf, as well
as a regulatory component known as NF-kB essential modulator
(NEMO) or IKKy make up IKK [11]. Many stimuli such as cytokines,
growth factors, mitogens, microbial components and stressors
can activate IKK [12]. When IKK is activated, it phosphorylates
IkBa at two N-terminal serines, which causes IkBa to be degraded
in the proteasome in an ubiquitin-dependent manner. This causes
the nuclear translocation of canonical NF-kB members, primarily
the p50/RelA and p50/c-Rel dimers efficiently [13,10,14]. The
non-canonical NF-kB pathway selectively reacts to a particular
group of stimuli, such as ligands of a subset of TNFR superfamily
members like lymphotoxin-$ receptor (LTfR), B-cell activating
factor receptor (BAFFR), Cluster of differentiation 40 (CD40) and
receptor activator of NF-kappaB (RANK) [15,16].

Moreover, the non-canonical NF-kB activation relies on
processing of the NF-kB2 precursor protein, p100, rather than IkBa
degradation [6,15]. NF-kB-inducing kinase (NIK), a key signaling
molecule for this pathway, activates and functionally collaborates
with IKK to drive p100 phosphorylation, which in turn triggers
p100 ubiquitination and processing [17,18]. Degradation of the
C-terminal IxB-like structure of p100 occurs during processing,
leading to the production of mature NF-kB2 p52 and nuclear
translocation of the non-canonical NF-kB complex p52/RelB
[6,8,15]. The non-canonical NF-kB route appears to have evolved
as an additional signaling axis that works in conjunction with
the canonical NF-kB pathway to regulate particular activities of
the adaptive immune system whereas conventional NF-kB is
functionally involved in practically all aspects ofimmune responses
[16]. Regulation of inflammatory reactions is a well-known role of
NF-xB. NF-kB controls the activation, differentiation and effector
function of inflammatory T cells in addition to controlling the
expression of several pro-inflammatory genes in innate immune
cells [19,20]. Current research reveals that NF-kB also controls
how inflammasomes are activated [21]. Evidently, chronic
inflammatory disorders are characterized by dysregulated NF-«B
activation. Due to this, it is crucial for therapeutic approaches in
the treatment of inflammatory illnesses including autoimmune
diseases to have a better knowledge of the process underlying NF-
kB and pro-inflammatory activation.

Target Genes of NF-kB Signaling Pathways

NF-kB activates a variety of gene expressions including those
encoding immunoreceptors, chemokines (IL-8, MIP-1a, MCP1,
RANTES and eotaxin), cytokines (IL-1, IL-2, IL-6, IL-12, TNF-q,
LTa and GM-CSF), proteins involved in antigen presentation, cell
adhesion molecules (ICAM, VCAM and E-selectin), stress response
genes, acute phase proteins, regulators of apoptosis, growth
factors, inducible effector enzymes (iNOS and COX-2) and virus-
encoded genes [22]. Most of these target genes contribute to the
regulation of the innate immune response. NF-«kB also regulates
the gene expression that provide adaptive immunity, including
costimulatory B7.1, major histocompatibility complex (MHC)
proteins and cytokines like IL-12, IL-2 and IFN-f [23]. NF-xB
contribute to the overall immune response through activating
genes coding for cell proliferation and apoptosis regulators.

NF-xB Signaling Pathways in Autoimmune Diseases

Immune response to self-antigens cause autoimmune diseases
which in turn leads to tissue damage and chronic inflammation
[24]. Many autoimmune disorders including rheumatoid arthritis,
systemic lupus erythematosus, type I diabetes, multiple sclerosis
and inflammatory bowel disease have been linked to NF-«kB
pathogenesis [25]. NF-kB activation is transiently present during a
healthy immune response, butitis persistently active in the tissues
of autoimmune disorders. Induction of proinflammatory cytokines
and chemokines which facilitate the attraction of immune cells
and formation of inflammation, is a well-known activity of NF-«B.
Moreover, NF-kB influences the activity of dendritic cells to either
directly or indirectly increase the activation of autoimmune T cells
[26].

Autoimmune-Related NF-kB
Inducers

Signaling Pathway

Proinflammatory signals (cytokine receptors like TNFR
family and IL-1R), toll-like receptors (TLRs) and the activation
of lymphocyte receptors activate the canonical NF-kB pathway.
When TLRs specific ligand is activated, it recruits MyD88 to
activate the transcription factors NF-«kB and interferon regulatory
factors (IRF). As a result, the genes that code for different
cytokines and type I interferons are activated. Since they produce
proinflammatory cytokines, TLRs are crucial for the development
of adaptive immunity. Its ongoing activation contributes to the
pathophysiology of autoimmune disorders because of their
function in innate and adaptive immunity. Defective clearance of
apoptotic cell debris is another element in the pathophysiology
of autoimmune disorders [27]. Systemic lupus erythematosus
is largely brought on by the accumulation of nucleic acids in
the cytoplasm as a result of inefficient clearance, which triggers
endosomal TLR7 and TLR9. These have been demonstrated to be
critical in the development of autoantibodies in a number of mice
model studies [28]. MyD88 is necessary for their signaling as it
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binds to interleukin-1 receptor-associated kinase-4 (IRAK4) and
causes IRAK1 and IRAK2 to become active. Hence, TNF receptor-
associated factor 6 (TRAF6) is a target of IRAK1 and IRAK2. The
transcription factors TRAF6, IRF7 and NF-kB are activated by
K63-linked poly-ubiquitination [29]. There are ten members
of the IL-1R family of receptors. Due to alternate splicing and
proteolytic cleavages, each of these receptors has several variants.
The receptors share internal TIR domains (Toll interleukin-1
receptor homology region) with TLR receptors and have three Ig-
like domains (D1, D2 and D3). The combinations of association
between the various chains have led to the distinction of five
different types of complexes which significantly activate NF-kB.
These dysregulations are also linked to autoimmune or auto-
inflammatory disorders. 1L-18, which is linked to autoimmune
conditions such as multiple sclerosis, myasthenia gravis,
rheumatoid arthritis, psoriasis, Becet's syndrome, autoimmune
thyroiditis, Crohn’s disease and type Il diabetes activates the IL-
18R complexes [30].

Nucleotide-binding  Oligomerization = Domain-containing
protein 1 and 2 (NOD1 and NOD2) are crucial intracellular pattern
recognition receptors (PRRs) required to detect and regulate
intracellular bacteria. NOD1 and NOD2 stimulate NF-kB, mitogen-
activated protein kinases (MAPKs), autophagy and inflammasome
to initiate immunological responses [31]. Even in the absence of
stimulation by muramyl dipeptide and other bacterial wall cues,
mutant NOD2 causes NF-kB hyper-activation [32]. Since NOD2 is
less effective in identifying bacterial particles as a result of these
hereditary mutations, germs can multiply and enter the intestinal
mucosa [33]. These result in improper NF-kB activation and
altered intestinal bacterial clearance [34,35]. The TNF family of
cytokines which include Glucocorticoid-Induced Tumor Necrosis
Factor (GITR), 0X40, Herpes Virus Entry Mediator (HVEM),
Death Receptor 3 (DR3), inducible costimulatory receptor (4-
1BB), CD30 and TNFR2 are primary targets for the therapy of
autoimmune disorders due to their function as agonists in the
immune response. The fact that all TNFR family receptors trigger
NF-kB is one of their distinguishing characteristics. Autoimmune
disorders are associated with high levels of TNF-a and TNFR. A
class III TNF-a polymorphism is also linked to a large number
of autoimmune disorders including Sjogren’s syndrome [36],
systemic lupus erythematosus [37], rheumatoid arthritis [38]
and ulcerative colitis [39]. DR3 is most abundantly expressed in
antigen-presenting cells (APCs), phagocytes and activated T cells.
Itis also highly expressed in Crohn’s disease, ulcerative colitis and
rheumatic diseases [40].

Autoimmune Diseases in Gastrointestinal tract

Chronic inflammatory disorders of the gastrointestinal
tract are serious public health concern around the world. These
conditions include Celiac disease and inflammatory bowel
disorders (IBD) which includes Crohn’s disease and ulcerative
colitis (UC) [41].

Celiac Disease

In Celiac Disease, a number of factors are responsible which
include cellular susceptibility, pro-inflammatory properties
of gluten and other wheat proteins, western diet and other
environmental triggers which include viruses that increase
the T cell-mediated response to gluten. The pro-inflammatory
environment such as diet, viruses and cellular alterations that
by themselves induce and/or make the cells more susceptible
to pro-inflammatory factors are some of the causes that lead to
proliferation of gliadin-specific T cells in genetically susceptible
individuals and further shift them towards a pro-inflammatory
phenotype [42]. Several genetic and expression studies have
suggested that celiac disease alters the NF-kB pathway. It is
widely recognized that NF-xB plays a crucial role in controlling
the inducible gene expression in immune system. Moreover, it
has been demonstrated that NF-kB mediates IL-15, a crucial
component of innate immunity in celiac disease [43-46]. In
comparison to control biopsies, a group of uncultured active and
treated celiac disease patients, as well as cultured celiac disease
biopsies at various stages of the disease (gluten-free diet; GFD,
and gluten-containing diet; GCD) challenged with gliadin, showed
altered expression of 93 genes linked to NF-kB [46]. These
findings demonstrated that the genes that were constitutively
upregulated in GFD-celiac disease patients belonged to the
critical core of the pathway and had central and regulatory roles
in the NF-kB signaling system. In comparison, genes that were
overexpressed only in active celiac disease and appeared to be
more peripheral and primarily comprised of NF-«kB-inducible
interleukins, adhesion molecules and receptors. Furthermore, the
NF-xB pathway was upregulated by the gluten challenge in GFD-
celiac disease patient biopsies [47-49].

Ulcerative colitis

Ulcerative colitis (UC) is characterised by chronic and
persistentinflammation of the intestinal mucosa. The course of the
disease is influenced by a number of genetic factors, particularly
polymorphisms in the interleukin, interleukin receptor and other
inflammation-related genes [50]. The interleukin-1 gene family,
the MDR1 multidrug resistance gene, the major histocompatibility
complex (MHC) alleles HLA (human leukocyte antigen) class Il and
others have been identified as genetic susceptibility factors for the
development of the disease [51]. The initial genetic link between
colorectal cancer and UC is E-cadherin and genes involved in
mucosal barrier function (ECM1, CDH1, HNF4, and laminin B1)
are linked to an increased risk of UC [52]. The imbalance between
excessive secretion of pro-inflammatory cytokines and relative
insufficient secretion of anti-inflammatory cytokines is linked to
the development of non-specific inflammatory responses in the
intestine [53]. It indicates that NF-kB p65 highly expresses in
intestinal mucosal epithelium, crypt epithelial cells and lamina
propria monocytes of patients with UC and the expression of NF-
kB in the nucleus is significantly higher than that in cytoplasm
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[54] NF-kB p65 antisense oligonucleotides blocks NF-«B
pathway and down-regulates NF-kB-dependent IL-lbeta and
IL-8 mRNA expressions, which attenuates the productions of pro-
inflammatory cytokines in lamina propria mononuclear cells from
patients with UC [55].

Crohn’s disease

A complex condition of unclear aetiology, polygenic and
environmental variables are major contributors to Crohn’s
disease. Loss of tolerance to commensal flora antigens and
aberrant activation of cellular immunity in the intestine are the
implications [56]. An autoimmune response based on genetic
and epigenetic factors, Crohn’s disease is a chronic disease of the
small intestine caused by sensitivity to gluten and an immune
system that refuses wheat proteins. This condition is genetically
caused by a number of genes including HLA DQ, CTLA4, IL2
and others. Histone alterations and miRNA activity are two
additional epigenetic mechanisms that are also at play. Current
research on twins and Crohn’s disease affected families has
demonstrated that some genetic profiles are susceptible to being
affected [57]. HLA genes and non-HLA genes are the two groups
of genes that are implicated in the pathophysiology of Crohn’s
disease. They are crucial for the production of immune system
mediators, cell signaling and other tissue damage mechanisms
in the digestive tract [58]. In addition, the onset and progression
of a disease are linked to abnormal responses to intestinal
microbes and deregulation of NF-«kB signaling pathways [59,60].
Chronic intestinal inflammation is caused by an excessive pro-
inflammatory cytokine production that results from abnormal NF-
kB activation. According to a recent study, patients with IBD had
considerably higher NF-kB expression levels than those without
IBD [61,62]. Moreover, immunostaining in the inflamed area
compared to the non-inflamed areas in the same Crohn’s disease
patients revealed a statistically significant increase in the number
of NF-kB positive cells [62]. Current treatments are targeting NF-
kB pathway, as it is crucial to the pathogenesis of IBD. Several
Table 1: NF-kB modulating phytochemicals.

studies have demonstrated that NF-«kB activity declines with
administration of anti-IBD drugs including corticosteroids and
5-aminosalycilic acid [63-65].

Currently, medications and surgery are the hallmarks of
therapeutic care for autoimmune diseases of the gastrointestinal
tract. In order to reduce inflammation and promote mucosal
healing, the pharmacological therapies
5-aminosalicylate, substances like sulfasalazine, mesalamine,

current include
corticosteroids (cortisone and budesonide), immunomodulators
(thiopurines and methotrexate), anti-TNF agents (infliximab,
adalimumab, golimumab), anti-integrins (Vedolizumab) and
calcineurin inhibitors (cyclosporine) [66]. However, long-term
use of these medications can result in serious consequences and
unfavourable side effects, such as gastrointestinal problems,
systemic immunosuppression, renal toxicity, diabetes, weight
gain, high blood pressure and rise in infections [67,68]. In vitro
and in vivo studies have demonstrated the effectiveness of many
natural compounds such as flavonoids, terpenoids and phenolic
acids in treating various inflammatory autoimmune disorders
without causing any adverse effects [69,70]. According to research,
phytochemicals in fruits, vegetables and herbs can inhibit
enzymes, down-regulate the immune response and suppress
the production of pro-inflammatory cytokines which helps to
prevent the development of autoimmune diseases. Plants produce
a variety of chemical compounds known as phytochemicals
through primary and secondary metabolism. Around 12,000
phytochemicals have been discovered by scientific research
[71]. Phytochemicals are divided into polyphenols, alkaloids,
terpenoids, lignans, saponins and organ sulfides based on their
origin, chemical structure and functions. They have a wide range
of potential health advantages including antibacterial, antioxidant
activities, immune system stimulation and detoxifying enzyme
modulation [72]. The following list includes some phytochemicals
that modulate the NF-kB signaling pathway (Table 1).

S.No Phytochemicals Functions Reference
1 Apigenin Decreased MPO activity, decreased inflammatory cytokines and COX-2 levels, Attenuated (73]
pig inflammatory cell infiltration, Reduced NF-kB and STAT3 activity.
Theaflavin-3.30-di- Reduced mRNA and protein levels of tumor necrosis factor-a, Interleukin - 12, IFN-y, and
2 allate’ Nitric oxide synthases Decreased nuclear localization of NF-kB, cytosolic IKK activity, and [74]
8 preserved [kBa
Reduced histological signs of colonic inflammation, Up-regulated xenobiotic metabolism,
3 Curcumin Down-regulated pro-inflammatory pathways, Down-regulated NF-kB signaling pathways, [75]
and Down-regulated p38 Mapk signaling pathway.
Reduced the appearance of diarrhoea, Decreased the loss of body weight, Decreased MPO
4 3 5-di caffeoyl-4-ma- | activity, Decreased NF-kB activation, reduced pro-inflammatory cytokines release, Reduced (76]
lonyl quinic acid the appearance of iNOS, nitrotyrosine, PARP, and proMMP-9 and - 2 activity, and reduced
the up-regulation of ICAM-1.
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Decreased DAI score, Improved stool consistency, Increased the colon length, Reduced tu-
5 Geraniol mor necrosis factor-a, Interleukin-1p, and Interleukin- 6, Decreased MPO activity, Inhibited [77]
NF-xB (p65)-DNA binding, Inhibited IxBa phosphorylation, decreased iNOS and COX-2, and
Restored the SOD activity, Decreased TBARS levels.
6 Catechins Attenuate the progression of IBD by down-regulation of PI3K/Akt/NF-kB signalling path- (78]
ways
Significantly reduced neutrophil infiltration, edema, macroscopic and microscopic colon
7 Hesperidin damage, colon shortening, increased tissue antioxidant defense, and reduced pro-inflam- [79]
P matory cytokine production by decreasing NF-kB activation in the colon, and ameliorates
acetic acid-induced ulcerative colitis in mice
Lycopene, Quercetin Inhibit thg nitric ox1fie synthases (iNOS) and cyclooxygenase.-Z (COX-2) gene expression by
8 and Tvrosol suppressing the activation of nuclear factor-kappa (NF-kB), interferon regulatory factor-1 [80]
y (IRF-1), and STAT-1a activation.
Reduced pro-inflammatory cytokine production by decreasing NF-kB activation, Increasing
9 Green coffee extract NK cell activity, Inhibits CRP production [81]
10 [6]-Gingerol Inhibiting TPA-induced phosphorylation of p65 [82]
11 Epigallocatechin Blocking LPS-induced IkBa degradation, RelA nuclear translocation and the DNA binding [83]
gallate activity of NF-xB
12 Gallic acid Decreasing the acetylation of RelA [84,85]
13 Genistein Downregulating NF-kB expression and the DNA binding and transcriptional activities of [86]
NF-xB
14 Macranthoin G Inhibiting DNA binding of NF-kB [87]
15 Obovatol Suppressing NF-kB translocation [88]
16 Terostilbene Hindering the activation of PI3K/Akt/IkB kinase [89]
Reducing the transcriptional activity of p65 and preventing the ubiquitination of NEMO and
17 Resveratrol IKK-mediated NF-kB activation [90]
18 Salidroside Suppressing phosphorylation of NF-kB [91]
19 Silymarin Suppressing NF-kB-DNA binding activity [92]
20 Daurisoline Reduction in the NF-xB p65 [93]

Discussion and Conclusion

It is now widely accepted that NF-kB acts as a key mediator
of inflammation that triggers wide range of immune receptors.
Targeting the NF-kB signaling pathway for anti-inflammatory
therapeutics is of prime importance since uncontrolled NF-
kB activation contributes to a number of gastrointestinal tract
autoimmune disorders such as Celiac disease, Crohn’s disease
and Ulcerative colitis. Several types of inhibitors have been
developed to block various NF-kB signaling pathways which may
be of therapeutic importance in treating gastrointestinal tract
autoimmune diseases. Some of them are

a) Excessiveactivation of TLRsdisturbimmunehomeostasis
and as a result, promotes the onset of numerous inflammatory
and autoimmune diseases related to gastrointestinal tract [94].
Therefore, TLR signal-targeting inhibitors and antagonists may
be useful for the treatment of these diseases.

b) MyD88isa vital adapter protein involved in the signaling
of the IL-1 and Toll-like receptor families, which regulates innate
immune responses and inflammation [95]. With a focus on
gastrointestinal tract autoimmune diseases, the development

of MyD88 dimerization disruptors provides an innovative
therapeutic approach.

c) Targeted IKK inhibitors are being developed to inhibit
catalytic activity of IKK and prevent IkBa phosphorylation [96].
IKK can also be inhibited by some well-known anti-inflammatory
drugs, including aspirin and salicylate [97].

d) Proteasome inhibitors like lactacystin and Velcade (also
known as Bortezomib and PS-341) prevent IkBa breakdown in
the proteasome.

e) NF-xB subunit inhibitors that nuclear

translocation include tacrolimus (FK-506) and the IkBa super-

prevent

repressor.

f)  Drugs like glucocorticoids and peroxisome proliferator-
activated receptors agonists that block DNA-binding activity of
NF-kB.

While NF-kB inhibitors have advanced significantly, it is still
difficult to develop NF-kB-based drugs that are clinically effective.
Although NF-kB suppression may be helpful in the treatment
of inflammatory diseases, as its function is also necessary for
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preserving healthy immune responses and cell survival, there
are apparent concerns about the balance between efficacy and
safety. Increasing evidence suggests that serious side effects

could result from the suppression of NF-kB signaling. Therefore, behind the pathogenic activation of NF-kB.
developing more specific and potent therapeutic formulations

Ve

from phytochemicals (Figure 1) for the treatment of autoimmune
disorders including gastrointestinal tract related autoimmune
diseases requires a better understanding of the mechanism
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Figure 1: Proposed schematic representation of phytochemicals targeting NF-kB signaling pathway in autoimmune diseases.
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