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ARTICLE INFO ABSTRACT

Keywords: Autoimmune diseases (AUDs) are a multifactorial disease, among which rheumatoid arthritis, systemic lupus
Autoimmune diseases erythematosus and multiple sclerosis are more prevalent. Several anti-inflammatory, biologics, and AUD-
Thymoquinone

modifying drugs are found effective against them, but their repeated use are associated with various adverse
effects. In this review article, we have focused on the regulation of inflammatory molecules, molecular signaling
pathways, immune cells, and epigenetics by natural product thymoquinone on AUDs. Studies indicate that
thymoquinone can regulate inflammatory molecules including interferons, interleukins, tumor necrosis factor-o
(TNF-a), oxidative stress, regulatory T cells, and various signaling pathways such as nuclear factor kappa beta
(NF-xp), janus kinase/signal transduction and activator of transcription (JAK-STAT), mitogen-activated protein
kinase (MAPK) at the molecular level and epigenetic alteration. As these molecules and signaling pathways with
defective immune function play an important role in AUD development, controlling these molecules and
deregulated molecular mechanism is a significant feature of AUD therapeutics. Interestingly thymoquinone is
reported to possess all these potential. This article reviewed the deregulated mechanism of AUDs, and the action
of thymoquinone on inflammatory molecules, immune cells, signaling pathways, and epigenetic machinery.

Inflammatory molecules
Signaling pathways
Epigenetic machinery

Thymoquinone can be regarded as a potential drug candidate for AUD treatment.

1. Introduction

Autoimmune diseases (AUDs) are a group of chronic diseases or
conditions characterized by the defective immune system losing the
ability to recognize self-antigens. In response to an unknown trigger, the
immune system starts to produce auto-antibodies and inflammatory
responses against itself [1]. There are more than 100 types of autoim-
mune diseases among them rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), multiple sclerosis (MS), and type 1 diabetes (T1D)
are more prevalent [2]. But the severities of the diseases are organ
specific. They may affect a single organ or different sites of a single
organ or multiple organs that are linked with many systems [3]. It was
estimated that approximately 7.6-9.4 % of the world people are affected
by AUDs, and among them 80 % patients are women [4]. AUDs are
among the predominant causes of the global death and also uprising
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concomitantly with allergy and cancer [5]. Unfortunately, women aged
from 15 to 44 years are died of SLE alone, and thus SLE is regarded as
one of the major 15 leading causes of the women death [6].

Common and conventional treatment strategy of AUDs include non-
steroidal anti-inflammatory drugs (e.g., ibuprofen, methotrexate), bi-
ologics like anti- tumor necrosis factor-o (TNF-a) and corticosteroids [7,
8]. However, their repeated use for a long time are associated with
numerous unwanted effects such as cardiovascular complications, un-
responsiveness, recurrent infections, economical loss, and others [9].
Consequently, interests are recently growing to the use of natural
products having ailments against autoimmunity, and it is reported that
more than 36 % of the American are using natural products as an option
of complementary and alternative (CAM) therapies [9,10]. In this re-
gard, thymoquinone (TQ), a phytochemical compound obtained from
the black cumin seeds of a plant, Nigella sativa, has received attentions
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because of possessing anti-inflammatory, analgesic, anticancer, antiox-
idant, and antipyretic activities. It can inhibit pro-inflammatory cyto-
kines, cyclooxygenase (COX) and lipooxygenase (LOX) enzymes,
elastase, myeloperoxidase, reactive oxygen species (ROS), and epige-
netic changes. Interestingly, it acts as an inhibitor of several signaling
pathways such as nuclear factor kappa beta (NF-kp), janus kinase/signal
transduction and activator of transcription (JAK-STAT) and
mitogen-activated protein kinase (MAPK), and thus it can improve the
therapeutics of AUDs [11]. Up to date, many scientific studies have re-
ported the benefits of TQ for treating AUD; nevertheless, the molecular
mechanism is still obscure. Therefore, in this review, we have discussed
the prominent therapeutic role of TQ that targets molecular signaling
pathways, inflammatory molecules, pro-inflammatory transcription
factors and inflammatory cells that are involved in AUDs.

2. Pathophysiology of autoimmune diseases

AUDs are developed due to the combination of genetic pre-
disposition (HLA and MHC genes) [12], epigenetic alteration (DNA
methylation, histone methylation, histone post-translational modifica-
tion, microRNAs, acetylation-deacetylation, and ubiquitination) [13]
and environmental factors (infection, UV radiation, toxin, drugs,
chemicals, heavy metals, stress, smoking, hormones, and nutrition)
[14].

Although the generation of autoimmunity is associated with the ac-
quired or adaptive immune response, primarily the innate immune cells
including natural killer (NK) cells, macrophages, dendritic cells (DCs)
and polymorphonuclear granulocytes play major roles in alternating
self-tolerance [15]. Cells of the innate immunity produce immune
response against a particular antigen via pattern recognition receptors
(PRRs) including Toll-like receptor (TLRs), which is considered as a
major  participant in AUDs [16]. Interaction between
pathogen-associated molecular pattern (PAMPs) and PRRs on APCs in
innate immunity results in the stimulation of cell surface marker mol-
ecules that are responsible for antigen presentation and generation of
pro-inflammatory cytokines [17]. Unfortunately, certain human anti-
gens have recognized theses TLRs, and as a result they are directly
involved in developing AUDs through attacking the self-molecules and
increasing the expression of inflammatory mediators [18]. Moreover, in
the absence of T-cell support, TLRs also activates B-cell and it finally
activates naive T-cells that are key components for progression of AUDs
[18].

Adaptive immune response is the master site of AUDs induction. The
production of self-reactive T helper cells and pro-inflammatory cyto-
kines is the hallmark of the pathogenesis of AUDs. These self-reactive T
cells activate B cells and then these auto-reactive B-cells produce auto-
antibodies, which are the key factors in AUDs [19]. Initially, any risk
factor predisposed to the AUD development including infections, path-
ogens, toxins and stress invade the body, and the cells of the innate
immune system such as NK cells, macrophages, and DCs become im-
mune to these factors. Therefore, macrophages release cytokines (IL-4,
IL-5, IL-6, IL-10, IL-13, IL-23, TGF-B, and TNF-a) and activate B and
T-helper cells (Th1l, Th2 and Th17). B cells and T cells make a coordi-
nation that ultimately creates a balance between Thl and Th2 and be-
tween Th17 and Treg cells [20]. Normally Th1 cells as well as TNF-a and
interferon gamma (IFN-y) protect body against intracellular pathogens.
Th2 cells prevent infection by releasing cytokines including IL-4, IL-5,
IL-10, and IL-13 and activating B-cells. However, deregulated Th17 cells
along with IL-6, IL-23, TGF-p, TNF-a, IL-17A, IL-17 F, IL-21, and IL-22
play a major role on the pathophysiology of autoimmune diseases
including rheumatoid arthritis, inflammatory bowel diseases, and sys-
temic lupus erythematosus [21,22]. Unfortunately, this process lead to
the development of chronic inflammation when the cells and tissues of
infected organs are not repaired and these exacerbate the damage of that
organ by recruiting more inflammatory and other cells and triggering
inflammatory reaction to these site. Thus, above mentioned processes
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cause the death or malfunction of the infected organs by self-reactive
immune responses leading to the expression of the AUDs symptoms
(Fig. 1).

Abnormal miRNA expression and dysregulated immune responses
are also considered for AUDs progression. For example, abnormal
miRNA expressions can enhance the progress of SLE, psoriasis, systemic
sclerosis, and dermatomyositis by breaking the maintenance of the im-
mune cells (macrophages, DCs, B cell, and regulatory T cell) function
and signaling pathways at the molecular level [23-25]. The dysregu-
lated immune function, a fundamental mechanism of AUD, is manifested
by the production of the excessive amounts of auto-antibodies by
auto-reactive B cells, and the secretion of the uncontrolled levels of in-
flammatory cytokines such as TNF-a, IL-1, IL-2, IL-4, IL-5, IL-6, IL-10,
IL-23, IFN-y etc. by CD4" T-helper classes (Thl, Th2, Th17) and the
faulty immune responses of FOXP3+ regulatory T cells and NLRP3
inflammosome [26-29]. These inflammatory cytokines subsequently
stimulate endothelial cells, fibroblasts, other immune and inflammatory
cells to release different types of cytokines, chemokines, ROS, nitric
oxide (NO) and matrix metalloproteinases (MMP) from these cells that
exacerbate the condition of AUD, specifically RA and ankylosing spon-
dylitis (AS) [26]. It has been observed that the dysregulation of several
molecular signaling pathways including NF-xf, JAK-STAT, MAPK,
Wnt/p-catenin, etc., also play detrimental roles in the pathogenesis of
AUD due to the mutualistic effects of the above-mentioned molecules
and vice-versa [3,29,30]. Additionally, several systemic AUDs like as
RA, SLE, and psoriasis are developed due to interaction between
auto-antibodies and many auto-antigens that are present in human body
including intracellular matrix protein and cell surface molecules [31].

3. Therapeutic potential of thymoquinone

Historically, black cumin (Nigella sativa) has been used as a potential
healer against various diseases including hypertension, asthma, dia-
betes, bronchitis, inflammation, and many others [32]. The main con-
stituent of this plant is TQ that possesses these diverse pharmacological
activities. TQ showed potential anti-cancer effects against various types
of cancers and immunomodulatory activities by controlling inflamma-
tory molecules (TNF-o, interleukins, and some growth factors) and
NF-kp signaling pathways involved in cancer development [33]. TQ
showed an efficacy against RA and AUD by inhibiting COX, LOX,
proinflammatory cytokines, elastase, myeloperoxidase, lipid peroxida-
tion (LPO), and NO [11]. TQ has been reported to have beneficial roles
in controlling allergic encephalitis, allergic asthma, allergic lung
inflammation, experimental colitis, and RA by suppressing IL-6
signaling pathways [34]. TQ’s role in controlling cardiovascular com-
plications, bacterial infections against different types of bacterial
strains, diabetes mellitus etc. are also well documented [34]. TQ also
lowers blood cholesterol level and hepatic oxidative stress caused by the
diet rich in cholesterol [35]. The gastroprotective effects of TQ are also
found as TQ inhibited the proton pump (H+/K+-ATPase), acid secre-
tion, neutrophil infiltration, and NO production [36]. Moreover, TQ
improved stomach ulcer and ischemia/reperfusion (I/R)-induced gastric
dysfunction in mice models [36]. Bone complications were also
improved by TQ because of its involvement on bone formation, bone
metabolism, bone healing, and osteogenesis [37]. TQ can improve brain
impairment caused by sodium nitrate through the reduction of oxidative
stress, pro-inflammatory cytokines, and apoptosis markers and the
enhancement of glutathione levels [38]. The neuroprotective actions of
TQ having anti-inflammatory and anti-oxidant activities have also been
observed in different models of neurological disorders such as Alz-
heimer’s disease, Parkinson’s disease, autoimmune encephalomyelitis,
stroke, schizophrenia, epilepsy, and neuropathic pain [39,40].

TQ improved various renal diseases whether it be diabetic ne-
phropathy or renal ischemia-reperfusion in mice and in vitro models by
altering inflammatory mediators (IL-6, IL-1, IL-18, IL-10, TNF-a, and NF-
kp), redox potential (MDA, GSH, CAT, GST, and SOD), and apoptotic
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Fig. 1. Pathogenesis of autoimmune diseases.
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states [41]. The anti-oxidant and anti-inflammatory properties of TQ
corrected reproductive disorders such as spermatogenic and testicular
steroidogenic abnormalities induced by lead exposure [42] and the low
levels of serum testosterone caused by the exposure of cadmium [35]. It
has been found that TQ alleviated liver fibrosis through the modulation
of PI3K, Akt phosphorylation, CD14 and collagen-I expression, and TLR4
pathways in an in-vitro study done in a T-HSC/Cl-6 cell line [43].
Interestingly, TQ when formulated using nanotechnology for increasing
its bioavailability and studied in animal models, it also showed protec-
tion against cancer, diabetes, hepatic injuries, microbes, inflammation,
and CNS diseases [44]. Some pharmacological properties of TQ have
been listed in Table 1.

4. Role of thymoquinone in autoimmune diseases

The development of AUD treatment is very challenging because of
unclear scientific reports of their pathological mechanism and the
involvement of multiple factors including genetic predisposition linked
to the AUD progression. Moreover, treatment of AUDs with the use of

Adaptive immunity

chemical drugs cause different types of adverse effects on health which
may cause the body prone to other diseases [5]. Natural compounds
have been traditionally used to treat various diseases because of lower
cost and belief of lower side effects. So, their use have been increasing
for new drug discovery and development. Natural compounds, which
are capable of modulating immune system through maintaining the
balance of immunological cells (B cells and T cells) and cytokine (IFNs,
ILs, TNF and TGF) productions and regulating different types of
signaling pathways including NF-kxp, MAPKs, JAK-STAT, and PI3k/Akt
can be used to treat AUDs [65,66]. Many experimental studies reported
that natural compound which possess antioxidant activity are pharma-
cologically potent to treat AUDs [68]. Among them quercetin, kaemp-
ferol, caffeic acid, lutin, chlorogenic acid, genistein, ferulic acid,
resveratrol, epicatechin, catechin, luteolin, galangin, curcumin,
epigallocatechin-3-gallate (EGCG) along with TQ are most common
[65]. They target different signaling pathway and control the expression
of pro-inflammatory genes and regulate autoimmune response. Quer-
cetin, resveratrol, genistein and EGCG targets NF-kf signaling pathway.
Quercetin, kaempferol, and resveratrol targets arachidonic acid



Table 1
Therapeutic potential of thymoquinone.
Therapeutic Study model TQ dosage Studied parameters Mechanism of action Ref
potential
Rats (Sodium fluoride induced hepatotoxicity 10 me/k Liver function markers (ALT, AST, ALP, LDH, TB, ALB) LPO and tissue Reducing oxidative stress by elevating tissue antioxidant [45]
and oxidative stress) 8/K8 antioxidant enzymes (GSH, SOD, CAT, GST, GPx) enzymes activity
H - b hlori 14)-i
epato- Rats (Carbon tetrachloride (CC14)-induced 5mg/kg ALT, GSSG, mRNA levels of GST, EPHX1, and NQO1 Increased transcription of GST, EPHX1, and NQO1 [46]
protective hepatotoxicity)
0.5, 1.0, and . e . I d resist to oxidative & nitrosative st d
Mice (Acetaminophen-induced hepatotoxicity) ’ an ALT, total nitrate/nitrite, lipid peroxide, GSH, ATP .ncrease r.e sisrance .O oxicative & i r.osa 1Ve stress an [471
2mg/kg improve mitochondrial energy production
idative st k H, MDA, and N -infl: t toki
Bats (I-soproterenol-induced myocardial 20 mg/kg i?lxll'lezrlzlf'I?NrFej:, Ilrii ﬁ&,}r:n(t??L-,G) an d’ ca;r diacor)r;:rrlge:sl (gzni?);r’y;groariges Mitigating oxidati.ve s.tr.ess, elevating e.zndog(-anous antiox%dant 1481
infarction) AST) enzymes, and maintaining structural integrity of heart tissue
Cardio- 10 and 20 me/ Cardiac markers (CK-MB, LDH, ALT and AST), antioxidant enzymes (GSH, Elevating endogenous antioxidant enzvmes and reducin
protective Mice (Doxorubicin-induced cardiotoxicity) & SOD, CAT, GST, GPx), LPO . 8 X 8 4 J [49]
kg . . inflammation
And inflammatory cytokine (IL-2)
Total oxi 1 ioxi HSP HSP P I i ioxi ffi li i i
Rats (Doxorubicin-induced cardiotosicity) 10 mg/kg otal oxidant status, total antioxidant status, HSP70, HSP90, GRP78, ncreasing antioxidant effects and ameliorating cardiac [50]
caspase-3, ANP and NT-proBNP markers
2.5, 5.0 and . i ..
Rats (Acrylamide-induced neurotoxicity) o mg/kzn Gait score, MDA and GSH Antioxidant activity [51]
In vitro study (Amyloid p-induced
Neuro-protective L VHro u y (Amyloid f-induce - Ap1-42 Inhibiting Ap1-42 aggregation [52]
neurotoxicity)
In vitro study (LPS-induced 2.5, 5.0 and . X . .
Infl TNF-a, IL-1p, IL-6, NO, PGE2 D It f NF- PI3k/Ak 1 h 53
neuroinflammation) 104M nflammatory mediators ( o, B, IL-6, NO, PGE2) ownregulation o kp and PI3k/Aktsignaling pathway [53]
In vitro study (HaCaT cells) - HO-1 expression Activation of Nrf2 and phosphorylation of Akt and AMPKa [54]
Anti Mice (T.PA-mduced NF-kB and COX2 1 or 5pmol/ NF-xBactivation and COX2 expression S}lppr.ess1ng COX2 expression by down regulation of NF-kf [55]
inflammator expression) 0.2mL signaling pathway.
y Rats (Collagen induced arthritis) 5 mg/k Antioxidant markers (GSH, CAT, SOD, LPO, MPO, and NO) Enhancing antioxidant enzymes activities and maintaining [56]
i 8/X8 Inflammatory markers (TNF-a, IFN-y, PGE2, IL-1p, IL-6) and rticularelastase ~ the homeostasis in the cytokines imbalance 7
L. . Gl , total cholesterol, trigl ide, HbAlc, MDA, total antioxidant . . .
Rats (Streptozotocin —induced diabetes) 80 mg/kg Cagz:;ey’ :n?i éh?t-ezs :f}:N Ar;ig::srsli:n‘ ¢ otal antioxidan Up-regulating Glut-2 and insulin receptor [57]
Rats (Strept toci icoti ide-inds d
Antidiabetic ,a s (Streptozotocin + nicotinamide-induce 10 mg/kg Glucose, lipid profile, HbAlc Not clear [58]
diabetes)
dR:;e(tset:)epmzowcm +nicotinamide-induced g 4o Glucose, insulin, GSH, CAT, SOD, GPx, GST, LPO Antioxidant activity [59]
Inhibiti f TWIST1 e tivit d Epi ti
In vitro 5uM Expression of epithelial to mesenchymal transition gene(s)/protein(s) nhibTon o promoter activity and Epigenetic [60]
modification
Anti-cancer Mouse (breast cancer model) 10 mg/kg Expression of epithelial to mesenchymal transition gene(s)/protein(s) Modification of epithelial to mesenchymal transition markers  [60]
25, 50 Activati f lati f B: d Bcl2 tei
In vitro » O O Activities of Caspase, Bax and Bcl2 protein ctival 1.on 01 caspase, reguiation ot Bax anc B¢.2 protein [61]
100 pM expression, and release of cytochrome ¢
. L. Antioxidant markers (GSH, CAT, SOD, LPO, MPO, and NO) Enhancing antioxidant enzymes activities and maintaining
Rats (Coll duced arthrit 5 56
Autoimmune ats (Collagen induced arthritis) mg/kg Inflammatory markers (TNF-a, IFN-y, PGE2, IL-1p, IL-6) and rticularelastase ~ the homeostasis in the cytokines imbalance 1501
diseases Rats (FLS and tat adjuvant-induced arthritis) 0-10uM TNF-a, PGE2, IL-1f,cyclooxygenase-2 and metalloproteinase-13 Downregulation of NF-kp and MAPKssignaling pathway [63]
In vii IL-1B i d hriti
n vitro (IL-1p induced osteoarthritis 0-15pM COX-2, PGE2, NO, iNOS, MMP1, MMP3, MMP13 Suppressing NF-xp and MAPKs signaling pathway [64]

chondrocytes)
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dependent pathway. Quercetin, resveratrol, luteolin, and EGCG targets
MAPKs pathway. Quercetin, resveratrol, and EGCG targets PI3k/Akt
signaling pathway. And curcumin, quercetin, resveratrol, and EGCG
targets epigenetic alteration pathway [65,69,70].

TQ could be an excellent therapeutic agent to treat AUDs due to its
potent antioxidant, anti-inflammatory, and immunomodulatory activ-
ities [33,67]. TQ can control different type of inflammatory mediators
and protect the immune system from AUDs via regulating cytokine
production during inflammation, enhancing the activities of regulatory
T cells, controlling the enzymes in arachidonic acid metabolism, regu-
lating different signaling pathways, controlling epigenetic modifications
and controlling oxidative stress (Figs. 2 and 3).

4.1. Effect of thymoquinone on interferons

IFNs are intercellular signaling molecules, secreted by the cells when
infected by virus or foreign particles. They inhibit B-cell activation and
stimulate T-cell and NK-cell activity [71]. IFN-a and IFN-p are secreted
by macrophages and fibroblasts respectively, increase MHC class I
molecule expression and activate NK-cells. IFN-y, which is secreted by
Thl cell, CD8+ and NK-cells, activates macrophages, increase the
expression of MHC class I and II molecules and enhance antigen pre-
sentation [72]. IFNs play an important role in AUD development
including RA, SLE, Sjogren’s syndrome, polymyositis and systemic
sclerosis [73]. TQ plays an essential role to control AUDs by regulating
the expression of IFNs. Aziz et al. [74] reported that TQ regulates the
genetic expression of IFN-a and IFN-B via suppression of TBK1. This
finding could be used to treat inflammation related AUDs such as RA,
inflammatory bowel diseases (IBD), SLE, systemic sclerosis and chronic
obstructive pulmonary disease. In another study, Umar et al. [56] found
that TQ ameliorates collagen induced arthritis in Wistar rats by reducing

Cytokines receptor

@ Enor l

Environmental factors

- 3
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IFN-y with other pro-inflammatory cytokines. In an in vitro study,
administration of TQ at low concentration during CD8 + T-cell activa-
tion enhanced the expression of CD62 L receptor of antigen presenting
T-cell and CD8 + T cell produced huge amount of immunomodulatory
cytokine IFN-y. This finding might be helpful for T-cell therapy against
AUD progression [75].

4.2. Effect of thymoquinone on interleukins

ILs are cytokines secreted by CD4+ cell, macrophage, monocytes and
endothelial cells that are involved in immune cell proliferation, differ-
entiation, maturation, activation and suppression. They have both in-
flammatory and anti-inflammatory activities [76]. In different
immunological pathway, ILs collaborates in the pathogenesis of AUDs.
IL-1 (IL-1a and IL-1p) participates in the development of RA, pemphigus,
ermatomyositis, TIDM and encephalomyelitis. IL-2 also contributes to
the autoimmune response of ulcerative bowel disease and the develop-
ment of encephalomyelitis, MS, SLE and systemic sclerosis. Elevated
level of IL-6 in serum was found in SLE and systemic sclerosis. In case of
SLE, RA and encephalomyelitis development, IL-12 also plays key role
whereas IL-15 contribute in Crohn’s disease and RA development. IL-16,
IL-17 and IL-18 participate in the pathogenesis of SLE, systemic scle-
rosis, and encephalomyelitis [77-79].

Various studies reported that TQ significantly reduce autoimmune
arthritis score by decreasing IL-1p in experimental animal models [63,
80]. Badr et al. [81] found that in streptozotocin induced neonatal
gestational diabetic rats pro-inflammatory cytokines IL-1p and IL-6 are
much increased while IL-2 levels are decreased. The TQ administration
during pregnancy and lactation period increased IL-2 level and
improved autoimmune T1DM. In an in vitro study, TQ suppressed lipo-
polysaccharide induced pro-inflammatory cytokines, IL-5 and IL-13 by

Fig. 2. Probable main mechanism action of
thymoquinone against autoimmune disease.
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blocking the expression of GATA transcription factor in RBL-2H3 cell
[82]. In another study, TQ prevented allergen induced (bronchoalveolar
lavage fluid) lung eosinophilic inflammation by reducing IL-4, IL-5 and
IL-13 (Th2 cytokines) [83]. Umar et al. (2012) [56] found that TQ
significantly decreased IL-1p and IL-6 and increased IL-10 in collagen
induced arthritis in wistar rats. Cobourne et al. (2008) [84] found that
TQ reduced neuro-inflammation by decreasing the expression of IL-2,
IL-4, IL-6, IL-10 and IL-17a in LPS and IFN-y activated BV-2 microglial
cells. TQ treated experimental animal showed that TQ interfere with the
LPS induced release of IL-10 and IL-12 by inhibiting DC maturation [85].

4.3. Effect of thymoquinone on tumor necrosis factor-alpha

TNF-a is a cytokine molecule generated by activated macrophages,
NK-cells, and T-lymphocytes, which play a crucial role in the develop-
ment of AUDs including SLE, RA, T1DM, Grave’s disease, IBD, Crohn’s
disease, ankylosing spondylitis and MS [27,86]. Elevated level of TNF-«
creates deleterious symptoms in AUD patients (Figs. 1 and 2). To
minimize the deleterious effects of TNF-a, anti-TNF-a agents are used to
block the activity of TNF-a. Anti TNF-o treatment ameliorates AUDs by
suppressing or destroying auto-reactive T-cells that ultimately interfere
with the pathogenesis of AUDs including RA, IBD, lupus and type 1
diabetes [87]. Although anti TNF-a therapy improves AUDs, but it
possess some side effects worsening the patient condition [5]. To over-
come this problem, active phytochemicals compounds are researched as
an alternative therapy for treating TNF-a. TQ is such type of active
compound inhibiting the LPS induced release of TNF-a by inhibiting DC
maturation [85]. El-Mahmoudy et al. [88] found that TQ ameliorates
autoimmune T1DM and also T2DM by reducing the key cytokine of
AUDs macrophage derived TNF-a. Umar et al. [56] found that TQ
ameliorates collagen induced arthritis in Wistar rats by reducing TNF-«
with other pro-inflammatory cytokines. Vaillancourt et al. [63] and
Parlar & Arslan [89] found that TQ reduces autoimmune arthritis score
by decreasing TNF-a in experimental animal models. In BV 2 microglial
cells, it has been observed that TQ inhibits the release of TNF-a by
deactivating LPS-induced NF-xp activation and P13 K/Akt phosphory-
lation [53] (Fig. 2).

4.4. Effect of thymoquinone on NF-xf} signaling

NF-kf is a family of inducible transcription factors that are consid-
ered as a master regulator of innate and adaptive immune responses
[90]. It regulates the expression of target genes, which contribute in
inflammatory responses, including pro-inflammatory cytokines (IL-1,
IL-2, IL-6, IL-8 and TNF-a), chemokines (IL-18, MIP-1a and MCP-1), cell
adhesion molecules (VCAM-1 and ICAM-1) immune-receptor and pro-
teins involved in antigen presentation [91]. Many AUDs including RA,
SLE, IBD, T1DM and MS have been developed due to the deregulated
activation of NF-kp [92]. In AUDs, NF-kf induces pro-inflammatory
cytokines and chemokines, and activates auto-reactive T—cells by
modulating DC functions, and finally establish inflammation in that
infected organs [93]. In RA, dysfunctional activities of NF-kxp was
observed in synovium of joints upon the enhancement of the NF-kf} DNA
binding capability [94]. In SLE, deregulated activation of NF-kp were
developed in T-cell where p65 expression was decreased and c-Rel
expression was found increased [95]. In MS, dysfunctional activities of
NF-kp was seen in MS brain tissue including microglia, astrocytes, oli-
godendrocytes and infiltrating macrophages where nuclear levels of
c-Rel, p65, p50 and 1kpa were increased [96,97]. In T1DM, abnormal
NF-kf activation was observed in peripheral blood mononuclear cells
where DNA binding of RelA, RelB, c-Rel and p50 in DCs are hampered
and in monocytes, RelB and p65 are activated [98,99].

TQ has a therapeutic potential to cure AUDs by controlling NF-kf
signaling pathway [33]. Daily administration of TQ (1 mg/kg/day) in
the animal model of MS ameliorates myelin basic protein induced
experimental autoimmune encephalomyelitis through the inhibition of
the activation of NF-kp in the brain and spinal cord [100]. This finding
suggests that TQ could be used in the treatment of MS. In another study,
Wang et al. [64] found that TQ improve osteoarthristis by inhibiting
IL-1B induced inflammation, and NF-kp and MAPKs in human osteoar-
thritic chondrocytes. Sethi et al. [101] found that TQ exhibits
anti-inflammatory properties through the suppression of the NF-xf
activation, IkBu kinase activation, phosphorylation and degradation of
IKBa, nuclear translocation and phosphorylation of p65, and NF-kf
dependent reporter gene (TNFR1, TRAF2, TRADD, TAK1/TAB1, NIK
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and IKK-f) expression. Vaillancourt et al. further [63] demonstrated that
TQ showed protective effect against autoimmune RA through the sup-
pression of LPS-induced phosphorylation of NF-kp p65 along with p38
MAPK and extracellular regulated kinases 1/2 (ERK1/2). El Gazzar et al.
[102] reported that TQ reduces pro-inflammatory responses generated
by LPS-induced mast cells through increasing the number of repressive
NF-xp homodimer and decreasing the nuclear transactivation of NF-kf}
and the production of TNF-a. In an in vitro and in vivo study, Hossen et al.
found that TQ reduced inflammatory response by the downregulation of
NF-kp and AP-1. Due to the downregulation of NF-kf, TQ strongly sup-
pressed the expression of TNF-a, IL-6, IL-1p, COX-2, nitric oxide (NO)
production, and NO synthase (iNOS) [103]. Therefore, the outcome of
different experimental research convincingly support the involvement
of TQ to ameliorate AUDs through the down regulation of NF-kf
signaling pathway (Fig. 2).

4.5. Effect of thymoquinone on regulatory T cells

Regulatory T cells, also known as Tregs, have an indispensable role to
control the immunological responses against self and foreign antigens,
and thus prevent numerous AUDs through suppressing and regulating
other cells in autoimmune pathology [104]. Reduction of Treg activity
increase the possibilities of AUD development including T1D [105], RA
[106], SLE [107], autoimmune thyroid disease [108], and Sjogren’s
syndrome [109]. Treatment strategies of autoimmune patients along
with Treg cells magically improved their deleterious symptoms [110,
111]. Treg cells performed their suppressive action through producing
anti-inflammatory cytokines (TGF-p, IL-10 and IL-35) and inducing the
apoptosis of infected cells and reducing the proliferation of effector T
cells [112]. Among all Tregs, FoxP3+ (CD4+ CD25+ Tregs) performs
main role to control auto-reactive T cells to prevent AUDs [113].

In a clinical experimental work, N. sativa oil ameliorated RA through
increasing the expression of CD4+CD25+ Treg cell and decreasing the
expression of CD8+ compared to the placebo or baseline group [114].
This novel finding supports the immunomodulatory effect of N. sativa oil
in AUD patients. As the main bioactive compound of N. sativa, TQ might
be involved in this anti-inflammatory activities through elevating the
activity of FoxP3+ Treg cell in AUD patients (Fig. 3). In another study on
gamma irradiation-induced rats, TQ ameliorated radiation-induced T
cell exhaustion and apoptosis through increasing the percentage of
CD4+ CD8+ cells by modulating Bcl-2, Bax, PD-1 and caspase-3
expression [115]. In STZ-induced gestational diabetic (GD) rats, TQ
significantly ameliorated diabetic complication through increasing
T-cell proliferation, rescuing thymus homing CD4+CD8+ and circu-
lating T-cells [116].

4.6. Effect of thymoquinone on mitogen-activated protein kinases
pathway

MAPKs constitute a group of serine/threonine kinases that regulate
diverse range of cellular processes including proliferation and differ-
entiation, gene expression, development, stress response, immune
function, and cell death [117,118]. MAPKs consist of ERK and stress
activated MAPKs, P38 MAP kinase and C-jun N-terminal kinases (JNKs)
[119]. The MAPK signaling cascade in AUDs is activated in response to
growth factor, environmental stress, and immunomodulatory cytokines
such as TNF, IL-1, IL-1p, IL-12 and TLR ligands stimuli [120,121]. So,
treatment of AUDs is associated with the suppression of MAPKs signaling
pathway.

According to various studies, TQ downregulates MAPKs signaling
pathway and performs immunomodulatory activity that might be
associated with treatment of AUDs [122] (Fig. 2). Wang et. al. [64]
demonstrated that TQ ameliorates osteoarthristis through the inhibition
of IL-1p induced inflammation by downregulating NF-kf§ and MAPKs in
human osteoarthristic chondrocytes. In another study, TQ inhibited
osteoclastogenesis through suppressing ERK/MAPKs signaling [123]. In
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that study, osteoclastogenesis was generated by RANKL in RAW-264.7
cells; whereas TQ significantly reduced ERK1/2, JNK and p38 phos-
phorylation in a concentration dependent manner and prevented
osteoclastogenesis [123]. TQ also ameliorates neuro-inflammation
through the downregulation of p38-MAPK in cisplatin-induced neuro-
toxicity in experimental rats [124]. In another study, TQ protect
acrylamide-induced neurotoxicity in experimental rats through the
modulation of MAPKs signaling pathway [125]. Vaillancourt et al. [63]
found that TQ decreases arthritis scoring and prevents autoimmune RA
through decreasing  IL-1f, TNF-2, COX-2, PG-2, and
metalloproteinase-13 and suppressing LPS-induced phosphorylation of
p38 MAPK, ERK1/2 and NF-kf.

4.7. Effect of thymoquinone on JAK-STAT signaling pathway

The JAK -STAT is an intracellular signaling pathway. It transmits
signal to the nucleus from cell membrane receptor to produce growth
factors and cytokines. These are involved in variety of cellular activities
such as proliferation and differentiation, apoptosis, migration, and cell-
cell communication of complex biological events including inflamma-
tion and immune response against disease condition [126-128]. Many
cytokines and growth factors, which are involved in pathogenesis of
inflammatory and autoimmune diseases, use JAK-STAT signaling
pathway to transmit signals. So JAK-STAT pathway is directly involved
in the pathogenesis of inflammatory and AUDs [30,129].

TQ can prevent AUD generation through the suppression of the
activation of JAK-STAT signaling pathway (Fig. 2). Hu et al. [130] re-
ported that TQ can block the stimulation of JAK2/STAT3 signaling
pathway and inhibit cell proliferation. In an in vitro and in vivo study, TQ
inhibited the activation and phosphorylation of STAT3 pathway and
suppressed the expression of STAT3 dependent reporter genes such as
survivin, cyclin D and VEGF, and thus TQ also prevent cell proliferation
and induce apoptosis [131,132].

4.8. Effect of thymoquinone on phosphatidylinositol 3-kinase/protein
kinase B (PI3k/Akt) signaling pathway

PI3k/Akt signaling pathway is an intracellular regulatory signal
transduction pathway activated by toxic substances or cellular stimuli
that regulate many cellular processes including proliferation, tran-
scription, translation, metabolism, cell growth, survival and apoptosis
[133]. Abnormal activation of PI3k/Akt signaling pathway is associated
with the pathogenesis of many diseases including diabetes mellitus,
cancer and different autoimmune diseases [133,134]. In autoimmune
diseases, PI3k/Akt signaling pathway play an important role through the
expression of different types of pro-inflammatory mediators that
degrade Ikp and activate NF-kp signaling pathway [65]. There has been
an experimental evidence that TQ deactivated PI3k/Akt signaling
pathway via various mechanisms (Fig. 2). TQ induces apoptosis through
blocking PI3k/Akt signaling pathway in DU-145 cell line [135]. In
another study, TQ deactivated PI3k/Akt and NF-«kp signaling pathway
and regulated various gene products such as P65, P-Akt, XIAP, VEGF and
COX-2 [62]. Badr et al. [81] reported that TQ ameliorates diabetes
through restoring cytokines (IL-1p, IL-6 and TNF-a), free radicals, blood
sugar level, insulin and lipid profiles. TQ also restore the proliferation of
lymphocyte through regulating PI3K/Akt signaling pathway. Xuam
et al. [85] have reported that TQ possess anti-inflammatory properties
through controlling the release of inflammatory cytokines and inhibiting
DCs clustering, maturation and survival. In that study, DCs were acti-
vated through the induction of LPS, and activated DCs stimulate antigen
presentation by expressing high level of CD11c, CD40, CD86, CD54 and
MHC-II molecule which further stimulate the excess production of in-
flammatory cytokines (IL-1p, IL-12 and TNF-a). LPS activated DCs when
treated with TQ were hampered for DCs clustering, maturation and
survival and retarded the release of inflammatory cytokines through the
down regulation of AKT and ERK1/2 signaling pathways. As TQ down
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regulates PI3k/Akt signaling pathway, so it would be a potential ther-
apeutic agent to treat AUDs.

4.9. Effect of thymoquinone on oxidative stress

Oxidative stress is an imbalance condition between the generation of
ROS in cells and tissues and capability of the body to detoxify or
counteract their adverse effects by antioxidants. ROS such as superoxide
radicals (O™2), hydroxyl radicals (OH "), and hydrogen peroxide (H202)
contribute to the generation of oxidative stress by altering enzymatic
activity, leading DNA lesions, increasing cell permeability and finally
damaging cells and tissues [136]. Oxidative stress accelerates the
pathogenesis of AUDs by breaking down of self-tolerance of the immune
system. An immunological activity against cell and tissue lead to
generate oxidative stress and contribute to the pathogenesis of AUDs
[137]. Antioxidant defense systems include both enzymatic and
non-enzymatic processes that control ROS generation, compensate the
effect of ROS by scavenging or reducing excess ROS levels, and maintain
cellular redox homeostasis. Non-enzymatic antioxidants are dietary
antioxidants including vitamins (vitamin C and vitamin E) and phyto-
chemicals (polyphenols, beta-carotene, and flavonoids) presenting their
antioxidant activity by neutralizing ROS and protecting cell membrane
against lipid peroxidation [138]. Oxidative stress is also responsible for
the post-translational modification of some protein antigen in autoim-
mune patients. This oxidative induced post-translational modification of
protein antigen produces new epitopes leading to the production of
auto-antibodies when immune system recognize them as non-self and
stimulate B cells against it [137]. Anti-citrullined protein antibodies and
anti-carbamylated protein antibodies are two examples of
auto-antibodies generated in RA patients due to the oxidative
post-translational modification [139].

TQ can scavenge oxidative free radicals including O"2, OH™, and
H,0,, and is responsible for controlling oxidative stress [140]. Both
environmental and epigenetic factors are responsible for the continuous
generation of ROS in AUD patients. Due to oxidative damage of cells and
tissues, an inflammatory response is generated. Inflammation is also
considered as a physiological response of adaptive immune system
which is stimulated by adverse conditions including drug and chemicals,
toxin, stress, infection and tissue injuries [141]. TQ can normalize these
adverse effect of inflammation and also prevent inflammation [67]. TQ
is capable of scavenging 1,1-diphenyl-2-picrylhydrazyl (DPPH) and
prevent lipid peroxidation (LPO) by reducing malondialdehyde (MDA)
level in cell membrane [142,143].

Anti-oxidative enzymes including catalase (CAT), glutathione
peroxidase (GSH-Px), superoxide dismutase (SOD), glutathione reduc-
tase and glutathione-S-transferase (GST) are the main enzymatic anti-
oxidant system of cells and tissues. CAT, SOD and GSH-Px are primary
antioxidant enzymes that are directly involved in the elimination of ROS
(O’z, OH-, H205). On the other hand, glutathione reductase and GST are
secondary antioxidant enzymes that accelerate the activities of primary
antioxidant enzymes function and causes the detoxification of ROS by
reducing peroxide levels. There were many supporting in vivo experi-
mental evidence that TQ elevated endogenous anti-oxidative enzymes
such as SOD, CAT, GSH-Px, GST and glutathione reductase through
protecting the tissue against oxidative damage. Sener et al. [144] re-
ported that TQ protect kidney inflammation by increasing the
anti-oxidant enzymes, SOD, CAT and GSH-Px against arsenic induced
renal damage by targeting oxidative stress. Hamdy & Taha [145] found
that TQ prevent STZ-induced oxidative stress in diabetic rats by
increasing GST, CAT and GSH level and protect neuro-inflammation.
Zafeer et al. [146] reported that TQ ameliorates hepatic inflammation
through elevating the activity of SOD, CAT, and GSH against
cadmium-induced liver toxicity in rats. In an experimental arthritis rat
model, TQ shows anti-inflammatory activity by reducing oxidative
stress, increasing the activity of SOD, CAT and GSH, and suppressing the
expression of myeloperoxidase (MPO) and NO [56]. In EAE model rats,
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TQ significantly increased GSH level and improved autoimmune EAE
through the down-regulation of NF-kp signaling pathway [100]. The
decreased level of CAT, SOD, GSH-Px and GST are restored by TQ in
STZ-induced diabetic rats [59]. From the above findings we can suggest
that TQ would be an appropriate natural compound to treat AUDs due to
having strong anti-oxidant potential.

4.10. Effect of thymoquinone on cyclooxygenase and lipooxygenase

Cyclooxygenase (COX) and Lipooxygenase (LOX), two main enzymes
involved in an arachidonic acid (AA) metabolism, are principle factors
that participate in the inflammatory responses by the synthesis of
prostaglandins (PGs) and leukotrienes (LTs) [147,148]. TQ shows its
anti-inflammatory properties through the inhibition of both COX and
LOX enzymes which result in the suppression of PGs and LTs [149]
(Fig. 2). In human blood cells, TQ was found to inhibit LTs production in
dose dependent manner through the downregulation of COX and LOX
activity [150]. Mansour & Tornhamre [151] found that TQ inhibits LTs
formation through suppressing 5-LOX and LT4 synthase activity in
human blood cells. El Gazzar et al. [152] demonstrated that TQ atten-
uates an airway inflammation in a mouse model of allergic asthma
through blocking 5-LOX expression and LTs synthesis. Al Wafai [153]
found that TQ ameliorates pancreatic inflammation through suppressing
COX-2 expression in the pancreatic tissue of STZ-induced diabetic rats.
In another study, El Mezayen et al. [154] noticed that TQ shows
anti-inflammatory effect against an allergic airway inflammation in lung
in a mouse model. In this study, TQ significantly decreased lung eosin-
ophilia, Th2 cytokines, and hyperplasia of goblet cell through the sup-
pression of the expression of COX-2 and PGs synthesis. TQ also improved
skin inflammation in an experimental mouse model through suppressing
the expression of COX-2 protein by inhibiting NF-kf signaling pathway
activation and inducing the expression of cytoprotective enzymes [55].

4.11. Effect of thymoquinone on epigenetic modification

Epigenetic modification is characterized by the alteration of gene
expression without modifying genome sequence. In AUDs, epigenetic
modifications alter T regulatory cells and T helper cells function [155,
156]. TQ ameliorates autoimmune diseases through activating or
silencing gene expression without changes in the DNA sequences. In
epigenetic mechanism, TQ act as a methylating and demethylating agent
that can easily donate or accept a methyl group from cellular DNA [157,
158]. TQ interfere with an epigenetic process targeting DNMT1 as TQ
was found to decrees the methylation of DNA by binding to the catalytic
site of DNMT1 and reactivate it through the percussion with
Sp1-miR29b loop [159]. In other studies, it has been reported that by an
epigenetic process TQ downregulates Twistl and Zebl genes via
methylation of their promoter region [60,160]. TQ suppressed the
expression of UHRF1 gene and repaired wrong epigenetic code by the
process of DNA demethylation [161]. TQ also suppressed the expression
of epigenetic protein including HDAC1, 4, 9, KMT2A, B,C,D,E, DNMT1,
3A,3B, G9A and UHRF1 [162].

SIRT1 (silent mating-type information regulator 2 homology 1) is a
NAD+-dependent deacetylase that eliminates acetyl groups from
different proteins and regulates gene expression [163]. It has been re-
ported that TQ is a strong activator of SIRT1 and control inflammatory
gene expression upon the down regulation of NF-kp signaling pathway
[164]. Moreover, TQ activated SIRT1 expression in cardiomyocytes of
experimental rats through the deacetylation of p53 gene and acted as an
apoptosis inducer [164,165]. In another research work, the authors
found that TQ ameliorates neuro-inflammation in BV-2 microglia by the
activating SIRT1 and AMPK [166] (Fig. 2).

MicroRNAs are small non-coding RNAs that post-transcriptionally
regulate gene expression. From previous studies, it has been demon-
strated that the aberrant expression of microRNAs is associated with the
pathogenesis of many autoimmune diseases [167]. Previous studies
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documented the immunomodulatory effect of TQ on microRNAs. Luo
et al. reported that in lithium-pilocarpine induced status epileptius (SE)
rat model, the expression of inflammatory cytokines such as TNF-a, IL-6
and IL-1p are increased with the excessive elevation of microRNA-146a
expression. However, a treatment of experimental rat with TQ lowers
the expression of microRNA-146a and attenuates the expression of cy-
tokines through the down regulation of NF-kp signaling pathway. This
finding strongly support the protective effect of TQ against micro-RNA
created autoimmunity [168]. In another study, TQ increased the
expression of microRNA-34a targeting TWIST1 and ZEB1 through the
downregulation of EMT signaling pathway in MBC cell line BT-549
[169]. Overexpression of microRNA-206b-3p is associated with the
generation of oxidative stress and necrosis of the liver tissue in mice
model. After treatment of the experimental animals with TQ, it reduced
oxidative stress and prevented tissue necrosis through the
down-regulation of microRNA-200b-3p expression [170].

5. Limitations and future prospects

Scientists have been searching natural products or compounds,
which could target the molecular mechanism of AUDs, for overcoming
diverse health complications associated with the repeated use or with-
drawal of conventional autoimmune therapeutics (ibuprofen, metho-
trexate, biologics, etc.). In addition to minimizing adverse effects, it is
also a concerning factor to search for an easy, cost-effective natural
source having anti-inflammatory, anti-oxidant, analgesic, and anti-
pyretic properties, which are notable in TQ [11]. Though TQ possess
water insolubility, photosensitivity, and poor bioavailability, it has been
observed that the formulation of nano-TQ improved its bioavailability
[44]. Thus it can be concluded that TQ could be a promising therapeutic
option for treating AUDs, so significant research should be done on the
isolation, formulation, and the design of clinical trials for developing TQ
as a drug against AUD. Researchers can think about clinical studies on
TQ now.

6. Conclusion

Natural products are considered nowadays as an option of comple-
mentary and alternative therapies among the most important thera-
peutics used to treat AUD. TQ, a promising natural component, can
target inflammatory cytokines, oxidative agents, and molecular
signaling pathways as well as can control inflammation, regulatory T
cells and epigenetic alterations that are the most desirable characteris-
tics for controlling AUD. Therefore, TQ could be a promising therapeutic
option for treating AUDs, however, more insightful research should be
done on the isolation, formulation, and the design of clinical trials for
developing TQ as a drug against AUD.
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