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Inflammatory bowel disease (IBD) is a gastrointestinal disease that involves chronic mucosal or submucosal
lesions that affect tissue integrity. Although IBD is not life-threatening, it sometimes causes severe complications,
such as colon cancer. The exact etiology of IBD remains unclear, but several risk factors, such as pathogen
infection, stress, diet, age, and genetics, have been involved in the occurrence and aggravation of IBD. Immune
system malfunction with the over-production of inflammatory cytokines and associated oxidative stress are the
hallmarks of IBD. Dietary intervention and medical treatment suppressing abnormal inflammation and oxidative
stress are recommended as potential therapies. Thymol, a natural monoterpene phenol that is mostly found in

thyme, exhibits multiple biological functions as a potential adjuvant for IBD.

gastrointestinal disease gut health natural anti-oxidant

| 1. Introduction

Inflammatory bowel disease (IBD) is a chronic and relapsing inflammatory disorder of the gastrointestinal tract
(GIT) W It is not fatal, but imposes a burden on global healthcare and greatly reduces the quality of life of patients.
From 1990 to 2017, the number of IBD patients increased from 37 million to more than 68 million, and the global
prevalence of IBD increased by 85.1% 2. The United States has the highest age-standardized prevalence rate in
the world, accounting for nearly a quarter of all global IBD patients in 2017. Among European countries, the United
Kingdom has the highest age-standardized prevalence. The prevalence of IBD in the United States ranges from
252 to 439 cases per 100,000 people Bl Compared with western countries, the incidence of IBD in Asia is
relatively low, but it has risen from 0.54 to 3.44 per 100,000 individuals across eight Asian countries @&l The

prevalence and incidence of IBD are continuing to increase worldwide in different races and countries (8.

IBD includes Crohn’s disease (CD) and ulcerative colitis (UC). UC involves long-lasting inflammation and ulcers
along the superficial lining of the large intestine (rectum and colon), while CD is characterized by the discontinuous
transmural inflammation in deeper layers of most regions of the GIT e The exact cause of IBD remains
unknown, but malfunction in the immune system is its hallmark. In IBD patients, an abnormal immune response to
pathogen infection or stress causes chronic inflammation in the GIT contributing to the incidence of the disease 2.
Some genetic factors involved in an inappropriate immune response are a reason for IBD 19, Oxidative stress
(OS) with excessive accumulation of reactive oxygen species (ROS) has been reported to correlate with intestinal

chronic inflammation and incidence of IBD 1. Moreover, alteration in the gut microbiota has been associated with
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the pathogenesis of IBD 12, Unfortunately, there is currently no cure for IBD. Anti-inflammation medicines are used
to relieve inflammation and even surgery is required to remove damaged parts of the GIT when patients suffer.
Recently, advances in dietary regulation of inflammation, OS, and gut microbiota have resulted in dietary
intervention against IBD incidence being recommended as a long-term prevention and therapy technique 131,
Currently, more research is focusing on natural plant extracts, such as phenol compounds, for the prevention and
relief of IBD 141,

Thymol (2-isopropyl-5-methylphenol), a natural monoterpene phenol compound, is the major component of the
essential oils extracted from plants of thyme species, such as Thymus vulgaris, Coridothymus capitatus,
and Origanum vulgare 13, Thymol exhibits multiple biological and pharmacological properties, including anti-
inflammation, anti-oxidation, anti-bacteria, anti-fungal, and anti-tumor potential 2&!. A high dose of thymol up to 500

mg/kg diet has been shown to have no toxicity 7.

2. Pharmacokinetics and Pharmacological Properties of
Thymol

Thymol is the secondary metabolite produced by the aromatization of y-terpinene to p-cymene, followed by the
hydroxylation of p-cymene in plants 18 (Figure 1), including Thymus zygis 2 Thymbra capitata 2%, Thymus
vulgaris 28, Satureja thymbra (23, Nigella sativa seeds 28], and Monarda didyma 241, Pure thymol has low solubility
in water, high volatility, and a strong bitter/irritating taste 23 thus, it is usually encapsulated in electrospun
nanofibers to enhance its water solubility and high temperature stability 281, Emulsification is also used for thymol

processing. Both encapsulation and emulsification have been shown to improve the anti-oxidant activity of thymol
[27]
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Figure 1. Thymol biosynthesis in plants. Thymol is synthesized by the hydroxylation of p-cymene, which originates

from the aromatization of y-terpinene.
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Thymol administered orally can be rapidly absorbed in the stomach and small intestines, and then transported to
various organs via the circulation system in animals [28. Thymol can be metabolized to thymol sulfate and thymol
glucuronide by sulfation and glucuronidation in the intestines, liver, kidney, and other organs, respectively 22,
Thymol and its metabolites reach the maximum concentration in the blood 30 min after oral administration and then
are slowly eliminated in about 24 h 25, They also present in the lungs, kidneys, mucosa of the small and large
intestines, and other organs, suggesting that they may function directly in these organs. It is difficult to determine
which compound is the active form of thymol, because thymol metabolites can be deconjugated to thymol locally
and export its pharmacological activity in this way 9. Recently, scientists have focused on the pharmacological

activities of thymol.

Thymol-containing plants have long been used in traditional Chinese medicine due to its pharmacological
properties. Thymol acts as a potent inhibitor of the release of inflammatory cytokines, such as interleukin (IL)-6, IL-
1B, and IL-8 Bl Thymol enhances anti-oxidative capacity to alleviate OS in different tissues 2. As a spectrum
anti-bacterial agent, thymol reduces the activities of microorganisms belonging to the Enterobacteriaceae,
Streptococcus, and Saccharomycetaceae families, involving membrane rupture, inhibition of biofilm formation, and
other pathways (3134l Thymol shows anti-viral potential to inhibit virus colonization, such as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-298), by docking with the S1 receptor-binding domain of spike

glycoprotein [28l. Thymol also exhibits other pharmacological functions, such as analgesia, anti-malarial, and anti-
fungal properties [S6I37I[38][39][40]

| 3. Thymol Protects Intestinal Barrier Function against IBD

The intestinal barrier, mainly composed of intestinal epithelial cells (IECs) and immune cells, maintains the balance
between the luminal contents and mucosa. The disturbance of this balance has been associated with
gastrointestinal diseases, such as IBD 1. Although the exact pathogenesis of IBD remains unclear, a “leaky gut”
with impaired intestinal barrier function is the main feature. The intestinal barrier is the first line of defense against
pathogen infection, and injury to the intestinal barrier aggravates the disease. Thus, understanding how thymol
protects the intestinal barrier is important for relieving IBD.

Thymol has exhibited a protective function for the intestinal barrier in both in vivo and in vitro studies, as illustrated
in Table 1, and its specific mechanism is shown in Figure 2. Thymol attenuates weaning stress-induced diarrheal
and intestinal barrier dysfunction in weanling pigs by reducing the serum diamine oxidase level, an indicator of
intestinal integrity, and increasing the expression of the tight junction protein zonula occludens-1 (ZO-1) and
occludins 2. Thymol alleviates dextran sulfate sodium (DSS)-induced intestinal damage and increases tight
junction claudin-3 expression 43, Increased plasma endotoxin and D-lactic acid levels are markers of increased
intestinal permeability. The latest study found that dietary thymol reduced the plasma endotoxin and D-lactic acid
concentrations on days 7 and 14 post-weaning 4. The intestinal mucus layer is the first line of defense
maintaining bacterial symbiosis with the host and preventing bacterial penetration into epithelial cells 2. Thymol
increases mucus secretion to relieve ethanol-induced ulcer mucosal damage in rats 48, In IPEC-J2 cells, thymol

alleviates lipopolysaccharide (LPS)-induced decrease in trans-epithelial electrical resistance (TEER), indicating an
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increase in the integrity of the single cell layer 2. In Caco-2 cells, thymol increases the integrity of the tight
junction and up-regulates cyclooxygenase-1 (COX1) activity to maintain GIT homeostasis, which is beneficial for
intestinal health 48], |In addition, thymol changes the expressions of 120 and 59 genes in the oxyntic and pyloric
mucosa, respectively, which are associated with gastric epithelium proliferation and maturation activities in weaned
pigs [28],
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Figure 2. Action of thymol to protect intestinal barrier function. Pathogen infection in the intestinal lumen reduces
mucus secretion and the expressions of tight junction proteins, and increases intestinal permeability, resulting in a
“leaky gut”, which increases the risk of intestinal disease. Thymol has been shown to defend against pathogen

invasion, promote mucus secretion, and enhance intestinal barrier integrity.

Table 1. Protective function of thymol on the intestinal barrier.

Model Thymol Dose Effects Ref.
In vivo
Weaned pigs 50 mg/kg diet Ennchme.nt of 120 and 59 gene sets in oxyntic 28]
and pyloric mucosa!
Ethanol-induced acute 10-100 mag/kg Mucosal damage! [46]
ulcer diet Amount of mucust

Intestinal lesions and mortality !
30 mg/kg diet Lactobacillus salivarius and L. johnsoniil [49]
L. crispatus, L. agilis, and Escherichia colit

Chicken infected with
Clostridium perfringens
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Model Thymol Dose Effects Ref.
Expression of ZO-1 and occludins in jejunal
mucosal
Weaned pigs 100 mg/kg diet Enterococcus genus and E. colil (421

Plasma diamine oxidase concentration!
Weaning-induced intestinal OSt

In vitro
TEER?

IPEC-J2 50 uM Cell permeability | [47)
Z0-1and actin stainingt
COX1 transcriptiont

Caco-2 cells 15 mg/L COX1:COX2 ratiot 8l
TEER?

u =T T ST ST T T T TTT T T TTTT T T Tt ST T T TTTSTTT ST TS STTTSsSssSsSsTETS T St ot s/ —

The dysregulation of innate and adaptive immune responses leads to chronic intestinal inflammation in IBD
_ o 1 indicates for rising; { indicates for descending. _ _

patients [BAUBLIB2] Transcription factor nuclear factor kB (NF-kB) is the key mediator regulating the inflammatory

response. The activation of NF-kB signaling induces the expression of pro-inflammatory cytokines, including tumor

necrosis factor-a (TNF-a), inductible nitric oxide synthase (iNOS), interleukin (IL-1pB), and IL-6 3l The over-

production and accumulation of inflammatory cytokines cause intestinal epithelial apoptosis and the disruption of

intestinal homeostasis, resulting in the dysfunction of the intestinal epithelial barrier in IBD patients 4. Currently,

the suppression of inflammation is the mainstay of IBD treatment.

Thymol shows strong anti-inflammatory properties in in vivo and in vitro studies B3, A schematic diagram of
thymol’s action is depicted in Figure 3. Toll-like receptors (TLRs) are the main sensors used to detect various
dangerous signals and activate innate immune responses. The classic TLR signaling pathway activates NF-kB to
regulate the expressions of a series of cytokines B8, In mice and macrophages, thymol inhibits TLR4 expression
and then inhibits the activation of NF-kB signaling, which reduces the production of inflammatory cytokines, such
as TNF-a and IL-1p BAE8 NF-kB is a master mediator of inflammatory responses. Inactive NF-kB binds to IkB, an
inhibitory subunit of NF-kB, and presents in the cytoplasm. When activated by a variety of signals, such as cytokine
receptors and pattern-recognition receptors (PRRs), IkB is phosphorylated and degraded to release RelA (p65)
from the NF-kB complex. p65 is then translocated to the nucleus to induce pro-inflammatory cytokine expression
as a transcription factor B2, Thymol has been shown to inhibit NF-kB activation by reducing p65 translocation and
abundance in the colons of acetic acid-induced colitis rats and in LPS-activated macrophages, respectively, with
decreased cytokine production Y61 The activation of NF-kB induces the expressions of INOS and COX-2, which
further promote vigorous inflammation. In ulcerative colitis rats, thymol reduces the COX-2 expression and nitric
oxide (NO) levels produced by iNOS in the rats’ colon 82, These studies showed the anti-inflammatory function of

thymol through the inhibition of the NF-kB signaling pathway.
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Figure 3. Mechanism of thymol in relieving inflammation. Cells receive various stimuli and activate IkB kinases
(IkKs) through the TLR4 signaling pathway, and then IkB proteins are phosphorylated, ubiquitinated, and degraded,
and NF-kB dimers are released. The NF-kB dimer is then further activated through various post-translational
modifications and translocated into the nucleus to bind to target genes to promote pro-inflammatory gene
transcription. In addition, by activating the MAPKs family, it can promote the expression of c-jun terminal kinases
(INK) 1/2, extracellular signal-regulated kinase (ERK), and p38 for activation, thereby promoting the nuclear entry
of activator protein 1 (AP-1) to regulate the expression of pro-inflammatory genes. Thymol inhibits the dissociation
of the IkB protein and NF-kB dimer and the activation of the mitogen-activated protein kinase (MAPK) signaling

pathway to relieve inflammation.

Studies have reported that proteins in the MAPK family, such as JNK1/2, p38a, and ERK, are activated in the
colonic mucosa of IBD patients (63, The suppression of the MAPK signaling pathway is an approach for alleviating
inflammation and thus IBD [€2l, |t has been reported that thymol inhibits p38 phosphorylation and interferes with the
activation of the MAPK signaling pathway to maintain the immune balance B4, Thymol also suppresses LPS-
induced activation of p-p38, p-JNK, and p-ERK, and correspondingly inhibits the production of NO, IL-6, TNF-q,
COX-2, and other inflammatory cytokines [€2l. Therefore, thymol can also reduce the inflammatory response by

inhibiting the MAPK signaling pathway.
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Cytokines are synthesized and secreted by activated immune cells, such as macrophages, T cells, B cells,
dendritic cells (DCs), and natural killer cells. Among them, the regulatory T cell (Treg) is essential to control
autoimmunity. Treg is defined by the expression of CD4, CD25, and transcription factor forkhead box P3 (Foxp3)
(661 Thymol promotes the differentiation of naive T cells to CD4*CD25"Foxp3* Treg cells and induces Foxp3
expression &7, Meanwhile, thymol also maintains the balance of the Th1/Tregs and Th17/Tregs ratios to prevent
autoimmunity as a result of suppressed inflammation BZ[68! Additionally, thymol exerts inhibitory effects on DCs’
maturation and T cell activation 82, Although thymol has influenced the immune cell population in some studies,
more information is required on how thymol modulates immune cell differentiation and whether the changes in the
immune cell population by thymol contribute to the relief of IBD.
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