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Abbreviations:

ACT: apple condensed tannin

BSA: bovine serum albumin

CD: Crohn’s disease

CXCL: C-X-C motif ligand

DMEM: Dulbucco’s Modified Eagle Medium
DMSO: dimethyl sulfoxide

ELISA: enzyme-linked immunosorbent assay
ERK: extracellular signal-regulated kinase
HPRT: hypoxanthine phosphoribosyltransferase
HPLC: high pressure liquid chromatography
IBD: inflammatory bowel diseases

IEC: intestinal epithelial cell

IEL: intraepithelial lymphocyte

IFN: interferon

IxB: Ikappa B

IL: interleukin

IRF3: interferon regulatory factor 3

JNK: c-jun N-terminal kinase

LDH: lactate dehydrogenase

LPS : lipopolysaccharide

LY: Lucifer Yellow

MAPK: mitogen-activated protein kinase
MEK: MAPK/ERK kinase

NF-kB: nuclear factor kappa B.

NK: natural killer

0O.D.: optical density

PBS: phosphate buffered saline

Poly I:C: polyinosinic-polycytidylic acid
PI3K: phosphatidylinositol 3-kinse

PKC: protein kinase C

PAE: pomegranate aril extract

PPE: pomegranate peel extract

PLE: pomegranate leaf extract

gRT-PCR: quantitative reverse transcription-polymerase chain reaction



STAT: signal transducer and activator of transcription.
TLR: Toll-like receptor

TGF: transforming growth factor

TNF: tumor necrosis factor

UC: ulcerative colitis



Chapter 1. General Introduction

1. General Introduction

The primary function of the gastrointestinal tract is digestion, absorption, and
assimilation of nutrients. The gastrointestinal tract has the largest surface area among all organs.
In fact, the 400 square meter surface area of the gastrointestinal tract is about 200 times larger
than that of the entire skin. Moreover, it is estimated that lymphocytes in intestinal immune
system may account for more than 60% of the total body lymphocytes (see Figure 1-1).
Inflammatory Bowel Disease (IBD) is chronic inflammatory disease of the gastrointestinal tract.
IBD has traditionally been divided into Crohn’s disease (CD) and ulcerative colitis (UC). Crohn’s
disease and Ulcerative Colitis are differentiated by their clinical manifestations and hypothesized
pathogenic mechanisms. UC is relapsing non-transmural chronic inflammatory disease that is
restricted to the colon and during disease flares characterized by bloody diarrhea [1]. Crohn’s
disease is a chronic, segmental localized granulomatous disease that can affect anywhere in the
entire gastrointestinal tract from the mouth to anus. Whereas ulcerative colitis only involves the
innermost layer of the colon, CD causes chronic pain and inflammation throughout the
gastrointestinal tract, causing swelling, constipation, persistent, diarrhea, rectal bleeding, severe
abdominal pain, and cramping. The symptoms of UC are the same as CD but also include fever,
decreased appetite, fatigue, and unhealthy weight loss. CD and UC can appear at any age, but

most patients are diagnosed in their third decade of life [2].

The etiology of IBD is still unknown but studies indicate several possible causes such
as genetics [3], immunology [4, 5], nutrition [6], bacteria [7], viruses [8, 9], and other
environment factors. Cytokines play a key role in the intestinal immune system, and are known
to participate in the disruption of the so-called normal state of controlled inflammation (see
Figure 1-2). Cytokines are released mainly by immune cells that facilitate communication
between cells and mediate the systemic inflammation. Several immune cells secrete cytokines
that actively regulate the inflammatory response in IBD. Once secreted by these antigen
presenting cells, these cytokines trigger and differentiate T cells activating. Accumulated animal
model studies suggest that inflammation in IBD patients likely occurs as a result of either
excessive effector T-cell function or deficient regulatory T-cell function, associated with
overproduction of pro-inflammatory cytokines, such as TNF-a, IL-12, or deficiency in the
production or function of known immunosuppressive cytokines such as IL-10 [7, 10]. High
serum levels of TNF-a expression in both patients with CD and UC were measured, this suggest
that the levels of TNF-a correlate with clinical and laboratory indices of intestinal disease
activity. [11] In addition, clinical studies have reported a dramatic improvement in CD patients

treated with anti-TNF-a therapy such as infliximab and adalimumab [12].



In contrast to other cytokines, IL-6 is a pleiotropic cytokine that exerts its
proinflammatory effects largely by means of its soluble IL-6 receptor (sIL-6R). Accumulated
studies suggested that altered IL-6 production has been found in chronic inflammatory bowel
disease (IBDs) affected patients [13-15]. It is well-known that IL-6, together with TGF-3,
induces the activation, proliferation, and differentiation of naive T cells into Th17 T cells,
leading to increased inflammatory cytokines, such as IL-22 and IL-17 that induce intestinal
bowel disease (see Figure 1-2). IL-6 signaling through signal transducer and activator of
transcription-3 (STAT3) has been extensively studied. This system plays a central role in
circulating levels of IL-6 and sIL-6R, resulting in activation of several immunologic reactions
during the development of IBD [16, 17]. A very interesting report indicated that the treatment
with anti-IL-6 receptor monoclonal antibody reduced IFN-y, TNF- «, and IL-13 mRNA, and
also suppressed the expression of several intracellular adhesion molecules in the colonic
vascular endothelium [18]. In addition, it has also been reported that blockade of IL-6
trans-signaling causes T-cell apoptosis, indicating that the IL-6-sIL-6R system mediates the

resistance of T cells to apoptosis in CD [19].

IL-6 is produced by various cell types, such as monocytes [20], B cells [21],
endothelial cells [22, 23] , fibroblasts [24], and epithelial cells [25][26], and IL-6 production is
increased in various conditions characterized by inflammation such as sepsis, endotoxemia, and
treatment with pro-inflammatory cytokines, such as IL-1p [27, 28], and Toll-like receptor
ligands, Pam3CSK4, Poly I:C, and LPS [29, 30]. The transcriptional regulation of the IL-6 gene
is complex and involves at least four different transcription factors, including activator protein
(AP)-1, NF-»B, CCAAT/enhancer binding protein (C/EBP), and cAMP response element
(CRE)-binding protein (CREB) [31]. The role of these transcription factors varies between

different cell types and may also vary different signaling pathways.

Yong-Hae Son et al, has reported that enhanced release of IL-6 was connected with
high activation of MAPK and NF-kB signaling pathways [32]. It has also been reported that
IL-1P stimulates IL-6 production in cultured skeletal muscle cells through activation of MAP
kinase signaling pathway and NF-xB [33]. In addition, hepatitis C virus (HCV) core protein
activates MAPK signaling pathways, ERK and p38 MAPK as well as IkB in the liver of
core-transgenic mice fed with short-term, ethanol-containing diets [34]. Another study showed
that LPS induced IL-6 through transcriptional activation via activating ERK1/2, p38 MAPK and
NF-xkB pathway [32]. Furthermore, several reports demonstrated that natural products

down-regulated NF-#B activation and inhibited the phosphorylation of IxB kinase complex



(IKK) [35, 36] [37]. Taken together, previous studies suggest that MAPKs signaling pathway

and IxB signaling pathway play an important role in the expression of IL-6 gene.

Chemokines are a family of small (8-10 kDa) protein, are classified into
constitutively secreted and inducible. Chemokines play a crucial role in mucosal immunity and
inflammation via recruitment and activation of leukocytes. Especially, inducible chemokines are
inflammatory molecules responsible for mediating the recruitment of leucocyte effector
populations to the sites of immune reaction [38]. It has been reported that some chemokines are
important modulators of monocyte-endothelial interactions under flow conditions [39]. A
previous report also suggest that chemokines have been implicated in the pathogenesis of airway
inflammation in asthma [40]. Although the etiology of inflammatory bowel disease (IBDs) is
not very clear, in the past few years accumulated evidence indicated that chemokines play a

central role in the pathogenesis of both forms of IBD [41, 42].

Several chemokines have been investigated in both CD and UC, and their expression
is consistently increased during the active phases of the disease. Recruitment of activated T-cells
to the inflammation sites is a common feature in a wide variety of inflammatory bowel disease.
CXCL10 and its receptor are up-regulated in the colonic mucosa [43], they may have a role in
activated T lymphocytes recruitment into the intestinal mucosa. Three ligands CXCL9 (Mig),
CXCL10 (IP-10), and CXCLI11 (I-TAC) are known to activate a common receptor CXCR3.
Among them, CXCL10 and CXCL11 are the most potent inducer of CXCR3 internalization and
are the physiologic inducer of CXCR3 internalization after T cell contact with activated
endothelial cells. CXCR3 is expressed on the surface of a number of cell types, including
activated T cells, B cells, and NK cells, and subsets of inflammatory dendritic cells,
macrophages [44, 45] (see Figure 1-1). Additionally, another paper also indicate that CXCL10
selectively attracts activated T lymphocytes, which are the only inflammatory cells expressing
the chemokine receptor CXCR3 [44]. Recently, it also has been reported that up-regulated
chemokines CXCL10 lead to enhanced cancer cell death by driving tumor infiltration by T and
NK cells [46]. These findings suggest that CXCL10 play important role in inflammatory bowel

disease (see Figure 1-2).

These chemokines are induced by several different stimulations and are produced in
different cell types. Accumulated evidence suggest that CXCL9, CXCL10, and CXCL11 are
released from both airway epithelial cells and airway smooth muscles cells, can be potentiated
by the synergistic interaction of TNF-a with IFN-y [47, 48]. In addition, Peter S. et al. has
shown that the human airway epithelial cell line BEAS-2B could release CXCL9, CXCL10, and



CXCL11 in responsive to IFN-y via activation of IxkB kinase, IKK2, but not activation of
NF-kB [49]. CXCL10 may be induced by hepatitis C virus (HCV) within hepatocytes but not by
other cell types within the liver [50]. Jason C.L. et al., have reported that human rhinovirus
(HRV) infections strikingly increased CXCL10 production in nasal lavages in vivo. In addition,
they found that CXCL10 expression was robustly increased in human airway epithelial cells

induced with synthetic double-stranded RNA, however single-stranded RNA had no effect [51].

High levels of CXCL10 release have been found in patients with UC or CD and
intestinal epithelial cell (IEC) lines. A report suggests that the gene expression of CXCL10 and
its receptor CXCR3 are up-regulated in colonic mucosa in active IBD [52]. Laura J. et al.
reported that in the large intestine, the chemokine CXCL10 and cytokine interleukin-13 regulate
the intestinal epithelial cell movement [53]. Other previous reports have also shown that
chemokines CXCL9, CXCL10, and CXCL11 can be produced by intestinal epithelial cells and
induced by IFN-y treatment [54] [55].

Toll-like receptor 3 (TLR3), a member of the TLR family proteins, is localized to the
endosomal compartment of some types of cells. TLR3 recognizes viral double-stranded RNA
and its synthetic analog polyribonosinic: polyribocytidylic acid (Poly I:C) [56]. Upon
recognition of Poly I:C or dsRNA virus, TLR3 transmits signals via the adaptor protein
Toll-IL-1 receptor (TIR), to activate the transcription factors NF-»B, AP-1, and IRF3. Activation
of these signaling pathways leads to the induction of cytokine and chemokines productions [57].
Numerous previous studies have shown that among the TLR family members, only TLR3 does
not activate the downstream signaling pathways by using myeloid differentiation factor 88
(MyD88). In contrast, another report suggests that Myd88 is involved in dsRNA-induced
cellular responses in MyD88-deficient (MyD88-/-) mice or MyD88-/- macrophages [58].

As shown in Figure 1-3, TLR3 is expressed in the endosomal compartments and
recognizes extracellular viral dsRNA and its synthetic analog Poly I:C. Once, TLR3 is
dimerized by internalized dsRNA, it recruits the adaptor protein TICAM-1/TRIF.
TRAF6-TICAM-1 is oligomerized, inducing the activation of their downstream signaling
pathways, including NF-»B signaling pathway and MAPKSs signaling pathway. Poly I:C shows
the same effect on TLR3, involving in the TLR3-TICAM-1-mediated IRF3 activation [58].
Previous findings reported by several groups have shown that Poly I:C/dsRNA treatment
induces activation of TLR3-TICAM-1, which resulted in NF-xB activation and apoptosis
[59-61]. The relevance of MEK1/2-, INK-, and p38-MAPKs signaling in several cell types has

already been demonstrated in the regulation of activator proteinl (AP-1) [62]. TLR3-mediated



signaling events has also been implicated in MEK1/2-, JNK-, and p38-MAPKs signaling
pathway. Additionally, it has been reported that activation of TLR4 by LPS and the activation of
TLR1/2 by Pam3CSK4 could enhance MAPK kinasel/2 and JNK signaling pathway. Hence,
TLR3-TICAM-1-mediated signaling events are involved in NF-xB signaling pathway and
MAPKSs signaling pathways, and the activation of IRF3.

Over the past three decades, epidemiological studies have shown that diets rich in
fruits and vegetables have been associated with reduced risk of developing chronic diseases,
such as diabetes, Alzheimer’s disease, cardiovascular disease, and certain types of cancers
[63-65]. Fruits and vegetables have also been shown to have potent anti-oxidant and
anti-inflammatory activities. It is also reported that an imbalance in consumption of vegetables
and fruits is associated with increased risk for inflammatory bowel diseases (IBDs). This
suggests that increasing the consumption of vegetables and fruits is a practical strategy for

significantly reducing the risk of chronic diseases.

Apples (Malus pumila) are one of the commonly consumed fruit in many countries of
the world for centuries. They are eaten both raw and in processed products such as juice, cider,
brandy, jam and vinegar. Apart from its nutritious value, various scientific researches are
focused on to investigate the ability to utilize apple for prevention of various degenerative
diseases. “An apple a day keeps the doctor away™ is still quite popular. Recently, accumulated
studies have provided the scientific backing for this very common phrase. Apple contains many
types of phenolic substances, such as epicatechin, catechin, flavonoids, and procyanidins (see
Figure 2-1) [66, 67]. Among these compounds, apple condensed tannins (ACT) are main
contained in apple peels, especially in unripe apple peels. While ACT consist of oligomeric
(-)-epicatechin of 2-14 mer, and are comprise over 75.6% of total polyphenols in apple peel
extracts (see Table 2-1) [68]. Most importantly, many of these phytochemicals from apple have
been widely studied, and those health benefits of apple and apple products have been positively

associated with apple polyphenols.

Accumulated evidence indicates that the consumption of apple and apple products
could reduce risks of cardiovascular diseases, cancers, asthma, diabetes, obesity, and pulmonary
dysfunction [69]. Apple polyphenols have been found to have antioxidant activity [70-73].
Additionally, it has been reported that apple peels have higher antioxidant activity and higher
bioactivity than the apple flesh. Apples without the peels had less antioxidant activity than
apples with the peels. Apple polyphenols have also been shown to have strong anticancer

[74-76], and anti-inflammatory activity[73, 76, 77].



Pomegranate (Punica granatum L.) is a very common fruit in Iran, Indian
subcontinent, and the Mediterranean countries such as Turkey, Egypt, Tunisia, Spain, and
Morocco, is consumed fresh and in processed forms as wine and juice [78]. The biological
activity of pomegranate fruits has been widely investigated, including in vitro, in vivo, and
clinical studies. Since the phytochemicals components of different part of pomegranate fruit are
different, the bioactivities of each part of pomegranate fruit are different. Most importantly,
numerous scientific evidences proved that the biological activities of pomegranate juice,
pomegranate peel,and pomegranate leaf extracts have been associated with their phenolic

composition.

Identification and analysis of bioactive components of pomegranate juice show that
pomegranate juice contains more than 100 different phytochemicals, primarily including
phenolic compounds such as gallic acid, chlorogenic acid, caffeic acid, catechin, quercetin, rutin,
and minerals. It also largely contains tannins, mainly ellagitannins and gallotannins.
Punicalagins and punicalin are two ellagitannins monomer, are unique to pomegranate fruits
(see Figure 4-1 A and B) [79]. The bioactivity of pomegranate juice in general is largely
attributed to the presence of these compounds [80]. Accumulated epidemiological studies
suggest that continuous consumption of pomegranate juice has been associated with reduced
risk of a number of chronic diseases such as cardiovascular diseases (CVD) [81, 82].
Pomegranate juice has also been shown to have potent antioxidant capacity compared to green

tea, red wine and fruit juices such as grape, cranberry, and orange juice [83] [84] [85].

Pomegranate peel extract (PPE) has been used as traditional medicine to cure
intestinal disease by different cultures. In Egyptian culture, Indian culture and Chinese culture,
several common ailments such as intestinal inflammation, diarrhea, and intestinal worms have
been treated by exploiting PPE. Identification and analysis of bioactive components of
pomegranate peels revealed that pomegranate peel mainly contains ellagitannins. Ellagitannin
monomer punicalagin is the largest and most important components in PPE, and is unique to
pomegranate arils and peels (see Figure 4-1 C) [86]. More importantly, investigation of
pomegranate phytochemicals showed that health benefits of pomegranate peels had been
positively associated with the ellagitannins and other polyphenols. Accumulated evidence
proves that pomegranate peel has many health benefits, including anti-oxidant, anti-cancer,
anti-mutagenic properties. Among those bioactivities, PPE has been shown to have the most
potent anti-inflammatory activity, because it may inhibit pro-inflammatory cytokines expression

[87].

Pomegranate leaves were also used as a traditional medicine from ancient. In China,



pomegranate leaves have been developed into green tea. Pomegranate leaf extract (PLE) has
shown numerous pharmacological activities including antidiarrheal, anti-obesity, anti-bacterial,
astringent, and antitumor activity [88, 89]. PLE has also been found to have free radical
scavenging activity and antioxidant effects in vitro [90]. PLE has different compositions from
pomegranate aril and peel extracts. Pomegranate leaf contains ellagic acid and fatty acids.
Phytochemical studies previously have revealed strictinin is the main components present in
pomegranate leaves (Figure 4-1 D). Importantly, these pharmacological activities from
pomegranate leaf have been shown to be associated with flavone glycosides and gallo- and

ellagitannins in leaves [91].

However, the effect of ACT on cytokines expression of intestinal epithelial cells is
still not very clear. In addition, no reports have directly compared the effects of pomegranate aril
extract (PAE), PPE, and PLE on cytokines expression of intestinal epithelial cells. In the present
study, apple condensed tannin-induced and pomegranate extracts-induced IL-6, CXCL10
expression was analyzed in intestinal epithelial cells. In addition, the expression and
phosphorylation of the signal transduction proteins MEK, ERK, JNK, IxB, and p65 were
investigated by western blot analysis. Furthermore, functional inhibitors of the molecules

involved in the signaling pathways were used to reveal the mechanism.
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via activation of MAPKs signaling pathway in intestinal epithelial cells
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Chapter 4. Pomegranate peel-derived polyphenols stimulates CXCL10 expression via
activation of PKC, MEK1/2, ERK1/2, JNK and PI3K-IRF3 signaling pathways in intestinal
epithelial cells
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Chapter 5. General Discussion and Perspectives

The gastrointestinal tract is the largest mucosal surface in our body and is also in
continuous contact with dietary antigens and diverse microorganisms. Thus, intestine mucosa
surfaces play very importantly, and crucial role in innate and adaptive immune regulation. In the
intestinal immune, the epithelial cells establish and maintain the barrier. In addition to that, the
epithelial cells release various cytokines and chemokines, such as TNF, IFN-y, IL-6, IL-8,
CXCL10 to regulate the intestinal functions: to protect the mucous membranes against invasion
by potentially dangerous microbes, and to prevent the development of potentially harmful
immune responses. In addition, intestinal lamina propria and intraepithelial lymphocytes express
various receptors to bind these cytokines or chemokines. These cytokines and chemokines are
rapidly synthesized and secreted by epithelial cells and intraepithelial lymphocytes upon
stimulation and induce the production of adhesion molecules and other inflammatory mediators

such as nitric oxide (NO), reactive oxygen metabolites, and PGE.

The role of cytokine and chemokine in the intestinal mucosal immune system has
been studied a lot. In inflammatory bowel disease, evidence has been found for a disturbed
balance between pro-inflammatory and anti-inflammatory cytokines. Accumulated studies
suggested that higher IL-6 production has been found in chronic inflammatory bowel disease
affected patients [12-15]. IL-6 is produced by various cell types, including monocytes,
endothelial cells, fibroblasts, and epithelial cells, when the cells are treated with different

stimulations and are in various inflammatory conditions such as sepsis, endotoxemia, [27-30].

Some reports suggest that activation of TLR1/2, TLR3, and TLR4 pathways involved
in the enhancement of IL-6 production [111], [112]. In the present study, I investigated the effect
of apple condensed tannin (ACT) on Poly I:C-TLR3-induced IL-6 expression in intestinal
epithelial cells. I found that ACT significantly inhibits Poly I:C-TLR3 mediated IL-6 expression

in mouse intestinal epithelial cells.

On the transcriptional level, the inducible IL-6 expression is regulated by the
transcription factors C/EBP, NF-kB, and CREB [105]. It has been shown that increased release
of IL-6 was connected with elevated activation of MAPKs and NF-kB signaling pathways. It
has been reported that IL-1f stimulation induced IL-6 production through activation of MAP
kinase signaling pathway and NF-«xB [33]. Accumulated studies suggest that virus dsRNA
selectively activates MEK, ERK, JNK and p38 MAPK signaling pathways, as well as IxB in

airway epithelial cells and intestinal epithelial cells. These above evidence prove that MAPKs
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signaling pathway and IkB signaling pathway play a crucial role in the expression of IL-6 gene.
Here, I hypothesized that ACT inhibits IL-6 expression via suppressing MAPKs and NF-«xB
signaling pathways. To elucidate the inhibitory effect of ACT on the IL-6 expression, I assessed
ACT modulation of the phosphorylation of MEK1/2, JNK, P38 and IxB. The results suggest
that ACT significantly inhibits Poly I:C-induced MEK1/2, JNK (p46), p38 phosphorylation and
IxB phosphorylation. In addition to my results, accumulated studies have also suggested that
natural products could inhibit the phosphorylation of IxB kinase complex (IKK) [36, 37, 115,
182].

As shown in Table 1-1, ACT is the mixture of condensed tannins, which consists of
oligomeric (-)-epicatechin of 2-14 mer. To identify the constituents responsible for the
down-regulation of IL-6 gene expression, I studied the inhibitory effect of ACT, smaller
fractions representative ACT (2-mer) and larger fractions representative ACT (7-mer) on IL-6
gene expression, and IL-6 production, and gene transcription. I found that ACT and ACT
(7-mer) inhibit Poly I:C-induced IL-6 gene expression and production. Interestingly, the ACT
(7-mer) showed the more powerfully inhibitory effect on IL-6 expression (Figure 2-6 A and B).
In addition, I evaluated the effect of each fraction on IL-6 promoter activities. As shown in
Figure 2-7, ACT and ACT (7-mer) significantly inhibit IL-6 gene transcriptional activity as well.
In contrast, the smaller fractions representative ACT (2-mer) do not effect on IL-6 gene
expression, production and gene transcription. Furthermore, I compared the inhibitory effect of
ACT, ACT (7-mer) and ACT (2-mer) on the phosphorylation of MEK1/2, INK, p38, and IxB at
the 45 min time point. The results suggest that ACT (7-mer) markedly suppress the
phosphorylation of IxB and MEK1/2, INK, and p38, whereas, ACT (2-mer) did not inhibit the
phosphorylation of these four molecules (Figure 2-9). As shown in Figure 2-8, I found that ACT
may robustly inhibits the phosphorylation of MEK1/2, JNK and p38 at the time point of 90 min.
However, ACT inhibits the phosphorylation of IkB in the early stage than MEK1/2, JNK and
p38. Taken together, in Chapter 2, I demonstrate that ACT and lager fraction ACT (7-mer)
inhibit Poly I:C-induced IL-6 expression via suppressing the phosphorylation of MEK1/2, JNK
(p46), p38, and IkB.

It is well known that tannin could combine with protein to form haze (turbidity) to
influence physical properties. Much work has been done over many years to confirm the
interactions of condensed tannins and proteins. It has been suggested that condensed
tannin-protein interactions are similar to antigen-antibody interactions in that a binding agent

and ligand of comparable sizes associate multivalently to form soluble and insoluble complexes.
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Hydrogen bonding between phenolic hydroxyl and peptide carbonyl is the major force

stabilizing condensed tannin-protein complexes.

It has been shown that the protein-binding affinity of condensed tannins is different.
In general, the biological activities of condensed tannins are recognized to be largely dependent
on their molecular weight and structure [183]. Condensed tannins of higher molecular weight
fractions have stronger protein-binding affinity than those of lower molecular weights. In
contrast, protein dose not bind with smaller fraction procyanidin such as dimeric, and trimeric
procyanidin. In addition, a couple of studies suggest that relative affinities of proteins and
condensed tannins dependent on the size of the protein polymer. The affinities of low molecular
weight protein for condensed tannins are at least a thousand-fold lower than those of proteins
and large polymers [117]. The hydroxyl groups are excellent at forming hydrogen bonds with
proteins. A common characteristic of proteins with high affinity for tannin is their high proline
residues. Hydrogen bonding between phenolic hydroxyl and proline residues in the protein is
the major force stabilizing condensed tannin-protein complexes. A larger fraction of condensed
tannin has a large number of hydroxyl groups, and it consists of many large hydrophobic rings.
In addition, the capacity of condensed tannins to bind proteins is a function of the polymer chain

length-the larger the condensed tannin, the greater the binding ability. (see Figure 5-1).

Furthermore, condensed tannins have also been found to exhibit protein-binding
ability and could protect proteins from being degraded in rumen by forming condensed
tannin-protein complexes. The condensed tannin-protein complexes are then hydrolyzed in the
small intestine releasing the proteins for digestion and absorption [184]. The condensed tannin

has been released in intestinal mucosa to induce cytokines expression.

It is well known that there are different types of protein and polysaccharides in the
cell membrane. Tannins have both hydrophobic aromatic rings and hydrophilic hydroxyl groups
allowing them to bind simultaneously at several sites on the cell wall. Cell wall polysaccharides
also contain hydroxyl groups as well as aromatic and glycosidic oxygen atoms that have the
ability to form hydrogen bonds and hydrophobic interactions with tannin. Since, tannin-protein
interactions may be specific for different tannins as well as for different proteins, to confirm
which protein or polysaccharides will be attached by ACT, further studies are needed to
investigate the changes of receptor production in the cell membrane. Recently, a report has
identified 67-kDa laminin receptor as a cell surface receptor for the green tea constituents,

(-)-epigallocatechin-3-gallate (EGCG) [118, 185].
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Sirichai A. et al. have reported that grape seed, Cat’s whiskers, and Sweetleaf extract
significantly inhibit the activities of pancreatic a-amylase, intestinal maltase, and sucrose,
respectively [186]. However, there still were no protein has been identified as a condensed

tannin’s receptor in the intestine.

A report indicates that extracellular dsRNA is recognized and internalized by
scavenger receptor class-A (SR-A). Treatment of human epithelial cells with specific
antagonists of SR-A significantly inhibited dsRNA induction of IL-6. Therefore, it is possible
that ACT stimulation, in part, larger fractions procyanidins as one of the antagonists of SR-A
inhibit Poly I:C induction of IL-6. However, there were no reports indicated that polyphenols
interfere the stimuli of Poly I:C on SR-A as an antagonist. Furthermore, the study in Chapter 3
suggests that ACT significantly up-regulates Poly I:C-induced CXCL10 gene expression and
production in MoS13 cells. Therefore, the present study denied the hypothesis that ACT acts as
an antagonist of SR-A on the cell surface, interfere the binding of Poly I:C to SR-A on the cell

surface, to block downstream intracellular signaling pathway.

In Chapter 2, I found that ACT and larger fractions ACT (7-mer) significantly inhibit
IL-6 gene expression, production and promoter activity, whereas smaller fractions ACT (2-mer)
did not effect on Poly I:C-induced IL-6 expression and production. Here, I do hypothesize that
ACT and larger fractions (7-mer) bind with its special receptor to form tannin-receptor
interactions on the cell membrane by hydrogen bonding and hydrophobic interactions. The
interaction of ACT-receptor on cell membrane induced signaling pathway may have
antagonistic or agonistic effects on Poly I:C induced MEK-, INK-, p38-MAPKs and NF-zB
signaling pathways involving in modulating cytokine expression. According to my data, I
observed that ACT and ACT (7-mer) robustly inhibit the phosphorylation of IxB. The inhibitory
effect ACT and ACT (7-mer) on IxB was quit much more than MEK1/2, JNK, and p38. In
contrast, ACT (2-mer) increased the phosphorylation of IxkB, MEK1/2 and p38. This finding
suggests that the larger fraction ACT (7-mer) and the smaller fraction (2-mer) may have

different effect on Poly I:C-induced signaling pathway (see Figures 2-8 and 2-9).

The biological activities of condensed tannins are recognized to be largely dependent
on their molecular weight and structure. The larger fraction of condensed tannin has a large
number of hydroxyl groups, has the greater binding ability compared with the smaller fraction
of condensed tannin. Thus, I could conclude that apple condense tannin, especially the larger
fraction ACT (7-mer) may has stronger antagonistic effect on Poly I:C-induced IxB signaling

pathway via interactions of greater condensed tannin-receptor on cell membrane. In contrast,
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smaller fraction ACT (2-mer) show positively regulate on Poly I:C-induced IkB and MAPKs

signaling pathways as an agonist drug (Figure 5-2).

In Chapter 3, I found that ACT at a lower concentration (12.5 ug/mL) significantly
up-regulated Poly I:C-induced CXCL10 production. Poly I:C bind to its receptor TLR3 resulting
in activating downstream MEK-, INK-, and p38-MAPKs signaling pathways [143]. In the
present study, I investigated the effect of ACT (12.5 pg/mL) stimulation on kinase activation of
MEK1/2, JNK, and p38 in Poly I:C-induced MoS13 cells. An interesting finding was that ACT
(12.5 pg/mL) treatment selectively increased the phosphorylation of MEK1/2, INK, and p38,
whereas ACT (12.5 pg/mL) did not effect on IkB phosphorylation (Figure 3-5). This result
indicates that lower concentration of ACT (12.5 pg/mL) did not inhibit Poly I:C-induced
MAPKSs signaling pathways, in contrast significantly up-regulated Poly I:C-induced
PKC-MAPKSs signaling pathways. These findings suggest that lower concentrations of ACT
(12.5pg/mL) positively regulate Poly I:C-induced MEK1/2, JNK, and p38 signaling pathways,

but do not effect on IxB signaling pathway.

Furthermore, I observed that ACT (50 pg/mL) significantly inhibit Poly I:C-induced
IL-6 expression, whereas as shown in Figure 3-1 D, E, F ACT (50 pg/mL) did not inhibit Poly
I:C-induced CXCL9, CXCL10, and CXCLI11 expression. These results suggest that the different
concentrations of ACT may induce the cytokine expression through different signaling pathways.
To answer this question, I investigate the promoter sequences of IL-6 and CXCL10. On the
transcriptional level, the inducible CXCL10 expression is regulated by the transcription factors
IRF3, NF-»B, and AP1. Several reports suggest that dsSRNA induce CXCLI10 expression
predominately via activation of the IRF3 signaling pathway. On the other hand, inducible IL-6
expression is mainly regulated by the transcription factors C/EBP, NF-«B, and CREB, but not
IRF3. Same stimulation with ACT at different concentrations induced IL-6 and CXCL10

expression through different signaling pathway.

Therefore, I thought that IRF3 plays the key role in IL-6 and CXCL10 expression. I
investigated the effect of ACT at 12.5 pg/mL and 50 pg/mL on IRF3 nuclear translocation.
When compared the western blot results between the stimulation of ACT (12.5 pg/mL) and ACT
(50 pg/mL), I found that ACT (12.5 pg/mL) significantly increased the nuclear translocation of
IRF3. I was surprised by that ACT (50 pg/mL) did not inhibit the nuclear translocation of IRF3,
whereas slightly increased IRF3 nuclear translocation. Thus, I suggest that higher concentration
of ACT (50 pg/mL) down-regulates IL-6 expression predominantly via suppressing NF-zB
signaling pathway, and PKC-MAPKSs signaling pathways, but not via IRF3 signaling pathway.
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On the other hand, lower concentration of ACT (12.5 pg/mL) up-regulate CXCL10 expression
predominantly via activation of PI3K-IRF3 signaling pathways, but not via NF-«B signaling
pathway. Therefore, the NF-«B and IRF3 signaling pathways are the key steps on the regulation
of Poly I:C-mediated IL-6 and CXCL10 expression by ACT.

Numerous studies have shown that increased intestinal NF-»xB activation in patients
with inflammatory bowel disease. NF-xB, therefore, is a potential target for anti-inflammatory
therapies. Accumulated studies indicate that polyphenols potent inhibit cytokine expression via
suppressing NF-#B signaling pathways in intestinal epithelial cells. Here, my results indicate
that ACT and larger fraction ACT (7-mer) at higher concentration inhibit IL-6 expression via
predominately suppressing NF-#B signaling pathway, while ACT and smaller fraction ACT
(2-mer) at lower concentration enhance MAPKSs signaling pathways involving in CXCL10
expression in the mouse intestinal epithelial cells. Taken together, in Chapter 2 and Chapter 3, I
have identified that ACT at different concentrations may show a different regulating effect on
IL-6 and CXCL10 expression. ACT (12.5 pg/mL) up-regulated Poly I:C-induced CXCL10 gene
expression predominantly via enhancing PI3K-IRF3 signaling pathways, but not via IxB
signaling pathway. On the other hand, ACT (50 pg/mL) down-regulated Poly I:C induced IL-6
gene expression predominantly via suppressing IxB and MEKI1/2, JNK, p38 signaling
pathways.

Pomegranate is consumed fresh and in processed forms as wine and juice in Europe,
Iran, Indian and other West Asian countries. The biological activity of pomegranate fruits has
been widely investigated, including in vitro, in vivo, and clinical studies. Pomegranate peels
extract has been shown to regulate the transcription of inflammatory cytokines such as IL-6,
IL-8, and MCP-1 genes in the human intestinal epithelial cell line (Caco-2). However, the
mechanism of that is still not very clear. In addition, there is still no study to compare the effects
of pomegranate aril extract (PAE), pomegranate peel extract (PPE), and pomegranate leaf

extract (PLE) on CXCL9, CXCL10, and CXCL11 expressions in intestinal epithelial cells.

In Chapter 4, I investigated the effect of pomegranate extracts on CXCL9, CXCLI10,
and CXCL11 expression in intestinal epithelial cells. I compared the effect of PAE, PPE and
PLE on the expression of these chemokines. I observed that PPE significantly increased
CXCL10 gene expression, production, and promoter activity via activation of both PKC,
MEK1/2-ERK1/2, JNK signaling pathways and PI3K-IRF3 signaling pathway. However, PAE
and PLE did not affect on CXCL10 expression.
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In addition, I confirmed the enhancement effect of PPE CXCL10 expression in vivo.
However, PAE and PLE did not induce CXCL10 gene expression. These findings suggest that
PAE, PPE, and PLE may have different effects on cytokine expression in intestinal epithelial
cells. In this study, all of this 80% acetone extracts from pomegranate arils, peels and leaves are
the mixtures of polyphenol components, they are not one or two pure compounds. I have
characterized the phenolic components of PAE, PPE, and PLE by HPLC analysis. The results
showed that PAE contains some phenolic components characterized, the main components are
ellagitannin monomer Punicalagin, Punicalin and ellagitannin oligomer oenothein B and
eucalbanin B (see Figures 4-1 and 4-2). Punicalagin is the main phenolics in pomegranate PPE.
PLE contains only one main hydrolysable tannin, strictinin A. These results suggest that the
differences of phenolic components of different pomegranate fruit parts result in the different

effect on CXCL9, CXCL10, and CXCL11 expression of intestinal epithelial cells.

The biological activities of PPE and punicalagin have been widely investigated. It
has been reported that pomegranate peel can help prevent or treat various disease risk factors
including oxidative stress and inflammatory activities. It has been reported that PPE may inhibit
numbers of inflammatory cytokines expression such as IL-6 and IL-8. In addition, punicalagin
has been shown to have anti-proliferative, anti-inflammatory properties in vivo and in vitro.
Furthermore, accumulated studies suggest that the pharmacological activities from pomegranate

peels have been shown to be associated with the main phenolic component, punicalatin.

Here, I am the first to show that PPE significantly up-regulate CXCL10 expression of
intestinal epithelial cells in vivo and in vitro. It has been reported that PPE has the highest
concentration of punicalagin. I previously quantified the content of punicalagin in PPE. The
punicalagin contents in the PPE and PAE have been quantified to be approximately 70 mg/100g.
However, in the present study, it is still unknown whether the main phenolic component
punucalagin in PPE may up-regulate CXCL10 expression of intestinal epithelial cells. Further
studies are needed to examine the enhancement effect of punicalagin on CXCL10 expression of

intestinal epithelial cells in vivo and in vitro.

Punicalagin is a hydrolysable tannin and isomers of
2,3-(S)-hexahydroxydiphenoyl-4,6-(S,S)-gallagyl-D-glucose (see Figure 4-2). Since punicalagin
are water soluble, it will be hydrolyzed to smaller polyphenolic compounds in the small
intestine under normal physiological conditions. It has been reported that punicalagin inhibit
inflammatory cytokine NO, PGE2, IL-1f3, IL-6 and TNF-o expression via suppression of
toll-like receptor 4-mediated MAPKs and NF-»B activation in macrophages. [187]. Xu. XiaoL.

et al., have also reported that punicalagin induces Nrf2/HO-1 expression via up-regulation of
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PI3K/AKT pathway [188]. Another report also indicated that punicalagin inhibit IPS-induced
TNF-o and IL-6 expression via inhibition of phosphorylation of IxB, p38, INK and nuclear
translocation of p65 subunit in the microglia [189]. Punicalagin has also been shown to
down-regulate LPS-induced production of IL-6, IL-8, and TNF-a via inhibition of NF-zB
signaling pathway and MAPKs (p38, JNK, ERK) signaling pathway in bovine endometrial
epithelial cells (bEECs). In the present study, I found that PPE significantly increased CXCL10
gene expression and production. I also observed that PPE treatment up-regulated the
phosphorylation of PKC, MEK1/2, ERK1/2, and JNK, and the nuclear translocation of IRF3 in
intestinal epithelial cells. Therefore, I hypothesis that punicalagin may increase CXCL10
expression via activation of phosphorylation of MEK1/2, ERK1/2, and JNK, and nuclear

translocation of IRF3.

In addition, a recent report suggests that CXCL10 expression may be regulated by
PKC signaling pathway. Couples of previous studies have suggested that phosphatidylinositol
3-kinase (PI3K)/Akt signaling pathway plays a central role in modulating diverse downstream
signaling pathways. It has been reported that influenza virus infection modulated CXCL10
expression via activation of the PI3K/Akt pathway. Furthermore, several reports suggest that
PI3K specific inhibitor LY294002 and PKC specific inhibitor (RO31-8220) could suppress the
CXCL10 expression. This evidence indicates that the PKC and PI3K/Akt pathway plays an
important role in CXCL10 expression. In the present study, I observed that inhibitors of PI3K
and PKC significantly suppressed PPE-induced CXCL10 expression. These findings suggest
that PPE up-regulates CXCL10 gene expression via activation of PKC and PI3K signaling
pathway signaling pathway. Taken together, PPE may up-regulate CXCL10 expression via
activation of PKC-MEK1/2, ERK1/2, JNK signaling pathway, and PI3K-IRF3 signaling

pathway in intestinal epithelial cells.

It has been reported that tannins could bind to a protein via hydrogen binding to form
tannin-protein interactions. Hydrogen bonding between phenolic hydroxyl and peptide carbonyl
is major force stabilizing condensed tannin-protein complexes. A recent report has identified a
laminin receptor as a cell surface receptor for the green tea constituents,
(-)-epigallocatechin-3-gallate (EGCG). However, it is still not clear about the punicalagin
receptor. Here, I hypothesis that punicalagin act on a special receptor on the cell surface to
induce PKC, MEK1/2, ERK1/2, INK signaling pathway and PI3K-IRF3 signaling pathway,
involving in CXCL10 expression of intestinal epithelia cells (see Figure 5-3). In summary, in
this chapter, my results first indicate that PPE may increase CXCL10 expression in vivo and in
vitro in mouse intestinal epithelial cells, predominately via activation of PI3K-IRF3 signaling

pathway and PKC-MAPKs (MEK1/2, ERK1/2, JNK) signaling pathway, but now NF-zB
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signaling pathway.

In conclusion

In this whole works, I have investigated the effect of ACT on IL-6 and CXCL10 gene
expression, and also compared the effect of PAE, PPE, and PLE on CXCL10 gene expression in
mouse intestinal epithelial cells. It was observed that ACT showed different regulating effect on
IL-6 and CXCL10 gene expression in Poly I:C-induced MoS13 cells. Here, I suggest that higher
concentration of ACT (50 u g/mL) inhibit IL-6 expression predominantly via suppressing I k B
signaling pathway, and PKC-MAPKs (MEK1/2, JNK, p38) signaling pathways. In contrast, in
Chapter 2, I first found that lower concentration of ACT (12.5 p g/mL) up-regulated Poly
I:C-induced CXCL10 expression predominantly via activation of PI3K-IRF3 signaling
pathways, but not via I k B signaling pathway. In Chapter 3, PPE was found to up-regulate
CXCL10 expression predominantly via activation of PI3K-IRF3 signaling pathway and
PKC-MAPKs (MEK1/2, ERK1/2, and JNK) signaling pathway. Whereas PPE did not induce
I«B signaling pathway. On the transcriptional level, there is no binding site for IRF3 in the IL-6
promoter region, while IRF3 play a central role in CXCL10 gene transcription. These results
indicate that ACT and PPE may predominantly up-regulate PI3K-IRF3 signaling pathway,
involving in increasing of CXCL10 expression, while ACT may predominantly down-regulate

I«B signaling pathway, resulting in the decreasing of IL-6 expression.

These findings suggest that apple peel extract and pomegranate peel extract may
regulate cytokine and chemokine expression in intestinal epithelial cells via different signaling
pathways. These results also support that consumption of apples and pomegranate may help
protect against intestine disorder by decreasing pro-inflammatory cytokines and enhancing gut

immunity with increasing chemokines in the normal steady state.
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Figure 5-1 The interaction between tannins and protein (Santos-Buelga and Freitas 2009)
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Abstract

Introduction

Polyphenols, one of the most common groups of plant secondary metabolites, have
received considerable interest over the past few years due to their presumed role in the
prevention of various degenerative diseases. Apple (Malus pumila) is widely consumed, and is
rich source of polyphenols. Apple components investigation showed that apple peel contains an
abundance of procyanidins and their polymers (apple condensed tannins; ACT). Accumulated
evidence indicates that the consumption of apple and apple products could reduce risks of
cardiovascular diseases, cancers, asthma, diabetes, obesity, and pulmonary dysfunction. These
pharmacological activities from apple and apple-processed products have been shown to be

associated with ACT, which abound in unripe apple peel more than ripe one.

Pomegranate (Punica granatum L.) fruit is widely consumed fresh and in processed
forms as juice, jam, and wine. Pomegranate peels and leaves were used in the traditional
medicine of different Asian cultures for the treatment of a variety of ailments. Phytochemical
studies previously have revealed that ellagitannins (ETs) and anthocyanins (ANs) represent the
most abundant polyphenols in pomegranate aril and peel. Hydrolysable tannin, strictinin is the
main phenolic component present in pomegranate leaves. Importantly, numerous scientific
evidence demonstrates that the health benefits of pomegranate and their products have been

positively associated with the polyphenols in these fruits.

It is well known that cytokines play a key role in the intestinal immune system.
Inflammatory bowel diseases (IBD) are chronic inflammatory diseases of the gastrointestinal
tract. Inflammatory cytokine interleukin 6 (IL-6) and chemokine CXCL10 have been identified
as important cytokines in IBD. IL-6 is a pleiotropic cytokine that exerts its proinflammatory
effects largely by means of its soluble IL-6 receptor. It has been reported that altered IL-6
production has been found in IBD affected patients. Chemokines CXCL9, CXCL10, and
CXCL11 are known to activate a common receptor CXCR3, which is commonly expressed on
activated T cells, B cells, and NK cells. These three chemokines recruit activated T cells into the
intestinal mucosa. In addition, high levels of CXCL10 release have also been found in patients
with IBDs. On the other hand, these cytokines are important in activation of the immune system

to prevent infection in the intestine at non-inflammatory steady state.

Recently, numerous scientific evidence suggested that polyphenols appear as

promising candidates for up-regulating or down-regulating cytokines expression. However, the
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influences of apple peel-derived polyphenols and pomegranate-derived polyphenols on IL-6 and
CXCL10 expression in intestinal epithelial cells have not yet been revealed. The present study
aimed to investigate the effects of ACT and pomegranate aril extract, peel extract, and leaf
extract on the IL-6 and CXCL10 expression in intestinal epithelial cells, and to examine the
effects of apple extracts and pomegranate extracts on cell signaling pathways to uncover the

mechanism.

Chapter 1. Polymerization degree-dependent inhibitory effect of apple condensed tannins

on IL-6 production in mouse intestinal epithelial cells

Poly I:C is structurally similar to dSRNA as a respective agonist for toll-like receptor
3 (TLR3) which selectively triggers TLR3-dependent up-regulation of IL-6 and CXCLI10
production. This chapter describes the effects of ACT on Poly I:C-induced IL-6 expression in
mouse small intestinal epithelial cell line, MoS13 cells. Since ACT is a complex flavonoid
polymer, consist of oligomeric (-)-epicatechin of 2-14 mers, the effect of smaller fractions of

ACT (2-mer) and larger fractions of ACT (7-mer) on IL-6 expression was also investigated.

ACT at 25, 50 pg/mL was found to inhibit Poly I:C-mediated IL-6 mRNA expression,
transcription and protein expression by MoS13 cells. In addition, I evaluated the effect of ACT
on signaling pathways by western blot analysis. This effect was found to be regulated by p38,
MEK1/2, INK-MAPKs, and I#B pathways. However, the smaller fraction of ACT (monomer
and dimer) had no effect on the release of IL-6 from Poly I:C-induced MoS13 cells. Whereas
Poly I:C-mediated IL-6 production and mRNA expression by the cells was robustly inhibited by
larger fractions of ACT (7-mer). These results suggested that higher concentration of ACT and
larger  fractions of ACT down-regulated Poly I:C-induced IL-6 expression
polymerization-degree dependently by suppressing NF-»B and MEK1/2-, JNK activity.

Chapter 2. Apple polyphenols regulate chemokines CXCL9, CXCL10, and CXCL11

expression in intestinal epithelial cells via activation of MAPKSs pathway

In Chapter 2, I investigated the effect of ACT on Poly I:C-induced expression of
chemokines CXCL9, CXCL10 and CXCLI11 by the intestinal epithelial cells. MoS13 cells were
treated with ACT at four concentrations (0.7, 3.1, 12.5, 50 pg/mL) in the presence of Poly I:C.
To my surprise, the data demonstrated that ACT stimuli at 3.1 or 12.5 pg/mL significantly
up-regulated Poly I:C-induced CXCL9, CXCL10, and CXCL11 expression. Interestingly, ACT
(12.5 pg/mL) did not up-regulate Pam3CSK3 (TLR1/2 ligand)- and LPS (TLR4 ligand)-induced

expression of these chemokines. In addition, ELISA and luciferase reporter gene assay analysis
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revealed that ACT (12.5 pg/mL) significantly increased the production of CXCL10 and
CXCL11 in Poly I:C-stimulated MoS13 cells and increased promoter activity of the CXCL10
gene as well. Furthermore, the analysis using inhibitors of signaling pathways suggested that
suppression of PKC, MEK1/2, JNK and p38 pathways with their specific inhibitors significantly
prevented the up-regulation of CXCL10 gene expression. Subsequently, the effect of ACT on
Poly I:C-induced signaling pathway was evaluated by western blot analysis. It was confirmed
that ACT enhanced the phosphorylation of MEK, JNK, and p38, and the nuclear translocation of
IRF3, whereas ACT stimuli did not increase the phosphorylation of IxB. In in vivo experiments,
an increased CXCL10 expression was observed in the intestine of BALB/c mice receiving ACT

by oral administration.

In conclusion, these results in Chapter 1 and Chapter 2 suggest that ACT at different
concentrations may show a different regulating effect on IL-6 and CXCL10 expression. ACT
(12.5 pg/mL) up-regulated Poly I:C-induced CXCL10 gene expression predominantly via
enhancing PI3K-IRF3 signaling pathways, but not via I«B signaling pathway. On the other hand,
ACT (50 pg/mL) down-regulated Poly I:C induced IL-6 gene expression predominantly via
suppressing IxB and MEK1/2, JNK, p38 signaling pathways.

Chapter 3. Pomegranate peel-derived polyphenols stimulate CXCL10 gene expression and
production via activation of PKC-MAPKSs and PI3K-IRF3 signaling pathways in intestinal
epithelial cells

The aim of the study in Chapter 3 was to investigate the effects of pomegranate aril
extract (PAE), pomegranate peel extract (PPE), pomegranate leaf extract (PLE) on chemokines
expression in the intestine in vivo and in vitro. BALB/c mice were fed a normal diet and either
water or water containing 1% PAE, 1% PPE, and 1% PLE ad libitum over a period of two weeks.
Interestingly, only oral administration of 1% PPE significantly up-regulated CXCL9 and
CXCL10 gene expression in the intestinal mucosa. In addition, we examined the enhancement
effect of PPE on the chemokine gene expression in vitro using MoS13 cells. I found that
treatment of MoS13 cells with PPE at a concentration of 50 pg/mL for 20 h, significantly
increased CXCL9, CXCL10, and CXCLI11 gene expression. It was observed that PPE
stimulation significantly enhanced the production of CXCL10 and the transcriptional activation
of CXCL10 gene as well. On the transcriptional level, CXCL10 promoter activation was known

to be regulated by NF-«B and IRF3 binding sites, and by upstream MAPKs signaling pathways.

To reveal the mechanism, first, we evaluated the effect of each inhibitor on respective

signaling pathways. We observed that the induction of CXCL10 gene expression was
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suppressed by pharmacological inhibitors of PKC (RO31-8220), PI3K (LY294002),
MEK1/2-ERK (PD98059, U0126), P38 (SB203580), or JNK (SP600125), suggesting the
involvement of PKC and MAPKs pathways in CXCL10 gene expression. In contrast, NF-»B
inhibitor did not suppress PPE-induced CXCL10 gene expression. Importantly, the western blot
analysis results suggested that PPE stimulation significantly increased the phosphorylation of
MEK1/2, ERK1/2, JNK, but did not affect the phosphorylation of p38 and I«B. Furthermore, we
observed that PPE treatment significantly increased the nuclear translocation of IRF3, while did
not affect the nuclear translocation of NF-xB. In conclusion, this study suggests that PPE
enhanced CXCL10 expression in intestinal mucosa via activation of PKC, MEK1/2, ERK1/2,
and JNK signaling pathways and PI3K-IRF3 pathway.

Conclusions

In this whole works, I have investigated the effect of ACT on IL-6 and CXCL10 gene
expression, and also compared the effect of PAE, PPE, and PLE on CXCL10 gene expression in
mouse intestinal epithelial cells. It was observed that ACT showed different regulating effect on
IL-6 and CXCL10 gene expression in Poly I:C-induced MoS13 cells. Here, I suggest that higher
concentration of ACT (50 pg/mL) inhibit IL-6 expression predominantly via suppressing IxB
signaling pathway, and PKC-MAPKs (MEK1/2, JNK, p38) signaling pathways. In contrast, in
Chapter 2, I first found that lower concentration of ACT (12.5 ug/mL) up-regulated Poly
I:C-induced CXCL10 expression predominantly via activation of PI3K-IRF3 signaling
pathways, but not via IxB signaling pathway. In Chapter 3, PPE was found to up-regulate
CXCL10 expression predominantly via activation of PI3K-IRF3 signaling pathway and
PKC-MAPKs (MEK1/2, ERK1/2, and JNK) signaling pathway. Whereas PPE did not induce
I«B signaling pathway. On the transcriptional level, there is no binding site for IRF3 in the IL-6
gene promoter region, while IRF3 play a central role in CXCL10 gene expression. These results
indicate that ACT and PPE may predominantly up-regulate PI3K-IRF3 signaling pathway,
which is involved in the increase of CXCL10 expression, while ACT may predominantly
down-regulate IxB signaling pathway, resulting in the decrease of IL-6 expression. These
findings suggest that apple peel extract and pomegranate peel extract may regulate cytokine and
chemokine expression in intestinal epithelial cells via different signaling pathways. These
results also support that consumption of apples and pomegranate may help protect against
intestine disorder by decreasing pro-inflammatory cytokines and enhancing gut immunity with

increasing chemokines in the normal steady state.
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Effect of apple-derived condensed tannins and pomegranate-derived polyphenols on cytokine
expression of intestinal epithelial cells
(U THRfEe 2 = 87 v kR Y 7 = 7 — A% LR O
YA MUA VIREICEZ 2T D5E)

MAEOEZRLAEW

RY 7 = = NEITHWOEFEST D _IRIHEDD S HO—2>THY | Hil
EAEH. SURIEMER 72 & O/ AR AEBNEMEP HZ K RWZan T b e, IEFEF,
KEF, By, EREFREIFIERPHTEALHOTCE I, U TR
RS ERENTWLIREMTRY 72 /) —LEEFIZER —H 1Y) I TEZVWST
WO ZlbELHDL, VrADEGIITICE D L VAR, FRTRAZR Y TR
BAZIEAT R HLWNET N T X THRESND T e T =V U HEZOERAE (U
VAEAR A =2 ACT) BEL EEN TS, VTR IO & I T 5O R
B, MR BERE. BN, MHERERE R S ORBE T T AREBALTNDZ
EBHLNLRS>TVD, ZRETOEE DIIZEN S, ACT 13V > T OEREMEIZ &
LAEGLTEY., Hx ORFEMHERFICEEREEZRTZLTVWDLLEEZLND,

PruiZhrva, 470, AUVRBEIPIF—my " RETIIENLRLTY
DRMTHY, AR HLIWVET 2 —A0, Vr b UA U REDOHEHLTIIERS
NTWD, B R F 7 oI <N T U7 Ofkx 2 HUBIZ B W TR e 3K &
LA RBEBROIRIEDIZDICHW LN TE 72, Y7 v OEMLFR T DOHTIC LD |
T VH=v (ETs) BEOT v b7 =2 (ANs) 28, BRALREICRELZFE
THRY 72 )=V THDHIEDRINTWD, MG Y = THHARNY 7 F
SVEFEOFEELRT = ) AR TH D, 7 m B LU O DS kR 7 A BIENE
WIE. 7 rilEENLRY) 72 ) = VEBRFELTNDH I ENRINETOELL OB
FRBIZL VRSN TN D,

YA DA VTG ERES AT DB THRERLIBEZEZL WD I EITX
<HBNTWD, RIEMEEE (IBD) IXHLE DEENRIEIC L KB TH D, RIE
A MBI A 2 IL-6 BINTE A A > CXCLIO /X IBD OIFEICHBWTEHEE R 7 7 7 ¥
—7ELEEZ TN D, IL-6 [Thkx REREEZH T 5014 A THY | IL-6 THEIKL DK
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JSIC RO RIEAEE T S, /2, IBD OBENLEW IL-6 EARLZHBET 2% E b H
%, CXCL9,CXCLI10, # & OV CXCL11 (X T#fifE, B Mifid, 3 KO NK a7z & o5
fagm oL@ £ 7% —CXCR3 LA T 52 LICk o8 et 22 &
THOHNTWD, 2O T ENA VNI EICRIERITIERE L S e T MR olEE 2 R+
D2 ERHE SN2 IBD ODEFEND  EWTE A A 2 CXCLIO FEA B ER I ILTN D,
—FH., IV A PIAVBIOTETA NTEFREIZEW L, EREEE O
M S ROTEMLICH L TERER 7 27 ¥ —Th b 5,

TR, REWHERERY 7= ) =3 ZnoOW A M UA URTEDA VD
EEWRHLVITME TS EDLZENRBINTWD, LLAaRnb, Uy agkRy 7
=)= ABILOY 7 adkRY 72—, BELEEMBICE TS IL6 BIO
CXCL10 DPEAITKIT D 8 BIIRIEARAR AN L, £ 2 TAMZETIR, U v TR
kofit s = (ACT), 7 v RAHKARY 7=/ —/ (PAE), V7 v R HKR
Y7 =/—/ (PPE), ¥7 nBERRARY 7= /—/L (PLE) ZHW\ T, W& LIRS
}1F % IL-6, CXCL10 DFEAICK T 5B AMIAT 52 L, ST, v 7TV U 7R
(RS DR A AT LIERBIEZ A ST 5 2 82 HRE Lz,

F1E BEERMIRICEITS IL-6 BAIIXT Y v IMES v = ODESEREN
72 0 VE A
Poly :C [V A /L A ® dsRNA & FIEkDOfEIE %L & 5 Toll #5244 3 (TLR3) O
7 A=A NTH5, Poly I.C I% TLR3 KAFANCIGE LR 2 fil#% L. IL-6 = CXCL10
DEEZTHET 5, RETIEL, T YR E TR S Ve~ U 205 BRI MoS13
A% Poly LC HIB L CHHE S D IL-6 PEAIZKT T 5 ACT DB %3~ 7-, ACT [Z—
DOLEMTIE L, ()-ZEDTF D2 B&END 14 BERBREE TORGHM TH DI
B, AREAE ACT2-mend L OVEEAE ACT (7-men) 2358 EEGIRIZ 31T 5 IL-6
AT G2 RS R,
Poly I:C IC L > THFE SN2 IL-6 ® mRNA J8L, % L 37 EH3E8E L OMRE
IEMEIX ACT (25, 50 pg/mL) IZXE > THRSIAHIEND Z EBW LN ERoT, S HIT,
ACT W7 T VREREIC G A D0 B e V2 A2 7y MEZKOVRF Lz, £0
fE S Poly I.C {Z & - THIIN L 7= p38, MEK1/2,INK 5 X IkB,» VU U f{kizxt L, ACT
(50 pg/mL) ASERWVIIHHER Z R L7722 &b, 20V 7RO GA RS
72o £72. Poly I.C |2 X » TiFE & 72 IL-6 FEAE K Y mRNA 5T ACT (7-men)iZ L -
THR < Il SN 7= DITxt L, ACT(2-men)ld IL-6 BEAEZ | L7z o 72, LLEDOREFR )
5. MEAFEO ACT X NF-kB, MEK1/2-MAPK 33 L U INK-MAPK #%# % #3252 &
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IZE > T, Poly:C (2L > THEINTZIL-6 EEAZMIHIT 2 Z L 2VURE S LT,

H2E BT EEMICRIT S CXCLY, CXCL10 & CXCL1 AT 5 Y v IfEE
H o= OFEEH

ARETIE., IBE EEMIBICEB TS Poly I.C filliCHEsSNI-rEh A v
CXCL9, CXCL10 36 L U CXCL11 D PEAIT T % ACT D58 A G~ 7=, MoS13 #fdiZ 4
BEBEDIRFE D ACT % Poly LCHIIJE FCHM L . SEEFRIG O£ h A OB EZRE LT,
= Z Lz, Poly I:C 12 L » CTFFE X 17z CXCLY9, CXCLI0 3 X OV CXCL11 dF B
%L T, B 3.0 ug/mL & 125 pg/mL O ACT (38 B2 TUEER SR S iz, Bk
WZ EIC,ACT 1L TLRI2 ® U H > K TéH % Pam3CSK4 & H VNI TLRA DY > R TH
% LPS I &L - THE S 1172 CXCLY, CXCL10 38 L TNCXCL11 O FBUZ % LTI R %h 5
RE 7o To, E£72. ACT & Poly I:C HIE T#E S #1172 CXCL10 & CXCL1l D%
N7 BEER IO CXCLIO DEGIENREZABISTE L, SHI2. ACT nED XS 7y
T FIARERR K &I L C CXCL10 FEAEZTLHE L TV A I OWTH L MNIZT 27291,
Wz 7oy 7T MRER S L E A 2 AV TG Lz, £ OfER. PKC HLEAI (RO31-8220) ,
MEL1/2 BAEA] (PD98059) , INK FHEFH| (SP600125) , p38 BLEAI (SB203580) i
IZ L - T, ACT IZ £ VD FFE S #u7z CXCL10 Z B SR If] S 47z, KIZ, Poly I:C 73
FHET LT TNREIICKT D ACT Og#ae v A Z 7y MEfT THREI L& Z
%, ACT X MEK1/2,JNK, p38 ® U (ki XL OV IRF3 OBENBITZILET 5 2 & iR
Sz, B @ U Uk L TEZERTRD b e o7, In vivo EBRIZE W TS,
ACT O~ U ARG LY . BE EEGMIICI T 5 CXCL10 PEA DN 2 221
Hinsd b7,

F1EEF2EOMPICLY . ACT IFREDE WL > T, IHE LRI
BiF% IL-6 & CXCLI0 PEAEIZERRDHIMEZNR ZR"4 Z LRk S iz, (RIRE ACT
(12.5 pg/mL)IE 2 PI3K-IRF3 ¥ 7 F VAR EERREE OTEMHEHE 0 % L C CXCL10 pEA % L
5 —F . @ ACT (50 pg/mL)IE 1T IkB, MEK1/2, INK 3 X U8 p38 ¥ 7' F Lk
TR 232 Z & TIL-6 FEAZIIHIT 5 2 L ARIB I T,

E3E FIroREHERY 7/ Nk 3% ERARIZEIT 5 PKC-MAPKs &
PI3K-IRF3 ¥ 7 VARERE 24 L 7= CXCL10 EEAFHEZR

ARETIE, V7 e RARHhit® (PAE). V7 o Rghhiti® (PPE). 2 v 3Ehh
4% (PLE) OIGEIZIT D7 Tl A o HBUZKIETTEEL | invivo 38 KW in vitro 123
WCHRDZ LA HME LTz, BALB/c vV AIZHEHE /AL L H1Z, 1% PAE, 1% PPE,
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HHWIT 1% PLE Zate/kz 2B B HERSE70, BEREZEILL, mRNA FE5
EREAT LIz 2 A, BEREWZ LI2 1% PPE # M S 7-HEIZD A, CXCLY BL O
CXCLI0 DA FRENAEIZHEMT 5 Z EBPDTHL L IeoTe, IHE LM
MoS13 %z MW Nz in vitro FEBRGRIZE W TS PPE S LR Eh A OB T HBIZEH 2

DB Uiz, Z OfEH, IR 50 ug/mL @ PPE FRANC XV . MoS13 #lifila> CXCL9,
CXCL10, 3 XU CXCL11 DB -3 B4 M < LT 5 Z L AR T& 72, & HIT, PPE
I3 CXCL10 D& /37 B pEA L EREIEME 2 R < JTHE L7z 2 & 3380 bz i85 L ~UL
IZHB W T, CXCLI0 O#EIHM: X CXCLI0 #is 17 v € — & —fEI2 5 5 NF«B
LW IRF3 #AY A FBL TN LD LY 7 F L0 MAPKs & 7 F U EREIC
FlE X TnsZ ENmbnTns

ZOERBIEZ AT 5720, T ENENO Y 7 F VR ER KL EA 2

W EB I o7, ZTOEE, PKC EHA]. PI3K FEHA] (LY294002) . MEK-ERK
P (PD98059 #5 L TF U0126) . p38 FHEAI. & 2 W& INK FHEAIOEHMIZ L - T,
PPE (T & » T#HE S 7z CXCL10 FEEA B & #v7z, — 757 \NF-«xB [HEA] (PDTC)
FIHER 2 RS D oTc, 2D DOFEREN G PPE ML NF-xB @ ¥ 7 U RER
K CTlx72 <. PKC, PI3K, MAPKs O ¥ 7/ P IURERK M+ 5 Z LR an-, &5
(2. PPE OHIIIZ XV MEK, ERK, INK ® U gt A< TLlE L= 2 & 380 bz,
—7J7. p38 & IkB @V VERLIZK L TIETCHERN R FB O bz o7, F72. PPE Ofi
WIZ XY IRF3 OERNBATRMEE S L7z —F . NFkB OBBATICITREL 22 & b
Bk igolz, LLEORRENG, PPE I3GE LRAMIIZISW T, PKC, MEK, ERK, INK
3 X OVPIBK-IRF3 O ¥ 7 F /U RER I 2/ L T, CXCLI10 HELATUHET 2 2 & AR S
i,

A
AAFFETIE D THEME Y V= (ACTB LY 7 aR Y 7 = / —/L(PAE,
PPE, PLE)M 5 ERGIARIC I 1T 5 IL-6 35 KON CXCLI0 FEAEIC 5% 5 B A T L=,
ZDFEF. Poly I:C Hilif 5 1F 7= MoS13 HifaiZd\ T, ACT IZ IL-6 35 X U CXCL10 @
B TRBICK L CRAEDERZRTZENH LN ERoTe, 5 1 BT, EIRED
ACT [3EIT IkB ~D 3 7 /URER R Ol 2 7 L T Poly L.C HlIIC LV FE Iz
IL-6 FEAEZ M L TE Y, PKC-MAPKs (MEK1/2, INK, p38) ¥ 7 F/MAERK S B 5
TOHLZ LRI E N, —T5. B2 ETITKIRED ACT 12 &% CXCL10 EATTHEIZ I
IkB OfRITE 583", FI2 PIBK-IRF3 ¥ 7 /URER I OiEYE(L 2/ L C Poly L:C #i
WMCHE Iz CXCLIO FEAZTUHET 5 L2 Wb TRL, 8 3 =Tk PPE IX
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PKC-MAPKs (MEK1/2, ERK1/2, and INK) 3 J O PI3K-IRF3 ¥ 7" /UAR R O IE AL
ZJr LT, CXCL10 BEHAEE T D Z & 2O TR L7z, £72Z OFF, PPE (I NF-«xB
DIEMACITITE B E 5.2 TR0 iz, $85 LV TlE, IL-6 R 1 O R BUIER SR 1
Td D C/EBP & NF-xB IZ L5l 25217 TRV, 71 ' —% —fEilkiZ i IRF3 51
MIFEELARV, —F . CXCLI0 OHAGTEMEIZIZEIC IRF3 VTN D, Ziub D
FUE. ACT 3 X O PPE (IG5 EREAIIICI W TR D v 7 T IBERE & LT A
NIA Y « TEDA VBIETORREZHEL TNDZ EE2REBELTND, AIFFEIEL, Y
YARKOY 7 o OEBRUX, RIEMWYA S A OGN L0 IBEOERNGRET D Z
ERMEF RSB W T B A VEARTRIC L D HEREICE ORI T L &
XFT LD TH D,
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