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Resumo

A Doenca Inflamatéria Intestinal (DIl) € uma pagibbde caracter cronico e recidivante que
afeta o trato gastrointestinal e cuja etiologialaindo se encontra completamente esclarecida.
Dado que, até ao momento, ainda ndo foi encontradea para a DIl e o recurso ao tratamento
farmacoldgico convencional conduz a resultados gé@ie claramente insatisfatorios, o
desenvolvimento de estratégias alternativas qaenseficazes para prevenir a progressao desta
doenca continua a constituir objeto de intensastigacdo. Por outro lado, os polifendis da
dieta, aliando a sua potencial atividade anti-m#oria ao seu efeito antioxidante, tém sido
considerados promissores na prevencao e tratardentérias doencas inflamatérias cronicas
e, por esta razao, tém recebido particular atengaaso da DII.

Neste contexto, o trabalho desenvolvido na prederggertacdo teve como objetivo, em
primeiro lugar, contribuir para o esclareciment® @wecanismos moleculares subjacentes a
atividade anti-inflamatéria de dois polifendis atiralmente diferentes, a antocianina
cianidina-3-glucésido (C3G) e o estilbeno resvetdfResv), normalmente presentes na dieta
Mediterranica, e, em segundo lugar, comparar es$eisos com os de um farmaco
convencional, o &cido 5-aminosalicilico (5-ASA)smaesmas condicfes experimentais. Para
esse efeito, as células HT-29 foram inicialmerdéattas com os polifendis, individualmente
ou em combinacdo com o 5-ASA, em concentracdessprelmente atingiveis no intestino (25
uM no caso dos polifendis e 5 no caso do 5-ASA) e, posteriormente, expostasa u
mistura de citocinas (IL<l, TNF-o e IFN+) durante um determinado periodo de tempo.

Numa primeira fase deste trabalho, foi demonsti@adzaapacidade da C3G e do Resv
diminuirem quer a producdo de mediadores pro-irgtanos, como o 6xido nitrico e a
prostaglandina £ quer a expressao de enzimas pro-inflamatérianpa INOS e a COX-2,
sem afetarem, no entanto, a ativacédo do fator aukk em células estimuladas pelas citocinas.
Contudo, nestas células, a quantidade de STATHhAdaiwdiminuiu significativamente no
nacleo. Foi também demonstrado que o0 Resv, ac&antio 5-ASA, inibiu a ativacdo da JNK,
mas nem o Resv nem o 5-ASA foram capazes de migilvacdo da p38 MAPK nas mesmas
células estimuladas.

Numa segunda parte do trabalho, foi investigadovmlgimento das vias do Nrf2 e do
PPAR«y no efeito protetor referido da C3G e do Resv Badas HT-29 sob acdo das citocinas,
em compara¢do com o farmaco 5-ASA. Ambos 0s coropagmonstraram serem capazes de
induzir a via do Nrf2, de aumentar a expressao 8\ Rnensageiro de duas enzimas
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importantes, a hemoxigenase-1 e a glutamato cstgjase, de aumentar a relagdo entre o
glutatido reduzido (GSH) e o glutatido oxidado (G$® de inibir a producéo de espécies
reativas nessas células estimuladas pelas citodwasionalmente, o Resv e 0 5-ASA, mas

nao a C3G, aumentaram a quantidade de PPA&RRUcleo das mesmas células estimuladas.

Atendendo a diferenca de concentracdes usadasastst®, os dados obtidos sugerem que
tanto a C3G como o Resv possuem uma capacidadiaftartiatoria e antioxidante superior a
do farmaco convencional 5-ASA.

Embora os resultados deste estudlovitro ndo tenham indicado um efeito aditivo ou
sinergético entre a associacdo da C3G ou do ResWwEASA, a ocorréncia desse efeito em
modelos animais da doenca ou em humanos ndo poeecheida.

Em concluséo, os resultados deste estudo contripaesd esclarecimento dos mecanismos
de acdo anti-inflamatoria da C3G e do Resv, aolaey® o0 seu envolvimento em vias de
sinalizacdo celular criticas no processo inflamatadeforcam o caracter promissor destes
compostos como nutracéuticos adjuvantes da teiapéctnvencional e abrem caminho a

selecdo de outros compostos naturais para o combaleenca inflamatoria intestinal.
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Abstract

Abstract

Inflammatory Bowel Disease (IBD) is a chronic aathpsing disorder of the gastrointestinal
tract, whose etiology remains not fully understo@dzen that, until now, IBD does not have
cure and the results achieved with the conventighalrmacological treatment are clearly
unsatisfactory, there is a great interest in expipalternative strategies effective in limiting
IBD progression. On the other hand, dietary polyghe allying their putative
anti-inflammatory activity to their antioxidant efft, have been considered promising
molecules for the prevention and treatment of sdwaronic inflammatory disorders and, for
this reason, they have been receiving particutantaion in the case of IBD.

In this context, the work developed in the preSémsis aimed, primarily, to contribute for
an extensive clarification of the molecular meckars underlying the anti-inflammatory
effects of two structurally different polyphenoliccompounds, the anthocyanin
cyanidin-3-glucoside (C3G), and the stilbene remvel (Resv), both present in the
Mediterranean diet, and secondly to compare théf®ete with those of a well-known
anti-inflammatory drug, 5-aminosalicylic acid (5-Af in the same experimental conditions.
With this purpose, a human intestinal cell line (&) was employed and upon cell treatment
with each polyphenagper seor in combination with 5-aminosalicylic acid (5-Af at the
concentrations predictably reached at the intdskaval (25uM for the polyphenols and 500
uM for 5-ASA), the cells were exposed to a combmabf cytokines (IL-&, TNF-a and IFNy)
for a certain period of time.

In the first phase of this study, it was demonsttdhe ability of C3G and Resv to counteract
the production of cytokine-induced pro-inflammatamgdiators, such as nitric oxide (NO) and
prostaglandin E(PGE), and the expression of cytokine-induced pro-mfi@atory enzymes,
namely INOS and COX-2, without affecting the adiiva of nuclear factor kB (NF-kB), but
decreasing the amount of activated STAT1 in thdeuscof HT-29 cells. It was also shown
that, unlike 5-ASA, Resv inhibited the activatidnJdlK but neither Resv nor 5-ASA were able
to inhibit the activation of p38 MAPK in cytokingisiulated HT-29 cells.

In a second stage of this work, the involvemeniNo2 and PPARy pathways in the
anti-inflammatory action of C3G and Resv were iigaged in comparison with 5-ASA. It was
demonstrated that both C3G and Resv were abledioacén Nrf2 activation, to increase the
ARE-regulated mRNA expression of two important eneg, hemoxygenase-1 (HO-1) and
glutamate cysteine ligase (GCL), to enhancedtie of reduced glutathione (GSH) to oxidized
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glutathione (GSSG) and to inhibit the productiorredictive species, in cytokine-challenged
cells. Furthermore, unlike C3G, Resv and 5-ASA eased the amount of PPAR the
nucleus of these stimulated cells.

Considering the difference in the concentrationsdum this study, the obtained results
suggest that both C3G and Resv could have a hagitieinflammatory and antioxidant capacity
than the conventional drug 5-ASA.

Although the undertakein vitro studies did not provide evidence to support antiaedor
synergistic effect resulting from the associatib@8G or Resv with 5-ASA, such effect cannot
be excluded in animal models of the disease oumdn patients.

In conclusion, the results of this study contribaté only to clarify the action mechanisms
behind the anti-inflammatory effects of C3G and\Réxy revealing their involvement in key
inflammation-related cellular signalling pathwapsit also to reinforce the envisagement of
these compounds as promising nutraceuticals in c@tibn to conventional drugs and to open
windows for the selection of other natural compautadefeat inflammatory bowel disease.
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Chapter 1 - General Introduction

General Introduction

1. Intestinal homeostasis - a finely tuned balance

The intestinal compartment constitutes the larbastier tissue of the human body, with a
surface area of approximately 200-40F, mvhich is colonized by about 100 trillion
microorganisms, mostly bacteria, collectively cadlieicrobiota or commensal flora [1-3]. The
quantity and diversity of bacteria vary along théestine, which is possibly explained by
differences in host genetics and by interactiorth whe external environment [3, 4]. Due to
millions of years of co-evolution, the relationshgstablished between the host and the
commensal flora is of a symbiotic nature, sincentierobiota increases the digestion capacity
of the host, helps him in preventing pathogen daktion and contributes to intestinal
physiology and immunology, benefiting, in turn,rfrdhe nutrients and the mild temperature
of the human body [2-5]. However, not neglecting timutually beneficial relationship, the
close proximity with this huge number of microorgans constitutes a great challenge to the
host, who has to tolerate them, avoiding overreastthat, otherwise, could lead to the damage
of the intestinal tissue and, at the same timeulshoemain vigilant against potentially
threatening signals derived from the presenceeddimicroorganisms [2-4]. In addition, since
the intestine serves as a portal of entry for eats into the body, human organism has to cope
with a myriad of antigens, frequently ingested tlylo the diet, such as food antigens or
environmental toxins or even antigens from pathagemcroorganisms [4, 5]. Therefore,
intestinal epithelial cells (IECs), located in theerface between the intestinal lumen, inhabited
by a multitude of microorganisms, and the lamingppia, densely populated by immune cells,
assume a privileged position, playing a dauntingk téf segregating, physically and
biochemically, these such diverse environments,ataa of integrating signals between the
microbiota and the host immune system [1, 5, 6jusThn order to preserve the intestinal
homeostasis, a friendly and balanced interactidwden the commensal flora, the intestinal
epithelium and the local immune cells is contindpugquired [7]. A breakdown in this
dynamic cooperation can result in intestinal inflaation, typically present in a well-known

pathology, the Inflammatory Bowel Disease [7].
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2. Inflammatory Bowel Disease

2.1 Overview

The Inflammatory Bowel Disease (IBD) is a groupddbpathic and chronic inflammatory
disorders of the gastrointestinal tract, encompassis main forms, the Crohn’s Disease (CD)
and the Ulcerative Colitis (UC) [8]. Up to this datBD does not have cure and it is a lifelong
disorder, whose clinical course is characterized altgrnating periods of relapses and
remissions. Therefore, this disease accounts fouge economic impact to the healthcare
systems, associated with the constant need fas ¥isphysicians, frequent hospitalizations and
palliative drugs. On the other hand, it involvediiact costs with great impact in the economy
of the countries, related to the decrease in pateality of life and the consequent loss of
productivity or increase in absenteeism [8-11].sThecomes even more impressive if we take
into account that IBD affects normally people dgrtheir economically productive adult age
(age peak for CD is 20-30 and for UC is 30-40) [12]

IBD is estimated to have the highest incidence prelalence rates in industrialized
countries, mainly in countries of North Europe afdUnited States of America [11]. In
agreement with the World Gastroenterology OrgammeaGlobal Guidelines of 2010 [13],
those rates are rising in areas with previous logidence, namely in countries of Eastern
Europe and Asia, for reasons not fully determined.

Until now, the etiology of IBD remains uncertainytbit is believed that IBD is a
multifactorial disorder, in which the interplay teten a genetic predisposition and
environmental factors, such as stress, diet antiamt intake, induces an aberrant immune
reaction to commensal microorganisms, culminatmghe perpetuation of uncontrolled and
exacerbated inflammatory and oxidative responskshwead to serious intestinal injury [2, 7,
12, 14, 15].

Although the main conditions of IBD (CD and UC) kasome overlapping characteristics,
the inflammation in UC is diffuse and typically tested to the mucosa of the colon, whereas,
in CD, it is focal, transmural and sporadically mrebbmatous in the ileo-cecal or ileo-colic
areas, and may affect the whole gastrointestiaat,tparticularly the ileum and the colon [9,
10]. The major symptoms of IBD include diarrhoeandsmus, abdominal pain, nausea,
vomiting, fever, weight loss and fatigue, varyimgrh mild to severe in periods of relapses and

even vanishing in periods of remissions [13, 16¢r&bver, IBD patients can suffer not only
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from intestinal complications, including bowel pmdtion and fistulas, toxic megacolon and
even, in most severe cases, colorectal canceralbatfrom extra-intestinal complications,
affecting a multitude of organs, such as the sthe, liver and the kidney [9, 13, 16, 17].
Therefore, the complexity of intestinal and exwmtestinal manifestations with insidious
beginning in these patients and the appearancegmoptems frequently shared with other
gastrointestinal pathologies, make the diagnosi#$B&f a difficult task even for a trained

specialist [9]. Thus, the accurate diagnosis of liiplies taking into account the medical
history and the clinic evaluation of the patiengdther with laboratory, endoscopic, histologic

and radiologic findings [8, 18].

2.2 Molecular mechanisms underlying Inflammatory Bavel Disease

Although the molecular mechanisms underlying IBI@ atill uncertain, it is known that
some of them are related to dysfunctions in thectitre and in the function of the intestinal
epithelium as an anatomical barrier (section 2.2rid others are correlated to the loss of
intestinal epithelium ability to properly moduldtes interactions between intestinal microbiota

and the immune system (section 2.2.2) [5, 12].

2.2.1Intestinal epithelial barrier and its dysfunctiom linflammatory Bowel

Disease

“Good fences make good neighbourbky; Robert Frost (1914)

The intestinal epithelium, the largest of the matosurfaces of the human body, is
composed by a single-layer of columnar cells, omgah into crypts and villi, which are
continuously renewed by pluripotent intestinal lepltal stem cells, present in the base of
intestinal crypts [1]. Pluripotent stem cells givge to several subtypes of specialized mature
epithelial cells Figure 1), including enterocytes, goblet cells, Panethscatid enteroendocrine
cells [19, 20].
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Figure 1 - lllustration representing some specialized intedtiepithelial cells existing in jejunum and its
organization into crypts and villi (reproduced wgtrmission from [19]).

Being located between luminal microorganisms (endpical side) and immune cells (in the
basolateral side), the intestinal epithelial barhas to resort to some strategies to keep these
environments apart. This is accomplished thankshéoexistence of the apical junctional
complex along with desmosomes, to the productiomeéus and antimicrobial peptides and
also to the secretion of IgA, all of which reinferihe intestinal epithelial barrier, either phykica
or biochemically, as discussed below [3, 21]. Tfaeee a breakdown in the mechanisms that
normally minimize the contact between the lumiredtieria and the intestinal mucosal surface

may contribute to the development of IBD [3].
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A - Junctional complex

IECs are structurally and functionally polarizedissewith an apical surface facing the
luminal milieu and a basolateral surface facinglthisement membrane and the lamina propria
[22]. Under normal conditions, the paracellular s@etween IECs is sealed by the apical
junctional complex Kigure 2), which is formed by the tight junction (TJ) artetsubjacent
adherens junction [21]. Tight junctions are compldsgtransmembrane proteins, such as those
belonging to claudin family, scaffolding proteinsdaregulatory molecules, including kinases,
and they are considered of great importance inrgigelation of TJ permeability [21, 23].
Adherens junctions are formed by a family of traasrbrane proteins called cadherins, and
together with desmosomekidure 2), reinforce the cellular proximity between IECsL]2
Numerous studies have reported changes in thessipreand structure of several intestinal TJ
proteins in IBD patients [22, 23]. However, untiwn, it is not clear whether the impairment of
the transmembrane proteins that integrate theipmgts a cause or a consequence of intestinal

inflammation [12].

J
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Figure 2 - Schematic illustration showing the junctional céexpand the desmosome of an intestinal epithelial
cell (modified from [21]).
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B - Mucus layer

The intestinal epithelium is covered by a mucusitaffigure 3), mainly composed by
mucins (highly glycosylated proteins) and by otireecules, such as trefoil peptides, which
are produced by a specific type of epithelial ¢elie goblet cells [24]. Until now, 20 different
mucins (MUCs) have been identified, being clasgifés secretory or membrane-associated
mucins. MUC2, the first recognized human secretougin, is considered the major secretory

intestinal mucin [24].
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Figure 3 - Schematic drawing representing some mechanisnsyséECs to prevent the invasion of bacteria
(reproduced with permission from [3]).

Goblet cells are present in a greater amount indte&l colon than in the upper small

intestine, which seems to be correlated with thereasing number of microorganisms

harboured throughout the intestine {16 1 organisms per gram of luminal contents in the
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small intestine and 1Bto 13 organisms per gram in the colon) [2, 19]. Therefeontrasting
with small intestine, where the mucus layer istileinand discontinuous, in the large colon the
mucus lining is stratified in two sheets: the innéenser and therefore more resistant to
microbial invasion, and the outer, looser and higidpulated by microorganisms [2, 4, 19].
The importance of a proper mucus layer become®at/id mice deficient iMUC2, which

spontaneously develop colitis [2]. Further, moredemce demonstrates that colon tissue
obtained from CD patients has a disturbed mRNA esgion of MUC2 and of MUC12, being
the latter also decreased in colonic samples fr@npdtients [25]. On the other hand, it has
been reported that impairments in mucin glycosgtatian also lead to defects in mucus batrrier,
enhancing the susceptibility to experimentally ioelh colitis observed in mice [24, 26].
Therefore, it has been suggested that alteratitherein mucin production or in mucin

glycosylation can be related to the pathophysiolofghBD [24].

C - Antimicrobial peptides

Beyond the mucus layer, an extra immune mechariabréduces the contact between the
luminal microorganisms and the IECs involves theestton of antimicrobial peptides (AMPS),
namely defensins, cathelicidins, lactotransfermd dysozyme, by several IECs, such as
enterocytes/colonocytes, goblet cells and Pandth [& 27]. The AMPs become trapped in
the mucus layer, acting as a biochemical barrigrdg depicted irigure 3. The majority of
AMPs are capable of killing bacteria by enzymatiaek on the cell wall or by destabilizing
the inner membrane of Gram-negative bacteria [3].

Some recent research found that impairment of tetansin 2 expression predisposed
individuals to colonic CD [28], which suggests tha role of defensin peptides should not be

undervalued in the context of IBD.

D - Immunoglobulin A

The accumulation of Immunoglobulin A (IgA) in th&testinal lumenKigure 3) is another
mechanism of protection used by intestinal epighélarrier in order to prevent the invasion of
luminal bacteria either by trapping them in the mautayer or by inducing the phagocytic
clearance of microorganisms that penetrate thetintd barrier [1, 3, 4]. IgA is secreted by

plasma cells in the lamina propria, as dimeric IgAg¢ transcytosed into the intestinal lumen



Chapter 1 - General Introduction

through IECs [3]. The process of IgA transcytosimediated by a glycoprotein, the polymeric
immunoglobulin receptor (pIgR), which undergoegadoproteolytic cleavage near the plasma
membrane of IECs, allowing the release of its $ecyecomponent into the lumen together
with IgA, forming the secretory IgA complex. In IB0t has been suggested that, for some
reason not fully understood, the expression of pigRlownregulated, the transcytosis of
dimeric IgA is reduced and IgA seems to be accutedla the lamina propria. All of these
defects can impair IgA trafficking and its accumiida in the intestinal lumen, contributing to
IBD pathogenesis [29].
On the other hand, according to Macpherson andlomiatorg30], patients with either form

of IBD, in the active phase, produce high leveldg& and low levels of secretory IgA. The
authors pointed that the high production of IgGyaaods proteins existent in the cytoplasm of
commensal bacteria, was related to the episodedagises, observed in those patients. In line
with this, some authors suggest that the shift flloensecretion of protective subtype antibodies
(IgA) to aggressive subtype antibodies (IgG) canshbjacent to the development of the

mucosal inflammation in IBD patients [31].

E - Pattern Recognition Receptors

Despite the previously described mechanisms emglbyantestinal epithelium to insulate
bacteria from the intestinal surface, microbe-asdéed molecular patterns (MAMPS) can be
detected by IECs or by immune cells, through ewwhatrily conserved receptors, termed
pattern-recognition receptors (PRRs), namely tk#-Ireceptors (TLRs) and nucleotide

oligomerization domain (NOD)-like receptors (NLR2) 6].

E.1 Toll-Like Receptors

TLRs are a class of transmembrane glycoproteinstitotively or inducibly expressed by
different cell types in the intestinal tract, nayntCs, macrophages, dendritic cells and CD4
T cells. These receptors are capable of recognizingltiple MAMPsS, such as
lipopolysaccharide (LPS) and flagellin, and cagtmiped according to their localization either
on the cell surface (TLR1, 2, 4, 5, 6) or in ingthalar compartments (TLR3, 7, 8, 9), such as
endosomes and lysosomes [32-34]. TLRs are conjdgateeins formed by an extracellular or

luminal ligand-binding domain containing leucinekrirepeat motifs and a cytoplasmic

10
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Toll-interleukin-1 receptor homology (TIR) domaiB?, 34]. The TIR domain is crucial for the
interaction between homo and heterodimeric TLR mitbuand also for the anchorage of
cytoplasmic adaptor molecules, including myeloifledentiation primary response 88 protein
(MyD88), TIR domain-containing adaptor protein icthg IFN (TRIF) and TRIF-related
adaptor molecule (TRAM) [32, 35]. Activation of TER)jenerally culminates in the activation
of a well-known signalling cascade, the nucleatda&B (NF-kB), to elicit a pro-inflammatory
response, attempting to eradicate the potentiabgains [2, 11, 12]. Conversely, in the absence
of pathogenic agents, accelerating research hasrigrated that the intestinal epithelium takes
advantage of signals derived from commensals, girolLR activation, to strengthen its
function as a batrrier, for instance, by increasirggproduction of mucus or the transport of IgA
into the lumen, and also to maintain the tolerasfagenmune cells against microbiota (as it will
be discussed below, in 2.2.2-D section) [1, 2, As]highlighted above, although the intestine
must preserve the reception of signals derived fommmensals to maintain the intestinal
homeostasis, the intestine has also to developegies to avoid the hyper-stimulation of
pro-inflammatory signalling pathways, namely NF-ki®wards commensals [1, 6, 36].
Therefore, in normal conditions, TLRs are positebpeeferentially on the basolateral surface
of IECs as well as in intracellular compartmentsl@riment of IEC apical surface, decreasing
their accessibility by commensals, and, on the rothend, the commensal bacteria by
themselves can inhibit NF-kB activation. This is@mplished, for example, by inhibiting the
degradation of the inhibitor of kappa B (IkB) aheéteby preventing the entry of NF-kB in the
nucleus or by inducing the expression of peroxis@miferator-activated receptor gamma
(PPARy), which is also capable of inhibiting NF-kB pathyvas referred below on section
2.3.5]1, 2, 5, 6]. However, in the case of IBDCHdisplay higher expression of some TLRs
at their apical side than in physiological condigpthus increasing the possible interaction with
commensal microorganisms [32, 37, 38]. Accordinglgeems possible that IECs upregulate
the expression of TLRs during intestinal inflamroatupon stimulation with cytokines, such
as TNFe and IFNy [32, 37]. The sustained dysregulation of TLR siymg and the consequent
over-activation of the pro-inflammatory NF-kB cadeaare believed to contribute to chronic

intestinal inflammation and so to IBD pathogen¢sjsl2, 32].
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E.2 Nucleotide Oligomerization Domain (NOD)-Like ¢eptors

NLRs are cytoplasmic proteins, structurally formeyg an N-terminal effector domain
(usually a caspase recruitment domain, CARD), atrakrtonserved nucleotide-binding
oligomerization domain (NOD) and a carboxy-termileicine-rich repeats (LRRs) [35, 38].
NOD1 and NOD2 were the first NLRs to be reported #mey are activated by different
peptidoglycan motifs, D-glutamyl-meso-diaminopimelic acid and muramyl gipee,
respectively [35]. While NODL1 is ubiquitously expsed in human cells, NOD2 is mainly
expressed in epithelial cells, phagocytes and aendells [38]. Both NOD1 and NOD2
expressions are normally low in intestinal epitdlelcells, but can be upregulated by
inflammatory stimuli, such as IFN{11, 38]. Upon activation, NOD1 and NOD2 lead he t
activation of NF-kB and mitogen-activated proteimdses (MAPKS), resulting in the
transcription of several pro-inflammatory genes, [32).

NOD2was the first gene to be connected to IBD anslwell-accepted that polymorphisms
in NOD2are strongly related to CD [40-42]. Although, thare several possible explanations
for the involvement oNOD2 mutations in the pathogenesis of CD, one of thetrdebated
hypothesis suggests that the absence of NOD2 esxpndsy Paneth cells results in a defective
production of AMPs, allowing the proliferation oatteria in the intestinal crypts and making
the intestinal barrier and the intestinal milieurenexposed to the stimulation by antigens [17,

43], as illustrated ifrigure 4.

NODZ2 Mutations b J
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Figure 4 - Schematic representation illustrating the possiblgribution ofNOD2 mutations in the pathogenesis
of CD (adapted from [42]).
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2.2.2Host immune responses and their dysregulation flarfrmatory Bowel

Disease

The intestinal immune system, often referred tgwtsassociated lymphoid tissue (GALT),
is a particular component of the immune systemclviplays a crucial role in promoting
immune responses against potential pathogens hasnalpromoting tolerance against dietary

antigens or commensal microorganisms [44].

A - Gut-Associated Lymphoid Tissue

GALT is divided into two different types of compaents, the inductive and the effector
compartments [45], as shownFkigure 5. The inductive compartments are organized lymphoid
tissues, such as Payer’s patches (PPs; locatkd sntall intestine and particularly abundant in
the distal ileum), colonic patches (located in ¢éon and rectum), mesenteric lymph nodes
(MLNs) and isolated lymphoid follicles (ILFs). Theffector compartments include the
lymphocytes present throughout the epithelium &edamina propria [19, 45].

Scattered lymphoid cells —
effector sites

Figure 5 - lllustration of the gut-associated lymphoid tiss8&D, subepithelial dome; TDA, thymus-dependent
area (reproduced with permission from [45]).
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B - Uptake of luminal antigens and their preseatatdo immune cells

Mature PPs comprise B-cell follicles and T-celleevhich are separated from the intestinal
lumen, thanks to the follicle-associated epitheli{PAE) and the subepithelial dome (SED).
The most important characteristic of FAE is thesteqice of Microfold (M) cells [6, 45]. These
cells are specialized epithelial cells, which haveduced mucus layer and a modified apical
and basolateral surfaces, making them able to maphiigens and deliver them to professional
antigen-presenting cells (APCs), mainly dendrigisc(DCs), in the epithelium or in the SED
[6, 46]. M cells are not exclusive of PPs and thag also be present over ILFs in the colon
[19]. Although M-cell-mediated-transcytosis is argaon route of antigens uptakEigure
6B), there are also other possible routes used lrasyttes and by mononuclear phagocytes

to uptake luminal antigens.

Lumen Antigen

= 0
i
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LPL or IEL patch
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Figure 6 - Some routes of antigen uptake at the intestinadlled) Epithelial cells capture antigens and présen
processed antigens to intraepithelial lymphocyitek)(or to lamina propria lymphocytes (LPL) or teder already
processed antigens to dendritic cells. B) M cefitalie antigens and deliver them to dendritic c€sDendritic
cells uptake antigens through the extension of timejer-like projections (reproduced with permigsifrom [46]).
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In fact, it is known that gut epithelial cells calso mediate active endocytosis and process
and present antigens bound to major histocompi&ilmbmplex (MHC) class | or class i
molecules to intraepithelial lymphocytes or lamp@pria lymphocytesHigure 6A), but,
apparently, they are not able to prime naive Tscdlle to the lack of co-stimulatory molecules
expression [6, 46]. Although the significance oédd data awaits further investigations, it
seems that through that way, IECs contribute telTnon-responsiveness and consequently to
natural tolerance [6, 47, 48]. Further, IECs cao atansfer already processed antigens to DCs
(Figure 6A) [46]. DCs are mononuclear phagocytes, which reweajor importance in the
initiation and the development of intestinal immyragainst pathogens and in the promotion
of tolerance against commensal microorganisms [#Bgse professional APCs have been
reported throughout the intestine, in PPs, in IaRd in MLNs, but they can also be found in
the lamina propria and in association with theou#i epithelium [50]. Until now, the
mechanisms underlying the ability of DCs to acqdirectly antigens have remained uncertain.
However, some recent studies suggest that DC<jgresil inside the intestinal epithelium, can
capture luminal antigens through the extensioheif finger-like projectionsKigure 6C) [51].
Another possible mechanism used by DCs to uptakigears is through interaction with
antigen-channeling goblet cells [49, 51]. In se@ypdymphoid organs (PPs and MLNSs),
antigen-loaded DCs present the antigens to adaptineune cells [3, 52]. Beyond DCs,
macrophages are another type of mononuclear phtegoeith great abundance in the intestinal
lamina propria. Macrophages can also sample lumamiigens directly, extending their
trans-epithelial dendrites (TEDs) [49, 51]. In qast to DCs, macrophages remain in close
contact with IECs, acting as highly effective phages to promote the clearance of antigens
[52].

C - General adaptive immune dysfunctions in Inflamma®owel Disease - the

classical point of view in confrontation with re¢dimdings

The majority of studies indicate that chronic it inflammation, observed in patients
with IBD, is essentially related to the intensivexnuitment and inappropriate retention of
mucosal activated CD4T-helper (Th) lymphocytes, which proliferate aritfedentiate from
naive CD4 Th cells into several subtypes of T-cells, inchgdiThl and Th2 cells [2, 40, 53].

Until a few years ago, it was argued that CD pa¢inegis was related to an exaggerated Thl
response, whereas UC pathogenesis was relategi@ggerated Th2 response [53, 54]. While
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Thl cells can mediate immunity against intraceflglathogens, producing pro-inflammatory
cytokines, such as TNé&-and IFNy, which, in turn, among other mechanisms, promioge t
release of further large amounts of pro-inflammatytokines from macrophages, Th2 cells
can mediate immunity against extracellular pathsgeacreting cytokines, such as IL-4, IL-5
and IL-13, which induce B cell activation and pramantibodies production [55]. Further, Thl
and Th2 cells can cross-regulate each other and, @ytokines produced by Th1l inhibit the
differentiation of naive T cells into Th2 cells avide-versa [55].

The Th1/Th2 dichotomy was greatly supported bysimal tissue sections collected from
patients with active CD, demonstrating increaseelteof Thl-polarizing cytokines (namely
IL-12) in comparison with normal tissues and UCigrats [53]. However, evidence gathered
over the last years has demonstrated that the hR1paradigm claimed for IBD was too
simplistic and the overlapping cytokine profile enlging CD and UC justified the need to
update that concept [53, 56]. In fact, the recagnjtin more recent years, of another
subpopulation of T lymphocytes, Th17 cells, hasfoeced the requirement of changing the
traditional Th1/Th2 paradigm [2, 54]. Th17 cellsggent in the intestine, mainly in the terminal
ileum, after being stimulated by IL-6, TGFand IL-23, following the activation of dendritic
cells and/or activated epithelial cells, are ablsdcrete pro-inflammatory cytokines, namely
IL-17 and IL-21, which lead to the recruitment dher cells, such as neutrophils [20]. Many
studies have demonstrated that the production df7¥blated cytokines are increased in
intestinal biopsies and in lamina propria mononaictells of patients with CD and UC, being
possibly implicated in the pathogenesis of botim®of IBD, but particularly in CD [2, 53, 54,
57].

On the other hand, although UC was initially refiate a Th2 profile, the levels of IL-4, a
classical Th2 cytokine, did not show to be augnemeJC patients, which suggested that UC
patients do not show all of the features of cladsih?2 cells [17, 57]. Actually, it has been
suggested that UC patients present an atypicalpfbfde, characterized by the existence of
elevated amounts of IL-13 secreted by CD1d-restliobn-classical natural killer T cells (NKT
cells) [14, 20, 56-58]. Accordingly, in a mouse rabtbr UC, it was demonstrated that the
suppression of IL-13, produced by NKT cells, coplgvent colitis development [17, 57].
However, some contradictory results have emergadadre recent studies, since it has been
reported that patients with UC did not show higlkels of IL-13. Altogether it becomes quite
clear that further work is mandatory in this fiebdoetter elucidate this issue [57]. Furthermore,

it has been reported a disturbed balance betweenuimber of regulatory T cells (Treg cells)
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and of effector T cells in active IBD, existing eeferential differentiation of naive T cells into
effector T cells, instead of into Treg cells, inoske patients [11]. Treg cells produce
anti-inflammatory cytokines, such as IL-10 and TfGFRnd they show to be central players in

suppressing immune responses, ensuring toleram@a@ds commensal microorganisms [57].

D - Intestinal epithelial cells in the orchestratiaf host immune responses

Contrary to what was initially believed, IECs mayitiot merely important to segregate the
intestinal lumen from the intestinal milieu, butyrtze also crucial to modulate the function of
host immune cells, for instance, through the semretf cytokines and chemokines, which
interfere directly or indirectly with the functiaf antigen-presenting cells and, thereafter, with
the subsequent cellular and humoral adaptive imnmasgonses [1, 5, 6, 42]. Although this
theme is still in its infancy, several authorsiareasingly interested in studying the influence
of IECs over the host immune responses and hodytbreegulation of this finely-tuned balance
can be implicated in the IBD pathogenesis. Somengies of the possible influence of IECs
over the host immune regulation are discussed heddher in physiological conditions or in
IBD.

D.1 Immune regulation in physiological conditions

As shown inFigure 7A, after recognition of commensal bacteria via PRRaigqg, IECs
secrete, for instance, thymic stromal lymphopoigdi$LP), transforming growth factr-
(TGF{) and retinoic acid (RA), which convert DCs and moabages into a tolerogenic
phenotype [1, 5, 6, 59 herefore, IECs-conditioned DCs induce the difféegion of naive
CD4' T-cells into regulatory T cells (Treg), by a T@Rnd RA-dependent mechanism, induce
the maturation of B cells into IgA-secreting plasiells and promote the imprinting of
gut-homing phenotype on primed T-cells and B-ddl|2, 5, 60].

On the other hand, macrophages, conditioned by d&@red TSLP and by
contact-dependent interaction with IEC-expresseahaphoring 7A (SEMATA), produce
IL-10, leading to the expansion in number of Tretisd~igure 7C[1, 5, 7].
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Figure 7 - Representative illustration showing some exampfebhe orchestration of host immune responses by
intestinal epithelial cells in physiological condits (reproduced with permission from [1]).

Furthermore, IECs can also release a proliferatidoncing ligand (APRIL) and a B-cell
activating factor (BAFF), which induce IgA classithking and the production of IgA by B
cells Figure 7D) [1, 6, 7, 60]. Furthermore, IEC-derived TSLP inds the production of
APRIL and BAFF by macrophages, increasing the datrman of B cells Figure 7D) [1].

Also, it has been suggested that IECs-derived Egmeluding IL-7 and IL-15, regulate the
recruitment, the maturation and even the functianteaepithelial lymphocytes (IELs}{gure
7B). IELs are a specific subset of T cells, which lealized between IECs, establishing
intimate contact with those cells, and whose dgwekent and function are not fully clarified
[1, 5].

Moreover, it is known that IECs can still regulateate lymphoid cells (ILCs). ILCs are a
recently identified population of innate immunelg@resent in the intestine, which revealed to

be important to the maintenance of intestinal hatesss, but whose involvement in the
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development of the inflammatory process is notyfulhderstood [1, 4, 7]. According to their
developmental requirements and different pattefnsytokine expression, ILCs are divided
into three groups that present functional simiksitwith CD4 Thl, Th2 and Th17 cells [1].
However, in spite of being important sources obkiytes, they lack the main features of Th
immune cells, including recombined antigen-speciéiceptors [1, 4, 20, 57]. There are some
examples of the regulation of ILCs by IECs. Fotanse, it has been described that IEC-derived
TSLP, IL-25 and IL-33 can stimulate the group Ald®s. However, IL-25 produced by IECs
is also capable of suppressing the function ofgiteeip 1 and 3 of ILCs, by preventing, for
instance, the production of pro-inflammatory cytws by intestinal macrophages [1, 7, 20].

D.2 Immune regulation in Inflammatory Bowel Disease

A decreased production of TSLP by IECs has beecritesl in CD patients, which makes
these cells incapable of polarizing DCs into artmenic phenotype [54]. Accordingly, some
evidence suggests that in IBD patients, DCs proriaalifferentiation of naive CD4-cells
into Thl and Th17 cells, instead of into Treg ¢glomoting an abnormal pro-inflammatory
response against commensals [11]. Furthermore, stat@edemonstrate that both intestinal
DCs and macrophages, present in the lamina proptBD patients, produce elevated levels
of pro-inflammatory cytokines, as compared to cellsealthy individuals, which is also in line
with the dysregulation of the tolerance against m@msals [39, 52]. Also, T cells from IBD
patients appear to be refractory to T@FRwvhich may contribute to the dysregulation of host
immune responses, and consequently to the perpetudtchronic intestinal inflammation [7,
17, 20].

E - Gathering thoughts

Taking the above observations together, it is fbssio infer that, in physiological
conditions, IECs have an active role in the maiatee of an environment propitious to a
peaceful interaction with the commensal bacteraydver, they may be also pivotal to the
breaking down of the normal tolerance towards consalks, resulting in intestinal disease [42,
47]. This can be understood considering not ongygbssible impairment in the functions of
the intestinal epithelium as an anatomical barmeaking it vulnerable to the invasion by

commensal bacteria and by pathogenic agents, $miralight of the decreased production of
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tolerogenic mediators and/or increased productiopr@-inflammatory mediators, which, all
together, contribute to the perpetuation of thesnhal inflammation and oxidative stress,
described in IBD patients [11, 54]. However, althbumuch is known about the interplay
between commensals and IECs and their contribuiothe alteration of IEC function,
involving, for instance, the increase in the prdducof mucus and AMPs, knowledge on the
mechanisms underlying the control of host immurspoases by IECs is scarce, being this,
perhaps, a reason for several authors underapjdbi@ actual value of IECs in the IBD

context [5].

2.3 Cellular signalling cascades of great relevance intestinal Inflammation
2.3.1 Nuclear Factor-kB (NF-kB) pathway

The nuclear factor-kB (NF-kB) is one of the mosidsed transcription factors, detected in
both immune and non-immune cells, involved in tlegutation of several important
physiological events, including inflammation, oxidla stress, apoptosis, survival and immune
responses [61-65].

In mammals, NF-kB is composed of five different snibs organized into homo and
heterodimers: p65/RelA, c-Rel and RelB and theymsar proteins p105 and p100, processed
into p50 and p52, respectively [62]. The most comrmactivated dimer of NF-kB is formed by
p65 with p50 [66]. In resting cells, NF-kB dimeeside predominantly in the cytoplasm, in an
inactive form, sequestered by inhibitory proteihshe IkB family, namely IkBa, IkB-p and
IkB-¢ [64, 66].

Two different NF-kB-activation pathways have beesatibed, the canonical/classical and
the alternative/non-classical pathway [61]. HoweWee classical NF-kB pathway is the most
frequently observed, being activated by a largelrmof stimuli, including pro-inflammatory
cytokines, namely IL-1 and TNé&; microbial products, such as LPS, and oxidativesst[62,
64, 66-69]. In general terms, the NF-kB-activatatamuli converge to the activation
(phosphorylation) of the IkB kinase (IKK) complegpnstituted by IKKJ/IKK1 and by
IKK B/IKK2 as catalytic subunits and by IKKNEMO as the regulatory subunit. Once
activated, the IKK complex (mainly the I§Ksubunit) phosphorylates lk&-on 32 and 36
serine residues, which is then ubiquitinated amptatbed via proteasomal degradation, allowing

the translocation of free NF-kB dimers into theleus [64, 66, 70]. Growing evidence suggests
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that post-translational modifications of NF-kB campnts are required for the full
transcriptional activity of NF-kB, namely phosphiatyon and acetylation [62, 64, 66].
Activated NF-kB binds to DNA kB sites and regulaties expression of several genes, such as
genes encoding pro-inflammatory enzymes (inducibiéric oxide synthase, iINOS;
cyclooxygenase-2, COX-2) and pro-inflammatory cytek or chemokines (IL-1, TNé;
IL-8, IL-6, IL-12) which, in turn, may lead to theecruitment of immune cells, with the
subsequent production of further pro-inflammatorydmators, perpetuating the inflammatory
response and leading ultimately to intestinal yjiFigure 8) [65-68].
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Figure 8 - Schematic representation showing that NF-kB atitiva promotes the transcription of
pro-inflammatory genes and maintains active intestinflammation (adapted from [63]).

In fact, although NF-kB pathway is truly importaontmaintain the intestinal homeostasis
(as already referred in previous sections), chroger-activation of this pathway contributes
to chronic intestinal inflammation and therefore IBD pathogenesis [12, 61, 65, 71].

Consistently, some reports demonstrate that NFskBighly activated in IECs and also in
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macrophages isolated from the inflamed mucosa téma with IBD [63, 66, 72-74]. Also,
evidence shows that NF-kB up-regulation can beetyoselated to the severity of intestinal
inflammation [73]. For this reason, the inhibitioh this potent pro-inflammatory signalling
cascade has been widely investigated to contrialmmhatory diseases, as IBD, with successful
results already verified in several animal modd8, [66, 73]. Furthermore, some drugs
currently used for the treatment of IBD patientshsas anti-TNFe monoclonal antibodies and
corticosteroids, are able to inhibit NF-kB pathwéyrther supporting the relevance of this

pathway in the context of intestinal inflammati@®] 73].

2.3.2 Janus Kinase/Signal Transducer and Activatdr Transcription
(JAK/STAT) pathway

The Janus kinase/signal transducer and activattrangcription (JAK/STAT) signalling
pathway is another relevant signalling cascadbenBD context, playing an important role in
several cellular processes, namely cell growthiedghtiation, proliferation, apoptosis and
inflammation [75, 76].

In mammals, there are four types of JAKs, (JAKIK2AJAK3 and TYK2) and seven types
of STATs (STAT1, STAT2, STAT3, STAT4, STAT5A, STABX:Nd STAT6), which can form
homo or heterodimers [77]. The major activatordAK/STAT pathway are cytokines, mainly
interferons and interleukins, and growth factois, [#8]. Given the crucial role of IFNn the
pathogenesis of IBD [79] and the recognition thH&lldy biological responses are primarily
mediated by JAK/STAT pathway [80], the involvemeitthis signalling cascade has been
investigated in the context of IBD.

It is known that the binding of IFM-o its cell-surface receptor (IFNfeceptor, IFNGR)
leads to the activation of JAK1 and JAK2 throughoawand/or trans-phosphorylation [81].
Activated JAKs phosphorylate IFNGR, providing a kiag-site for the recruitment of STAT1
[78, 81, 82]. JAKs also have the ability to phosptaie STAT1 on its tyrosine (Tyr) residue,
at position 701, which makes STATL1 ready to homeadlize and to translocate into the nucleus.
There, it binds to specific DNA consensus sequentcesnitiate the transcription of
STAT-responsive genes, such as genes encodingnffamaimatory enzymes (e.g. iNOS),
pro-oxidant enzymes (e.g. NADPH oxidase 1) and di@mes (e.g. CXCL9, CXCL10 and
CXCL11) (Figure 9) [82-88].
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Figure 9 - Schematic picture illustrating the activation 8KISTAT pathway and the subsequent enhancement
of the transcription of pro-inflammatory genes (rified from [78]).

Accumulating evidence suggests that STAT1 phosphtoy on its serine residue, at
position 727, is mandatory to the maximization tsftranscriptional potency [88, 89]. This
phosphorylation can be carried out by several skinases, such as MAPKs [87, 89].

It is important to bear in mind that the regulatairthe biological actions of STAT proteins
is also dependent on negative regulators [78].ifsiance, suppressors of cytokine signalling
(SOCs) proteins can block the recruitment of STAY%inding to IFNGR or JAKS’ sites or
even by targeting STATSs for proteasomal degraddi#ién89]. Phosphatases, including SHP1
or SHP2, are another type of negative regulator3Ast/STAT pathway that can induce the
dephosphorylation of JAKs and STATS, leading trethe inactivation of these proteins [75,
78, 88, 89]. More recently, another group of pradesalled PIAS (protein inhibitors of activated
STAT) have been investigated. PIAS constitute aljanf proteins implicated in the inhibition
of STAT-mediated gene activation through many meigmas, namely inhibiting DNA binding
and promoting the conjugation of small ubiquitikelimodifier (SUMO) proteins to STAT1
[76, 89, 90]. SUMOylation is a post-transcriptiomabdification that, in the case of STATL,
seems to negatively regulate STAT1-mediated gasgonses, since it inhibits STAT1 Tyr701
phosphorylation, prevents STAT1 DNA binding andoafgomotes its dephosphorylation
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[91-93].

Taken into account the above observations, it ssipte to deduce that beyond NF-kB
pathway, the modulation of JAK/STAT pathway, parély of IFN-y/STAT1 pathway, should
be valued in the scope of IBD. In fact, beyondcistribution to the transcription of several
pro-inflammatory and pro-oxidant genes, as alreadgtioned, this signalling cascade can also
be involved in the acquisition of radiation resmta by patients, during radiotherapy treatment
[94]. Given that IBD patients exhibit a high riskdeveloping colorectal cancer as compared
to healthy population [95], the use of anti-inflamtiory compounds with the potential to inhibit
this pathway can be of redoubled interest for IBDignts. In the last years, vitro andin vivo
studies concerning the inhibition of JAK/STAT patoywy particularly of STAT1 and STATS3,
have led to encouraging outcomes towards the aragba of inflammation, namely in the
colon [82, 83, 96-98]. Actually, a selective intdriof JAK1 is presently in development for
the treatment of some inflammatory disorders, saghheumatoid arthritis and CD [77]. This
drug, Filgotinib (GPLG0634), is currently in phaselinical trials for the treatment of CD,

with favourable results already achieved in precihmodels for IBD [99].

2.3.3 Mitogen-Activated Protein Kinase (MAPK) patiyv

Mitogen-activated protein kinases (MAPKs) are augroof evolutionary conserved
serine/threonine kinases which coordinate severdlular activities, including cell
proliferation, differentiation, survival and inflamation [100, 101]. The major subgroups of
MAPKSs are the extracellular signal-regulated kisas@and 2 (ERK 1/2), the c-Jun N-terminal
kinases (JNKs) and the p38 kinases [102]. AlthdddiiPKs are activated by different stimuli,
ERK 1/2 are preferentially activated by growth &astand JNK and p38 MAPKSs are specially
responsive to environmental stress, such as osmlatick, and to cytokines, such as ThF-
[64, 102]. The activation of each MAPK requires fini®r operation of two sequential kinases:
the MAPK kinase (MAPKK) and the MAPKK kinase (MAPKK. MAPKKKs are
serine/threonine kinases which phosphorylate (atjvMAPKKSs, which in turn activate the
MAPKs by dual phosphorylation on threonine and syme residues [102]. MAPKs can be
inactivated by phosphatases, such as dual-spégiffthiosphatases (DUSPs), threonine
phosphatases and tyrosine phosphatases [103-105].

Given that both JNK and p38 MAPKSs show to be higidtivated in inflamed tissue of IBD

patients, it is widely accepted that signal tramsidm pathways involving those enzymes are
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implicated in this chronic intestinal inflammatatisease [104, 106, 107]. In fact, it is known
their involvement in the modulation of the tranption activity of several pro-inflammatory
transcription factors, such as NF-kB and STAT 1otigh phosphorylation [102, 108, 109]. In
addition, particularly p38 MAPKs may also be invadvin the post-transcriptional regulation
of several important inflammatory genes, stabitizifor instance, COX-2, iINOS and TNF-
MRNAs and promoting their translation [100, 1030[1Therefore, in the last years, there has
been a considerable interest in the developmerintfJNK and anti-p38 therapies against
intestinal inflammation [104-106]. Towards this ga®veral studies have been carried out both
in animal models and in humans [103, 104, 106, 112]. However, the serious adverse effects
reported in some clinical studies limited the aqgtion of some of these MAPK inhibitors
[105]. More recently, some novel molecules havenbested in patients with IBD, such as
Delmitide (RDP58) - an inhibitor of p38 and JNKading to significantly higher remission
rates than that achieved with placebo and causirsgnous adverse effects, which offers hope
for the future use of these drugs in the IBD confx3].

2.3.4 Nuclear Factor-Erythroid-2-Related FactoN&Z) pathway

Nuclear factor-erythroid-2-related factor 2 (NriZgthway has emerged as a key regulator
of cellular antioxidant and detoxifying defencesiagt oxidative insult [114].

Under basal conditions, Nrf2 is sequestered ircyeplasm, bound to the inhibitory protein
Kelch-like ECH-associated protein 1 (Keapl), whichs the ability to target Nrf2 for
ubiquitination followed by proteasomal degradatidh5]. The release of Nrf2 from Keapl is
neither fully understood nor consensual, but thsught that dissociation of the transcription
factor Nrf2 from its repressor occurs after altera in the structure of Keapl triggered by
pro-oxidants or electrophile&igure 10A) or after phosphorylation of serine and/or threeni
residues of Nrf2 by specific upstream kinases, maM&PKs (Figure 10B) [114, 115]. Once
free, Nrf2 is able to translocate to the nucleubdterodimerize with other proteins, namely
small Maf proteins, and to bind to antioxidant i@sge elements (ARE), also called electrophile
response elements (EpRE), in enhancer sites abmesge genes, promoting the expression of
several important antioxidant and cytoprotectiveyemes, such as hemoxygenase-1 (HO-1),
glutamate cysteine ligase (GCL) and NAD(P)H:quinorigoreductase-1 (NQO1) [115, 116].
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Figure 10 -Schematic drawing representing two possible masheunderlying the activation of Nrf2 pathway.
A) Pro-oxidants or electrophiles induce the disatien of Nrf2 from its repressor (Keapl) by procggspecific
alterations in the structure of Keapl. B) Upstréamases, namely MAP Kinases, favour the dissoaiatioNrf2
from Keap1l after phosphorylation of serine andfoednine residues of Nrf2 (adapted from [115]).

Beyond the antioxidant protection afforded by Naf2ivation, this transcription factor has
demonstrated to be crucial in the suppression efitiflammatory process, among other
mechanisms, by counteracting some pro-inflammatascades, as NF-kB pathway [116]. In
line with this, accelerating research has shown Wré2-deficient mice have a heightened
susceptibility to dextran sulfate sodium (DSS)-iceld colitis [116, 117] and, for all of these
reasons, Nrf2 pathway has gained increasing attemtithe context of intestinal inflammation.
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2.3.5 Peroxisome Proliferator-Activated Receptonge (PPARYy) pathway

Peroxisome proliferator-activated receptors (PPA&e) members of a family of nuclear
receptors, which are ligand-dependent transcripfemtors, involved in many biological
processes, such as lipid metabolism, inflammatad,cell proliferation [118, 1190ntil now,
three subtypes of PPARs were already found: PBARPARS/ and PPARy [120, 121].
Since the recent findings that PPARsubtype is highly expressed in colonic epithatells
and in some intestinal immune cells, such as maages, being important for the maintenance
of the intestinal homeostasis and the prevention egperimentally-induced colonic
inflammatory injuries, this receptor has receivedsiderable attention in the IBD context [118,
119]. Also, the latest relevanin vitro and in vivo studies, demonstrating that the
anti-inflammatory effect of 5-aminosalicylic acichgn-steroid anti-inflammatory drug,
commonly used in IBD patients) is dependent orattievation of PPARy signalling cascade,
have strengthened the importance of PPA&%-a target for IBD treatment [118, 122, 123].

In general terms, the induction of the transcripdicactivity of PPARy requires at first its
binding to a specific agonist, then its heterodigagron with the nuclear retinoid X receptor
(RXR) and further the PPAR/RXR heterodimer bindiogequence-specific regions in DNA,
called peroxisome proliferator response elemerPRE [120]. The description made above
corresponds to a conventional mechanism by whicARRP positively regulates gene
expression. However, through a mechanism (liganmkaéent) known as transrepression,
PPARy is able to negatively regulate gene expressiormndrepression is a complex
mechanism, still under investigation, by which PRPABRntagonize the transcriptional activity
of several transcription factors, such as NF-kBAST and AP-1, without interacting with
PPRE Figure 11) [120, 121].

Ligand PPAR-V
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Figure 11 - lllustration for the mechanism of transrepressiomvhich, in a ligand-dependent manner, PPAR-
can antagonize NF-kB pathway (adapted from [121]).
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This process has been invoked to explain the foRPAR+«y against inflammation and also
against oxidative stress [124, 125]. Transrepredsas been explained by several mechanisms,
including: a) direct protein-protein interactiontlveen PPARs and other transcription factors,
preventing the binding of the latter to sequenas:sj regions in DNA; b) inhibition of the
activity of upstream kinases, which modulate th&vaton of some transcription factors)
competition for co-activator proteins that are ieeglifor the transcriptional activation of many
transcription factorsd) prevention of the dissociation of co-repressocosnplexes from
promoters, sustaining genes in a repressed st2ie 121, 126].

Therefore, it seems reasonable the demand to disgmtural and synthetic ligands of
PPARy in order to limit IBD progression [118].

2.4 Oxidative stress and Inflammatory Bowel Disease

Reactive oxygen/nitrogen species (ROS/RNS) arelyhiglactive oxygen/nitrogen-derived
small-molecules, constantly produced during phygjimal aerobic metabolism in mammalian
cells, which, at low and moderate concentrationgy rfunction as signalling molecules
involved, for instance, in defence against invagiathogens [127, 128]. However, an excessive
generation of ROS/RNS, not efficiently counteradbgdan appropriate antioxidant defence
system, leads to oxidative/nitrosative injury ofethcells and tissues [127, 128].
Oxidative/nitrosative stress can be truly detrimaétd cellular homeostasis, since it may sustain
chronic inflammation and be responsible for lipntigrotein modifications, DNA damage and
apoptosis [128, 129].

2.4.1 Some relevant reactive oxygen/nitrogen spamieduced in the intestine

A - Reactive oxygen species (ROS)

Mitochondrial respiratory chain is the major souafeROS in mammalian cells [127].
During the oxidative phosphorylation, a small antooihmolecular oxygen (&), instead of
being fully reduced to water, generates the sup@ecanion (Q@* ) resulting from the transfer
of one sole electron to molecular oxygen [128].ckills, superoxide anion is efficiently

converted to hydrogen peroxide>(®}) by superoxide dismutase [127, 130].
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In physiological conditions, hydrogen peroxidetign, converted to water by catalase or
glutathione peroxidase [128]. Hydrogen peroxidé¢ &saapes from enzymatic degradation can
be further reduced to the highly reactive hydrosadical (HO), in a reaction catalysed by
ferrous ion or by other transition metals, suck@sper, chromium or cobalt (Fenton reaction)
(Figure 12) [128]. The iron-catalysed Haber-Weiss reactionstibutes an important process
through which hydroxyl radical is generated in bgital systems, where the superoxide anion

reduces the oxidized metal, released by the Feartiction, driving a reaction cycle [128].

Fenton reaction

H,0, / \’ HO® + HO -

Fe?* Fe3*

0, < ’\/ 0,*"

Figure 12 - Reaction cycle illustrating hydroxyl radical gerné@a from superoxide anion and hydro
peroxide (Haber-Weiss reaction).

It has been suggested that hydroxyl radical camxteemely harmful for the intestine,
leading to the depolymerisation of mucin, peroxmatof lipids, oxidation of proteins and
damage of mitochondrial RNA and DNA [128, 131].

Apart from mitochondria, NADPH oxidase (NOXamily is another crucial source of
superoxide anion in cells [128]. NADPH oxidasensesmzymatic complex present in multiple
cell-types, including in IECs and in phagocytesshsas neutrophils and macrophages, which
catalyses electron transfer from NADPH to molecakygen, with the subsequently release of
large amounts of superoxide anion. Phagocytes, asahacrophages, can degrade invading
infectious agents by a process that involves tineiggion of superoxide anion, as well as other
ROS, known as respiratory burst [127]. Some studiase suggested that intestinal
macrophages from patients with CD have an augmenxiedtive burst activity when compared
with macrophages from healthy patients, and nebtl®grom IBD patients are also able to
generate higher amounts of superoxide anion thigsfoem healthy patients [131].

Furthermore, superoxide anion can also be genebgtedher enzymatic systems, such as

xanthine oxidase and cyclooxygenase [127].
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B - Reactive nitrogen species (RNS)

Nitric oxide (NO) is a free radical produced enzyicelly by a family of enzymes called
nitric oxide synthases (NOSs) [132]. All these eneg catalyse the oxidation of L-arginine,
leading to the production of L-citrulline and teetformation of nitric oxideKigure 13) [127,
128, 132].

L-Arginine + O, _NOS, L-Citrulline + NO®

ONOO-

H*

NO,*+ * OH

Figure 13 -Reactions of nitric oxide production and downgingaactive species generation.

Until now, three isoforms of NOSs were identifigite neuronal (nNOS) and the endothelial
(eNOS), which are both constitutively expressed] #re inducible NOS (iNOS), whose
expression is induced by some cytokines or bati@maucts [127, 132].

As previously referred in points 2.3.1 and 2.3&vesal important transcription factors,
namely NF-kB and STAT1, can promote, upon activgtibe expression of INOS in IECs. Itis
known that both the activation of NF-kB and the regsion of INOS are abnormally
up-regulated in inflamed tissues of IBD patient2,[1131, 132]. Consistently, NO is
continuously overproduced in these patients [1Bbfeworthy, moderate levels of NO seem
to be crucial to maintain intestinal homeostasig t its ability to ensure a proper control of
the blood flow and to regulate the epithelial peabikty and the mucus production, among
other mechanisms. In contrast, an excessive prmtuof NO sustained for long periods of
time, via up-regulation of iINOS, appears to conti#bto the initiation and to the maintenance
of intestinal inflammation, a condition observedB® patients and explained, for example, by

its direct cytotoxicity or by the increase in th@guction of nitrosamines [127, 128, 132]. In
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fact, NO is a free radical with a weak reactivityt bhat can react with superoxide anion to
produce peroxynitrite anion (ONOQwhich is a powerful cytotoxic oxidant capablecatising
DNA fragmentation and lipid oxidation [127, 132]orSe studies show that the direct
administration of peroxynitrite to colonic tissugeadble to induce colitis in mice [127, 132].
Furthermore, as illustrated Figure 13, peroxynitrite can become protonated and givetdse
other free radicals, the nitric dioxide radical (NDand the hydroxyl radical (OH)l On the
other hand, instead of reacting to superoxide ami@can interact with molecular oxygen and
generates nitrite (N and nitrate (N®@) ions Figure 13), which, in turn, can give rise to
highly reactive species, such as dinitrogen triexithbOs) [127]. This molecule is a potent
nitrosating agent able to N-nitrosate multiple necales and to produce carcinogenic

nitrosamines [132].

2.4.2 Antioxidant defence system

Due to the constant production of reactive speniethe body, it is important that the
antioxidant defence system is able to counterbaldiis production in order to prevent the
oxidative/nitrosative injury of the cells and tissu131]. The antioxidant defence system can
be organized in two main categories: the enzymatitioxidants, including superoxide
dismutases (SODs), catalase (CAT), glutathionexi@ase (GPX) and hemoxygenase (HO),
and the non-enzymatic antioxidants, namely glutetdi(GSH) and thioredoxin (TRX) [127,
130].

It has been suggested that patients with IBD haveefficient antioxidant defence system,
which make them more vulnerable to the effect efdiierload of reactive species produced in
the intestine, mainly during the active phaseshd tlisease [12, 15, 131, 133]. For instance,
pivotal studies conducted by Kruidenedral[134, 135] pointed to an increase in the expressio
of mitochondrial manganese (Mn)-SOD, a SOD isofahthe inflamed epithelium of patients
with CD or UC, which was not accompanied by a pefraicrease in CAT and/or GPX levels.
As previously referred, SODs are crucial antioxidamzymes that convert superoxide anion
into hydrogen peroxide, which, in turn, is furtmegutralized to water by CAT or GPX [127].
In physiological conditions, it is of paramount ianfance that the formation of hydrogen
peroxide does not exceed its removal and, thergefioeeactivity of those antioxidant enzymes
needs to be strictly coordinated. In this contéx¢ reported increase in the expression of

Mn-SOD not accompanied by a subsequent increatigeiexpression of CAT and/or GPX,
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suggesting a deficient removal of hydrogen peroami#a possible increase in hydroxyl radical
levels (through Fenton reaction), should contriltotehe oxidative damage observed in the
intestine of IBD patients [134, 135].

On the other hand, it has also been suggestetetreds of GSH are reduced in the intestine
of IBD patients, which can have a great impact athbenzymatic and non-enzymatic
antioxidant defences, rendering hence intestinlid oeore susceptible to oxidative injury [12,
131].

2.5 Chronic inflammation, oxidative stress and Infhmmatory Bowel Disease

— gathering loose ends

Although the etiology of IBD is not fully understdoit is known that an exacerbated and
uncontrolled inflammatory response to bacteriamioainally inhabit in the gastrointestinal tract
is triggered in a genetically susceptible individ@ia2, 131]. It is also known that the
overproduction of pro-inflammatory mediators, nayr@itokines and chemokines, allied to the
excessive generation of ROS/RNS by IECs and by inamaells, is not efficiently
counterbalanced by the anti-inflammatory and amd@xt mechanisms that normally ensure
the recovery of intestinal homeostasis in physidalg situations, which explains the
perpetuation of intestinal inflammation and oxidatstress, verified in IBD patients [12, 15,
131, 136]. In line with this, growing evidence sagts that inflammation and oxidative stress
play a crucial role in the etiology and in the mession of IBD Figure 14) [12, 15, 127, 128,
133].

NOX, iNOS, MPO
r

Inflammation € Oxidative stress
NF-xB, others

\ )
|

Oxidative tissue injury
Perpetuation of inflammatory responses

|

Development of IBD

Figure 14 - Picture representing the intricate relationshipMeen inflammation and oxidative stress and their
contribution to the development of IBD (adaptedrirfi5]).
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At the cellular level, there are several exampied tllustrate the intertwined relationship
between chronic inflammation and oxidative stresg, mechanistic perspective. Although this
matter is still under intense investigation, itheught that oxidative stress can keep active the
inflammatory response by inducing an important ipfemmatory redox-sensitive
transcription factor, the NF-kB [137]. On the othsaind, NF-kB, itself, can lead to the
generation of further amounts of ROS/RNS, contimguto the maintenance of this vicious

cycle, that, in turn, eventualtgsults in serious damage to the intestinal barrier [12].

2.6 Conventional pharmacological approaches: a stilinsolved issue

Until the present, IBD does not have cure and ttepacological treatment is mainly used
to prevent relapses, to induce or maintain the ssiom periods, to treat intestinal or
extra-intestinal complications and to improve th@aldy of life of the patients [12, 138, 139].

In fact, as illustrated in the therapeutic pyraimtow (Figure 15), the drugs conventionally
prescribed for the treatment of IBD can be divided several groups, including:

aminosalicylates, corticosteroids, immunomodulasog biologic agents [140].

Surgery

Biologic agents

Immunomodulators
(AZA or 6-MP or MTX)

Prednisone or budesonide

5-ASA or sulfasalazine

Figure 15 -Therapeutic pyramid of the drugs conventionallgsgribed for the treatment of IBD patients. 5-ASA,
5-aminosalicylic acid; AZA, azathioprine; 6-MP, Gercaptopurine; MTX, methotrexate (adapted from [L41
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2.6.1 Aminosalicylates

Sulfasalazine was the first aminosalicylate use@ih and it is formed by the combination
of 5-aminosalicylic acid (the active moiety) tofsglyridine, linked by an azo bond, functioning
as a prodrug [138]. The sulfapyridine group is uasd carrier of the 5-aminosalicylic acid
(5-ASA), delivering it in the colon, after cleavagéthe azo bond by the colonic bacterial
azoreductase, thus avoiding an early absorptidheofctive compound in the upper regions of
gastrointestinal tract [138, 142]. However, thesexice of the sulfapyridine group makes
sulfasalazine poorly tolerated by many patients aodit was excluded from the novel
formulations of 5-ASA [138, 143]. In the last yedisere has been a great effort in developing
increasingly sophisticated oral-5-ASA delivery gyss, which have been designed in order to
delay and/or sustain the release of 5-ASA in spetiflamed regions of the gastrointestinal
tract [144]. Furthermore, there are also rectaimidations of 5-ASA, which can also be
important to manage intestinal inflammation, oftembined with oral forms [95, 143].

5-ASA is envisaged as a “topical agent”, actinglbcin the gastrointestinal tract [95, 142].
Accordingly a recent review by Willianet al[95], the clinical effectiveness of 5-ASA depends
mostly on the mucosal concentration achieved ingémrointestinal tract rather than on the
systemic absorption and on the subsequent redistiibof the drug to the gastrointestinal tract.

To date, the action mechanisms underlying theadirefficacy of 5-ASA remain not fully
understood. Growing data suggest that 5-ASA is dbleinhibit the production of
pro-inflammatory mediators, such as NO and B@HBd the expression of pro-inflammatory
enzymes, including iINOS and COX-2. These effeatsganerally correlated to the ability of
5-ASA to inhibit NF-kB signalling pathway [123]. Ghe other hand, since it was found that
5-ASA is an agonist of PPAR-attention has been paid to the possible involveroé this
receptor in the anti-inflammatory activity of 5-A§A23, 139]. The antioxidant activity of
5-ASA inin vitro studies as well as clinical evidences supportisigadical scavenger ability
have also been reported, suggesting that thisraatiechanism can contribute to attenuate
intestinal inflammation [145, 146].

In our days, 5-ASA is considered the first-linertiy for the treatment of mild to moderate
UC (which accounts for 90% of patients with UCji@t presentation), and for the maintenance
of the remission periods in these patients [142{hé case of CD patients, the beneficial effects
of 5-ASA can be limited. However, although the aEB-ASA in CD patients is not consensual,

it is still widely used in clinical practice [8, 9538, 140].
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Concerning potential side effects of 5-ASA, it iokvn that this drug is often well-tolerated
but it is not free of adverse effects, diarrhoesmyseas, dyspepsia, skin rashes and headache
being the most common [138, 143]. Furthermore, r@pkicity may occur sometimes and, for
this reason, the renal function of the patient®irgieg this drug should be closely monitored
[95, 138].

2.6.2 Other pharmacological options for InflammgtBowel Disease treatment

Beyond aminosalicylates, there are other altereatiugs used in the treatment of IBD. As
depicted inFigure 15, the treatment of IBD involves, normally, a “step-approach”, which
means that the most aggressive therapies are elelgtad when the softer therapies fail or are
not sufficiently effective for the degree of setyenf the disease [138, 147]. Therefore, the first
pharmacological option for IBD patients is usuallyinosalicylates, and for this reason they
are positioned at the base of the pyramid repredenFigure 15[8, 147]. However, if patients
do not respond to aminosalicylates, the next tlearap option often consists of using
corticosteroids [8, 147]. Corticosteroids are augrof potent anti-inflammatory compounds
used mainly for moderate to severe acute flare¢BD patients [148]. Steroids can be
administered orally, rectally or intravenously [14Bue to their typical adverse effects, their
use must be avoided for long-periods and so theynat recommended to maintain the
remission periods in patients with IBD [138]. Theual adverse effects of steroids include
osteoporosis, Cushing syndrome and susceptibalityfection [148]. When corticosteroids fail
or are not adequate, the next approach is ustmlgdministration of immunomodulators, such
as azathioprine and 6-marcaptopurine [147]. Thesgsdcan be particularly useful in specific
cases, such as to maintain the remission in IBi2ipst not responding to aminosalicylates or
intolerant to them [147]. However, it is estimatadt up to 20% of patients has to stop this
therapy because of the harmful side effects, nanselyere gastrointestinal symptoms,
hepatotoxicity and pancreatitis [140].

Infliximab and adalimumab are some of the anti-TéNFonoclonal antibodies, which
belong to the group of biologic agents used, nowsdas a powerful pharmacological option
in IBD, particularly in patients with moderate tevere CD, who are refractory, have
contraindications or poor tolerance to all otheanpmaceutical drugs and in patients with severe
UC not responding to any other drugs [140]. Thetrsesous and common adverse effects of
these therapeutics are opportunistic infectiondigmancies and autoimmunity [140].

Despite all the therapeutic weapons currently abél for the management of IBD, the
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results achieved are clearly unsatisfactory, smegy patients often become refractory or
intolerant to the therapy and both long-term siffecés and the necessity of surgery become
almost inevitable [12].

In this way, it is still urgent to find preventiv&rategies and better targeted therapies

effective in limiting IBD progression.
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3. Polyphenols and their benefits in health promotiorand disease

prevention

Polyphenols are a wide group of plant secondaryabwdites, which contribute to plant
pigmentation, growth, pollination and resistancaiast environmental stress, pathogens and
predators [68, 149-151].

Concerning their chemical structure, polyphenole generically characterized by the
presence of one or more hydroxyl groups linked teeazene ring and can be classified as
flavonoids and nonflavonoids, as illustratedrigure 16 [149, 150, 152]. Flavonoids are a
group of polyphenolic compounds with a common stmec(two benzene rings linked through
a linear three-carbon chain, forming an oxygendteterocycle, €Csz-Cs) and can be
subdivided into several subgroups, including flaagnflavonols, flavan-3-ols, isoflavones,
flavanones and anthocyanidins [149, 150]. The @eofoids group includes structurally
different compounds, such as phenolic acids@g, lignans (G-Cs-C3-Cg) and stilbenes
(C6-C2-Ce) [153].

Phenolic acids

Lignans

Stilbenes

Figure 16 - Schematic picture representing the classificatibrpayphenols in two groups, flavonoids and
nonflavonoids, and their respective subgroups.
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In nature, polyphenols are commonly linked to ssgsuch as glucose or rhamnose, through
one or more hydroxyl groups, being generally ref@rto as glycosylated compounds [151,
154]. When not attached to sugars, polyphenolsedegred to as being in their aglycone form
[151].

Until now, more than 8000 polyphenols have beentitied [68, 152]. It is known that these
compounds are highly present in human diet, thrahghconsumption of fruits, vegetables,
cereals and beverages, such as tea, coffee andMpel55]. Red-wine, for instance, is one
of the most rich sources of polyphenols, being egpreciated in Western Societies and taking
part of the Mediterranean diet, which was recemdgognized by The United Nations
Educational, Scientific and Cultural OrganizatitiNESCO) as an intangible cultural heritage
of humanity [130, 156, 157].

In the last decades, a flourishing research fiakllteen focused on the study of the positive
effects of several dietary polyphenols in the prdéo® and treatment of multiple chronic
inflammatory disorders, such as cardiovascularagisetype Il diabetes, obesity, arthritis and
IBD [130, 149, 154, 158]. Although the beneficittkets of polyphenolic compounds had been
initially attributed almost exclusively to their ttoxidant capacity, increasing evidence has
currently proven that such beneficial effects arergyly supported by the ability of dietary
polyphenols to interfere with essential signallpaghways and with gene regulation [149, 154,
158]. However, the interactions established betwssyphenols and cellular targets and the
precise signalling pathways underlying polypheritdats are far from being fully elucidated.

It is known that the structural characteristicgpofyphenols are crucial to determine their
ability to be adsorbed and to penetrate into thiel Ibilayer of the cells. Furthermore, even if
they are not internalized, it is also known thalypbenols can still modulate the activity of
membrane-associated enzymes and to regulate timsdtretion of signals, thanks to
modifications of the plasma membrane structure@ngical properties, namely fluidity and
electrical properties, among other mechanisms [14&pally, very recent studies have shown
that some polyphenols, such as resveratrol, cyadidilucoside and epigallocatechingallate
(ECGG), can interact with specialized domains ¢ifroembranes, known as lipid rafts, which
are characterized by possessing a specific lipidpasition, enriched in sphingomyelin and
cholesterol, and by containing proteins relatetiéomembrane signalling and trafficking [149,
159, 160]. Thus, some studies suggest that theastten of resveratrol with lipid rafts is
implicated in the activation of downstream sigmaglipathways, leading to the cell death of

several cancer cells [160], whereas the disruptioh lipid rafts provoked by
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cyanidin-3-glucoside appears to be crucial forsilpgpression of inflammation in macrophages
[159].

Apart from the interaction of polyphenols with menauhes, polyphenols can also interact
specifically with enzymes, receptors and transimipfactors, depending on their chemical
features, thus addressing multiple biological tesgehich could be potentially advantageous
for disease prevention or treatment [149]. Thidlistrated by some polyphenols, such as
flavanols, which can apparently inhibit NF-kB aetiion in certainn vitro models, by direct
interaction with NF-kB proteins, preventing theinding to DNA kB sites [149]. Given the
great involvement of NF-kB pathway in the developtr@ IBD, the inhibition of this pathway
by dietary polyphenols is considered a promisingategy for the prevention of IBD
progression.

Although the low oral bioavailability of the majoriof polyphenols can constitute a great
handicap for its use in the context of many pathiel® [161], in the particular case of intestinal
diseases, including IBD, the poor oral bioavail#piachieved is not, paradoxically, a true
problem, since several studies claim that the iimess the organ where dietary polyphenols
achieve the highest concentrations in the humaw, laproximately up to several hundred uM
[68, 156, 161].

Given the great diversity of dietary polyphenolse tpresent Thesis is focused on two
important subgroups of polyphenolic compounds @ibycpresent in the Mediterranean diet:
the anthocyanidins, which belong to the large grotifiavonoids, and the stilbenes, which
belong to the group of nonflavonoids. Although #heare approximately seventeen
anthocyanidins in the nature, cyanidin, delphinidimalvidin, pelargonidin, peonidin and
petunidin are the most relevant for the human daetgd among them, cyanidin is the
anthocyanidin most commonly found in foods [153]1& nature, these compounds normally
occur in their glycosylated form, termed anthocyamather than in their aglycone form,
referred as anthocyanidin, since they are genega$pciated with sugars, such as glucose,
galactose, rhamnose, arabinose and xylose, forrmogo-, di- or trisaccharides [154,
162-164].

Anthocyanins &nthos in Greek, means flower atkyanosmeans blue) are water-soluble
plant pigments responsible for the blue, purple aedl colours of many fruits, such as
blueberries, blackberries, raspberries, strawbseais red grape&igure 17) [162, 163, 165].
Anthocyanins are therefore present in fruit-deribederages, such as red-wine. It has been

demonstrated that wine contains about 200-350 rtigpapanins per liter [155].
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Anthocyanin R, Ro

Pelargonidin H H
Cyanidin OH H
Delphinidin OH OH
Peonidin OCH; H
Petunidin OCH; OH
Malvidin OCH; OCH;,

Figure 17 -Chemical structure of anthocyanins.

Chemically, anthocyanins are glycosylated, polybygtiror polymethoxy derivative forms
of 2-phenylbenzopyrylium, with two benzoyl ringsdaa heterocyclic ring in the middle, being
considered really unique flavonoids, since they aasume different chemical structures in
agueous solution, according to the pH and temper§i65]. It is known that the red flavylium
cation is the most abundant form at very acidigpH < 2) and, with the increase of pH, there
is a rapid structural re-arrangement of its stmecthanks to the loss of a proton, leading to the
appearance of the blue quinonoidal form. However flavylium cation also undergoes a slow
hydration step, yielding the uncoloured hemiketairf, which, in turn, further tautomerises to
a chalconedjs andtrans forms) [165]. These re-arrangements of the anthioiog’ structure
should not be undervalued, since during the passafge human gastrointestinal tract, the pH
undergoes large variations and consequently themiclaéforms will possibly vary as well as
their bioactive properties [165].

In what concerns stilbenes, the commonest compaaindhis group is resveratrol.
Resveratrol is predominantly found in the skinexf grapes, in some berries and peanuts [154].
Moreover, red-wine, rather than white-wine, corgasingnificant amounts of this compound.
Chemically, resveratrol is composed of two arom@tigs joined by an ethylene briddeégure
18) [166]. Although resveratrol can exist in eitt@ms or cis form, the preferred steric form of
this compound is thigansform [158]. Resveratrol can also exist in aglycone glycosylated
form [149].
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OH

OH

Figure 18 -Chemical structure of trans-resveratrol (aglycfmmen).

In the last decades, either anthocyanins or regeétaave been the focus of intensive
research mainly in the context of the preventionxaflative stress-associated diseases, such as
atherosclerosis and diabetes, not only due to #ioxidant capacity but also due to their
anti-inflammatory activity [167-169]. In fact, retestudies underscore their capacity as
inhibitors of inflammation-related transcriptionactors, particularly of NF-kB, and of
inflammatory markers, namely INOS, COX-2 and cytald [162, 168, 170, 171]. Therefore,
interest has been raised in using polyphenols asipmg nutraceuticals, capable of giving
complementary benefits for the prevention andkattnent of chronic inflammatory diseases,
as the case of IBD [154].
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4. Objectives

Given that, until now, Inflammatory Bowel DiseadBj) does not have cure and the
currently available pharmacological options aregitife treatments, which often bring severe
adverse effects, it remains quite urgent to finigérsand better targeted strategies efficient to
limit IBD progression. On the other hand, dietapfyphenols are a group of compounds of
natural origin with great abundance in fruits, edpes, green tea and red-wine, which have
been the focus of intensive research in the contéxihe prevention of several chronic
inflammatory diseases, but whose cellular mechanianmderlying their claimed beneficial
effects are not fully clarified. Therefore, the bypesis from which the work presented in this
Thesis has emerged is that natural compounds wigleddn foods typically present in a
Mediterranean diet are able to limit IBD progressiat the concentration range predictably
reached at the intestinal level, with an efficiersignilar or superior to a well-established
therapeutic intervention, commonly prescribed 8D Ipatients. Therefore, the main goal of
this work is to assay two structurally differentlyphenolic compounds, one flavonoid, the
anthocyanin cyanidin-3-glucoside (C3G), and oneflaganoid, the stilbene resveratrol
(Resv), both present in the Mediterranean diegvialuate their effects against inflammation
and oxidative stress, which typically characterlB®, as compared to the well-known
anti-inflammatory drug, 5-aminosalicylic acid (5-Af in a human intestinal cell line (HT-29)
as a model.

In order to test our hypothesis and to achievenmain goal, we propose to carry out several
tasks with the following specific objectives:

1. To assess the ability of cyanidin-3-glucoside tppsass the inflammatory response
induced by a combination of inflammatory cytokinds, comparison with the drug
5-aminosalicylic acid, in HT-29 cells. In this cert, the ability of C3G to counteract the
expression of crucial pro-inflammatory mediatorsha activation of transcription factors with
a recognized importance in the development of I8izh as NF-kB and JAK/STAT pathways,
was evaluated (Chapter 2).

2. To extend the previous research to a structurafgrént polyphenol - the well-known
resveratrol - in order to elucidate, under a meisti@perspective, its capacity of inhibiting the
inflammatory process, at the same experimentalitiond used for C3G, in comparison with
5-aminosalicylic acid. The cell signalling cascadederlying Resv anti-inflammatory effect,
including JNK and p38 MAPK pathways, beyond tho$eN&-kB and JAK/STAT, were
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ascertained (Chapter 3).
3. To elucidate the implication of Nrf2 and PPAR the protection afforded by
cyanidin-3-glucoside and resveratrol against inflaation and oxidative stress, using the same

in vitro model and making comparison with the drug 5-amahogic acid (Chapter 4).
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inflammatory response in human intestinal cells: caonparison with
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Chapter 2 — Anti-inflammatory action of C3G vs 5A® HT-29 cells

1. Abstract

The potential use of polyphenols in the preventiad treatment of chronic inflammatory
diseases has been extensively investigated alththughmechanisms involved in cellular
signalling need to be further elucidated. Cyani8lghucoside is a typical anthocyanin of many
pigmented fruits and vegetables widespread in hutliretnIn the present study, the protection
afforded by cyanidin-3-glucoside against cytokinggered inflammatory response was
evaluated in the human intestinal HT-29 cell limegomparison with 5-aminosalicylic acid, a
well-established anti-inflammatory drug, used iilemmatory bowel disease. For this purpose,
some key inflammatory mediators and inflammatoyemes were examined. Our data showed
that cyanidin-3-glucoside reduced cytokine-induggthmmation in intestinal cells, in terms
of NO, PGE and IL-8 production and of iNOS and COX-2 expressj at a much lower
concentration than 5-aminosalicylic acid, sugggstinhigher anti-inflammatory efficiency.
Interestingly, cyanidin-3-glucoside and 5-aminasdic acid neither prevented Iki-
degradation nor the activation of NF-kB, but sigraihtly reduced cytokine-induced levels of
activated STAT1 accumulated in the cell nucleus. aadition, we established that
phosphorylated p38 MAPK was not involved in thetpctive effect of cyanidin-3-glucoside
or 5-aminosalicylic acid. Taking into account thghhconcentrations of dietary anthocyanins
potentially reached in the gastrointestinal traggnidin-3-glucoside may be envisaged as a
promising nutraceutical giving complementary besefi the context of inflammatory bowel
disease.
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2. Introduction

Anthocyanins belong to the family of flavonoids aswhstitute the largest group of water
soluble pigments in nature, responsible for theeldad purple colours of many fruits and
vegetables, being consequently widespread in tmeahudiet. Due to their relatively high
consumption, the impact of anthocyanins on heabmption and disease prevention has been
extensively investigated in the last decades [1-7].

Although there is some controversy regarding bidabgity of polyphenols [8, 9], they can
reach concentrations up to several hundred micranothe gastrointestinal tract [10]. This is
due in part to their abundance in the diet and @mlgmor intestinal absorption.

Recently, it was reported that dietary polyphermda modulate intestinal inflammatory
response, an important component of Inflammatorw@disease (IBD) pathogenesis [10,
11]. IBD is a chronic and relapsing inflammatorgatider of gastrointestinal tract that includes
Crohn’s disease (CD) and Ulcerative Colitis (U@)spite of its etiology remains unclear, it is
believed that its occurrence is related to a gersisceptibility of the patient to develop an
exaggerated immune response to one or more progndéictors, probably commensal
microorganisms present in the intestinal flora [1Zonsequently, an uncontrolled
inflammation is triggered leading to tissue dediouc 5-Aminosalicylic acid (5-ASA) is a
well-established drug used in adults, particulamlyhe treatment of mild to moderate active
UC or to maintain remission periods of UC. It iolam that, in most cases, 5-ASA is rapidly
and extensively absorbed before reaching the cdi8h Moreover, 5-ASA is not free of
adverse effects, although it is usually well toleds[14].

The beneficial effects of polyphenols, includinghatyanins, in humans were initially
attributed to their antioxidant capacity in theymetion of diseases associated with oxidative
stress, such as atherosclerosis and diabetesyLsdehe authors pointed out that other action
mechanisms could be involved in the pharmacologicaivity of polyphenols, namely by
interfering with essential signalling pathways @athe regulation [6, 7, 15, 16].

Abnormal up-regulation of nuclear factor kB (NF-kBathway has been observed in IBD
patients and found closely related to the sevefiiptestinal inflammation [17]. Activation of
NF-kB promotes the expression of many pro-inflamonagenes, such as those for iINOS and
COX-2 [18]. However, beyond NF-kB, other transdoptfactors must be taken into account,
such as the signal transducer and activator o§trgstion 1 (STAT1), whose expression and
activation are heightened in IBD patients [19]. sTfactor also regulates the transcription of
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several inflammation-associated genes, including$Nand COX-2 [20]. Furthermore, there
are many kinase pathways involved in the regulabbnnflammatory response upstream
transcription factors, which may also be importamtinveil the mechanisms underlying the
anti-inflammatory effects of polyphenols, name8@dAPK pathway. Actually, it has been
reported that the activity of p38 MAPK is increasegbatients suffering from IBD [21].

Since increasing evidences support the efficaantfocyanins in modulating inflammatory
response [5, 11], in the present study we attemjatesttrutinize the mechanisms underlying
cell signalling modulation induced by a typical tdiy anthocyanin, in particular
cyanidin-3-glucoside (C3GJigure 1A- which is one of the most abundant anthocyanins in
nature, in the presence of an inflammatory stimultisus, our main goal was to assess the
protection afforded by C3G against cytokine-triggeinflammatory response in the human
intestinal HT-29 cell line, used as an intestirel model, exploring its ability to counteract the
expression of crucial pro-inflammatory enzymes agma-inflammatory mediators, in
comparison with 5-ASAKigure 1B).

Our data evidenced that cell pre-incubation with @28 C3G or 500 puM 5-ASA was
effective in down-regulating the production of N@GE and IL-8 and the expression of INOS
and COX-2 in cytokine-stimulated HT-29 cells. Istingly, none of the compounds affected
NF-kB activity. Conversely, they significantly irdiied STAT1 activation by modulating its
phosphorylation. Since C3G was used in a much lovegrcentration than 5-ASA, C3G

revealed a higher anti-inflammatory efficiency.

COOH
OH

HoN

Figure 1 - Chemical structures of cyanidin-3-glucoside éap 5-aminosalicylic acid (B).
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3. Materials and Methods

3.1 Reagents

Cyanidin-3eo-p-glucoside purified from natural sources was olgdifrom Extrasynthése
(Genay, France). It had purity above 97% as meddwédPLC and was used as a solution in
DMSO (5 mM) and stored in the dark, under nitrogemosphere, at -8G.

Laboratory chemicals namely dimethylsulfoxide (DM$S68odium dodecyl sulfate (SDS),
2,3-diaminonaphthalene (DAN), 3-(4,5-dimethylthia2gl)2,5-diphenyl-tetrazolium bromide
(MTT), phenylmethylsulfonyl fluoride (PMSF), strephycin/penicillin, protease inhibitor
cocktail and phosphatase inhibitors were purch&sad Sigma-Aldrich Co.

For cell culture, Dulbecco’s modified Eagle’s medi(DMEM), 0.25% trypsin, fetal bovine
serum (FBS) and phosphate-buffered saline (PBS) pHd, were obtained from
Gibco-Invitrogen.

Rabbit polyclonal antibody to INOS and goat polyab antibody to phospho-STAT1
(Tyr701) were purchased from Santa Cruz Biotechgl(Santa Cruz, CA, USA); rabbit
polyclonal antibody to COX-2 was purchased from & Cambridge, UK); rabbit polyclonal
antibody to kB-a and rabbit monoclonal antibody to phospho-p38 MAHKr180/Tyr182)
were purchased from Cell Signalling Technology (M/SA); mouse monoclonal antibody to
B-actin was purchased from Sigma-Aldrich Co and-gatibit, anti-mouse and anti-goat 1gG
secondary antibodies were obtained from Abcam (Ciaigd, UK).

IL-1a, TNF-a and IFNy were purchased from Invitrogen (NY, USA).

3.2 Cell Culture

Human colon cancer cell line (HT-29) was obtainesimf European Collection of Cell
Cultures (Porton Down, Salisbury, UK). Cells werewgn in DMEM supplemented with 10%
FBS, 100 U/ml penicillin and 100 pg/ml streptomyeain37°C in a humidified atmosphere of
5% CQ. Cells were sub-cultured at confluence and uséddsn the fourth and the twentieth
passage. Before each experiment, cells at 80%umorde were starved in serum-free medium
for 24 hours. Growth-arrested cultures, in mediuthout FBS, were treated according to the
various experimental purposes.

HT-29 cells were stimulated with a cocktail of dyittes consisting of 10 ng/ml ILel 20
ng/ml TNFw and 60 ng/ml IFNg Each cytokine was previously diluted in PBS wiifth BSA
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and then added to cells when convenient. Cells werdreated with C3G, 5-ASA or both for
1 hour before exposure to the cytokines and thentaiaed with the inflammatory stimulus

for different time intervals, depending on the gssa

3.3 Cell Viability

Cell viability was assessed by the mitochondrigdetelent reduction of
3-(4,5-dimethylthiazol-2yl) 2,5-diphenyltetrazoliubromide (MTT) to formazan, which is
directly proportional to the number of living cell&fter incubation for 24 hours with C3G
and/or 5-ASA, 0.8x10cells/well in 6-well plates were washed with PBSI amcubated with
MTT (0.5 mg/ml) for 1 hour, at 37°C. Then, the mediwas removed and the formazan crystals
were dissolved in DMSO (900 pl). The extent of faman formation was recorded at 530 nm
in a Synergy HT plate reader.

Results were expressed as a percentage of coaligli@. non-treated cells.

3.4 Measurement of Nitric Oxide Production

Nitric oxide production, in intestinal cells, wastdrmined by measuring the amount of
nitrite accumulated in cell culture supernatantstritd was measured using a sensitive
fluorimetric assay based upon the reaction oftritkith 2,3-diaminonaphthalene (DAN), under
acidic conditions, to form the fluorescent prodlx§H)-naphthotriazole [22]. Briefly, at the end
of the incubation times, the supernatants wer@ctatl and nitrite was evaluated by adding 200
ul of freshly prepared DAN (0.025 mg/ml in 0.62 M Bi@ 200ul of supernatant and mixed
immediately. After 10 minutes incubation at roormperature in the dark, the reaction was
stopped with 10QI of 3 M NaOH. A standard curve was produced witlown concentrations
of sodium nitrite. Fluorescence intensity was redd a dual wavelength
spectrophotofluorimeter, with excitation and enassat 365 nm and 405 nm, respectively. The

sensitivity of the assay is 10 nM.

3.5 Assessment of ProstaglandinzEand IL-8 Production

Confluent HT-29 cells grown on six-well plates (&.8Fcells/well) were treated as above.
After 16 hours of incubation, supernatants werdectéd and processed for P&dhd IL-8

quantification, by using a competitive immunoassa{PGE EIA Kit) from Enzo Life Science
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and an Elisa Kit fromRayBiotech, Inc, respectively, according to the ufacturer’s
instructions. The values were reported to proteintent as measured by the Bradford assay
(Bio-Rad, USA).

3.6 Western-blot Analysis

Total, cytoplasmic and nuclear cellular proteinragts from several experiments were
prepared and analysed by Western-blotting. Foll telular protein extracts, washed cell
pellets were resuspended in an ice-cold lysis b§@ mM Hepes pH 7.4, 150 mM NacCl, 2
mM EDTA, 10% (w/v) glycerol, 0.5% (w/v) sodium deaholate, 1% (v/v) Triton X-100, 1
mM PMSF, 1/100 (v/v) protease inhibitor cocktaiy 20 minutes, on ice. Cell debris was
subsequently removed by centrifugation at 14000 figm20 minutes at 4°C and supernatants
were then collected and stored at -20°C. Cytoplagnatein extracts were collected essentially
in the same way. Washed cells were lysed in acate-buffer containing 10 mM Tris—HCI, 10
mM NacCl, 3 mM MgC}, 0.5% Nonidet P-40 and 1% protease inhibitor caitipH 7.5, for 5
minutes on ice. Afterwards, lysates were centri€uge5000 rpm for 5 minutes at 4°C and the
supernatants (cytoplasmic extracts) were colleatad stored at -20°C. For nuclear cellular
protein extracts, the pellets were collected asdspended in an ice-cold buffer with 20 mM
Hepes, 5 mM MgGl 0.2 mM EDTA, 1 mM DTT, 300 mM NacCl, 20% (w/v) gigrol, and 1%
protease inhibitor cocktail, pH 7.5 and left onfice30 minutes. Then, lysates were centrifuged
at 14000 rpm for 20 minutes at 4°C and the supant&{nuclear extracts) were saved at -80°C.

Protein concentration was determined by using ibeR&ad protein assay reagent (Bradford
assay), according to the manufacturer’s speciboat{Bio-Rad, USA).

A range of 30-80 micrograms of reduced and dendtymeteins were separated by
SDS/PAGE electrophoresis on a 10% - 12% (v/v) aonydle gel and transferred onto
polyvinylidene difluoride (PVDF) membranes (Amersha Biosciences, UK) by
electroblotting. To avoid non-specific binding, nmananes were blocked with skimmed milk
in TBS buffer supplemented with 0.1% (v/v) Tween(ZBS-T: 20 mM Tris—HCI, 150 mM
NaCl, 0.1% Tween 20) and then probed with antibodigainst INOS, COX-2 andB-o,
overnight at 4°C and against phospho-STAT1 and ptwe38 MAPK, 3 hours at room
temperature, with a constant low shaking. Membrames washed three times and then
incubated with alkaline phosphatase-conjugated rekny antibodies (2 hours, room

temperature, constant shaking). Immunoreactive éexep were detected by fluorescence in a
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Typhoon 9000 scanner (Amersham Biosciencpshctin was used as control for protein
loading. Bands were analysed using the ImageQuavit sbftware from Amersham

Biosciences.

3.7 Evaluation of NF-kB (p65) Activity

DNA-binding activity of NF-kB-p65 was measured unatear extracts using the TransAW
NF-kB-p65 protein assay (Active Motif, CA, USA), dLISA-based method with high
sensitivity and reproducibility.

For preparation of nuclear extracts, washed cediewysed in an ice-cold buffer containing
10 mM Tris—HCI, 10 mM NacCl, 3 mM Mgg 0.5% Nonidet P-40 and 1% protease inhibitor
cocktail, pH 7.5, for 5 minutes on ice. Afterwartigates were centrifuged at 5000 rpm for 5
minutes at 4°C and the supernatants (cytoplasntiaas) were collected and stored at -20°C.
The pellets were collected and resuspended in 56f @omplete Lysis Buffer (a solution
provided by Active Motif, CA) and left on ice foO3ninutes. Then, lysates were centrifuged
at 14000 rpm for 20 minutes at 4°C and the supant&{nuclear extracts) were saved at -80°C.

DNA binding activity of p65 was evaluated with 1§ pf nuclear protein, according to the

manufacturer’s protocol and the results expressedlative terms.

3.8 Statistical Analysis

All data were expressed as means + SEM of at [@astlependent assays, each one in
duplicate. Differences between groups were analysgdone-way analysis of variance
(ANOVA), Tukey’s was used as appropriate. Valuep<dd.05 were accepted as statistically
significant.
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4. Results

4.1 C3G and/or 5-ASA did not affect cell viabilityof HT-29 cells

In order to assess the cytotoxic effect of C3GBAEBA, a MTT assay was performed upon
24 hours of cell incubation with the compoundsilAstrated inFigure 2, neither C3G, in the
concentration range of 12.5 to 50 uM, nor 500 pMIA alone or in combination with 25 uM
C3G, affected the percentage of cell viability tiela to the control (cells without the
compounds). In contrast, the cytokines, at the eotrations used as a cell stimulus, induced a
decrease of cell viability to about 50 per centddat shown).

In the present study, both C3G (25 uM) and 5-ASB0(M) were used at subtoxic

concentrations

150+

-
(=]
<

o
<

Cell viability (%)

Figure 2 - Effects of C3G and 5-ASA on the cell viability ldT-29 cells. HT-29 cells were incubated for 24 tour
with different concentrations of C3G (12.5 to 50 ) /[8-ASA (500 uM) and a combination of 25 pM C3Glan
500 pM 5-ASA. Cell viability was assessed by MTHuetion and determined as percentage of contrdd cel
(without compounds). Values are mean + SEM of atti¢hree different experiments, in duplicate.
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4.2 C3G inhibited secretion of pro-inflammatory medators induced by the

cytokines more efficiently than 5-ASA, in HT-29 cd¢

In order to evaluate the ability of C3G to inhipro-inflammatory mediators’ production,
the levels of NO, PGEand IL-8 generated by cytokine-stimulated HT-28sogere monitored.

As shown inFigure 3A, stimulation of HT-29 cells with cytokines, for 2durs, induced a
strong cellular nitrite formation as compared tesdlavalues found in non-stimulated cells.
Treatment with 25 uM C3G, 500 uM 5-ASA or both, fohour, before cytokine stimulation,
significantly reduced the nitrite levels by abo&®4. Although 25 uM C3G seems to be more
efficient than 500 uM 5-ASA, the difference was sajnificant. Combination of the two
compounds (25 pM C3G and 500 pM 5-ASA) caused nibnéu effect. Previous studies of
time-dependent release of NO demonstrated thalt U@thours of incubation there was no
significant cellular nitrite formation.

To examine whether C3G, 5-ASA, or the combinatidrbath, inhibited PGEand IL-8
production, cells were treated with/without the gamunds for 1 hour and then treated with the
cytokine mixture (IL-L, TNF-a and IFNy) for 16 hours. IrFigure 3B, it is clear that PGE
production was enhanced in response to cytokirnent and that this increase was strongly
inhibited by C3G by almost 65%, a higher inhibiteffect than that induced by 5-ASA (about
50%). However, no additional significant effect vadiserved by the combination of C3G and
5-ASA.

Likewise, IL-8 production was deeply increased iy tytokines, but only C3G was able to
significantly inhibit this production. In fact, @videnced irFigure 3C, the presence of 5-ASA
did not suppress the IL-8 production, contrary 863Cwhich led to a decrease in its production
by about 20%. The combination of C3G with 5-ASA dimt improve the suppressive effect,
which was similar to that of C3G alone.
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Figure 3 - C3G and 5-ASA inhibit the production of pro-inflaratory mediators induced by cytokines in HT-29
cells. Cells were pre-incubated with 25 pM C3G or 500 pSFA or both (25 pM C3G plus 500 pM 5-ASA)
and then treated with cytokines for a certain geobtime. NO (A), PGE(B) and IL-8 (C) production by cells
were measured as described in “Materials and Mathddalues are mean + SEM of at least three differe
experiments, in duplicaté” P<0.001 vs Control#P<0.01, *##P<0.001 vs Cytokines’®<0.01,%*%P<0.001 vs
5-ASA plus Cytokine mixture.
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4.3 C3G, like 5-ASA, inhibited cytokine-induced upexpression of iNOS and
COX-2 in HT-29 cells

In order to assess whether the C3G or 5-ASA-indwsttease in the pro-inflammatory
mediators levels, observed into the cell culturedimewas exerted via inhibition of the
inducible forms of NO synthase and cyclooxygenasetein expressions of these enzymes
were determined by Western-blotting. As shown iguFe 4, in non-stimulated cells, the
expression levels of INO%igure 4A) and COX-2 Figure 4B) were very low or undetectable.
However, in response to cytokine stimulation artdrdf4 hours or 16 hours, the levels of INOS
and COX-2, respectively, were up-regulated. Whéls eeere pre-treated with the compounds
in study their expression was significantly reducétbrth of notice is the difference in the
concentrations used in this worle., 25 uM C3G and 500 uM 5-ASA. These concentrations
were previously tested by some of us, in otheristjeither with anthocyanins or with 5-ASA
[6, 23]. Thus, as shown Fgure 4A the inhibitory effect of C3G is slightly smalldran that
of 5-ASA, this is not relevant bearing into consat®n the highest concentration of 5-ASA
(20 times).

Regarding to COX-2 expressidrigure 4B), C3G more efficiently down-regulated COX-2
expression than 5-ASA and the combination of C3@ &ASA afforded a much better

protection than the individual compounds.
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Figure 4 - C3G inhibits cytokines-induced up-expression of l@hd COX-2, like 5-ASA, in HT-29 cell€ells
were pre-incubated with 25 uM C3G or 500 uM 5-ASAboth (25 uM C3G plus 500 uM 5-ASA) and then
treated with a combination of cytokines. INOS (AdaCOX-2 (B) expressions were evaluated after 2¢<or
16 hours, respectively, in total extracts by Waestklotting, as described in “Materials and Methqdsid
expressed as percentage of control. Values are m&aM of at least three different experimentsguplicate.

™ P<0.001 vs ControfP<0.05 #P<0.01, #*P<0.001 vs Cytokines.
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4.4 C3G and/or 5-ASA did not inhibit cytokine-indued NF-kB activation in
HT-29 cells

In an attempt to clarify the biochemical mechanisnderlying the activation of iNOS,
COX-2 and IL-8 observed in cytokine-stimulated HI-@nd the corresponding protection in
pre-treated cells with C3G and/or 5-ASA, we evadathe putative effects on NF-kB
activation. As shown irFigure 5, cells stimulation for 30 minutes led to a dececas$
cytoplasmic IkBe by about 70% of the contral,e. non stimulated cells. Some decrease was
observed as soon as 15 minutes (data not showindre intensely at 30 minutes. However,

cells pre-incubation with C3G and/or 5-ASA did nbamper cytokine-induced IkB-
degradation.
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Figure 5 - Neither C3G nor 5-ASA prevent the cytokine-indudk-a degradation in HT-29 cells. Cells were
pre-incubated with 25 uM C3G or 500 uM 5-ASA ortband then treated with a combination of cytokifoas
30 minutes. IkBa degradation was evaluated in cytoplasmic extrhgtsWVestern blotting, as described in

“Materials and Methods”. Values are mean + SEMtdéast three different experiments, in duplic&té<0.001
vs Control.
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Given that p65 accumulation and DNA binding in &8l nucleus is critical in regulating
the expression of target genes, we decided tordeterwhether the down-regulation of INOS
and COX-2 expression and the inhibition of proanfimatory mediators’ production, by the
compounds under study, would be due to the sugpress NF-kB transcriptional activation.
To test this hypothesis, cells were treated asnedfeand the DNA binding activity of p65 was
measured, as described in materials and methodshé&wn inFigure 6, although cells
stimulation with cytokines increased the DNA birgliactivity of p65 up to approximately
4-fold, neither C3G nor 5-ASA alone or in combioatiinterfered with p65 transcriptional

activity, in our assay conditions.
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Figure 6 -C3G and 5-ASA do not suppress the activation ofdBFp65 in HT-29 cells. Cells were pre-incubated
with 25 uM C3G or 500 uM 5-ASA or both and therateal with a combination of cytokines for 30 minutes
NF-kB activation was evaluated in nuclear extrégt®s DNA-binding activity assay. Values are mea®EM of

at least three different experiments, in duplicat®©<0.001 vs Control.
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45 C3G and/or 5-ASA reduced the levels of cytokineduced
phosphorylated STAT1 in the nucleus of HT-29 cells

Considering that STAT1 is another important trasian factor that may be behind the
protective effect of C3G and/or 5-ASA, we furth&amined the effect of these compounds on
the levels of phosphorylated (activated) STAT1,the cell nucleus. For this purpose, a
Western-blotting analysis was carried out. As wasllin the activation time course of NF-kB,
cytokine-induced phosphorylation of STAT1 started % minutes after the insult but became
much stronger at 30 minutes (data not shown). Waghwhile to note that, as illustrated in
Figure 7, the pre-incubation with either C3G, 5-ASA or btgd to a decrease in the nuclear
content of this activated transcription factorabout 50%. As happened with the other targets
studied, the combination of C3G and 5-ASA did rfadvs more benefit than the compounds

alone.
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Figure 7 - C3G and 5-ASA reduce the levels of cytokine-induBdad\T1 activation in HT-29 cells. Cells were
pre-incubated with 25 uM C3G or 500 uM 5-ASA ortband then treated with a combination of cytokifoas
30 minutes. STAT1 phosphorylation was evaluatedhuclear extracts by Western blotting, as descriimed
“Material and Methods”. Values are mean + SEM dEast three different experiments, in duplicité®<0.001
vs Control,”P<0.05 #P<0.01vs Cytokines.
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4.6 C3G, like 5-ASA, did not affect the cytokine-iduced phosphorylation of
p38 MAPK, in HT-29 cells

Given that many transcription factors can be phosgated and activated by upstream
kinases, like p38 MAPKSs, it became important tolesgowhether anti-inflammatory action of
C3G and 5-ASA was mediated through the p38 MAPKway in HT-29 cells. Thus, we next
analysed the ability of C3G and 5-ASA to inhibi¢ ttytokine-induced phosphorylation of p38
MAPK. Treatment of cells with the mixture of cytokis significantly induced the
phosphorylation of p38 MAPK at 30 minutes. Howe\arthis time, C3G and/or 5-ASA did

not counteract this process, as it is shown by @edilotting techniquerigure 8).
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Figure 8 - Failure of C3G and 5-ASA to inhibit cytokine-indutphosphorylation of p38 MAPK in HT-29 cells.
Cells were pre-incubated with 25 pM C3G or 500 pMSFA or both and then treated with a combination of
cytokines for 30 minutes. Phosphorylation of p38 RKAwas evaluated in total extracts by Western ibigitas
described in “Material and Methods”. Values are me&EM of at least three different experimentgjuplicate.

" P<0.001 vs Control.
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5. Discussion

In the last years, many studies have been caruédi@monstrating the important role of
anthocyanins in the prevention and treatment obralrinflammatory diseases [5, 7]. It is
known that health effects of polyphenols dependheningested amount and on the achieved
bioavailability which deeply differs among the \ars polyphenols [8]. In what concerns
anthocyanins, it is believed that their bioavalii@iis low, but it is also known that these
compounds are unique because they can exist in dilagent molecular forms, in a dynamic
equilibrium, and the currently used analytical noelh underestimate the bioavailability data
[2, 9]. Apart from this, many studies confirm thertthocyanins can be very active at the
intestine level, reaching high concentrations ie testrointestinal tract, which may be
explained by their abundance in diet and poor gitgor [8, 9]. This fact makes anthocyanins
very attractive for exploring their anti-inflammaggotential in IBD context, in particular that
of cyanidin-3-glucoside (C3G), one of the most atant anthocyanins in nature.

The present study was undertaken to provide newghtss into cellular signalling
mechanisms underlying the ability of C3G to proteatestinal cells (HT-29), against
pro-inflammatory stimulus, in comparison with 5-agalicylic acid (5-ASA). A combination
of cytokines containing IL-d, TNF-a, and IFNy was selected as a pro-inflammatory stimulus,
since it is known that these cytokines are rapidlgased by injured tissue or infection and are
effective as inducers of the expression of diffegmo-inflammatory genes, depending on the
cell type [24-26].

Thus, in the intestinal cell line used in this wo@BG was able to efficiently inhibit the NO
production (Figure 3A) counteracting the INOS espien (Figure 4A) like 5-ASA, but at a
much lower concentration. NO is a free radical picadli from the amino acid L-arginine by
nitric oxide synthase (NOS) enzyme. Although NOgamstitutive levels, has a physiological
role in maintaining adequate perfusion and reguhatof microvascular and epithelial
permeability [27], persistent overproduction of M@ up-regulation of INOS is associated with
inflammatory response leading to gut barrier inji#8]. The protective effects of C3G, with
respect to INOS and NO production, are very intergsbecause they revealed that this
anthocyanin, which is a natural polyphenol wideagrm plants, acted in a very similar way to
5-ASA, which in turn is a potent anti-inflammatotiyerapeutic agent, commonly used in
clinical practice. Furthermore, C3G acted in a emi@tion 20 times lower than 5-ASA.
Nonetheless, the combination of the two compoumdisiot provide better protection over the
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individual compounds, excluding either additivesgnergistic effects.

In contrast to the effect on INOS, C3G/5-ASA conattion demonstrated a higher protection
for COX-2 expression than that provided by thevidlial compounds (Figure 4B). COX-2 is
the inducible form of COX and its expression isragulated in the inflamed gut of IBD patients
[29]. Thus, high levels of prostaglandins have &sen found in the mucosa of IBD patients
[29] leading to the perpetuation of inflammatio®].3n this way, we also proved the ability of
C3G to prevent PGhHbiosynthesis and in agreement with COX-2 res@8 inhibited PGE
production more significantly than 5-ASA (Figure)3Bearing into consideration the much
lower concentration of C3G used to achieve thisbitdry effect. However, the combined
effects of C3G plus 5-ASA on PGkproduction were similar to that of C3G, revealimy
advantage in adding 5-ASA over C3G. Also, of netéhat this cell line expresses mRNA for
IL-8 and secretes it after stimulation [31]. Aclyalve observed such overproduction, but only
C3G pre-treatment was able to significantly redtu¢gigure 3C).

Although it is known that the transcriptional regfidn of INOS and COX-2 is complex [32,
33], the nuclear factor kB is one of the most int@ot regulators of pro-inflammatory genes
expression and it is well-established that itsvation is significantly induced in intestine of
IBD patients [17, 34]. So, the effects observegne-treated HT-29 cells with either C3G or
5-ASA could be due to the suppression of NF-kBvatitbn. This activation process can be
initiated by a wide variety of different stimuli, hich lead to the phosphorylation and
degradation of the NF-kB inhibitory molecules, lgBoteins [17]. In the present study, we
observed that in our assay conditions the comlunatif cytokines was able to induce the
degradation of IkBx but, unexpectedly, neither C3G nor 5-ASA inhibisagh degradation
(Figure 5). This degradative process is a cruciap dor the activation of NF-kB with
subsequent translocation to the nucleus and birtdiBNA, in the classical pathway of NF-kB
activation. However, recent evidences indicate thatscriptional activity of NF-kB also
requires the direct modification of NF-kB proteingmely by phosphorylation and acetylation.
The loss of phosphorylation of p65 interferes witth DNA binding and transactivation
activities [18, 35-37]. Taking this into accountdasonsidering that other authors have already
reported the inhibitory effect of 5-ASA on indu@bINF-kB-dependent transcription in
intestinal epithelial cells, independent of prewamthe kB degradation [38], we investigated
whether C3G or 5-ASA or both could hamper NF-kBwation, by interfering with its DNA
binding. However, in our assay conditions, in cegll®e-treated with the compounds no

prevention of NF-kB activation was observed (Fig@yeOur findings seem to conflict with
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those of Minet al[39], who have reported an inhibitory effect of&8n LPS-induced NF-kB
activation in RAW 264.7 cells. These contradictagsults might be explained by the
differences in the cell type and in the pro-inflaatory stimulus.

Thus, our belief is that the anti-inflammatory efte of C3G observed in HT-29 cells,
stimulated by a cocktail of cytokines, could beatetl to the suppression of an alternative cell
signalling, other than NF-kB. This is consistenthmeports by others showing that some
polyphenols preferentially suppress STAT1 activatiather than NF-kB activation [40, 41].
The JAK-STAT signalling pathway is a common sigingl pathway activated by various
stimuli, namely interferons. The binding of a cyitakto its cell-surface receptor results in the
activation of JAK tyrosine kinases, which in turtnosphorylate STATs. Then, STATs
dimerize, translocate into the nucleus and actitredranscription of STAT-responsive genes,
namely iINOS [42-45]. The present study demonstrdtedhe first time, that pre-incubation of
C3G in HT-29 cells decreased the nuclear levethisfactivated transcription factor, to about
50% (Figure 7). A similar effect was obtained byASA but at a much higher concentration
than that of C3G. One possible explanation to sletease in nuclear activated STAT1 levels
could be the induction of the expression of the SG&mily of proteins by our compounds.
These proteins are in part in charge of the negdéedback mechanism engaged by STATSs.
They can block the recruitment of STATS, bind td<3Aor even target STATSs for proteasomal
degradation [42, 43, 46]. On the other hand, amqibssible explanation will be that C3G and
5-ASA can induce the dephosphorylation of STAT1tuatly, it has been described that
tyrosine-phosphorylated STAT1 requires to be dephos/lated, by some nuclear
phosphatases, in order to leave the nucleus [43, 47

Furthermore, there are many kinase pathways indoivehe regulation of inflammatory
response upstream transcription factors, which miap be important to understand the
mechanisms behind the anti-inflammatory effect€®6, namely the p38 MAPK pathway. In
fact, this pathway has already been identifiedrasial for induction of INOS and COX-2 in
HT-29 cells by a mixture of cytokines [48]. Howeyender our experimental conditions none
of the compounds was successful in inhibiting thegphorylation (activation) of p38 MAPK,
revealing that p38 MAPK was not involved in theteative effect of C3G and 5-ASA.

In conclusionjn vitro, under our experimental conditions, C3G showeldaffective in
inhibiting cytokine-induced pro-inflammatory markemamely NO, PGEIL-8, iINOS and
COX-2, without affecting the activation of eithe=NB or p38 MAPK but significantly

decreasing the amount of activated STAT1 in theleus; in HT-29 cells. Moreover, we

76



Chapter 2 — Anti-inflammatory action of C3G vs 5A® HT-29 cells

demonstrated, for the first time, that in compariseith 5-ASA, C3G has a stronger
anti-inflammatory activity regarding the studiedpnflammatory markers in particular, taking
into account the difference in the concentratioesdu However, it is known that vivo,
anthocyanins suffer from spontaneous degradatiahama metabolized by the indigenous
microbiota population in the colon [49] which casisthe release of aglycones of their
glycosides and eventually the disruption of thegrjd9, 50]. Thus, unanswered questions
should lead to interesting future research to fgldhie actual molecular structures underlying
the protective effects of C3G and also to investighe accessibility of them to the epithelium.
Despite this and considering that current treatnogrions in patients with IBD are not
curative and patients face lifelong therapy, C3G bmenvisaged as a promising nutraceutical
giving complementary benefits in attenuating infltaation and decreasing the risk for the

development of colorectal cancer observed in thasients.
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1. Abstract

Background: Many advances have been recently made focusedeomainable help of
dietary polyphenols in chronic inflammatory diseas@n the other hand, current treatment
options for inflammatory bowel disease patients wmeatisfying and, for this reason, it is
estimated that many patients use dietary supplentergchieve extra benefits.

Aim: The aim of this work was to analyse under a medtianiperspective the
anti-inflammatory potential of resveratrol, a nalysolyphenolic compound, and to compare it
with a pharmaceutical agent, 5-aminosalicylic acsing the intestinal HT-29 cell line, as a
cellular model.

Methodology and Principal Findingsin the present study{T-29 colon epithelial cells
were pre-treated with 28V resveratrol and/or 506M 5-aminosalicylic acid and then exposed
to a combination of cytokines (ILel TNF-a, IFN-y) for a certain period of time. Our data
showed that resveratrol, used in a concentratiaim®8s lower than 5-aminosalicylic acid, was
able to significantly reduce NO and P&&oduction, INOS and COX-2 expression and reactive
oxidant species formation induced by the cytokinallenge. However, as already verified with
5-aminosalicylic acid, in spite of not exhibitingyaeffect on IkBe. degradation, resveratrol
down-regulated JAK-STAT pathway, decreasing thelewof activated STATL1 in the nucleus.
Additionally, resveratrol decreased the cytokineistated activation of SAPK/INK pathway
but did not counteract the cytokine-triggered niegdteedback mechanism of STAT1, through
p38 MAPK.

Conclusion/Significance: Taken together, our results show that resveratraly rbe
considered a future nutraceutical approach, prorgotiemission periods, limiting the

inflammatory process and preventing colorectal egnehich is common in these patients.
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2. Introduction

In the last decades, many studies have shed lighhe impact of dietary polyphenols in
chronic inflammatory diseases, namely diabeteg| [AtBerosclerosis [2, 4] and inflammatory
bowel diseases [5, 6]. Although the cell signallmgchanisms involved are far from being
fully understood, many recent studies believe tthet consumption of these biological
phytochemicals can be truly advantageous to avolohat diseases progression [2, 3, 7-10].
For instance, some epidemiological studies showahaoderated intake of red wine (rich in
polyphenols) can be useful in the prevention oflicavascular diseases [11].

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) isaural non-flavonoid polyphenol, found
mainly in grapes and red-wine and is one of thetistoslied polyphenols [10, 12-15]. However,
the major concerns about resveratrol (Resv) efficae related to its low oral bioavailability
[16, 17] and to the possible induction of liver daya [18]. Nevertheless, previous reports
demonstrated that resveratrol has an importanta®lan anti-inflammatory agent [6, 14, 19,
20] and considering that the intestine is a tasgetfor resveratrol action, it is of great intéres
to further understand the beneficial effects obeeatrol in an intestinal disease which is mainly
characterized by inflammation, as the Inflammat®owel Disease (IBD). IBD is a chronic
inflammatory disorder of the gastrointestinal trasthich includes Crohn’s Disease and
Ulcerative Colitis, characterized by periods of i&sion and of relapses, whose etiology
remains enigmatic [21, 22]. Until now, this disea®&es not have cure and consequently the
pharmacological treatment is used to prevent a&al sfymptoms and still to induce or maintain
the remission periods. There has been a huge aelvarbe therapy options for IBD patients
but the conventional therapies, as the well-knowti-iaflammatory 5-aminosalicylic acid
(5-ASA), remain the cornerstone of treatment fa tajority of these patients [23]. Besides,
since existing treatment options for IBD patienftem bring marginal results, dietary
supplements have deserved increasing interest heec extra benefits. Therefore, the
advantages and implications of such dietary supptesfor IBD patients need to be more
elucidated. A previous work performed in our laltorga has focused on the anti-inflammatory
potential of the flavonoid polyphenol, cyanidin-Bigpside, in comparison with the active
principle, 5-ASA, in the context of IBD [8]. Theraiof the present study was to extend this
research to a polyphenol with a completely difféi@emical structure, the resveratrol, and to
explore, under a mechanistic perspective, itsiaffammatory potential as compared to 5-ASA
(Figure 1). For this purpose, the HT-29 cell line was use@aolon epithelial cells model,
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stimulated by a mixture of cytokines (Cyt). Cytoésnare molecules rapidly released by injured
tissues and are inducers of inflammatory respofide 25]. Some previous studies have
suggested that exposure of intestinal cells toxdure of cytokines can activate inflammatory
cascades (namely, NF-kB, MAPKs and JAK-STAT patysyaand in turn increase the
expression of pro-inflammatory enzymes, (iINOS an®©Xe2), the production of
pro-inflammatory mediators (NO and Pg&End the formation of reactive oxygen species
(ROS) [26-28]. The down-regulation of these prdanfmatory cascades emerges as a valuable
strategy in IBD, since they are usually heighteimetthese patients [29-32].

Our data demonstrated, for the first time, thergisy anti-inflammatory efficiency of Resv
as compared to 5-ASA, given that @& Resv was more effective than 50 5-ASA in
down-regulating the production of pro-inflammatomgdiators (NO, PG4, pro-inflammatory
enzymes (iNOS, COX-2 mRNAs and proteins) and RO®d&tion induced by the cytokines.
Moreover, as it was previously verified by someaisfor 5-ASA [8], Resv did not affect IkB-
degradation, but significantly decreased the amadirdctivated STATL1 in the nucleus of
cytokine-stimulated HT-29 cells. Besides, Resv,nalomr in combination with 5-ASA,
down-regulated STAT1 activation through a depen@&8 MAPK mechanism and inhibited
the cytokine-induced SAPK/JNK activation. Therefomur work gives a step forward
unravelling JAK-STAT as well as MAPK signalling &®y cascades involved in Resv

anti-inflammatory protection and in its potentiatiaancer action.

OH COOH
N OH

HoN

HO

OH

Figure 1 - Chemical structures of resveratrol (A) and 5-amatioglic acid (B).
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3. Materials and Methods

3.1 Reagents

Resveratrol purified from natural sources was aolgiaifrom Extrasynthése (Genay, France).
Its purity was above 95%, as measured by HPLC,itawds used as a solution in DMSO (5
mM) and stored at -28C.

Laboratory chemicals namely dimethylsulfoxide (DMS68odium dodecyl sulfate (SDS),
2,3-diaminonaphthalene (DAN), 3-(4,5-dimethylthia2gl)2,5-diphenyl-tetrazolium bromide
(MTT), 2',7-dichlorodihydrofluorescein diacetate (DCEFBA), phenylmethylsulfonyl
fluoride (PMSF), Hoechst 33258, streptomycin/p#im¢ protease inhibitor cocktail and
phosphatase inhibitors were purchased from Signdaighl Co.

For cell culture, Dulbecco’s modified Eagle’s medi(DMEM), 0.25% trypsin, fetal bovine
serum (FBS) and phosphate-buffered saline (PBS) pHd, were obtained from
Gibco-Invitrogen.

Rabbit polyclonal antibody to INOS and goat polyab antibody to phospho-STAT1
(Tyr701) were purchased from Santa Cruz Biotechgl(Santa Cruz, CA, USA); rabbit
monoclonal antibody to phospho-p38 MAPK (Thr180M82) and rabbit polyclonal antibodies
to phospho-SAPK/JINK (Thr183/Thr185) and @40 were purchased from Cell Signalling
Technology (MA, USA); mouse monoclonal antibodiesftactin and top-tubulin were
purchased from Sigma-Aldrich Co and rabbit polyalamtibodies to COX-2, to lamin B1 and
anti-rabbit, anti-mouse, anti-goat IgG secondaryibadies were obtained from Abcam
(Cambridge, UK). The Alexa Fluor 594 chicken amdatlgG fluorescent secondary antibody
was bought from Alfagene (Life Technologies).

IL-1a, TNF-a and IFNy were purchased from Invitrogen (NY, USA).

3.2 Cell Culture

Human colon cancer cell line (HT-29) and humanrlie@cinoma cell line (HepG2) were
obtained from European Collection of Cell Cultu¢@srton Down, Salisbury, UK). Both cell
lines were grown in DMEM supplemented with 10% FBSQ U/ml penicillin and 100 pg/ml
streptomycin at 37°C in a humidified atmospherg%fCQ. Cells were passaged weekly and
sub-cultured at confluence. Before each experinwasils at 80% confluence were starved in

serum-free medium for 24 hours. Growth-arresteduoes, in medium without FBS, were
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treated according to the various experimental pagpo

HT-29 cells were stimulated with a combination piokines consisting of 10 ng/ml ILe]
20 ng/ml TNFe. and 60 ng/ml IFNg. Each cytokine was previously diluted in 1% BSAPBS.
HT-29 cells were pre-treated with Resv, 5-ASA othbior 1 hour before the exposure to the
cytokines and then maintained with the inflammatetynulus for different time periods,
depending on the experiment.

3.3 Cell Viability

Cell viability was assessed by the mitochondrigtetelent reduction of
3-(4,5-dimethylthiazol-2yl) 2,5-diphenyltetrazoliubromide (MTT) to formazan, which is
directly proportional to the number of living cellSells in 6-well plates (8 x 2@ells/well)
were pre-treated with several concentrations o/R&30 UM 5-ASA or 25 uM Resv plus 500
MM 5-ASA for 24 hours. At the end, cells were wasthéth PBS and incubated with MTT (0.5
mg/ml) for 1 hour, at 37°C. Then, the medium wamaeed and the formazan crystals were
dissolved in DMSO (900 pl). The extent of formazammation was recorded at 530 nm in a
Synergy HT plate reader.

Results were expressed as a percentage of coaligli@. non-treated cells.

3.4 Measurement of Nitric Oxide Production

Nitric oxide production, in intestinal cells, wastdrmined by measuring the amount of
nitrite accumulated in cell culture supernatantstritd was measured using a sensitive
fluorimetric assay based upon the reaction oftritgith 2,3-diaminonaphthalene (DAN), under
acidic conditions, to form the fluorescent prodlx§H)-naphthotriazole [33]. Briefly, at the end
of 24 hours of incubation, the supernatants welleaed and nitrite was evaluated by adding
200 pl of freshly prepared DAN (0.025 mg/ml in 0.62 M BHi@ 200ul of supernatant and
mixed immediately. After 10 minutes of incubatidm@m temperature in the dark, the reaction
was stopped with 10@ of 3 M NaOH. A standard curve was produced wittown
concentrations of sodium nitrite. Fluorescence nisity was read in a dual wavelength
spectrophotofluorimeter, with excitation and enassat 365 nm and 405 nm, respectively. The

sensitivity of the assay is 10 nM.

89



Chapter 3 —Resv downregulates JAK/STAT in intesieds

3.5 Assessment of Prostaglandin:EProduction

Confluent HT-29 cells grown on six-well plates (& cells/well) were treated as described
in cell culture. After 16 hours of incubation tingepernatants were collected and processed for
PGE quantification, by using a competitive immunoaskayPGE EIA Kit) from Enzo Life
Science, according to the manufacturer’'s instrastiorhe values were related to protein

content, as measured by the Bradford assay (Big-B34).

3.6 Western-blot Analysis

As previously described [8], total, cytoplasmic amttlear cellular protein extracts from
HT-29 cells were prepared and analysed by Westettidg. For total cellular protein extracts,
washed cell pellets were resuspended in an icelgsiklbuffer (50 mM Hepes pH 7.4, 150 mM
NaCl, 2 mM EDTA, 10% (w/v) glycerol, 0.5% (w/v) sach deoxycholate, 1% (v/v) Triton
X-100, 1 mM PMSF, 1/100 (v/v) protease inhibitocktail) for 20 minutes, on ice. Cell debris
was subsequently removed by centrifugation at 1488 for 20 minutes at 4°C and
supernatants were then collected and stored aC-20ytoplasmic protein extracts were
obtained essentially in the same way. Washed aglte lysed in an ice-cold buffer containing
10 mM Tris—HCI, 10 mM NacCl, 3 mM Mgg]| 0.5% Nonidet P-40 and 1% protease inhibitor
cocktail, pH 7.5, for 5 minutes on ice. Afterwartisates were centrifuged at 5000 rpm for 5
minutes at 4°C and the supernatants (cytoplasntiiacg) were collected and stored at -20°C.
The pellets were also collected and resuspendgal ice-cold buffer with 20 mM Hepes, 5 mM
MgClz, 0.2 mM EDTA, 1 mM DTT, 300 mM NacCl, 20% (w/v) ggrol, and 1% protease
inhibitor cocktail, pH 7.5 and left on ice for 3dmates. Then, the mixture was centrifuged at
14000 rpm for 20 minutes at 4°C and the superratantlear extracts) were saved at -80°C.

Protein concentration was determined by using ibeR&ad protein assay reagent (Bradford
assay), according to the manufacturer’s speciboat{Bio-Rad, USA).

A range of 30-80 micrograms of reduced and dendtymeteins were separated by
SDS/PAGE electrophoresis on a 10% - 12% (v/v) aonydle gel and transferred onto
polyvinylidene difluoride (PVDF) membranes (Amersha Biosciences, UK) by
electroblotting. To avoid non-specific binding, nananes were blocked with skimmed milk
in TBS pH 7.6 supplemented with 0.1% (v/v) Tween(EBS-T: 20 mM Tris—HCI, 150 mM
NaCl, 0.1% Tween 20) and then probed with antib®digainst INOS, COX-2 anaB-o,
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overnight at 4°C and against phospho-STAT1, phog380MAPK and phospho-SAPK/INK

3 hours at room temperature, with a constant loakisiy. After finishing, membranes were
washed three times and further incubated with ml&aphosphatase-conjugated secondary
antibodies (2 hours at room temperature and constaking). Immunoreactive bands were
detected by fluorescence in a Typhoon 9000 scairmaersham Biosciences) and analysed
with the ImageQuant TM software from Amersham Biesces. After analysis of target
proteins, each blot was stripped off and reprobgd the primary antibodies agairfs@actin,

B-tubulin or lamin B1, used as controls for protieiading.

3.7 Total RNA Extraction and quantitative Real-TimeRT-PCR (qRT-PCR)

Total RNA was extracted from HT-29 cells seedegiiawell-plates (8 x 10cells/well),
after 1 hour of pretreatment with Resv and/or 5-ASéllowed by 6 hours of
cytokine-challenge, using the RNA extraction kitramn ™ Total RNA Mini (Bio-Rad,
Hercules, CA, USA), according to the manufacturaristructions. Extracted RNA was
quantified using a NanoDrop ND-1000 spectrophotemat260 nm and its purity and integrity
were assessed by ratio of absorbance at 240/2628860 nanometers. A constant amount
of RNA (1 pg/sample) was reverse transcribed imibA&, using the NZY First-Stand cDNA
Synthesis Kit (NZYtech, Portugal), according to thanufacturer’s protocol. PCR reactions
were performed with 25 pg/ml of transcribed cDNAeTprimers for INOS, COX-2 and the
housekeeping gene HPRT-1 (hypoxanthine phosphatiibassferase-1) were designed using
the Beacon Designer software (PREMIER Biosoft iméional, Palo Alto, CA) and the primers
sequences were: INOS, sense 5- AATCCAGATAAGTGACAIRA -3’, antisense
5-CTCCACATTGTTGTTGAT -3’; COX-2, sense 5’- ATTATEGTTTATGTGTTGAC -3’;
antisense 5'- TAGGAGAGGTTAGAGAAG -3 HPRT-1 sense
5'- TGACACTGGCAAAACAATG -3, antisense 5- GGCTTATACCAACACTTCG -3.
Real time-PCR was performed in 20 ul of total vodroontaining 2 pl of each primer (250
nM), 2 ul of cDNA of each sample, 10 pl of the THSYBR Green Supermix (Bio-Rad) and
RNase-free distilled water to make up the volum@Qaul, in a CFX96™ Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). Thar cycling conditions were the
following: 3 minutes at 95 °C to activate the iTAdPNA polymerase, then 45 cycles, each
consisting of a denaturation step (95°C, 10 segpadsannealing step (55°C, 30 seconds) and

an elongation step (72°C, 30 seconds). Fluoresameesures were taken every cycle at the
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end of the annealing step and the specificity efimplification products was evaluated through
the analysis of the melting curve. The efficientyhe amplification reaction for each gene was
calculated by running a standard curve of seridiliyted cDNA sample. Gene expression was
analysed using the Bio-Rad CFX Manager 3.0 softBi@Rad, Hercules, CA, USA), which

enables the analysis of the results with the Pfaéthod. The results for each gene of interest
were normalized against HPRT-1, the housekeeping fpeind to be stable under experimental

conditions and expressed as a percentage of casdisi.e. cytokine-stimulated cells.

3.8 Fluorescence Confocal Microscopy

HT-29 colon epithelial cells were seeded onto gtaserslips on 24 well plates (1.5 x°10
cells/well) and treated with Resv and/or 5-ASA fonour and then exposed to the cocktail of
cytokines for 30 minutes. After this period, théisaere washed with PBS and fixed with 4%
paraformaldehyde in PBS for 20 minutes at room tatpre. Fixed cells were washed with
PBS and permeabilized with 0.2% Triton X-100 in PBE2 minutes. After washing, cells
were incubated overnight with phospho-STAT1 antibdduted in PBS (1:50) at 4°C. Then,
the cells were washed twice with PBS, followedrubation with Alexa Flour 594 conjugated
secondary antibody diluted in PBS (1:100) for 4 risoat room temperature. After washing
twice with PBS, the coverslips were mounted wittgltol and PBS containing the nucleic acid
stain Hoechst (1 pg/ml). Cells were examined ural@onfocal microscope (Ziess LSM
510Meta).

3.9 Evaluation of Intracellular Reactive Species

Intracellular reactive species were assessed bwygushe non-fluorescent probe
2', 7-dichlorodihydrofluorescein diacetate (DCFH-DA), ialin permeates cell membranes and
may be oxidized by reactive species, yielding therescent 27'-dichlorofluorescein (DCF)
[34]. Briefly, cells in 12-well plates (4 x %@ells/well) were previously incubated in the
presence or in the absence of Resv and 5-ASA amldefusubjected to the combination of
cytokines for 16 hours. After that period of tinhe ttells were incubated withi'M DCFH>-DA
in DMSO, at 37°C, in the dark for 15 minutes. Celtre then washed with PBS and maintained
in 0.5 ml of PBS during the fluorescence intengigasurements in a Synergy HT plate reader

(Bio-Tek Instruments) (excitation and emission wargths at 485 and 530 nm, respectively).
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Cells were also observed in an inverted fluoreseenicroscope (Zeiss Axiovert 40), using a
FITC filter.

3.10 Statistical Analysis

All data were expressed as means = SEM of at [@astlependent assays, each one in
duplicate. Differences between groups were analysgdone-way analysis of variance
(ANOVA) and Tukey’spost hodest was used as appropriate. Valugs<®t 05 were accepted
as statistically significant.
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4. Results

4.1 Resv up to 25 uM did not affect HT-29 cells viality

The cytotoxicity of Resv alone or in combinationttwb-ASA on HT-29 cell line was
evaluated, upon 24 hours of cell incubation wite tompounds, by the MTT assay. As
illustrated inFigure 2A, neither Resv alone, in the concentration range2dd to 25 uM, nor
the combination of 25 uM Resv with 500 uM 5-ASA egd cytotoxicity in HT-29 cells.
However, at the concentration of 50 uM, Resv predug small decrease in the cell viability
relative to the control (untreated cells). Thusyatrations of 25 UM Resv and 500 uM 5-ASA
were chosen to perform the next experiments, shmee proved to be subtoxic concentrations.
As previously reported [8], the mixture of cytoksneat the concentrations selected as
inflammatory stimulus in HT-29 cells, induced a a&se in cell viability to about 50 per cent
(data not shown).

Considering that Resv in high doses may be hepatptee assessed the toxicity of Resv,
5-ASA and of both compounds in HepG2 cells asavitro model of human hepatocytes, in
the same assay conditions. As illustrateBigure 2B, none of the compounds induced loss of

cell viability during this period of time.
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Figure 2 - Effects of Resv and/or 5-ASA on cell viabilit¢ells were incubated for 24 hours with different
concentrations of Resv (12.5 to 50 uM), 5-ASA (pd@) and a combination of 25 uM Resv and 500 uM RAS
(A) HT-29 cell-line viability and (B) HepG2 cellde viability were assessed by MTT reduction anemeined

as percentage of control cells (without compoundfglues are mean + SEM of at least three indepdnden
experiments, each one in duplicdf<0.05 vs Control.
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4.2 Secretion of NO and PGEwas inhibited more efficiently by Resv than by
5-ASA, in stimulated HT-29 cells

To elucidate the ability of Resv alone or in conaltion with 5-ASA to inhibit the production
of some pro-inflammatory mediators, the levels of0 Nand PGE generated by
cytokine-stimulated HT-29 cells were evaluated.

As shown inFigure 3A, stimulation of HT-29 cells with cytokines, for 2éurs, triggered
a significant increase of cellular nitrite formatias compared to control (untreated cells), in
agreement with previous studies. Cells treatmetit @6 uM Resv, for 1 hour, before cytokine
stimulation, significantly reduced the nitrite lévby about 50%. This inhibitory effect was not
significantly different to that of 500 uM 5-ASA awdcurred at a concentration 20 times lower.
Also, the combination of 25 uM Resv with 500 uM SA did not cause any additional

significant effect.
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Figure 3 -Resv decreases cytokine—induced pro-inflammatodiaers production more efficiently than 5-ASA,
in HT-29 cells.Cells were pre-incubated with 25 pM Resv or 500 pMSA or both (25 pM Resv plus 500 uM
5-ASA) and then exposed to cytokines (Cyt) for 2dns or 16 hours for NO and PgEespectively. The NO (A)
and PGE (B) production in cells was measured as desciibb&daterials and Methods”. Values are mean + SEM
of at least three independent experiments, eactinotheplicate.™ P<0.001 vs Controf#P<0.01, #*P<0.001 vs
Cytokines.

In order to draw comparison between Resv and 5-A8AGE production, cells were
treated with the compounds for 1 hour and then segdo the cytokine mixture (ILel TNF-u
and IFNy) for 16 hours. InFigure 3B, it is patent that PGEproduction was enhanced in

response to cytokine treatment and that this isereeas deeply inhibited by Resv by almost
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75%, a higher inhibitory effect than that inducgd9ASA (about 50%) at a concentration 20
times higher. The combined effect of Resv and 5-A8Amed to be stronger than that of the

individual compounds, however data are not statByi different.

4.3 Resv counteracted, in a greater extent than 594, cytokine-stimulated
expression of INOS and COX-2 proteins and mRNAs, iHT-29 cells

To further investigate whether the protection aféat by Resv, with regarding to the
pro-inflammatory mediators studied, was relateth&inhibition of the inducible forms of NO
synthase and of cyclooxygenase, the protein expresand mRNA levels were determined by
Western blotting and qRT-PCR, respectively. Analgs$tigures 4and5, it is clear that protein
and mRNA levels of INOS and COX-2, which were hardibtectable in non-stimulated cells,

were significantly enhanced after cytokine exposaceording to data previously reported [8].
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Figure 4 -Resv suppresses cytokine-induced iNOS and COX-&sgjpn more efficiently than 5-ASA, in HT-29
cells.Cells were pre-incubated with 25 pM Resv or 500 pMSA or both (25 pM Resv plus 500 pM 5-ASA)
and then challenged with a combination of cytokimd®S (A) and COX-2 (B) expressions were evaluatier
24 hours or 16 hours, respectively, in total exséy Western blotting, as described in “Materéisl Methods”,
and expressed as percentage of cytokine-stimutztsl Values are mean = SEM of at least threegaddent
experiments, each one in duplicdteP<0.001 vs ControfP<0.01, ##P<0.001 vs Cytokines arfd@®<0.001 vs
5-ASA plus Cytokines.
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However, cytokine stimulatory effect was signifidgmeduced by pre-treating the cells with
Resv and/or 5-ASA, for 1 hour, before the exposareytokines. As illustrated iRigures 4
and5, the extent to which Resv alone counteracted ytekme-induced increase in COX-2
protein and mRNA levels was clearly and statisychigher than that assigned to 5-ASA,
particularly if the different concentrations of thbempounds are taken into account (25 uM
Resv and 500 uM 5-ASA). However, the combinatioRe$v with 5-ASA did not promote an

enhancement of this effect.
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Figure 5 - Resv suppresses cytokine-induced iNOS and COX-2 mRMels more efficiently than 5-ASA, in
HT-29 cells.Cells were pre-incubated with 25 pM Resv or 500 pMSA or both (25 uM Resv plus 500 uM
5-ASA) and then exposed to a combination of cytekinNOS (A) and COX-2 (B) mRNA production was
evaluated after 6 hours by qRT-PCR, as describéMaterials and Methods”, and expressed as pergentd
cytokine-stimulated cells. Values are mean + SEMtdéast three independent experiments, eachahepiicate.

" P<0.001 vs ControlP<0.01, #*P<0.001 vs Cytokines art§®<0.001 vs 5-ASA plus Cytokines.
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4.4 Resv per se or in combination with 5-ASA did not prevent

cytokine-induced IkB-a degradation, in HT-29 cells

In order to verify the involvement of NF-kB pathwaythe protection afforded by Resv
alone or in combination with 5-ASA, cells were dfiated with cytokines in the absence and
presence of the compounds and the degradatiorBed. las analysed by Western blotting. As
previously observed [8], 30 minutes after cellsnsiation, the mixture of cytokines induced
the degradation of kB resulting in a decrease of this protein to ali®dt relative to a control
(non-treated cells). As shown kigure 6, Resv was not able to prevent the degradation of

IkB-a, either alone or associated with 5-ASA.
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Figure 6 -Resv does not prevent IkiBdegradation induced by cytokines, in HT-29 célslls were pre-incubated
with 25 pM Resv or 500 pM 5-ASA or both (25 uM Redus 500 uM 5-ASA) and then exposed to a comlonati
of cytokines for 30 minutes. IkB-degradationwas analysed in cytoplasmic extrabis Western blotting, as
described in “Materials and Methods”, and expresse@ercentage of control cells, i.e. cells naiterd. Values

are mean + SEM of at least three independent axgets, each one in duplicaté P<0.001 vs Control.
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4.5 Resv inhibited expression of pro-inflammatory rarkers in
cytokine-stimulated HT-29 cells via JAK-STAT pathway

In pursuit of knowing more about the mechanismseuythg the protection afforded by
Resv against inflammation, in our experimental ¢oowls, further pathways beyond NF-kB
were explored, namely that involving the transeoipfactor STAT1. Thus, the ability of Resv
to decrease the levels of the tyrosine (Tyr) 70dsphorylated form of this transcription factor
in the nucleus was monitored. As verified fgure 7A, Resv was able to inhibit the
cytokine-induced levels of activated (Tyr701 phasptated) STATL in the nucleus in a similar
way to 5-ASA, but at a concentration 20 times laWidre association of Resv with 5-ASA did
not elicit an increase in efficiency in this pathlywhn order to further illustrate the ability ofeh
compounds under study in decreasing the amounyrdi0Lphospho-STAT1 in the nucleus of
cytokine-stimulated HT-29 cells, immunocytochemmtaidies were performed. Representative
confocal images of HT-29 cells showrFigure 7B denoted nuclear staining patterns consistent
with the results of immunoblotting of the nucleatracts. Microscopic data obtained with
5-ASA plus cytokines and with the combination (Resd 5-ASA) plus cytokines were very
similar to those depicted in Figure 7B for Reswnal@lus cytokines and, thus, they were not

represented, for the sake of clarity.
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Figure 7 - Resv decreases activated-STAT1 levels in the nsctéucytokine-stimulated HT-29 cells more
efficiently than 5-ASACells were pre-incubated with 25 pM Resv or 500 pMSA or both (25 uM Resv plus
500 uM 5-ASA) and then exposed to a combinationcytbkines for 30 minutes. The levels of Tyr701
phospho-STAT1were analysed in nuclear extrattg Western blotting (A), as described in “Materiaisd
Methods” and expressed as percentage of cytokimedsited cells. Values are mean = SEM of at lehstet
independent experiments, each one in duplicit®<0.001 vs Control and”P<0.01 vs Cytokines. (B)
Representative confocal microscopy pictures of siimulated, cytokine-stimulated and Resv pre-intedba
HT-29 cells. Simultaneous DNA labelling with Hoeth&s performed to visualize the nuclear compartmen
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4.6 The protection afforded by Resv alone or in colmnation with 5-ASA

against cytokine-induced inflammation involved MAPKs signalling, in
HT-29 cells

Being aware that the upstream kinases, such asap88SAPK/IJNK MAPKs, play an
important role in the regulation of the activatioh several transcription factors, we also
evaluated the effects of Resv, alone or in comlnatwith 5-ASA, on p38 MAPK and
SAPK/INK phosphorylation (activation). It was obhsst (Figure 8A and 8B) that the
combination of cytokines, after 30 min of cell-stilation, induced the phosphorylation of p38
MAPK and of SAPK/JINK. Resv alone or in combinatigith 5-ASA maintained the levels of
activated p38 MAPK in HT-29 cellsF{gure 8A), but counteracted the cytokine-induced
activation of SAPK/JNK, in those cellBigure 8B). On the other hand, 5-ASA alone, in such
activated cells, did not affect neither p38 MAPKr I8APK/JNK activation. However, cells

pre-incubation with 5-ASA plus Resv significanthcreased the suppressive effect of Resv on
SAPK/JINK phosphorylation.
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Figure 8 - p38 MAPK and SAPK/JNK are involved in resveratrabtection, alone or plus 5-ASA, in
cytokine-stimulated HT-29 cell€ells were pre-incubated with 25 pM Resv or 500 pMSA or both (25 uM
Resv plus 500 pM 5-ASA) and then exposed to a coatioin of cytokines for 30 minutes. Phospho-p38 MAP
(A) and phospho-SAPK/INK (B) expressions were eaald in total extracts by Western blotting, as dbed in
“Materials and Methods”, and expressed as percergagytokine-stimulated cells. Values are meareMf at
least three independent experiments, each oneglicdte. ™ P<0.001 vs Control (non-treated celfé)<0.05
#P<0.001 vs Cytoking$*¥P<0.001 vs 5-ASA plus Cytokines afii<0.05 vs Resv plus Cytokines.
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4.7 Resv, unlike 5-ASA, exerted a strong inhibitionn the generation of

intracellular reactive species, in cytokine-stimuléed HT-29 cells

It is well known that the formation of intracelluleeactive species is close related to the
inflammatory process. Thus, the ability of Reswwamparison and associated with 5-ASA, to
inhibit ~ cytokine-induced intracellular  oxidative ress was assessed by
dichlorodihydrofluorescein fluorescence. A time-s®i analysis was carried out, following
cytokine challenge. As shown on the tog-@jure 9, the intracellular levels of reactive species
started to increase after 8 hours of cell inculbatiith cytokines and were maintained until 24
hours. To assess the effects of Resv and/or 5-A8Aexperiment was conducted with 1 hour
of cell pre-incubation with the compounds, follow®d16 hours of incubation with cytokines.
As evidenced in the bar graph and typically shawthe pictures on the right Bfgure 9, Resv
exhibited a stronger efficiency as an antioxiddrant 5-ASA, and the association Resv and
5-ASA seems not to potentiate the effect of Remvse
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Figure 9 - Resv inhibits cytokine-induced oxidative stress igreater extent than 5-ASA, in HT-29 cezlls
were pre-incubated with 25 pM Resv or 500 pM 5-A8/oth (25 uM Resv plus 500 pM 5-ASA) for 1 hour
and then exposed to a combination of cytokinedhours. Reactive species production was measiitedl6
hours of incubation with cytokines, by oxidationtbé probe dichlorodihydrofluorescein, expressetéims of
fluorescence intensity relative to cytokine-stinteth HT-29 cells. A time-course of HT-29 reactiveesps
production following cytokine challenge is presehten the top and representative images obtained by
fluorescence microscopy (400x) of cells at 16 hafitsr cytokine treatment, in the absence or pasen25 uM
Resv and/or 500 uM 5-ASA are presented on the.righalues are mean + SEM of at least three indep@nde
experiments, each one in duplicat®<0.01 vs Control*P<0.05 #**P<0.01 vs Cytokines antP<0.05 vs 5-ASA
plus Cytokines.
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5. Discussion

The growing knowledge on theell signalling pathways, underlying the inflamnrgto
process that characterizes Inflammatory Bowel Bie¢a2, 35], has allowed the investigation
of better target strategies to limit IBD progressidlowever, despite the advances in the
pharmacological treatment that have been madeeitagt years, this disease remains devoid
of cure and, consequently, the pharmacological gemant is mainly used to prevent and to
treat symptoms and still induce or maintain theissmn periods [23]. On the other hand, given
that IBD patients often become refractory to thestaxg therapies, several lines of evidence
show that many patients take some form of dietappkment to achieve extra benefits [23,
36].

The anti-inflammatory role of polyphenols in chronnflammatory diseases as IBD has
been supported by many authors, who believe thatctmsumption of these biological
phytochemicals can be highly advantageous to ptemelimit disease progression [5, 6, 8].
Resveratrol is a non-flavonoid polyphenol, partéely abundant in grapes and red-wine, whose
action mechanisms have been extensively studignilast decades. However, one of the major
concerns about Resv efficacy is related to its toal bioavailability [16, 17]. In fact, it is
estimated that after oral intake, Resv can be skitely metabolized in the liver and intestine,
resulting in a very low bioavailability in humans0, 16]. Nevertheless, there are evidences
demonstrating that this compound is able to accatauh specific tissues, particularly in the
intestinal tissue, where its glucuronic acid antfasel conjugates, the major metabolites of
Resv, may work as a pool of the active compound ithaeleased upon the action of
B-glucuronidases or sulfatases [16, 37]. This suggbat Resv may be particularly attractive
to modulate the inflammatory process settled in |&lients.

In the present study, it was first examined theaotf Resv, alone or in combination with
the pharmaceutical agent 5-ASA, on the HT-29 ca&lbiity. Afterward, considering that
beyond its bioavailability, another major conceboat Resv helpfulness is related to some
studies pointing out that the consumption of higke$ of polyphenols may be deleterious to
the liver [18, 38], the possible hepatotoxicitycfr compounds was assessed on HepG2 cell
line. To exclude any possible toxicity, the seldaencentrations for the next experiments were
25 UM Resv and 500 pM 5-ASA. The reported capadfitResv to reduce the levels of some
pro-inflammatory mediators in macrophages [13] naitd us to verify its ability to counteract
the induction of NO and PGEproduction by cytokines in HT-29 cells, comparitggaction
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with that of the drug 5-ASA. Resv showed to bec#fit in inhibiting cytokine-induced NO
and PGE production, in a concentration 20 times lower tBafASA. Accordingly, in a study
by Zhonget al[12], Resv showed similar effects in LPS-stimutiaiB/-2 microglial cells. The
combination of Resv and 5-ASA did not give any ewice of enhanced efficiency, in our
experimental conditions.

To assess whether the above protective effect @v,Reoncerning pro-inflammatory
mediators, was exerted via inhibition of INOS ar@G2, both protein and mRNA production
were evaluated. Our results showed that Resv cappress transcriptionally the
cytokine-induction of these two enzymes, in a greaxtent than 5-ASA, revealing its
anti-inflammatory superiority and, on the other thatinat the inhibition of INOS and COX-2
are related to the reduction of NO and B@Ebduction induced by Resv. This is consistent
with the results previously reported by Ciancietial [39], showing the ability of Resv to
inhibit LPS-induced COX-2 and PGlaroduction, in Caco-2 cells.

The transcriptional regulation of pro-inflammatanarkers is a strictly controlled event
regulated by several transcriptional factors akBFNF-kB pathway is one of the most studied
regulators of the transcription of pro-inflammatgsnes, such as those of INOS and COX-2.
Besides, it is known that this pathway is usualiguced in the intestine of IBD patients [29].
It turns out that in our experimental conditionsesR could not prevent the degradation of tkB-
which is a well-established step for the classacaivation of NF-kB pathway [29]. Our results
are, hence, apparently in contradiction to thopented by Zhongt al[12], demonstrating the
inhibition of LPS-induced activation of NF-kB patawby Resv in microglial cells. In fact, in
our study, Resv showed to be not able to down-egguhe activation of NF-kB pathway, either
alone or in combination with 5-ASA. Therefore, thdi-inflammatory effect of Resv should
be explained by the involvement of an alternatiek signalling pathway, such as JAK-STAT
pathway, which is also induced in IBD patients [38]a previous study from our group, it was
demonstrated for the first time, the ability of SAto decrease the amount of activated STAT1
in the nucleus of HT-29 cells, by evaluating theels of phosphorylated STAT1 at Tyr701 [8].
It is believed that after IFN-receptor stimulation, STAT1 is phosphorylated @t7D1, being
this event essential for STAT1 dimerization, isnlocation to the nucleus and DNA binding
or, in other words, for STAT1 activation [40]. Inet present study, Resv ability to reduce the
levels of Tyr701phosphorylated STAT1 in the nucleus of HT-29 ceNas clearly
demonstrated. The combination of Resv with 5-ASAvetd a similar effect to that of the

compounds alone. To our knowledge, no study deakitly the ability of Resv to reduce
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cytokine-increased levels of Tyr7phosphorylated STATL, in the nucleus of HT-29 ¢dibs
been reported yet. Moreover, this finding is ireliwith the observation of Capirakal[41],
demonstrating the suppressive effect of Resv on-ibBGced phosphorylation of STATL1 at
Tyr701lin RAW 264.7 macrophages and BV-2 microglial cells.

The observed reduction of activated STAT1 accuredlat the nucleus induced by Resv in
HT-29 cells, may have an extremely important impac¢he context of IBD, since besides its
implications for the inhibition of many pro-inflanatory genes, it can contribute for the
prevention of radiation resistance acquired by IB&lients during radiotherapy treatment,
which has been associated to high levels of nu8&&T1 [42]. In fact, IBD patients exhibit a
high risk of developing colorectal cancer as coragdo healthy population [43] and, for this
reason, the use of anti-inflammatory compounds whighpotential to inhibit that event (acting
as anticancer agents) can be of great importani@Drcontext. Therefore, taking into account
the range of concentrations at which Resv and 5-&%ért anti-inflammatory effects, Resv
proved to give further benefits in the contextBbDlas compared to 5-ASA.

Seeking more information about the protective miidResv as compared to 5-ASA, the
involvement of MAPK pathway was studied. MAPKs argroup of enzymes considered as
instigative controllers of many downstream sigmgllpathways, with relevance, for example,
in the activation of some transcription factors][3he most known subfamilies of MAPKs are
ERK 1/2, SAPK/INK and p38 MAPK. ERK 1/2 is stronglgtivated by growth factors and in
a lesser extent by cytokines [44]. In contrast, RARK and p38 MAPK are strongly activated
by cytokines, such as TNd&{44]. This report shows that, contrarily to whatppens with
5-ASA, Resv inhibited cytokine-induced phospho-SARK levels, in HT-29 cells. The
combination of Resv with 5-ASA seemed to enhaneesttility of Resv to decrease the levels
of this phosphorylated protein. Large body of encesuggests that SAPK/INK pathway is an
important signal transduction pathway implicatedBD [45] and for this reason there is a
recent considerable interest in the developmeantfJNK therapies [45]. Towards this goal,
several studies have been conducted demonstragreffectiveness of some JNK inhibitors in
the protection against pathophysiology featuresxperimentally induced IBD in sonie vivo
models [46, 47]. On the other hand, SAPK/JINK pathwalso involved in the phosphorylation
of STAT1 at Serine 727 [48] and it is known thastspecific phosphorylation is required for
the maximization of the transcriptional potentidl STAT1. In fact this post-translational
modification is important, for instance, for the dodation of the interaction of STAT1 with

co-activator proteins [49]. Thus, our present daiggest that the anti-inflammatory protection
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afforded by either Resv alone or in combinationhwsASA involves the prevention of
SAPK/INK activation and the subsequent impairmenhtth@ maximization of STAT1
transcriptional potential. This is a meaningfuldiimg in the light of the therapeutic potential of
JNK inhibitors.

Besides, there is accumulating evidence that p3®Kkidan also mediate the STAT1 Ser727
phosphorylation [48, 50]. This event would enhaRtAS1 (protein inhibitor of activated
STAT1) binding and SUMO-1 (small ubiquitin-relatesbdifier-1) conjugation to STAT1 [51].
PIAS are a family of proteins implicated in theilition of STAT-mediated gene activation
through many mechanisms, such as inhibiting DNAlinig and promoting SUMO conjugation
of STAT1 [40]. SUMOylation is a post-transcriptiomaodification that, in the case of STATL,
seems to function as a negative regulator, sinbéits STAT1 Tyr701 phosphorylation,
prevents STAT1 DNA binding and also promotes ifghiesphorylation [40, 51-53]. Thus, p38
MAPK induced maximization of STAT1 transcriptionpbtential (by phosphorylation on
Ser727) and this event would precede the relatisielyy emergence of STAT1 SUMOylation,
triggering a negative feedback loop through PIABA 8UMO recruitment [52]. Remarkably,
our data show that cytokine-induced activation §gtwrylation) of p38 MAPK was not
counteracted by Resv and/or 5-ASA. This probablgmsdhat the protective effect of Resv or
Resv plus 5-ASA takes advantage of the p38 MAPKiated negative feedback of STATL.
These findings strengthen our knowledge regardmegpathways involved in the protection
afforded by Resv, 5-ASA and the combination of Regk 5-ASA, in activated intestinal cells.

On the other hand, several studies demonstrateoitiddtive stress and inflammation are
closely related and therefore persistently elevdwekls of ROS can contribute to the
perpetuation of the inflammatory process and ultgyato cancer [54]. For this reason, we
evaluated the effect of our compounds in the prodocof ROS. Interestingly, Resv
pre-treatment of HT-29, before cytokine challengipgevented the cytokine-induction of
oxidative stress in these cells, which was notfieetiwith 5-ASA pre-treatment. Thus, it is
noteworthy that Resv has a more efficient antioxidectivity than 5-ASA in this type of cells.

In conclusion, under our experimental conditionsesR revealed a stronger
anti-inflammatory and antioxidant activity than %A, given that in a concentration 20 times
lower, Resv was able to efficiently decrease cyteknduced pro-inflammatory mediators (NO
and PGE) production, pro-inflammatory enzymes (iNOS and XGZ) expression and
intracellular reactive species formation. Moreovier,spite of not being able to prevent

cytokine-induced IkBx degradation, Resv efficiently decreased the amainiTyr701
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phosphorylated STAT1 in the nucleus of HT-29 calgygesting that JAK-STAT pathway is
one of the key cascades involved in its anti-inflzaiory activity. On the other hand, in contrast
to 5-ASA, Resv was also able to inhibit the actvaif the SAPK/INK pathway, preventing
the transcriptional potential maximization of themaining Tyr701-phosphorylated STATL1.
Furthermore Resv takes advantage of the negatadbéek of STAT1, thought p38 MAPK
pathway.

Overall, Resv did not exhibit a synergistic effettih 5-ASA.

Put together, data collected from our previous wemkl gathered from the present work
support our belief that two polyphenols with conmlg different chemical structures,
cyanidin-3-glucoside and resveratrol, abundant Medliterranean Diet, can assume a more
efficient anti-inflammatory role than that of 5-AS&well-known pharmacological agent, used
as the cornerstone of treatment for IBD patientswélver, we are aware that the therapeutic
value of these compounds must be confirmedhbyivo experiments, which are planned in a
near future.

Considering that current treatment options for IB&lients are not completely successful,
the Mediterranean Diet (rich in those polyphena@mpounds) can be envisaged as an
interesting strategy to promote remission periad8D patients, limiting IBD progression and
even to obviate colorectal cancer, which is commarflicted on these patients.
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1. Abstract

Dietary polyphenols, allying their valuable antflammatory activity to their antioxidant
effect, have been envisaged as promising adjuvaroaches to conventional drugs usually
prescribed for patients with Inflammatory Bowel &se (IBD). This study investigated
whether the nuclear factor erythroid 2 (Nrf2) anérgxisome proliferator-activated
receptor-gamma (PPAR- pathways were involved in the protection affordeyg two
polyphenols highly abundant in red-wine, cyanidigi3coside and resveratrol, against
cytokine-induced inflammation and oxidative insmtHT-29 cells, in comparison with the
drug, 5-aminosalicylic acid (5-ASA). Our data shihat cyanidin-3-glucoside and resveratrol
induced Nrf2 activation, increased hemoxygenase&d glutamate cysteine ligase mRNA
expression, enhanced reduced glutathione to oxidghetathioneratio and inhibited reactive
species production, in cytokine-challenged cellsnach lower concentrations than 5-ASA.
Unlike cyanidin-3-glucoside, resveratrol and 5-A8l&o increased nuclear levels of PPAR-
in cytokine-stimulated cells. In conclusion, botllyphenols might be interesting as

nutraceuticals for the prevention of IBD progressio

2. Graphical Abstract
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Representative scheme of some signalling pathweavied in the protection afforded by C3G and Ragainst
cytokine-induced inflammation and oxidative respoimsHT-29 cells, in comparison with 5-ASA.
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3. Introduction

The human intestine is colonized by a huge numbericroorganisms, chiefly in its distal
portion, commonly called microbiota or commensakdl [1]. The relationship established
between the host and the commensal flora is ofnab®tic nature, since, for instance, the
microbiota increases the digestion capacity offtbst and helps him in preventing pathogen
colonization, benefiting, in turn, from both thetments and the warm temperature of the human
body [1-3]. However, given the close proximity beem the human intestine (with a surface
area of approximately 2003nand the resident microorganisms and its constapbsure to
pathogenic agents from the diet, the intestinatheium has devised strategies to avoid
microbial breach and to assure intestinal homemssfag This is accomplished thanks to the
intestinal epithelium’s ability to function as affi@ent barrier to be underpinned by its capacity
of triggering adequate immune responses againsinpakt pathogens-derived signals [4-6].
Intestinal epithelial cells as well as immune celpress pattern-recognition receptors (PRRS),
which after detecting microbial-associated moleculpatterns (MAMPs), namely
lipopolysaccharide and flagellin, up-regulate a qmy of pro-inflammatory signalling
cascades, leading to the transcription of sevefidmmatory genes, to the production and
release of many inflammatory mediators and to #reegation of reactive oxygen and nitrogen
species (ROS/RNS) [2, 7, 8]. Hence, cell inflamoratind oxidative reactions as self-limited
processes are involved in the orchestration oftenaad adaptive immune responses in order
to eradicate potential pathogens [9]. However,raipient induction of intestinal inflammation
with excessive production of reactive species aaroime pathological, as in the case of the
well-known chronic inflammatory disorder of the trastestinal tract, the Inflammatory
Bowel Disease (IBD) [9-11]. Although the etiologlyIBD remains uncertain, it is known that
an interplay between genetic predisposition, duer fnstance, to mutations in
nucleotide-binding oligomerization domain contagi#g (NOD2) gene, and environmental
factors, such as stress, diet and antibiotic intgkevokes a deregulation of the immune
reaction to dietary antigens or commensal micrausyas, culminating in the perpetuation of
uncontrolled and exacerbated inflammatory and dxidaesponses [3, 11, 12]

Dietary polyphenols can be considered excellenticites as a complementary nutritional
approach to treat chronic inflammatory diseases|B&s due to the growing wealth of
information demonstrating their potent antioxidacdapacity allied to their beneficial
anti-inflammatory effect in maniy vitro andin vivo models [13-16]. Furthermore, although
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the low oral bioavailability of the majority of pgdhenols can constitute a great handicap for
its use in the context of several diseases [17the particular case of IBD, the poor oral
bioavailability is not a true problem, since seVetadies have suggested that the intestine is
the organ where dietary polyphenols possibly aghtbe highest concentrations in the human
body [10, 18, 19]. On the other hand, it has beponted that these compounds can modulate
intestinal inflammatory response, which is an int@or component of IBD pathogenesis. In
this context, several cell signalling pathways h#esn proposed as potential targets of
polyphenols protective activity against intestinaflammation and oxidative insult [18].
Nuclear factor erythroid 2 (Nrf2) signalling pathyva considered the most important cellular
defence against oxidative stress [20], being alsportant in the suppression of the
inflammatory process by counteracting some prainfhatory cascades, as nuclear factor
kappa B (NF-kB) pathway, among other mechanisms]. [2lso, the peroxisome
proliferator-activated receptor gamma (PPARa nuclear receptor, was recently considered
important for inhibiting intestinal inflammatorysponse and defending cells from oxidative
damage [22, 23].

Among polyphenols, cyanidin-3-glucoside (C3G) aeslveratrol (Resv)Higures 1A and
B, respectively) are widespread in the human diattiqularly in fruits, vegetables and
red-wine, with recognized beneficial health effef@4]. The interest in the study of these
polyphenols arose, at least in part, from theatreély high contents in red-wine, which is very
much appreciated by Western Societies [10, 17].eR&¢ we have shown that both
polyphenolic compounds have a more efficient anftammatory activity than
5-aminosalicylic acid (5-ASA), a well-known antifimmmatory drug, commonly used in the
treatment of IBD Figure 1C), by decreasing the production of inflammatory keas, via
down-regulation of cytokine-induced Janus kinageai transducer and activator of
transcription (JAK-STAT) pathway, in a colonic dyatial cell line [13, 14].

Figure 1 - Chemical structures of cyanidin-3-glucoside (Asveratrol (B) and 5-aminosalicylic acid (C).
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To give continuity to the work previously developaad considering that inflammation and
oxidative stress are crucial close related phenanretihe pathogenesis of IBD [11], the present
study was conducted to elucidate the ability oséhpolyphenols to induce antioxidant and
detoxifying cellular defences, via Nrf2 up-regutetj in comparison with 5-ASA, by using the
samein vitro model, the HT-29 cell line and the same experiaderdnditions. On the other
hand, since 5-ASA has been suggested to be an sagohi PPARy, relying its
anti-inflammatory activity on PPARpathway [25], another goal of this work was taisiaize

the involvement of this pathway in the protectidfomed by either C3G or Resv against

cytokine-induced inflammatory and oxidative evantsiT-29 cells, as compared to 5-ASA.
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4. Materials and Methods

4.1 Reagents

Cyanidin-3-glucoside (C3G) and resveratrol (Reswjifigd from natural sources were
obtained from Extrasynthése (Genay, France). Tihity were above 95%, as measured by
HPLC, and they were used as a solution in DMSO I¢§ and stored at -20C.

Laboratory chemicals, namely, dimethylsulfoxide (BO),
2',7-dichlorodihydrofluorescein diacetate (DCFHA), phenylmethylsulfonyl fluoride
(PMSF), streptomycin/penicillin, protease inhibitoocktail, phosphatase inhibitors and
sodium dodecyl sulfate (SDS) were purchased frogm&tAldrich Co.

For cell culture, Dulbecco’s modified Eagle’s medi(DMEM), 0.25% trypsin, fetal bovine
serum (FBS) and phosphate-buffered saline (PBS) pH, were obtained from
Gibco-Invitrogen.

Mouse monoclonal antibody to PPARwas purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) and rabbit polyclonal antipta lamin B1 was obtained from Abcam
(Cambridge, UK).

IL-1a, TNF-o and IFNy were purchased from Invitrogen (NY, USA).

4.2 Cell Culture

Human colon cancer cell line (HT-29) was obtainemsnf European Collection of Cell
Cultures (Porton Down, Salisbury, UK). Cells werewgn in DMEM supplemented with 10%
FBS, 100 U/ml penicillin and 100 pg/ml streptomyain37°C in a humidified atmosphere of
5% CQ. Cells were sub-cultured at confluence and uséddsn the fourth and the twentieth
passage. Before each experiment, cells at 80%umorde were starved in serum-free medium
for 24 hours. Growth-arrested cultures, in mediummout FBS, were treated according to the
various experimental purposes.

HT-29 cells were stimulated with a cocktail of dyittes consisting of 10 ng/ml ILel 20
ng/ml TNFo and 60 ng/ml IFNg. Each cytokine was previously diluted in PBS wli#h bovine
serum albumin (BSA) and then added to cells whewenient. Cells were pre-incubated with
25 UM C3G or 25 uM Regver seor in combination with 500 uM 5-ASA, for 1 hourdathen
exposed to the pro-inflammatory cytokines for déf& time points, depending on the assay.

The concentrations of polyphenols and 5-ASA welecsed taking into consideration the range

119



Chapter 4 — C3G and Resv against inflammation aiahtive stress in HT-29 cells: comparison with S/

of concentrations referred in the literature asipeeached at the intestinal level [10, 18, 26].

4.3 Evaluation of Nrf2 DNA Binding Activity

DNA binding activity of Nrf2 was measured in nualextracts using the TransAM Nrf2
protein assay (Active Motif, CA, USA), an ELISA-fas method with high sensitivity and
reproducibility.

For preparation of nuclear extracts, washed cetiewysed in an ice-cold buffer containing
10 mM Tris—HCI, 10 mM NacCl, 3 mM Mgg]| 0.5% Nonidet P-40 and 1% protease inhibitor
cocktail, pH 7.5, for 5 minutes on ice. Afterwartisates were centrifuged at 5000 rpm for 5
minutes at 4°C and the pellets were collected asdspended in 50 pl of complete lysis buffer
(a solution provided by Active Motif, CA) and ledh ice for 30 minutes. Then, lysates were
centrifuged at 14000 rpm for 20 minutes at 4°C #edsupernatants (nuclear extracts) were
saved at -80°C.

DNA binding activity of Nrf2 was evaluated in 20 §nuclear protein, according to the

manufacturer’s protocol and the results expressediative terms.

4.4 Total RNA Extraction and quantitative Real-TimeRT-PCR (gRT-PCR)

Total RNA was extracted from HT-29 cells seededixawell-plates (8 x 1¥cells/well) by
using the RNA extraction kit Aurulf Total RNA Mini (Bio-Rad, Hercules, CA, USA),
according to the manufacturer’s instructions. Eotrd RNA was quantified using a NanoDrop
ND-1000 spectrophotometer at 260 nm and its puaiiy integrity were assessed by the ratio
of absorbances at 240/260 and 280/260 nanomet@mgtant amount of RNA (1 pg/sample)
was reverse transcribed into cDNA, using the NzZt5tand cDNA Synthesis Kit (NZYtech,
Portugal), according to the manufacturer's proto®&R reactions were performed with 25
pag/ml of transcribed cDNA. The primers for the HOHie catalytic and modifier subunits of
glutamate cysteine ligase (GCLC and GCLM, respebt)vand the housekeeping gene
HPRT-1 (hypoxanthine phosphoribosyltransferase-Brewdesigned using the Beacon

Designer software (PREMIER Biosoft International|d?Alto, CA) and the primers sequences

were: HO-1, sense 5- TCACTGTGTCCCTCTCTC -3, aanise
5- ATTGCCTGGATGTGCTTT -3'; GCLC, sense 5- ATTCTGXCTCTTACCTTGA -3’;
antisense 5'- ATCTGGCAACTGTCATTA -3’; GCLM, sense
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5'- AACTCTTCATCATCAACTA -3’; antisense 5- AACTCCATTTCAATAGG -3’ and
HPRT-1, sense 5'- TGACACTGGCAAAACAATG -3, antisems
5- GGCTTATATCCAACACTTCG -3. Real time-PCR was permed in 20 ul of total
volume, containing 2 ul of each primer (250 nMyl2of cDNA of each sample, 10 pl of the
IQ ™ SYBR Green Supermix (Bio-Rad) and RNase-freeltdidtivater to make up the volume
to 20 pl, in a CFX96M Real-Time PCR Detection System (Bio-Rad, Hercules, USA).
Thermal cycling conditions were the following: 3mates at 95 °C to activate the iTHPNA
polymerase, then 45 cycles, each consisting of atdeation step (95°C, 10 seconds), an
annealing step (55°C, 30 seconds) and an elongstiggn(72°C, 30 seconds). Fluorescence
measurements were taken every cycle at the e @frtnealing step and the specificity of the
amplification products was evaluated through theyasis of the melting curve. The efficiency
of the amplification reaction for each gene waswalted by running a standard curve of
serially diluted cDNA sample. Gene expression wedyesed using the Bio-Rad CFX Manager
3.0 software (Bio-Rad, Hercules, CA, USA), whiclakles the analysis of the results with the
Pfaffl method. The results for each gene of intevesre normalized against HPRT-1, the
housekeeping gene found to be stable under expai@ameonditions and expressed as a

percentage of control cellise. non-stimulated cells.

4.5 Measurement of Reduced (GSH) and Oxidized Formsf Glutathione
(GSSG)

The intracellular contents of GSH and GSSG wererdehed by a fluorimetric assay, as
described by Hissin and Hilf [27]. Briefly, GSH a@5SG are measured upon their reactions
with a fluorescent reagent, o-phthaldialdehyde (DRI pH 8 or pH 12, respectively. Before
GSSG determination, GSH is complexed to N-ethylmatke (NEM) to prevent its oxidation
and consequently its interference with GSSG quaatibn.

After 24 hours of incubation, cells were washedcevith cold PBS, detached and
resuspended in 500 pl of 200 mMAIN&Qu, pH 8 After addition of an equal volume of 0.6 M
HCIO4, the mixture was maintained on ice for 5 minugsiéer vigorous vortex, the cellular
extracts were centrifuged at 14000 rpm for 5 migudé 4°C. Supernatants were collected and
the respective pellets were resuspended in 1 M N&DHbrotein quantification. For GSH
guantification, 100 pl of each sample was addekBad pl of 100 mM NaHPQy, pH 8 buffer,
and to 100 ul of OPT and maintained in the darkpam temperature, for 15 minutes, before
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fluorescence detectioA.standard curve was also prepared with known concentrations of GSH.
For GSSG quantification, NEM was added to an aliquot of each sample for 30 minutes to
complex GSH, and the following protocol was similar to that mentioned above to GSH
measurement, but using 100 mM NaOH instead of NaoHPQq, to carry out the reaction at pH 12.
Fluorescence intensity was read in a Synergy HT plate reader (Bio-Tek Instrumentsgiation
and emission wavelengths at 350 and 420 nm, resp8QtiCellular GSH and GSSG contents
were calculated using concurrently run standard curves and expressed as nmol GSH or GSSG
per milligram of protein. Cellular protein was determined by using the Bio-Rad protein assay

reagent (Bradford assay), according to the manufacturer’s specifications (Bio-Rad, USA).

4.6 Evaluation of Intracellular Reactive Species

The production of intracellular reactive speciesen@ssessed by using the non-fluorescent
probe 2 7'-dichlorodihydrofluorescein diacetate (DCFBEA), which permeates cell
membranes and may be deacetylated by cellularassterand rapidly oxidized by reactive
species, yielding the fluorescerif72dichlorofluorescein (DCF) [28]. Briefly, cells it2-well
plates (4 x 10cells/well) were previously incubated in the preseor in the absence of C3G
and 5-ASA and further subjected to the combinabiocytokines for 24 hours. After that period
of time, the cells were incubated witlusl DCFH;-DA in DMSO, at 37°C, in the dark for 15
minutes. Cells were then washed with PBS and miagdain 0.5 ml of PBS during the
fluorescence intensity measurements in a Synergyplie reader (Bio-Tek Instruments)
(excitation and emission wavelengths at 485 andnB®0respectively). Cells were also

observed in an inverted fluorescence microscopisgZexiovert 40), using a FITC filter.

4.7 Western-blot Analysis

As previously described [13], nuclear cellular piotextracts from HT-29 cells were
prepared and analysed by Western-blottiigls were washed with cold PBS and then lysed
in an ice-cold buffer containing 10 mM Tris—HCI, 10 mM NacCl, 3 mM Mg 0.5% Nonidet
P-40 and 1% protease inhibitor cocktail, pH 7.5 5@ninutes on ice. Afterwards, lysates were
centrifuged at 5000 rpm for 5 minutes at 4°C ardpdllets were collected and resuspended in
an ice-cold buffer with 20 mM Hepes, 5 mM MgC0.2 mM EDTA, 1 mM DTT, 300 mM
NaCl, 2% (w/v) glycerol, and 1% protease inhibitor cocktail, pH 7.5 and teftice for 30
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minutes. Then, the mixture was centrifuged at 14086 for 20 minutes at 4°C and the
supernatants, the nuclear extracts, were sav&@ &t -

Protein concentration was determined by using ibeR&d protein assay reagent (Bradford
assay), according to the manufacturer’'s specibaoati(Bio-Rad, USA). Fifty micrograms of
reduced and denatured nuclear proteins were seddnatSDS/PAGE electrophoresis on a 10%
(v/v) acrylamide gel and transferred onto polyvidghe difluoride (PVDF) membranes
(Amersham Biosciences, UK) by electroblotting. Mwid non-specific binding, membranes
were blocked with skimmed milk in TBS pH 7.6 suppénted with 0.1% (v/v) Tween 20
(TBS-T: 20 mM Tris—HCI, 150 mM NacCl, 0.1% Tween 20)d then probed with the antibody
against PPARs overnight at 4°C, with a constant low shakingteAfinishing, membranes
were washed three times and further incubated théh alkaline phosphatase-conjugated
secondary antibody (2 hours at room temperatureanstant shaking). Immunoreactive bands
were detected by fluorescence in a Typhoon 900@nsra(Amersham Biosciences) and
analysed with the ImageQuant TM software from Arhans Biosciences. After analysis of the
target protein, each blot was stripped off andabpd with the primary antibodies against lamin

B1, used as control for nuclear protein loading.

4.8 Statistical Analysis

All data were expressed as means + SEM of at [@astlependent assays, each one in
duplicate. Differences between groups were analysgdone-way analysis of variance
(ANOVA) and Tukey'spost hodest was used as appropriate. Valugs<® .05 were accepted

as statistically significant.
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5. Results

5.1 Either C3G or Resv induced the activation of N2, in cytokine-stimulated
HT-29 cells

Nuclear factor erythroid 2 (Nrf2) is a redox-sensittranscription factor with a crucial role
in counteracting the overproduction of reactive gty species as well as in inhibiting
inflammation. Therefore, to progress our study b&f tmechanisms underlying the
anti-inflammatory activity of C3G and Resv in compan with 5-ASA, we intended to
elucidate about their effects on this key trangimipfactor.

So, in the present study, we started to ascert@retfect of a group of cytokines used as
inflammatory stimulus on the modulation of Nrf2 igation, over time, as described in
materials and methods. As shown Figure 2A, Nrf2 DNA binding activity increased
approximately twofold, compared to the levels imtcol cells (untreated cells) and remained
enhanced up to 8 hours of cytokine challenge. Heweafter 16 hours of cytokine exposure,

DNA binding activity of Nrf2 was similar to that @on-stimulated cells (control cells).
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Figure 2 —C3G and Resv increase Nrf2 activation in cytokitienslated HT-29 cells, in a more efficient way
than 5-ASA.In 2A, cells were incubated with a combination of proanfimatory cytokines (Cyt) and the Nrf2
DNA binding activity was evaluated over time. In,2&lls were pre-incubated with 25 pM C3G, 25 uMRe
500 uM 5-ASA or with combinations of each polyphlewth 5-ASA, for 1 hour, and then exposed to aktait

of cytokines for 16 hours. The Nrf2 activation glls was measured as described in “Materials andhddis” and
expressed as percentage of control cells (C) (tionikated cells). Values are mean + SEM of at lehste
independent experiments, each one in dupli¢&e0.05,™ P<0.01 and™ P<0.001 vs Control cells§/P<0.05,
##P<0.001 vs Cytokines-stimulated cells.
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Being aware that after 16 hours of cytokine-stirhiatg this mixture of cytokines was no
longer able to produce an increase in Nrf2 DNA bigdactivity, we investigated, at that time,
the effect of C3G and Resv on Nrf2 DNA binding waityi, in comparison with 5-ASA, in cells
challenged or not challenged with the cytokine om@t As depicted ifrigure 2B, C3G and
Resv per se and the combination of C3G plus 5-ASA were susftésn promoting the
activation of Nrf2, in cytokine-exposed cells, demly to 5-ASA. However, the stimulatory
effect of C3G alone was clearly and statisticaighler than that assigned to 5-ASA, patrticularly
if the difference in the concentrations of the connpds are taken into account (25 uM C3G
versus 500 uM 5-ASA). As compared to C3G, Resv glabsvmuch lower activation effect of
Nrf2, but also higher than that of 5-ASA, considgrthe difference in the concentrations (25
MM Resv versus 500 uM 5-ASA). Of note is that tbebination of 5-ASA with C3G or Resv
did not increase those observed effects in cytektimaulated HT-29 cells. In cells not exposed
to cytokines (control cells), DNA binding activitgf Nrf2 was not induced neither by

polyphenols, 5-ASA nor their combinations.

5.2 C3G and Resv, unlike 5-ASA, up-regulated HO-1 RNA expression, in
cytokine-stimulated HT-29 cells

In pursuit of knowing more about the beneficial eefs of C3G and Resv in
cytokine-stimulated HT-29 cells, we explored thdigbof these polyphenols to modulate the
expression of some Nrf2 target genes. Thereforegwadiated the effect of those compounds
in one ARE-regulated cytoprotective enzyme, thedgrmgenase-1 (HO-1), at a transcriptional
level, in comparison with 5-ASA, by performing gAPICR Figure 3).

In this figure, it is observed that after a stintigia period (20 hours) of HT-29 cells with
cytokines, the HO-1 mRNA levels were statisticaignilar to those in non-stimulated cells
(control). The pre-treatment of control cells witile compounds under study, either alone or in
combination with 5-ASA, in similar conditions, dibt modify the HO-1 mRNA levels.
Nevertheless, it is clear that in cytokine-stimethtells, the pretreatment with either C3G or
Resv inducedper sea significant increase in the HO-1 mRNA expressido additional
remarkable effect was obtained with the pretreatmathh C3G plus 5-ASA. In contrast with
C3G alone, the pre-treatment with 5-ASA alone ocombination with Resv did not induce
any increase in HO-1 mRNA levels, in cytokine-exgmbsells. Therefore, it is worth of notice

the very high efficiency of C3G and Resv in up-fagjng HO-1 mRNA expression, an effect
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not assigned to 5-ASA, in a concentration 20 tilmghker.
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Figure 3 —C3G and Resv, unlike 5-ASA, enhance mRNA expressi¢tO-1 in cytokine-stimulated HT-29 cells.
Cells were pre-incubated with 25 uM C3G, 25 uM R&80 uM 5-ASA or with combinations of each polypbk
with 5-ASA and then exposed to a cocktail of cytas for 20 hours. The mRNA production of HO-1 was
evaluated by qRT-PCR, as described in “Materiats liethods”, and expressed as percentage of cortisl
Values are mean + SEM of at least three indeperelgeriments, each one in duplicateP<0.001 vs Control
cells,”P<0.05,P<0.01, #P<0.001 vs Cytokines-stimulated cells.
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5.3 C3G and Resv increased mRNA expression of catat and modifier
subunits of GCL, in cytokine-stimulated HT-29 cells in a much lower

concentration than 5-ASA

Glutamate cysteine ligase (GCL) is another ARE-a&tgd cytoprotective enzyme crucial
for cellular defence against oxidative stress, bynmwting the first-step of the synthesis of
intracellular glutathione. The expressions of bBL catalytic and modifier subunits (GCLC
and GCLM, respectively) were evaluated, at a tnaponal level, by gRT-PCR, in HT-29
cells challenged or not with a mixture of cytokirfes 20 hours and pre-treated or not with
C3G, Resv and/or 5-ASA. As patenfHigure 4, the expression of GCLC remained statistically
unchanged after cytokine-exposufggure 4A), conversely to GCLM, whose expression

slightly increased in cytokine-stimulated ceFsgure 4B).
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Figure 4 —C3G and Resv promote mRNA expression of GCLC andNs cytokine-stimulated HT-29 cells,
in a much lower concentration than 5-AS2ells were pre-incubated with 25 pM C3G, 25 pM Ré&H0 puM
5-ASA or with combinations of each polyphenol Ww#ASA and then exposed to a cocktail of cytokinas20
hours. The mMRNA production of both catalytic anddifier subunits of GCL (GCLC (4A) and GCLM (4B)) wa
evaluated by qRT-PCR, as described in “Materials lliethods”, and expressed as percentage of corhisl
Values are mean = SEM of at least three indepersigdriments, each one in duplicdfe<0.05,” P<0.01 and
™ P<0.001 vs Control cell§P<0.05 and”P<0.01 vs Cytokines-stimulated cells.

The pre-treatment of these cells with either C3Resv, alone or in combination with 5-ASA,
before cytokine exposure, triggered a significactease in the expression of both GCLC and
GCLM, as compared to control cells, like with 5-AS#ut at a concentration 20 times lower
(Figures 4A and4B). The association of these polyphenols with 5-A@8d not significantly
improve the effects of C3G and Resv alone. In gadlsexposed to the inflammatory stimulus
(control cells), the treatment with those compoundssimilar conditions, did not change
significantly the expressions of GCL subunksyures 4Aand4B).
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5.4 Unlike 5-ASA, C3G and Resv enhanced the GSH/GGSratio, in
cytokine-exposed HT-29 cells

Considering that C3G and Resv significantly incegighe expression of GCL in
cytokine-stimulated cells and that this enzyme maor determinant of cellular glutathione
levels, we evaluated the effects of those polyplsean the reduced glutathione to oxidized
glutathione ratio (GSH/GSSG ratio), in comparisoths-ASA. As illustrated irFigure 5, the
GSH/GSSG ratio did not undergo significant changéshours after cytokine stimulation,
remaining similar to that of unstimulated cellsr{trol). However, in cytokine-exposed cells,
the pre-incubation with 25 uM C3G or Resv aloneiltes in a significant enhancement of the
GSH/GSSG ratio. Similar results were obtained withpre-incubation of these cells with Resv
plus 5-ASA, but, on the contrary, neither the iratidn with 5-ASA alone nor its combination
with C3G was able to increase the GSH/GSSG ratimoin-stimulated cells, the incubation
with those compounds, in similar conditions, did doange the reduced/oxidized glutathione

ratio.
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Figure 5 —C3G and in particular Resv enhance the GSH/GSSG imtytokine-stimulated HT-29 cells, much
more efficiently than 5-ASA.Cells were pre-incubated with 25 uM C3G, 25 uM R&SDO uM 5-ASA or with
combinations of each polyphenol plus 5-ASA and tegposed to a cocktail of cytokines for 24 hoursll@ar
content of GSH and GSSG was measured by fluoresdatensity, as described in “Materials and Metlicasl
expressed in nmol of glutathione/mg protein. Valagsmean + SEM of at least three independent arpats,
each one in duplicatéP<0.05,” P<0.01 and™ P<0.001 vs Control cell§?*P<0.001 vs Cytokines-stimulated
cells.
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5.5 C3G, unlike 5-ASA, provoked a strong inhibitionof intracellular reactive

species production, in cytokine-stimulated HT-29 dks

It is well-known that in response to chronic infiaation, the overproduction of intracellular
reactive species occurs, and subsequently, seneglax-sensitive transcription factors remain
up-regulated, leading to the generation of more rmode intracellular reactive species. As
recently reported by us, this mixture of cytokirsggnificantly increased reactive species
production, as evaluated by dichlorodihydrofluoeescfluorescence, in a time-dependent
manner [14]. Besides, in cytokine-stimulated cells,have shown that the pre-incubation with
Resy, either alone or in combination with 5-ASAhilrited the formation of reactive species
more efficiently than 5-ASA [14]. In this sequent®e potential protective effect of C3G was
assessed, by using the same methodology. In agn¢@ntle the data previously reported by us
[14], the exposure of HT-29 cells to the selectecktail of cytokines for 24 hours, conducted
to a significant increase in the intracellular levef reactive species. As shown in the bar graph
and in the top pictures dfigure 6, C3G alone exhibited a higher efficiency than 5AA8
inhibiting intracellular reactive species produntioparticularly taking into account the
difference in the concentrations used (25 uM C3@ %00 uM 5-ASA). The association of
C3G plus 5-ASA did not significantly protect agdinseactive species formation, in

cytokine-exposed cells.
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Figure 6 —C3G inhibits reactive species generation in cyteldtimulated HT-29 cells, more efficiently than
5-ASA. Cells were pre-incubated with either 25 pM C3G, p0d 5-ASA or both 25 pM C3G plus 500 uM
5-ASA for 1 hour and then exposed to a cocktaglydbkines for 24 hours. Intracellular reactive spsgeneration
was measured by oxidation of the probe dichloradiibffuorescein and expressed in terms of fluoreseen
intensity relative to cytokine-stimulated HT-29lseRepresentative images obtained by fluorescericemscopy
(400x) of cells at 24 hours after cytokine treatimé@mthe absence or presence of 25 pM C3G and0r.6V
5-ASA, are presented on the top. Values are meaEM of at least three independent experiments, eaehn

duplicate.”™ P<0.001 vs Control cell$P<0.05 vs Cytokines-stimulated cells.
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5.6 Resv, unlike C3G, increased the expression oPRR-y in the nucleus of
cytokine-challenged HT-29 cells, similarly to 5-ASAbut in a much lower
concentration

Allying the knowledge about the involvement of pasome proliferator-activated receptor
gamma (PPARp in the inhibition of both intestinal inflammaticand oxidative events with
some work suggesting that the anti-inflammatoryoacbf 5-ASA is dependent on PPAR-
[25], we attempted to evaluate the effects of C3@ &esv on the expression of this
transcription factor in the nucleus of HT-29 celllscomparison with 5-ASA. As demonstrated
in Figure 7, none of the compounds in study was able to isereggnificantly the expression
of PPARy in the nucleus of cells not exposed to cytokitswyever, in cells stimulated with
the cytokines cocktail, Resper sewas able to increase the nuclear expression &f thi
transcription factor in a similar extent to 5-AS#AJt in a concentration 20 times lower. On the
contrary, C3G did not enhance the nuclear expressio PPARy, suggesting that this
transcription factor is not involved in the proteatafforded by this anthocyanin against the

cytokine-induced inflammatory process in HT-29 ell
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Figure 7 - Unlike C3G, Resv increases the nuclear accumulatid?PARy in cytokine-stimulated HT-29 cells,
similarly to 5-ASA, but in a much lower concentaati Cells were pre-incubated with either 25 uM C3Gu25
Resv, 500 uM 5-ASA or with combinations of eachypblenol with 5-ASA (25 uM C3G/Resv plus 500 uM
5-ASA) and then exposed to a cocktail of cytokif@sl6 hours. PPAR-expression was evaluated in nuclear
extracts by Western blotting, as described in “Mate and Methods”, and expressed as percentagentfol
cells. Values are mean + SEM of at least threefiaddent experiments, each one in duplic&e0.05 vs Control
cells and®P<0.05vs Cytokines-stimulated cells.

131



Chapter 4 — C3G and Resv against inflammation aiahtive stress in HT-29 cells: comparison with S/

6. Discussion

In spite of the etiology of Inflammatory Bowel Dase (IBD) remains unclear, it is widely
accepted that inflammation and oxidative stresg plaivotal role in the pathogenesis of this
disease [11].

In the last decades, a flourishing research fiedd been focused on the study of the
antioxidant and anti-inflammatory activities of seal dietary polyphenols, suggesting that
these phytochemical compounds can be envisagertbassing agents in the prevention and
treatment of several chronic inflammatory disordess IBD [16, 18]. However, the precise
cellular signalling mechanisms and targets involiretheir protective effects are still under
debate.

Nrf2 pathway has emerged as a key regulator otleellantioxidant and detoxifying
defences against oxidative insult, requiring a propegulation to assure the intestinal
homeostasis [20]. Under basal conditions, Nrf2eigugstered in the cytoplasm, bound to the
inhibitory protein Kelch-like ECH-associated protdi (Keapl), which has the ability to target
Nrf2 for proteasomal degradation [29]. After actiga, it is known that Nrf2 translocates to
the nucleus, heterodimerizes with other proteirmnely small Maf proteins, and binds to
antioxidant response elements (ARE) in enhances sif responsive genes, promoting the
transcription of several important antioxidant amytoprotective enzymes, namely
hemoxygenase-1 (HO-1) and glutamate cysteine liffa€d) [21]. Beyond the anti-oxidative
protection afforded by Nrf2 activation, this traription factor has demonstrated to be also
crucial in the suppression of the inflammatory esx; namely by down-regulating some
important pro-inflammatory cascades, such as NHXH. In line with this, accelerating
research has suggested that Nrf2 pathway is eakémtcounteract dextran sulfate sodium
(DSS)-induced gut inflammation in mice [30] andr this reason, the potential of dietary
polyphenols to up-regulate Nrf2 pathway has gaatéshtion in the context of IBD.

Following our previous report showing that a mietwf cytokines (IL-&, TNF-a and
IFN-y) in HT-29 cells induced the expression and adtwvadf two relevant pro-inflammatory
cascades, NF-kB and STAT1 [13], in the presentystadtart aim was to investigate the effect
of that cytokine mixture on the regulation of Nd@thway. We demonstrated, for the first time,
that the exposure of intestinal cells to a grouppai-inflammatory cytokines led, in the
beginning, to a growing induction of Nrf2 trans¢igmal activation (up to 8 hours). It is
possible to speculate that this increase of Nréhdcriptional activation may constitute a
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homeostatic mechanism in order to counteract thanmmatory response and the excessive
production of reactive species. This finding issistent with the study of Rushworthal [31]
showing the ability of TNFe to induce a prolonged Nrf2 activation in monocytéswever, in
our experimental conditions, Nrf2 transcriptionetivaty returned to basal levels after 16 hours
of cytokines exposure, suggesting that intestiradls cwere no longer able to hamper the
inflammation and oxidative stress, at least throlgti2 pathway, after that time. This
assumption is strengthen by our previous work, shgwhat intestinal cells expressed high
levels of several pro-inflammatory markers (nameéd®X-2 and PGE [13] as well as
increasingly amounts of reactive species [14], dérs after cytokines exposition.

Taking into account that after this stimulationipdr the Nrf2 activity recovered the basal
levels, we investigated, at this time point, thieets of C3G and Resv on the regulation of the
activation of this transcription factor, as comphi@ 5-ASA. We observed that C3G and Resv,
in a concentration 20 times lower than 5-ASA, digantly increased Nrf2 activity in
cytokine-stimulated cells, prolonging its activatid his is in accordance with a recent study
by Specialeet al[32], indicating that C3G was able to increasetthaslocation of Nrf2 to the
nucleus of TNFe-stimulated human umbilical vein cells (HUVECS), igfhis a very good
indicator of Nrf2 activation. Moreover, Hagt al [33] have also reported that Resv showed
similar effects in lipopolysaccharide-exposed a@tliprimary human cardiomyocytes. It is
worth to note that, in our study, the combinatioh€3G or Resv with 5-ASA did not improve
the effects obtained with each polypheper se demonstrating no additive or synergistic
effects.

Since C3G and Resv were able to promote the trigtiscral activity of Nrf2, we assessed
the effects of these dietary polyphenols on theesgon of two ARE-regulated enzymes, HO-1
and GCL, as compared to 5-ASA. HO-1 is the indecibbform of the hemoxygenase enzyme
that catalyses the oxidation of heme to carbon midlea(CO), iron and biliverdin [34]. In our
experimental conditions, and in contrast to 5-A88G and Resv significantly increased the
expression of HO-1 in cytokine-challenged cellsa &ianscriptional level. This finding can be
seen as a point in favour of the potential usehefgolyphenols in the detriment of 5-ASA,
since the up-regulation of this enzyme has dematesir to contribute to ameliorate
experimentally-induced colitis [35, 36]. Besides accurred with Nrf2 activation, the
combination of C3G or Resv with 5-ASA did not reggrt an advantage over the use of
individual compounds to promote the HO-1 expressiithough the mechanisms behind the

protective effect of HO-1 on colitis are not fulipderstood, some recent studies indicated that
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this enzyme interferes with the expression of @iatypro-inflammatory enzyme, the inducible
nitric oxide synthase (iNOS), which could be a pueamolecular mechanism underlying, at
least in part, the beneficial effects of some Hixducers, as reported in bathvitro andin
vivo studies [35, 37]. Thus, strikingly, the incremeafsHO-1 expression promoted by the
pre-incubation of either C3G or Resv in cytokiniemsiiated cells may be related to their
abilities to inhibit the expression of INOS and tmnsequent production of nitric oxide (NO)
in those cells, as previously reported by us [148, Concerning to GCL, this enzyme is
responsible for the first limiting-step of the byoghesis of the glutathione (GSH) and it
comprises a catalytic subunit (GCLC), with all #rezymatic activity, and a modifier subunit
(GCLM), which is enzymatically inactive but with macity of increasing the catalytic
efficiency of GCLC [38]. The GSH is a tripeptideognized as the most important intracellular
antioxidant, which can be oxidized to GSSG, by RRNS, being the ratio GSH/GSSG an
optimal indicator of the intracellular redox st§89]. Regarding to our main findings, it is
important to highlight two aspects: firstly, theakine stimulation of HT-29 cells did not alter
the expression of GCLC as compared to non-stimdilaédls, whereas it enhanced GCLM
expression in the same cells. Although there isesoomtroversy around this issue, Frankdin

al [40] have reported that the enhancement of GCLpt&ssion, even not accompanied by an
increment of GCLC, is an effective mechanism far@éasing GCL activity. However, in our
study, the levels of GSH did not suffer any chamgeytokine-stimulated cells as compared to
control cells, suggesting that the increase of GCdlbhe was not sufficient to enhance the
levels of GSH in those cells. The second imporéapect to stress is that the pre-incubation of
intestinal cells with either C3G or Resv, beforéo&ne-stimulation, was able to significantly
increase the expressions of both GCLC and GCLMyelkas the ratio of GSH/GSSG. This
contrasted with the pre-incubation of cells witlASA, in which a GCLC and GCLM increase
was observed but without a significant increastnenGSH/GSSG ratio. These findings are in
harmony with the results obtained by €tzal[41], revealing that green tea polyphenols were
more efficient than the drug sulfasalazine, whech parent compound of 5-ASA, in increasing
the levels of colonic GSH in DSS-treated mice.

On the other hand, although both polyphenols amSB- increased Nrf2 pathway in
cytokine-stimulated cells, only C3G and Resv [14revable to significantly decrease the
production of reactive species in those cells, destrating in some way, the antioxidant
superiority of those polyphenols as compared taS3&A

Alongside Nrf2 pathway, PPARpathway was recently found as important for intmig
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intestinal inflammatory response and protectindgsciebm oxidative damage [22, 23, 42]. In
general terms, PPARbelongs to a nuclear receptor family of ligandetegent transcription
factors, whose activation requires, at first, it;iding to a specific agonist, then its
hetero-dimerization with the nuclear retinoid Xeptor (RXR) and further the heterodimer
binding to sequence-specific regions in DNA, calledroxisome Proliferator Response
Elements (PPRE) [43]. This description correspdndble conventional mechanism by which
PPARSs regulate gene expression. However, thromgigchanism, not fully understood, termed
transrepression, PPAR-is able to antagonize the transcriptional actividf several
transcription factors, namely NF-kB, STAT1, actaprotein-1 (AP-1), without interacting
with PPRE [43, 44] and this process has been invo&eclarify the role of PPAR-against
inflammation [23]. Aiming to determine whether PPARvas involved in the antioxidant and
anti-inflammatory protection afforded by C3G andsRRein comparison with 5-ASA, we
evaluated the effects of these polyphenolic comgswn PPARy¢ nuclear accumulation in
cells stimulated or not with cytokines. In accordamwith some compelling studies evidencing
that the anti-inflammatory activity of 5-ASA couilet dependent on the activation of PPAR-
[45], 5-ASA showed to increase, in our experimentaiditions, the accumulation of PPAR-
in the nucleus of cytokine-exposed intestinal cdllalike C3G, Resv demonstrated similar
results to 5-ASA, at a concentration 20 times lowdtogether, our results are consistent with
the involvement of PPAR-pathway in the protection afforded by Resv agam&mmation
and oxidative stress. This assumption is suppdiyestrong evidence indicating that PPAR-
can inhibit the transcriptional activation of STATdy transrepression, for instance, through
direct competition for scarce amounts of co-activaholecules [46]. Remarkably, in our
previous work, we demonstrated that, in the sanper@xental conditions, Resv was able to
decrease the amount of activated STAT1 in the nsctd cytokine-stimulated HT-29 cells
[14], being plausible that the remaining activa8adAT1 could be transcriptionally inactive in
the nucleus of those cells, by Resv-induced PRARerference. On the other hand, it was
found that PPARF may interplay with Nrf2 pathway, inducing Nrf2 aetion directly or
through upstream pathways [23]. Therefore, it isgiade that PPAR-activation may have
contributed to Resv effect on the enhancement dR Nranscriptional activation in
cytokine-stimulated cells.

Based on the above results, our work gives a stepafd unravelling Nrf2 and PPARas
signalling pathways involvedn the protection afforded by Resv and C3G against

cytokine-induced inflammation and oxidative respons HT-29 intestinal cells, making
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comparison with the pharmaceutical agent, 5-ASA.

In conclusion, the novel findings that we desciib®ur work, regarding to the beneficial
effects of C3G and Resv against cytokine-induceftanmmation and oxidative stress,
strengthen the belief that polyphenols abundarituits, vegetables and red-wine, typically
present in a Mediterranean diet, can be truly aiggaous for the prevention of chronic
inflammatory diseases, as is the case of IBD, piingieven more benefit to patients than that
obtained with conventional drugs, such as 5-ASAweNer, we are conscious that vivo
studies must be conducted to establish evidenddéoactual value of dietary polyphenols, as

C3G and Resy, in limiting IBD progression, whicle atanned in a near future.
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Concluding Remarks

The work reported in this thesis highlights thei-amftammatory potential of two
polyphenols typically present in the Mediterranelzgt and draws attention to their putative

role as adjuvant approach to conventional pharnogemdl therapy.

The results obtained demonstrated that both theapanin cyanidin-3-glucoside and the
stilbene resveratrol were able to efficiently dese the production of cytokine-induced
pro-inflammatory mediators, such as NO and PGHAd the expression of cytokine-induced
pro-inflammatory enzymes, namely iNOS and COX-2thaut affecting the activation of
NF-kB, but decreasing the amount of activated STAilthe nucleus of human intestinal cells
(HT-29). These effects were achieved with concéntia of either cyanidin-3-glucoside or
resveratrol twenty times lower than that at whikh trug 5-ASA promoted similar effects,
reflecting the superior anti-inflammatory efficignaf these natural polyphenolic compounds
as compared to the pharmaceutical agent. This stisdyshowed that resveratrol, in contrast to
5-ASA, inhibited the activation of JNK, thus pretieg the maximization of the transcriptional
potential of STAT1, accumulated in the nucleus otokine-stimulated HT-29 cells.
Furthermore, neither Resv nor 5-ASA showed to He &b decrease the activation of p38
MAPK in cytokine-stimulated HT-29 cells, which migbontribute to the inhibition of the

transcriptional activity of the STATL, in thoselsel

On the other hand, considering that inflammatiod awidative stress are crucial close
related phenomena in the pathogenesis of IBD, hat Nrf2 signalling pathway has been
recognized as the most important cellular defemgyaénat oxidative stress, being also relevant
in the suppression of the inflammatory process, iftstance, by counteracting some
pro-inflammatory cascades, as NF-kB pathway, thiityalof cyanidin-3-glucoside and
resveratrol to induce Nrf2 pathway, in comparisathvb-ASA, was also addressed in the
present study. It was demonstrated that cyanidghiBeside and resveratrol were able to
induce Nrf2 activation and consequently to increageARE-regulated mRNA expression of
two important enzymes, HO-1 and GCL. Although thechanisms behind the protective
effects of HO-1 on colitis are not fully understp@dme studies indicated that this enzyme is
able to inhibit the expression of a crucial prdanimatory enzyme, the INOS, which could be
a putative molecular mechanism underlying, at leggséart, the beneficial effects of some HO-1

inducers [1, 2]. Strikingly, the increments of HO-g&xpression promoted by
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cyanidin-3-glucoside and resveratrol in cytokineasdated HT-29 cells can hence be related
to their ability to inhibit the expression of INGBd the consequent production of NO in those
cells. Moreover, both polyphenolic compounds, gsoged to 5-ASA, were able to enhance the
ratio of reduced glutathione (GSH) to oxidized gthtone (GSSG) and to inhibit the production
of reactive species, in cytokine-challenged ceNgn at concentrations much lower than those
at which 5-ASA was assayed. Alongside Nrf2 pathvyARy pathway was recently found
as important for inhibiting intestinal inflammatorgsponse and for protecting cells from
oxidative damage. Actually, through a process datl@nsrepression, PPARis able to
antagonize the transcriptional activity of severahscription factors, namely NF-kB and
STAT1, which might, at least in part, explain tloéerof PPARy against inflammation. On the
other hand, it was found that PPARmay interplay with Nrf2 pathway, inducing Nrf2
activation directly or through upstream pathwamgdire with this, resveratrol was found in the
present work to increase the amount of PBAR-the nucleus of cytokine-stimulated HT-29
cells. Therefore, it is proposed in the presentknapotential involvement of PPARiN the
ability of resveratrol to counteract STAT1 actiwatiand to enhance Nrf2 transcriptional
activation in cytokine-stimulated HT-29 cells. Adilgh 5-ASA showed similar effects to those

of resveratrol, they were obtained at a 20 timghdr concentration of 5-ASA.

Moreover, it is worth noting that, although the lonal bioavailability of the majority of
polyphenols can be considered a handicap for ésmaffeutic employment [3], this does not
constitute a true problem in the particular casBbY, since several studies [3-5] have indicated
that the intestine is the organ where dietary podymls achieve the highest concentrations in
the human body (up to several hundred pM). Theeeftire selected concentration for the
polyphenols under this study, 25 uM, could be gasflached in the gut lumen, after
consumption of polyphenol-rich fruits or beverag®s. the other hand, the concentration of
5-ASA, 500 uM, was selected taking into consideratine levels reached by this drug in

colonic mucosa [6].

Altogether, the results of the present work tedtiy anti-inflammatory and the antioxidant
properties of two structurally different polypheicolcompounds, one flavonoid, the
anthocyanin cyanidin-3-glucoside, and one nonflavathe stilbene resveratrol, both present
in the Mediterranean diet, thus strengthening thlebthat this diet, typically enriched in
polyphenols abundant in fruits, vegetables andwie@, can be truly advantageous for

minimizing the periods of relapses and for limititige progression of IBD, providing even
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more potential benefit to patients than that oladiwith conventional drugs, such as 5-ASA.
On the other hand, by shedding light on the callsignalling pathways through which those
polyphenols exert their effects against inflammaand oxidative stress, these studies pave the
way for the discovery of other compounds or forghectural refinement of pre-existing ones
that, through modulating the expression and adtimaif some of the proteins involved in key
signalling pathways, can be envisaged as usefuhpaes” against intestinal inflammation and

oxidative stress, typically present in IBD patients

Although in this study there is no evidence to sup@n additive or synergistic effect
between cyanidin-3-glucoside or resveratrol andSAAthis effect cannot be excluded in
animal models of the disease or in human patisitsg, as referred in the Introduction section,
immune cells, such as dendritic cells, also playuzial role in the pathogenesis of IBD and
are not taken into account in thisvitro study. Therefore, we are aware thmavivo studies
must be undertaken to establish evidence for thheabwalue of dietary polyphenols, as
cyanidin-3-glucoside and resveratrol, in the contéXBD, either alone or in combination with
the drug 5-ASA.
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