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1. Einleitung / Introduction

The work presented here concentrates on the efééatsnega-3 polyunsaturated fatty acids
(n-3 PUFA) in colorectal cancer that evolves fromonic colitis (see 1.2). Besides that and
with respect to the complexity and multiple intei@aes of the involved events, this scientific
paper aims to provide a detailed view on colonftammation and carcinogenesis in general,
and on the role of a distinct tissue fatty acidustaTo investigate n-3 PUFA action in this
setting, we used an experimental animal model bfis@associated colorectal cancer (CAC),
applied to a recently engineered transgenic moiggeil endogenous n-3 PUFA.

1.1 Colorectal cancer

1.1.1 Epidemiology and etiology

Colorectal cancer (CRC) is the second most comnamter in Germany. The number of
newly diagnosed cases per year for men and womestimated at more than 35.000 each
and the average age of diagnosis is 69 years inanery5 years in woménNinety percent
of CRC occur after age 50, due to accumulationaoflom somatic mutatiohsMoreover,
colorectal cancer is the second leading cause otecaelated deaths in the German
population(Figure 1.1) The cumulated survival rate is reported at 60%ragrboth men and
womert.

Men Women

rung N 1
colon and recturn [ NEEREEBEENFY]

Breast in wornen
Colon and rectum

Prostate_m Lung
Pancreas m Pancreas
Stomach Ovaries

Kidney Stomach
Leukaemias ‘ﬂ Leukaemias
Bladder!ﬂ Non-Hodgkin lymphomas
Gesophaguslﬂ Bladder
oral cavity and pharynx [IIEE] Uterus (corpus)
Mon-Hodgkin lymphomas [T Kidney
Laryrx [l Cervix
Malignant melanoma of the skin[JJj Oesophagus
Thyroid gland | Malignant melanoma of the skin
Hodgkin's disease| Oral cavity and pharyre
Testis| [ Thyroid gland
Larynx

Hodgkin's disease

25 20 15 10 5 0

o 5 10 15 20 25

Figure 1.1: Sites of cancer-related deaths in Germany in 200¢ercent).
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Worldwide, about 1 million people are diagnosedhw@RC every yedr The frequency of
CRC shows a considerable geographic variation Withh incidences in industrialized
countries, whereas South America and China hawawvairicidence. This is predominantly
attributed to national differences in diet and emwimental factofs A diet high in saturated
fat, a high intake of red meat and a low intakevedetables increase the risk of sporadic
colorectal cancer, as do regular alcohol consumptiwerweight and lack of exerctsen
accordance with our present work, multiple studiedicate that n-3 PUFA might have
beneficial effects in CRC preventith Furthermore, it has been proposed that dietbrgsi
reduce the risk for CRC however, this effect remains controvetsalong term cigarette
smoking increases CRC risk and mortdiffy Conditions such as personal history of
adenomas (the precursor lesion) or colorectal caackrst-degree relative with adenomas or

with CRC also increase the individual risk of celctal cancér.

Human cancer is assumed to be a genetic diseade daquential accumulation of mutations
in oncogenes and tumor suppressor génés CRC, carcinogenesis is a multistep process
from normal epithelium to dysplastic precursor desi to carcinoma, regardless of the
underlying etiology?** In fact, colon cancer can evolve from sporadidations, from an
inherited predisposition or from a chronic inflantroa (inflammatory bowel disease, IBD) in

the colon (colitis-associated colorectal cancerCEA

1.1.2 Sporadic colorectal cancer

At least two major molecular events can accounttlf@ transition to sporadic colorectal
cancer: Chromosomal instability (CIN, 85%) and maatellite instability (MSI, 159%™
CIN leads to abnormal segregation of chromosomesaaeuploidy. The CIN pathway is
characterized by multistep LOH (loss of heterozitghon chromosome 5qg (adenomatous
polyposis coli, APC), 7p (p53) and 18q (deletectatorectal carcinoma = DCE) Loss of
APC function is among the earliest events in caalecarcinogenesis, leading to activation
of the Wnt / beta-catenin signalling pathway andssguent transcription of target gefied
Furthermore, mutations of the K-ras oncogene hasenldetected in 15-68% of sporadic
colorectal adenomas and in 40-65% of GRCoss of the p53 tumor suppressor is a late
event in tumor development and is believed to itatd the progress from adenoma to
carcinomad’. Having largely intact chromosomes, the MSI pathwésporadic CRC results

from defects in the DNA mismatch repair syst&nThese errors affect target genes such as
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transforming growth factor beta (TG¥; insulin-like growth factor Il receptor (IGFIIRnd
Bcl2-associated X protein (BAX). The resulting taé in colonocyte homoeostasis leads to
malignant growtft"

It is widely accepted that colorectal tumors mastifeither through the CIN or the MSI
phenotype, however, a subset of CRC is associatéd oth MSI and APC or p53
mutationg’. Furthermore, it has been shown that epigenetitofa contribute to colon
carcinogenesis. Molecular alterations such as @ Gland methylator phenotype (CIMP)

involve promoter silencing and loss of gene expoegs®®

The spectrum of somatic mutations in colon carcémagis seems to be even more extensive.
A systematic sequencing analysis of colorectal eencfound that tumors harbored
approximately 90 mutant genes, of which 69 genesewnsidered relevant to the
pathogenesis of CRE

1.1.3 Morphological aspects

The multistep transition to CRC involves a variefyprecursor lesions (neoplastic polyps)
with distinct histology, reflecting different mahgnt potential. There are two histologic types
of polyps: hyperplastic and adenomatous. The vagonity of hyperplastic polyps seem to
have no association with colon carfcéf. however, large polyp size (>1cm), high number
(>20) and a family history of hyperplastic polyps €RC are linked with cancer
developmerff. Most CRC develop from adenomatous polyps (adesPffd which are
classified as tubular, villous or tubovillous. Whiillous adenomas account for only 10% of
colorectal adenomas, they show the highest potefistiamalignant growth (up to 50%%)
While most of the diagnosed adenomas are polymbidiies emphasize flat and depressed
lesions to be more prevalent than recognizeRecent findings furthermore suggest that
discrete serrated polyps, some of them previouslysdied as hyperplastic polyps, may be
genetically and morphologically distinct and caubgdmicrosatellite instability, linking flat
and dysplastic lesions directly to the pathogenesisolorectal cancéf. The long held
paradigm that all sporadic CRCs arise from theitiathl adenoma-carcinoma sequent@s
been challengéd Also in the setting of chronic colitis, morphojogf precursor lesions is
distinct (see 1.2.3).
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1.1.4 Inherited colorectal cancer

The hereditary familial colorectal cancer syndropsegh as familial adenomatous polyposis
(FAP) and hereditary nonpolyposis colorectal carf(e®PCC, Lynch syndrome), are rare.
However, they are instructive for the understandihgenetic abnormalities leading to CRC
and were instrumental in the elucidation of the C#dd MSI pathwaysBoth are
characterized by an early age for CRC manifestatiott predominant involvement of the
right colon. They are inherited in an autosomal thamt manner. FAP is linked to mutations
of the Adenomatous Polyposis Coli (APC) tumor seppor gene and accounts for 1% of all
CRC case8. Hence, FAP can be attributed to the CIN pathweyere dysregulated beta-
catenin signaling results from two hits in the ARBEné’** Hundreds to thousands of
adenomatous polyps (adenomas) can be found inatige Ibowel of patients with FAP,
representing precancerous lesions with a 100%foiskleveloping CR&. Affected patients
with HNPCC show mutations of distinct DNA repaings and microsatellite instability (MSI
pathway}>*¢ Among all CRC cases, 5% are related to HNB&CThe medium age for CRC
in HPNCC patients is 45 years.

Together with the hereditary syndromes of FAP amNPBC, inflammatory bowel diseases
(IBD) are among the top three high-risk conditidnos CRC. This entity is described in
greater detail in 1.2.

1.1.5 Therapy

Clinically, symptoms of CRC are rather unspeciBtoody stool, meteorism, anemia, fatigue,
ileus and fever can be indicators for colorectaice®’. It has been shown that flat and
polypoid lesions are precursors for the majority ailorectal carcinomas (1.1°3)"
Detection and removal of these pre-malignant lesioan decrease CRC incidence and
prevalence in the population, indicating an impatrteole for screening measures in CRC
prevention. Stage 0 CRC (Carcinoma in situ) istiohito the mucosa and can be cured by
local excision in most of the cases. In other sageRC treatment can include primary
surgery, adjuvant chemotherapy and neoadjuvanatiaditherapy (rectal cancer), according
to the TNM classification of tumors. The 5-yearssual is strongly dependent on the
surgeon’s experience and on CRC tumor stage, m@rikom >95% (stage I) to 5% (stage
V) %,
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1.2 Colitis-associated colorectal cancer

1.2.1 Inflammation and cancer

In 1863, the German pathologist Rudolf Virchowtfdgscribed a link between inflammation
and cancéf. It is estimated that 15-20% of all cancer deahs linked to underlying
infections and inflammatory reactiofls

The transition from normal to invasive neoplasigsie progresses in two stages. First,
somatic cells accumulate irreversible DNA sequealterations ifitiation stagg. Second,
continuous or repeated stimuli subsequently leadntiuction of cellular proliferation,
involving changes in the cellular microenvironmérdat promote tumor formatiopi(omotion
stagd™®. The initiation stage of tumor growth is well defil by mutation of oncogenes, tumor
suppressor genes, and other key regulators ofla@elwoliferation. The promotion stage, in
which a multiplicity of cell types interact via seted factors, seems to be more complex.
Chronic inflammation is widely assumed to be instemtal in this promotion stage of tumor
developmenit*? Inflammation is a biological response that inesiimmune cell infiltration
(macrophages, neutrophils, dendritic cells, T-¢el®id the expression of soluble mediators
such as cytokines, chemokines, growth factors,d limediators and matrix-degrading
enzyme®*® Subsequent resolution of inflammation and heatirg associated with release
of anti-inflammatory cytokines and chemokines. Qlicoinflammation in most cases is a

response to persistent injury and / or infecfion

1.2.2 Inflammatory bowel disease

Inflammatory bowel disease (IBD) such as Crohnseae (CD) and ulcerative colitis (UC)
is characterized by chronic relapsing inflammatmedominantly in the large bowel. In
addition to genetic and environmental factors, cemsal bacteria and the innate immune
system seem to be central contributors in IBD pgehesis. There is growing evidence that
chronic intestinal inflammation results from dyarged immune responses to gut bacteria in

the (genetically) susceptible htst

First described in 1925, colorectal cancer in |Bignts has long been recogniZednlike

conditions such as FAP and HPNCC with well defirghetic predispositions, colitis-

associated colorectal cancer (CAC) is related twrih inflammation of the mucosa, a
5
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hallmark of IBO'®. A recent meta-analysis estimated the overall fiaskCAC in UC patients

at 3.7%, and at 5.4% in those with pancdiiti§he risk for CD patients to develop CAC
remains controversial due to methodological biaseggublished studies. Hence, in patients
with comparable duration and extent of diseaseritkeof CAC is probably similar between
CD and UC®“ The risk is directly related to thiiration of colitis. After seven years, CAC
risk increases at a rate of 0.5-1% per $feavioreover, there is a close correlation between
extentof inflammation (colitis severeness) and CAC 1isR Although they represent only
about 1% of all CRC cases, risk for CAC is appraagt20% with prolonged disease course

(>20 years) and extensive colitis

1.2.3 Morphological aspects

While sporadic CRC predominantly evolves from poigplesions, IBD-associated cancers
typically arise from (non polypoid) elevated ortfidysplastic mucosa Elevated lesions,
macroscopically referred to by the term DALM (dysph associated lesion or mass), can be
subdivided into adenoma-like or non-adenoma-likeegular, broad based or strictured),
based on their endoscopic appearatitteln IBD-associated cancers, there is a higherofite
multifocal neoplasms, related to the distributiémucosal inflammatiotf.

Microscopically, dysplasia in IBD is defined anabog to neoplastic tissue in general: low-
grade dysplasia (LGD, nuclei confined to basal) &ngh-grade dysplasia (HGD, nuclei
appear more apical) In most of the cases, inflamed mucosa progressesncer from
indefinite dysplasia (dysplasia not yet detectame)GD, HGD, and finally to CA&. IBD-
associated CRC (CAC) thus serves as an excelled¢lnod inflammation-induced cancer and
might even contribute to a better understandingpofadic and hereditary CRC.

1.2.4 From IBD to CAC

The role of inflammation in colorectal carcinogeisas supported by a recent cohort study
including more than 30,000 IBD cases, where fiesgrde relatives did not show significantly
increased risks for CRE However, family history of CRC was associatechvéitmore than

2-fold risk for IBD patients to develop CAC These findings indicate that, as for sporadic

cancer, both genetic and acquired factors areralswant for CAC pathogenesis.
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As in sporadic CRC, CAC arises from sequential ag@s of somatic mutation and clonal
expansioft. The occurrence of CIN and MSI cancers is estithat@nalogy to sporadic CRC
with 85% and 15%, respectivéfy However, timing and frequency of alterations ifedent

in CAC, compared with sporadic CRQFigure 1.2.4.1) APC loss is rare (less than 33%)
and usually occurs late in the transition to CAZ. Indeed, allelic loss of the p53 tumor
suppressor is more frequent in CAC (50-85%), sugggsan important role in
carcinogenesf$®® P53 mutations have been shown to occur earlycandven be detected in
mucosa that is non-dysplastic or indefinite formlgisia, implicating ineffective apopto%i§*
As in sporadic CRC, epigenetic changes (methylatain CpG islands) have been
demonstrated throughout the mucosa of UC patiemid @ay contribute to genetic

alteration$>.
aneuploidy
methylation 54 )
MSI p DCC K-ras APC
COX-2
Normal Indefinite __ Low-grade _ _ High-grade ' .- (IBD)
mucosa dysplasia dysplasia dysplasia
Normal _ _~ Early Intermediate Late CRC (Sporadic)
mucosa adenoma adenoma adenoma
APC aneuploidy MSI DCC p53
methylation K-ras

COX-2

Figure 1.2.4.1:Carcinogenesis of IBD-associated (CAC) and spor&RC comparedadapted from

52),

Mutagenic assault and sustained DNA damage duactors produced by an inflammatory
micro-environment may support the carcinogenic @ss¢ such as “wounds that fail to
heal™. Reactive oxygen and nitrogen species (RONS) caxistative and nitrosative stress
that is associated with cellular damage in chranfammation and appear to potentiate
neoplastic transformati8fi Here, these mechanisms are linked to p53 mutatiand
inactivation of the DNA mismatch repair systéfff Inflammation-associated genes such as

cyclooxygenase-2 (Cox-2) are high in colitis anthaén elevated in neoplastic colon tisSue
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Increased Cox-2 expression has been detected lamiefl and dysplastic mucosa of UC
patients and in sporadic CRC, linking lipid mediatdo inflammation and candér*

Consequently, non steroidal anti-inflammatory dr(lgSAID) have been shown to reduce the
development of polyps even in patients with FAB Furthermore, activated nuclear factor
kappa B (NF-kB), a central transcription factor foflammation and proliferation, can be

detected in inflamed mucosa of IBD patiénts
The proposed model of how colitis promotes CAC tgyment thus involves genetic and
epigenetic aspects, oxidative stress, DNA repad apoptosis, and the adaptive immune

system and its mediatofBigure 1.2.4.25".

Normal epithelium

Environmental
- infection > (genetic predisposition)
- NSAIDs

- toxins Inflamed epithelium
/ (Colitis / 1BD)

/ Inflammatory cells

Oxidative and nitrosative stress
COX-2 / prostaglandins

A\ 4

\
Damaged epithelium

v
Genetic + epigenetic alterations

D53 @ Regeneration / repair
) R - apoptosis
- DNA MMR system ” - proliferation
- methylation
- (others) A
Dysplasia
v
Additional genetic changells >

Colitis-associated cancer (CAC)

Figure 1.2.4.2:Model of intestinal inflammation and CAC developt{adapted froni").

Most of the events mentioned above are rather igdiser, underlining the obvious link
between IBD and CAC development. Whereas the esaases of IBD remain unknown,
innate immune signaling seems to play a cruciat¢ rial IBD pathogenesis and thus in
contributing to CAC(Figure 2.1) It is well known that the human body requires the
polymorphic intestinal flora in order to developregular adaptive immune response. The

intestinal mucosa acts as a barrier and proteashttst against potentially pathogenic

8
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bacterial invasion. At the same time, it toleratexmensal enteric bacteria, permitting them
to act in nutrient metabolism. This intestinal h@wostasis can be maintained by interactions
between microbiota and mucosa through Toll likeeptors (TLRsS). Thereby, intestinal
epithelial cells and lamina propria mononuclealscedspond to defects in the mucosal barrier
by activating TLR dependent pathways, leading toeased epithelial proliferation, wound
healing and activation of acute inflammatory calisl mediatofé'’® In the setting of chronic
colitis seen in IBD, this process of repair migksult in cancer development. The link
between luminal bacteria and epithelial repair upported by observations in germ-free
animals, which showed diminished intestinal epitietell proliferation compared with
colonized mic&"® Interestingly, germ-free animals were more susiclep to chemically
induced colitié®. Suggested pathways that link TLRs to inflammatiord gastrointestinal
cancer include Cox-2 and NF-¥B However, there are also mediators that promote an
inflammatory effects and tissue restitution in thetting of acute inflammation, such as

transforming growth factor beta (TGIF’.

1.3 Experimental CAC in mice

Animal models are essential tools for precliniedting of new preventive and therapeutic
options in humans. To mimic non-hereditary tumovaleoment, tumor models based on
chemical carcinogens have been developed. Reledereproducible induction of colitis-

associated tumors is needed to investigate moleewants that might lead from chronic

inflammation to CAC.

1.3.1 Azoxymethane

The mutagenic agent azoxymethane (AOM) is also aseal tumor model for non-hereditary
tumor development. When administered intraperitbpeAOM alone initiates cancer in the
colorectum within 30 weeRS AOM exerts its effects by DNA alkylation, therefagilitating
base misparindé It is a direct metabolite of dimethylhydrazine MB), which was
frequently used in former studfé§* Compared to DMH, AOM shows higher potency and

enhanced stability in dosing solutfdn

AOM is suggested to predominantly cause tumoratdn, although some activity in tumor
promotion has been reporfdd Tumors have been considered chromosomally stahie

9
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showed low-level microsatellite instability, sugieg mechanisms independent of the
classical CIN or MSI pathwa$s After application into the peritoneum, AOM neddsther
stepwise activation to exert its colonotropic metagity (Figure 1.3.1) This includes an
essential hydroxylation step to methylazoxymethaiol the liver by CYP2E¥ and

subsequent metabolization involving the intestmaroflora®™.

Colonotropic tumor induction

by stepwise activation Chemical formula

Intraperitoneal injection 7
of azoxymethane N=—H

o CH,
via bloodstream
to the liver

Hydroxylation to N=N
methylazoxymethanol 7 \CH
by cytochromes P450 v

via bile
to the intestine

Activation to methyl- )
diazonium promoted [N EF{T_CHJ
by factors of the

bacterial flora

Figure 1.3.1:Stepwise activation of azoxymethane in rodédspted fron").

The AOM model has been shown to be a valuable mémfelinvestigations of tumor
initiation, progression and of factors invol/&®. A meta-analysis concludes that the AOM
model of carcinogenesis exceeds other models negamrediction of chemopreventive
efficacy’’. Advantages include high reproducibility, simpfgpbcation mode and low priék
Tumor numbers are high in the distal part of themroresembling the predominant site of UC
in humans. They frequently exhibit histopathologifsatures similar to human colorectal
neoplasia, while lacking mucosal invasiveness armdastasi¥®® On a molecular level,
AOM-induced tumors show aberrant expression for ARE well as mutations and
dysregulated cellular localization of beta-catersnggesting an important role of the Wnt
pathway in this mod@&. Furthermore, target genes such as cyclin D1 gutincdependent
kinase 4 have been shown to be altéteblutations of the K-ras oncogene and levels of

enzymes such as Cox-2 and iNOS-2 have been regortedrespond with findings in human
CRC"%8
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Genetic background of animals seems to be an irmpomodifier of AOM-induced tumors,

reflected by a broad array of susceptibility tosthodet®®° Strains of high and moderate
susceptibility are A/J, SWR/J or FVB/N mice. Theommended regimen includes six
injections of 10 mg AOM per kg body weight, whichtolerated well by most straffis®

However, exclusively carcinogen-induced colorettehors need a long term experimental

setup and are predominantly useful for studiesctoirs that drive sporadic CRC.

1.3.2 Dextran sodium sulfate

Dextran sodium sulfate (DSS) is the most widelydustgemical to induce experimental colitis
in rodents, being toxic to the epithelial liningdaresulting in bloody diarrhé%¥:*°* Due to
disruption of the mucosal barrier, macrophagehélamina propria get exposed to luminal
enteric bacterid". Ohkusaet al. first described a DSS hamster model that has gulsdy
been adapted to mitd'%? After 3-7 days of DSS administration in the diimkwater, loss
of crypts and ulceration can be obse&dIn following cycles, the mucosa shows
regenerative changes, glandular disarray, separaimrtening of crypts and crypt branching
such as in human U& The treatment regimen must be strain specifiaj &86S
concentration can range from 1-58%6'% Balb/c, C3H/HeJ and C57BL/6J mice are clearly

susceptible to DS&" 1%

Sequential observation studies revealed higheda@mae of dysplastic crypts and colonic
neoplasms in AP¥" mice treated with DSS, compared to wild type ffiteMoreover,
administration of DSS increased inflammation scaed showed high intensity staining of
beta-catenin, Cox-2, inducible nitric oxide synth@8NOS) and nitrotyrosine (a marker for
nitrosative stress). Strong nuclear staining fo8 p&s been observed in ABEmice treated
with DSS but not in wild type mice under the saneatment regimefl®. It is widely accepted
that there is a link between murine DSS-inducedomicr inflammation and colorectal
carcinogenesis which resembles human IBD-associtsplasia and cancer (CAEJ As in
humans, duration of disease is associated withghehiincidence of neoplasia in the large
bowel®® and mice with neoplasia show significantly high#tammation scores than those
without dysplasia or cancéfd Studies suggested that chemically induced CAGised by

11
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genetic mutations, increased cryptal cell prolifiera changes in crypt cell metabolism,
changes in bile acid enterohepatic circulation, altetations in bacterial flot% %

However, DSS administration alone requires a longatment period and repeated
administration to induce CAG*'% with a relatively low incidence and multiplicityf

tumorg??

1.3.3 AOM / DSS model

To investigate colitis-associated tumor developmaritvo stage model that combines single
injection of azoxymethane (see 1.3.1) with admiatgtin of proinflammatory DSS (see 1.3.2)
has been proposEd*'? In this model, different mouse strains showed tiplel colonic
tumors after a period of 20 weeks (concentratibB®S 1%), and chemoprevention studies
have been successfully performéd’® Sequential observations with AOM and DSS 2% in
ICR mice found 40% incidence of adenoma in week® 40% of carcinoma in week 4. The
incidence of carcinoma gradually increased to 100%veek 6. Dysplasia (low grade and
high grade) was widespread in the colon duringwihele time-course. Strain differences
regarding susceptibility for the AOM / DSS model/eédeen reported: Incidence of colonic
carcinoma was 100% in Balb/c mice and 50% in C5®BI./whereas only adenomas
developed in C3H/HeN mice (29%) and DBA/2N mice%db”. Thus, this model enables
carcinogenesis even in mouse strains with loweceqitility to AOM (but moderate to high
susceptibility to DSS), such as C57BLBNCompared with studies using AOM alone, DSS

demonstrates a powerful tumor promoting activityhis modet'**’

Expression of iINOS and nitrotyrosine staining iradécthat mice treated with AOM and DSS
generate neoplasms via dysplastic lesions indugettinsative stress’. All large neoplasms
were tested positive for beta-catenin, Cox-2 an®$\ but not for p53* TGF$ and
peroxisome proliferator-activated recepfo(PPARy) are down-regulated in colonic mucosa
after treatment with AOM and D$% Low-dose 5-aminosalicylic acid (5-ASA) was redgnt
shown to be beneficial in chemoprevention of AOMDSS-associated dysplaSia
Furthermore, blocking tumor necrosis factor alphbK-a) resulted in reduced number and
size of tumors as well as decreased colonic iafitin by neutrophils and macrophages,
supporting the strong role of inflammation in tmedel of colitis-associated colorectal cancer
and the link to human CAE&,
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1.4 Lipid mediators in IBD and CAC
1.4.1 Lipid mediator system and diet

Beyond protein mediators such as cytokines and okires, fatty acid derived endogenous
mediators are well known to play an important rdle inflammation, pain and
proliferation®**%2 The most important polyunsaturated fatty aciddHR) are arachidonic
acid (AA, C20:4) of the omega-6 (n-6) series, ambsEpentaenoic acid (EPA, C20:5) and
docosahexaenoic acid (DHA, C22:6) of the omega-3)(iseries(Figure 1.4.1) Since
humans lack the ability to desaturate the n-3 afdond, both types of fatty acids cannot be
interconverted and must be obtained from the'diet

The vast majority of studies investigating the dipmediator system have focused on
arachidonic acid and n-6 derived mediators, sughr@staglandins, leukotrienes, lipoxins and
thromboxane AZFigure 1.4.1) Essential for the formation of prostaglandins JRGmM AA
are the cyclooxygenases, of which two isoforms (C@nd Cox-2) exist. PGGs generated
from AA and subsequently metabolized via PGtd PGD, PGE, PGk, PGL and
thromboxane A depending on specific synthases, cell and tiggpe'?>. They bind to
distinct G-protein coupled prostanoid receptors Hng exert a variety of effects, ranging
from inflammatory responses to blood clotting araticeptiot??*?4'?> The AA derived
mediator group of leukotrienes (LT) and lipoxinsXjLare formed by enzymes named
lipoxygenases. Leukotrienes, such as LTBTC,4 LTD, and LTE, are known as highly
potent proinflammatory mediatdfé'* Lipoxins, however, were found to contribute to
resolution of inflammatiolf’. They were shown to inhibit neutrophil functiondato induce
phagocytosis of apoptotic neutrophils by macropEag&® It is accepted that the Cox-2
enzyme is involved in IBD and CAC pathogenesis, éa@v, many of the involved mediators

remain to be investigated (see 1.4.2).

Although it has been deduced from epidemiologitadlies that fish oil rich in n-3 PUFA is
generally associated with a reduced incidence ofi@@ascular diseas®, for a long time
little was known about potential bioactive produdsrived from n-3 EPA and DHA.
Recently, several studies examined the role of yaedéntified n-3 derived mediators as
bioactive agents in their own right, such as rassl{resolution phase interaction products)
and protectin$™. Resolvin E1 (RVE1) and E2 (RVE2) are derived fil&RA, while DHA is
the precursor PUFA for resolvins from the D sefi@ggD1 to RvD6) and for protectif®
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(Figure 1.4.1) For RVE1, a distinct orphan receptor (ChemR23)teen identifietf. These
families of endogenous n-3 derived mediators haveiaflammatory and pro-resolution
effects in order to restore tissue homoeostHsis

Omega-6 Omega-3
SN N N N P e e e A
_ COOH COOH
Arachidonic acid, 20:4n-6 Eicosapentaenoic acid, 20:5n-3
e COOH
Increases platelet Docosahexaenoic acid, 22:6n-3
L
aggregation, T
leucooyte migration | TxA TxA,
_ e L] e
Depending on receptor -| PG, CO-2 PGD,
subtyrpg, ]ernflammator}r PGE, PGE, - + Reduces tumour cell
or anti-inflammatory action *+ PGF, PGF, proliferation
on cell migration and
.| PGl PG,
cytokine production
Chemgmin fore—fH |1 LTB,
myeloid cells LTC 510 LTC,
— LTD, LTD:
Bronchial smooth muscle LTE, LTE,
contraction, submucosal
oedema, mucus secretion 610+ _ Reduces interleukin 12
o N 12-L0 =" formation, inflammatory
Inhibit leucogyte migration LKA, |l — RVEL o
p—— — cell migration

and adhesion - { ATL Acetylated RvD1-D64 9

COK-2+ DT * Reduces inflammatory

5-LO chemakine production,

leucocyte infiltration
\ J
A
Homoeostasis?

Figure 1.4.1 N-6 / n-3 polyunsaturated fatty acids and derivipitlmediator$?

Diet has been changing over the last centuries,naodern Western diet is deficient in n-3
PUFA, with an n-6 / n-3 fatty acid ratio of 15-28*1 While man probably evolved on a 1:1
ratio of n-6 / n-3 fatty acids, modern diet refie@ strong deviation from this balanced
ratic"*>. The shift of the fatty acid ratio may contributean increased risk of characteristic
diseases of modern Western civilizations such egdi@maascular disease and cart¢&t® In
turn, supplementation with n-3 fatty acids has b&®mwn to mediate anti-inflammatory, anti-
cancer and neuroprotective effécte®’ Consequently, n-3 PUFA and derived mediators
might modulate IBD and CAC development (see 1.4.3).
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1.4.2 Cyclooxygenase-2

The cyclooxygenases are the critical enzymes ferféihmation of prostaglandins and other
mediators, which play a major role in many physjidal processes such as blood clotting,
wound healing and immune resporté&sin 1991, the discovery of the second isoform of

cyclooxygenases, Cox-2, resulted in an enormoust bfiresearch activity”.

In inflamed colon tissue of IBD patients, Cox-2piedominant (compared to Cox-1*!
Linking lipid mediators to colonic inflammation amdncer, high Cox-2 expression has been
detected in colitis-associated neoplasia as welh aslorectal adenomas and in CRE? In

a landmark study, Oshinet al. crossed Ptgs2 (the gene encoding for Cox-2) kndakuice
with APC knockout micE®. They found a significantly decreased number déstinal
adenomas (652 to 95 per animal), thus giving digestetic evidence for the link between
Cox-2 expression/activity, and polyp formation. Hi@€ox-2 expression correlates with a
more advanced stage, larger tumor size and redsgedval in patients with colorectal
cancet*”. In addition to Cox-2 overexpression, 15-PGDH, kbg rate limiting enzyme of PG
catabolism, is downregulated in CRE This indicates an important role for Cox-2 evan i

CRC that is not primarily associated with chromitammation.

Extensive studies of PGHformed by Cox-2), which is the most abundant PGCRC,
identified several mechanisms that could be inviblvethe promotion of tumorigenesis and
tumor growth*®. PGE promotes proliferation by stimulating cellular [iieration and
angiogenesis, inhibiting apoptosis, enhancing tallinvasiveness, and by modulation of
immunosuppressidfi. In greater detail, the Wnt signalling pathwaydisectly activated by
PGB via its EP2 receptor, resulting in induction ofl geoliferation through beta-catertfti.
Cell survival and migration is influenced by tracibaation of epidermal growth factor
receptor (EGFR}****° Utilizing the same pathway, PGEansactivates PPAR(which is
also a transcriptional target of the Wnt pathway) ¢hus promotes tumor cell survival*>2
PGE induces anti-apoptotic proteins such as Bcl-2 imedeases activity of NF-kB, a key
mediator in apoptosi®*>® There is a correlation of Cox-2 and vascular émel@l growth
factor (VEGF) expression, suggesting a link betwe€ox-2 and angiogene$ié
Interestingly, mutant Ras oncogene upregulates Zexpression, and PGMBas been shown
to activate the Ras-MAPK pathway, demonstratinmmeghanism of Cox-2 auto-upregulation

by PGE'****® PGE furthermore contributes to the shift from a ThINEFo, interferon

15



J. Nowak Colitis-associated colon tumorigesiessuppressed in transgenic mice rich in endogeme3 fatty acids

gamma = INFy, IL-2) to a Th2 dominant (IL-4, IL-10, IL-6) immuenresponse, thus
mediating immuno-suppressive effééfg™® These data demonstrate the impressive number

of different actions of prostaglandin signallingciancer development.

To date, anti-tumor strategies targeting this sgstmainly focused on prevention of
inflammation and proliferation by inhibiting majanzymes (cyclooxygenases), thereby
reducing mediators such as prostaglandinSince it has been shown that non-steroidal anti-
inflammatory drugs (NSAIDs) like aspirin are ablke reduce the incidence of colorectal
adenoma$, the main emphasis of this research was to stuelgtfectiveness of NSAIDs for
colon cancer prevention. However, this approach guasstioned by a study demonstrating
that the NSAID drug sulindac failed in preventimgarectal tumor development in patients
with familial adenomatous polyposis ¢8fi Three major trials then investigated the effect of
selective Cox-2 inhibitors (celecoxib and rofecxibpatients at high risk for adenomas and
CRC due to a past history of adenofia% %2 They reported a striking efficacy of celecoxib
and rofecoxib in preventing high risk adenomas. Elav, all three trials were stopped early,
as they showed increased rates of side effects asichyocardial infarction and strdf&*®
These observations were (at least partly) attribtwesuppressed Cox-2 derived P@&vels
after treatment with selective Cox-2 inhibithfs Subsequently, rofecoxib has been
withdrawn from the market. These results highligte role for Cox-2 in CRC
chemoprevention and development, but also placéhasip on the complexity of the Cox-2
downstream signalling. Thus, there is a strong némd alternative options in CRC

chemoprevention.

1.4.3 N-3 PUFA: Epidemiology and mechanisms

Referring to the concept that IBD development casgsr both genetic and environmental
components (see above), high intake of dietary PkB-A has been associated with an
increased UC and CD ri&**® In contrast, n-3 PUFA supplementation showed figiak
effects on symptoms and progression of 1#8DIn a study performed by Belluzet al, fish

oil capsules were effective in reducing the relapse of CD patienté’. Stensoret al. found
improvement of histological findings, weight gaindareduction of leukotriene Bevels in a
multicenter study that investigated the effect ish foil supplementation in U€. It was
furthermore shown that fish oil intake indeed resin incorporation of EPA and DHA into

the intestinal mucosa and might accelerate rentissit/C patienty "3
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In 1969, Wynderet al. first described in Japanese case-control datathiese might be a
relationship between patients with colon cancer higth caloric fat intaké®. Since then,
several epidemiological studies suggested a cdoerlabetween dietary fats and the
pathogenesis of colon cancer. This hypothesis wppated by the fact that Mediterranean
countries with their different fat consumption,comparison to other Western countries, have
a lower incidence of colorectal cancer: A report &y expert panel assembled by the
American Institute for Cancer Research and Worldoga Research Fund revealed evidence
for a strong correlation between diets high in iied fat and the risk for the development of
colorectal cancéf®. In comparison, diets rich in fish or fish oil rhigdecrease this risk,
maybe due to their high n-3 PUFA levels. Aatial. investigated the effect of n-3 PUFA in
20 patients with sporadic adenomatous colorectiypgofor 12 weeks®. They found a
significant reduction in abnormal mucosal cell geshtion, as well as decreased arachidonic
acid levels. In a second trial, the same reseasat@monstrated similar findings within a long
term administration (6 months) of fish oil, whileawving increased mucosal levels of EPA
and DHA'". These results indicate that low-dose fish oil mistration shows beneficial
effects in patients at risk for colorectal candédne association of n-3 PUFA and colorectal

cancer risk has been recently reviewed in greaeifi®.

To explain the effects in IBD and CRC caused bysufplementation, different mechanisms
have been proposed: 1) AA is replaced by EPA aRthesition of membrane phospholipids.
2) n-3 PUFAs may compete with n-6 fatty acids fgpoxygenase and cyclooxygenase
enzymes; with EPA being metabolized to 3-seriestaglandins, which are less bioactive, as
well as to 5-series leukotrienes and thromboxanhless, the biosynthesis of proinflammatory
mediators derived from AA might be inhibited by riadty acids. 3) direct interactions of long
chain PUFAs with cell proteins have been taken iwasideratiotf?. Recently, a distinct
class of lipid mediators (referred to as resolvarsd protectins) was discovered (see
1.4.1)**17® which is implicated in resolution of inflammatiand tissue protectiof.

Regarding colon cancer, modulation of Cox-2 actilayy n-3 PUFA has been reported in
feeding studies and in colon cancer cell Hi&¥! Administration of fish oil or EPA led to
decreased formation of PGEwhile it increased levels of prostaglandis (PGE), an EPA
derivaté®% While the 2-series PGHs considered to be mitogenic and pro-inflammatory
PGE has been shown to inhibit tumor cell proliferatfninterestingly, a study performed

by Reddyet al. showed that celecoxib administered in diets higfish oil led to significantly
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lower AOM-induced colon tumor incidence and multpy in F344 rats, implicating
synergistic effects between celecoxib and n-3 PURAge prevention of colon tumdfd
This finding was supported by a study that testeddose celecoxib administration and DHA
in human HCA-7 colon cancer céfld Beyond modulation of cyclooxygenase activity,gbin
et al. reported antitumor effects of a HFFO (high fahfwil) diet in colon carcinogenesis
through modulation of Ras-pZ£ A study performed by Calviellet al. found that both
DHA and EPA led to decreased VEGF (vascular endiathgrowth factor) expression in
human HT-29 colon cancer cells, correlating witdueed tumor growth due to diminished
neoangiogenesi¥. DHA has been shown to down-regulate iINOS expoessind NF-kB
activity in human Caco-2 colon cancer c8fis Furthermore, DHA appears to have pro-
apoptotic effects through alteration of beta-cateigévels and related target gelfés
Beneficial effects of n-3 PUFA on liver metastasi colon cancer cells have been
described™.

In summary, these findings indicate that n-3 PUFAghh play a beneficial role in the
prevention of CRC development. However, researcta da this field are sometimes
inconsistent and controversial, most likely due ¢onfounding factors of dietary

supplementation with n-3 PURRA.

1.5 N-3 supplementation: the transgenic approach

Mammals lack the ability to naturally produce n-BHA from n-6 PUFA, and are thus
dependent on dietary (essential) n-3 sources ssfistaoil, nuts and certain vegetables. The
high content of n-3 fatty acids in marine vertebsastems from the ability of phytoplankton
and algae to convert linoleic acid (n-6)ddinolenic acid (n-3), which enters the food chain
of marine life and is further elongated and desaéarto EPA and DHA>.

Thefat-1 gene of the roundwori@aenorhabditis elegarencodes an n-3 fatty acid desaturase
that can convert n-6 PUFA to n-3 PUFA by introdgcandouble bond at the n-3 position of
their hydrocarbon chalf? (Figure 1.4.4. Transgenidat-1 mice were engineered to express
the fat-1 gene, resulting in a characteristic shift of tha#yf acid composition in all tested
tissues and organs. hat-1 expressing cells, n-6 fatty acids can be convettetheir n-3
counterparts, namely 18:2n-6 (linoleic acid) to 383 (@ linolenic acid), 20:2n-6
(eicosadienoic acid) to 20:3n-3 (eicosatrienoid p@0:3n-6 (dihomogammalinolenic acid) to
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20:4n-3 (eicosatetraenoic acid), 20:4n-6 (AA) ta5283 (EPA), 22:4n-6 (docosatetraenoic
acid) to 22:5n-3 (docosapentaenoic acid, DPA) &8#r26 (DPA) to 22:6n-3 (DHA).

n-6 FA: CH,-CH,-CH,-CH,-CH,-CH =CH- ... -COOH
l n-3 desaturase

n-3FA:  CH,-CH,-CH =CH-CH,-CH =CH- ... -COOH

Figure 1.4.4: The n-3 desaturase catalyzes the conversion abrmé3 fatty acids (FAJ>.

Accordingly, the concentrations of n-6 fatty acal® significantly reduced ifat-1 mice,
causing the n-6 / n-3 ratio to drop from 30/1 (wijghe) to almost 1-5/1, without the need of
dietary n-3 PUFA supply®. The absolute fat content is not affected, andhigg n-3 fatty
acid profile remains stable during the whole lifgcle of mice. Confounding factors of
conventional feeding studies that lead to unrefiaiyl inconsistent results, such as amount of
dietary intake (feeding procedure), flavor, impyrigensitivity to oxidation, duration of diet
change etc. can be eliminated with this model,caiing that thdat-1 transgenic mouse can
serve as a new and unique model to elucidate gmfisance of the n-6 / n-3 ratio regarding
development, gene expression or physical actiityecent study using female C57alt-1
mice in DSS-induced colitis revealed significanthgcreased colonic inflammation and

enhanced mucoprotection, compared to wild type tice

In the study presented hefat-1 mice are used to investigate the effect of endoggly high
n-3 fatty acids in colitis-associated colorectahtuigenesis induced by azoxymethane and

dextran sodium sulfate.

Considering the epidemiology and the vast varietyeffects that are demonstrated in
intestinal inflammation and carcinogenesis (se€3),.4t can be proposed that n-3 PUFA and
derived mediators might modulate key players tleapant for the transition from chronic

colitis to colon cancer. In our study, we focusedNF-kB, iINOS (nitrosative stress) and
TGF.
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1.6 Between IBD and CAC
1.6.1 Nuclear factor kappa B

Nuclear factor kappa B (NF-kB) was discovered ainst foublished in 1986 by Sen and
Baltimore as a protein bound to the kappa immurimgldght chain gene enhancer in B cell
nuclef®. Since then, the role of NF-kB as a transcriptfantor in innate and adaptive
immune responses has been intensively studied tangrésence has been demonstrated in
most cell typeS® NF-kB is considered to be a key player in inflaatany processes and
basically comprises five homologous, dimerized sitisuRelA (p65), c-Rel, RelB, p50 (NF-
kB1), and p52 (NF-kB2§"'°® NF-kB dimers are retained in the cytoplasm bycHjwe

inhibitors (IkBs) in unstimulated celf$.
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Figure 1.6.1:The classical (canonical) pathway of NF-kB transioan.

Cell stimulation activates the upstream IkB kinasenplex (IKK), which consists of two
catalytic (IKK-o and IKK-) and one regulatory subunit (IKKNEMO)™°. The IKK complex
subsequently phosphorylates the I|kBs, thus tamgetiem for polyubiquitination and
degradation by the proteosofffe NF-kB dimers can then translocate to the nucleus,
coordinating the transcription of more than 15@¢#argenes involved in inflammation and

malignant conversidii®>. Two major pathways account for this translocatdrNF-kB: the
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classical (canonical) pathway involves dimers cosepo of RelA, c-Rel and p50,
phosphorylated and activated by the [KKubunit Eigure 1.6.)%°*%%? Linking NF-kB to

inflammation, this pathway is predominantly triggerby proinflammatory stimuli such as
TNF-0, interleukin 1 (IL-1) and toll like receptor (TLRagonists (lipopolysaccharide,
LPSF%. The alternative (non-canonical) pathway depend$kiko activation and results in

release of RelB/p52 diméfs, playing an important role in cancers of lymphoiiin®®*

Transcriptional activity of NF-kB can be categodzm four functional groups: cell cycle
regulating genes, anti-apoptotic genes, inflamnyadmd immunoregulatory genes, and genes

that operate the negative autoinhibitory feedbddkfekB*".

The involvement of the IKK dependent canonical pathway in inflammation anidscevival

is widely acceptel®?®’ Levels of activated p65 were reported to sigaifity correlate with
inflammation severity in IB[?. Here, activation of NF-kB in macrophages andhegiial cells

is a frequently observed evémt® Lamina propria fibroblasts were also linked wjifo-
inflammatory activity”>. NF-kB is upregulated in colorectal cancer, andréased RelA
protein correlates with colon tumorigené&i$* NSAIDs have been shown to inhibit the
canonical NF-kB activation pathway, suggesting prgwe effects beyond inhibition of
cyclooxygenases and prostaglandin synti¥sis

In the AOM / DSS mouse model of colitis-associatadcer, enterocyte-specific ablation of
IKKB (leading to decreased NF-kB activity) resulted significantly decreased tumor

incidence, caused by increased epithelial apoptésige same time, induction of oncogenic
mutations (initiation stage) as well as size anchposition of tumors (progression) were not
affected, indicating a role for IKK dependent NF-kB activation during early tumor
promotion®. Tumor size, however, was significantly decreastésgn IKKb was deleted in

myeloid cells, without affecting apoptosis. Thissebvation is attributed to suppressed
expression of pro-inflammatory cytokines (after IiKKnockout), which may serve as growth
factors during tumor progression. Thus, inflammadieduced tumorigenesis can be affected

cell type specificly through inactivation of theKKNF-kB pathway in this model.
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1.6.2 Nitric oxide and nitrosative stress

It is well recognized that reactive oxygen andagén species (RONS) accompany chronic
intestinal inflammation and contribute to neoplastiansformatiotf. Nitric oxide (NO)
appears to be a key player in this setting, crgatighly reactive intermediates with
pleiotropic effects. There are three main isofoohsitric oxide synthase (NOS) that catalyze
the production of NO from L-arginine: endotheli@NOS), neuronal (nNOS) and inducible
nitric oxide synthase (iNOS). Regulated by intradat C&* concentration, eNOS and nNOS
are constitutively expressed. However, the indecibbform (iNOS) is predominantly under
transcriptional control of a) NF-kB related prolarhmatory cytokines (e.g. TNé&- IL-1b)
and b) INFy (activates interferon regulatory protein-1, IRE*35 A crosstalk between NF-
kB and IRF-1 is suggested while bound to the NQSnater, thus mediating NO cytotoxicity
in case of microbial infectidi®. The INOS protein was indeed first characterizedyitokine
stimulated macrophages, while iINOS activity can nosvdetected in various cell types,
including epithelial and cancer céffl8 NO production via iNOS is downregulated by
steroids, TGFB, p53, and NO itselt®. Generally, it has been shown that iNOS derivedi®O
involved in numerous physiological and pathophysjatal conditions, such as blood

pressure regulation, infection, inflammation, aadaer developmefif.

IBD is considered one of the main “radical overlbatiseases, with chronic intestinal
inflammation resulting in a cancer-prone phenot{p&tudies demonstrated significantly
increased INOS expression and nitrotyrosine accation (marker of peroxynitride, the
reactive product of superoxide and NO) in patievita Crohn’s disease and ulcerative colitis,
supporting an important role of NO in IBB?* Neutrophils and macrophages have been
shown to generate free radicals and other pro-akiglecules during acute inflammattén
Interventional studies in animals give direct evicke for the involvement of RONS in colonic
inflammation. It has been shown that intrarectahaistration of (NO derived) peroxynitride
in rats resulted in colonic inflammatidil Radical scavengers such as superoxide dismutase
(SOD), catalase and NOS inhibitors significantlyteatiated colonic inflammation in
chemically induced colitis, including the DSS mdffelHence, mice genetically deficient in

iINOS were less susceptible to DSS colitis, comp#oedild type micé*.

Interestingly, beneficial physiological effects ashetrimental consequences of NO generation

in intestinal inflammation seem to be related te tmagnitude and persistence of NO
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exposure, as well as to the cell types involved.eWas NO exerts salutary effects during
acute colitis, serving as an autocrine and paradaigtivation signal, sustained generation of
NO is associated with production of reactive nigogpecies and direct effects on cellular
constituents. By this, NO and derived mediatorshmiglay an important role in colitis-
associated colorectal cancer developiéat? Several studies demonstrated elevated iINOS
expression and activity in human colorectal adersd™&* These findings were supported
by studies in AOM-induced colon tumors in fts Crossing APC (Min/+) with iNOS
knockout mice attenuated adenoma development ih boé small and large intestine,
compared to APC (Min/+) mice without iNOS deficigffc.

Chronic inflammation

steroids
(IBD) L4, IL-13 Cancer (CAC)

TNFa TGF-B

:k”%y nitrosative
‘ nitrite stress

/ peroxinitrite—> DNA damage

cell survival

—> p53 inactivation—>aPoptosi$ | proliferation
invasivenes

o | / \ Cox-2—mPGE — angiogenesis

. growth factors
(physiological effects)

Figure 1.6.2.2:Role of NO in inflammation and carcinogenesis.

The role of NO and its derivatives in carcinogesesi complex and remains not fully
understoodFigure 1.6.2.2) Oxidation of NO with superoxide generates perdxiya and
nitrosating species, such as nitrates, nitrites Bp@s. Peroxynitrite has been shown to
directly react with DNA, causing mutations and sttdoreaks. BOs;can form carcinogenic N-
nitroso compounds and is also linked with DNA crlisking and strand breaks. NO
nitrosates purines and pyrimidines (leading to Db#mage) as well as thiol residues on
proteins (resulting in loss of their catalytic aii). In cells exposed to NO, transitions
(GC>AT, GC>CG) are among the most frequently observed mutsttidrSeveral studies
revealed a connection between Cox-2 and INOS egijoresand/or activity in mouse
macrophages and colonic epithelial c¢&li$?® In colon tumorigenesis, NO is suggested to
stimulate Cox-2 activity, leading to increased lsva& tumor promoting prostaglandins, such
as PGE**®. Enhanced activity of INOS and Cox-2 has been miesein the AOM model of
chemically induced colon tumors, both being de@dashen suppressed by iNOS inhibitors

fed in the die?®®?*® There is some evidence that NO directly interadth p53 and caspases
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by nitrosylation, thus leading to suppressed amgtoand promoting malignant
transformatiof®’. Furthermore, a non genotoxic mechanism has beepoged: Cox-2
derived PGs were shown to accumulate p53 dose deptn in the cytosol, where it is
inactive. Treatment with selective Cox-2 inhibitoesersed this phenomenon, thus protecting

p53 tumor suppressor functfoh

The modulation of NO activity and nitrosative sg@sight have an impact in the prevention
of colitis and colitis-associated colorectal cand¢éowever, the exact mechanisms by which
NO proceeds from “physiological and salutary” toafimful and carcinogenic” remain

uncleaf?

1.6.3 Transforming growth factor beta

Transforming growth factor beta (TG¥H-is known as a potent regulator of cell prolifeyat
and differentiation, embryonic development, wouedling and angiogenesis. Virtually every
cell in the body can produce T@Hthere are three isoforms: TGH; TGF$2, TGF$3) and
express three cell surface receptors (Type I, dl iy for it. Type | and Il can phosphorylate
transcription factors known as Smads that form Sowdplexes which translocate into the
nucleus in order to regulate gene transcriptiom $enad proteins have been identified to
date, of which Smad6 and Smad7 were shown to iINnfilBF{ signalling. TGFB also acts
through pathways beyond Smad, such as mitogenadetiv(MAPK) and stress-activated
protein kinase pathwa$s

The implication of TG in inflammatory processes is based on its funciiomaintaining
immune homoeostasis and promoting epithelial wdgiit. Mice deficient in TGH1 showed

a dramatic phenotype with multifocal inflammatorgeise, leading to organ failure and death
within 2 week$** As described above, pathogenesis of IBD is chariaed by disruption of
the intestinal mucosal barrier and the developmehtadaptive and innate immune
disturbances. Several studies support an impor@et for TGF$ in the control of gut
inflammation and in the induction of tolerance. dites with high exposure to antigens
(intestine, lung), blocked TGE-signalling led to a markedly increased inflammugator
respons&*%* Interestingly, it has been shown that T@GBetivated Smad signalling inhibits
TLR-induced (and NF-kB-dependent) pro-inflammat@gne expression at the receptor

(TLR-2 degradation) and nuclear level (blockeddristphosphorylatiorkigure 1.6.3.3%%¢
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TGF$ Enteric bacteria / LPS
TGFPR1 | | TGFBR2 TLR
l Degradation F—>
P-Smad2/3 B/ NFke | KKwBly
o > —
SmaMO 41 Inhibition F=>5200 —
P-Ac-Histone M
NF-kB Pro-inflammatory
WDM “ r’// gene expression
Smad signalling Chronic inflammation
activated by TGH (IBD)

Figure 1.6.3.1: TGF{ activated Smad signalling inhibits NF-kB-dependertt-inflammatory gene
expression induced by TLR at the receptor (TLRZatkgion) and nuclear (blocked CBP/p300-
mediated histone phosphorylation) lef@ilapted fromi®’).

TGF, released from cells in Peyer's patches or measen{enph nodes, is furthermore
suggested to induce regulatory T cells (Tregs) whien migrate to the mucosal effector
sites in order to induce tolerance against disémtigen&®®. It is widely accepted that TGF-

is critical for the CDACD25" Treg-mediated control of colifi&. A direct role of TGFS in
suppression of colonic T cells has been propd&e@ihese findings indicate that increased
levels of TGFB regulate the immune response in the state of mlaflammation. Indeed,
there is evidence that dysregulated TBtgnalling contributes to experimental and human
IBD. Smad3 knockout mice died from defects in matammunity, and colon samples from
IBD patients showed reduced phosphorylated Smad@sleand high levels of inhibitory
Smad7, compared to control patiéfit3*> Overexpression of TGBL in lamina propria
immune cells inhibited TNBS-induced experimentdlits3*®, on the other hand, increased
susceptibility to DSS-induced colitis was demoristtain transgenic mice engineered to

express a dominant negative T@Feceptor|f*,

25



J. Nowak Colitis-associated colon tumorigesiessuppressed in transgenic mice rich in endogeme3 fatty acids

In addition to its immuno-suppressive and immungutatory effects on T cells, TGFplays

an important role as a tumor suppressor in humamcera regulating proliferation,
differentiation and apoptosis. Predominantly in &k phase, TGB-was shown to arrest the
cell cycle by inhibiting essential regulators (¢gatilependent kinases 2 and 4; cyclins A and
E) via Smad activation. This leads to decreasedpRbsphorylation and subsequently
decreased expression of c-myc, which is known ¢ilege cell progressiéh Mutations in
the TGFB pathway that confer resistance to these effeatsticas result in uncontrolled
proliferation of cancer cells: Blolet al. state that mutations affecting at least one corapbn
of the TGFB pathway occur in 83 percent of colon cantefBor instance, mutations of the
type Il receptor and of Smad4 (initially identifiad DPC4) are frequently observed events in
colon cancéf>?*® Other mediators that promote increased resistan€&F$ signalling are

p53*’ and the oncogene products of c-Af§and Ra&™.

TGF# TGF+ signalling
l perturbation + mutation
Chronic inflammation . .
(IBD) > (benign lesion) » Cancer
(CAC)

cell cycle arrest (G1) growtht

T cell suppression (Tred) migration / invasion

TLR signalling,

extracellular matrix

Figure 1.6.3.2:Biphasic role of TGF5 as a tumor suppressor and promoter.

TGF{ stimulates fibroblasts to produce extracellulartrmaproteins and cell-adhesion
proteins, and it decreases enzymes that degradacebtlar matrix, thus enhancing
extracellular matrix production. Together with cejicle arrest, anti-inflammatory properties
and apoptosis, this effect contributes to an ol/¢isdue protective effect in non-cancerous

tissue.

In cancer cells, TGB-promotes invasiveness by increasing their proteohctivity and their
binding to cell adhesion molecules. Moreover, TG#irectly stimulates angiogenesis, thus
contributing to tumor progression. Suppression led tmmune system (which is rather
beneficial in normal cells or in inflammation) leatb hyporesponsiveness of the immune
system to the tumor. Considering secondary resistdn growth inhibition by distinct
mutations (see above), TG¥is suggested to play a biphasic role in carcinegeiFigure

1.6.3.2§°. Whereas it promotes healing and tissue restitptiad inhibits growth in normal or
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inflamed tissues, mutations or excessive T=ketivity seem to be important in late stages of
cancer development. The T@Fsignalling pathway is thus considered as both raotu
suppressor pathway and a promoter of tumor progressid invasion. It is likely that TGF-

is involved in the pathogenesis from IBD to coldissociated colorectal cancer (CAC).
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2. Fragestellung / Research aims

2.1 Establishment of the AOM / DSS model in transgé€td@ bl fat-1 mice

The fat-1 transgenic mouse is a new and unique approacmuvestigate the effects of
endogenously elevated n-3 PUFA tissue levels ilanmination and cancer development. In
fat-1 mice, it has been shown that the alteration ofithé mediator system ameliorates DSS-
induced colitis, compared to wild type (wt) micehel AOM / DSS model has been
demonstrated to reliably cause DNA damage and ahroolitis in several mice strains,
subsequently leading to the development of multipddon tumors. It was the primary
objective of this study to establish the AOM / D@8del in transgenic C57fht-1 mice, in
order to test the influence of an enhanced n-3 PBligAis on colitis-associated tumorigenesis

in the large bowel.

2.2 Evaluation of inflammation severity (tissue statnsthe AOM / DSS

model infat-1 versus wild type mice

In inflammatory bowel diseases such as Crohn’sadesand ulcerative colitis, n-3 PUFA are
recognized to have beneficial effects on inflamorateverity and disease course. Hueért
al. recently demonstrated thit-1 mice high in endogenous n-3 PUFA are protectenh fro
DSS-induced colitis, very likely due to alteratiohlipid mediators such as eicosanoids, and
the newly discovered resolvins and protectins. Tioeyd lower levels of pro-inflammatory
parameters (ILf}, TNF-o, INOS and NF¢<B), which are considered pathognomonic for IBD,
as well as beneficial effects of n-3 PUFA on intedtmucosal integrity, compared to wild
type mice.

Here, it was our intention to investigate colomftammation induced by AOM / DSS fat-1
versus wt mice. First, we analyzed histomorpholaigohanges and length of colon tissue (a
marker for inflammation). Second, we measured gerpression / protein content of
important markers involved in chronic intestindlammation: iINOS (nitrosative stress), NF-
kB (transcription factor for pro-inflammatory cytoks) and TGH (wound healing and
tissue restitution). We thereby intended to inggge whether deviations in key players of
inflammatory activity might account for differencescolitis-associated colon tumorigenesis
caused by elevated n-3 PUFA levels, comparing gramisfat-1 and wt mice.
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2.3 Effects of endogenously high n-3 PUFA levels ocourrence and

morphology of colorectal tumors

Epidemiological data indicate beneficial effectse8 PUFA in the prevention of human
colorectal cancer. However, feeding studies to stigate mechanisms and pathways of n-3
PUFA action lack reliability due to confounding faxs of dietary supplementation. Tfag-1
transgenic mouse overcomes this issue and themelydps a unique model to evaluate the
effects of an endogenously elevated n-3 PUFA tistatis in colorectal tumorigenesis. A
landmark study performed by Karat al. demonstrated that tumorigenesis induced by AOM /
DSS can be affected through inactivation of the IKR-kB pathway in mice, resulting in
decreased colon tumor incidence. We wanted to aglyAOM / DSS model to transgenic
fat-1 mice in order to investigate tumor histomorphologgidence and size, compared to wt
mice. Furthermore, we analyzed the role of nitiesagtress and NF-kB activity in the setting
of chronic colitis and colon tumor promotion. Owpbthesis was that tumor development
might be suppressed ifat-1 mice, probably due to attenuated inflammation sgveand

alteration of characteristic parameters involvedalitis-associated colon tumorigenesis.
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3. Methodik / Materials and methods

3.1 Mice

3.1.1 Transgenicfat-1 mice

Transgenidat-1 mice were generated and maintained as descrilediopsly®®. Transgenic
mice were backcrossed onto a C57bl backgroundhat feur times. Heterozygodat-1 mice

were then mated with wt mice to obtain wt and letggousfat-1 offspring. In this study, all
transgenicfat-1 mice were heterozygous and female. C57bl is alwidsed inbred mouse

strain which shows a high degree of genetic andgtypic uniformity.

3.1.2 Housing conditions and animal care

Animals were kept under specific pathogen-free dams in standard cages and were fed a
modified AIN-76A diet (energy composition: prot€id%, carbohydrate 58% and fat 22%) in
which 5% corn oil was substituted with 10% safflowd. This diet is thus high in n-6 and
low in n-3 PUFA. Sterile drinking water was gived kbitum. The animal facility provided
an air-conditioned atmosphere with a controlledchd@r light-dark cycle. Each cage housed
two weight-matched female mice, combining wt dattl transgenic mice. Mice were on

daily surveillance regarding general health stang body weight check.

Animal studies were approved by the Massachusetisefal Hospital Subcommittee on
Research Animal Care (SRAC), Protocol 2004N000R0Tig X Kang).

3.2 Fatty acid profiling

Fatty acid profiles were analyzed using gas chrography as described previodfSh
Briefly, 1cm of mice tails (in order to perform tipdenotyping of mice) or blocks of colon
tissue (5x5 mm) were grounded to powder underdigqitrogen. Samples were then subjected
to extraction of total lipids and fatty acid methtybn by heating at 100°C for 1 h under 14%
boron trifluoride (BF3)—methanol reagent (Sigma,LSwuis, MO) and hexane (Sigma). Fatty
acid methyl esters were analyzed by gas chromagibgrasing a fully automated 6890N
Network GC System (Agilent Technologies, Santa &Ia€A) equipped with a flame-
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ionization detector. Peaks of resolved fatty acidse identified by comparison with fatty
acid standards (Nu-chek-Prep), and area percefidag# resolved peaks was analyzed using
GC ChemStation Software (Agilent Technologies, &&lara, CA).

3.3 AOM/DSS model
3.3.1 Experimental setup

For tumor induction, female mice were injected apgritoneally with the genotoxic
carcinogen AOM (10 mg/kg, single dose, Wako ChemsjcRichmond, VA), followed by
DSS (1.5%, for one week, MP Biomedicals, Solon, Qi}terile, non-acidified drinking
water. A body weight of 19 g was considered thedhold for starting the treatment. The
treatment scheme is summarizedAgure 3.3.1 Previous studies have shown that similar
treatment schemes result in colonic adenocarcinat@asloping within 4 weeks and a 100%
tumor incidence at week 6 in the ICR mouse straimereas C57BL6 mice showed a 50%
adenocarcinoma incidence 18 weeks after treatméft OSS for 4 days)>**"?!
Preliminary studies in our laboratory showed cdiamor development within 9 weeks (data
not shown). Mice were anesthetized with isoflurleeFlo, Abbott Laboratories, Abbott Pak,

IL) after 9 weeks and sacrificed for biochemicatl gathological analyses.

AOM

DSS
N N S N B

[

1 2 5 11 wéeks

Figure 3.3.1: Treatment schem8ingle intraperitoneal AOM injection, after one Wwdellowed by
DSS for another 7 days in the drinking water. Mi@ge sacrificed 9 weeks after treatment.

3.3.2 Surveillance of mice during treatment and disease

Clinical assessment of all AOM / DSS-treated angfalr body weight, stool consistency,
rectal bleeding and general appearance was perfodady. To evaluate rectal bleeding,

stool samples were tested using Hemoccult papexk(Ban Coulter, Fullerton, CA).
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3.3.3 Assessment of colitis and neoplasia

The colon was excised from the ileocecal junctiorthte anal verge, flushed several times
with phosphate-buffered saline (Gibco, Carlsbad) &ad opened longitudinally. Gross
examination was performed to measure colon lengthta evaluate the pattern of tumor
development, including quantity, size and positioh tumors within the large bowel.
According to their localization, tumors were assidro either the intermediate or distal third
of the colon sample. In addition, the incidencdi(@e as number of mice with tumors / total
mice in the group), the mean number of tumors/mauseandard deviation, as well as the
mean tumor volume in the group + standard deviatias calculated for each group. For
tumor volume, we used a common approximated formila= 0.5 x (lengthtd x width.
Tumors were excised separately for evaluation @t tene Polymerase Chain Reaction
(PCR) and part of the colon was used for fatty gmidfiling by gas chromatography.
Additionally, (inflamed) colonic tissue, along witkolon tumors, was processed for
histopathological evaluation and further biocherarelyses. All procedures were performed

in a blinded manner.

3.4 Histomorphology

3.4.1 Hematoxylin & Eosin stain

Colon tissue was stained with Hematoxylin & Eosamd stainings were scored for
inflammatory activity by an experienced pathologista blinded manner, according to the
scoring system used previouSR* (i) severityof inflammation (0 no inflammation, 1 mild,
2 moderate and 3 severe) and thicknessof inflammatory involvement (0 no inflammation,
1 mucosa, 2 mucosa plus submucosa and 3 transmegthelial damage(0 intact
epithelium, 1 disruption of architectural structuBeerosion and 3 ulceration) aedtentof
lesions (0 no lesions, 1 punctuate, 2 multifocall & diffuse). Colonic neoplasms were
evaluated according to the criteria used by Suetigi**>. In order to perform the histological
evaluation, we used an Olympus BX51 (Olympus, GeMalley, PA) microscope with
UPlanFI lenses and obtained representative photibsan Olympus QColor5 camera using

QCapturePro Software.
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3.4.2 Immunohistochemistry

Fresh colon specimens of inflamed tissues, tumodsad untreated wt control colons were
fixed in 10% neutral-buffered formalin overnighgllbwed by automated processing and
embedding in paraffin. For staining, rabbit antwiyrosine polyclonal antibody (Chemicon,
Temecula, CA, 1:500) was used as primary antibddye secondary antibody was BGAR
(biotinylated goat anti-rabbit, Vector Labs, Bugame, CA) at a concentration of 1:250.
Antigen retrieval was performed with Na Citrate (fHfor 10 min in a microwave. Normal

human cerebellum served as positive control tissegative controls were performed without

the primary antibody.

3.5 Semiquantitative Real-time PCR
3.5.1 RNA extraction

After removal and initial assessment of the coltssue specimens were shock frozen in
liquid nitrogen and stored at —80°C until furthepgessing. Total RNA was isolated from
whole colon tissue using the RNeasy mini kit (QeimagValencia, CA) following the
manufacturer’s instructions: Briefly, a high-salifter system allows up to 10dy of RNA to
bind to a silica membrane. Colon tissue was lysadl Fomogenized in the presence of a
highly denaturing guanidine-thiocyanate containimgffer, which inactivates RNases to
ensure purification of intact RNA. Ethanol was adid® provide appropriate binding
conditions, and the sample was then applied tarasg@gumn, where the total RNA became
bound to the membrane and contaminants were effigiavashed away. RNA was then
eluted in 30—-10Qu of RNAse free water and stored at -20°C. RNA @&riation and purity
was determined spectrophotometrically by their diemace (optical density, OD) at 260 nm
in relation to the absorbance at 280 nm ¢ OD.gp) with a GeneQuant pro analyser

(Amersham Biosciences, Piscataway, NJ).

2 ul of sample RNA were diluted in 500l NaOH (= 250x dilution), and total RNA
concentration was calculated with the followingnora:

Absorbance at 260 nm (Qdg) x Dilution x 40

RNA concentrationug/ul) =
1000
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3.5.2 cDNA (reverse transcription)

A Reverse Transcription System (Promega, Madisot), Was used to perform reverse
transcription of mMRNA.

For cDNA (complementary DNA) generation, we useddam primers. The mastermix for
each sample was prepared as followgl Zeverse transcription buffer,id 25mM MgCh, 2

ul ANTP mixture, 0.5 recombinant RNasin ribonuclease inhibitoyl ¥fandom primers and
0.7 ul AMV (Avian Myeloblastosis Virus) reverse trangmase enzyme were mixed in
separate tubes. Template RNA (1pg) and nucleaseafager (dHO) were then incubated in a
microcentrifuge tube at 70°C for 10 minutes. Theoant of dHO was calculated with the

following formula:

Amount of dHO = 20ul (total amount per tube) — 10u2 (mastermix) — template RNA
(containing lug mMRNA)

Subsequently, template RNA / gbl mix was added to the mastermix tubes, followed by
incubation for 10 min at room temperature. Revéraescription was then performed with a
programmable thermal controller (PTC-100, MJ RedeaRamsey, MN). The thermal cycler
program was set at 42 °C for 45 min and 95 °Gforin.

In the next step of the protocol, DNA concentratimas analyzed spectrometrically.
Therefore, 1Qul of reverse transcription product was added toMbWNaOH (diluted in 500l
of sterile water). Final DNA concentration was detimed as follows:

Absorbance at 260 nm (Qdg x Dilution x 50
0.020

DNA concentrationdg/ml) =

3.5.3 Primers

Primers were designed with Primer Select 5.00 So#w(DNAstar, Madison, WI) and
purchased from Invitrogen (Carlsbad, CA). Glyceehlglle-3-phosphate dehydrogenase
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(GAPDH) was the housekeeping gene used in ordestandardize interindividual values.
Primer sequences are showable 3.5.4.

Primer Full name Sequence Product length

GAPDH Glyceraldehyde-3- Fw 5" CTGACGTGCCGCCTGGAGAAA 160 bp
phosphate dehydrogenaseRev 5"CGGCATCGAAGGTGGAAGAGTG

iINOS Inducible nitric oxide Fw 5" CCTCAGTTCTGCGCCTTTGCTCAT 149 bp
synthase Rev 5"CAGGCTGCCCGGAAGGTTTGTA

TGF- B Transforming growth Fw 5"GGAAGGACCTGGGTTGGAAGTGGA 144 bp
factor beta Rev 5" AAGCGCCCGGGTTGTGTTGG

Table 3.5.4Primer sequences used in this stiayforward primer; Rev reverse primer; bp base

pairs.

3.5.4 Real-time PCR Protocol

Real-time PCR was performed using Absolute QPCRB@een Mix (ABgene, Rochester,
NY) in an ABI Prism 7000 Sequence Detection Sys{&mplied Biosystems, Foster City,
CA) following the manufacturer’s protocol.

The PCR mastermix used contained (per sample)lZ'aq buffer, 0.251 Taq polymerase, 1

ul dNTP, 2.5ul 25mM MgCh, 4 ul 50% Glycerol, 0.7%ul DMSO, 12.875ul nuclease-free
water, and 0.12%l SYBR Greeff dye. The mastermix was prepared for each geneto b
investigated (adding 0.24 of forward and 0.2%ul of backward primers x amount of tubes)
and subsequently aliquoted into reaction tubesstiijpen, 0.5 of template DNA was added

to the respective tube, resulting in a total volwh&5ul (per tube).

All samples were processed in triplicates and meegre standardized to GAPDH values.
Semiquantitative mMRNA expression was expressedfalsl anduction to wt control animals,
using the 2Ct method. For calculation, values of the housekegpgene (GAPDH) were
substracted from Ct values of the target genesti@gin ACt:arget gend Cliarget gene Clhousekeeping
gene= ACliarget genp Then, ACt values of wt (AOM / DSS¥at-1 (AOM / DSS) and wtontrol
mice (experimental groups) were set into relatorwt control mice ACtexperimental group -
meanACtu: control = AACt) for each target gene. The exponenNAlCt values obtained were
then normalized with the following formula:

n-fold expression (experimental group to wt contro2 <!

35



J. Nowak Colitis-associated colon tumorigesiessuppressed in transgenic mice rich in endogeme3 fatty acids

3.6 NF-kB activation assay (ELISA)
3.6.1 Protein extraction

Whole-cell extracts from frozen colon tissues (kbb®f 1x1 mm) were collected using
Nuclear Extract Kit (Active Motif, Carlsbad, CA).rigfly, samples were disrupted and
homogenized in 3 ml (per gram of colon tissue)dokl lysis buffer with a Tissuemiser
Homogenizer (Fisher Scientific, Pittsburgh, PA)mpées were then centrifuged at 10.000g
for 10 min (4°C), followed by a second centrifugatiafter transfer to new, pre-chilled tubes.

The supernatant fluids obtained represent the wtelldysates.

3.6.2 Protein concentration

Protein concentrations were determined using then@assie Protein Assay Reagent Kit
(PIERCE, Rockford, IL) following the manufactureifstructions. When the Coomassie dye
binds to protein, an absorbance shift from 465 oS35 nm and thus a simultaneously color
shift of the reagent occurs. The Coomassie cokparse curve is non-linear. To address this
issue, we have run a standard curve with 2.0 mB&# stock standard in different dilutions.
After subtraction of the average 595 nm readingHerblanks from the 595 nm reading of the
standard / unknown sample (colon), the standardvecuwvas prepared and protein
concentrations were determined according to thedsra curve. To analyse the absorbance of
the samples, we used a Victor 1420 microplate me@ekin ElImer, Waltham, MA).

3.6.3 ELISA protocol

To quantify the activated p65/RelA protein, TransANF-kB p65 Activation Assay (Active
Motif, Carlsbad, CA) was performed according to thenufacturer’s instructions. Lysates (5
Kg of total protein) were incubated at room tempeeafor 1 h in 96-well dishes containing
immobilized oligonucleotides that comprise the NF-konsensus DNA-binding site (5'-
GGGACTTTCC-3). Consecutively, the primary antibodgainst activated p65 and the
horseradish peroxidase-conjugated secondary antivede incubated in the same manner,
separated by washing steps. The reaction was gecfor 5 min at room temperature and its
intensity measured immediately at 450 nm using eraplate reader (Victor 1420, Perkin
Elmer, Waltham, MA).
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3.7 Statistical methods

All results are presented as mean + standard d@viéSD), except where stated otherwise.
Student’s T-test was used to evaluate the differdoatween two groups. Real-time PCR was
analyzed using theATt method. For comparison of tumor incidences andtstal colon, Chi

Square test was used. Statistical significanceagaspted at the level of P<0.05 and Prism 4

for Windows Software (Graph Pad) was used foratiuations.
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4. Ergebnisse / Results

4.1 Fatty acid profiles of colon tissue in transgea fat-1 and wt mice

Colon samples of mice were analyzed using gas cdcagraphy. Bothfat-1 and wt
littermates were maintained on the same dietarymred10% safflower oil) high in n-6 and
low in n-3 PUFA (n-6 / n-3 = 20). Hence, the datandnstrate thdat-1transgenic mice used
in our study showed significantly higher levelsroportant n.3 PUFA (eicosapentaenoic acid
C20:5, docosapentaenoic acid C22:5 and docosahakageid C22:6) in the colo(Figure
4.1.1) compared to wt mice. Accordingly, wild type miseowed high levels of n-6 PUFA,
whereas n-3 levels were low (leinolenic acid C1B;3docosahexaenoic acid C22:6(3)) or not
detectable (eicospentaenoic acid C20:5(3) and dpevdaenoic acid C22:5(3)Figure
4.1.2)
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Figure 4.1.1:Gas chromatography of colon tissue. The figure shawharacteristic fatty acid profile
of fat-1 transgenic miceC18:2(6) linoleate, C20:4(6) arachidonic acid, @2@) docosatetraenoic
acid, C22:5(6) docosapentaenoic acid (6); C18:¥B)olenate, C20:5(3) eicosapentaenoic acid,
C22:5(3) docosapentaenoic acid (3), C22:6(3) ddwmssenoic acid. N-3 PUFA are highlighted.
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Figure 4.1.2:Gas chromatography of colon tissue. The figure shawharacteristic fatty acid profile

of wild type mice.C18:2(6) linoleate, C20:4(6) arachidonic acid, @22 docosatetraenoic acid,
C22:5(6) docosapentaenoic acid (6); C18:3(3) leimale, C22:6(3) docosahexaenoic acid. C20:5(3)
eicosapentaenoic acid and C22:5(3) docosapentaaaini3) were not detectable in the sample. N-3
PUFA are highlighted.

Fatty acids wt (n=11) fat-1 (n=15)
Percentage ototal fatty acids
n-6 PUFA
LA (C18:2 n-6) 18,70 + 5,86 16,65 + 2,98
AA (C20:4 n-6) 12,17 + 2,90 10,69 + 1,28
DTA (C22:4 n-6) 2,59 + 0,62 1,70 £ 0,24
DPA (C22:5 n-6) 2,30 £ 0,53 0,60 + 0712

Total n-6 36,11 + 3,73 29,64 + 182
n-3 PUFA
ALA (C18:3 n-3) 0,17 £ 0,04 0,17 £0,09
EPA (C20:5 n-3) n.d. 0,79+ 0,25
DPA (C22:5 n-3) n.d. 1,01+ 0,12
DHA (C22:6 n-3) 0,55+0,21 2,563+1,12
Total n-3 0,72 +0,22 4,50 + 1,27

n-6 / n-3 ratio 49,83 +17,56 6,59 + 2,86

Table 4.1: Colon fatty acid profiles in wt versus fat-1 mit& linoleic acid, AA arachidonic acid,
DTA docosatetraenoic acid, DPA docosapentaenoia, aéiLA alpha linolenic acid, EPA
eicosapentaenoic acid, DHA docosahexaenoic acill;fatty acid not detectable in the sample;
P<0.01
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Transgenidat-1 mice had a ratio of long-chain n-6 PUFA (C18:2,0@2 C22:4, C22:5) to n-
3 PUFA (C18:3, C20:5, C22:5, C22:6) of 6.6 in tlndoa, whereas the wild type littermates
had a ratio of 49.8Table 4.1) Thus, although both wt arfdt-1 mice consume the same diet
high in n-6 PUFA, their tissue fatty acid profilege distinct.

4.2 Suppressed experimental colitis iriat-1 mice

4.2.1 Body weight course

Treatment was started when mice reached a bodyhweid 9g. Both wt and transgerfat-1
mice showed a similar course of body weight develept. AOM treatment and DSS
administration resulted in significant body weidbss, whereas weight increase occurred
after stopping DSS treatment. In the following weethe body weight steadily increased in
both groups. Body weight means appeared differetivden both groups at the point of
sacrificing, not reaching statistical significar(@s=0.48)(Figure 4.2.1)
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Figure 4.2.1: Body weight course of fat-1 (grey) versus wt migack) Both groups showed a
comparable pattern of body weight change. At thet @nthe observation period, however, wt mice
showed attenuated weight gain as compared to taitfgt-1 mice.
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4.2.2 Colon length

8.0q

colon length (cm)
o o N N N
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Figure 4.2.2: Significantly reduced colon shortening in
transgenidat-1 mice.” P<0.05.

o
n

wt fat-1

Colon shortening is a hallmark of DSS-induced cmalamage. Increased colon shortening is
attributed to more severe inflammatory activity amweelling of the large bowel. In our study,
colons of wt mice were significantly shorter, comggh to fat-1 transgenic micgFigure
4.2.2)

4.2.3 Disease activity during observation

Both groups showed intermittent rectal bleedingnfemed with hemoccult paper) after
treatment with AOM and DSS (during the whole peraibservation). Whildat-1 and wt
mice were matched together in the same cages, stagdles could not safely be attributed to
one group. However, the frequency of rectal blegdiecreased with the time of recovery

from initial treatment in both groups (data notwh{. Interestingly, four wt mice developed

anal prolapses, whereas only one transgitit mouse presented with this findigigigure
4.2.3)
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4.2.4 Histopathological grading of inflammation

In addition to colon length, the microscopic evéilia (Hematoxylin & Eosin stained slides,
fat-1 n=19, wt n=11) of the distal part of the colon e@aled significantly decreased
inflammation severity and mucosal thickness in nodpecimens ofat-1 animals (Figure
4.2.4.1). Moreover, the grade of mucosal damage and the extemflammation in the
mucosa were attenuated in transgefat-1 mice, compared to wild type controls.
Characteristic histomorphology of inflammatory wityi in both groups is demonstrated in
Figure 4.2.4.2.
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Figure 4.2.4.1: Histopathological grading of colon mucosa samplésalysis showed markedly
attenuated inflammatory activity fat-1 mice in all analyzed categories. Hematoxylin & ilBagtains.
+

P<0.05

normal mucosa fat-1

Figure 4.2.4.2:Hematoxylin & Eosin stains of colitis in transgerfiat-1 and wt animalsExample
slides, indicating more severe colitis in wt anisn@0x magnification.
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4.3 Suppressed experimental colon tumorigenesis fiat-1 mice
4.3.1 Tumor incidence and tumor count

Treatment with AOM and DSS resulted in a tumordecice of 56.3% (9 out of 16) in the
distal part of the colon (where the DSS-inducethmfmation is most severEigure 4.3.1.1,
4.3.1.9 in fat-1 mice as compared with 90.9% (10 out of 11) inrtivet littermates (P=
0.053). In the intermediate part of the colon, ltéganor incidence was similar between the
two groups of animals (75% ifat-1 versus 72.7% in wt animals). Overall tumor incicken
was 87.5% infat-1 mice as compared with 100% in wt animals. Inténgst, there were
significantly fewer tumors in théat-1 animals (2.4 £ 0.47) than in wt animals (4.2 +10.7
P<0.05,Figure 4.3.1.3. No tumors were found in the proximal part of ttwon in either
group of animals.

Figure 4.3.1.1: Photographs
showing colons with tumors
from a wt control mouse
(upper) and from a fat-1
animal (lower).

tumor incidence (%)

100

100+

90.9
90+ 87.5 mmmwt

C—fat-1
80+
72.7 /20
704
60 56.3
50+
40+ Figure 4.3.1.2 Tumor incidence in wt versus
fat-1 mice in the distal (left), the intermediate

307 (center) and the whole colon (right).
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5 . Wit
—fat-1

total tumor count
®

Figure 4.3.1.3: Average number of
tumors per mouse in wt versus fat-1
0 group.” P<0.05.

4.3.2 Tumor size and morphology

Tumors in the intermediate part faft-1 colons were smaller (7.8 + 1.9 riim fat-1 versus
25.6 + 7.0 mm in wt animals, P<0.01Figure 4.3.2.). In the distal part, we could not
observe significant differences, which was compéidaby merging tumor masses in this
colon section in both groups. Whereas tumor sizimiwviwt mice was different between
intermediate and distal pafgt-1 mice showed similar tumor volumes at all affectetbn
sites.

357
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Figure 4.3.2.1:Comparison of tumor volume
5 between wt and fat-1 animals with colon
tumors * P<0.01.

intermediate distal
colon colon
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Morphologically, dysplasia and adenomatous polypgure 4.3.2.2.) were the most
abundant findings beyond inflamed colonic mucosaath wt andfat-1 transgenic animals.
We could demonstrate the development of severaha@decinomas in randomly selected
tumors of both groups, demonstrating the potentiainimic invasiveness in our model of

tumorigenesigFigure 4.3.2.3)

Figure 4.3.2.2Representative Hematoxylin & Eosin stain of infldrmelon and adenoma from a fat-1
mouse.The panel on the right is a higher magnificatiorbx® of the area indicated by the square
frame.

Figure 4.3.2.3Representative Hematoxylin & Eosin stain of infldnmwlon and adenocarcinoma
from a wt mouseThe panel on the right is a higher magnificatiorbX® of the area indicated by the
square frame.

4.4 Important mediators between IBD and CAC
4.4.1 Nuclear factor kappa B

NF-kB activity was assessed by measuring activptslin cell extracts from the colons of
fat-1 and wt animals. There was significantly lower atyi of NF-kB in the transgenitat-1

45



J. Nowak Colitis-associated colon tumorigesiessuppressed in transgenic mice rich in endogeme3 fatty acids

mice, as compared with the wt gro(ipigure 4.4.1) These results are consistent with the
findings in acute DSS colitis ifat-1 mice (Figure 4A it®).
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Figure 4.4.1 NF-kB-activity in the colon, measured by p65
enzyme-linked immunosorbent assay of tissue extr@dct
denoting levels ifiat-1 animals,” P<0.05). wt n=6fat-1 n=6.

absorbance (fold of wt versus fat-1)

© o o ©
°p % @

4.4.2 Inducible nitric oxide synthase and nitrosativessr

Nitrotyrosine as a marker for nitrosative stresss vatectable in colon tumor&igure
4.4.2.1) with increased mMRNA expression of inducible nitoxide synthase (iNOS) in the
colon tumors of wt animal@igure 4.4.2.2 A/B) Expression of INOS in the tumors faft-1
animals was significantly lower. These results wasasistent with the results in acute DSS
colitis, where iINOS expression was lower in the1 mice that were protected from colitié
However, in the non-tumorous colon, there was mmicant difference of INOS mRNA
expression between tlfi@-1 and wt animals in this studiigure 4.4.2.2)

wt fat-1

Figure 4.4.2.1Representative nitrotyrosine stainings in a colomoér from a wt mouse (left panel) as
compared with a fat-1 anim#élight panel). 40x magnification.
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Figure 4.4.2.2 A/IBmRNA levels of INOS in the normal colon tissues@significant difference) and
colon tumors (B; P< 0.05) of wt and fat-1 animalglntreated animals served as controls. A wt n=>5,
fat-1 n=5. B wt n=3fat-1 n=4.

4.4.3 Transforming growth factor beta

MRNA expression of the anti-proliferative transfamg growth factor beta (TGB} was

increased in the colons t-1 mice (Figure 4.4.3) which could contribute to the suppression

of tumorigenesis in th&at-1 animals.
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Figure 4.4.3mRNA of TGF in distal colon tissue.
TGF-beta expression is significantly higherfat-1
animals { P<0.05). Untreated animals served as
controls. wt n=5fat-1 n=4.
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5. Diskussion / Discussion

5.1 Summary of the study

The results presented here show that an endogenaustased n-3 PUFA tissue status in the
colon decreases inflammation-triggered colon tugemesis. In the recently engineefatil
mice, lower amounts of n-6 PUFA were detected, amexb to their wild-type littermates.
Hence, we could demonstrate significantly highssue levels of the n-3 PUFA DPA, DHA
and EPA in lipid profiles ofat-1 mice.

The suppressed tumorigenesis inftitel mouse was evidenced by a lower incidence of colon
neoplasia in théat-1 mice as well as a smaller size of the tumors foknheflammation was
less severe in the distal colon fat-1 mice with high endogenous n-3 PUFA tissue levels,
confirming our previous findings of protection frazalitis in fat-1 mice. The lower degree of
inflammatory changes was associated with a dealetaseor incidence in the distal colon.
These changes were, on a molecular level, accombdry a lower NF-kB activity in the
transgenicfat-1 mice together with a significantly lower mRNA egpsion of iINOS in the

tumors and an increased expression of anti-pralifiex TGFf in colonic tissue.

In summary, these findings indicate that an in@ddssue status of n-3 fatty acids duéate

1 gene expression can suppress colitis-associateah amarcinogenesis. This might be
attributed to the generation of n-3 derived lipidediators as well as to decreased
inflammatory and proliferative factors (INOS, NFXKBnd promotion of tissue restitution
(TGF).

5.2 Evaluation of advantages and limitations

5.2.1 Mice and fatty acid composition

There is epidemiological evidence that n-3 PUFA npdgy a beneficial role in cancer
prevention and / or development. However, resedath in this field are inconsistent and
controversial, most likely due to confounding fastof diet or n-3 fatty acid supplemetits

To examine the effects of two different n-6 / naty acid ratios, two diets must be utilized to

feed the animals in order to establish the diffefatty acid profiles in both groups. At
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present, no pure n-3 and n-6 fatty acids are adaileor animal diet. In fact, many variables
can arise from diet composition and feeding prooedDifferences regarding the effective
amount of dietary intake, impurity and contaminafigensitivity of nutrients to oxidation,
duration of diet change etc. are characteristigtdtions of feeding studies and affect the
validity of the results obtained. To date, fishsadind plant seed / vegetable oils are widely
used to provide dietary n-3 and n-6 fatty acidspeetively. Patient compliance in clinical
trials might be negatively influenced by the ungbaa flavor of fish oil and by irritating side

effects (fishy aftertaste, indigestion, laxativéeet, heartburn, flatulence).

The transgenic approach using thel gene, as presented here, only affects the ratre@f
to n-3 PUFA by endogenous desaturation of n-6 Ptt-their n-3 counterparts. Differences
in general behaviour betweéat-1 and wild type mice are not yet recognized. In asttto
feeding studiesfat-1 and wild type animals (born to the same mothen) loa fed with an
identical diet, in which the total amount of fatagids is not altered. In this study, the
concentrations of n-6 fatty acids were significamdduced irfat-1 mice, causing the n-6 / n-
3 ratio to drop from 49.8 (wild type) to 6.6, thuaslicating fatty acid conversion. The ratio in
colons of wt mice thereby reflects the compositdthe Western diet (high in n-6, low in n-3
PUFA), wherea$at-1 mice appear to be a promising and unique modehfoell-controlled
investigation of consistently high n-3 PUFA leveishuman health and disease. Finally, the

transgenic approach can save time and costs #asaally involved in dietary manipulation.

However, it can be argued that (not genetically fred) mammals lack théat-1 gene,
guestioning whether and how the methodic advantagese translated to humans. It is the
aim of studies that utilize tHat-1 gene to reliably elucidate the underlying mechasisf n-

3 PUFA action. To date, n-3 supplementation remtiasherapeutic strategy, however, new
options might be available by administration of de&ived mediators (such as RvEL1) in the
future. Moreover, théat-1 gene is successfully used for the generationamisggenic domestic
animals (e.g. pigs), in order to provide n-3 riobd (meat) and to subsequently balance the n-
6 / n-3 ratio in humand”
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5.2.2 AOM / DSS model

Experimental animal models such as the AOM / DSSlehoesemble human diseases, in
order to investigate their pathology and to devealeps therapeutic concepts. In contrast to
genetically modified animals, chemical agents sas/AOM and DSS have been utilized to
mimic non-hereditary (colitis-associated) tumor elepment in the colon. In the protocol
used here, a single intraperitoneal injection ofM\@as followed by DSS administration in
the drinking water, causing genetic damage andreedditis within a short term of treatment.
Human colitis-associated cancer results from cleroeiapsing and remitting inflammation
(characteristic for IBD such as Crohn’s disease woérative colitis) and involves genetic
susceptibility and complex interactions of the ilenand adaptive immune system. While DSS
colitis shows features of human IBD, it is not claa which point and to which degree its
mechanism is effective in the complex causal clddimnitiating and maintaining colonic
inflammation. Thus, the relevance of the murine AGMDSS model to human colitis-
associated cancer is limited, and observationsatdm translated to the human condition in
an unrestricted manner. However, AOM-induced tunstiev aberrant protein expression for
APC and beta-catenin, K-ras mutations, and elevigeels of Cox-2 and iNOS, which are
typical findings in human CRE Interventions that work in human IBD also redeoitis-
associated tumor formation in the AOM / DSS modeich as treatment with 5-ASA or
inhibition of TNF-¢*?%?*3 In the setting of IBD and colorectal cancer, tismal model can
thus provide the basis for important basic reseaneths, which might subsequently and
successfully be translated to humans.

In preliminary studies we found that age, body \Wweignd gender are important contributors
to the disease course in the AOM / DSS model. Maedhe genetic background (strain) of
mice determines the susceptibility to this modemiany respects, up to the point of different
colonic microflora. To standardize these potentiainfounding factors, we only used female
C57bl mice, a common inbred mouse strain that shawsigh degree of genetic and
phenotypic uniformity. Furthermore, treatment was started before an age of 9-10 weeks
and a body weight of 19 gram. In order to avoidestigator-related biases, all experimental
procedures were performed in a blinded manner. iega the intraperitoneal AOM
injection, however, individual metabolisation araliation of AOM in each mouse must be
taken into consideration. Here, it would be of et whether n-3 PUFA probably influence
the initial activation of AOM in mice.
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A major criticism towards DSS-induced colitis in ami regards the comparability of
individual DSS intake. Since DSS is administratgaibnking water, it is essential that every
mouse has unrestricted access to the feeding bbitleur experiments, cages housed only
two animals, matchindat-1 and wt littermates. The drinking habits of animeds also be
influenced by discontinuity of night cycles / exfiim® to light and room temperature /
humidity. Our animal facility addressed this comcéry providing automated light / dark
cycles (12h / 12h) and permanent air-conditionihgs indeed not possible to exactly monitor
the individual intake of drinking water for eachiraal, and inter-individual variations in DSS
ingestion cannot be excluded. However, the homageesults we obtained within the
transgenidat-1 and wt groups indicate that these arguments mapea principal limitation
of the results presented here. We found considesaghs of inflammation even 9 weeks after
treatment with AOM / DSS, suggesting that the cslevere chronically inflamed in our
experimental setup. This is in contrast to otheegtigators, who link chronic colitis only
with repeated cycles of D&SProbably, this regimen would better mimic thehpgnomonic
disease course seen in human IBD. However, mulgpldes of toxic DSS cause more
aggressive and severe colitis in the vast majafitgnice, which might have disguised some

significant differences between our two test groffiais1 and wt).

Due to the highly reliable experimental protocoldarelevant links to human IBD and
colorectal cancer, the AOM / DSS animal model is ohthe most widely used experimental

regimens to investigate colitis-associated tumaoges in the colon.

5.3 Determination of inflammation and proliferation

5.3.1 Tissue morphology

Our histomorphological investigation (H&E stains)pports attenuated colitis fiat-1 mice.

However, images of tissue samples always represaq-shots of current events in the body.
To improve the validity of our findings, all proag@s (sample preparation, staining, grading)
were performed in a blinded manner and with the loedlan experienced pathologist. The
grading system used is widely accepted and has \ed&tated before. We obtained colonic
stainings of all mice that were included in thedsgtin order to calculate differences according

to the grading system.
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5.3.2 Nuclear factor kappa B

It is widely accepted that NF-kB plays a centrderon IBD-associated colorectal cancer
development: Levels of activated p65 were reported significantly correlate with
inflammation severity in IBD. Furthermore, NF-kB is upregulated in colorecehaer, and
increased RelA protein correlates with colon tumemiesis™®?** Accordingly, a landmark
study performed by Kariet al. demonstrated that tumorigenesis induced by AONsS[2an
be affected through inactivation of the IKK / NF-kfthway in mice, resulting in decreased
colon tumor incidence. Our findings of decrease8 p6fat-1 mice and attenuated colon
tumor development, compared to their wt littermateartially confirm the results of this

study. Furthermore, they are consistent with presvi@sults ifat-1 animals®*>>*

However, recent research delineates a rather cample of NF-kB that is predominantly
dependent on the cell type involved. Whereas NkrkBacrophages is considered to mediate
explicit pro-inflammatory effects in IB5*> controversial findings were reported regarding
its role in epithelial cells. Fukatt al. first described a link between TLR4 and MyD88 (its
adapter protein) signalling and Cox-2 expressioth@ninflamed intestirfé®. After acute DSS
injury, there were increased signs of colitis ircendeficient in TLR4 or MyD88, suggesting a
direct link between NF-kB and Cox-2 and supportarmgle for Cox-2 derived PGHEn TLR4-
related mucosal repair. Compared to beneficialifigsl in the short term, persistent TLR4
signalling was thought to contribute to colitis-@sated carcinogenesis. In contrast to this
study, Nenciet al. found spontaneous severe pancolitis in mice lachiEMO (IKKy) or
both IKKa and IKKB in intestinal epithelial celfs”. NEMO deficient cells cannot activate
NF-kB, which led to apoptosis, impaired expressbantimicrobial factors and translocation
of luminal bacteria. Interestingly, NEMO deficientice revealed no signs of colitis after
being crossed with mice lacking MyD88, indicatimgitt TLR-mediated bacterial recognition
is essential for disease pathogenesis in this mades study demonstrates an IBD-like
phenotype in mice, suggesting that NF-kB signaltiefgcts in intestinal epithelial cells might
be an important early event in IBD pathogenesishdlgh NF-kB inhibition by antisense
oligonucleotides against RelA/p65 or small-moledul@bitors of IKKb decreased intestinal
inflammation in mice, the above mentioned studaser concerns about the potential use of
IKK B inhibitors in IBD**®*?® |n this context, a recent study highlights thél specific
dependence of the anti-apoptotic and pro-inflammyagffects of NF-kB, indicating that NF-

kB inhibition might lead to apoptotic loss of emtium with subsequent ulceration in acute
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disease phase of intestinal inflammation. Whenetamg myeloid cells in the chronic phase,
inhibitors of IKKb and NF-kB might show beneficieffects®”.

N-3 PUFA appear as an additional approach for NFrBdulation. In a recent study
performed by Huderet al, transgenicfat-1 mice high in endogenous n-3 PUFA were
protected from DSS-induced colitis. This effect vpastly attributed to alteration of NF-kB
activity and derived pro-inflammatory mediators,snikely due to the distinct PUFA status
(high in n-3 PUFA) offat-1 mice™®* Interestingly, another study demonstrated sugpres
LPS-induced NF-kB activation ifat-1 mice on a calorie-restricted diet, suggestingallire
effects of n-3 PUFA on inflammatory gene expresaasnwell as beneficial effects through
combination of high n-3 PUFA and calorie restrinf®d. In our study presented here, we link
lower NF-kB activity infat-1 mice with suppressed colitis-associated tumorigisnr the
first time. The exact pathways of NF-kB alteratiopnn-3 PUFA remain unknown, however,
newly discovered n-3 derived mediators are poteptdicipants in this setting. In summary,
NF-kB is a central player in IBD and colorectal can and compounds such as n-3 PUFA

that can regulate NF-kB activity might have an ietpa the reduction of disease burden.

5.3.3 Inducible nitric oxide synthase and nitrosativessr

Several studies demonstrate increased INOS expressid nitrotyrosine accumulation in
patients with Crohn’s disease and ulcerative stiftf*> Hence, mice genetically deficient in
iINOS were less susceptible to DSS colitis, compdceavild type micé”. Reducing NO
activity and nitrosative / oxidative stress miglg & promising approach to reduce colonic
inflammation and thereby the potential for malign@nogression. Seriét al. found that
radical scavengers such as superoxide dismutatdas® and NOS inhibitors significantly
attenuated DSS-induced colonic inflammatfdrHere, we were able to demonstrate thatl
mice show significantly decreased INOS expressioncolitis-associated colon tumors,

compared to wt mice.

One might argue that NO production in the body e« hmited to the INOS isoform,
suggesting a role for nNOS and eNOS in the abowvetioreed pathology. While these two
enzymes are constitutively expressed, iINOS is iaduxy NF-kB related cytokines and INF-

in the state of inflammation. Beak al. showed that INOS expression is mainly upregulated

within inflammatory cell infiltrates of the laminpropria and the submucosa in areas of
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experimental DSS-induced colonic inflammation amckration. Interestingly, INOS knock
out mice showed less severe features of DSS-indtmléds, whereas mice deficient in nNOS
or eNOS were not protect®d This identifies the iINOS isoform to be the cafisource for
exacerbated NO production during colonic inflammatiHowever, extrapolation of NO data
from experimental animal colitis models to humaDIB questionable. Trying to address
contradictory findings that occurred during thetph3 years, it must be taken into account
that studies differed in species, strains, housmgditions, chemical models and execution.
Moreover, the effects of pharmacological intervemsiin NO production during the course of
colitis strongly depend on the time-points of intartion, the combination of agents used, as
well as on the bioavailability of these agéfits

This again underlines the advantages offétdd model applied in our study, with persistently

elevated levels of n-3 PUFA in the colon.

The exact mechanisms by which the universal messeéi@ switches from its homoeostatic
role in acute inflammatory events to detrimentdie@k in sustained inflammation and
malignant transformation remain unknown. Howevére modulation of INOS and NO
production seems to clearly alter the disease eoof<olitis and neoplasia development in
the large bowel. In our study, endogenously higrel of n-3 PUFA might contribute to
ameliorated oxidative damage and nitrosative striessexperimental colitis-associated

tumorigenesis.

5.3.4 Transforming growth factor beta

Disruption of the mucosal barrier and dysregulatbthe immune response are hallmarks of
IBD etiology. In the setting of acute inflammatioRGF is mainly implicated in tissue
restitution after mucosal injury and in maintenaméeimmune homoeostasis. It has been
demonstrated that targeted disruption of the PGHene results in severe multifocal
inflammatory diseagé®. Accordingly, Hahmet al. found that loss of TGPB- augments
inflammation severity in IBE*. In our study presented here, we demonstrate higkels of
TGF{$ mRNA in inflamed colon samples of transgefat-1 mice, compared to their wt
littermates. Enhanced mucosal protection may theownt for significantly attenuated
colonic inflammation irfat-1 animals. Interestingly, TGB-s suggested to downregulate NO
productio*®. This might explain our present finding of deceghiNOS expression in colitis-

associated tumors dit-1 mice.

54



J. Nowak Colitis-associated colon tumorigesiessuppressed in transgenic mice rich in endogeme3 fatty acids

In contrast, altered TGE-signalling is linked with the development of caotal cancer:
Blobe et al. reported that mutations affecting at least onepmment of the TGEB- pathway
can be detected in up to 83 percent of colon caffcathe constellation of beneficial effects
and malignant potential thus creates a discrepantlye relevance of TGB-levels. While
high levels of TGH3 can be protective in acute and moderate chrofienmmation, the same
condition may promote progression and invasionmgdutumorigenesis due to mutations in
TGF9 signalling. Regarding our study presented hewe ctintent of TGH in colon tumors
and the analysis of potential mutations remairfdather investigation in order to evaluate the

effect of endogenously high n-3 PUFA levels in t®lassociated tumorigenesis.

5.4 The n-6 / n-3 PUFA ratio and Western civilization a disparity

During evolution and civilization, human beings enslent dramatic changes in lifestyle and
diet. The “ancient” food was rich in n-3 fatty agjdvith a rather balanced ratio of n-6 to n-3
PUFA 1:1)"*°. Based on that condition, the human body couldsequently establish and
adopt its genetic pattern regarding fatty acid ib@liam over a long time period. With the
emergence of agriculture and adoption of animabhndry, a deviation in diet consumption
was initiated, resulting in a relatively higher nFBJFA intake. This development was
strikingly enhanced in the past century (indusied food production), creating the modern
Western diet that is characterized by its high eonof grains and processed food. This diet is
rich in n-6 PUFA such as linoleic and arachidordaand deficient in n-3 PUFA, with an n-
6 / n-3 ratio of 15-20-£*. While man probably evolved on a 1:1 ratio of hf63 fatty acids,
modern diet thus reflects a strong deviation frbme balanced ratio, and the human body was
challenged to adapt to the new ratio (on the genetiel) in a short period of time. The shift
of the fatty acid ratio is suggested to contribidean increased risk of certain diseases of
modern Western civilizations, such as cardiovascullisease and canc&t™®>
Supplementation with n-3 fatty acids might overcothis disparity and has been shown to
mediate anti-inflammatory, anti-cancer and neurmtive effects***%’

In fact, the impact of the n-6 / n-3 ratio in themplex setting of immunoregulation,
inflammation and cancer and the elucidation ofinicstbiochemical pathways of n-3 PUFA
action remain for further investigation. While nsipplementation in feeding studies
experiences limitations regarding reliability arghsistency, our transgeniiat-1 model with
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high endogenous n-3 PUFA levels evolves as a pimogiwol to address these research

issues.

5.5 N-3 PUFA and chemoprevention of colorectal cancer

With regard to mounting epidemiological data thatticate beneficial effects of n-3 PUFA in
CRC prevention, research trials that mainly apptéstary n-3 supplementation have been
performed. However, these data are sometimes irstens due to confounding factors of n-3
supplementation. While the amount of data on tldeqular basis of n-3 PUFA for colon
cancer prevention is limited to date, the recescalery of n-3 derived lipid mediators
(linked with anti-inflammatory properties) as weal§ the introduction of théat-1 mouse
model led to important progress in this figfd?>1321%3|t would be of interest to quantify the
required amounts of DHA and EPA in n-3 suppleméantaas well as to delineate underlying
pathways of potential effects in the preventiorcolonic inflammation and carcinogenesis.
The central concept of a dominant role of Cox-2colon cancer prevention may have

significant limitations that necessitate its reagpaf®

. Whereas long term medication with

NSAIDs and selective Cox-2 inhibitors seems toodda recommend, n-3 PUFAs have been
an essential part of human nutrition throughoutl@ian. Consequently, there might be a
place for an increased uptake of n-3 PUFA, as allor a general recommendation to rise

the n-3/n-6 ratio in the diet, in order to preveolonic inflammation and carcinogenésis

5.6 Conclusion and impact of the study

The results presented here support a protective obln-3 PUFA in colitis-associated
tumorigenesis induced by azoxymethane and dextdini® sulfate, evidenced by suppressed
colitis and reduced tumor development. In contrageeding studies, we used an innovative
transgenic approach with high endogenous n-3 PUFhe colons offat-1 mice. Hence, a
significantly higher status of n-3 PUFA could beramstrated in colons of transgerfiat-1
mice, compared to wt animals. We propose that tisewed anti-tumorigenic effect of n-3
PUFA may be mediated partially by modulation of tcagin mediators that link chronic
inflammation with cancer, such as NF-kB (inflamnmrgtand proliferative cytokines), INOS
(oxidative and nitrosative stress) and T{GRtssue protection). The results presented here

might support our recent findings of suppresselfnimation in acute DSS colitf¥.
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Our study thus offers an excellent basis for aenapt to further elucidate the molecular
interactions and underlying pathways of n-3 PUFAoacin the setting of chronic colitis and
colon cancer. More chemopreventive trials to addthe relationship between the formation
of n-3 derived lipid mediators and carcinogenessingl approaches of lipidomics and
proteomics are warranted. In fact, a recently @hield study performed by Baal, using the

same experimental setup with AOM and DSS, confirraed results of suppressed colitis-
associated tumorigenesis fiat-1 mice®®. They furthermore demonstrated decreased ‘CD3
CD4" T helper, and macrophage cell numberfaial mice as well as significantly decreased

n-6 derived eicosanoids by mass spectrometry.

In this context, dietary supplementation with ni3HA may be an effective and safe means
of CRC prevention and it may be an alternative be tuse of anti-inflammatory
cyclooxygenase inhibitors, particularly selectivex€2 inhibitors, which exhibit significant
side effects when used long term. Because n-3 Phidw& further beneficial effects, such as
cardioprotective effects, supplementation with R3FA to prevent colon cancer could be a

strategy worth pursuing now.
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6. Auszug / Abstract

Colorectal cancer (CRC) is the second leading cafseancer deaths in USA. Anti-
inflammatory drugs were shown to be effective ia frevention of CRC, supporting a link
between inflammation and tumorigenesis in the coldowever, due to their side effects,
long-term administration of these drugs for CRCvprgion is not feasible. An increased
tissue content of omega-3 polyunsaturated fattydsagn-3 PUFA) can dampen colon
inflammation in animals as well as in humans. Waetincreasing colon tissue n-3 PUFA
alone is effective in preventing colon tumorigesegmained to be investigated. Here we
show that endogenously increased tissue levelsPRFA in thefat-1 transgenic mouse
model lower incidence and growth rate of colon tsnimduced by inflammation (dextran
sodium sulfate) plus treatment with carcinogen Xgmwethane). This was accompanied by
lower activity of nuclear factor kappa B (NF-kB)gher expression of transforming growth
factor beta in the colons and lower expressiomadiicible nitric oxide synthase in the tumors
of fat-1 animals. Our data provide new insight into the ima@ism by which n-3 PUFA
suppresses tumorigenesis through dampening ofmniliaion and NF-kB activity. These

results support a protective role of n-3 PUFA sappntation in the prevention of CEE
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7. Zusammenfassung / Summary (German)

In der vorliegenden Studie haben wir in transgefagri Mausen den Effekt von Omega-3
Fettsduren auf die Entstehung von chemisch indernieKolontumoren untersucht. Zur
Induktion von Tumoren benutzten wir das genotox@sklarzinogen Azoxymethan (AOM),
kombiniert mit Dextran Sodium Sulfat (DSS), welcte@se chronische Entziindung (Kolitis)
im Kolon hervorruft. Die transgenefat-1 Mause exprimieren eine Konvertase, welche
Omega-6 in Omega-3 Fettsauren umwandeln kann. Dladundet sich in diesen Mausen ein
endogen erhtéhter Omega-3 Fettsauregehalt. Unsepotligse war, dass die erhdhten
Omega-3 Fettsauren in diesem transgenen Tierma@elEntstehung von Kolontumoren

durch eine Hemmung der entzuindlichen Gewebsreakéomindern.

Im Kolongewebe der transgendat-1 Mause konnten wir (verglichen mit Mausen vom
Wildtyp) niedrigere Spiegel von Omega-6 Fettsdumessen. Zusatzlich haben wir
signifikant hohere Spiegel der Omega-3 FettsaurdpA,DDHA und EPA in den
Fettsadureprofilen defat-1 Mause nachweisen kénnen. Die Ergebnisse unserdreSteigen,
dass sich ein endogen erhdhter Gehalt an Omegé#stten protektiv auf die durch AOM
und DSS induzierte Entzindung und Tumorgenese itorKauswirkt. Die Hemmung der
Tumorgenese wurde belegt durch eine niedrigere Tinzidenz infat-1 Mausen sowie durch
eine geringere GroflRe der entstandenen Kolontumolran.distalen Kolon zeigte die
histopathologische Untersuchung am Ende der Veesuzhhdem einen geringeren
Schweregrad der chronischen Kolitis in dattl Mausen. Dieses Ergebnis bestatigte friihere
Versuche mit chemisch induzierter akuter Kolitis fat-1 Mausmodell. Auf molekularer
Ebene zeigten sich eine erniedrigte Aktivitat desanskriptionsfaktors NF-kB, sowie
signifikant niedrigere mMRNA Expressionen von iNOSden Tumoren und von TGFim
Kolongewebe defat-1 Mause (verglichen mit den Mausen vom Wildtyp). Warmuten,
dass der protektive Effekt der Omega-3 Fettsauréglioherweise durch die Modulation
dieser zentralen Mediatoren von Entzindung undifBration bewirkt wird. Eine kurzlich
publizierte Studie von Jia et al. mit gleichem eaxpentellem Aufbau konnte unsere

Ergebnisse abgeschwachter Entziindung und Tumomgyérias-1 Mausen reproduzieré?.

Unsere Studie bietet eine gute Basis zur Erforsghweiterer molekularer Zusammenhange
sowie des ursachlichen Metabolismus von Omega-3sd&teen im Zusammenhang mit

chronischer Entziindung und Kolonkarzinom. ZusétgiStudien sind nun notwendig, um
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die Beziehungen und Einfliisse von Omega-3 Lipidateden (Resolvine, Protektine) auf die

Karzinogenese aufzudecken.

Bisherige Versuche der Pravention des Kolonkarzsyowa. durch entziindungshemmende
selektive Cox-2 Inhibitoren, zeigten erhebliche 8llirkungen mit erhéhtem Risiko
kardiovaskuléarer Ereignisse im Langzeitversuch. @Qar@ Fettsauren sind seit jeher
essentieller Bestandteil der menschlichen Nahrimdiesem Kontext kdnnte die Erganzung
mit Omega-3 Fettsduren bzw. die generelle Empfehhun Erhdhung des Omega-3 / Omega-
6 Ratio in der Ernahrung eine effektive und sich&lternative mit dem Ziel der Pravention

der Kolontumorigenese darstellen.
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