Effects of Dietary Bovine Lactoferrin on Intestinal
Lymphocytes of Mice After Dextran Sulfate Sodium orAcute
Exercise Challenge

by

Paul A. Spagnuolo

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Health Studies and Gerontology

Waterloo, Ontario, Canada, 2008
© Paul A. Spagnuolo 2008



| hereby declare that | am the sole author ofttinesis. This is a true copy of the thesis,
including any required final revisions, as accepigany examiners.

| understand that my thesis may be made electribpeaailable to the public.

Paul A. Spagnuolo



Abstract

Background: Inflammation, if uncontrolled, can promote thenf@tion of colon
cancer. Intestinal lymphocytes (IL) are immunescétlat can participate in inflammation
through the generation of cytokines and by causlingct cellular injury. Apoptosis, or
programmed cell death, regulates the populatidgnophocytes and dysregulation of this
process results in the prolonged activation of hattoccurs during inflammation.
Therefore, inducing apoptosis of IL is a viable madsm by which inflammation and
possibly colon carcinogenesis could be preventggeftmentally, inflammation may be
induced in mice by: 1) the addition of the chemicalant dextran sulfate sodium (DSS)
to drinking water or 2) exposure to acute exerfdde intense treadmill running).

Bovine lactoferrin (bLf) is a dietary whey protewith demonstrated ability to
promote anti-inflammatory responses by reducingipfl@mmatory or increasing anti-
inflammatory cytokine concentrations within theestine. There are also reports that bLf
can alter apoptotic proteins in the intestinal legitim to favour cell death. Moreover,
athletes have been reported to supplement thes di¢h whey protein; it is also known
clinically that after heavy competition some ategetmay experience gastrointestinal
distress. The role, however, of bLf in reducindanimation by initiation of apoptosis or
alteration of cytokine levels in IL has not beemamined.

Objectives: The primary objective of this research was to mheiee whether
dietary bLf affects mouse IL apoptosis and cytokinacentrations in: 1) a normal, non-
inflamed state, 2) following AE challenge and 3)ldwing DSS treatment. A second

objective was to directly examine the potentialtgctive effects of dietary bLf from



inflammatory damage caused by DSS and AE challeviggn administered alone or in
combination with a carcinogen.

Methods: A total of 252 female C57BL/6 mice were used ie #xperiments.
Apoptotic proteins (Bcl-2, caspase 3, Bax, cytoomoc), inflammatory cytokine
proteins (TNFe. and IL-10) and a transcription factor for pro-affimatory cytokines
(NFxB) were determined in isolated mouse IL by Westdat analysis. Flow cytometry
was used to determine the extent of apoptosis imsedL subsets by measuring
phosphatidylserine surface expression using Ann&XitANN™) and propidium iodide
staining. Tissue inflammation was determined byohigy (H&E staining) on segments
of mouse small and large intestine. Diets were gmeghand pelletted to contain 20% total
protein and contained either bLf or were the cdnfibomulation (no bLf). Mice were
exposed to bLf containing diets for 4 d or 12 abptd sacrifice. DSS was provided at 5%
in the drinking water for 4 consecutive days ptmsacrifice. Animals were subjected to
three repeated bouts of AE (each separated byr2dthinvolving treadmill running and
sacrificed either immediately or 24 h after theafiexercise bout. In the experiment
involving carcinogenesis, mice were given two sui@ceous injections of azoxymethane
(AOM), followed by a two week incubation period,dasubsequently exposed to bLf or
the control diet.

Results: Results from the first experiment determined th@% bLf was effective
at reducing mouse IL levels of TNEF{p<0.05) (pro-inflammatory) and increasing the
percentage of apoptotic CD# (CD4"/ANN™, p<0.05) in healthy mice. Thus, 2.0% bLf
was used for the subsequent experiments. Dietairadiinistration in mice exposed to

AE was associated with lower levels in mouse ILtleé anti-apoptotic protein Bcl-2



(p<0.01) and of TNFet (p<0.05) and N&B (p<0.05), both pro-inflammatory proteins.
Further, the exercise protocol resulted in oxidatistress, as measured by 8-iso
prostaglandin f levels in plasma, but did not induce intestinflaimmation, evident by
the absence of both tissue damage and infiltratbmmmune cells. Following DSS
treatment, mice supplemented with bLf enrichedsdied lower levels of both TNé-
(non-significant, 34% reduction) and NE (p<0.05) and increased concentrations
(p<0.01) of cytochrome c, a mitochondrial protess@ciated with cell death. DSS
exposure in mice resulted in gross morphologic@ralions and infiltration of immune
cells in the small and large intestine; these ckarnqg tissue histology were not affected
by the addition of bLf. Mice injected with AOM artden subjected to DSS, but not AE,
had increased numbers (p<0.001) of aberrant crypneoplastic colonic lesions,
compared to animals only receiving AOM injectionetary bLf did not affect any of
these carcinogenic processes.

Conclusions: Collectively, these results suggest that dietdry dddministration
reduces pro-inflammatory cytokine levels and hastéd effects on apoptosis of mouse
IL. Moreover, these modifying effects of bLf did tneesult in mucosal protection, as
evident in the inability of this protein to redub&S-induced tissue damage or formation
of aberrant crypts.

Physiological and Clinical Implications: Although the long term physiological
consequences of bLf supplementation in the reguiadf intestinal immune homeostasis
require further study, the following clinical impétions are tentatively suggested by the
findings from this thesis research. First, diethty supplementation does not provide

direct protection of the intestine during inflamioat either with or without exposure to



the carcinogen (i.e., AOM); hence, bLf (at leasthia dietary concentration and exposure
used in these experiments) may not be useful inaied the formation of aberrant crypts
and carcinogenesis. Second, dietary bLf shouldoratecommended as a supplement at
this time for athletes experiencing intestinal is$ since it had no impact on tissue
indicators of disease in a model (DSS) shown tayee extensive inflammation and
tissue pathology. Nonetheless, the findings rdigepssibility that bLf can modify both
cytokines and apoptotic protein expression in Ild anay influence some aspects of

inflammatory processes in the gut.
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INTRODUCTION

Intestinal inflammation is characterized by tissdamage caused by the
recruitment and excessive activation of intestlgaiphocytes. Under normal conditions
lymphocytes contribute to mucosal protection. Dgipmolonged inflammation, however;
these cells could contribute to the creation ofearironment that increases the risk of
colon carcinogenesis. Apoptosis, or programmeddwth, is essential in regulating the
immune response and dysregulation of this vitalc@ss perpetuates lymphocyte
activation. Therefore, inducing apoptosis of adgdaintestinal lymphocytes could result
in decreased inflammation and, by extension, redyittie risk of colon carcinogenesis.

Bovine lactoferrin (bLf) is a dietary milk protewmith demonstrated ability to
reduce inflammation mainly through modifying cyto&i production. Addition of bLf
reduces colonic tumour numbers in rats and has Sleewn to affect apoptotic proteins
within the colonic epithelium. However, the abiliby this important dietary constituent
to influence apoptotic parameters in intestinalpjiocytes has not been examined.

Inflammation may be induced experimentally by saWdifferent protocols. The
gold standard for induction of experimental intesti inflammation is by the
administration of dextran sulfate sodium (DSS)he drinking water of rodents. Another
possible strategy is by subjecting mice to stresumhaustive acute exercise (AE). Both
protocols result in an excessive production of ipf@mmatory cytokines, a common
characteristic of inflammation. The objectivestlos research were: 1) to characterize
the effect of dietary bLf on intestinal lymphocypoptosis and cytokine levels during a

normal, non-inflammatory state and following DSSA# challenge and 2) to directly



examine the ability of bLf to protect the intestimaucosa from alterations induced by
DSS or AE and when these protocols were providéovicng tumour initiation events.
Chapter 1 is a literature review aimed at providangeneral overview of the

important concepts and topics germane to this sh&hapter 2 provides an explanation
of the study rationale and the working hypotheg&lsapters 3-7 are the results from
experiments conducted from this thesis researcasd khapters were written as scientific
papers for publication and include a detailed desigd outlined hypotheses for each
study. Chapter 8 is an integrated discussion ofréisearch findings and includes study

limitations and offers recommendations for futueeaarch.



Chapter 1: Literature Review

The purpose of this literature review is to pr@via background into the current
state of knowledge regarding lactoferrin, apoptogilammation and the intestinal
immune system. This is not an exhaustive reviewabatimmary focused on providing
context into the potential influence of lactoferrion apoptosis and intestinal
inflammation. A list of abbreviations is found ippendix | and may aid in the reading

of this thesis.

1.1. Intestinal Immune System

The intestinal immune system is an integral compboé overall host protection
as it governs the immunological response in thetrostile environment in the human
body. Intestinal lymphocytes are central in thentemance of intestinal homeostasis as
they participate in both regulator and effectorctioms. In this section a brief overview
of the intestinal immune system, specifically faogson intestinal lymphocytes, is
presented.

The gastrointestinal mucosa is in constant contdtht bacterial and dietary
antigens. Given this anatomical location it is moirprising that the gut associated
lymphoid tissue (GALT) is the largest and most ctarplymphoid population in
mammals (Abreu-Martin and Targan, 1996). GALT cstssof organized tissues [e.g.,
Peyer’s patches (PP) and mesenteric lymph nodedNjMiesponsible for the induction
phase of the immune response and effector sitegshwbontain immune cells (i.e.,
leukocytes) within the epithelium and lamina prapfMowat, 2003). A single layer of

epithelial cells covered by mucus and secretory &pAs as an interface between the



intestinal tissue and the luminal contents. Thishefium provides the first active line of
defense against infection by segregating the luimamentents from the underlying
complex immune network (Baumgart and Carding, 200The intestinal epithelium,
however; is not impervious to luminal antigens #émere are several methods by which
the underlying lymphoid follicles (e.g., PP) sampieninal antigen: 1) dendritic cells
(DC) within the lamina propria extend dendrite®ittie lumen, 2) antigens transverse the
epithelia via microfold cells and encounter DC, &@)dintestinal epithelial cells (IEC)
uptake antigen and present antigen to the DC tegethth proteins of the major
histocompatibility complex (MHC) (Kunisawa and Kiyo, 2005). Once the antigen is
in contact with the DC it can either be processétiwPP or transported to MLN where
lymphocytes are encountered and the fate of theuimenresponse (i.e., tolerance or

immunity) is decided (Mowat, 2003).

1.1.1. Intestinal Lymphocytes

There are two classes of intestinal lymphocyte$ {at are differentiated based
on immunological properties and location. In thenilza propria (LP) are lamina propria
lymphocytes (LPL). Within the intestinal epitheliurabove the basement membrane,
resides a highly specialized population of intrédegial lymphocytes (IEL). Together
IEL and LPL perform critical effector and inducemnttions and are integral components
in maintaining immunological intestinal homoeostg$iershberg and Blumberg, 2003).

IEL account for about half of the peripheral T getiol in mammals, and the
small intestine of mice has an estimated IEL pajaof 50-500 x 18 cells depending

on the strain, age and other factors (Beagley amsbihd, 1998). Phenotypically, these
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cells are 80-90% CD3J cells, and of these, 80% are CDIEL. The T-cell receptor
(TCR) is essential for T-cell function and is cléied as eithewp orys. All y6CD8 IEL
express the CDR&. homodimer co-receptor whereafCD8 IEL expresses either the
CD8ua homodimer or CD&3 heterodimer (Beagley and Husband, 1998). Indeed tw
distinctive features of IEL from other peripherdbdd lymphocytes (PBL) are that they
exclusively express the Cia@ homodimer co-receptor and contain large numbeig of
T cells (e.g., 53% vs. 3%, in mouse IEL vs. PBlspextively) (Abreu-Martin and
Targan, 1996; Ishikawa et al., 2007). Along thestinal tract, populations of IEL share
identical cellular phenotypes, which led to thdmaracterization as oligoclonal (derived
from only a few clones) (Gross et al., 1994). Tieisture of IEL may account for their
restricted ability to respond and proliferate teypously unseen antigen (Fiocchi, 2001).
A unique feature of the IEL population is the exgsien of the memory
phenotype (85% express CD45R@nd markers of activation (e.g., CD69, CT antigen
and CD11c) which together indicate prior antigepasure (Abreu-Martin and Targan,
1996). IEL are rapidly activated in the presencamf-CD3 stimuli (Wang et al., 2002)
and collectively these observations have led to dhecription of IEL as ‘partially
activated’ T cells. Although the mechanism of aation is not fully understood, it has
been suggested that IEL “wait” for the approprisignals (e.g., antigenic stimuli, co-
stimulatory molecules) to push them into full aatien (Montufar-Solis et al., 2007).
Once activated IEL are capable of lysing targesdel.g., virally infected cells or foreign
bacteria) and contain cytoplasmic granules withfgser and granzyme (Beagley and
Husband, 1998). Apart from cytotoxcity, |IEL seeratytokines which are important

cellular messengers (see section 1.2.1.). Althotlgh cytokine profile is largely



dependent on the type of activation signal, indbve state IEL tend to favour T,
cell mediated cytotoxic responses (Beagley and &u$p1998). Thus, IEL are a very
distinctive and critical lymphocyte population fdhe maintenance of immune
homoeostasis through both cytotoxic and regulatgtgkine functions.

In comparison to IEL, LPL are more similar to conttenal PBL. As in PBL,
LPL are predominantly (95%gp TCR with small numbers of cells expressing flde
receptor. Approximately 40-90% of LPL are T cdi®D3") with the greater majority
(65-85%) expressing the CD4o-receptor. Similar to PBL, LPL ratios of CIx@D8§"
are approximately 65%:35% (Abreu-Martin and Targe®96). Within the LPL there is
also a large percentage (70-90%) of IgA secretitaprpa cells that aid in anti-
inflammatory responses (Beagley and Elson, 199BL are thought to be a population
of highly activated lymphocytes, as they expredarge percentage (66-96%) of the
CD45R0O memory phenotype and share similar surface mafkersl on activated cells
(Fiocchi, 2001).

LPL participate in both effector and regulator ftioes (Rothkotter et al., 1999).
These lymphocytes express Fas ligand, and contaimules with perforin and granzyme,
which can induce apoptosis in target cells (Melgfaal., 2002). In response to antigen,
the proliferation and cytotoxicity of LPL is lowénan in PBL, which may be a default
mechanism attributed to the surrounding environngiegat, constant presence of luminal
antigen) (Fiocchi, 2001). Given the large popolatiof CD4 cells in the LP
compartment, it is not surprising that LPL functiangely as regulatory cells. That LPL
are critical to regulation is supported by thestneted capacity to clonally expand (i.e.,

proliferate in response to antigen) and their pngpg and efficiency at secreting anti-



inflammatory and tolerogenicyP cytokines (Abreu-Martin and Targan, 1996). Irttier
support of this argument is the finding that LPlogwce large concentrations ofi '
cytokines that support anti-inflammatory respon@éecchi, 2001; Beagley and Elson,
1992). Cytokine balance is important in the regafatof inflammatory events (see
section 1.2.1) and CDAPL in inflamed tissues show a predominance talpce T1
cytokines [e.g., increased ILB1IL-6 and tumour necrosis factor{TNF-o)] (Reinecker
et al., 1993). In summary, LPL are more similaP®L than IEL, represent an activated
lymphocyte population with limited proliferative macity, and have regulatory and

cytotoxic functions.

1.2. Intestinal Inflammation

Inflammation is the complex physiologic responsetissue damage caused by
pathogens, wounding, or irritation (Philip et &004). It is a protective mechanism by
which the individual attempts to remove or limitethharmful stimuli and initiate the
healing process (Kelsall, 2008). The inflammatagation is initiated by a cascade of
chemical mediators (e.g., cytokines) secreted bgllmacrophages, epithelial and mast
cells that coordinate a response by which altergbdb flow, increased vascular
permeability and up-regulation of adhesion molesldad to the recruitment of immune
cells (Linden, 2001). The movement of leukocytesrirthe circulation to the interstitial
space is explained by a multi-step paradigm oftutallevents: 1) circulating leukocytes
are slowed as they align and interact with the #relm wall at sites of injury, 2)
leukocyte interaction with adhesion molecules iases and leads to improved contact

between the immune cell and the endothelium, anddBgred leukocytes transmigrate
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into tissues (Bianchi et al., 1997; Springer, 1994 flamed tissues are dominated by
neutrophils, macrophages and lymphocytes, whicleigdéa large amounts of growth
factors, cytokines and reactive oxygen and nitrogpacies that contribute to tissue
breakdown and strengthen the defense against @dtamfection (Philip et al., 2004;
Coussens and Werb, 2002; Lu et al., 2006). Undemaloconditions, inflammation is
self-limiting so that once the harmful stimulusisared and the damaged tissue repaired,
the same cells that initiated inflammation are oesjble for its down-regulation (i.e.,
negative feedback). The production of pro-inflamomatmediators is shifted towards
production of anti-inflammatory mediators, whichhiipit further activation and
recruitment of immune cells (Philip et al., 200#he healing process is initiated and
there is rapid clearance of inflammatory cells étal., 2006).

The intestine is resident to over 500 differentcsge of bacteria. Coupled with
the constant presence of dietary constituentsintiestine is believed to be in a constant
state of controlled inflammation termed ‘physiolai inflammation’ (Fiocchi, 2001).
This has been suggested because of the relativehceful co-existence between
intestinal bacteria and the large numbers of matamd partially activated IL. The
intestine has control mechanisms that limit GALTpesure to luminal antigen. These
include: 1) physical control mechanisms such asaetive epithelial lining and the
organized structure of GALT that limit antigen espce and 2) physiological control
mechanisms such as increased IgA secretion, tlieney of LPL and IEL to have low
proliferative capacity, and the propensity of LR dct as helper cells through active
immune suppression (i.e., secretion of IL-10 and=PE (Beagley and Elson, 1992).

Additional physiological control mechanisms incluttese that confer oral tolerance.



Oral tolerance is defined as the state of immumresponsiveness to orally administered
antigen such that an immune response (i.e., pratitey and activation of immune cells)
does not occur (MacDonald and Monteleone, 2005h&te and Mayer, 2005). Immune
unresponsiveness following antigen recognition ¢hie@ved through several cellular
mechanisms including clonal anergy (lack of T-gelliferation and activation), clonal
deletion (death of T-cells) and active suppress{sacretion of anti-inflammatory
cytokines) (Mowat, 2003).

The balance between activation and regulation wiplyocytes is essential to the
delicate balance of intestinal immunological honasis. Alterations to this balance,
which could include excessive inflammatory stim(éig., incorrect recognition of a
harmless luminal antigen as foreign, alterationirdéstinal barrier permeability) or
failure of regulatory mechanisms (e.g., failed ape of activated lymphocytes,
breakdown in oral tolerance) could result in in@mprate immune activation and
potentially detrimental inflammation (MacDermott,996). This could lead to
pathological inflammation resulting in host tissde@mage and, possibly, disease. For
example, individuals with inflammatory bowel diseagIBD) have recurring bouts of
intestinal inflammation; although the etiology iskmown, it is believed to involve
multiple factors (such as diet, genetics and emvirental) that participate in altering this

balance to favour disease pathogenesis (Neumaii).200

1.2.1. Cytokines

Cytokines are low molecular weight glycoproteirsreted by various immune

and epithelial cells. They exert their functionaihgh receptor mediated pathways and



have important roles in biological processes. Cyiek involved in inflammation can be
divided into two generic groups: pro-inflammatosgtakines, which include interferon-
(IFN-y), TNF-a, and interleukin (IL-) # and anti-inflammatory cytokines, which include
IL-4, IL-5, and IL-10 (Williams, 2001). CD4T cells are a main source of cytokines and
they can be further classified intq, I or T2 cells based on the cytokines they secrete:
Tl cells secrete pro-inflammatory cytokines ang? Tells secrete anti-inflammatory
cytokines (Strober et al., 2002).

The release of pro-inflammatory cytokines resuttshe activation of immune
cells (e.g., neutrophils and lymphocytes), enhamcemf T-cell proliferation, increases
in vascular permeability and up-regulation of adbesmolecules on the endothelial
surface to facilitate leukocyte transmigration (@tly et al., 2003). An importantyT
cytokine in intestinal inflammation is TNé&-which is synthesized as a 26kDa membrane
bound protein (mbTNIF). Cleavage by TNIe converting enzyme results in soluble
TNF-a (17kDa) that acts on downstream targets expressiggate receptors (Bradley,
2008). There are several functions of ThFdependent on whether it is the soluble or
receptor form. When available as a membrane boecebtor, mbTNFe, through direct
contact may confer cell survival. The more commolulsle form (STNFe) participates
in a wide variety of biological processes that um@d apoptosis, proliferation and
differentiation, activation of proteases, promotioh angiogenesis and activation of
immune cells (Aggarwal et al., 2006; Goetz et2004). TNFe is a potent {1 cytokine
that is important in normal host defense againfctron. When inappropriately or
excessively produced, however, TNFs harmful and has been experimentally and

clinically linked to IBD and colon cancer (Szlodaet al., 2006; Bradley, 2008). TNF-
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was found elevated in the serum and stools of patieith IBD (Murch et al., 1991;
Braegger et al., 1992) and in mice is overexpregsed® macrophages (Neurath et al.,
2001) and inflamed colonic tissues (Tomoyose et H)98). Moreover, several
investigators have shown that treatment with némtng anti-TNF-o antibodies results
in decreased disease indicators. For example, Valterden and colleagues (1995)
observed a decrease in Crohn’s disease activitgxirstores and healing of mucosal
ulcerations in patients following a single infusiaf an anti-TNFe. human/mouse
chimeric monoclonal antibody (cA2). Improvementstissue histology and reduced
numbers of infiltrating neutrophils and lymphocytesre observed following a single
dose of infliximab (anti-TNFe antibody) in patients with Crohn’s disease comgédme
placebo controls (Baert et al., 1999). Thus, itegpp that TNFee may have an important
role in inflammation induced tissue damage andatbiéty to reduce its expression has
been correlated with decreased intestinal inflanmonat

Ty2 cytokines are involved in regulating the inflamargt response. IL-10,
secreted by CD% cells, macrophages, dendritic cells and B cellsiminates
inflammation by inhibiting activation and effectiumctions of T cells and macrophages
(Moore et al., 2001). In addition to these acigt IL-10 regulates the growth and/or
differentiation of natural killer (NK) cells, cytoxic and CDZ4 cells, B cells,
granulocytes, mast cells and dendritic cells (Maairal., 2001). It is a potent inhibitor of
TNF-o and IL-1B (Rosatto et al., 2007) and Crepaldi et al., (20&nonstrated that in
vitro stimulation of human neutrophils with IL-10arc further enhance an anti-
inflammatory environment by inducing the productioh an IL-1 antagonist. The

importance of IL-10 in the regulation of inflamnmati is further emphasized in IL-10
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deficient mice. These animals develop severe intdstolitis characterized by massive
infiltration of lymphocytes, macrophages and neptiits as well as show increased
concentrations of pro-inflammatory cytokines; amtion of colitis occurs upon
addition of IL-10 (Wirtz and Neurath, 2000). Morewoy mice treated with recombinant
IL-10 had reduced extensiveness of tissue damagidean of an increase in TNFand
IL-1 following the addition of a chemical irritakhown to cause intestinal inflammation
(Tomoyose et al., 1998). Thus, the relationshipvben the pro- (§1) and anti- (§2)
inflammatory cytokines is such that a shift towaad§,1 response can result in a state of
inflammation whereas a shift towards a2Tresponse confers an anti-inflammatory

environment (Elson et al., 2005; Wirtz and Neura®0o0).

1.2.2. Nuclear Factork B

Transcription factors (TF) are proteins respomsiiolr regulating the transfer of
information from DNA to messenger RNA (mMRNA) (Lew2002). TF bind to DNA and
assist in transcription which may eventually resnoltthe production of proteins that
perform cellular functions. One TF central to thBammatory process is nuclear fackor
B (NFxB). NFB is actually the general name for a family of seniption factors that
influence biological processes such as inflammatiapoptosis and tissue repair
(Nakanishi and Toi, 2005). Its relative importarasea therapeutic target is highlighted
in several diseases, including IBD and colon camtewxhich patients exhibit elevated
levels of the activated TF (Karin, 2006; Tak ance&iein, 2001). NiEB is composed of
various homo or heterodimer combinations of progibunits and several target genes

include those that produce cytokines, chemokinedl, adhesion molecules, growth
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factors, immunoreceptors, anti-apoptotic proteimsl @aranscription factors (Lee and
Burckart, 1998; Barnes and Karin, 1999).

NFkB is found in the cytoplasm in an inactive statd &ns associated with the
inhibitory protein kB. Upon activation from an external signal (e.gNF-a, IL-1,
lipopolysaccharide (LPS), UV radiation or free ds), the #B protein is
phosphorylated by the | kapfakinase (IKK3) which liberates N&kB from its inhibitor
(Barkett and Gilmore, 1999). B is degraded and MB translocates to the nucleus
where it exerts its role in transcriptional regidat The link between inflammation,
cancer and increased NB is well established. In knockout mice devoidliiKp in
enterocytes there is a dramatic 75% decrease iouumumber compared to wild-type
mice; reduced inflammation (e.g., reduced COX-26ImRNA and IL-B mRNA) and a
50% reduction in tumour number also occurred inenticat were lacking IKK in
myeloid cells (Greten et al., 2004). ’Bwas found elevated in hepatic tumours and this
increase was attenuated by treatment with ibupradenmon-steroidal anti-inflammatory
drug (NSAID). Complete absence of R did not influence atypical proliferation but
decreased tumour progression indicating a roleFB\in tumour promotion rather than
initiation (Pikarsky et al., 2004). Therefore, geting and down-regulating B
appears to be a potentially valuable therapeutigetaagainst inflammation and

carcinogenesis.

1.2.3. Inflammation as a Promoter of Colon Carcinognesis

Colon carcinogenesis is a complex multistep protiesiscan be divided into three

general stages: initiation, promotion and progmssiThe end result of this process is the
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accumulation of the so called ‘hallmarks of candk&at convert a normal cell to an
autonomous cell capable of uncontrolled growth anésion of neighbouring tissues
(Trosko, 2006). The hallmark features of cancedexscribed by Hanahan and Weinberg
(2000) are: 1) self-sufficiency in growth signé3,insensitivity to antigrowth signals, 3)
evasion of apoptosis, 4) limitless proliferation, shistained angiogenesis, and 6) tissue
invasion and metastasis. The multi-step prograssia@arcinogenesis is a framework to
outline and define possible molecular events aasedtiwith the transformation of a
normal, ‘mortal’ cell to a cell capable of limitegrowth (i.e., immortal cell). Initiation
involves the irreversible primary damage to, oertion of, DNA in normal cells caused
either by spontaneous mutation or from carcinoggrosure (Oliveira et al., 2007). The
consequence of initiation is that the cell begmsdcumulate some of the characteristics
of transformed cells, which lead to the possibititat the cell could escape the typical
limits of normal growth (Trosko, 2006). Experimdhtainitiation events can be induced
by injection with a known colon specific carcinogeach as 1, 2-dimethylhydrazine
(DMH) or azoxymethane (AOM).

The initiated cell can persist in otherwise norriisdue for extended periods of
time (Farber and Rubin, 1991). However, the coneeref this atypical cell into an
immortal cell can be accelerated by events thaitera favourable growth environment.
These so called “promotional events”, which includéammation, cause the clonal
expansion of the atypical cells (Farber and Ruld®91). The end result may be the
eventual accumulation of all the hallmarks of canaed, therefore, promotion is the
process that allows the initiated cell to escagedinppressing and regulatory effects of

normal cell growth (Pitot and Dragan, 1991). Hgbrogression refers to the event that
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confers the ability of the immortal cell to sustai® own growth, which may result in
tumour formation, and to invade neighbouring tis€Dkveira et al., 2007).

Colon cancer prevention strategies can be targagathst any of the stages of
carcinogenesis. However, as Trosko (2006) pointsvauereas initiation and progression
may be irreversible and occur within a short daratithe promotion phase occurs over
decades and may be reversible. Thus, approprig@ghutic interventions would be
directed against promotional events. Focusing dlanmmation, there is ample evidence
that implicates it is a promoter of colon carcinoggs. Experimentally, inflammation
can be induced by several methods such as recjattion with the hapten
trinitrobenzenesulfonic acid (TNBS), feeding ofregeenan (CAR), or administration of
dextran sulfate sodium (DSS) in the drinking wé&irober et al., 2002). Okayasu et al.
(1996) using DSS and D’Argernio et al. (1996) usilgBS, as promotional events
following AOM injection observed increased numbest colonic tumours when
compared to animals receiving AOM alone. Similad)M injected mice treated with
DSS had a greater appearance of several inflamynatdicators (i.e., increased TNE-
increased immune cell infiltration, enhanced COXeRpression, body weight loss,
bloody stools) and increased tumour numbers (Rmpiva et al., 2008).

Perhaps the most striking evidence to support nmft@ation as a promoter of
carcinogenesis are animal and human studies tloat shreduction in the number of
colon tumours after treatment with anti-inflammat@gents. For example, Seril et al.
(2002) demonstrated a 20% reduction in the numbeolmn tumours in DSS-treated
mice supplemented with N-acetylcysteine, an andi@xi with known free radical

guenching capacity. Administration of aspirin, &AD, significantly reduced both
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tumour incidence and the number of invasive caria® in the colon of AOM injected
rats (Reddy et al., 1993). Studies also supporntiteon that anti-inflammatory agents
protect against colon cancer development in hum@lessmann and Rothwell (2007)
[British Doctors Aspirin Trial, N=5139 and UK-TIA gpirin Trial, N=2449] and Logan
et al. (2008) [N=945, in patients with colorectaleaomas] reported that individuals
ingesting 300 mg/day of aspirin was sufficient éaluce colon cancer risk and risk of
recurrence of colorectal adenomas, respectivelgkei together, there is evidence from
human and animal studies suggestive that inflanmmagromotes increased tumour
number and that the addition of anti-inflammatoggsts may reduce tumour number.
The mechanism by which inflammation promotes camgamesis is unknown, but
in recent reviews by Philip et al. (2004), Lu et(@006) and Coussens and Werb (2004),
inflammation is suggested to create an environrtreitfavours cells to accumulate DNA
and cellular damage through the persistent geoerati reactive oxygen species (ROS).
Moreover, this environment also favours prolifesatisince a consequence of tissue
damage is a drive toward tissue repair. Theretbeejncreased likelihood of cellular and
DNA damage coupled with the tendency for increaseltllar division results in the
potential for atypical cell development and theusmcualation of the hallmarks of cancer

that may eventually lead to carcinogenesis.

1.2.3.1. Aberrant Crypts

Aberrant crypts (AC) are established pre-cancelesisns in the colonic mucosa

that begin as a single enlarged crypt but expatodi@mger clusters involving many crypts
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(aberrant crypt foci - ACF). AC are distinguishigdm their normal counterparts in
many ways that include changes in width, height g#ackness of the epithelial lining,
depletion of goblet cells, and irregular luminaleapgs (Bird, 1987; 1995; Bird and
Good, 2000; Augenlicht et al., 2002). AC are thistfknown observable mucosal lesions
that may develop into adenomas (Bird, 1987; Moalgt2005) and are a commonly used
biomarker for colon carcinogenesis (Takayama et 2005). Several investigators
demonstrated that inflammation enhances AC formatibynn et al. (2007) found that
deoxycholic acid, a secondary bile acid and suspetttmour promoter, enhanced ACF
formation when provided in the diet of mice followgi AOM injection. Addition of 2.5 %
carrageenan (CAR) to the diet of rats injected WM resulted in increased numbers
of ACF compared to rats on CAR-free diets (Tachalgt2000). Sutherland and Bird
(1994) reported increased ACF in AOM treated ratesd fdiets containing
chenodeoxycholic acid (CDC), a primary bile aciddaknown tumour promoter;
increased proliferation was also evident in CDCugsoindicating accelerated cellular
growth. AC are thus reliable and important markers of efnlgourigenesis that increase

during inflammation.

1.2.4. Methods of Inducing Intestinal Inflammation

1.2.4.1. Dextran Sulfate Sodium

As noted earlier in this literature review, animgigen dextran sulfate sodium (DSS)
develop intestinal inflammation. DSS is a sulfapedlysaccharide that directly damages

the intestinal mucosa and is currently the mostmmommethod used to induce intestinal
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inflammation (Strober et al., 2002). Animals reaegvDSS develop several pathological
changes such as intestinal bleeding, loss of boeigh, shortening of the intestine,
mucosal ulcers and other epithelial changes inotudibrosis and crypt loss (Hibi et al.,
2002; Elson et al., 2005). The mechanism of DS$fBaad intestinal inflammation is not
known but likely involves multiple pathways. DSS yrmédamage the intestinal epithelial
barrier allowing luminal bacteria to penetrate witkthe lamina propria, thus activating
an immune response (Strober et al., 2002). DSSalsasbeen shown to alter intestinal
microflora (Okayasu et al., 1990), stimulate B @lpansion (Minchin et al., 1990),
accumulate in macrophages (Kitajima et al., 1998) alter adhesion molecules on
intestinal epithelial cells that favour IL attachmgNi et al., 1996). Whatever the
mechanism, DSS induced colitis is characterizedrbgxcessive {1 response attributed
to activated neutrophils, macrophages and lymplescyhat accumulate within the
damaged segments (Boismenu and Chen, 2000; Dieletah, 1998; Pizarro et al.,

2003).

The conventional means of administering DSS to atgns through the drinking
water. The concentration and duration of adminigma determines the extent of
intestinal mucosal damage (Egger et al., 2000)uté&anflammation is usually triggered
by exposure to DSS (1-5%) for a few days (usuadtymMeen 4 and 7) and this is followed
by euthanasia (Kullmann et al., 2001; Melgar ef a005). Chronic inflammation
develops when periods (e.g., 1-2 weeks) of reg@l2$S-free) drinking water is

administered following DSS treatment (Strober et2002; Kullmann et al., 2001).
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1.2.4.2. Acute Exercise

Gastrointestinal disturbances such as abdominal, giiarrhea and intestinal
bleeding are common adverse effects of strenuoesciee in athletes (Peters et al.,
2001b; Bi and Triadafilopoulos, 2003). These eBeqtay be related to alterations of
intestinal homeostasis caused by exercise. Indeadative stress and ischemia-
reperfusion (IR) injury are two consequences ofr@ze that are implicated in the
induction of intestinal inflammation (Shek and Shayul, 1998). These two processes
may cause death of intestinal epithelial cells ilegdo a loss of intestinal barrier
function. Failure of the epithelial layer to segaggthe immune network from the luminal
bacteria allows bacteria to penetrate into the hampropria and interact with the
intestinal immune network. The result would be #ogivation of immune cells and the
induction of intestinal inflammation, which may d¢obute to the gastrointestinal
problems associated with strenuous exercise inetathl(Marshall, 1998; Shek and

Shephard, 1998).

During exercise intestinal ischemia occurs as blmodiverted away from the
intestine to metabolically active skeletal musdreters et al. (2001a) reported that blood
flow in the superior mesenteric artery (SMA), whilpplies blood to the intestine, was
reduced by 49% compared to pre-exercise valueslumteers subjected to a cycling test
(70% VO, max). A damaging effect of intestinal ischemiadeath of epithelial cells.
Following surgical occlusion of the rat SMA, Nodaat (1998) and Giakoustidis et al.
(2008) reported increased DNA fragmentation andotgsis of intestinal epithelial cells
(IEC); infiltration of inflammatory cells into théamina propria was also evident.

Increased intestinal permeability was observedtathg SMA occlusion in rats which
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was also associated with elevated serum and inéstnucosal levels of pro-
inflammatory cytokines (TNF+ and IL-6) (Grotz et al.,, 1995). Therefore, exezcis
associated intestinal ischemia may lead to deatheofEC and loss of intestinal barrier

function.

During aerobic exercise there is an increase irptbduction of reactive oxygen
species (ROS). When this production alters thengalan favour of ROS over the
endogenous cellular antioxidant defense enzymeshndre capable of neutralizing ROS,
a state of oxidative stress occurs (Opara, 208@urces of ROS during exercise include
the electron transport chain, which also create$ RIOring normal cellular respiration,
the xanthine and NADPH oxidase enzyme systems,qayées and the iron catalyzed
Fenton reaction (Niess et al., 1999; Jackson, 2RSS, such as the superoxide anion,
the hydroxyl radical, and hydrogen peroxide carugadcellular damage and thus there
are several defense mechanisms by which ROS arevesinFor example, superoxide
dismutase (SOD) converts the superoxide anion tdrdgen peroxide which is
subsequently converted to water via catalase enz\(@g., peroxidase) or is broken
down by glutathione peroxidase (Hensley et al.,0200hese important cellular defenses
(i.e., SOD, catalase and glutathione) are criticalcellular protection and if these
defenses are overwhelmed, which can occur durirgrcese, the resultant state of
oxidative stress can impart tissue damage.

Another important cellular defense mechanism ig lsback protein (e.g., HSP
70). It is rapidly induced in response to both atide stress and ischemia reperfusion
injury and offers cellular protection against ittesl mucosal damage (Fehrenbach and

Northoff, 2001; Otaka et al., 2006). The protectiees of HSP 70 include preventing
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protein misfolding and aggregation and also redu@mNA fragmentation and apoptosis
(Yenari et al., 2005). During exercise HSP 70 mvated in human blood leukocytes
(Fehrenbach et al., 2000) and in mouse intestiyi@lphocytes (Hoffman-Goetz and
Spagnuolo, 2007a); increased HSP 70 has been atesbaivith reduced intestinal
mucosal damage and neutrophil infiltration follogiischemia (Sakamoto et al., 2005).

The consequences of ROS production include DNA damlass of both cellular
integrity (via lipid peroxidation) and enzyme fuioet, and cell death (Phaneuf and
Leeuwenburgh, 2001; Hensley et al., 2000). Thusila to intestinal ischemia,
oxidative stress can induce death of the IEC lgpthnoss of intestinal barrier function.
Indeed, oxidative stress as a result of exercissssciated with physiological alterations
suggestive of inflammation. For example, phagoayifdtration, damage to plasma
membrane lipids, proteins and DNA, and activityN#iB are all increased as a result of
exercise induced oxidative stress (Aoi et al., 200Mlastaloudis and colleagues (2004)
showed that antioxidant supplementation (e.g.,mitaC and RRR-alpha-tocopheryl
acetate) attenuated the increase in plasma 8-ssiggiandin [, a reliable marker of
membrane lipid peroxidation caused by oxidativeessty in ultramarathon (50km)
runners; the expression of pro-inflammatory markers., IL-6, TNFe and C-reactive
protein) were also observed post-exercise.

The suggestion that intense exercise induces imégtflammation may thus rely
on the ability of the exercise regimen to inducedge to the intestinal epithelium. Such
damage would result in the inability of the epithel to segregate the bacteria from the

intestinal immune network. As bacteria penetrate tme lamina propria the immune
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cells would be activated, and provide the stimulasessary to induce the inflammatory

response.

1.3. Cell Death

Two terms frequently used to describe cell death apoptosis and necrosis.
Apoptosis is a rapid, genetically controlled praceharacterized by distinct cellular
morphology such as: cell shrinkage, chromatin caosdion, budding, little or no
swelling of organelles and DNA degradation (Keralet1972). Necrosis is characterized
by cellular swelling and eventual cellular and macl lysis that is accompanied by
inflammation (Savill et al., 2002; Majno and Jori®95; Van Cruchten and Van Den
Broeck, 2002). The following section is a briefiev of apoptosis and necrosis with a

focus on the molecular apoptotic pathways.

1.3.1. Apoptosis

Apoptosis, or programmed cell death, is an esddnitiéogical process involved
in embryonic development, regulation of the immuesponse and tissue homeostasis
(Hoffman-Goetz et al., 2005). It is orchestratgdabcascade of cellular events primarily
carried out by a family of cysteine proteinase emey called caspases. These enzymes
specifically cleave substrates at residues thabviohspartic acid and are classified as
either initiator or executioner caspases. Initiat@spases (such as caspase 8 and caspase
9) function in upstream regulatory events and asponsible for the activation of the

executioner caspases (caspase 3, caspase 7, grakecak?). These in turn then
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coordinate the apoptotic response (Danial and Keyem 2004; Baumann et al., 2002;
Pinkoski and Green, 2005). Executioner caspasesaats/ate DNA fragmentation factor
(DFF) which is responsible for DNA degradation (lgapz et al., 1999).

The complex apoptotic process can be broken dotentimee sequential phases:
initiation, execution and death (Hoffman-Goetz &t 2005). In the initiation phase
cellular signaling results in activation of initatcaspase enzymes. The execution stage
begins with the activation of executioner caspadesing this stage the cell reaches a
point of no return and becomes committed to ddaittally, during the death stage, the
nucleus collapses and apoptotic bodies are foridagdertz et al., 1999). One key event
in this process is the translocation of phosph&ehne from the inner leaflet of the
plasma membrane to the surface (Vermes et al.,)198% occurs early in the apoptotic
cascade (during the initiation stage) and actsgaasito phagocytes that death is
imminent (Huppertz et al., 1999; Krysko et al., @00This signaling is important as the
recognition of dying cells facilitates their rembaad prevents the onset of inflammation
(Savill and Fadok, 2000).

Under certain conditions, failure to remove apaptatlls results in a specific
type of death known as secondary or apoptotic secf{Majno and Joris, 1995). The late
apoptotic cells lose membrane integrity and leatagellular components that may result
in inflammation (Cohen et al., 2002). The confhgtireports about whether secondary
necrosis can cause inflammation may be partly é@xgdh by the properties of the
intracellular fragments. Krysko et al. (2006) argubat the intracellular contents of
secondary apoptotic cells have undergone degraddbyp the apoptotic cellular

machinery and thus the protein fragments may or nmybe immunogenic. In addition,
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upon phagocytosis apoptotic cells release IL-100(&al., 1998) and TGEF{Chen et
al., 2001), thereby, promoting an anti-inflammatagvironment. The loss of the
suppressing activity of the phagocytes engulfirggaphoptotic bodies could also skew the
response towards inflammation.

The two main pathways of apoptosis are the deattpter or extrinsic pathway
and the mitochondrial or intrinsic pathway. Thgiisic pathway of apoptosis is induced
by various stimuli that include chemotherapeutierdg, UV radiation, oxidant stress
molecules, glucocorticoids, and growth factor withwdal (Gupta, 2005; Hoffman-Goetz
et al., 2005). The permeability of the outer mtmedrial membrane, which is controlled
by the ratio of the Bcl-2 family of proteins, metis apoptosis by the intrinsic pathway
(Hengartner, 2000; Youle and Strasser, 2008). ot the Bcl-2 family include both
pro- (e.g., Bax) and anti- (e.g., Bcl-2) apoptqgtioteins. Pro-apoptotic proteins reside
within the mitochondrial outer membrane and upotivaton these proteins undergo
conformational changes that contribute to pore &rom (van Loo et al., 2002). This
pore formation increases mitochondrial outer membraermeability (MOMP) and
allows the contents of the intermembrane spaceeteeleased into the cytoplasm. The
anti-apoptotic effect of Bcl-2 is attributed to itbility to bind and prevent the
conformational changes associated with pro-apaptptotein activation (Youle and
Strasser, 2008). Therefore, anti-apoptotic protagmatively regulate MOMP, inhibiting
pore formation, and preventing the escape of ingmbrtlown-stream proteins responsible
for carrying out apoptosis.

Intermembrane space contents include cytochromedgeo-caspases. Once in

the cytoplasm, cytochrome c interacts with APARafaqptotic protease activating factor-
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1), ATP (adenosine triphosphate), and pro-caspasedether they form a complex
known as the apoptosome (Adams and Cory, 2002¢ apptosome activates caspase 9
and initiates a series of enzymatic reactionsriatlts in the eventual conversion of pro-
caspase 3 to the active executioner caspase 3n(dofGoetz et al., 2005).

In contrast, the extrinsic pathway of apoptosisiéiced by death signals which
are provided by interaction between a ligand asdcdllular receptor. Cellular death
receptors include Fas (CD95/APO-1) and tumour reeerfactor receptor (TNFR), and
their ligands: Fas ligand (Fas L) and TNF{Huerta et al., 2006). Upon ligation, death
signals initiate a cascade involving recruitmentaofaptor proteins and the eventual
activation of initiator (e.g., caspase 8) and exeoer (e.g., caspase 3) caspases.

Cross-talk may occur between the intrinsic andiesic pathways. When pro-
caspase 8 levels are low in the cytoplasm, theareplifies the caspase cascade via the
mitochondrial pathway using the protein Bid (Hofim@oetz et al., 2005). In this
pathway Bid is cleaved producing a truncated pno(eBid) that translocates from the
cytoplasm to the mitochondria. Once in the mitochan tBid exerts a pro-apoptotic
effect by inducing conformational changes in Baso{ppoptotic protein) and inhibiting
the activity of Bcl-2 (anti-apoptotic protein). Bhresults in the release of cytochrome ¢

and the eventual activation of caspase 3 (Budd?2;2G0pta, 2005).

1.3.2. Alternative Apoptotic Pathways

The above section highlights the sequential anp-wise apoptotic process that
results in the eventual activation of caspase 3hobdigh caspase activation is the

principle mechanism of apoptotic death, caspasepeddent pathways also exist. For
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example,apoptosis inducing factor (AlIF) and endonucleas€e@doG) are proteins
located in the mitochondrial intermembrane spaat ae released following increased
MOMP. These enzymes are capable of directly inducapoptosis via nuclear
translocation and DNA degradation (Kim et al., 200®ther organelles such as
lysosomes and endoplasmic reticulum are both capafbinducing apoptosis (Ferri and
Kroemer, 2001). Lysosomes are “suicide” vacuolésclv contain a large number of
hydrolase enzymes that upon release damage intghallar components. Alterations in
the integrity of the lysosomal membrane facilitdke release of enzymes, such as
cathepsins, that are directly involved in apopté&isicciardi et al., 2004). Cathepsins are
also capable of participating in up-stream apoptetients that eventually result in an
increased MOMP (Chwieralski et al., 2006).

The endoplasmic reticulum (ER) is capable of sensellular stresses through
two mechanisms: accumulation of misfolded proteansl perturbation of intracellular
calcium levels. Together these signals activateaB$dciated caspase 12, an executioner
caspase capable of directly inducing apoptosis k@roet al., 2005). Increases in
intracellular calcium levels can activate calpaimgiich are cysteine proteases with
similar activity to caspases (Wang, 2000). Calpaudsice apoptosis by either activation
of caspase 12 or by activating pro-apoptotic pnstde.g., Bax) that increase MOMP
(Ferri and Kroemer, 2001). In addition, calpainsynadter lysosomal permeability
leading to cathepsin release and apoptosis (Yamasi2004).

To summarize, at any point multiple apoptotic patisv may occur

simultaneously and work together to determine thentual fate of the cell. Cross-talk
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between pathways may occur and the sensing ofl@elwents by various organelles

allows for a coordinated and organized controltadnf of cell death.

1.3.3. Necrosis

Necrosis does not involve DNA or protein degramtatand is characterized by
cytoplasmic and mitochondrial swelling prior to tue of the plasma membrane
(Kroemer et al., 1998). It occurs following cedlulinjury (e.g., ischemia-reperfusion,
drug induced) and is described as a passive processly because of its independence
from ATP. Necrosis affects groups of cells rattemt occurring on an individual cellular
level as in apoptosis (Jaeschke and Lemasters,).2R@8rosis may also occur if ATP is
rapidly depleted at the onset of apoptotic stin{fMicotera and Melino, 2004). Thus,
apoptosis and necrosis may occur following the satneatment such as
ischemia/reperfusion induced hepatocyte death (Metlhal., 2006) and DSS-induced
colonic epithelial death (Renes et al., 2002). nétrosis, plasma membrane disruption
and the resultant release of cellular contents eeanlammation and is a distinctive

feature between necrosis and apoptosis (Gibsod)200

1.4. Intestinal Lymphocyte Apoptosis and Inflammaton

Apoptosis of lymphocytes is an important step imoging the vast number of
potent antigen specific T cells generated duringrdlammatory response. Failure to
execute apoptosis of activated IL results in prgexhinflammation leading to increased

tissue damage and potentially disease (Levine @&nctlk, 2001). Following an immune
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response, apoptosis of lymphocytes can be indugedchbve or passive mechanisms.
Active methods of apoptosis include activated iredlicell death, whereby Fas L binds to
Fas located on the surface of the T cells. Passie¢hods involve withdrawal of
cytokines required for lymphocyte survival (Neurattal., 2001).

LPL are susceptible to Fas mediated apoptosis ahdit higher degrees of
spontaneous apoptosis compared to PBL (Neurath, @081). Apoptotic resistance of
LPL is a common observation in individuals with IBBor example, colonic T cells of
patients suffering from Crohn's Disease (CD) hadreased Bcl-2/Bax ratios and
increased numbers of CDJ cells; these cells were also resistant to Fas T\B-o
mediated death (Ina et al., 1999). Similarly, inttb&€D and ulcerative colitis (UC)
patients, Fas-induced apoptosis was defective gtiarulation with CD2 (Boirivant et
al., 1999) and apoptotic resistant T cells in imigal tissues had increased levels of the
anti-apoptotic protein Bcl-2 (Atreya et al., 2000).

Given the resistance to apoptosis of LPL in IBpotential therapeutic approach
may be by inducing apoptosis of activated IL. Cuilse the primary approach is the use
of anti-cytokine treatments to indirectly induceopfosis (Van Den Brande et al., 2002).
However, any molecule capable of receptor bindimigrnalization and activation of the
apoptotic machinery should theoretically be ablanitiate IL death. Successful anti-
cytokine treatments include those directed at TINEugering et al. (2001) reported that
following anti-TNF-o antibody treatment in patients with active CD,réhe/as elevated
expression of cytochrome c, Bax and Bak and thedton of caspase 9 and caspase 3 in
blood monocytes. Similar observations were repoligdDi Sabatino and colleagues

(2004) whereby anti-TNf-treatments resulted in the healing of mucosalrat@ns and
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improved disease activity index scores in CD pasieMyers et al. (2003) demonstrated
that antisense oligonucleotides specific for TNFARNA effectively reduced TNk-
expression and resulted in a 44% reduction in teeade activity scores and prevented
colonic shortening in mice following DSS treatme@bllectively, these results imply
that induction of lymphocyte apoptosis during pésicof inflammation may provide
some degree of protection in the bowel from thestengially tissue damaging cells (or

their products).

1.4.1. Acute Exercise and Intestinal Lymphocyte Apatosis

In response to strenuous and prolonged exercise tisea well documented
increase in plasma levels of the adrenal glucammidi (GC) hormone corticosterone
(CORT) (see for example, Murosaki et al., 1997; @iaero and Hoffman-Goetz, 2005;
Mastorakos et al., 2005). The role of GC is to wgdmportant energy reserves required
for exercise through the stimulation of gluconeagges and the mobilization of amino
and fatty acids (Tharp, 1975). GC hormones are alstent anti-inflammatory and
apoptosis inducing agents used to treat a wideetyarof ailments including IBD
(Tuckermann et al., 2005). Indeed both elevatednpéalevels of corticosterone and
increased apoptosis in thymocytes (Concordet anay,Fd993; Quadrilatero and
Hoffman-Goetz, 2005) and intestinal lymphocytes f{ri@n-Goetz and Quadrilatero,
2003) have been reported in mice following exercise

At first glance it may appear that increased apgiptof IL with acute exercise
could offer protection against inflammation. Howewauring acute exercise there is also

increased oxidative stress and intestinal ischeh@t may cause death of the intestinal
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epithelial cells concurrent with IL death. Indeatterations to the epithelial barrier are
evident in studies demonstrating endotoxemia pgstcese. For example, following
strenuous exercise Ashton et al. (2003) and Bosgnéteal. (1988) reported increased
concentrations of LPS in the blood of human volarge However, the results of these
studies may be questioned given the limitationghef LPS assay. These include the
difficulty in LPS isolation from other membrane mpbolipids and cytoplasmic
components as well as the hydrophobicity of theoemdn (Cordwell, 2006). In
addition, when examining the effects of exerciséumans it is important to record all
details of the experimental conditions such as #heironmental factors (e.g.,
temperature, humidity), exercise protocol (e.ghaastive vs. submaximal work), subject
characteristics (e.g., age, weight) and whether ghbjects were ingesting dietary
supplements. The works cited here do not contasetpotential shortcomings but it is
important to ensure that when reviewing the liter@at particularly with older studies, that
they do not contain these experimental limitatiddenetheless, as discussed in section
1.2.4.2, if bacterial translocation were to occustpexercise it may result in an
inflammatory response, as the complex immune né&wbhighly activated lymphocytes
would encounter bacterial antigen. This interagtiand subsequent immune response,
would ensue even after the exercise stress is retho\¥hus, theoretically the net result
could be activation of immune cells (including lyngeytes) in response to the bacterial

infection.
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1.5. Lactoferrin

The transferrin family of proteins is responsikbe the regulation of iron in both
the blood (serum transferrin) and tissues (LactoferLf) (Wally and Buchanan, 2007).
Iron is potentially detrimental to the host asahceither enhance the formation of tissue
damaging free radicals or provide an importantitioiral source to bacteria (Carrier et
al., 2006). Lf is produced endogenously (human bif) by glandular epithelial cells
and is found in external (i.e., saliva, tears) anttosal secretions as well as in secondary
neutrophil granules (Baker and Baker, 2005; Wardl.e2005). A major dietary source
of Lf is cow (bovine) milk. Bovine lactoferrin (b)is an 80 kDa glycoprotein found at
concentrations of 0.2 mg/mL and 1.5 mg/mL in milkdacolostrums, respectively
(Marshall, 2004). Upon pepsin digestion lactofarri(Lfcin) is generated and this
hydrolysate exhibits similar and, in some casebBaroed biological properties to that of
Lf (Gifford et al., 2005). hLf and bLf share 69%qgsence homology (bLf and hLf
contain 689 and 691 amino acids, respectively)r¢@iet al., 1991) and both contain
cationic regions owing to the cellular binding #kibf Lf (Legrand et al., 2006).

Historically, the immunological benefit of Lf wastr@buted to its ability to bind
iron and prevent bacterial growth (Teraguchi et @&B95). Recently, the biological
functions of Lf have been expanded to also incledfects on various immune
parameters. For example, dietary feeding of Lfwieanling pigs increased mRNA
production of the anti-microbial peptides 39-residaroline—arginine-rich peptide and
protegrin-1 (Wang et al., 2006); these observatgutggyest a bacteriocidal role of Lf. Lf
administration increased IgA and IgG concentrationsthe saliva and intestinal
secretions of mice; in vitro LPS stimulated spleres increased production of both IgG
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and IgA in the presence of Lf (Debbabi et al., J9%milar findings were found by
Shan et al. (2007) who reported that Lf supplentemtan pigs increased serum IgG and
IgA levels following stimulation of lymphocytes it the plant lectin,
phytohemagglutinin.

The immunological properties of Lf are likely due its cell binding ability
(Legrand et al., 2006) and surface molecules hasen bidentified that bind and
internalize Lf (Suzuki et al., 2005; Legrand et 2D06). Cells found to bind to Lf include
neutrophils (Deriy et al., 2000; Birgens et al.849 mononuclear phagocytes (Britigan
et al., 1991; Birgens et al., 1984), peripherabdl€D4 cells (Li et al., 2006), T and B-
cells (Birgens et al., 1984), activated lymphocy(&&incheva-Nilsson et al., 1997;
Mazurier et al, 1989) and intestinal epitheliall€€éAshida et al., 2004). The role of Lf
once inside the cell is unknown but researcherg saggested that Lf modulates DNA
expression. In support of this hypothesis is thiewng evidence: 1) Lf is internalized in
intestinal cells and is found concentrated arounedrntucleus (Ashida et al., 2004), 2) Lf
receptors are found at greater concentrations nvithe cell on active lymphocytes
(Mazurier et al., 1989) and, 3) Lf binds with disti sequence specificity to DNA (He
and Furmanski, 1995Although the notion of signaling from receptor ttNAR binding
and transcriptional regulation is still controveisithe prevailing perspective is that the
immunomodulatory effects of Lf are mediated by in&dization via a specific cellular

receptor (Ward et al., 2002; Legrand et al., 2005).
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1.5.1. Inflammatory Properties

There are several lines of evidence that show Efdmdi-inflammatory properties.
First, independent of its iron binding ability, t&n bind and neutralize several bacterial
components such as LPS and Lipid A (Appelmelk et E394). This neutralization
reduces bacterial activity and decreases the immmaseonse including decreased
production of pro-inflammatory cytokines (Fischémk, 2006). In human CaCo-2 cells,
Lf, co-cultured with invasiveE. coli HB101 (pRI203), significantly attenuated the
increase in levels of TNE-and IL-6 (Berlutti et al., 2006). Valenti and adues (1999)
demonstrated that bLf binding tosteria monocytogenes prevented this bacterium from
inducing intestinal tissue damage. Thus, interactd Lf with bacterium or bacterial

components may prevent or reduce inflammation

The anti-inflammatory role of bLf is also relatedl its ability to promote anti-
inflammatory cytokine production or reduce pro-amiimatory cytokine production. In
support of Lf as an anti-inflammatory protein ig fiollowing evidence: 1) Lf addition in
culture reduced IL-2 production (important in Tlaetivation), in |1 but not T.2 cells
(Zimecki et al., 1996), 2) Lf administration reddcH-N-y and increased IL-10 in the
peripheral blood of patients suffering from systerapus (Li et al., 2006), 3) bLf
addition by gavage attenuated the increase of ®NE-1 and IL-6 in the ears and joints
of zymosan treated mice (Hartog et al., 2007), 4) administration of bLf reduced
plasma levels of TNR- and increased IL-10 in a rat model of rheumataithrais
(Hayashida et al., 2004), 5) bLf provided by gavesghuced TNFx and increased IL-10

in the colonic tissue of rats subjected to DSS BN8S induced colitis (Togawa et al.,
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2002a; 2002b), and 6) hLf and bLf incubated withnowytes reduced TNE&-production

following LPS stimulation (Choe and Lee, 1999).

However, Lf has also been shown to have pro-inflatony effects. Evidence for
the pro-inflammatory effects of bLf include: 1) texd lung colonization of Co26Lu
tumour cells following bLf administration in micey lgavage, which was attributed to
increased IL-18, IFN- and IL-1 (T4l cytokines) as well as enhanced phagocytotic
activity of splenocytes and augmented NK cell atgtiglKuhara et al., 2000; Wang et al.,
2000), 2) increased concentrations of the pramfhatory cytokines TNk; IFN-y and
IL-1 as well as decreased IL-2, were reported engimall intestine of mice receiving bLf
by gavage (ligo et al., 2004), 3) increased exjwassf IL-10 and IFNe. in mouse
lymphocytes following bLf administration (Takakued al., 2006), 4) addition of bLf
increased Type 1 interferon and TNFproduction and reduced viral load up to 100 fold
in macrophages infected with the vesicular stomsatirus (Puddu et al., 2007), 5) the
phagocytic activity of neutrophils in healthy votaars was increased following co-
culture with bLf (Miyauchi et al., 1998), and 6) onaphages incubated with bLf were
activated via upregulation of CD40 and increasentipction of the pro-inflammatory

cytokine IL-6 (Curran et al., 2006).

The basis for these mixed effects of bLf (i.e., -pamd anti-inflammatory
responses) is not fully understood. However; sév&aetors such as the route of
administration and the immune status of the indigldmay be critical. For example,
Sfeir et al. (2004) demonstrated that bLf admimesleby gavage or by intramuscular
injection resulted in a mixedyL/Ty2 (e.g., increased IFM-1L-4; IgG,,, 1gG;) response
whereas dietary administration resulted solely ily2 (e.g., increased IL-4, IL-5; g
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response. Indeed, Yamauchi et al. (2006) arguettbde of administration may alter bLf
digestion thus affecting the nature of the pepfrdgment available for absorption or
cellular interaction. In addition, the immune s&tf the individual can influence the
direction of the bLf response. For example, dugagcinogenesis or viral challenge bLf
appears to increase, I cytokine production whereas during inflammatoopnditions bLf
favours |2 cytokine production (Fischer et al., 2006). Aligh the mechanism is not
understood at this time, Fischer and colleaguesusgie that bLf affects eitheryTcell
maturation, differentiation, or development aftee initial stimulus. Once theyTcell is
committed along a path of development (i.e., pdshidus) the addition of bLf may
enhance the specific pathway of development. Tdkegether, both the mode of bLf
administration and immune status appear to inflaatec mechanism of action and may

explain its ability to drive two separate (and ogif®) responses.

1.5.2. Bovine Lactoferrin, Apoptosis and Proliferaion

Among the roles of Lf, it may influence various @aweters of cell death and cell
proliferation. Addition of Lf to the diets of anifsahas been shown to increase apoptosis
or the expression of apoptotic proteins within leglial cells. Fujita et al. (2004a; 2004b)
found that Fas expression is upregulated in thentolmucosa of AOM treated mice fed
bLf; expression of Bid, Bax, caspase 8 and casBa&l pro-apoptotic proteins) were
increased as a result of bLf enriched diets. Lexd.€2008) observed increases in caspase
9 and caspase 3 in Jukat T leukemia cells followmgubation with hLf. In human
tongue-derived cancer cells and in human monoduticour cells increased apoptotic

morphology (e.g., apoptotic bodies, chromatin cowsdéon), increased DNA
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fragmentation, and elevated caspase 3 levels wsualized following LFcin treatment
(Sakai et al., 2005; Yoo et al.,, 1997). Therefdreor its derivatives, may be able to
induce apoptosis or influence apoptotic proteinft@ur cell death.

On the other hand, Lf can alter epithelial cell JE@roliferation. In vitro
administration of Lf resulted in increased proliféon (as measured BjH]-thymidine
incorporation) in CaCo-2 cells (Buccigrossi et @007) and in rat intestinal epithelial
cells (Hagiwara et al., 1995). Similarly, Nichas al. (1990) demonstrated increased
3H]-thymidine incorporation in rat enterocytes folling in vitro hLf treatment. These
studies indicate increased in vitro cellular pexidtion in the presence Lf. The nature of
this diverse response (apoptosis vs. cell prolil@na may be related to the type of cell
involved: neoplastic vs. normal cell. Cell numbdexreased to below original values in
human colon adenocarcinoma cells following Lf aiddit(Amouric et al., 1984). Cell
viability was reduced by 50% in Jurkat T cells doling incubation with hLf (Lee et al.,
2008). Lf may thus decrease proliferation of atgpicells but promote the growth of

normal healthy cells.
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Chapter 2: Study Rationale and Conceptual Framework

Inflammatory bowel diseases (IBD), characterized rbgurring and relapsing
bouts of intestinal inflammation, affect milliond people worldwide (estimated 1.5
million Americans and 2.2 million Europeans) ane aliseases of high morbidity
(Loftus, 2004). A potential detrimental consequeatsustained intestinal inflammation
is tumour formation and an approximate 10 fold @ase in colon cancer incidence is
observed in patients with ulcerative colitis, anfioof IBD (Seril et al., 2003). Even in
situations of less profound clinical pathology, Isuas gastrointestinal disturbances
experienced by athletes, the treatment of intdstinlammation has numerous
applications and advantages.

Intestinal lymphocytes (IL) are integral in maimiaig homeostasis as they
participate in both immune effector and regulatanctions. Apoptosis, or programmed
cell death, is essential in regulating the popafatf these immune cells, as failure to
remove activated lymphocytes can result in the toasénflammatory disease (Levine
and Fiocchi, 2001). In addition, cytokines playemttal role in regulating the immune
response. The balance between pro-inflammatory, (ENF-o) and anti-inflammatory
(e.g., IL-10) cytokines is critical in the regufati of immunological homeostasis.
Therefore, the examination of both apoptosis arfthrinmatory cytokine levels in
intestinal lymphocytes offers useful insight intoechanisms of intestinal immune
regulation.

Bovine lactoferrin (bLf) is a common dietary pratdound in dairy products and

during inflammatory stress this protein has denratsti anti-inflammatory properties.
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These immunomodulatory attributes of bLf are, inrtpanediated by altering the
environment in favour of anti-inflammatory cytoksge.g., decreased pro- and/or
increased anti-inflammatory cytokine levels). biashalso been shown to affect apoptosis
in epithelial cells and carcinoma cells in vitroltiough it has not been determined
experimentally whether dietary bLf affects apopgosf intestinal lymphocytes there is
evidence to suggest a possible mechanism. Therdfbfés a potentially attractive agent
for a variety of inflammatory disorders and, pedhaparcinogenesis. Clinically, the
benefits of bLf induced IL apoptosis and the getenaof an anti-inflammation cytokine
environment would include: alleviation of diseasgnptoms (in athletes and IBD
patients), reduced tissue damage and the potémtisdduced colon carcinogenesis.

The purpose of this research was to describe fieetefof bLf in mice on: 1) IL
apoptosis (using surface expression of phosphatdyle, cell number and protein levels
of pro-apoptotic caspase 3 and anti-apoptotic Bl pro-(TNFe) and anti-(IL-10)
inflammatory cytokine levels in a healthy, non-arfled state; 2) IL apoptosis (using
surface expression of phosphatidylserine, cell remalnd protein levels of pro-apoptotic
caspase 3 and cytochrome ¢ and anti-apoptotic Bg®- (TNFe) and anti- (IL-10)
inflammatory cytokine levels, and levels of the qprlammatory transcription factor
NF«B under conditions of inflammation induced by a gblogical stressor (i.e.,
repeated bouts of acute exercise (AE); 3) IL apsipt@using surface expression of
phosphatidylserine, cell number and protein levels pro-apoptotic caspase 3,
cytochrome ¢, and Bax and anti-apoptotic Bcl-2)p-p(TNF-«) and anti- (IL-10)
inflammatory cytokine levels, and levels of the qprlammatory transcription factor

NF«B under conditions of inflammation induced by trddition of a chemical irritant
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(e.g., DSS); 4) imparting mucosal protection agaidSS and/or AE induced intestinal
alterations (using histological analysis); and5ppoptosis (by measuring levels of pro-
apoptotic caspase 3 and anti-apoptotic Bcl-2) aeddrmation of pre-cancerous colonic
lesions (i.e., aberrant crypts) under conditionsimdfammation (i.e., DSS or AE)
following carcinogen (e.g., AOM) exposure.

Based on published research it was hypothesizeddiirang inflammation bLf
would act on IL to induce apoptosis and alter ciyteklevels to either increase anti-
inflammatory or reduce pro-inflammatory cytokind$ie overall conceptual framework
for the series of experiments described in the embsnt chapters is presented
diagrammatically in Figures 2.1-2.3. Figure 2.listrates the normal, non-inflamed state
of the intestine with a focus on T cells. Figurg @resents inflammation processes in the
intestine, again with an emphasis on T cells. FEduB shows how bLf may influence the
inflammatory process by altering both apoptosistdstinal lymphocytes (i.e., LPL and

IEL) and the T,1/T42 cytokine balance.
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Legend for figures 2.1, 2.2 and 2.3.

@ Intraepithelial lymphocyte @Activated intraepithelial lymphocyte

ithali Apoptotic intraepithelial lymphocyte
Py Epithelial cell @

| .
Damaged epithelial cell "—ﬁ%a Dendritic cell

‘ Activated lamina propria @ Apoptotic lamina propria
lymphocyte lymphocyte

Macrophage Activated macrophage
@ Neutrophil %ﬁ Commensal bacteria

° .
%¢ T,.1Cytokines 058 T2 Cytokines

Bovine lactoferrin

Figure 2.1: Schematic diagram showing leukocyte orientatiathiw the colonic
epithelium during a normal, non-inflammatory st@ecusing on T cells).
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Lumen

Lamina propria

Figure 2.2: Schematic diagram showing leukocytes during inffafion. As the
epithelium is damaged and commensal bacteria teaitgs into the lamina propria, the
macrophages and dendritic cells (DC) become aetivatesulting in subsequent
activation of lymphocytes. Activation results inoduction of T,1 cytokines and
recruitment of neutrophils.

Lumen

Figure 2.3: Schematic diagram showing the possible effectsLduring inflammation.
bLf may be able to induce apoptosis of activated #ad LPL. In addition, a possible
shift from Tyl to T42 cytokine secretion could occur. The overall resilalleviation
from inflammation and recovery of the epithelium.
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The addition of bLf during inflammation may thusopide protection by: 1) inducing

apoptosis of activated lymphocytes and 2) shiftiregcytokine milieu to predominantly a
T2 environment by either reducing TNFer increasing IL-10. It is expected that the
bLf induced modifications in both these immunol@giparameters will result in mucosal

protection from the external stimuli.
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CHAPTER 3: Effect of Short Term Dietary Intake of Bovine
Lactoferrin on Intestinal Lymphocyte Apoptosis in
Healthy Mice

3.1. Objectives
To determine the effect of dietary bovine lactdfelibLf) administration on CD4and
CDS§" intestinal lymphocyte (IL) apoptosis and IL cytokilevels of TNFe and IL-10 in
healthy female C57BL/6 mice.
3.2. Hypotheses
Hypothesis 1:bLf administration will decrease the levels of T™MFRand increase the
levels of IL-10 in mouse IL relative to the levels TNF-a and IL-10 in mice not given
bLf supplementation.
Hypothesis 2:bLf administration will increase the percent ajpsg in CD4 and CD8
mouse IL relative to the percent apoptosis in migegiven bLf supplementation.
3.3. Study Design

This study was designed to provide baseline measnts on the effect of dietary
bLf on TNF« and IL-10 levels and the % CDand CDS8 IL apoptosis during a normal
(non-inflammatory) state. It was also the aim o$ tudy to determine an effective bLf
dose. Previous studies have determined that damngpflammatory state bLf provided
by gavage is able to decrease Tiland increase IL-10 in the rat colonic epithelium
(Togawa et al., 2002a; 2002b). However, whethes phmotective effect occurs in IL of
healthy mice is unknown. This study also examinag/img concentrations of bLf in the
diet and determined if there were notable changedLi apoptosis and cytokine
measurements by dose of bLf. IL were isolated andrerated and apoptosis of these
cells determined by measurement of surface phosiytsdrine expression by flow

cytometry. Furthermore, levels of the pro-apoptqgirotein caspase 3, anti-apoptotic
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protein Bcl-2 and the cytokines TNF-and IL-10 were quantified in mouse IL by

Western blot analysis. The study design for thigeexnent is given in Figure 3.1.

Study duration: Two week acclimation plus 4 d atdry bLf administration.

Female mice (C57BL/6) (n=47

Randomly assigned

Group 1 (n=16) Group 2 (n=16) Group 3 (n=15)
Basal diet (bLf: 0%) bLf: 0.2% bLf: 2.0%
— -
—~

Mice sacrificed and intestinal compartments removed

l

Lymphocyte isolation

1 l

Flow cytometry: Western blotting for apoptotic
phenotypic (%) distribution, (Caspase 3 and Bcl-2) and cytokirje
apoptosis measurement proteins and TNF-and IL-10

Figure 3.1: Experimental set up for study 1 outlining the ome measures.

One-way analysis of variance (ANOVA) and post-hadkdy test was used to
analyze the study data. The independent variabtiet condition (no bLf, 0.2% bLf,
2.0% bLf) and dependent variables included: % C&#d % CDS8 IL (as well as percent
apoptotic IL), apoptotic markers in IL (caspasend 8cl-2) and cytokine proteins (TNF-
a and IL-10). The software package SPSS (versigrwds used to analyze the data and

in all cases p©.05 was accepted as being significant.
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3.4. Overview

The objective of this study was to describe theatff of short term dietary exposure of
bovine lactoferrin (Lf) on intestinal lymphocyte agosis and expression of tumour
necrosis factor (TNF)-in healthy mice. Female C57BL/6 mice were randoasisigned
to 3 treatment groups; 0% Lf (n=16), 0.2% Lf (n=a8Hd 2.0% Lf (n=15). Bovine Lf was
administered orally, as part of the diet, for 4 segutive days. Intestinal lymphocytes
(IL) were isolated and analyzed for % CD4, % CD8aptptotic CD4, and % apoptotic
CDS8 cells using flow cytometry. Pro- (caspase 3) amti- (Bcl-2) apoptotic protein
expression and TNE-expression in IL were determined by Western bigttiThere was
a significant increase in the % CD4 (p=0.02) and@optotic CD4 (p=0.02) IL in bovine
Lf fed compared with control mice. The % CD8, %opiotic CD8 and the expression of
caspase 3 and Bcl-2 in IL did not differ signifidgnby diet group. In contrast, the
expression of TNFe was significantly lower in Lf fed relative to ceat mice (p=0.01).
Short term dietary Lf decreased TNFexpression in IL and increased apoptosis of CD4

IL in healthy mice.
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3.5. Introduction

Bovine lactoferrin (Lf), an iron binding glycopratefound in they whey fraction
of mammalian milk and colostrums, has immune mddwa properties. Lf and
lactoferricin (Lfcin), a result of pepsin digestiof Lf, increase apoptosis (programmed
cell death) of colonic tumours in rats (Fujita &t 2004a; 2004b), leukemia (Jurkat),
breast cancer (MCF-7), colon cancer (Colo-35) anddn cell lines (Mader et al., 2005);
Lf is also associated with an increase in the patmn of NK cells in mice and humans
(Kuhara et al., 2000; Shau et al., 1992), an irsgaa the population of CD8 T cells in
mice (Kuhara et al., 2000; Wang et al., 2000), artecrease in blood concentrations of
the Tyl cytokines, TNFe and IFNy, during inflammation in rats (Hayashida et al.020
Togawa et al., 2002a; 2002b). CD4 T lymphocytesgiat to immune regulation through
the production of cytokines, are also affected by Eor example, after Lf administration
to rodents, CD4 T cells increase in peripheral tlaand decrease in the spleen
(Wakabayashi et al., 2006), and increase in mudpsgdhoid tissue (Wang et al., 2000)

Most experimental studies on the immune modulaéffgcts of exogenous Lf
have focused on pathological conditions includimagcmogenesis (Fujita et al., 2004a,;
2002b; Kuhara et al., 2002; Wang et al., 2000; 18eket al., 1997a; 1997b) and
inflammation (Togawa et al., 2002a; 2002b; Wakabhyat al., 2006). Few studies
describe how (or if) Lf acts on lymphocytes in ndiseased states (Wakabayashi et al.,
2006; Takakura et al., 2006; Debabbi et al., 199&ir et al.,, 2004). Moreover,
experimental studies (Kuhara et al., 2000; Wanglet2000; Hayashida et al., 2004;
Togawa et al., 2002a; 2002b; Wakabayashi et a6, 20akakura et al., 2006; Debabbi et

al., 1998) typically use gastric intubation to deli Lf, a modality which is clearly non-
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physiological. Indeed, there is virtually no resdaron Lf administration through
physiological routes (i.e., oral feeding) in nosahse states. This absence is striking
given that Sfeir et al. (2004) reported mucosal imeresponsiveness varies according
to the route of Lf administration.

The purpose of this pilot study was to describedfiects in healthy animals of
short term dietary exposure to bovine Lf on integtlymphocyte apoptosis (Annexin V
and caspase 3 expression) and the expression ofitumacrosis factor (TNF)- Because
Lf induces apoptosis under pathological conditiand in tumour cell lineg vitro, our
hypothesis was that dietary bovine Lf would alscréase apoptosis in IL obtained from

healthy animals.

3.6. Materials and Methods

Animals and Diets: Female C57BL/6 mice (n=47) (Harlan Sprague Dawley,
Indianapolis, IN, USA), 3-4 weeks of age, were mousndividually at 21+iC on a
12/12h reversed light/dark cycle, withad libitum access to a maintenance diet
(Laboratory Rodent Chow, PMI feeds Richmond, INAY&nd tap water for 2 weeks.
After this acclimation period, mice were randomBsigned based on weight, to 3 diet
groups: control [0% bovine Lf] (n=16), low dosed® bovine Lf] (h=16), or high dose
[2.0% bovine Lf] (n=15). Diets were based on a ispuanified AIN 76A standard diet
and formulated to contain either: 0%, 0.2% or 2i@8%ine Lf (Erie Foods International
Inc, Erie IL), while maintaining similar overall @ein concentrations (20% total protein
in all groups) (Table 3.1). Diets were individuaflyepared and pelleted to resemble the

maintenance diet and no change was observed imgebdhaviour (i.e., amount, pattern
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or timing of feeding) compared to the maintenangs. d Bovine Lf was 16% iron
saturated and greater than 90% pure. Mice werengidelibitum access to the Lf
containing diets for 4 consecutive days prior toriae. All protocols with live animals

conformed to the established ethical guidelinehefCanadian Council on Animal Care

and were approved by the University Animal Ethicsrnittee.

Table 3.1: Composition of the semi-purified AIN 76A diets

Modified AIN 76 A Diet
Component Control (%) | 0.2% Lf (%) | 2.0% Lf (%)
Sucrose 49.9 49.9 49.9
Casein 20.0 19.8 18.0
Bovine Lf 0.0 0.2 2.0
Corn Stach 15.0 15.0 15.0
Cellulose 5.0 5.0 5.0
Corn Ol 5.0 5.0 5.0
Mineral Mix 3.5 3.5 35
Vitamin Mix 1.0 1.0 1.0
Choline 0.2 0.2 0.2
L-cysteine 0.3 0.3 0.3
TBHQ 0.1 0.1 0.1
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Intestinal Lymphocyte Preparation: Intestinal lymphocytes (IL) were isolated
according to Lefrancois (1993) and modified by Hudh-Goetz and Quadrilatero (2003).
The intestinal compartment was immediately remoReler’'s patches and visible fat
dissected out, intestinal lymphocytes (IL) isolate@r a column of 0.3 g of nylon wool,
washed, and layered over a density gradient mediuympholyte-M; Cedarlane

Laboratories, Hornby, Ont.) to remove epithelidlscand debris. IL were collected and
counted manually by microscopy after staining Witltk’s solution (Hoffman-Goetz and

Spagnuolo, 2007b). IL included both intraepithediatl lamina propria lymphocytes.

IL Apoptosis and Phenotypes: Apoptosis was assessed by FITC-Annexinstaining
which detects the expression of phosphatidylserame cell surface membranes.
Externalization of phosphatidylserine is an eapgtotic event and occurs as a result of
the loss of plasma membrane lipid asymmetry (Vereteal., 2002). Propidium iodide
(P1) is a non-specific DNA dye that becomes incoaped in non-viable cells but is
excluded from living cells with intact plasma meiahes (Lecoeur et al., 2001). Pl was
used to assess late apoptotic or dead cells. Rrieft 1 IL were incubated with 100pL
Annexin V binding buffer (Pharmingen, Mississau@ay) and 2.5 pL Annexin V-FITC
monoclonal antibody and 2ib of PI (Sigma Chemical) for 15 min at room tempera
in the dark. 400puL Annexin V binding buffer was addo each sample before analysis
by flow cytometry (Epics XL Flow Cytometer, Beckm@&@oulter, Hialeah, FL) for
apoptotic and necrotic cells.

For T cell phenotypes, 1 x 10L were incubated for 45 min at 4°C in the dark

with 2.5 pL of anti-mouse monoclonal antibodieApjt FITC-conjugated CD45 (anti-
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CD45, clone: 30F11), PE-conjugated CD4 (anti-COdne. GK1.5), or PE-conjugated
CD8u (anti-CD8a, clone: 53-6.7) (Pharmingen). Detailsow preparation of cell
suspensions for determination of lymphocyte phemesy are reported elsewhere
(Hoffman-Goetz and Quadrilatero, 2003; Davidson &waffman-Goetz, 2006). The
initial acquisition gate was created based on tinevdrd and side scatter properties of a

population shown to collect >90% CD4éells (leukocytes).

Western Blot Analysis of Caspase 3, Bcl-2 and TNé&:- Lysis buffer [300 mM NacCl,
50 mM Tris-Cl (pH 7.6), 0.5% Triton X-100] and viM phenylmethylsulfonyl fluoride
(PMSF) were added to IL on ice for 45 min. Lysatese centrifuged, the supernatant
collected, and protein was determined by the BC#awnsForty micrograms of protein
and molecular weight markers (Full Range Rainbow Bimotin Markers, Amersham
Biosciences, Buckinghamshire, U.K.) were separateélectrophoresis on a 12% SDS
PAGE gel and transferred onto a PVDF membrane (&ighemical). Following
transfer, membranes were stained with PonceaudsngSChemical) to confirm quality
of transfer and equal loading. Membranes were ldakvernight in 10% milk-TBST
(Tris-Buffered Saline Tween-20) at@ and incubated with primary antibody for 1 h. The
concentration of antibodies to Bcl-2 (clone: C-29use anti-human monoclonal 1gG
MW=28kDa), caspase 3 (clone: H-227; rabbit anti-aonglone IgG, MW=35kDa) and
TNF-a (clone: N-19; goat anti-human polyclonal IgG, MW&Da) were 1:200 (in 10%
milk-TBST) (Santa Cruz Biotechnology, Santa Cru#, ©®SA). This was followed by
incubation for 1 h with secondary antibody: hordesta peroxidase-conjugated anti-

mouse (Bcl-2), anti-rabbit (caspase 3) or anti-gd&F-o) IgG at a concentration of
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1:2000 in 10% milk-TBST. Protein was determinedngsiECL Western blotting
detection reagents (Amersham Biosciences, Buckinghae, UK) and the ChemiGenius
2 Bio-imaging System (Cambridge, UK). Samples fritv@ three treatment groups were

run together on the gels.

Statistical Analysis: All data were analyzed with a one-way analysis afiance by
group using SPSS (Version 15; Chicago, IL, USAstRPmc analysis was performed with
Tukey HSD test to determine difference betweenthhee diet groups. For Tukey’s post
hoc analysis, p&05 was accepted as being significantly diffefesrn chance alone. All

values are expressed as group means + SEM.

3.7. Results

There was no significant change in body weightsrote 4 days of the
experiment (average start weights: 0% Lf: 17.2D40g; 0.2% Lf: 17.58 + 0.469; 2.0%
Lf: 17.25 + 0.27g; average end weights: 0% Lf: 07420.64g; 0.2% Lf: 17.80 + 0.45q;
2.0% Lf: 17.48 + 0.379), or in food intake (0% Li0.45 + 0.45¢g; 0.2% Lf: 10.86 +

0.4649; 2.0% Lf: 10.42 + 0.489) between the dietayups.
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Table 3.2:Percent apoptosis of IL from mice given dietaryibe lactoferrin

Grou Sample Ann ™ (%) Ann'/PI" (%) Pl (%)
Pl size (n) | “Early Apoptotic” | “Late Apoptotic” “Dead”
0% Lf 16 24.73 ¥1.42 16.57 .32 17.75 #1.36
0.2% Lf 16 31.63 +1.94 22.07+1.89 | 23.07+1.89
2.0% Lf| 15 31.7+1.77 2435+1.66 | 2534+1.66

"p <0.05 compared to control group, using Tukey’s {ast analysis
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Figure 3.2: Percent T cell phenotypes and apoptosis in IL icengiven bovine Lf in the
diet. A: % CD8 IL and % CD8/AnnIL; B: % CD4 IL and % CD4/AnhIL. All values
are means = SEM. 0% = 0% Lf (n=16), 0.2% = low d{fs2% Lf) (h=16); 2.0% = high
dose (2.0% Lf) (n=15). * p €.05 compared to the control (0% Lf).
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There was no significant effect of short term aligtbovine Lf exposure on total
IL counts in mice (0% Lf: 4.32x1@ 0.29 cells; 0.2% Lf: 3.46x¥@ 0.35 cells; 2.0% Lf:
3.90 x 16 + 0.30 cells). In contrast, the % Annexifi {arly apoptotic) and % Annexin
V*/PI" (late apoptotic) IL were significantly higher inet Lf fed relative to control mice
(F2.4#5.47, P=0.008 and,k+~5.91, P=0.005, respectively) (Table 3.2). The % PI
(necrotic) IL was also significantly higher in tBeD% Lf fed mice relative to the group
not supplemented with Lf ¢,~5.57, P=0.007) (Table 3.2).

Figure 3.2 shows the flow cytometry results foe th T cell subsets CDO8and
CD4" and for the expression of apoptosis in these ssibseng the Annexin V marker.
No significant change was observed in the % of CD8or in the % CD8/Annexin V'
as a function of diet group (Figure 3.2A). In cast; the % CD4(F, 4+4.38, P=0.02)
and the % CDZAnnexin V' (R, 4~4.45, P=0.02) were both significantly higher ie tf
groups relative to the control (Figure 3.2B).

Figure 3.3 presents the concentrations of caspasBcB2 and TNFe, as
determined from Western blot analysis, in respdoskf or control diets in mouse IL.
Short term dietary Lf did not significantly altdret expression of caspase 3 or Bcl-2 in
mouse IL. However, the expression of TMEFigure 3.3C) was significantly affected by
diet condition (25=5.26, P=0.01) with the two Lf groups having loveemcentrations
than the control fed group. Figure 3.4 shows repretive Western blots for caspase 3,

Bcl-2 and TNFe from the three diet groups together with biotianstards.
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Figure 3.3: Concentration ofpoptotic proteins in IL of mice given bovine Lftime diet.
(A) Caspase 3, (B) Bcl-2 and (C) TN#=- All values are means + SEM. AU= arbitrary
densitometric units; 0% = 0% Lf (n=16); 0.2% = ldase (0.2% Lf) (n=16); 2.0% = high
dose (2.0% Lf) (n=15). * p .05 compared to the control (0% Lf).
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Figure 3.4: Representative Western blots of apoptotic preteinIL of mice given
bovine Lf in the diet. Lane 1 is 0% Lf, Lane 2 i2®% Lf, Lane 3 is 2.0% Lf, and Lane 4
is the molecular weight (biotin) standards.

3.8. Discussion

To our knowledge, this is the first study to ddserthe effects of short term
exposure of Lf administered in the diet on intedtiymphocytes from healthy animals.
A novel finding was that four days of bovine Lf éi#eg in healthy mice was associated
with increased apoptosis of CD4 (but not CDS8) IlurQesearch also confirms and
extends previous observations that Lf modifies @Qypdphocytes in different situations.
A second important observation was that dietarywds associated with decreased
expression of TNFin IL from healthy animals.

We investigated whether Lf triggered IL apoptosysififluencing the expression
of the pro-apoptosis (caspase 3) and anti-apop{Bsis2) intracellular proteins. There

was no difference in the expression of these prstdéietween the dietary treatment
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groups. Although others have shown that Lf increabe expression of pro-apoptotic
proteins, these effects have been documented nrggthological states (e.g., cancer) or
when Lf is administered through non-physiologicailites (e.g., gavage) (Fujita et al.,
20044a; 2004b; Mader et al., 2005; Chandra Mohad6R0In this present study (during a
normal physiological state), the small increasel.iapoptosis without a corresponding
increase in caspase 3 expression may reflect a emuoflbpossible factors including 1)

apoptosis occurring through caspase 3 independgimvpys and 2) the timing of caspase
3 expression in relation to other apoptotic markétthough activation of caspase 3 is
central to apoptosis, caspase-independent cel @dst occurs, with pathways involving

cathepsin and calpain proteases and mitochondeaVetl apoptosis inducing factor

(AIF) (Jaattela and Tschopp, 2003; Chwieralsk et 2006). Whether Lf induces IL

apoptosis through caspase-independent pathwaysdiaBeen determined. Moreover,

given the kinetics of the sequence in apoptosis,, (phosphatidylserine externalization
occurs early in the apoptotic pathway prior to eagp3 activation (Huppertz et al.,
1999), we cannot rule out the expression of caspasellL if samples were obtained at
other time points. Similar factors may be involvedhe apparent lack of effect on Bcl-2
expression (e.g., activation of apoptosis throutiteropathways, involvement of other
proteins upstream from Bcl-2, kinetics of proteixpeession). Indeed, an important
limitation of this study is that protein expressioniL was determined at only one time
point (i.e., after 4 days of Lf exposure) and fetwxperiments will be necessary to
determine whether longer (or shorter) exposurdd taffect the expression of apoptotic

proteins in IL of healthy mice.
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Concurrent with an increase in the percent of agapCD4 IL there was also an
increase in the percent of this T cell subpoputhatithis finding suggests that Lf not only
stimulates greater apoptosis of IL but also theplacement. There is evidence that
administration of Lf increases the mobilization ©@D4 T lymphocytes from various
tissue sites. Wakabayashi et al. (2006), aftenglesdose of Lf (2.5 g/kg body weight)
given by gavage, found increased blood CD4 celts @decreased splenic CD4 cells in
Balb/c mice as well as a small increase in CCR&emokine receptor involved in the
recruitment of intestinal lymphocytes. CCR9 andeothell adhesion molecules (e.g.,
a4B7) are known for their specific role in intestinarhing of primed IL after exposure to
oral antigen as well as for controlled intestinaigration of naive CD®&B T cells
(Mowat et al., 2003; Kunisawa and Kiyono, 2005;05amnd Iwasaki, 2005). Therefore,
the increase in the % of CD4 IL observed in thespné study may be due to increased
mobilization to the intestine from other lymphoitssues (e.g., spleen) to replace
apoptotic cells. Further studies will be needediétermine whether CD4 lymphocytes
home to the gut in response to Lf feeding in heattiice.

An important result of this study was that the egsron of TNFe was lower in
IL of healthy mice fed Lf compared to the contraINF-u is produced by a variety of
immune cells, including CD4cells (Mosmann and Sad, 1996), and affects a tyanie
physiological processes such as cell proliferatiahifferentiation and apoptosis
(Dinarello, 2000). This cytokine also contributegissue injury and decreased levels are
associated with the resolution of inflammation dess inflammatory damage in the
intestine (Togawa et al., 2002a; 2002b; Baert et 1899). Other investigators have

identified a link between exogenous Lf and ThF-Hayashida et al. (2004) found that
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subcutaneous injection of Lf decreased LPS indUdél-o production in a rat model of
rheumatoid arthritis. Togawa et al. (2002a) obsgrae approximate 4 fold decrease in
TNF-a expression in the colon of male rats after 3 dayisf administration by gavage.
Our findings agree with these earlier reports ofeducing TNFa production and show
this effect after only 4 days of oral feeding. Thechanism by which short term feeding
of Lf reduces the expression of TNFin IL cannot be directly determined from our
results. However, since CD4 cells produce TiNBvlossman and Sad, 1996) and given
the increase in the percent of apoptotic CD4 llthis study, it is tantalizing to suggest
that simple loss of TNIe-producing CD4 cells may account for the obsereglliction in
TNF-o expression. Although this remains speculativesupport of this hypothesis,
others have shown similar effects. For example, ¢begolymer glatiramer acetate
decreases the population of TNFproducing CD4 T cells in patients with multiple
sclerosis (Kantengwa et al., 2007). In additionet_al. (2007b) reported glucocorticoid
treatment of IFNy stimulated murine microglial cells resulted in wedd TNFe
secretion and partially suppressed anti-CD3 indywetiferation of CD4 T cells. Taken
together, the mechanism of decreased TiNBEs a result of short-term oral Lf feeding,
may be a consequence of increased apoptosis ofalNBeucing CD4 IL.

Previous research has shown increases in inte€2iD8l lymphocytes as a result
of Lf administration (Kuhara et al., 2000; Wangaét 2000). In contrast, we did not find
a significant impact of short term Lf administration the percent or apoptosis of CD8 IL
in healthy mice. Possible explanations for thiciipancy include dose and mode of Lf
administration. These earlier studies provided Wbf ¢;|avage and at much higher

concentrations (~900mg/3 days compared to ~ 20(hag&tin the present study). The

59



resistance to Lf-associated apoptosis of CD8 IL negyesent another mechanism of host
protection as these cells have prominent roleanmour surveillance and defense against
bacterial pathogens. We have shown elsewhere atdicious response of mouse IL T
cell subpopulations to physiological stress (Dasidsand Hoffman-Goetz, 2006;
Hoffman-Goetz and Spagnuolo, 2007a): CD4 IL werearsensitive to repeated exercise
stress induced apoptosis than CD8 IL, possibly ttuelifferential of expression of
antioxidant and heat shock proteins. In additiomrddaki et al. (1997) reported that in
mice following water immersion stress, intraepithleintestinal CD8 cells were more
resistant to apoptosis compared to CD4 cells. Thghlights the possibility of a
differential response of IL to external stimuli anthy explain why short term oral
feeding of Lf influences apoptosis of only one sibs

In this study two different concentrations of h&d significant effects on IL
apoptosis and cytokine production but there waslgervable linear dose dependency
(i.e., no stepwise increase in % CD4 or % GBAn" IL or decrease in TNEk-
expression with increasing Lf concentrations)sihot clear from our data why there was
no dose response for Lf on the IL immune parametéosvever, Lf receptors are found
on numerous immune cells including neutrophils (pet al., 2000) and lymphocytes
(Mazurier et al,. 1989). Therefore, the absenca alose response may be due to the
number and availability of Lf receptors on IL; oniteese receptors are saturated, any

additional Lf would have no effect and likely would excreted.
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3.9. Conclusion

In summary, Lf given by diet for four days was asated with a small but
significant increase in the percent and apoptosGA4, but not CDS8, IL and decreased
the expression of TNE-in IL of healthy mice. Additional studies will beeeded to
determine whether the reduction in TNFexpression in IL occurs specifically in CD4
lymphocytes and what the physiological consequeacesf these small changes in IL

apoptosis.

3.10. Additional Findings

The concentration of IL-10 in intestinal lymphocytevas also quantified by
Western blotting, similar to the methods outlined section 3.6, using an antibody
specific for IL-10 (clone: M-18; goat anti-mouseGg MW=15kDa, Santa Cruz,
California). There was no significant effect, b= 0.571, p=0.574) of bLf on IL-10
levels in the IL of healthy mice (0% Lf: 1.2 + 0AU, 0.2% Lf: 1.1 + 0.08 AU, 2.0% Lf:
1.1 +0.1).

These results suggest that bLf does not affectdesfelL-10 in the IL of healthy
mice. Although there are no published studies enetifiects of bLf given in the diet on
IL-10 concentrations, others (Togawa et al., 2002@802b; Hayashida et al., 2004;
Takakura et al., 2006) have demonstrated that Ilislidcreased in plasma or colonic
tissue following bLf treatment. Reasons for th#edences between the IL-10 results
presented here and those of the Togawa et al. @D2b), Hayashida et al., (2004)
and Takakura et al. (2006) are not known, howesensiderable variation in how bLf

was administered occurs across the studies andomayportant in the result outcome.
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For example, Togawa et al. (2002a; 2002b) and Takakt al. (2006) provided bLf via
gastric intubation, and Hayashida et al. (2004)lypradministered bLf. Evidence to
support this notion are the observations by Sfeiale (2004) who reported that the
cytokine response varied based on the route ofadlbfinistration. Sfeir and colleagues
demonstrated that dietary administration increafied (anti-inflammatory) levels
whereas gastric intubation resulted in IfNpro-inflammatory) production. Although no
change in IL-10 levels were observed in this stimtydecrease in TNé&4evels in mouse
IL following dietary bLf feeding supports the hypesis that bLf favours apL/Ty2

balance in favour of anti-inflammatory cytokinepeases in the bowel.
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CHAPTER 4: Lactoferrin Effect on Lymphocyte Cytokines and
Apoptosis is Independent of Exercise

4.1. Objectives
To determine the effects of dietary bovine lactafe(bLf) on intestinal lymphocyte (IL)
levels of TNFe and IL-10 and on CD4and CDS IL apoptosis in female C57BL/6 mice
following repeated bouts of acute exercise.
4.2. Hypotheses
Hypothesis 1:bLf administration will influence (increase or dease) the number and/or
percent of apoptotic intestinal CDdnd CD8 lymphocytes in mice subjected to repeated
bouts of acute exercise relative to the percenapafptotic intestinal CD4and CD8
lymphocytes in mice not receiving bLf supplemermatati
Hypothesis 2:bLf administration will decrease TNé-and increase IL-10 levels in IL of
mice subjected to repeated bouts of acute exerglatve to the levels of TNk-and IL-
10 in mice not receiving bLf supplementation
4.3. Study Design

This study was designed to determine if dietary iblienced the inflammatory
cytokines, TNFe. and IL-10, and the percentage of apoptotic CBdd CDS intestinal
lymphocytes during physiological stress inducedrégeated bouts of acute exercise.
The findings of the first experiment (Chapter 3)edmined that 2.0% bLf in the diet was
associated with reduced TNFlevels and increased apoptosis of CD4. Given the
observations that athletes experience gastroin@stlisturbances following strenuous
exercise (Peters et al., 2001b), possibly due ¢ceased intestinal inflammation, it was
aim of this study to determine if dietary bLf inased anti-inflammatory responses

following exercise challenge in mice. An exercigetpcol of three repeated bouts of

exhaustive exercise was chosen as it has previbesly shown to induce oxidative stress
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and intestinal lymphocyte apoptosis in mice (Hoffn@oetz and Spagnuolo, 2007a;
Quadrilatero and Hoffman-Goetz, 2005; Hoffman-Gaeaatel Quadrilatero, 2003). Mice
were sacrificed immediately following cessatiortlod final exercise bout (IMM) or 24 h
after cessation of the final bout (24 h POST) dreb¢ were compared to control animals
not subjected to exercise (SED). The experimentalgs are outlined in Table 4.1 and

the study design for experiment 2 is outlined igure 4.1.

Table 4.1: Summary of study 2 treatment groups with panehdwsng the 3x2 factorial
design and panel B showing the individual treatnggatips.

Exercise
A Diet SED IMM | 24 h POST

Lactoferrin No 1 3 5
Yes 2 4 6

Group Treatment

1 No bLf/ SED

bLf/[SED
No bLf/ IMM

bLf/IMM
No bLf/ 24 h POST
bLf/24 h POST

OO WIN
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Study duration: Two week acclimation plus 12 d ietary bLf administration.

[ Female mice (C57BL/6) (n=89)

I Randomly assigne11

l

l

l

l

l

l

Group 1 (n=16) Group 2 (n=16) Group 3 (n=14) Group 4 (n=12) Group 5 (n=15) Group 6 (n=16)
Sedentary Sedentary Acute exercise Acute exercise Acute exercise Acute exercise
immediate immediate sacrifice 24 h sacrifice 24 h
No bLf 9
° bLF2.0% sacrifice sacrifice POST POST
No bLf bLf 2.0% No bLf bLf 2.0%
N— e
—_——
I Intestine isolation | Blood collection
1 ELISA: Corticosterone and 8-
I Lymphocyte isolation | iso prostaglandin £

l l

Western blotting for apoptotic proteins|
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Figure 4.1: Schematic outline of the study design for expenti

A two way ANOVA (3x2 factorial design) and post-hdakey tests were used to
analyze the study data. In this study the indepehdariables are diet condition (0% bLf
or 2.0% bLf) and exercise treatment (SED, IMM or B4POST) (Table 4.1A).
Dependent variables included: % CD4nd % CD8 IL (including apoptotic
determination), apoptotic markers in intestinal pjmcytes (caspase 3 and Bcl-2),
cytokine levels (TNFe, IL-10), NFB, plasma concentrations of 8-iso prostaglandin F

and plasma corticosterone concentrations.
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4.4. Overview

Strenuous exercise increases apoptosis of intestmahocytes (IL). Bovine lactoferrin
(bLf), a protein found in milk products, affectsriphocyte apoptosis and the expression
of T41 and T2 cytokines. The purpose of this experiment wadetermine if bLf affects
apoptosis and I (TNF-) and T2 (IL-10) cytokine expression in IL of mice given
strenuous exercise. Female C57BL/6 mice (n=89ergi® bouts of treadmill exercise,
were sacrificed immediately, or 24 h after the lastit, or prior to initiation of exercise;
within exercise conditions mice were fed a con{@o bLf) or bLf supplemented (2%
bLf) diet for 12 days until sacrifice. IL were enamated and apoptosis and cytokine
expression were determined by Western blotting;kerarof stress (corticosterone; iso-
prostanes) were measured in plasma by radioimmsagaand direct immunoassay.
Exercise increased IL loss (p<0.05) and the expmess caspase 3 (p<0.001), HSP 70
(p<0.01) and IL-10 (p< 0.05) in mouse IL; bLf didtralter these responses. However,
bLf reduced TNFe expression in mouse IL (p<0.05), possibly throdglereased Né&B
expression (p<0.05) in the supplemented group.abydilLf does not affect IL apoptosis
following exercise but may confer intestinal praiec through changes in cytokine

expression, independent of exercise.
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4.5. Introduction

Intestinal lymphocytes (IL) comprised of lamina pria and intraepithelial
lymphocytes, are important in the protection of ¢jue mucosal barrier against infection
and tumour growth (Abreu-Martin and Targan, 1998yoptosis of IL affects
gastrointestinal equilibrium not just during nornmdlysiological states but also during
times of antigen activation and inflammation (Buakf 2001). For example, breakdown
of the mucosal barrier results in chronic exposoirdl to commensal bacteria, with
resultant excessive activation of IL and, potehtiaingoing inflammation (Sartor, 1997).
Apoptosis of these activated T cells can providetgmtion against mucosal damage
(Lugering et al., 2006) whereas inappropriate Ib@psis during quiescent states could
leave the Gl tract vulnerable to infection or tumgrowth.

Aerobic exercise increases IL loss and apoptosibwimg a single bout
(Hoffman-Goetz and Quadrilatero, 2003) and aftgeated bouts (Hoffman-Goetz and
Spagnuolo, 2007a) of exhaustive treadmill runningmice. Oxidative stress (from
increased whole body and cellular respiration) ne asnechanism whereby lymphocyte
apoptosis could occur since administration of thigoaidant N-acetyl-cysteine decreases
the extent of mouse IL loss following exercise (Quiatero and Hoffman-Goetz, 2005).
Oxidant stress could also occur from ischemia-feigern injury due to changes in
splanchnic blood flow with exercise; indeed, ischeneperfusion injury is associated
with damage of the mucosal epithelium, bacteriangtocation, and inflammation
(Cerqueira et al., 2005). Glucocorticoids (GC) amother potential mechanism
contributing to exercise-induced IL apoptosis agll loss. GC concentrations in blood

increase with long duration exercise (Li et al.028). In support of the role of GC in
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exercise-induced apoptosis are the following oletérms: 1) in vitro exposure of mouse
lymphocytes to corticosterone increased cell ddbtbffman-Goetz and Zajchowski,
1999) and 2) repeated treadmill exercise, with @dased elevated GC, was linked with
greater expression of protein markers of apoptosimouse IL (Hoffman-Goetz and
Spagnuolo, 2007a).

Strenuous exercise alters the production and balaoc pro- and anti-
inflammatory cytokines, leading to perpetuatiorresolution, of intestinal inflammation.
For example, TNk, a pro-inflammatory J1 cytokine responsible for inducing tissue
damage, is increased in circulation following eisF@t or greater than 75% VR« in
humans (Ostrowski et al., 1999). On the other hand;inflammatory (2) cytokines,
such as IL-10, also have a putative role in theolwg®n of inflammation. IL-10
knockout mice spontaneously develop intestinatisolKuhn et al., 1993) and alleviation
of this condition occurs upon IL-10 administratitiindsay et al., 2004). Therefore, the
balance between pro- and anti-inflammatory cytokiisevital for intestinal homeostasis.
The impact of exercise on the maintenance of thanba between J1 and T2
cytokines in the gastrointestinal tract has notnbeell characterized. In humans,
increases in plasma IL-10 and TNFfollowing intense exercise have been reported
(Ostrowski et al., 1999); increased IL-10 expressio IL after repeated bouts of
treadmill exercise in mice has recently been dbsedr{(Hoffman-Goetz et al., 2008).

Bovine lactoferrin (bLf) is an 80 kDa iron bindipgotein found in milk products
(Lonnerdal and lyer, 1995). It interacts with mammune cells and receptors for Lf
have been found on activated lymphocytes (Mazw@teaal., 1989). Among the reported

immunomodulatory properties of Lf is alterationaytokine production (Togawa et al.,
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2002a; 2002b) and induction of apoptosis (Madealt2007; Spagnuolo et al., 2007).
Togawa et al. (2002a; 2002b) found that bLf redutBidF-a. and increased IL-10 levels
during experimentally-induced intestinal inflamneatiin rats. Decreased NB activity
leading to decreased TNFproduction was also evident following bLf admingdion
(Haversen et al.,, 2002). It is not known if bLfpplementation affects ;I or T2
cytokine expression in lymphocytes in response Xer@se. However, given altered
cytokine expression during exercise, the interacbetween exercise and bLf may be
beneficial by reducing pro-inflammatory and inciagsanti-inflammatory cytokines.

How Lf influences apoptosis is unclear since Lf adstration increases cell
death (Spagnuolo et al., 2007) and cell viabil&dgji et al., 2007). Opposing actions of
Lf during oxidative stress have also been repovigtd decreased oxidative damage in
intestinal epithelial cells following ¥D, treatment (Shoji et al., 2007) and increased
mitochondrial ROS production resulting in cell dedtupetti et al., 2002). Thus, how
bLf affects IL apoptosis following strenuous exsec{associated with oxidant stress) is
not obvious. The purpose of this study was to datex the effects of dietary Lf
administration in mice on 1) TN&-and IL-10 expression in IL and 2) cell loss and
apoptosis of IL in conjunction with repeated booftserobic exercise. We hypothesized
that dietary Lf given prior to strenuous exerciseuld result in a shift to a P cytokine
response in IL and further that bLf would affecemise-induced IL apoptosis (either

enhance or reduce).
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4.6. Materials and Methods

Animals and Diets: Female C57BL/6 mice (n=89) (Harlan Sprague Dawley,
Indianapolis, IN, USA), 3-4 weeks of age, were widlially housed on a 12/12h reversed
light/dark cycle at 21+C. Mice hadad libitum access to a maintenance diet (Laboratory
Rodent Chow, PMI feeds Richmond, IN, USA) and tagtew for 2 weeks. Following
acclimation, mice were randomly assigned by weigh® dietary conditions: bovine
lactoferrin (bLf; n=44) or control diet (no bLf; #8). Diets were formulated based on a
semi-purified AIN 76A standard diet to contain eith0% or 2.0% bovine Lf (Erie Foods
International Inc, Erie IL), while maintaining silai overall protein concentrations (20%
total protein in both groups). Concentrations ddtally bLf were based on our previous
work indicating that 2.0% dietary lactoferrin re®al in apoptotic and cytokine responses
in mouse IL (Spagnuolo et al., 2007). bLf was 166éf isaturated and greater than 90%
pure. Mice were giverad libitum access to the diets for 12 consecutive days poior
sacrifice. All protocols with live animals were papved by the University Animal
Research Committee and conformed to the ethicatiptes of the Canadian Council on

Animal Care and the American College of Sports Mieg.

Exercise Protocol: Within diet conditions, mice were randomized to oofe three
exercise groups: three bouts of intensive treadmomiihing (each bout separated by a 24 h
rest interval) with sacrifice immediately upon cdeton of the final exercise session
(IMM, n=26), or with sacrifice 24h after completiai the final exercise session (24 h
POST, n=31), or to a no exercise sedentary cootmotiition (SED, n=32). Thus, there

were a total of 6 groups: no bLf/SED (n=16); bLfI3En=16); no bLf/IMM (n=14);
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bLf/IMM (n=12); no bLf/24 h POST (n=15); and bLf/24POST (n=16). The treadmill
protocol, described in detail elsewhere (Hoffmare@oand Spagnuolo, 2007a),
consisted of a 10 min warm-up, 90 min continuousreise (30 min at 22 min™,
2°slope; 30 min at 25 min™, 2°slope; 30 min at 28 min”, 2°slope) and 5 min
deceleration. Mice were motivated to run (Omni-Magtabolic treadmill, Omni Tech
Electronics, Columbus, OH) during the dark cycledogasional gentle prodding using a

soft nylon brush.

Intestinal Lymphocyte Preparation: IL were isolated as described by Hoffman-Goetz
and Quadrilatero (2003). Briefly, the intestinahqmartments were immediately removed
and Peyer’s patches and visible fat dissected kuvere prepared as single suspensions
by isolation over a column containing 0.3 g of pr@shed nylon wool, washed and
layered over a density gradient medium (LymphoMte-Cedarlane Laboratories,
Hornby, Ont.) to exclude epithelial cells and remaellular debris. A sample of IL,
consisting of both intraepithelial and lamina praplymphocytes, was stained with

Turk’s solution and enumerated manually by micrgsco

Flow Cytometry: Flow cytometry was used to determine IL phenotyis&riution and
extent of apoptosis. In order to discern IL popala an initial acquisition gate was
created based on the forward and side scatter piegpef a population shown to collect
>90% CD45 cells (leukocytes) using a CD45 (common leukoeytégen, clone: 30F11)
FITC-conjugated monoclonal antibody (mAb; MilterBiotec, Auburn, CA). Apoptosis

was determined by Annexin V and PI staining. AnneX detects the cell membrane
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expression of phosphatidylserine, which is an eardyker of apoptosis, whereas Pl is a
non-specific DNA dye that indicates late apoptatimecrotic cells. 1.0 x P@ells were
incubated with 2.5L of both Annexin V (Pharmingen) and PI (Sigma Cleat) in 100

ul of Annexin binding buffer (Pharmingen) for 15 mah room temperature in the dark,
followed by addition of binding buffer (4Q0 and analysis by flow cytometry.
Individual IL phenotypes were determined by suspené x106 cells in 10Qu of PBS
and with the addition of 2B of PE-conjugated mAbs (PharMingen, San Diego, CA,
USA) for CD4 (anti-CD4, clone: GK1.5) and C®&anti-CD8&, clone: 53-6.7) in the
dark at 4°C for 45 min. Cells were washed and daged (5 min, 450 xg), the pellet
resuspended and analyzed for phenotype on a two ftoWw cytometer (Epics XL Flow
Cytometer, Beckman-Coulter, Hialeah, FL) with awcigation wavelength of 488nm and

emission filters of 525nm (green fluorescence) @rshm (red fluorescence).

Corticosterone and 8-iso Prostaglandin f: Mice were sacrificed by sodium
pentobarbital (0.06-0.08 ml) overdose. Blood wasnadiately collected by cardiac
puncture into a 1 ml syringe containing 0.08ml eparin. Following centrifugation (6
min, 150@) plasma was collected and frozen at°@0for corticosterone and 8-iso
prostaglandin f; (8-iso-PGhk,) analysis.

Plasma corticosterone was quantified using a cowialgr available double
antibody*?? radioimmunoassay kit (ICN Biomedicals, Inc., GoMesa, CA) according
to the manufacturer’s protocol. Plasma samples wiuged 1:200 with steroid dilutant
and radioactivity was measured with a Gamma 5500tep (Beckman Coulter, Hialeah,

FLA). 8-iso-PGh, in plasma was quantified using a direct enzyme umoassay (EIA)
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kit (Assay Designs, Ann Arbor, Michigan, USA). rales were hydrolyzed (29 10N
NaOH: 100ul sample) at 48C for 2 h and neutralized to pH 6-8 with 12N HGamples
were centrifuged (5 min, 1406)) and incubated witB-iso-PGFk, antibody for 24 h at

4°C. Absorbance was determined at room temperatu@sahm.

Western Blot Analysis of Caspase 3, Bcl-2, NdB, HSP 70, IL-10 and TNFe:
Cytoplasmic protein samples were separated byrefg@ubresis on a 12% SDS PAGE gel
and transferred onto a PVDF membrane (Sigma Chén{i@aadrilatero and Hoffman-
Goetz, 2005). For quantification of NB, nuclear fractions were isolated; following
cytoplasmic fractionation the pellet was resuspdnde phosphate buffered saline,
incubated 1 h with high salt lysis buffer, samptestrifuged (15 min, 150@), and the
supernatant recovered as the nuclear fraction. bfi@nes containing the separated
proteins (cytoplasmic or nuclear) were incubatedlft with primary antibody (1:200 in
10% milk-TBST): Bcl-2 (clone: C-2; mouse anti-humaonoclonal Igg MW=28kDa),
caspase 3 (clone: H-227; rabbit anti-human cloi®& IgW=35kDa), TNFe (clone: N-
19; goat anti-human polyclonal IgG, MW=17kDa), ¥ (clone: C-20; rabbit anti-
human polyclonal 1gG, MW=65kDa), IL-10 (clone: M:l&oat anti-mouse IgG,
MW=15kDa) or HSP 70 (clone: C92F3A-5; mouse antus® monoclonal 1gG
MW=70kDa) (Santa Cruz Biotechnology, Santa Cruz, O8A). This was followed by
incubation for 1 h with secondary antibody: hordesta peroxidase-conjugated anti-
mouse (Bcl-2, HSP 70), anti-rabbit (caspase JByFor anti-goat (TNFe, IL-10) IgG at

a concentration of 1:2000 in 10% milk-TBST. Protess determined using ECL or ECL

Plus Western blotting detection reagents (AmersBaraciences, Buckinghamshire, UK)
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and the ChemiGenius 2 Bio-imaging System (Cambridigi€). Samples from each
treatment group were run together along with aifytdted protein ladder to identify the
molecular weight of the immunoblotted protein (C8lgnaling Technology, Beverly,
MA, USA). For IL-10 and TNFe blots, recombinant IL-10 and TNéstandards (mouse
IL-10, CL9310R, mouse TNE; CL9300TR; Cedarlane Laboratories) were run orheac

gel.

Statistical Analysis: All data were analyzed as a 2x3 analysis of vagaesign with
diet (two levels: no bLf, bLf) and exercise (thdegels: SED, IMM, 24 h POST) as the
independent factors using SPSS (Version 15; ChickhgdJSA). Post hoc analysis was
performed with Tukey HSD test to determine differes between exercise groups and
for interactions between diet and exercise groug3s0.05 was accepted as being
significantly different from chance alone. All vaki are expressed as group means *

SEM.

4.7. Results

Effect of Exercise and bLf on Food Intake and BodyVeights of Mice: There were
no significant main or interaction effects of dmt exercise treatments on total food
intake over the course of the 12 d experiment (feswe presented for the diet x exercise
groups): no bLf/SED 33.1 = 1.0g; bLf/[SED 34.0 + @7 no bLf/IMM 31.7 + 0.8 g;
bLf/IMM 33.5 + 1.0 g; no bLf/24h POST 32.5 * 0.8 pt.f/24h POST 33.6 + 0.1 g.
Similarly, there were no significant main or intetian effects of diet or exercise

treatments on animal weights prior to sacrifice:bhd/SED 20.1 £ 0.5 g; bLf/SED 20.4
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+ 0.3 g; no bLf/IMM 19.8 + 0.3 g; bLf/IMM 19.8 + B6.g; no bLf/24 h POST 20.0£0.5 g

and bLf/24 h POST 20.8 + 0.6 g.

Effect of Exercise and Lactoferrin on Plasma Isopretanes and Corticosterone in
Mice: Figure 4.2 shows the plasma concentrations of &iS&, (Panel A) in mice.
There was a significant main effect of exercisegptasma concentrations of 8-iso-PfF
(F2,63= 6.94, p<0.01). This was due to increased conatoirs of plasma 8-iso-PGHn
the immediate (IMM) (p<0.05) and 24 h POST groug((01) compared to the SED
mice. There was no effect of dietary bLf on plasBrizo-PGFE, concentrations. Not
unexpectedly, exercise significantly increased mkgorticosterone levels in micex (i

= 12.49, p<0.0001) (Panel B). This was due to tlghdr levels in the IMM group
relative to the SED animals (p<0.0001). There wasmaller main effect of diet on
plasma corticosterone in mice 1(F = 6.07, p<0.05); plasma corticosterone was
decreased in the bLf (398.6 + 17.2 ng/ml) compacethe no bLf (473.3 £ 23.6 ng/ml)
fed group. There was no significant diet x exercrgeraction effect for 8-iso-PGfor

corticosterone.
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Figure 4.2 Plasma concentrations in mice of common markérexercise induced

stress. Panel A: 8-iso prostaglandig Epg/ml); *p<0.05, #p<0.01 vs. SED; Panel B:
Corticosterone (ng/ml); **p<0.0001 vs. SED and 22@ST. All values are means = 1
SEM. SED = no treadmill exercise; IMM = three ®wf treadmill exercise each
separated by 24 h rest and sacrifice immediategr #dfie third bout; 24 h POST= three
bouts of exercise each separated by 24 h ressaurdice 24 h after the third bout.

1



Effect of Exercise and Lactoferrin on IL Counts, Apptosis and Phenotypes in Mice:
A shown in Figure 4.3, there was a significant neffect of exercise on total IL numbers
in mice (kg3= 3.09, p=0.05). This effect was due to a decr@éadé counts at 24 h
POST exercise relative to the SED group (p<0.05er& was a non-significant trend
(p=0.06) for higher IL counts in mice fed bLf (53.3 x 10 cells) compared with the no
bLf group (4.5 + 0.3 x 10cells). No interaction effect was observed fordaunts
between diet and exercise. IL loss following ex@chas been attributed to increased
apoptosis as measured by Annexin V expression (@ai@do and Hoffman-Goetz,
2005). We found a small effect of exercise on thégaexin V'/PI" in IL, a difference
which approached significance (P=0.07; SED: 18.7.6%, IMM: 22.5 + 2.6%, 24 h
POST 16.9 + 1.0 %). Neither diet nor diet x exex@gynificantly affected the % Annexin

V'IPITIL.
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Figure 4.3: Intestinal lymphocyte (IL) counts in mice givespeated treadmill exercise.
*p<0.05 vs. SED. Values are means + SEM. SED =xaoaise; IMM = 3 repeated bouts
of exhaustive exercise and immediate sacrifice;h2OST = 3 repeated bouts of
exhaustive exercise and sacrifice 24 h after tind thout.
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Figure 4.4 Intestinal lymphocyte (IL) phenotype distributionmice following repeated
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Figure 4.4 gives the phenotypic distribution foe th. T cell subsets CD4 and

CD8a. There were no significant main effects of exerce diet, nor was there an

interaction effect between these factors, in thheqre of CD4 IL. In contrast, there was

a significant main effect of exercise,(dz = 3.91, p<0.05) on the percentage of GDIB

in mice, an effect due to an increase between INisl 24 h POST groups {g; = 3.91,
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p<0.05). There was no significant interaction @meffect of diet on the percentage of

CD8u mouse IL.

Effect of Exercise and Lactoferrin on Bcl-2, Caspas 3, NRB and HSP 70 in Mouse
IL: Exercise significantly affected the expressionie anti-apoptotic protein Bcl-2 in
mouse IL (krs2= 3.85, p<0.01) with decreased concentrations énliiiM compared to
the SED group (IMM: 1.54 £+ 0.09 vs. SED: 2.02 £70.p<0.01). There was a main
effect of bLf on Bcl-2 concentrations in mouse IE; § = 7.35, p<0.01) with the
supplemented group having lower levels (bLf: 1.58.26 AU) compared with the
control group (no bLf: 1.95 + 0.07 AU). There wasignificant interaction (ks> = 4.52,
p<0.01) between diet and exercise on the expressiBal-2 in mouse IL (Figure 4.5A).
SED mice given the control diet (no bLf) had higtgai-2 expression relative to the
other treatment groups (p<0.05) which did not diffem each other. Figure 4.5B shows
the exercise effect on the expression of the paptmic protein caspase 3 in mouse IL
(F2,71 = 8.09, p<0.001). Repeated exercise stress irenleeaspase 3 expression IMM
after compared to the SED and 24 h POST group (5%0.There was no diet x exercise
or diet effect on the expression of caspase 3.

There was no effect of exercise on the expressioNFxB. In contrast, bLf
affected NikB concentration in mouse IL {k3 = 5.74, p<0.05) with the bLf group
having lower levels of NEB (Figure 4.5C). A significant interaction occuren the
expression of NEB in mouse IL (i 43 = 4.57, p<0.05). The expression of ®fin IL
was decreased in the immediate exercise group f€d80 + 0.14) relative to the
immediate exercise group fed the control diet (5016, p<0.05). Figure 4.5D shows

the main effect of exercise on HSP 70 in mouserhlg{= 1.54, p<0.01). HSP 70 protein
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expression in mouse IL was higher in the IMM exs&ois. the SED condition (p<0.05)
which then returned to levels not different fromC5&.e., SED vs. 24 h POST). There

was no diet or interaction effect on the expressiodSP 70.

Effect of Exercise and Lactoferrin on IL-10 and TNFe Expression in Mouse IL:
Figure 4.6A describes the concentration of th& Tytokine, IL-10, in mouse IL as a
function of exercise (F7 = 3.96, p<0.05), an effect due to the differencesveen the
IMM and 24 h POST exercise groups (p<0.05). Theas wo exercise x diet or diet
effects on IL-10 expression in mouse IL. Thgl Tytokine, TNFe, was significantly
affected by dietary bLf (fs1 = 3.85, p<0.05, Figure 4.6B), with the bLf fed gpdhaving
lower TNFo expression compared to the control (no bLf) grolidF-o. expression in
mouse IL did not vary as a function of exercisedittan nor was there a diet x exercise

effect.
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Figure 4.5: Concentrations of apoptotic and stress proteimaonse IL. Panel A: Anti-
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4.8. Discussion

One main objective of this study was to determfraiatary Lf affected cell loss
and apoptosis of IL in response to acute exeraisrice. A second related objective was
to determine whether bLf given during exerciserallethe expression of the cytokines
IL-10 and TNFe in IL, since these cytokines have regulatory roilesintestinal
inflammation. We observed that dietary bLf did aateliorate (nor did it exacerbate) the
loss of T lymphocytes from mouse intestine underdaons of repeated exercise stress;
moreover, bLf did not affect the increase in the-gpoptotic protein caspase 3 or the
expression of the heat shock protein HSP 70 inoresp to exercise. However, bLf
feeding resulted in lower levels of the pro-inflaatory cytokine, TNFe, in mouse IL.

Exhaustive exercise stress was associated witbd& 24 hours after cessation of
exercise, an observation which has been reportedsifigle (Hoffman-Goetz and
Quadrilatero, 2003) and repeated exercise (Hoff@@aatz and Spagnuolo, 2007a)
challenge. Cell loss has been related to oxidasitress induced apoptosis since
provision of antioxidants reduced the exerciseteglaapoptosis of IL (Quadrilatero and
Hoffman-Goetz, 2005). Others have shown decreasextimondrial membrane potential
(MMP) and increased apoptosis of human monocytesirophils and lymphocytes
following repeated bouts of exhaustive (85%)§) exercise (Tuan et al., 2007).

bLf administration for 12 days in the diet did radter mouse IL apoptosis and
cell loss associated with aerobic exercise. Theratesof a bLf effect under conditions of
oxidant stress may reflect the magnitude of ROSlyecbon by exercise since ROS
generated by bLf would likely be negligible commhte the generation of free radicals

by exercise. Indeed, the repeated exercise challesgd in this study increased ROS

83



(measured by 8-isoprostanes) for up to 24 h aftesation of exercise. Elevated blood
iso-prostanes have been reported for up to 6 dag pace in ultramarathoners
(Mastaloudis et al., 2004). The limited researohRDS generation by bLf suggests a
mitochondrial pathway: addition of bovine lactofeim (bLfcin- a pepsin derivative of
bLf) resulted in MMP disruption with consequentgase activation (Mader et al., 2007)
and the bactericidal ability of human Lf @andida albicans was due to increased
mitochondrial ROS production (Lupetti et al., 200Both caspase activation and
mitochondrial ROS production with bLfcin and Lf weemreversed by antioxidant
administration. Moreover, there are multiple patiisvevhereby exercise could induce IL
loss and apoptosis apart from mitochondrial deriR€5 arising from increased cellular
respiration. These would include increased secratioglucocorticoid (GC) hormones
and ischemia/reperfusion injury. Even within mitoodria, ROS can be generated by
several enzyme systems: mitochondrial electronspart chain, xanthine oxidase,
NADPH oxidase, lipoxygenase, cyclooxygenase, andoxmomes (Fruehauf and
Meyskens, 2007). Given multiple mechanisms of R@8egation during exercise, the
contribution of bLf induced ROS would be minimaldahkely not add to observed
increases in IL apoptosis with exercise.

Lactoferrin has also been associated with protecgminst ROS generation. The
iron binding property of bLf is credited to its @ity to decrease metal (iron) catalyzed
hydroxyl radical formation. Indeed this property lof has been linked to decreased
hydroxyl radical formation and decreased intradatlwxidative damage in neutrophils,
macrophages and intestinal epithelial cells (Sabgal., 2007). Although bLf can reduce

metal catalyzed hydroxyl radical formation, theseno evidence that bLf attenuates ROS
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production through other mitochondrial pathwayscfsias MMP or cytochrome c
oxidase) which would be more typical of aerobic reise. Therefore, the multiple
pathways of apoptosis and ROS production initisgeéxercise would be larger than any
bLf attributed reduction in metal catalyzed hydroxgdical generation and thus not
prevent IL loss.

Repeated bouts of exhaustive exercise resultedeatey loss of IL likely due to
apoptosis of CD4, but not CST cells; apoptosis as the mechanism leading 1odk is
suggested by marginally higher % Annexifd/RI" and significantly higher caspase 3
expression. Nevertheless, because the % AnneXRI'VIL were not non-significantly
different across exercise groups (p=0.07), it ispussible to unequivocally conclude that
IL loss was due to apoptosis. Other factors (fameple, hemodynamic effects) may have
contributed to IL loss with exercise. Dietary Lilchot alter the overall apoptotic index
or the distribution in individual phenotypes of nseulL following the repeated exercise
challenge. There are, however, conflicting datauabbow bLf affects intestinal
lymphocyte subsets. Wang et al. (2000) found irsgdaCD4 and CD8 expression in
mouse intestine following three consecutive daybldfadministration by gavage. CD4,
but not CD&, mouse IL were increased in response to four dayletary bLf feeding
(Spagnuolo et al., 2007). No change in any IL piyg®was observed following 3 doses
of bLf by gavage (Takakura et al., 2006). Discrapesm among studies may reflect
differences in duration, dose and mode of bLf adstiation; moreover, none combined
lactoferrin with exercise. In the present study btds given by diet whereas others

(Takakura et al., 2006; Wang et al., 2000) usedrigastubation to deliver lactoferrin.
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Additionally, these studies used shorter duratiand smaller cumulative doses of bLf
than reported here.

Dietary Lf did not affect the expression of the qaqmoptotic protein, caspase 3, or
the anti-apoptotic protein, Bcl-2, in mouse IL esponse to exercise. IL loss following
exercise has been attributed to apoptotic mechanisatuding increased caspase 3 and
reduced Bcl-2 expression (Hoffman-Goetz and Quaignb, 2003; Hoffman-Goetz and
Spagnuolo, 2007a). Although there was no signifiefect of bLf on expression of
caspase 3 in mouse IL, overall Bcl-2 levels wereloin the bLf fed mice suggestive of
a possible role of bLf in altering MMP. However, iamportant limitation is that no other
mitochondrial pro- or anti-apoptotic proteins (eBax, Bid) were quantified and there
are many proteins which regulate MMP. Nonethelbk$ was insufficient to alter Bcl-
2/Bax ratios in human tongue squamous carcinoma @@handra Mohan et al., 2006)
and the observed Bcl-2 decrease with bLf suppleatiemt may be minimal in the overall
regulation of the MMP.

Immediately following exercise, there was an insezhexpression of HSP 70 in
mouse IL. Elevated HSP 70 after exercise has bepmodstrated in rat blood leukocytes
(Antunes-Neto et al., 2006) and the current findirextend these observations to a
repeated exercise model in mice IL (Hoffman-Goetd §pagnuolo, 2007a). Given that
the increase in HSP 70 expression under conditadnkeat and other physiological
stressors serves to protect cells from damage Bden et al., 2005), the finding of
increased levels with repeated exercise challenge ®xpected. Concentrations of
plasma 8-iso-PGEL were increased after exercise. 8-iso-RGFE produced from

arachidonic acid, a plasma membrane lipid, throadree-radical catalyzed mechanism
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(Patrono et al.,, 1997) and elevated plasma leu&saacommon indicator of exercise
induced oxidative stress in humans (Steensberd},e2G02) and mice (Hoffman-Goetz
and Quadrilatero, 2003). Lf did not affect eithness marker which we attribute to the
magnitude of the exercise induced oxidant stresgorese and the various methods of
exercise induced ROS production. Given the ingbibf Lf, at the concentrations
provided in the diet, to significantly influenceesggise induced IL apoptosis, it was not
surprising that Lf did not influence the expressmfnstress proteins or protect against
oxidant stress generation.

Dietary bLf was associated with reduced expressibiTNF-o in mouse IL.
Although the mechanism of decreased concentraobm®lF-o in mouse IL as a result of
dietary Lf administration is unknown, it may bekled to the observed decrease in levels
of NFkB a transcription factor responsible for the exgi@s of pro-inflammatory
cytokines (e.g., TNk (Bours et al., 2000). Exercise did not affect lheels of NkB in
mouse IL but concentrations were lower in the ldugr. A potential benefit of decreased
NF«B in mouse IL is the subsequent decreased produatib pro-inflammatory
cytokines. Togawa et al. (2002b) showed that in reblon following
trinitrobenzenesulfonic acid (TNBS) induced colitthf decreased concentrations of
TNF-o and phosphorylation ok] indicative of decreased levels of activated<RFLf
administration decreased the extent of LPS indumeding of NB to the TNFe
promoter (Haversen et al., 2002). These resultgesighat bLf may protect against gut
inflammation by reducing the production of TNFthrough modulation of NéB.
Nevertheless, there is also evidence that bLf hts éffect on inflammatory cytokine

synthesis. bLf given to newborn Balb/c mice did mairease TNFe: levels in Peyer’s
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patches (Griffiths et al., 2004). The reason fa& dlfferences between our findings and
those of Griffiths and colleagues (Griffiths et,a&004) may be due to duration of
exposure to Lf (12 vs. 28 days of exposure), agthefmice (~8 weeks vs. 4 weeks at
sacrifice), immunological mucosal ‘maturity’ (adws. weaning mice), or mouse strain
(C57BL/6 vs. Balb/c) with different immunologicalggiles.

Two cytokines involved in the pathogenesis of ines inflammation are TNFe:
and IL-10. TNFe is elevated in patients with inflammatory bowedetises and symptom
amelioration occurs with anti-TNé&- treatment whereas IL-10, a potent anti-
inflammatory cytokine, inhibits immune cells fromopucing T,1 cytokines (Papadakis
and Targan, 2000). Thus, the balance between tpese and anti-inflammatory
cytokines ([{1/Ty2) is crucial in maintaining homeostasis within timestine. Our
results show that bLf administration does not gigantly increase the concentration of
IL-10 but is associated with reduced concentratiohd NF-u, which could bias the
balance towards an anti-inflammatory response. i®thave shown bLf to favour a4Z
response during stress. Togawa et al. (2002a, 20@ported decreased TNEk-and
increased IL-10 following DSS and TNBS inducedanifimation in the colon of rats fed
bLf by gavage. Similarly, bLf suppressed TNFand increased IL-10 concentrations of
LPS stimulated peripheral blood lymphocytes (Hajgslet al., 2004). In cultured IEL
bLf for 3 days prior to stimulation with anti-CD31t#bodies increased production of IL-
10 and decreased production of IiFNa Tyl cytokine (Takakura et al., 2006). Thus, bLf
may shift the balance fromyI to T,2 responses under periods of stress. Although de di
not find that bLf increased IL expression of IL-1Be decrease in TNé&devels partially

supports the hypothesis that bLf affects cytokiatahce to favour aiR response in the
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bowel. Further studies will be needed to determvhether the expression of other anti-
inflammatory T2 cytokines, such as IL-4 and IL-7 which are praaliby intraepithelial
intestinal lymphocytes, are influenced by dietaty bnd under conditions of exercise
stress.

Repeated treadmill exercise increased plasma ostémone concentrations in
mice, a response which was not unexpected sincde@Is increase after exercise of
long duration (Li et al., 2007a). What was unexpedavas that bLf was associated with
lower levels of plasma corticosterone in mice. Vasrclassical stress induced ACTH-
GC responses have been well described, GC syntlesilso influenced by the pro-
inflammatory cytokines, ILf and TNFe (John and Buckingham, 2003). Lactoferrin
reduces the secretion of TNFand IL-18 in a variety of cells including THP-1 cells
(Haversen et al., 2002) and lymphocytes (Croucl.£1992). Thus, it is possible that the
lower levels of TNFa seen in the current study also contributed toltheer plasma
corticosterone levels in bLf fed mice. Nevertheléhe actual physiological significance
of this effect remains to be determined since htfribt reduce GC levels in response to

exercise.

4.9. Conclusion

Repeated bouts of treadmill exercise in mice reduh increased oxidative stress,
as measured by 8-iso prostaglandiiy Bnd concentrations of corticosterone, which
contributed to IL loss probably via apoptosis. Altlgh dietary bLf reduced plasma
corticosterone levels and Bcl-2 expression in herée was no effect of this dietary

supplement on IL loss either alone or with exeraballenge. Similarly, the oxidant
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stress effects of exercise on increased caspasel 3H3P 70 were not moderated by
dietary bLf. The inability of bLf to affect the lef IL or reduce caspase 3 expression in
IL may be due to the magnitude of the stress resporduced by exercise. Nevertheless,
bLf may provide some limited protection againstdaxit stress-induced inflammation in
the bowel by decreasing IL expression of T&Fpossibly through a mechanism
involving decreased NB, to favour a T2 response. Further studies will be needed to
determine if higher concentrations of bLf in thetdand for longer time periods affect

Tw1/Ty2 balance in the gastrointestinal tract at restedtet exercise.
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CHAPTER 5: Dietary Lactoferrin Does Not Prevent Dexran Sulfate
Sodium Induced Murine Intestinal Lymphocyte Death

5.1. Objectives
To determine the effects of dietary bovine lactafe¢bLf) on intestinal lymphocyte (IL)
levels of TNFe and IL-10 and on CD4and CDS IL apoptosis in female C57BL/6 mice
following dextran sulfate sodium treatment.
5.2. Hypotheses
Hypothesis 1:bLf administration will influence (increase or dease) the number and/or
percent of apoptotic intestinal Cbdnd CD8 lymphocytes in mice subjected to DSS
treatment relative to the percent of apoptoticstiel CD4 and CD8 lymphocytes of
mice not receiving bLf supplementation.
Hypothesis 2:bLf administration will decrease levels of TNFFand increase levels of
IL-10 in the IL of mice subjected to DSS treatmesiative to the IL levels of TNk-and
IL-10 in mice not receiving bLf supplementation.
5.3. Study Design

This study was designed to determine the possinsiplogical benefit of dietary
bLf on levels of the cytokines, TN&-and IL-10, and on the % of CD4nd CD8
intestinal lymphocyte apoptosis during DSS indurgdstinal inflammation. Since DSS
is the most commonly method used in the study t¢ésimal inflammation, it was
important to use this model in the study of dietaty effects on inflammation. During
DSS induced inflammation, Togawa et al. (2002a)vioked bLf by gavage and
demonstrated a decrease in the extent of colossadi damage as well as a reduction in
the concentration of TNk-and NFkB in the colonic tissue of rats. The previous gtud

(Chapter 4) determined that inclusion of bLf at%a.lh the diet for 12 d was effective at

reducing TNFee and NKB in mouse IL following exercise. It was, therefpra
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reasonable argument that these effects on @MRd NB would also occur within the
IL following dietary bLf and DSS administration tmice. The study design for

experiment 3 is outlined in Figure 5.1.

Study duration: Two week acclimation plus 12 d ietary bLf administration.

Female mice (C57BL/6) (n=63)

Randomly assigned

l l l l

Group 1 (n=16) Group 2 (n=16) Group 3 (n=16) Group 4 (n=15)
no bLf/no DSS bLf 2.0 %/no DSS no bLf/DSS bLf 2.0%/DSS
— s
—_———
Small intestine isolation 1 cm section <€— | Largeintestine isolatior
H& E stain

Lymphocyte isolation

\ 4 \ 4

Flow cytometry: Western Blotting for apoptotic (Caspase 8,
phenotypical distribution, Bcl-2), inflammatory cytokines (IL-10,
apoptosis measurement TNF-0,) and the transcription factor NB

Figure 5.1: Schematic outline of the study design for expentng
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A two way ANOVA (2x2 factorial design) was usedaioalyze the study data. In
this study the independent variables are diet ¢mmd{0% bLf or 2.0% bLf) and DSS
treatment (no DSS or DSS). Dependent variablesudlecl % CDZ4 and % CDS8 IL
(including apoptotic determination), apoptotic nmeskin intestinal lymphocytes (caspase
3, Bax and Bcl-2), cytokine proteins (TNf-IL-10) and the pro-inflammatory

transcription factor NkB.
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5.4. Overview

Dextran sulfate sodium (DSS) induced intestinalamimation is characterized by
pronounced mucosal and epithelial cell damage. reovactoferrin (bLf), a common
dietary protein, influences inflammatory cytokinesd intestinal lymphocyte (IL)
apoptosis. The objectives of this study were temeine if 1) DSS induces IL necrotic or
apoptotic death, 2) dietary bLf affects DSS indultedeath and, 3) if bLf alters cytokine
profiles during DSS induced inflammation. Female/BBE/6 mice were randomized to
2% or 0% bLf diets for 12 d and within diets to $%60% DSS in the drinking water for
4 d after which intestinal histology, IL number, I[%apoptosis/necrosis, IL phenotypes,
protein levels of pro- inflammatory cytokine (TN#-and transcription factor (NdB),
apoptotic (caspase 3, Bax) proteins, anti-inflanomatcytokine (IL-10) and anti-
apoptotic (Bcl-2) protein levels in IL were evaledt DSS treatment resulted in shortened
intestinal length, decreased body weight and wikdesp mucosal damage as well as
increased IL death as determined by a decreaseckrgage of viable (FANN',
p<0.005) and increased percentage of necroticdpteptotic (PI/ANN®, p<0.05) and
necrotic (PI/ANN’, p<0.05) IL. DSS exposure increased caspase B.qpx and
decreased Bcl-2 (p<0.01) protein levels in mouse Dietary bLf did not influence these
cell death outcome measures. However, bLf reducemteip levels of the pro-
inflammatory transcription factor, N, in IL (p<0.05) and was associated with a 34%,
albeit non-significant, reduction in TNd+elative to non-bLf fed mice. DSS treatment
increased apoptosis and necrosis of mouse IL aevhield pro-apoptotic and reduced

anti-apoptotic protein levels in these cells. DigtalLf did not influence necrosis or
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apoptosis of IL but may provide limited protectionthe intestine by affecting the pro-

inflammatory transcription factor NdB, and potentially, cytokine expression.

5.5. Introduction

Inflammatory bowel diseases (IBD) are characteriag pronounced destruction
of the gastrointestinal mucosa and the epithekdll lgarrier (Brandtzaeg et al., 1997).
Although the etiology of IBD is unknown, alteratom T,1 and T,2 cytokine balance
coupled with prolonged or excessive immune celivatbn to dietary or bacterial
antigens are believed to contribute to IBD pathegen (Podolsky, 2002). Inflamed
tissue of patients with active IBD contains largeamtities of activated immune cells
including neutrophils, macrophages and lymphocgiesvell as increased concentrations
of pro-inflammatory cytokines (Brandtzaeg et a@97; MacDermott, 1996)

Oral administration of dextran sulfate sodium (D$S) common method of
inducing intestinal colitis in animal models. Theechanism by which DSS induces
inflammation likely involves multiple biological gavays including direct cytotoxic
effects on epithelial cells (Cooper et al., 19984 andirect damage due to changes in
resident bacteria (Okayasu et al., 1990), upreguiaif lymphocyte adhesion molecules
on intestinal epithelial cells (Ni et al., 1996)daactivation of gut macrophages and T
cells (Okayasu et al., 1990; Takizawa et al., 199985b). DSS induced mucosal injury
is characterized by nitrosative damage and, sintbahuman IBD, increased tissue
concentrations of neutrophils, macrophages andaeti T cells (Cooper et al., 1993;

Takizawa et al., 1995a; 1995b)
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Concentrations of inflammatory cytokines (IL-1, &.-TNF-<) are increased in
patients with active IBD. For example, Isaacs let(£092) showed elevated mRNA
expression of IL-1 and IL-6 in colonic mucosal ls@s of patients with IBD; increased
intestinal MRNA of TNFe was also found in children with active IBD (MacCabdh et
al., 1990). The sources of most cytokines in mid tissue are activated macrophages
and lymphocytes (MacDermott, 1996). Similar to lammBD, DSS induced intestinal
inflammation in mice results in higher concentraioof pro-inflammatory cytokines
within the colonic mucosa (Takizawa et al., 1993895b; Egger et al., 2000).
Moreover, the DNA-binding activity of NéB is increased with DSS treatment (Herfarth
et al., 2000). NE&B is a transcription factor found inactive in thgaplasm, which upon
activation (e.g., stress signals, pathogens armkinys such as TNEj} is relieved of its
cytoplasmic inhibitor @B) and translocates to the nucleus where it biodBNA and
activates various pro-inflammatory genes (Li et 2D02). NKkB is elevated in mice
given DSS; addition of oligonucleotides (‘NB decoys’) that suppress transcription of
NF«B reduces the extent of DSS induced inflammatomalge (De Vry et al., 2007).
Thus, decreases in NB could potentially lead to decreased pro-inflanmomat(Ty1)
cytokine synthesis and less damage to the mucasaéb

Cell death can be characterized by two processstingliished by different
cellular morphologies and immunological consequsnégoptosis, involving cellular
shrinking, chromatic condensation, nuclear fragmemt and budding of the plasma
membrane, is a genetically coded form of cell si@cwith resultant apoptotic bodies
engulfed by phagocytes (Vermes et al., 2002). @dith by apoptosis normally does not

recruit lymphocytes or neutrophils, key charactessof inflammation (Lu et al., 2006).
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In contrast, necrotic cell death involves cellukwelling, membrane disruption and
release of intracellular contents and involves uierent of inflammatory cells
(Hoffman-Goetz et al., 2005). In DSS induced stiteal inflammation both apoptotic
and necrotic damage have been shown to occur ftiredipl cells (Renes et al., 2002);
whether DSS induces either or both mechanisms lbfdeath in other cell populations
resident in the gut, such as intestinal lymphoc{es is not known.

Lactoferrin (Lf) is an 80 kDa iron binding glycopein found in neutrophilic
granules and various mucosal secretions includinig end colostrums as well as
commercially available dairy and whey protein camtay products. During periods of
physiological stress dietary Lf may alter cytoklaeels with apparent bias to a2 (anti-
inflammatory) cytokine profile. For example, distadministration of bovine lactoferrin
(bLf) reduced TNFe and NB expression in mouse IL following oxidant stressiag
from repeated bouts of acute exercise (Spagnuadiaffman-Goetz, 2008a). Similarly,
Togawa et al. (2002a) showed reduced TdN&d NkB during DSS induced colitis in
the colon of rats fed bLf by gavage. Oral admiaistn of human Lf (hLf) to mice
reduced the number of TNéEproducing CD2 T lymphocytes in the colon following
DSS treatment (Haversen et al., 2002). WhethetaiebLf alters cytokine profile
following DSS treatment in mouse IL is not knownomdover, bLf has also been shown
to influence intestinal cell turnover with repodfincreased apoptosis (Spagnuolo et al.,
2007) and increased cell viability (Shoji et alb0Z). However, the influence of dietary
bLf on IL turnover (apoptosis, necrosis, viabilitguring periods of DSS induced

inflammation has not been empirically characterized
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The purpose of this study was to determine thecefi€ bLf supplementation in
mice given DSS on IL apoptotic and necrotic deatid aytokine profile. We
hypothesized that DSS induces IL death by both @piepand necrotic pathways and that
dietary bLf given prior to DSS treatment affectdl @eath either by enhancing or
reducing IL apoptosis and necrosis. We also adddessether bLf given during DSS
induced inflammation in mice decreased TTNF-n) or increases R (IL-10) cytokine

protein levels in IL.

5.6. Materials and Methods

Animals and Diets: Sixty three, 3-4 week old, female C57BL/6 mice,anped from
Harlan Sprague Dawley (Indianapolis, IN, USA), werdividually housed on a 12/12h
reversed light/dark cycle at 21%1 Mice hadad libitum access to tap water and
maintenance diet (Laboratory Rodent Chow, PMI fdeidemond, IN, USA) for 2 weeks
prior to the start of the study. Following acclimat mice were randomly assigned by
weight to two dietary conditions: bovine lactofaer(bLf; n=31) or control diet (no bLf;
n=32). Diets were prepared to contain either 092.6%6 bLf (Erie Foods International
Inc, Erie IL) while maintaining similar overall pigin concentrations (20% total protein
in both groups) and were formulated based on a-penfied AIN 76A standard diet.
Concentrations of bLf were based on previous studieowing that 2.0% bLf was
sufficient to influence apoptosis as well as cytekproduction (Spagnuolo et al., 2007,
Spagnuolo and Hoffman-Goetz, 2008a). bLf was 1684 saturated and greater than

90% pure. Mice had free access to the diets foday® prior to sacrifice. All protocols
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with live animals were approved by the Universitgisthal Ethics Committee according

to the principles of the Canadian Council on AnifGale.

DSS Protocol: Within diet conditions, mice were randomized to afdgwo treatment
conditions: 0% DSS (n=31) or 5.0% DSS (n=32) imking water. There were a total of
4 groups: no bLf/no DSS (n=16); no bLf/DSS (n=1@)f/no DSS (n=15) and bLf/DSS
(n=16). DSS (MP Biomedicals, Solon, OH; mol wt=3B4Da) was solubilized in tap
water at room temperature; mice hablibitum access to DSS containing drinking water

for 4 days prior to sacrifice.

Intestinal Lymphocyte Preparation: Mice were sacrificed by sodium pentobarbital
(0.06-0.08 ml) overdose, the intestinal compartmesiich includes both the small and
large intestine, was removed and Peyer’s patchdsvisible fat dissected out. IL were
isolated as previously described (Spagnuolo andniof-Goetz, 2008a). Briefly, IL

were prepared as single cell suspensions by iealatver a column containing 0.3 g of
pre-washed nylon wool, washed and layered over asitye gradient medium

(Lympholyte-M; Cedarlane Laboratories, Hornby, @mé. exclude epithelial cells and
remove cellular debris. A sample of IL, which congaboth intraepithelial and lamina
propria lymphocytes, was stained with Turk’s saatiand counted manually by

microscopy.

Flow Cytometry: Flow cytometry was used to determine IL apoptosisiosis and

lymphocyte phenotype distribution. Due to equiptm@anstraints, only a sample of 6-8
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mice per treatment condition was included in tlogvfcytometry analysis. To distinguish
between IL populations, an initial acquisition gatas created based on the forward and
side scatter properties of a population shown teco>90% CD45 cells using a CD45
(common leukocyte antigen, clone: 30F11) FITC-cgajad monoclonal antibody (mAb;
Miltenyi Biotec, Auburn, CA). Apoptosis and nedosvere determined using FITC-
conjugated Annexin V and PI staining, respectiveRnnexin V detects externalization
of cell membrane associated phosphatidylserineaaly marker of apoptosis whereas Pl
binds to DNA following cell membrane disruption argdindicative of necrotic cells
(Vermes et al. 2002). Briefly, 1.0 x 16ells were incubated with 218 of both Annexin
V-FITC (Pharmingen) and PI (Sigma Chemical) in 2000f Annexin binding buffer
(Pharmingen) for 15 min at room temperature in daek, followed by addition of
binding buffer (40Ql) and analysis by flow cytometry. Individual ILhpnotypes were
determined by suspending 5 Xitlls in 10 PBS and incubated with 21560f PE-
conjugated mAbs (PharMingen, San Diego, CA, USA) @D4 (anti-CD4, clone:
GK1.5) and CD8 (anti-CD8&, clone: 53-6.7) in the dark at 4°C for 45 min.|E€&lere
washed and centrifuged (5 min, 4pGand the pellet resuspended inub@&nnexin V
binding buffer and incubated with 2uU50f Annexin V-FITC for 15 min at room
temperature in the dark. Following incubation, 40®f binding buffer was added and

analyzed for phenotype and apoptosis on a flowagter (FACSVantage SE).

Western Blot Analysis of Caspase 3, Bcl-2, Bax, &B, IL-10 and TNF-a:
Cytoplasmic and nuclear mouse IL protein sampleseweepared and separated by

electrophoresis on a 12% SDS PAGE gel and traresfemto a PVDF membrane (Sigma
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Chemical). Following transfer, membranes were sthirwith Ponceau S (Sigma
Chemical) to confirm quality of transfer and eqle@dding. Membranes containing the
separated proteins (cytoplasmic or nuclear) werahated for 1 h with primary antibody
(2:200 in 10% milk-TBST): Bcl-2 (clone: C-2; mouaati-human monoclonal IgGmol
wt =28kDa), caspase 3 (clone: H-227; rabbit antirhn clone 1gG, mol wt =35kDa),
TNF-a (clone: N-19; goat anti-human polyclonal IgG, mal=17kDa), NkB (clone: C-
20; rabbit anti-human polyclonal 1gG, mol wt=65kD#)-10 (clone: M-18; goat anti-
mouse IgG, mol wt =15kDa) or Bax (clone: 5B7; moasgi-mouse monoclonal 1g¢
mol wt =23kDa) (Santa Cruz Biotechnology, SantazCf@A, USA). This was followed
by 1 h incubation with secondary antibody: horsetadoeroxidase-conjugated anti-
mouse (Bcl-2, Bax), anti-rabbit (caspase 3xBJFor anti-goat (TNF, IL-10) IgG at a
concentration of 1:2000 in 10% milk-TBST. Proteiasmdetermined using ECL or ECL
Plus Western blotting detection reagents (AmersBaraciences, Buckinghamshire, UK)
and the ChemiGenius 2 Bio-imaging System (Cambriddl). Each gel contained
samples from all 4 treatment groups along withaifylated protein ladder to identify
the molecular weight of the immunoblotted protedelf Signaling Technology, Beverly,
MA, USA). For IL-10 and TNFe blots, recombinant IL-10 and TNéstandards (mouse
IL-10, CL9310R, mouse TNE; CL9300TR; Cedarlane Laboratories) were run orheac

gel.

Histology: Approximately 1 cm sections of distal colon wereisgd, cleaned of fecal
matter, and rinsed with PBS. Samples were fixed 086 formalin and embedded in

paraffin wax. Following sectioning, samples werairstd with Hematoxylin and Eosin
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(H&E) and viewed under light microscopy at 40X mifigation. Samples were masked

as to group allocation during visualization.

Statistical Analysis: Data were analyzed as a 2x2 analysis of variansgmavith diet

(two levels: no bLf, bLf) and DSS (two levels: n&B and DSS) as the independent
factors using SPSS (Version 15; Chicago, IL, USA<0.05 was accepted as being
significantly different from chance alone. Sigo#nt interaction effects were further
examined by t test analysis within the treatmemtddmns. All values are expressed as

group means = SEM.

5.7. Results

Effect of DSS and bLf on Mouse Body Weight and Foothtake: Mice did not differ
by treatment condition (diet x DSS) in their averdgpdy weights at the start of the
experiment: no bLf/no DSS 18.8 + 0.5g; no bLf/DS$91+ 0.5g; bLf/no DSS 18.1 *
0.5g; bLf/DSS 19.6 £ 0.5g. In contrast, there wasignificant effect of DSS, but not
diet, on the weight of animals at sacrifice £= 12.45, p<0.001; Table 5.1). Mice given
DSS had significantly lower body weights than thaset given DSS (p<0.05).
Cumulative food intake did not differ among theatreent groups over the 12 days of
feeding: no bLf/no DSS 40.9 £ 1.4g; no bLf/DSS 48.0.3g; bLf/no DSS 42.5 + 0.9¢;

bLf/DSS 40.1 £ 1.1g.
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Table 5.1 Dextran sulfate sodium and bovine lactoferrineef§ on mouse intestinal
inflammatory indicators (final body weight and istieal compartment length) and

lymphocyte counts.

Treatment Final Body Intestine IL count
Condition Weight (g) Length (cm) (109
no DSS 10934025 | 42.92+038 4.29+0.7
DSS 18.45+ 035 | 41.47 +0.4% | 4.41+0.78
no bLf 19.05 + 0.32 41.73+0.48 3.71%0.3
bLf 10314031 | 4265+047 501+04

“p <0.001 vs. no DS%p<0.05 vs. no DSSP<0.05 vs. no bL.

v

5

Figure 5.2: Hematoxylin and Eosin stained tissue sectionmofise colon viewed by
light microscopy under 40x. A: no bLf/ no DSS, B1f/ no DSS, C: no bLf/DSS, D:

bLf/DSS. Arrows indicate crypt disruption.
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Effect of bLf and DSS on Mouse Intestinal Morpholog and Disease Indicators:
There was a significant effect of DSS on the lergftthe intestinal compartment (both
the small and large intestine); g = 6.61, p<0.01; Table 5.1) with reduced lengtb8S
treated mice. As a result of DSS treatment 3020Mmsce had visual rectal bleeding and
all animals had visual blood within the intestihg rectal bleeding was observed in mice
not given DSS and bLf did not decrease any bleedth®E stained colon sections
(Figure 5.2) indicated structural damage arisigmfrDSS treatment. Figure 5.2C and
5.2D illustrate mucosal damage and crypt disruptadlowing DSS treatment compared
to the controls not given DSS (Figure 5.2A and %.Z2Burther, in mice given DSS,
ablation of crypts was observed whereas intacttsrgparacterized mice not challenged

with DSS.

Effect of DSS and bLf on Mouse IL Counts, Cell Dedt and Phenotypes: There was

a significant diet effect on IL countsy(f = 5.49, p<0.05; Table 5.1). This was due to
higher cell numbers in mice fed bLf compared witntrols. There was no significant

main effect of DSS nor was there an interactiorwbet diet and DSS on mouse IL

counts.

Figure 5.3 shows the apoptosis and necrosis flownegtry results for mouse IL.
There were significant effects of DSS on the petags of PI/ANN (necrotic) (27 =
7.65, p<0.05; Figure 5.3A), PANN" (late apoptotic) (F»; = 4.35, p<0.05; Figure 5.3B)
and PVANN" (viable) (R 27 = 11.34, p<0.005; Figure 5.3C) mouse IL. Diet abad did

not significantly affect these outcome measures.
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Figure 5.3: % Pl and Annexin ¥V mouse IL by DSS treatment condition. *p<0.05,
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Figure 5.4 shows the flow cytometric results for4Z0L and for expression of the
apoptotic marker Annexin V within this subset. Theras a significant interaction effect
between DSS treatment and diet in the % CTD4(F1 23 = 4.46, p<0.05; Figure 5.4A).
This interaction effect was due to a decreaseédmtircentage of CDAL in the bLf/DSS
vs. the no bL/DSS groupsy (& 2.41, p<0.05, Figure 5.4A) and a decrease irbttitno
DSS vs. the no bLf/no DSS groupsg & 2.92, p<0.01, Figure 5.4A).

There was a similar interaction effect between B8 diet on the percentage of
mouse CDZANN" IL (apoptotic CD4) (23 = 5.03, p<0.05; Figure 5.4B). This
interaction reflected a decrease in the percentag@D4 /ANN™ IL in the bLf/DSS vs.
the no bLf/DSS groupsytE 1.79, p<0.05, Figure 5.4B). Subsequently, tiveais also a
significant main effect of DSS on the percentageCB4'/ANN" (viable CD4) (k23 =
14.04, p<0.001; Figure 5.4C), as these cells deerktollowing DSS treatment.

Figure 5.5 illustrates flow cytometric results foD8a" IL and for expression of the
apoptotic marker Annexin V within this subset. féhavere no main or interaction
effects of diet and DSS on the percentage of €O8. There was, however, a trend
toward an increase in the percentage of €08 as a result of DSS treatment (no DSS:
53.77 £ 1.85%, DSS: 60.86 + 3.75%, p=0.085). Theas a significant main effect of
DSS on CD&'/ANN" IL (apoptotic CD&) (F123 = 11.67, p<0.01; Figure 5.5A): mice
given DSS had a lower percentage of GIANN™ IL as compared to those not
receiving DSS. There was also a significant maiacefof DSS on the percentage of non-
apoptotic CD&" IL (i.e., CD&/ANN") (Fi.4 = 4.96, p<0.05; Figure 5.5B) with a

higher percentage observed in mice receiving DSS.
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Effect of DSS and bLf on NkB, IL-10, TNF-a: Western blotting results for NiB,
IL-10 and TNFe concentrations in mouse IL are shownHigure 5.6. There was a
significant effect of diet on NB protein levels in mouse IL (g3 = 5.37, p<0.05; Figure
5.6A), an effect due to lower NB levels in mice fed bLf supplemented diets. Theas
no significant effect of DSS or interaction betwediet and DSS on N&B levels in
mouse IL. Protein levels of TN&-a pro-inflammatory cytokine, in mouse IL was not
affected by diet or DSS. Nevertheless, we obseav@d% decrease in TNktevels in IL
of mice fed bLf compared to no bLf controls (no blf3 £ 0.18, bLf: 0.91 = 0.090).
Protein levels of IL-10, an anti-inflammatory cyto&, in mouse IL was significantly
affected as an interaction of diet x DSS expos#iegs(= 6.78, p<0.05; Figure 5.6B).
This interaction reflected increased IL-10 concatndns in the no bLf/DSS,ft= -1.95,
p<0.05) and bLf/no DSS¢= -1.95, p<0.05) groups compared with the no MBS
control group and a decrease in IL-10 in the bL#D8§roup ({s = 1.79, p<0.05)

compared to the bLf/no DSS group.

Effect of DSS and bLf on Bax, Bcl-2, and Caspase Figure 5.6C shows the effects of
DSS on the concentrations of the pro-apoptoticgmotaspase 3 in mouse IL;({ =
6.37, p<0.05), an effect due to higher caspasep8essgion in DSS challenged animals
relative to no DSS controls. bLf, either alone oteracting with DSS, did not
significantly influence protein levels of caspas& Bouse IL. As shown in Figure 5.6D,
there was a significant effect of DSS on the cotregion of the anti-apoptotic protein
Bcl-2 (Fis4 = 7.60, p<0.01), with decreased concentrationkvioghg DSS treatment.

There was no change in the concentration of theapaptotic protein, Bax, as a function
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of diet, DSS treatment or as an interaction betwsiehand DSS in mouse IL. (data not

shown).

5.8. Discussion

The objectives of this study were threefold: 1rharacterize the effects of DSS,
an inducer of inflammatory damage in gut mucosaepithelium, on mouse IL death, 2)
to determine if bLf affected mouse IL death durld8S challenge and 3) to determine if
bLf affected protein levels of mouse pro- and amflammatory cytokines (TN and
IL-10) and pro- and anti-apoptotic proteins (caspds Bax, Bcl-2) in IL during DSS
exposure. A novel finding of this study was thatensubjected to 5% DSS for 4 days
had increased death of IL as measured by the estpresf Annexin V and Pl as well as
increased pro-apoptotic caspase 3 and decreaseapaptotic Bcl-2 protein levels in IL.
Our study is also the first to report that bLf redd the IL concentration of NB, an
important transcription factor in the synthesispob-inflammatory cytokines such as
TNF-a.

Administration of 5% DSS in drinking water for 4nsecutive days resulted in
marked structural intestinal damage, intestinal egadal bleeding, shortened intestinal
length and reduced body weights in mice. Thesdarfgelsuggest active inflammation in
the bowel and agree with those structural (reduceldn length, crypt destruction,
epithelial cell ulceration) and disease indicatoestal bleeding, lower final body weight)
induced by DSS in mice reported by others (Cooped.e 1993; Okayasu et al., 1990;
Egger et al., 2000; Naito et al., 2003). In thisgant study, dietary bLf did not affect

disease activity or reduce structural damage iniritestine. These observations are in
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contrast with those of Haversen et al. (2003) shgwhat mice given 2 mg of human
lactoferrin (hLf) twice daily for 7 d during 5% DSi#eatment had less colonic length
shortening, mucosal damage and fecal occult blodde reasons for this discrepancy
between our findings and those of Haversen anceaglles are not known but may
reflect differences in: the type of Lf (bovine ¥eiman), the total concentration of Lf to
which the mice were exposed (800mg vs. 28mg), thiaton of Lf exposure (12 d vs. 7
d), or mode of administration (diet vs. sublingual)

IL isolated from animals given DSS exhibited higdggtees of necrotic cell death.
The percentage of late apoptotic/necrotic (AWN') IL and necrotic (PYANN") IL
increased whereas viable (ANRI) IL decreased following DSS treatment. DSS
induced necrotic death of IL has not been previousported. However, erosion of the
intestinal mucosa has been suggested to occuressikh of necrosis (Renes et al., 2002).
Dieleman et al. (1994) demonstrated that DSS retidlce viability and growth of a
colonic epithelial cell line as measured by Plritaj and fH] thymidine incorporation.
Thus, given the anatomic proximity of IL to theastinal epithelium, it seems likely that
DSS acts in a direct cytotoxic manner on IL simitaepithelial cells.

Dietary bLf did not affect DSS induced IL death,igthmay be related to the
mechanism of action and magnitude of inflammatamyndge of DSS. First, if DSS is
directly cytotoxic to IL a primary mechanism by whibLf could be protective would be
by interaction and neutralization of DSS. Therenmyever, no evidence in the literature
to support a neutralization role for bLf on DSSecé&nd, the inflammatory response in
the bowel induced by DSS is extensive: any poteh&aefit provided by bLf (at least in

the concentration and exposure provided in thidygtmay be insufficient to compensate
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for the large pathophysiological changes resulfrogn DSS exposure. Although bLf

primes toward an anti-inflammatory cytokine prof{(ipagnuolo and Hoffman-Goetz,

2008a; Togawa et al. 2000a, 2002b) and decreasexctant of oxidative stress (Shoji et
al., 2007), this benefit may not be able to overedhe array of DSS induced disease
sequelae including disruption in membrane barngrcfion and potential exposure of
commensal bacteria, immune activation, infiltratioh neutrophils, macrophages and
lymphocytes, increased nitrosative and oxidativesst and increased pro-inflammatory
cytokine production (Cooper et al., 1993; Okayasalg 1990; Takizawa et al., 1995a;
1995b; Egger et al., 2000; Naito et al., 2001).

Death of IL by DSS was largely necrotic; neverteg)eDSS induced apoptosis
cannot be completely dismissed given the increasegression of PIANNT, the
increased protein levels of caspase 3, and theedsed levels Bcl-2 in mouse IL.
Indeed, apoptotic cells that are not recognizedpbggocytes undergo secondary (or
apoptotic) necrosis, subsequent to apoptosis,@psoccharacterized by the appearance of
the PT/ANN™ phenotype (Vermes et al., 2002; van Cruchten aami Yen Broeck, 2002).
Given the dynamic kinetic process of apoptosis #Hred cross-sectional nature of the
study, we were unable to fully differentiate betwespoptotic and necrotic IL death
induced by DSS. Increases in both measurement pteeasnindicate that both processes
were likely occurring in IL and is consistent wiRenes et al. (2002), who observed
apoptosis and necrosis within the colonic epitmeliof DSS treated rats. Future studies,
such as sampling at different time points and maolgdical analysis of IL, will be

needed to further clarify the mechanism of DSS oedulL death.
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Dietary bLf administration did not affect the contration of apoptotic related
proteins, a finding which is consistent with italmlity to influence IL death during DSS
induced inflammation. Although bLfcin has been shote affect apoptotic related
parameters such as mitochondrial membrane perntggMlader et al., 2005; 2007) and
apoptotic proteins such as Bcl-2 (Spagnuolo andrrlni-Goetz, 2008a), the inability of
bLf to affect either caspase 3 or Bcl-2 in the presstudy likely reflects the extent and
severity of the DSS induced inflammatory response.

Administration of dietary bLf in mice for 12 dayssulted in an increase in the
total number of IL, similar to other reports (Spaglo and Hoffman-Goetz, 2008a; Wang
et al., 2000). However, DSS treatment did not mrfice overall IL numbers despite an
increase in IL death. We suggest that this can Xamed by the increase in the
percentage of CD8IL with DSS treatment. Increases in CDB cells (Melgar et al.,
2006), T and B lymphocytes (subsets not identif{€@boper et al., 1993) and activated T
lymphocytes (Takizawa et al., 1995a; 1995b) in ¢bknic mucosa of mice following
DSS treatment have been reported. In this stuayotiserved percent increase in CD8
cells, with no change in IL number, may reflect minhtion of this subpopulation from
other lymphoid compartments in response to the D8&ced intestinal inflammation. In
support of this hypothesis are the following obaéions: 1) there is a decreased number
of CD8&" T cells in the spleen coupled with an approximabed fold increase in
peripheral blood lymphocytes following DSS treatti@mmice (Da Silva et al., 2006), 2)
there is an increased number of ‘mature phenobtyipgmocytes following DSS
treatment in mice, a phenomenon attributed to pedjpm for mobilization to other

compartments (Fritsch Fredin et al., 2007) anth8je is an increased expression of IL
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adhesion molecules in mouse intestinal epithelllscfollowing incubation with DSS
(Ni et al., 1996). Taken together, the percentaase in CD& T cells in mouse intestine
may reflect lymphocyte recruitment from other paalshe periphery and may contribute
to the maintenance of total IL numbers following DFeatment. Alternatively, the
percent increase in Cla&sells may only reflect a loss of another lymphecgbpulation
(e.g., B cells). However; given the consistent ltdtanumbers between DSS and non
DSS treated mice this interpretation seems les$ylift.e., a cell population must replace
the dying cells).

During inflammation cytokines play central rolesdictating the extent, duration
and direction of the immune response. Our ressditggest a shift towards an anti-
inflammatory response with increased IL-10 (indejmsm of DSS exposure environment)
and a trend of decreased TNFRellowing bLf administration. bLf given throughe diet
alters the ratio of TNR/IL-10 in mouse IL to favour anti-inflammatory resyses
following a known physiological stressor (repeatsalits of exhaustive exercise with
associated oxidant stress) (Spagnuolo and Hoffmaetz; 2008a). Togawa et al.
(2002a; 2002b) reported that bLf administered byage increased IL-10 and decreased
TNF-a following DSS and TNBS treatment in rat colon,pedtively. Thus, a potential
benefit of bLf supplementation may involve a shifthe T;1 and T,2 cytokine balance
to favour anti-inflammatory responses.

Treatment of mice with DSS was associated witheased IL-10 concentrations
in IL (no bLf/no DSS vs. no bLf/DSS), a finding wehi may seem paradoxical given the
Tul suppressing, anti-inflammatory role of this cyt@k However, increased IL-10

production following DSS exposure may be an adeptésponse to reduce the extent of
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inflammation. In support of this hypothesis are finelings of Egger et al. (2000) who
demonstrated increased mRNA of several pro-inflatomacytokines (e.g., TNIle; IFN-

vy, IL-1) as well as increased IL-10 mRNA in the cotomucosa of DSS treated mice.
Increased IL-10 mRNA was also found in mucosal siep of patients with active Celiac
Disease (Forsberg et al., 2007). Haversen et2803) reported increases in IL-10
producing cells in the colonic mucosa of mice scigé to DSS, which were decreased
following oral hLf administration; this reductionas related to a hLf associated down-
regulation of DSS induced inflammation. We repodearease in IL-10 following dietary
bLf administration in mouse IL within DSS treatméht.f/no DSS vs. bLf/DSS), which
may reflect a lessening of the inflammatory streBserefore, increased IL-10 production
may be a physiological compensatory mechanismsparse to DSS and the addition of
bLf may attenuate the need for this compensation.

Dietary bLf was associated with decreased pro&mels of the pro-inflammatory
transcription factor NEB in mouse IL. Reduced MB may subsequently result in less
pro-inflammatory cytokine production by immune sell In support of this are the
following observations: first, following LPS stimatlon, binding of NkB to the TNFe
promoter in monocytes was inhibited by Lf (21). @&t, Togawa et al. (2002b)
demonstrated reduced phosphorylation«® indicating decreased KB activation in
rat colon following gavage administration of bLfriaits with TNBS induced colitis; third,
dietary bLf reduced both NdB and TNFe expression in mouse IL following oxidant
stress accompanying acute, repeated exercise r{&pagand Hoffman-Goetz, 2008a).
These findings suggest that bLf may reduce thenéxdéinflammation by altering the

Twl/Ty2 balance acting through decreasedBliprotein levels.
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5.9. Conclusion

In summary, 5% DSS treatment for 4 days in fema&/BL/6 mice was
associated with marked inflammatory damage withia intestinal compartment. DSS
resulted in necrotic death of IL as well as inceghgrotein levels of the apoptotic protein
caspase 3 and decreased expression of the antiefipdpcl-2 protein. DSS treatment
also induced a non-significant increase in the grareof CD®&: IL indicative of an
activated immune response. Finally, dietary bLfnld provide any observable benefit in
disease activity measurements nor did it influeD&S induced IL death. Nevertheless,
bLf may offer some limited intestinal protection kigcreasing the levels of the pro-
inflammatory transcription factor NdB. However, the physiological impact of lower
NF«B levels in IL on the actual synthesis of pro-inflmatory cytokines (IL-1, IL-6,

TNF-a) will need to be determined experimentally.
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Chapter 6: Effect of Dextran Sulfate Sodium and Acte Exercise on
Mouse Intestinal Inflammation and Lymphocyte
Cytochrome c levels

6.1. Objectives

To determine the effects of dietary bovine lactofie(bLf) on small and large intestinal
histology and on cytochrome c levels in mouse tmabk lymphocytes in female
C57BL/6 mice following dextran sulfate sodium opeated bouts of acute exercise.
6.2. Hypotheses

Hypothesis 1: bLf administration will increase cytochrome c leveh mouse IL
following repeated bouts of strenuous exercise B&& challenge relative to the IL

levels of cytochrome c in mice not receiving bLpplementation.

Hypothesis 2: Mice receiving repeated bouts of strenuous exensil exhibit similar
intestinal histology relative to mice receiving DB&tment.

Hypothesis 3:bLf administration will provide protection, as detened by histological
scores, against both DSS and AE induced intestiaalage relative to the histological
scores of mice not receiving bLf supplementation.
6.3. Study Design

This study was designed to provide direct evideatmgut the possible benefits of
dietary bLf on small and large intestinal morphgidgllowing DSS and AE challenge.
In addition, it was the aim of this study to detarenthe histological effects of AE and if
any alterations were similar to that induced by DBi®vious experiments (Chapter 4 and
5) demonstrated that bLf had small, albeit, sigatfit effects on decreasing the levels in
mouse IL of the pro-inflammatory cytokine TNF-the pro-inflammatory transcription
factor NKB, and the anti-apoptotic protein Bcl-2. It was #im in this experiment to
determine if these bLf induced modifications wemgsaxiated with direct mucosal
protection against AE and DSS challenge. In additibe cell death marker cytochrome
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Study 2:

Study 1:

c, located in the mitochondria, was measured withenIL by Western blotting. Since
the previous studies determined that dietary bkegito mice was able to decrease the
expression of the anti-apoptotic protein Bcl-2 @iwed in regulation of mitochondrial
outer membrane permeability), it was hypothesited there would also be an increase
in cytochrome c expression in mouse IL. The stuelsigh for experiment 4 is outlined in

Figure 6.1.

Study duration: Two week acclimation plus 12 d ietary bLf administration.

[ Female mice (C57BLs6) (n=152]

Randomly assigned

Group 1 (n=16) Group 2 (n=16) Group 3 (n=14) Group 4 (n=12) Group 5 (n=15) Group 6 (n=16)
no bLf/no DSS 2.0 %bLf/no DSS no bLf/IMM 2.0% bLf/IMM no bLf/24 h POST 2.0%bLf/24 h POST]
A y A 4
Group 1 (n=16) Group 2 (n=16) Group 3 (n=16) Group 4 (n=15)
no bLf/no DSS 2.0 %bLf/ no DSS no bLf/DSS 2.0% bLf/DSS
| |
3 L Blood collection
I Small intestine isolatiorl —_> I 1 cm sections | <« I Large intestine isolatiorl 1
l I ELISA: 8-iso prostaglanding I
I H& E stain I

I Lymphocyte isolation

Western blotting for cytochrome ¢ I

Figure 6.1: Schematic outline of the study design for expentde
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A two way ANOVA and post-hoc Tukey tests were usedanalyze the study
data. In the DSS study, a two way ANOVA (2x2 faigtbdesign) was used to analyze
the data. In this study the independent variablegdset condition (0% bLf or 2.0% bLf)
and DSS treatment (no DSS or DSS). In the AE stadwo way ANOVA (2x3 factorial
design) and post-hoc Tukey tests was used to amdhe data. In this experiment, the
independent variables were diet condition (0% bL2®% bLf) and exercise treatment
(SED, IMM, 24 h POST). For both experimental sgdthe dependent variable was the
cell death marker cytochrome c. Small and largestimtal histology was graded
according to the inflammatory and crypt score oetli in Table 6.1 and verified by two

independent veterinary pathologists.

Table 6.1: Details of the inflammatory and crypt scoring systused to grade small and
large intestinal histology.

Grade Inflammatory Score Crypt Score
(Melgar et al., 2005) (Cooper et al., 1993)
0 normal, intact crypt
1 slight inflammation loss of basal one-third ofpr
2 moderate inflammation and/or loss of basal two-thirds
edema

3 heavy inflammation and/or loss of entire crypt with no alteration tp

ulceration and/or edema. the epithelium
4 N/A loss of entire crypt and epithelium.
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6.4. Overview

Dextran sulfate sodium (DSS) is commonly used tude intestinal inflammation in

animal models. Acute exercise (AE) is associatétl wxidative stress and ischemia-
reperfusion injury that may result in intestinalstie damage. Bovine lactoferrin (bLf), an
anti-inflammatory protein, may provide protectiomrithg DSS or AE inducing intestinal

tissue damage. The purpose of this study was tstigate the influence of DSS and AE
challenge in mice on: 1) tissue inflammatory changéhin small and large intestine, 2)
extent of cell death as measured by cytochromeiteijorlevels in intestinal lymphocytes
(IL) and, 3) the effects of dietary bLf on thesergmeters. Tissue inflammation was
determined by histology and cytochrome c levelsmarine IL by Western blotting.

Cytochrome c levels were elevated following bLf @g3l) and DSS (p<0.05) treatment
whereas exercise had no significant effect. DS$,nol AE, resulted in histological

alterations indicative of inflammation, with noeattuation by bLf, in the small and large
intestine. The novel findings of this study werattboth DSS and bLf induce cell death
as suggested by increased cytochrome c expressiamuse IL. Further, the results
show that DSS, but not AE, elicits intestinal inflmation and that bLf does not protect

against DSS-induced tissue damage.
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6.5. Introduction

Athletes commonly suffer from gastrointestinal diteinces such as abdominal
pain and bleeding following strenuous exercise gRetet al., 2001b; Bi and
Triadafilopoulos, 2003). These gastrointestinalbbgms may be related to the induction
of intestinal inflammation as a result of exhaustexercise. A mechanism by which
acute strenuous exercise could trigger intestim@mmation is through oxidative stress
and/or ischemia-reperfusion injury. Marshal (1998ygested that acute exercise results
in bacterial translocation following ischemia/repsion injury to the intestine post
exercise. Choi et al. (2006) reported that 22 ofldt®y distance runners had upper Gl
mucosal lesions post exercise. Bloody diarrhea repsrtedly due to colonic lesions
caused by ischemia following long distance runriidger et al., 1987). Jeukendrup and
colleagues (2000) reported mild endotoxemia dugutoischemia-associated leakage of
endotoxins in 68% of athletes completing a londedtise triathlon event. Further support
for intense exercise as a model of inducing imestinflammatory damage comes from:
1) the high levels of bacterial lipopolysaccharidehuman plasma following maximal
aerobic exercise suggestive of increased integb@aheability (Ashton et al., 2003), 2)
the increase in the pro-inflammatory cytokine T human plasma (Ostrowski et al.,
1999) and mouse intestinal lymphocytes (Hoffmani@a al., 2008) following acute
exercise, 3) the mild increases in cellular irdilers in the mouse small intestine following
repeated bouts of acute exercise (Rosa et al.,)2808 4) the increase in oxidative stress
(measured by plasma levels of lipid metabolites)nice following single (Hoffman-
Goetz and Quadrilatero, 2003) and repeated bousgr@fiuous exercise (Spagnuolo and

Hoffman-Goetz, 2008a).
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Sampling gastrointestinal tissue from athletes dttrer human populations) is
problematic for ethical reasons. Rodents have beed to examine the effects of intense
exercise on various immunological and physiologicphrameters within the
gastrointestinal tract. Among the methodologicalaadages of using an animal model of
exercise-induced intestinal inflammation is the ligbito directly analyze tissue
alterations. However, to determine whether exerc&gually induces intestinal
inflammation it is important to compare the physgital alterations to a model known to
elicit such effects. The *“gold standard” for indoat of experimental intestinal
inflammation is dextran sulfate sodium (DSS), afatatl polysaccharide, which is
administered in the drinking water (Strober et2002). Exposure of mice to DSS results
in pathological alterations to the intestine inahgd crypt destruction, intestinal
shortening and bleeding, epithelial erosion anduigaent of immune cells (Okayasu et
al., 1990; Cooper et al., 1993). DSS-induced imtaktnflammation is, in part, believed
to occur by eliciting direct mucosal injury (Strobet al., 2002). Several studies
(Okayasu et al., 1990; Cooper et al., 1993; Eggat.£2000; Melgar et al., 2005; Renes
et al,. 2002; Takizawa et al., 1995a; 1995b; Véiustal., 2002) examined the effects of
DSS on the intestinal epithelium and demonstratpihelial cell death following
treatment. There is, however, only limited reseanchvhether these effects of DSS occur
similarly in intestinal lymphocytes (IL) (Spagnuaod Hoffman-Goetz, 2008b).

Given the potential of gastrointestinal disturban€at least in part) related to
oxidative stress that accompanies exercise, ibtssarprising that athletes adjust their
diets to improve antioxidant defenses. Froilandle{2004) reported 89% of Division 1

athletes used dietary supplements to improve pednce and of these 12.6% ingested
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whey protein, a natural by-product of cheese matufeng. Whey protein
administration also reduced the extent of oxidatlaenage as shown by decreased lipid
peroxidation markers and decreased ratios of GSH{&® untrained animals following
a bout of exhaustive exercise (Elia et al.,, 200@)n important constituent of whey
proteins is lactoferrin (Lf). Indeed, bovine laadoin (bLf) has demonstrated anti-
inflammatory effects including increased apoptqdader et al., 2007) and cytokine
alterations (Togawa et al., 2002a; 2002b). In @oiditdietary bLf reduces TNE-levels
in mouse IL through reductions in NB expression following acute exercise and DSS
challenge (Spagnuolo and Hoffman-Goetz, 2008a, @pmdg and Hoffman-Goetz,
2008b). However, a direct role of dietary bLf inogacting the intestinal epithelium in
response to repeated bouts of AE or DSS damade indwel has not been tested.
Apoptosis and necrosis are two terms used to desaell death. Apoptosis
involves a series of events resulting in DNA degtamh, cellular shrinking and the
formation of apoptotic bodies that are removed bgal phagocytes to prevent the
induction of inflammation. Necrosis occurs followimlirect cellular injury resulting in
swelling, membrane rupture and the release of leellaontents and inflammation
(Hoffman-Goetz et al., 2005). We reported thataregzposed to DSS had significant IL
death characteristic of both apoptosis and necr(&mgnuolo and Hoffman-Goetz,
2008b). To investigate that DSS causes IL deathtlaadAE induces a similar response
to that of DSS, the cell death associated protgitocrome c¢ was quantified.
Cytochrome c, located on the mitochondrial innembene and involved with electron
transport, corresponds with both apoptosis andosex(Garrido et al., 2006; Jemmerson

et al,. 2002). Mitochondrial dysfunction results c¢ytochrome c release into the
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cytoplasm, the formation of an apoptosome complasisting of caspase 9, ATP and
APAF 1, and activation of caspase 3, the primarmycator of apoptotic cell death (van
Loo et al., 2002). Cytochrome c release from thechiondria has also been associated
with necrotic cell death. Jemmerson et al. (200@nanstrated that cellular injury
resulted in the presence of cytochrome c attribtwedirect insult to the mitochondria.
Thus, an increase in cytochrome c is a reasonalslken of cell death, either by
apoptotic or necrotic mechanisms.

The purpose of this study was twofold. The firsh avas to compare DSS and AE
as modalities of inducing direct (histological) dege within mouse small and large
intestine, both independently and in combinatiothwdietary bLf. A second aim was to
determine cytochrome c levels in mouse IL followib§S or AE exposure alone or in
combination with dietary bLf. We hypothesized tHahtestinal damage arises from AE
than this protocol would induce intestinal alteyas similar to those caused by DSS. We
also hypothesized if DSS or AE exposure resulteapimptotic or necrotic cell death, then

cytochrome c levels would be increased in mouse IL.
6.6. Materials and Methods

Animals. A total of 152 female C57BL/6 mice, 3-4 weeks,olere obtained from
Harlan Sprague Dawley (Indianapolis, IN, USA) andividually housed at 21+C on a
12/12h reversed light/dark cycle. The purchase mfnals, the husbandry and the
experiments conformed to the European Conventionttfe Protection of Vertebrate

Animals used for Experimental and other Scienti#arposes and to the Canadian
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Council on Animal Care. All protocols with live anals were approved by the

University Animal Ethics Committee.

Diet. Mice hadad libitum access to tap water and maintenance diet (LabgrRwodent

Chow, PMI feeds Richmond, IN, USA) for 2 weeks prto the start of the studies.
Following acclimation, mice were randomly assigbgdveight into treatment conditions
for Studies | and Il (see below). Diets were foratat to contain 20% total protein which
included either 0% or 2.0% bLf (Erie Foods Interoaal Inc, Erie IL); bLf

concentrations were determined based on previaudiest which showed 2.0% was
sufficient to influence apoptosis and cytokine proitbn (Spagnuolo et al., 2007). No
bLf mice had 0% bLf in the diet; bLf mice had 2.® in the diet. Mice had free access

to the diets for 12 d prior to sacrifice.

Study I: DSS Exposure. Mice (n=63) were randomized into 4 treatment coadg: no

bLf/no DSS (n=16); no bLf/DSS (n=16); bLf/no DSS={’b) and bLf/DSS (n=16). DSS
(MP Biomedicals, Solon, OH; mol wt=36-50 kDa), centration of 5% wl/v, was
solubilized in tap water at room temperature andenhadad libitum access to DSS

containing drinking water for 4 d prior to sacrédic

Study Il: Acute Exercise (AE) Exposure. Mice (n=89) were randomized to one of six
treatment groups: no bLf/SED (n=16); bLf/SED (n=s1%6) bLf/IMM (n=14); bLf/IMM
(n=12); no bLf/l24 h POST (n=15); and bLf/24 h PO®EL16). SED were sedentary

animals; IMM were animals that had three sessidriseadmill running, each separated
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by a 24 h rest interval and with sacrifice upon ptetion of the third exercise bout; 24 h
POST were animals given repeated treadmill runaimg) sacrificed 24 h after the final
exercise session (Spagnuolo et al.,, 2008a). ®aaltnill protocol described elsewhere
(Hoffman-Goetz and Quadrilatero, 2003) consistedaofi0 min warm-up, 90 min
continuous exercise (30 min at 22min™, 2°slope; 30 min at 25 min™, 2°slope; 30
min at 28 nmin®, 2°slope) and 5 min deceleration. Mice were run dutheydark cycle
(Omni-Max metabolic treadmill, Omni Tech ElectragicColumbus, OH) and were

motivated to run by occasional gentle prodding gisirsoft nylon brush.

Intestinal Lymphocyte (IL) Preparation. IL were isolated according to Hoffman-Goetz
and Quadrilatero (2003), modified from Lefrancdi893). Following sacrifice, intestinal
compartments (small and large intestines) were idiately removed, Peyer’'s patches
and visible fat dissected out, and IL preparedirges cell suspensions by isolation over
a column containing 0.3 g of pre-washed nylon waehshing and layering over a
density gradient medium (Lympholyte-M; Cedarlanebdwatories, Hornby, Ont.) to
exclude epithelial cells and remove cellular debkisample of IL, which contained both
intraepithelial and lamina propria lymphocytes, vegined with Turk’s solution and

counted manually by light microscopy.

Western Blot Analysis of Cytochrome C. Cytoplasmic protein samples were prepared
from whole IL samples, separated by electrophoresisa 12% SDS PAGE gel, and
transferred onto a PVDF membrane (Sigma Chemid¢al.dbis, MO, USA). Quality of

transfer and equal protein loading was confirmethway Ponceau S staining (Sigma
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Chemical). Membranes containing the separated ipst&ere incubated in primary

antibody for 1 h (1:200 in 10% milk-TBST): cytochme ¢ (Clone: 6H2; mouse-anti-rat
IgG;, mol wt=11 kDa) (Santa Cruz Biotechnology, SantazCCA, USA), followed by 1

h incubation with secondary antibody (1:2000): koadish peroxidase-conjugated anti-
mouse in 10% milk-TBST. Protein was determined gi&CL Western blotting detection

reagents (Amersham Biosciences, Buckinghamshire, aid the ChemiGenius 2 Bio-

imaging System (Cambridge, UK). Each gel contaiseatiples from all treatment groups
as well as a biotinylated protein ladder to idgntthe molecular weight of the

immunoblotted protein.

Histology. Within each experimental group, 1 cm sections sfallicolon/large intestine
(n=4) and terminal ileum/small intestine (n=4) weseised, cleaned of fecal matter and
rinsed with PBS. Samples were fixed in formalin,bexided in paraffin, sectioned and
stained with hematoxylin (Harris) and eosin (H &df)d viewed under light microscopy
at 40X magnification. Inflammatory scores were ased based on the grading system of
Melgar et al. (2005): (0) normal, (1) slight inflamation, (2) moderate inflammation
and/or edema and (3) heavy inflammation and/orratma and/or edema. Crypt scores
were evaluated based on Cooper et al. (1993)n(agt crypt, (1) loss of basal one-third
of crypt, (2) loss of basal two-thirds, (3) loss aftire crypt with no alteration to the
epithelium and (4) loss of entire crypt and epitimal Samples were masked as to group
allocation during visualization. Tissue samples evecored independently by two

veterinary pathologists as well as the researchers.
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8-iso Prostaglandin k,. Following sacrifice (Study Il) cardiac blood wasnradiately
collected into a 1ml syringe containing 0.08ml @fphrin, centrifuged (6 min, 15§
plasma collected, and stored at -20°C. Plasma otrations of 8-iso prostaglandirF
(8-is0-PGEF,) were determined by direct enzyme immunoassay XEUsing a
commercially available kit (Assay Designs, Ann Arb®ichigan, USA). Briefly, at
room temperature samples were hydrolyzed (25u Lt NaOH: 100uL sample) for 2
h and neutralized with 12N HCL to pH 6-8. Followingntrifugation (5 min, 140@),
the supernatant was collected and incubated wito-8Ghk, antibody at 4°C for 24 h.

Absorbance was determined at room temperatureSanhd0

Statistical Analysis For Study | (DSS study) there were two indepanégctors: diet
(two levels: no bLf, bLf) and DSS (two levels: n&5 and DSS. For Study Il (AE study)
there were two independent factors: diet (two leveb bLf, bLf) and exercise (three
levels: SED, IMM, 24 h POST). Data were analyzsithgi SPSS (Version 15; Chicago,
IL, USA) and p<0.05 was accepted as being diffefiemh chance alone. Values are

expressed as group means + SEM.

6.7. Results

Study I: DSS and bLf on Cytochrome c¢ Levels in Mous IL: Figure 6.2A shows that
there was a significant main effect of DSS on dytome c levels in mouse IL {ks =
6.92, p<0.05). This effect was due to increaseeltewf cytochrome c in DSS treated
compared to non DSS mice. There was also an effadiet (bLf exposure) on mouse IL

levels of cytochrome c (ks = 8.09, p<0.01) with the bLf fed groups having ajez
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cytochrome c levels compared with the no bLf cdstid-igure 6.2B). There was no

significant interaction between lactoferrin and DS@osure.

Study I: DSS and bLf on Mouse Intestinal Histology:There were significant changes
in small and large intestine histology due to D&&tment. Table 6.2 summarizes the
inflammatory and crypt scores as markers of tissu@nges. Large intestine samples
displayed pathological inflammation evidenced bymptete crypt obliteration and
epithelial erosion following DSS treatment (FiguBe8 shows a representative tissue
section).  Additionally, there were large amounts mononuclear (lymphocytes,
macrophages) and polymorphonuclear (neutrophilfylae infiltrates. There was no
evidence of attenuation of DSS induced inflammatasnage in animals fed bLf (Figure
6.3D).

DSS induced alterations, albeit more subtle, witlihe small intestine.
Inflammatory scores were slightly increased (Tabl2) and, as shown in Figure 6.4,
DSS altered crypt structure and resulted in mildreases in cellular infiltrates. As
observed in the large intestine, provision of bifthe diet did not reduce DSS induced

damage to the small intestine (Figure 6.4D).
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Table 6.2:Inflammatory and Crypt Scores

Small Large Small Large
Intestine | Intestine Intestine | Intestine

no bLf/SED (n=4) 0 0 0 0
bLf/SED (n=4) 0 0 0 0
no bLf/IMM (n=4) 0 0 0 0
bLf/IMM (n=4) 0 0 0 0
no bLf/24h POST (n=4) | O 0 0 0
bLf/24h POST (n=4) 0 0 0 0

no bLf/no DSS (n=4) 0 0 0 0
bLf/no DSS (n=4) 0 0 0 0
no bLf/DSS (n=4) 1.3+0.835+03 | O 23+0.3
bLf/DSS (n=4) 1.0+£05333+03 | O 251+0.3

! Inflammatory and Crypt Scores were based on the scoring systemisedithy Melgar
et al. (2005) and Cooper et al. (1993), respedtivelSee text for details of scoring.
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Figure 6.2: Protein levels of cytochrome c, expressed intieyi densitometric units, in
mouse IL as a function of [A] DSS condition (*p<B)Oand [B] diet (bLf) treatment
(*p<0.01). Values are means + SEM. Refer to the fimxdetails of statistical analysis.
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Figure 6.3: Representative hematoxylin and eosin (H & E)n&tdisections of mouse
large intestine viewed by light microscopy undexk 4@agnification. All tissue sections
are from mice given DSS and bLf treatments. A: D&Sho bLf/ no DSS, B: bLf/ no
DSS, C: no bLf/DSS, D: bLf/DSS. Arrows indicateymt disruption and areas of
inflammatory pathology.
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Study II: AE and bLf on Cytochrome c Levels in Mowse IL: Neither exercise nor diet
influenced the expression of cytochrome c in mdug&ED: 0.78 £ 0.1 AU, IMM: 0.57
+ 0.06 AU, 24h POST: 0.68 + 0.1 AU; bLf: 0.64 +6,(o bLf: 0.73 £ 0.1). There were

no interactions between acute exercise and dietarse IL cytochrome c levels.

Study Il: AE and bLf on Mouse Intestinal Morphology: As shown in Table 6.1 and in
representative histology (Figure 6.5), there wasewdence of pathological changes in
either the small or large intestine as measurecrigyt disruption or histology scores due
to acute exercise exposure. Dietary bLf had nocefte the inflammatory indicators

either alone or in combination with AE (data for ABLf are shown in Table 6.2).

Study Il: AE and bLf on 8-iso-Prostaglandin F,. There was a significant main effect
of exercise on plasma concentrations of 8-iso-R@h 3= 6.94, p<0.01) (SED: 318.1 +
97.6 pg/ml, IMM: 856.4 + 23.8 pg/ml, 24 h POST: 4@+ 146.8 pg/ml). This was due
to elevated levels in both the IMM (p<0.05) and2#OST (p<0.01) group relative to
the SED control. Neither a significant diet effexr interaction effect were observed.
There was, however, a non-significant 20% reducitioplasma levels of 8-iso-PGHnN
mice fed bLf compared to those on bLf free diets fif: 831.9 £ 125.0 pg/ml, bLf:

663.8 + 105.4 pg/ml).
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Figure 6.4: Representative hematoxylin and eosin (H & E) sthitissue sections of
mouse small intestine viewed by light microscopylem40x magnification. All tissue
sections are from mice given DSS and bLf treatmehtsio bLf/ no DSS, B: bLf/ no
DSS, C: no bLf/DSS, D: bLf/DSS. Arrows indicateymt disruption and areas of
inflammatory pathology.

Figure 6.5: Representativdiematoxylin and eosin (H & E) stained tissue sestiof
mouse large intestine viewed by light microscopgem40x magnification. All tissue
sections are from mice given repeated bouts ofeaexgrcise. A: SED, B: IMM, C: 24 h
POST. Only the no bLf treatment groups are shown.
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6.8. Discussion

The primary objective of this research was to exantihe effects of AE on mouse
small and large intestinal inflammation as evidehlog histological changes and if these
alterations were similar to those caused by DSS.al¥e determined if bLf attenuates
any of these potential alterations. A second aas % determine if DSS or AE, coupled
with bLf, influenced the levels of the cell deatbsaciated protein cytochrome c, as a
marker for lymphocyte mitochondrial disruption. Avel finding was that both DSS and
bLf treatments increased the expression of cytonkre in mouse IL. DSS treatment
resulted in gross histological changes within theuse small and large intestines and
these effects were not observed in animals suldjetderepeated bouts of treadmill
exercise.

Administration of 5% DSS for 4 consecutive daysthe drinking water was
associated with marked structural alterations amernses in inflammatory and crypt
scores within the large intestine. We observedrmneased presence of inflammatory
cells as well as mucosal ulcerations and edemawoly DSS treatment. These
pathophysiological changes in the colon have beported by others. For example,
Takizawa et al. (1995a; 1995b) showed increasddnmhatory cells coupled with the
development of mucosal erosions 4 days following BSS in the colon of rats. Body
weights of female C57BL/6 mice were reduced at 4and evidence of infiltration of
inflammatory cells occurred as early as day 3, witlgpt loss, edema and focal
ulcerations present at day 5 following 3% DSS tremtt (Melgar et al., 2005). Our study

confirms the inflammatory effects of DSS in theaohlnd extends these observations to
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the mouse small intestine but to a lesser degrbtsu®a and Sanderson (2003) observed
increases in neutrophils, confirmed by increase@laperoxidase activity, in the small
intestine of DSS treated mice.  Administration @$S increased intestinal disease
indicators in mice with shortening of intestinalndgh, visual rectal bleeding, and
decreased body weight (Spagnuolo and Hoffman-G@&a8b). We found no evidence
of an attenuation of DSS-induced structural altenstin mice receiving bLf. This lack
of bLf effect was not entirely unexpected as theepbally protective anti-inflammatory
benefits (i.e., cytokine alteration) may not haeei sufficient to counter the numerous
pathways through which DSS induces disease (disrupbf intestinal barrier,
recruitment of immune cells, changes in microflargtokine alterations). These results
provide evidence of small and large intestinal ratiens, indicative of inflammatory
tissue damage, in mice subjected to DSS treatmaht farther, of no effect of 2.0%
dietary bLf supplementation on these tissue altarat

Repeated bouts of intense exercise in mice wereciadsd with increased
oxidative stress as evidenced by the elevated plasoncentrations in 8-iso
prostaglandin k. This lipid metabolite is a marker of exerciseundd oxidative stress
(Hoffman-Goetz and Quadrilatero, 2003; Mastalouelisal., 2004; Steensberg et al.,
2002). Although oxidative stress was induced byAReprotocol used in this study, there
were no gross histological alterations indicativeirdlammation within the small and
large intestine. This finding is in contrast tottlbé Rosa et al. (2008) who reported that
following 4 d of exhaustive treadmill running mogdbgical alterations within the
terminal ileum of mice were observed; these ali@natincluded reduced muscular layer

thickness and mild increases of cellular infilteat&he reasons for this difference in
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outcomes between the two studies are not knowmbytreflect a less strenuous exercise
regimen reported here compared to that of Rosacafldagues. That the AE in the
current study was less strenuous is suggested) bgwer number of exercise bouts (3 vs.
4), 2) differences in the durations of each boQtrfin. continuous exercise vs. durations
based on times to exhaustion), and 3) lower intgredi the physical work (68%, 74%
and 80% VQ peak at 22 min™, 25 mmin®, and 28 mmin™ in the present study
[Quadrilatero and Hoffman-Goetz, 2005] vs. 85% a@iximal running velocity). These
results suggest that aerobic exercise, at thesityeruration and frequency used in this
study, does not cause alterations indicative @fsitmal inflammation.

DSS treatment resulted in increased cytochrome&eaiden mouse IL and implies
that DSS exposure results in cell death of lymplexwithin the intestine. This result is
consistent with previous findings that DSS increasell death, characteristic of
apoptosis and necrosis, as evidenced by the ireséaghe % of PIANN™ (necrotic), %
of PI'/ANN™ (late apoptotic), and protein levels of the projatptic caspase 3 in mouse
IL (Spagnuolo and Hoffman-Goetz, 2008b). Apoptamd necrotic death of mouse
intestinal epithelial cells (IEC) by DSS has beemdnstrated (Renes et al.,, 2002;
Vetuschi et al., 2002) and given the anatomic pnityi of IL to IEC, it is not surprising
that similar mechanisms of death in IL also ocdinus, the published evidence indicates
that DSS treatment results in IL death and thiserurstudy extends the observation to
demonstrate that cytochrome c levels (and presymabtochondrial dysfunction)
increase in mouse IL with DSS exposure.

Conversely, three bouts of intense treadmill esesceach separated by a 24 h

rest period, did not increase cytochrome c levelsiouse IL and is further support that
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this exercise protocol does not impart similaranfimatory alterations to that of DSS.
This exercise modality, however; does result iratge Annexin V expression and fewer
IL numbers indicative of apoptotic cell death (Spagjo and Hoffman-Goetz, 2008a,
Hoffman-Goetz and Spagnuolo 2007a). Expressiomo$phatidylserine (as indicated by
Annexin V) on the outer leaflet of the cell memleas an early marker of apoptosis
which precedes both the release of cytochrome cthaddecrease in mitochondrial
transmembrane potential (Denecker et al., 2000usTh finding of no increase in
cytochrome c levels in mouse IL following AE doest rexclude apoptotic pathways
independent of mitochondrial disruption (e.g., bemal, ER and TNF receptor
mediated) (Jaatela and Tschopp, 2003; Hoffman-Geetl., 2005) or the kinetics of
cytochrome c release relative to phosphatidylsezkpression on IL with AE challenge.
It is also possible that cytochrome ¢ was complexgtin the apoptosome and not
readily detected by Western blot analysis.

Dietary bLf was associated with elevated expressiarytochrome c in mouse IL
indicative of increased cell death. We have shdvat bLf increases apoptotic indicators
in mouse IL including decreased concentrations oF2B (Spagnuolo and Hoffman-
Goetz, 2008a) and increased levels of Annexin \a@Bpolo et al., 2007). Others (Sakai
et al., 2005; Yoo et al, 1997) suggest bLf or ietabolites favour cell death. Mader et al.
(2005; 2007) demonstrated that bLfcin induces apmptof Jurkat T cells through
alterations in cell membrane integrity and increlasgtochondrial permeability which
was associated with increased cytochrome c reled$ris, the findings suggest that bLf

may promote cytochrome c release and subsequdnte&th through modulation of
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mitochondrial membrane permeability. The physiatagrelevance of bLf as a potential

inducer of apoptosis of IL (or IEC) has not beetedained.

6.9. Conclusion

In summary, three bouts of intense treadmill exerén mice did not result in
inflammatory damage in small or large intestinenalicated by tissue histology. AE was
also not associated with differential expressioocygbchrome ¢ in mouse IL. In contrast,
4 days of exposure to 5% DSS in the drinking watenice produced gross histological
alterations within the large intestine and minomrmpes within the small intestine.
Cytochrome c levels in IL were higher following D&8atment and support our previous
observations that DSS treatment results in IL de&ihally, although bLf did not
attenuate the DSS-induced histological alteratiamsmouse intestine, there is a
possibility that this protein can promote IL deathce cytochrome c levels were elevated
following dietary exposure. The clinical relevanakdietary bLf in modulating cell
death of lymphocytes in the intestine during normaald pathophysiological states
remains to be determined. Nonetheless, given #@bferrin did not protect against
intestinal pathology following exposure to DSS,tdig bLf should probably not be

recommended as a supplement at this time for athitperiencing intestinal distress.
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Chapter 7: Dietary Bovine Lactoferrin Does Not Preent Aberrant
Crypt Formation in Mice After Dextran Sulfate Sodium
and Acute Exercise Challenge

7.1. Objectives

To determine the effects of dietary bovine lactofie(bLf) on aberrant crypt formation
and on levels of the apoptotic proteins caspased3Bzl-2 in intestinal lymphocytes of
female C57BL/6 mice injected with the carcinogenxymethane (AOM) and following
DSS or AE challenge.

7.2. Hypotheses

Hypothesis 1: bLf administration will decrease the number of a@et crypts in AOM
injected mice subjected to DSS or AE relative t®e tlumber of aberrant crypts in mice
not receiving bLf supplementation.

Hypothesis 2:bLf administration will increase levels of casp&sand decrease levels of

Bcl-2 in mice given DSS or AE in conjunction withet carcinogen AOM relative to the
levels of caspase 3 and Bcl-2 in mice not receibibgsupplementation.

7.3. Study Design

Inflammation has been demonstrated to be a pronudteolon carcinogenesis
(Tanaka et al., 2000; Onose et al., 2003). Givenaility of dietary bLf to influence
both apoptotic and cytokine measures following 88 AE challenge (Chapters 4, 5,
6), it was the aim of this study to determine ifstlanti-inflammatory benefit was
associated with direct mucosal protection again&irc carcinogenesis. This study was
thus designed to determine the possible protebtiwvefit of dietary bLf on the formation
of pre-cancerous lesions (i.e., aberrant cryptghécolon following both inflammatory
insult and tumour initiation events (i.e., AOM ioj®n). The study design for

experiment 5 is outlined in Figure 7.1.
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Study duration: Two week acclimation, two week atien period, two week rest period,

plus 12 d of dietary bLf administration.

I Female mice (C57BL/6) (n=53)|

Randomly assigned

l

l

l

l

l

1

Group 1 (n=9)

Group 2 (n=8)

AOM injection AOM injection
No bLf bLf2.0%

Group 3 (n=9)

Group 4 (n=9)

Group 5 (n=9)

Group 6 (n=9)

!

AOM injection AOM injection AOM injection AOM injection
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No bLf bLf 2.0% No bLf bLf 2.0%

Small intestine isolation I

|

Lymphocyte isolation I

I Large intestine isolation I

AC enumeration

|

I Western Blotting for Caspase 3 and BC|~2

Figure 7.1: Schematic outline of the study design for expeninte

A two way ANOVA (2x3 factorial design) and post-hdakey tests were used to
analyze the study data. In this study the indepehdariables were diet condition (0%
bLf or 2.0% bLf) and treatment condition (contr@lSS, AE). Dependent variables
include number of aberrant crypts, spleen weigttestinal length, and animal weight
prior to sacrifice. Pre-planned comparisons weire on IL apoptotic protein levels of
caspase 3 and Bcl-2 as well as on IL counts, gihendirection of effects on those

outcome measures demonstrated in earlier expersmetit DSS and/or AE.
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7.4. Overview

Colonic inflammation increases aberrant crypt (AG)mation, pre-neoplastic lesions
which may progress into tumours. We have shown lloaine lactoferrin (bLf) has
small anti-inflammatory properties following dextraulfate sodium (DSS) or acute
exercise (AE) challenge in mice. The purpose of gudy was to examine the effects of
bLf in azoxymethane (AOM) injected mice given DSSEAE on AC formation and
intestinal lymphocyte (IL) death. Female (n=53) 8&/6 mice injected with AOM were
randomized into two dietary conditions (no bLf, plfbllowed by allocation to three
treatment conditions (Control, AE or DSS). AC wdetermined by light microscopy in
colon samples and IL isolated, enumerated and apogirotein levels determined by
Western blotting. DSS, but not AE, increased AGration (p<0.001) and bLf had no
effect on AC numbers. bLf did not affect the logdlowhich occurred in DSS (p<0.01)
and AE (p<0.05) mice nor did it prevent the incee@s IL caspase 3 levels following
DSS or AE (p<0.05). The results suggest that dietdif, at the dose and exposure
duration used in this study, does not protect tieasa from AC formation or influence

IL loss following AOM injection coupled with DSS &E challenge.
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7.5. Introduction

Colon carcinogenesis is a complex process charaetieas three distinct stages:
initiation, promotion and progression (Trosko, 2P0&xperimentally, initiation can be
induced by injection with colon specific carcinogersuch as 1,2-dimethylhydrazine
(DMH) or azoxymethane (AOM). The earliest deteatabineasure of colon
carcinogenesis is the formation of aberrant cryS) (Bird, 1987). AC differ from
normal crypts by exhibiting altered width and héjghcreased thickness of epithelial
lining, and irregular luminal openings (Bird, 1999he enumeration of AC has been
used as a biomarker of early colonic tumour devekaqut (Mori et al., 2005).

Inflammation is believed to be a promoter of tumgemesis. Animal studies
show that following initiation by a carcinogen, lasthmation promotes the formation of
AC and tumour development. Onose et al. (2003)rdest increased tumour incidence
in rats given DMH (initiation) followed by an inflamatory agent, dextran sulfate
sodium (DSS) (promotion), compared to non-DSS ratscreased AC in rat colon
following AOM and DSS treatment was observed compao animals given AOM
without DSS (Tanaka et al., 2003). To further eng@®@inflammation as a promoter of
carcinogenesis, anti-inflammatory agents were tbteduce AC and tumour growth. For
example, fewer aberrant crypt foci (ACF), which atasters of AC, were observed
following AOM and DSS treatment in mice given thobferent peroxisome proliferator-
activated receptor ligands compared to mice reagiiOM and DSS alone (Tanaka et

al., 2001).
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Intestinal inflammation can be induced in rodémtsadding DSS in the drinking
water. This causes death of intestinal lymphociies(Spagnuolo and Hoffman-Goetz,
2008b), activation of immune cells within the colfrakizawa et al., 1995a; 1995b),
increased concentrations of pro-inflammatory cyteki (i.e., TNFs) (Egger et al., 2000)
and increased free radicals (Naito et al., 2003jotAer modality which may produce
inflammation in the bowel is intense exercise. #cexhaustive exercise (AE) results in
some physiological changes similar to DSS-inducalammation; these include
increased oxidative stress (Hoffman-Goetz and Spaign 2007b), increased pro-
inflammatory cytokine levels in the intestine (Ho#in-Goetz et al., 2008), IL death
(Spagnuolo and Hoffman-Goetz, 2008a) and increas#ammatory cells within the
intestine (Rosa et al., 2008). Whereas DSS pramde and tumour formation, it is not
known whether intense AE promotes colon carcinogisne

IL function as effector and regulatory cells anahtcol over their apoptosis and
proliferation is critical for homeostasis. We halewn earlier that mouse IL undergo
cell death following DSS (Spagnuolo and Hoffman-@p&008b) and AE challenge
(Spagnuolo and Hoffman-Goetz, 2008a) that is charaed by an increased percentage
of apoptotic IL, increased levels of the pro-aptpt@rotein caspase 3 and decreased
expression of the anti-apoptotic protein Bcl-2. B&®SS and AE may contribute to
increased cell death in the intestine, but the chpa IL when administered as a tumour
“promoter” (i.e., following carcinogen injectionph not been characterized.

Bovine lactoferrin (bLf), an 80 kDa dietary protewith anti-inflammatory
properties, is found in mammalian milk, colostruraed dairy products. Dietary

administration of bLf reduces the expression of pihe-inflammatory cytokine tumour
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necrosis factor: (TNF-o) in mouse intestine (Spagnuolo et al., 2007). d&iebLf also
has a small but significant effect on apoptotictgiro expression (e.g., decreased Bcl-2)
and a larger effect on pro-inflammatory markerg.(ereduced TNF: and NKB) in
mouse IL following DSS (Spagnuolo and Hoffman-Goet208a) and AE (Spagnuolo
and Hoffman-Goetz, 2008b) challenge. There is &sgwlence of a potential anti-
carcinogenic role of bLf, as Sekine et al. (199&ported fewer numbers of AC in rat
colon following AOM injection and 4 weeks of bLfgolementation. The role of bLf in
influencing inflammatory and carcinogenic eventsewlboth are applied independently
(i.e., DSS alone; AOM alone) is clear from therbtere. However the effects of bLf on
AC formation when promotional events (DSS or AEg arsed in conjunction with
tumour initiation (AOM) have not been evaluated exxpentally.

The purpose of this study was to examine the effédiLf on the formation of
AC and IL apoptotic protein levels in mice followirboth tumour initiation (AOM
injection) and promotion (DSS and AE) events. Wedtlesized that DSS and AE
would increase the number of AC and alter IL apbptproteins to favour cell death
(increase caspase 3 and decrease Bcl-2); we fulieothesized that dietary bLf
administration in mice would reduce AC numbers mrfldience (reduce or increased) IL

death and apoptotic protein levels.

7.6. Materials and Methods
Animals: Female C57BL/6 mice (n=53) 3-4 weeks old (HarlgoraBue Dawley,
Indianapolis, IN, USA) were individually housed Zit+1 °C and on a 12-12h reversed

light-dark cycle. Mice were acclimated to the vivan for 2 weeks withad libitum
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access to tap water and maintenance diet (LabgraRmdent Chow, PMI feeds
Richmond, IN, USA). Following acclimation, micech&ree access to specialized diets

for 12 d prior to sacrifice.

Diets: Semi-purified AIN 76A standard diets were prepa2edeeks prior to the start of
the experiment and were formulated to contain 26€4l pprotein including either 0% or
2.0% bLf (Erie Foods International Inc, Erie IL)o&entrations were based on previous
studies showing that 2.0% bLf was sufficient tduehce apoptosis as well as cytokine
production (Spagnuolo et al., 2007; Spagnuolo anffnkhn-Goetz, 2008a; Spagnuolo
and Hoffman-Goetz, 2008b). All protocols with liamimals were approved by the
University Animal Ethics Committee according to grnciples of the Canadian Council

on Animal Care.

Azoxymethane Injections: Mice were injected subcutaneously with AOM at 1¢kgg
body weight, once a week for 2 weeks, followed [#/\aeek rest period. Mice were then
given free access to the specialized prepared evéts or without bLf (12 d); the
induction period was 4 weeks in duration and thistqrol was based on Sekine et al.

(1997a).

DSS and Acute Exercise Protocol: Within diet conditions, mice were randomized to
one of three treatment conditions: three sessidrecate treadmill running (each bout
separated by a 24 h rest interval) with sacrifidenzafter completion of the final exercise

session (AE, n=18), or 5.0% DSS in the drinkingewdgh=17), or a sedentary/no DSS
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control (CTL) (n=18). Thus, there were a totabafroups: no bLf/CTL (n=9); bLf/CTL
(n=8); no bLf/AE (n=9); bLf/AE (n=9); no bLf/DSS £9); bLf/DSS (n=9). DSS (MP
Biomedicals, Solon, OH; mol wt=36-50 kDa) was sdimbd in tap water at room
temperature and mice hadl libitum access to DSS containing drinking water for 4 d
prior to sacrifice. The treadmill protocol consi$tof 10 min warm-up, 90 min
continuous exercise (30 min at 22min™, 2°slope; 30 min at 25 min™, 2°slope; 30
min at 28 mmin™, 2°slope) and 5 min deceleration. The work intenstgpproximately
68%, 74% and 80% of Vpeak at 22 min™, 25 mmin™ and 28 mMmin™ (Quadrilatero
and Hoffman-Goetz, 2005). Mice ran during the dagkcle (Omni-Max metabolic
treadmill, Omni Tech Electronics, Columbus, OH) amere motivated by occasional

gentle prodding using a soft nylon brush.

Aberrant Crypt Determination: Mice were sacrificed by sodium pentobarbital (6.06
0.08 ml) overdose, the colon immediately removéshreed from fecal matter and visible
fat, opened longitudinally, fixed in formalin anthmed with 0.2% methylene blue (Bird,
1987). Samples were masked to the microscopishguxC enumeration (Nikon Eclipse

50i digital imaging system).

Intestinal Lymphocyte Preparation: IL from mouse small intestine were isolated as
previously described by Spagnuolo et al. (2007)efBt, following sacrifice, the small
intestine was immediately removed, Peyer’'s patcmesd visible fat dissected out, IL
prepared as single cell suspensions by isolati@r avcolumn containing 0.3 g of pre-

washed nylon wool, washed and layered over a degsitdient medium (Lympholyte-
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M; Cedarlane Laboratories, Hornby, Ont.). IL, camitag both intraepithelial and lamina
propria lymphocytes were enumerated manually byt Igicroscopy following staining

with Turk’s solution.

Western Blot Analysis of Caspase 3 and Bcl-2:Cytoplasmic protein samples were
prepared and separated by electrophoresis on aSI236PAGE gel and transferred onto
a PVDF membrane (Sigma Chemical). Following tranghembranes were stained with
Ponceau S to confirm the quality of transfer andatgrotein loading. Membranes
containing the separated proteins were incubated fowith primary antibody (1:200 in
10% milk-TBST): Bcl-2 (clone: C-2; mouse anti-humamonoclonal 1gGl, mol
wt=28kDa) or caspase 3 (clone: H-227; rabbit anthbn clone 1gG, mol wt=35kDa)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)pfeed by incubation for 1 h with
secondary antibody: horseradish peroxidase-corgdganti-mouse (Bcl-2) or anti-rabbit
(caspase 3) IgG at a concentration of 1:2000 in il TBST. Protein was determined
using ECL Western blotting detection reagents (Asham Biosciences,
Buckinghamshire, UK) and the ChemiGenius 2 Bio-imggSystem (Cambridge, UK).
Each gel contained samples from all 6 treatmenigg@long with a biotinylated protein

ladder to identify the molecular weight of the inmoblotted protein.

Statistical Analysis: Cell counts and IL protein levels of caspase 3 BoH2 were
analyzed by pre-planned comparisons because esiilidies showed that these variables
were altered by AE or DSS. The remaining outcomasuees (inflammatory indicators,

food intake, aberrant crypts) were analyzed usingx@ analysis of variance design
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(ANOVA) with diet (two levels: no bLf, bLf) and tedment condition (three levels: CTL,
AE, DSS) as the independent factors using SPSSived5; Chicago, IL, USA). Post
hoc analysis was performed using Turkey's HSD aest p<0.05 was accepted as being
significantly different from chance alone. All vals are expressed as group means +

SEM.

7.7. Results

Inflammatory Indicators, Food Intake and IL Counts: Animal weights at the start of
the experiment (no bLf/CTL 21.0 + 0.02g; bLf/CTL.QGt 0.5g; no bLf/AE 21.6 * 0.4q;
bLf/AE 20.9 + 0.4g; no bLf/DSS 20.5 + 0.3g; bLf/DS®.8 + 0.6g) did not differ
significantly across groups. In contrast, there wasgnificant treatment effect prior to
sacrifice (k45= 17.04, p<0.0001) due to the reduced body weightaice given DSS
compared to CTL and AE mice (Table 7.1). There magffect of diet nor was there an
interaction between diet and treatment on mousghwaeit sacrifice. Intestinal length was
reduced (k45 = 8.75, p<0.001) and spleen weight was increaBeg € 10.36, p<0.0001)
in mice given DSS relative to CTL and AE mice (TealBl1). Dietary bLf had no effect
on the length of the intestinal compartment (sraall large intestine) or spleen weights
of mice. Neither diet nor interaction effects weleserved on food intake but there was a
significant main effect of DSS, AE or CTL treatméhRf 4; = 5.71, p<0.01). This was due
to the reduced food intake in the DSS comparetdd¢dAE mice and not between the DSS
vs. CTL or the AE vs. CTL mice (CTL43.0£2.8gEA0.9+£1.96g; DSS39.4+25¢,
Tukey’s test, p<0.01). IL counts were also sigmifity affected by treatment (Figure

7.2). Mice given DSS {t = 2.57, p<0.01) or AE {1 = 1.98, p<0.05) had reduced cell
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numbers compared to CTL animals. There was nofgignt effect of diet (bLf: 4.0 +

0.43 x10 cells vs. no bLf: 3.8 + 0.43 x 1@ells) nor was there any interaction effect.

Apoptotic Protein Levels in IL: Figure 7.3 Panel A shows the effect of treatment
condition on Bcl-2 levels in mouse IL. There wasignificant decrease in Bcl-2 protein
levels (s = 2.43, p<0.05) in the DSS group relative to tAd.(o significant difference
was observed between the CTL and AE groups. Tleetedf treatment condition on the
levels of caspase 3 in mouse IL is shown in FiguBPanel B. There were significant
increases in IL levels of caspase 3 in the D$S5=(12.40, p<0.05) and AE (= -2.01,
p<0.05) groups relative to CTL. There were no isicgnt effects of bLf on Bcl-2 (bLf:
2.1 £ 0.34 [AU] vs. no bLf: 2.2 £ 0.35 [AU]) or gaase 3 (bLf: 0.84 + 0.05 [AU] vs. no
bLf: 0.85 £ 0.028 [AU]) levels in IL; there were mggnificant interaction effects between

treatment and diet on apoptotic proteins in mouse |
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Table 7.1: Acute exercise (AE) and dextran sulfate sodium3p&iffect on indictors of
intestinal inflammation

Treatment | Animal End Body Small and Large Spleen Intestinal
Condition Weight (g) Intestinal Length (cm) Weight (g) | Bleeding
Control 22.1+0.4 45.0+0.6 0.08 + 0.005 No
AE 22.7+0.3 446 +0.5 0.08 £ 0.002 No
DSS 19.1 + 0.6** 41.6 +0.8* 0.11+0.010 Yes

AE = Acute exercise, DSS = dextran sulfate sodidimkey's post hoc analysis: **
p<0.001, *p<0.005’p<0.002.

5.00

4.00-

3.00

2.00-

Mouse IL cellcount (x107)

1.00

AE

Treatment Condition

Figure 7.2: Mouse IL count as a function of treatment (CTL,,AESS ) condition. All
values are expressed as means + SEM. *p <0.05,.&@p«8. control. See text for details
of statistical analysis.
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Figure 7.3: Concentrations of apoptotic proteins in mouse Xpressed as arbitrary
densitometric units (AU). [A] anti-apoptotic Bcl&nhd [B] pro-apoptotic caspase 3. All
values are expressed as means + SEM. *p <0.05ordrot. See text for details of
statistical analysis.
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Figure 7.4: Number of aberrant crypts (AC) per mouse coloma &snction of treatment
(DSS, AE or CTL) condition. All values are expratses means £+ SEM. *p<0.005 vs.
CTL and AE.
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Aberrant Crypts: Figure 7.3 shows the number of AC in the CTL, ARd DSS
treatment conditions. There was a significant mafilect of treatment (31 = 9.21,
p<0.001) with mice given DSS having a greater nemndd AC (p<0.005) relative to AE
and CTL mice. There was no effect of bLf on AC tams (k3; = 0.37, p=0.55) (bLf:
43.9 £ 5.8 vs. no bLf: 42.7 + 5.6) nor was therg/ ameraction between diet and

treatment conditions ¢k; = 0.75, p=0.48).

7.8. Discussion

The objectives of this study were to examine thfeot$ of dietary bLf in mice
following AOM injection in conjunction with eitheDSS or AE treatment on: 1) AC
formation and 2) apoptotic protein levels in ILn& we had previously demonstrated
that bLf influences apoptotic and cytokine paramsete the IL of healthy mice and in
mice exposed to agents (DSS) or protocols (AE) kwhivay promote intestinal
inflammation, we were interested in whether tha-efiammatory properties translated
into direct mucosal protection in a model of cot@amcinogenesis (AOM + DSS or AOM
+ AE). The results of this study indicate that D88t not AE, increased the number of
AC in mouse colon and that, contrary to our hypsigebLf did not prevent this increase
nor did it reduce total AC numbers as a functiortreatment. Dietary bLf did not affect
IL loss or levels of pro-apoptotic protein, casp@sevhich accompanied DSS and AE
challenge in mice.

Mice given DSS in drinking water and injected wit®M had increased numbers
of AC, a finding consistent with other investigaiso(Tanaka et al., 2003; Onose et al.,

2003). The increased numbers of AC with DSS exmoswere likely due to
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inflammation. Similar to the findings of others @er et al., 1993; Melgar et al., 2005),
we observed that DSS increased spleen weight aedtimal bleeding, decreased body
weight at sacrifice, and reduced intestinal lengthmice. Dietary bLf did not mitigate
these disease indicators nor did bLf attenuate D8S-induced increases in AC
formation. Our results indicate that dietary bLfedonot protect the intestinal mucosa
from AC formation following tumour initiation (AOMnjection) and promotion (DSS
treatment) events. This finding was not entirelgxjpected: at similar doses (2.0% for 12
d) and during only DSS treatment, dietary bLf reztithe expression in mouse IL of
TNF-a and NkB but did not protect the intestine from DSS-indidamage (Spagnuolo
and Hoffman-Goetz, 2008b). Therefore, the inaboiyLf to reduce AC formation may
reflect the intensity of inflammation following DS&posure. In contrast, Togawa et al.
(2002a) reported that bLf administration reduceckle of pro-inflammatory cytokines
(TNF-a, IL-1B) and provided intestinal mucosal protection folilogv DSS treatment.
Although the reasons for the difference betweenresults and those of Togawa et al.
(2002a) are not known, factors such as dose of B8®0-1000mg vs. 1400mg), mode of
administration (dietary exposure vs. gastric intidrg, rodent model (female C57BL/6
mice vs. male Sprague-Dawley rats) and concentratiw duration of exposure to DSS
in the drinking water (5% DSS for 4d vs. 2.5% fad) 7may be involved. More
importantly, the current study included tumouriatiopn events (AOM injection) as well
as inflammation (DSS treatment) whereas Togawd. §2@02a) used a protocol which
did not involve tumour initiation. Indeed, the reased physiological stress provided by
both tumour initiation and promotion may accountttee inability of bLf to protect the

intestinal mucosa. There is also a dose-dependehbi.f to affect cellular parameters
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(Buccigrossi et al., 2007) with higher doses rasglin greater bLf effects. In addition,

greater concentrations of DSS exposure producegranflammatory stress as evident
by elevated pro-inflammatory cytokine productiondaimcreased intestinal damage
(Egger et al., 2000). Together these findings inthbt the greater the magnitude of the
inflammation producing exposure, the higher the dbase that will be required. Future
studies will be needed to determine if a dose mespaelationship occurs between bLf
and DSS exposure in mice given a colonic carcinageh as AOM.

Administration of dietary bLf did not reduce AC foation following AE
challenge (no bLf/AE vs. bLf/AE). Similar to DSSeatment, the potential benefits
provided by bLf may be insufficient to compensatethe multiple alterations associated
with acute intense exercise (e.g., ischemia/repanfuinjury, increased pro-inflammatory
cytokines, and increased free radicals). Althoudlf bBdministration favours the
expression of anti-inflammatory cytokines followin§E challenge, there was no
decrease in plasma lipid metabolites or influenceloloss (Spagnuolo and Hoffman-
Goetz, 2008a). Thus, bLf administration may notassociated with direct mucosal
protection at least at the concentration and exgosuration provided in this study.
Nevertheless, we observed a non-significant 38%edse in AC numbers in CTL mice
given bLf compared with no bLf mice (no bLf/CTL: 40+ 10.8 and bLf/CTL: 25.0 £
3.2). Our finding is in contrast to Sekine and eajues (1997a) who found that 2.0% bLf
reduced AC formation in rats treated with AOM. Aykdifference between these studies
is that one involved both tumour initiation and ipiation events and the other involved
only initiation events. The additional stress agglby the promotional event may have

overwhelmed any small protection provided by bOther factors include differences in
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bLf exposure (28 d vs. 12 d), the animal model seale F344 rats vs. female C57BL/6
mice) and the dose of carcinogen (15 vs. 10 mg A@QNdbdy weight).

An important and novel finding was that mice givepeated AE stress did not
have increased numbers of AC. Intense exercisesssti® associated with several
physiological events which could potentially incgeaAC formation such as increased
muscle damage (Aoi et al., 2004), increased prafmiatory cytokines (Pedersen et al.,
1998), ischemia-reperfusion injury (Moses, 2005)d agreater oxidative stress
(Quadrilatero and Hoffman-Goetz, 2005). That theese no increases in AC numbers
in mouse colon suggests that AE, at least in thensity, duration and frequency
administered in this study, does not lead to ditema in the bowel which promote AC
formation. The exercise protocol used in this gtdidl result in IL loss and increased IL
levels of pro-apoptotic caspase 3, and was iddribigarevious studies showing increased
plasma levels of corticosterone and lipid metabslds well as increased HSP 70, SOD1,
caspase 3 and decreased Bcl-2 in mouse IL (Hoff@eetz and Spagnuolo, 2007a;
Spagnuolo and Hoffman-Goetz, 2008a). However, tipdgesiological alterations were
not sufficient to increase AC formation and therefo)AE does not act as a promoter of
colon carcinogenesis. In support of this notioa #ire results which indicate that AE
does not induce intestinal inflammation at a magtetcomparable to that induced by
DSS. In fact, AE had no significant impact on anglicators of disease activity (e.qg.,
mouse body weight at sacrifice, intestinal lengte3pite the impact on IL numbers and
apoptotic protein expression. However, that rempkatauts of AE did not promote AC
formation does not exclude AE as potentially cdmiting to AC or tumour formation.

For example, Demarzo and Garcia (2004) found ise@aACF in male rats when
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exhaustive swim exercise was provided prior to A@ij&ction. Hoffman-Goetz et al.
(1994) found that timing of exercise training (bhefes. after injection with the MMT 66
line) affected the number of lung tumour metastasdéalb/c mice. Thus, the timing of
exercise challenge may be crucial to the onset@faAd/or tumour formation. In further
support of this hypothesis are the following obaéons: 1) cholic acid administered
during the initiation phase, but not post initiationcreased ACF formation and tumour
incidence (Baijal et al.,, 1998) and 2) DSS treatimiat proceeded AOM injection
resulted in 100% tumour incidence compared to 0%nMDSS preceded AOM injection
(Tanaka et al., 2003). It is possible that AE aradle given prior to AOM injection may
result in greater AC formation compared with AE egivpost AOM injection. Together
these findings suggest that the timing of AE mayheial in influencing the formation
of AC although this remains to be tested empincall

Following DSS or AE challenge and AOM injectionrrice, there was evidence
of IL death as levels of caspase 3 increased aathihL numbers decreased. Levels in
IL of the anti-apoptotic protein Bcl-2 were alsalueed following DSS treatment. There
was no observed effect on IL numbers or apoptatitemns with bLf treatment in mice
given AOM followed by DSS or AE treatment. Althoudletary bLf was not associated
with changes in these cell death measures, giveratige physiological effects of DSS
and AE, this lack of effect was not unexpected. almon-AOM model, bLf did not
influence IL death, or caspase 3 protein level¥ahg DSS (Spagnuolo and Hoffman-
Goetz, 2008b) and AE (Spagnuolo and Hoffman-Go2@f)8a) exposures. However,
there are also reports that bLf or its metabolgesmotes both apoptosis (Mader et al.,

2005; 2007) and proliferation (Buccigrossi et aD07). Nevertheless, the current study
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shows that at a 2.0% dose for a duration of 12ietad/ bLf did not affect IL death in

mice given the carcinogen AOM followed by DSS or éitallenge.

7.9. Conclusion

In summary, although bLf has been previously shdawrfavour small anti-
inflammatory responses following exposure to eitB8S or AE, it was not able to
attenuate DSS-induced increases in AC formatiomice. DSS but not AE challenge
given after injection with AOM was associated wititreased AC numbers in mouse
colon. Dietary bLf did not affect IL death in micbjected to either DSS or AE
protocols following AOM injection nor did it alteprotein levels of pro-apoptotic
(caspase 3) and anti-apoptotic (Bcl-2) proteingesehfindings indicate that the dose and
duration of bLf provided in this study were notfstiént to protect against aberrant crypt
formation in mouse colon. Further studies willreeded to determine if higher intakes
or longer durations of bLf exposure affects AC fation in mouse colon following

initiation with AOM and promotion with DSS.
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Chapter 8: Discussion

8.1. Overall Findings

The purpose of the series of experiments desciibdds thesis was to determine
the effects of dietary bovine lactoferrin (bLf) ogtokine levels and apoptosis in mouse
intestinal lymphocytes (IL) in: 1) a normal, norilamed state, 2) following repeated
bouts of acute exercise (AE), and 3) following damtsulfate sodium (DSS) induced
intestinal inflammation. An additional objective svto characterize the ability of bLf to
protect the intestinal mucosa following DSS and étallenge and on aberrant crypt
formation when these two protocols were administei@lowing carcinogen (AOM)
injection. Overall, the results indicate that adistirmtion of dietary bLf in mice favours
an anti-inflammatory cytokine environment mainlyahgh reduced IL levels of TNé&-
and NKB. In addition, bLf decreased the levels of thei-apbptotic protein Bcl-2,
increased cytochrome c levels, and increased uggpression of phosphatidylserine in
mouse IL suggesting a role for this dietary protéinthe induction of apoptosis.
Importantly, bLf did not protect the murine intesti mucosa against DSS-induced

structural alterations or the formation of abermypts.

8.2. Induction of Intestinal Inflammation

The induction of intestinal inflammation was acladwy the addition of DSS to
the drinking water of mice for 4 consecutive ddygidence for the effectiveness of DSS

exposure were alterations in several common indiisadf disease activity that included
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shortened intestinal length, increased spleen weigiestinal bleeding and reduced body
weights at time of sacrifice. Moreover, distinctadhcteristics of inflammation, such as
the appearance of gross morphological alteratiord the infiltration of leukocytes
within the intestinal compartment were observed lofing DSS treatment.
Administration of DSS to elicit intestinal inflammian is a widely utilized protocol
(Strober et al., 2002) and was effective in theaesh described herein. Acute strenuous
exercise has also been suggested as an inducetestimal inflammation (Marshall,
1998; Shek and Shephard, 1998) but the exact egeregimen (i.e., speed, duration and
frequency of administration) has not been expertalgn determined. A protocol
involving three repeated bouts of acute exercise wg&d, as others (e.g., Hoffman-Goetz
and Spagnuolo, 2007a; Hoffman-Goetz et al., 2008erkHet al., 1987; Concordet and
Ferry, 1993; Nieman et al., 2005; Nieman et alQ7&) have shown that repeated intense
aerobic exercise in rodents or in humans is assatiaith increases in circulating
leukocytes and inflammatory cytokines as well aspapsis, cellular necrosis, and tissue
pathologies ranging from thymus to intestine. Hesrethe acute exercise regimen used
in this research did not induce intestinal inflantiovain mice. This conclusion is based
on the findings that exercise did not result irsus damage, immune cell infiltration,
increases in aberrant crypts or cause any chandhs aforementioned disease indicators
(i.e., shortened intestinal length, intestinal dleg and reduced body weight at sacrifice).
Intestinal homeostasis is maintained by variousileggry mechanisms such as
antioxidant defenses and anti-inflammatory cytokir{ffapadakis and Targan, 2000).
Exposure to stimuli that overcome either regulatorgchanism is one way by which

intestinal inflammation may be induced. In supparthis position are studies showing
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that tissue damage caused by inflammation occursurcently with increases in either
anti-inflammatory cytokines or antioxidants. Foamyple, elevated concentrations of IL-
10 mRNA coincided with increased disease activitg aumbers of immune cells in the
colon of mice treated with DSS (Egger et al., 2000)athletes following a cycle race,
lymphocyte concentrations of the antioxidant SODensdevated along with increases in
markers for oxidative stress and tissue damage (g@te and malonaldehyde in plasma
and carbonyl content in lymphocytes) (Tauler et 2006). The increases in cellular
defenses are suggestive of a host adaptive meamanmtgereby cellular responses to
protect or limit against damage are initiated. Whbese adaptive responses are
overwhelmed by external stimuli the result may Bsue damage. Conversely, an
increase in either anti-inflammatory cytokines ati@xidants could limit the onset of
inflammation (Niess et al., 1999). Findings fromstkhesis research indicate that the
exercise regimen resulted in increased oxidatiresst as measured by increased plasma
concentrations of 8-iso prostaglandin,,Ancreased levels of IL-10 in mouse IL, and
elevated IL levels of HSP 70, but exercise did catise observable intestinal tissue
damage or infiltration of immune cells. It is thpsssible that the increases in IL-10 and
HSP 70 that accompanied exercise were able to prews tissue damage that may have
resulted from the increased oxidative stress.

The proposed hypothesis by which exercise inducdsmmation includes
intestinal tissue damage followed by bacterial stacation (Marshal, 1998; Shek and
Shephard, 1998). Indeed, the presence of bacterisuggested to be the stimulus
necessary for the induction of inflammation (Strobeal., 2002). This is supported by

observations that 1) under germ free conditiorss, (without commensal flora) mice do
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not develop intestinal inflammation (Elson et &Q05), 2) antibiotic administration
alleviates inflammation (Sartor, 2004) and 3) Crehaisease in humans occurs in the
colon and terminal ileum which has the highest éxdait content (Kelsall, 2008). Thus,
the inflammation inducing protocol must be ablalter mucosal permeability in order to
expose the commensal flora to the underlying immuesvork (Kelsall, 2008). The
most direct method to increase intestinal permighd to induce death of the intestinal
epithelial cells (IEC) (Farhadi et al., 2003). DB& not AE resulted in gross changes in
intestinal histology and the recruitment of immua#s. This indicates that the exercise
protocol used was not sufficient to cause any oladde morphological damage to the
intestinal barrier. This does not exclude the pmbtyi that alterations in more subtle
intestinal permeability function (e.g., alteredigah uptake or changes in junction zones)
occurred following exercise. Future studies wouddrigzeded to explore this. However,
because the exercise regimen did not cause obsempiaysiological alterations in mouse
intestine suggestive of inflammation (i.e., inAltion of immune cells) it is probably
unlikely that damage to the epithelial barrier aced. That the exercise regimen did not
induce intestinal inflammation may be related te imability of any exercise-associated
stress to counter endogenous intestinal protectgehanisms. Future studies would be
needed whereby the exercise regimen would be ditrdab determine the duration,
intensity and frequency of the work that are asged with IEC death and intestinal
inflammation.

In further support of the conclusion that the edsgr@rotocol used here did not
result in intestinal inflammation is the observatithat IL underwent cell death via

apoptotic mechanisms. Following exercise, in molisé¢here was increases in pro-
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apoptotic protein levels of caspase 3, decreasastirapoptotic protein levels of Bcl-2 in
mouse IL, and reduced IL numbers, which togethggsst apoptotic cell death. Indeed,
apoptosis of lymphocytes following exhaustive orestious exercise is a common
observation (Hoffman-Goetz and Quadrilatero, 20@®oren et al., 2002; Wang and
Huang, 2005). The significance of the apoptoticcpss in lymphocyte removal is that it
provides a controlled mechanism of cell death inctwhnflammation does not proceed
(Verstege et al., 2006). If IL death following esise were to occur via a necrotic
pathway, as it was demonstrated to occur follovid&$ treatment [i.e., increased percent
of Annexin V/PI" (necrotic)] then pathological inflammation wouldst likely ensue.
Indeed, inflammation following necrotic death hamei reported (Renes et al., 2002;
Schulze-Bergkamen et al., 2006; Gibson, 2004). Thtug/as not surprising that the
exercise regimen used in this study did not indudlammation in the intestine as
necrotic IL death with repeated treadmill exercisas not detected. This result is
consistent with Mooren et al. (2002) who did nos@tved necrotic death in peripheral
blood lymphocytes of volunteers subjected to extnaeiexercise. Since inflammation
occurs following necrotic and not apoptotic dedd$S, and not AE induced intestinal
inflammation would be expected.

Given the role of lymphocytes in intestinal mucodafenses, such as tumour
surveillance and protection against infection (Ksamva et al., 2007) the loss of IL may
have detrimental consequences for the individualakernative view is that IL loss (via
apoptosis) following exercise is an adaptive medmarby which the intestine protects
against the development of inflammation. If, foample, exercise caused tissue damage

that compromised the epithelial barrier, the reswduld be bacterial translocation and
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subsequently the activation of the intestinal lymplies. Evidence for the involvement
of lymphocytes in intestinal inflammation, is th@iresence in increased numbers in the
inflamed mucosa of patients with IBD (Muller et,d998). Moreover, the mechanism of
therapeutic action of sulfasalazine in IBD patiemtas by increasing apoptosis of
intestinal lymphocytes (Doering et al., 2004; Mudaedd Neurath, 2007). Therefore, it
may be that by effectively removing lymphocytesotigh apoptotic processes prior to
intestinal damage, any ensuing inflammatory respanay be less damaging as fewer

immune cells would be present to react to bactanében.

8.3. Dietary bLf and Inflammatory Cytokines

The balance between pro-{) and anti- (§2) inflammatory cytokines is central
to immunological homeostasis. During intestinallanfmation there is an increased
production of pro-inflammatory cytokines that faveuhe activation and recruitment of
immune cells. bLf has been shown to alter theleg® milieu, including a decrease in
TNF-o and an increase in IL-10, during inflammatory msges within the intestinal
epithelium (Togawa et al., 2002a; 2002b). Similadgcreased TNEk-and increased IL-
10 were reported in the plasma of rats following Bministration (Hayashida et al.,
2004). Theoretically, the source of the cytokinesld be from epithelial or immune cells
located in muscle, the splanchnic bed, or lymplomthpartments (e.g., thymus, spleen,
or intestine) (Bagby et al., 1996). However, whetthe cytokine changes caused by bLf
were as a result of effects directly on IL were pogviously described in literature.
Therefore, one objective of this thesis research twaexamine the effects of dietary bLf

on mouse IL levels of the inflammatory cytokinesH-dand IL-10.
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A novel finding of this research was that dietaty &dministration resulted in a
decrease in TNe-levels directly within mouse IL which may be reldtto the observed
decrease in levels of MB. Since NKkB is a transcription factor partly responsible for
the production of TNF:, one mechanism to reduce TNHevels is by inhibiting the
ability of NF«B to bind to DNA. Indeed, evidence from the litera suggests the
inhibition of NFB leads to reduced TNé&production and that this may be due to altered
DNA binding. For example; Haversen et al. (200oréed that Lf binds to the TNé&-
promoter region in monocytes, thus preventingkBHDNA interactions and reducing
TNF-o production. A similar effect was found with gliaia, a potent NkB inhibitor.
Intraperitoneal injection of gliotoxin in mice ttea with DSS decreased the expression
of TNF-a and improved disease activity scores (Herfarttalet 2000); the action of
gliotoxin was attributed to its ability to decreabe DNA binding activity of NkB (Li
and Bever, 2001). Therefore, the bLf induced radastin TNFe. may be related to
decreased activity of NdB potentially through modifying NéB-DNA interactions.

Another potential mechanism by which TNFmay be reduced is by directly
interfering with NB activation. NikB is bound to thewB inhibitory protein in the
cytoplasm and requires an external signal to lieetafrom its inhibitor. The binding of
TNF-o to the TNF-receptor (TNFR) results in the recr@tmof TRAF2, a specialized
adaptor protein, which participates in IBKactivation. The activation of IKKin turn
phosphorylates thexB inhibitory protein and releases active ®ff-(Baud and Karin,
2001). Thus, decreasing the extent okRFctivation could occur by preventing TNF-
binding to the TNFR. Although there is evidencet thhf binds to a number of cell

surfaces (reviewed in Legrand et al., 2006) therea empirical data showing that bLf
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binds to the TNFR. Alternatively, increasing thencentration or preventing the
degradation of the inhibitory protein could alsacm@ase active NB levels. Although
no studies have directly demonstrated the abilitybbf to impart such properties,
Minekawa et al. (2004) found that human breast nmtiteased dB concentrations in
intestinal epithelial cells. This resulted in dexged NKkB signaling. Thus increasedB
concentrations may be a mechanism by whickBlevels (and thus TNk) are reduced
by dietary bLf.

The effects of dietary bLf on IL-10 concentrationmouse intestinal lymphocytes
were less clear. Although bLf administration was associated with increased IL levels
in healthy mice (i.e., experiment 1), IL-10 levetairing DSS induced intestinal
inflammation were reduced when mice were suppleetenwith bLf. Egger and
colleagues (2000) suggested that elevated IL-10 ARMith DSS treatment is a
physiological compensation mechanism whereby thieattempts to protect itself from
the external stress. Thus, a reduction of IL-10 dhserved in this research with bLf
administration during DSS treatment) may imply thiat lessens the cellular requirement
for a compensatory response. Indeed, similar effegre reported by Haversen et al.
(2003) in which the numbers of COK-10 producing cells were decreased in the colon
of DSS treated mice given human Lf. It is possiblat the requirement of less IL-10 is
related to the “anti-inflammatory” environment inmged by bLf. This is partially
supported by the findings of this research that dédreased TNE-levels in mouse IL.
Lower levels of TNFe. may be indicative of a lessening of the inflammatesponse.
Therefore, less TNk- may reduce the requirement for th@2T(anti-inflammatory)

cytokine IL-10; IL-10 has been shown to decreasé&-tiNevels (Papadakis and Targan,
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2000). Although further work is needed to addréss mechanism of this response, the
results presented are, at least suggestive ofigb@ssti-inflammatory properties of bLf.

In summary, dietary bLf reduces TNFHevels in IL and may lessen the
compensatory (IL-10) host response to inflammatidre pathway by which bLf reduces
TNF-o appears to be associated with decreasedBNé&oncentrations; whether the
decreased levels of XB is by altering the ability of NéB to bind to DNA or interfering
with signals that activate MB remain to be elucidated. The finding that bLfdas
toward anti-inflammatory responses make it an etitra therapy in the potential

treatment of inflammatory disorders.

8.4. Dietary bLf, Intestinal Lymphocyte Apoptosis,and Inflammation

An objective of this research was to determine ¢ffect of dietary bLf on
apoptosis of mouse IL. Given the observations tidt altered apoptotic proteins to
favour cell death within the intestinal epitheliuhring carcinogenesis (Fujita et al.,
20044a; 2004b) it was hypothesized that dietaryvadfild induce similar results in mouse
IL during inflammation. The importance of the apmijr process in the pathogenesis of
IBD is highlighted by the observations that patsewith IBD exhibit increased numbers
of activated CD4 and CD8 IL within their inflamed colonic tissue (Muller el., 1998)
and that IL isolated from inflamed mucosa exhilpoptotic resistance (Sturm et al.,
2004; Boirivant et al., 1999; Levine and Fioccli2).

The defective response of IL to apoptosis may tde®, in part, to altered levels
of apoptotic proteins. In support of this are tbkofving observations in T cells isolated

from IBD patients: 1) increased Bcl-2/Bax ratiosglet al., 1999) and 2) decreased

168



concentrations of the pro-apoptotic protein Barl(let al., 2001). The manipulation of
these proteins may lead to increased apoptosigpassible alleviation of (or reduction
in) the extent of inflammation. In the presentei@sh, bLf fed mice had decreased levels
of the anti-apoptotic protein Bcl-2 with no changdevels of the pro-apoptotic protein
Bax. This finding suggests that the Bcl-2/Bax radecreases with bLf exposure and,
further, that this dietary protein potentially |lsado increased mitochondrial outer
membrane permeability (MOMP) and activation of #p®ptotic machinery. In support
of the observation that bLf may alter MOMP is tlweding that dietary bLf increased
cytoplasmic protein levels of cytochrome c. Thistpin is located on the mitochondrial
inner membrane and once in the cytoplasm is vitahé formation of the apoptosome
which activates caspase 3 (Adams and Cory, 2008sd observations coupled with the
observed increase in Annexin V expression (whictdsito phosphatidylserine) with bLf
administration indicate that apoptotic death ofnflay occur and that this is through
mitochondrial associated pathways. A similar effeeis noted by Mader et al. (2005;
2007) who demonstrated that Jurkat T cells incubatiéh bLfcin had reduced levels of
Bcl-2 and increased concentrations of cytochronand caspase 3. Collectively, these
results imply that bLf modification of the mitochdnnal anti-apoptotic protein Bcl-2 may
be one mechanism by which mouse IL death is proanote

Given the numerous proteins capable of regulatingainondrial outer membrane
permeability (e.g., Bcl-X Bak, Bad...etc) (Youle and Strasser, 2008) a dseckéevel
of Bcl-2 does not represent the only mechanism Iychv mitochondrial membrane
permeability will be altered. Nevertheless, sevénakstigators have demonstrated the

important and central role of Bcl-2 in the reguwatiof apoptosis. In mice with over-
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expression of Bcl-2, and following cecal ligationdapuncture, the following findings
were noted: 1) decreased intestinal epithelial epibptosis and reduced caspase 3
concentrations that correlated with enhanced sah(@oopersmith et al., 2002) and 2)
enhanced lymphocyte survival in the spleen and tlsythat increased survival rates of
the mice (Hotchkiss et al., 1999). Conversely, ceduBcl-2 concentrations induced by
missense RNA resulted in increased apoptosis dfigasncer cells (Hao et al., 2007).
Therefore, although anti-apoptotic Bcl-2 is not tdmdy protein involved in the regulation
of apoptosis, increased levels of Bcl-2 are assediaith less cell death and decreased
concentrations are associated with greater cethd@&us, the ability of bLf to decrease
Bcl-2 may be an important mechanism of regulatlngpoptosis.

The finding that bLf affected apoptotic proteindawour apoptotic cell death was
not, however, associated with reductions in molsaumbers. This is contrary to the
original hypothesis that bLf would induce apoptosisactivated IL and thus offer
intestinal protection during inflammation. It isnipting to speculate, that the inability of
bLf to reduce IL numbers during inflammation wasasated with the inability of bLf to
protect the intestinal mucosa. However, that reducenumbers were not observed with
bLf treatment may be explained by the findings thiat did not increase IL levels of
caspase 3, the primary executioner caspase. @renreased protein levels of Bcl-2 and
increased cytochrome c protein levels with bLf deppentation, the inability of bLf to
reduce IL numbers may reflect the time of tissua@ang; alterations in mitochondrial
membrane permeability may have not yet resultethenactivation of caspase 3. In fact,
the kinetics of apoptosis is such that alterationgnitochondrial permeability occur

upstream and prior to caspase activation (Huppsrtal, 1999). Thus, the kinetics of
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apoptosis and the cross-sectional nature of ttpgr@xent may explain the lack of both

increased caspase 3 protein levels and reducednibers.

8.5. Dietary bLf, Mucosal Protection, and Clinicallmplications

During or following periods of intestinal inflamma, therapeutic interventions
should result in alleviation of disease symptomsd #me restoration of homeostasis.
Whether in patients with IBD, or in athletes sufigr from gastrointestinal distress,
successful recovery from tissue damage would irechaghair of the intestinal epithelium
and the restoration of the epithelial barrier fumtt To evaluate whether the alterations
in IL apoptosis or inflammatory cytokine levelslaing bLf treatment resulted in direct
mucosal protection intestinal histology was examine Treatment with DSS was
associated with severe intestinal inflammation ab@@rized by the occurrence of several
disease indicators (shortened intestinal lengttestmal bleeding and decreased body
weight at sacrifice). Mice supplemented with bLfiehed diets showed no alleviation of
these disease symptoms; moreover, bLf did not ptelz&sS-induced mucosal tissue
damage or the recruitment of immune cells to the@seantestinal mucosa. The inability
of bLf to protect the mucosa may be related toaerwhelming stress induced by DSS.
Indeed, DSS has been associated with several tadtesafollowing treatment which
include direct cell cytotoxicity (Cooper et al., 93, alteration in bacterial microflora
(Okayasu et al., 1990) and upregulation of adhesiofecules that favour lymphocyte
recruitment (Ni et al., 1996). It is also possithlat the lack of effects of bLf in this DSS
model is related to the mode of DSS induced IL lleaklthough apoptotic death of IL

following DSS treatment was observed, death wagigménately characterized as
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necrotic. If bLf affects IL death through the mibtmndrial pathway of apoptosis, as
suggested by the findings of this research andbye of Mader et al. (2005; 2007), than
the modifying effects of bLf on apoptosis would &alttle impact on DSS induced

necrotic death.

Numerous studies have shown that inflammation ptesmand accelerates the
formation of aberrant crypts (AC) and colonic tunms(lranaka et al., 2001; Onose et al.,
2003). Mice were subjected to tumour initiation ge(i.e., AOM injection) and then
exposed to DSS in an attempt to mimic inflammatksna promoter of tumourigenesis.
The findings of this research demonstrate thatdiadlfnot prevent or reduce the formation
of AC nor did it attenuate the DSS-induced increms&C numbers. The lack of bLf
effect was most likely related to the inability tfis dietary protein to significantly
influence DSS-induced alterations and thus nothatite the detrimental physiological
consequences of inflammation (i.e., tissue damage).

Dietary bLf, which has been shown to reduce T&yANF«B and Bcl-2 and
increase cytochrome c, may thus have limited gbiid significantly influence the
intestinal immune system during periods of seveféainmatory stress. The clinical
importance of these findings are that dietary baif,least in the concentration and
duration provided in this thesis research, maybeuseful in the treatment of IBD or
colon carcinogenesis. Dietary bLf may also not bifigent as a supplement to prevent
the gastrointestinal distress associated with stes exercise. The administration of 5%
DSS for 4 days in drinking water resulted in sevatestinal damage and may represent
an extreme sequelae of inflammation. The inabibitydietary bLf to impart mucosal

protection during this process is suggestive thatould offer little protection in either
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exercise induced gastrointestinal distress or m hlapsing and remitting bouts of
intestinal inflammation associated with IBD. Theref, given the results of this study it
would not be recommended that bLf be used as aleamppt for athletes experiencing
bowel distress or in those suffering from IBD. Howe clearly these suggestions would
need to be tested empirically both in a clinicgbylation and experimentally.

Athletes are known to supplement their diets to rowp performance and
potentially prevent against the onset of the gasstinal distress that accompanies
exercise. Froiland et al. (2004) reported 89% ofiddon 1 athletes used supplements of
which 12.6% used whey protein. Whey proteins haenlfound to increase lean muscle
mass and strength compared to placebo controlaimmahs (Candow et al., 2006) and
elevated lymphocyte glutathione concentrations ianteased peak power during a 30s
isokinetic cycling sprint (Lands et al., 1999). tiidugh the benefits of whey protein
ingestion are noted there is a paucity of dateherdirect effects of bovine lactoferrin on
the bowel distress associated with exercise. Tiseegidence, however; that exogenous
administration of bovine colostrum (BC), which iket first milk produced after
parturition, can impart beneficial inmune modulgteffects in athletes. Crooks et al.
(2005) showed increased IgA concentrations in Hlea of distance runners following
supplementation with BC. In trained cyclists contipig a high intensity exercise
regimen, the exercise associated reductions inrsé&vels of IgG were attenuated with
BC treatment; decreased incidence of upper respyrdtact illness were also reported
(Shing et al., 2007). Supplementation with othestaty components has also been
shown to influence immune function in athletes. maistration of quercetin, a dietary

flavanoid, did not influence pro-inflammatory meessidirectly in muscle but did reduce
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post exercise plasma levels of IL-8 (pro-inflammmgtand IL-10 (anti-inflammatory) in
trained cyclists following 3 consecutive days ohauvstive exercise (57% of maximal
work rate) (Nieman et al.,, 2007a); decreased imuedeof upper respiratory tract
infections with quercetin supplementation have dis®n observed (Nieman et al.,
2007b). Collectively, these studies demonstrate atengial for nutritional
supplementation in improving the health of athléteeugh the modulation of immune
function. Whether the immune effects of dietaryf lmbserved in this research are
associated with improved health in athletes, howewequires further clinical
examination.

An overall effect of bLf in providing intestinal raasal protection during DSS
treatment, or the carcinogenesis process was regredd, nonetheless bLf had modest
activity on cytokines and apoptotic proteins andSD&s originally hypothesized. As
presented in Figure 2.3, the original hypothesis wat addition of bLf during an
inflammatory state would shift the cytokine milikom a Tyl to a 2 environment and
would induce apoptosis of activated IL. Althougkvdls of IL-10 were not affected, the
observed decrease in TNfdoes support a role for dietary bLf in promoting anti-
inflammatory cytokine environment. In addition, tdiey bLf was shown to significantly
decrease levels of the anti-apoptotic protein BaR2 increase cytochrome c levels in
mouse IL. These changes in apoptotic protein lesetgest an increased potential for
bLf to cause IL apoptosis. Thus, Figure 2.3 hasibredified to reflect the findings of
this research and is presented below as FigurélBelimportant changes are highlighted
in the figure and figure legend. The legend haslausted as follows: apoptotic IEL

has been changed to IEL with increased likelihamdafpoptosis and apoptotic LPL has
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been changed to LPL with increased likelihood fpogosis. In addition, since dietary
bLf reduced TNFe and had no effect on IL-10 the legend labg? Tytokines has been

replaced with reducedyL cytokines.

Legend for Figure 8.1.

@Intraepithelial lymphocyte @Activated intraepithelial lymphocyte

Epithelial cell @ Intraepithelial lymphocyte with increased
® likelihood for apoptosis

(W
Damaged epithelial cell ‘ﬁ}"t& Dendritic cell

Activated lamina propria @ Lamina propria lymphocyte with increased
lymphocyte likelihood for apoptosis

@ Macrophage Activated Macrophage
@ Neutrophil %é Commensal bacteria

° .
N Tyl Cytokines ’.03 Reduced T1 Cytokines
Bovine lactoferrin
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Figure 8.1: Schematic outlining the effects of dietary bLf adisiration during
inflammatory stress.

8.6. Limitations

There are limitations to the research describethis thesis. These include, the
nature of the data obtained from Western blottixchhiques, the quantification of few
apoptotic proteins and cytokines, the small nundfetime points analyzed, the use of
mice, the small variations in dose and duratiobldftreatments tested, the small sample
size and the limited number of inflammatory markguantified.

Firstly, the technique of Western blotting allowsr fprotein levels to be
determined relative to experimental controls. Thiisis not a definitive method of
guantifying actual cellular protein concentrationsurthermore, Western blotting does
not quantify levels of messenger RNA (MRNA); ashsuhis technique does not provide

information regarding gene expression. Neverthel@sgeins and not mRNA participate
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directly in cellular functions and thus protein® anore relevant in the assessment of
biological activity.

Second, apoptosis is controlled and regulated byerak proteins. The
experiments of this thesis quantified only certaicators of apoptosis (caspase 3, Bcl-
2, Bax, cytochrome c, externalization of phosphydsietine via Annexin V) in mouse
IL. Inclusion of other apoptotic proteins couldvegrovided additional information. For
example, measuring caspase 8, caspase 9 or cdspasay have provided insight as to
whether apoptosis was carried out by the extrinstansic or the endoplasmic reticulum
pathway, respectively (Hoffman-Goetz et al. 200Bx such, better inferences would be
made about the mode of apoptotic death. Howeveengihe central role of caspase 3 in
the execution of many apoptotic pathways (i.exinsic and extrinsic pathways), the
importance of Bcl-2 and cytochrome ¢ in mitochoabassociated apoptosis (van Loo et
al., 2002) and the importance of phosphatidylsegxtrnalization in the signaling of
apoptotic death (Vermes et al., 1995), the markeesl in this research are valuable in
the overall assessment of apoptosis.

Third, there are many cytokines involved in intestiinflammation, such as IL-7
and IL-4, which are g2 cytokines and IFNs IL-13 and IL-8, which are J1 cytokines
(Papadakis and Targan, 2000). Furthermore, thendzthi nature of the cytokine network
implies that more than one cytokine can performadiqular function (Goldsby et al.,
2003). For example, ILfLis similar to TNFe in that it imparts comparable cellular
functions such as activation of macrophages, uptatign of adhesion molecules and
increasing vascular permeability and is also imgdrtin IBD pathogenesis (Neuman,

2007). The quantification of additional cytokinesitd have provided further information
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into the potential immunomodulatory nature of digtalLf. However; IL-10 and TNFe
are important cytokines that are central to evéimé$ occur in intestinal inflammation
(MacDermott, 1996; Williams, 2001). The importanct IL-10 was highlighted by
Lindsay et al. (2004) who demonstrated that DS8ded intestinal damage was reduced
upon IL-10 addition. The importance of TNFhas been demonstrated by several
investigators (Baert et al., 1999; van Dullemenakt 1995) who reported reduced
inflammation upon the addition of anti-TNF-antibodies. Therefore, the information
gained by examining the effects of bLf on IL-10 afdF-a, not only provides insight
into important immunomodulatory mechanisms butp dlsilds a solid framework for
future investigations.

Another potential limitation of this research wasttonly a limited number of
time points were analyzed during each experimeot. éxample, IL were isolated and
analyzed prior to and post DSS administration &nelet time points were analyzed in the
exercise study (prior to, immediately following, dar24 h post the acute exercise
protocol). Apoptosis is a kinetic process thatcpexls over several minutes or several
hours (Huppertz et al., 1999). The results preskhiere provide only cross-sectional
data of what may potentially be occurring. To oeene this limitation and obtain an
overall picture of any apoptotic pathway would itwe sampling at many time points
(i.e., 2h, 4h, 8h...etc post exercise or DSS). Howethe data presented in this research
provide a starting point for later experiments lo@ kinetics of apoptosis and bLf.

Given that this was a diet study, dose and duraifexposure play a large role in
determining the physiological response. Any madiions of these dietary parameters

could thus affect the degree of this response. iMgrthe concentration (i.e., higher or
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lower doses) of bLf or increasing the exposure tooeld have resulted in more drastic
(or more subtle) alterations in apoptotic and/oflammatory cytokine levels.
Nevertheless, the results build upon previous wehkch demonstrated that 2.0% bLf
protected against AOM induced aberrant crypt foroma{Sekine et al., 1997a; 1997hb)
and also provide a solid framework for future sésdnvolving dietary bLf and intestinal
inflammation.

Another potential limitation of this research wake small number of
inflammatory measures. A common method of measurinjgmmation is the
guantification of myeloperoxidase (MPO), an enzylowated within neutrophils. Since
neutrophils are the first cell to the site of igjuthey are frequently measured as
indicators of inflammation (Lu et al., 2006). Limtt amount of intestinal tissue
prevented the use of MPO analysis in determinintanmmation. Another common
method of measuring inflammation is quantifyinggolea levels of C-reactive protein.
However, since this would not have measured inflatron directly within the intestine
this method was not performed. Therefore, the usem H&E stain (a common
histological stain) allowed for measures of inflaation directly within the intestine
using small amounts of tissue and was also abdmatyze, to some degree, the extent of
neutrophil infiltration. Although, this was the someasure of inflammation it provides
important and relevant information.

Given the low sample size (i.e., between 9-16 mpex group in these
experiments) there is a potential limitation regagdstatistical power. Power is defined
as the probability that the statistical test wéject a false null hypothesis (Blair and

Taylor, 2008). Two factors that largely determinatistical power are sample size and
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level of significance (Blair and Taylor, 2008). @ivthe constant level of significance
established at the onset of the experimant.05) the main factor influencing statistical
power in these experiments is sample size. Thukdrstatistical analysis performed in
this thesis it is possible that the values whicphrapched significance (e.g., bLf effects
onTNF- in experiment 3: p=0.10 or bLf effects on cell nbin experiment 2: p=0.06)
could have been considered significant if the samgike, and thus power, were
increased. However, the sample size was calculzdedd on several factors including:
power (at 80%), level of significance40.05) and estimated mean difference (based on
previous experimental data). In addition, time aundgetary constraints limit the ability
of increasing sample size to values much greater 6 mice per group. Therefore, the
statistical analysis performed on the experimesddh provides both relevant and reliable
interpretations.

Finally, the use of mice as an experimental mba@sl its own limitations since it
is not a given that similar treatment effects wouolttur in humans or other animal
species. A major advantage of using a single inbmedse strain (C57BL/6) is the small
genetic variability between animals (Festing, 19%8)wever, the results obtained in this
thesis research are limited in generalizabilityew@n other inbred mouse strains. Melgar
et al. (2005) noted that when subjected to sinatamcentrations and durations of DSS
exposure C57BL/6 mice had more severe intestimabg@ and increased disease activity
scores compared to Balb/c mice. Although the re&sothis difference is not known, it
was suggested that the C57 strain was more susleefuii DSS-induced cellular damage

and thus resulted in greater inflammation. Theesfarhether the effects of dietary bLf
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would occur similarly in other mouse strains is kiobwn; generalizations to humans are

even more problematic.

8.7. Future Research

Apart from the quantification of additional apoftcand cytokine proteins future
studies could involve modifications of both the e regimen and the DSS protocol.
The altered exercise regimen might involve higherknintensities and longer durations
in an attempt to induce observable intestinal sunat alterations. This may allow for
greater inferences to be made into the potent@laisLf as a supplement for athletes
who experience gastrointestinal distress followisigenuous exercise. Conversely,
alterations in the DSS protocol would include dasieg the concentration of DSS (For
example, from 5% to 3%) or reducing the exposure t{For example, from 4 to 3 days)
in an attempt to lessen the degree of inflammattznpage. Additional studies would
include increasing the dose and duration of dietdrly administration to determine if
varying exposures would influence apoptotic andlamfnatory cytokine levels
sufficiently to provide intestinal protection. Rily, future research could focus on
determining the mechanism by which bLf reduces TNBrd NKB. This may be
achieved by examining if bLf affects: 1) the DNAnding activity of NkB, 2) the

binding of TNFe to the TNFR, or 3) levels of the inhibitoryB protein.
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8.8. Conclusions

In conclusion, the results presented in this thessearch show that 2.0% bovine
lactoferrin provided in the diet to mice reduces kbvels of TNFe and NkB in mouse
IL following DSS and AE challenge. The repeated tboof acute exercise protocol
resulted in oxidative stress, increased cellulaptide responses (HSP 70), and increased
host compensatory mechanisms (IL-10), but did nduce intestinal inflammation; DSS
treatment in contrast, was effective at causingeewntestinal inflammation. Overall,
dietary bLf treatment was associated with mousagbptosis evident through increased
expression of phosphatidylserine on the exterradldeof the IL membrane (as measured
by Annexin V-FITC binding), increased levels of cytochrome d aecreased levels of
the anti-apoptotic protein Bcl-2. Bovine lactofarrinduced modifications in both
cytokine and apoptotic protein levels in mouse Mt llid not protect the intestinal
mucosa from DSS induced alterations. Moreover, wAénor DSS were applied as
potential promoters of colon carcinogenesis (pest AOM injection), dietary bLf did
not prevent the formation of aberrant crypts nar itliprevent the DSS-induced increase
in aberrant crypts. Therefore, dietary bovined&atin results in only limited changes in
cytokines to favour anti-inflammatory responsesj apoptotic proteins to favour pro-
apoptotic events. Moreover, these modificationsxdbappear to contribute to the direct
mucosal protection against inflammation or inflantiora as a promoter of colon
carcinogenesis. However, the experimental designmoahave been powerful enough to
detect a dietary effect given the small sample s&sted. Thus further research, with
greater mice per group, would be required to fdiyermine whether bLf can protect the

intestine during inflammation. Nevertheless, at ttime the use of dietary bLf in the
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treatment of inflammatory bowel diseases, or asupplement to athletes is not
recommended. Yet the results from these experimargspromising and offer some
optimism that the anti-inflammatory effects maydo@sidered in the array of clinical and

experimental strategies to reduce the detrimefffiatts of intestinal inflammation.
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Appendix | - List of Abbreviations
8-is0-PGFE, — 8-iso Prostaglandiny§-

24 h POST - sacrifice 24 hours following cessatibthe final exercise bout
AC — aberrant crypts

ACF — aberrant crypt foci

ACTH - adrenocorticotropic hormone
AE — acute exercise

AIF — apoptosis inducing factor

ANN — annexin

ANOVA - analysis of variance

AOM - azoxymethane

APAF-1 — apoptotic protease activating factor-1
ATP — adenosine triphosphate

AU — arbitrary densitometric units

BC — bovine colostrum

bLf — bovine lactoferrin

CAR — carrageenan

CD — Crohn's Disease

CDC - chenodeoxycholic acid

CORT - corticosterone

CTL — control

d — days

DC — dendritic cells
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DFF — DNA fragmentation factor
DMH - 1,2-dimethylhydrazine
DNA — deoxyribonucleic acid
DSS - dextran sulfate sodium
endo G — endonuclease G

EC — epithelial cell

EIA — enzyme immunoassay

ER — endoplasmic reticulum

Fas L — Fas ligand

FITC — fluorescein isothiocyanate
GALT — gut associated lymphoid tissue
GC - glucocorticoids

GSH - glutathione

GSSG - oxidized glutathione

h — hours

hLf — human lactoferrin

H & E — hematoxylin and eosin
HSP — heat shock protein

Ilg — immunoglobulin

IBD — inflammatory bowel disease
IEC — intestinal epithelial cells
IEL — intraepithelial lymphocytes

IFN-y — interferony
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IKK B — | kappaB kinase

IL- — interleukin

IL — intestinal lymphocytes

IMM — sacrifice immediately after the final exereibout
IR — ischemia reperfusion

Lf — lactoferrin

Lfcin — lactoferricin

LP — lamina propria

LPL — lamina propria lymphocytes

LPS — lipopolysaccharide

MRNA - messenger RNA

mbTNF-o — membrane bound protein

MLN — mesenteric lymph nodes

MMP — mitochondrial membrane permeability
MOMP — mitochondrial outer membrane permeability
MPO — myeloperoxidase

NF«B — nuclear factok B

NK — natural killer cells

NSAID — non-steroidal anti-inflammatory drug
PBL — peripheral blood lymphocytes

PE — phycoerythrin

Pl — propidium iodide

PMSF — phenylmethylsulfonyl fluoride
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PP — Peyer’s patches

PVDF — polyvinylidene fluoride

RNA - ribonucleic acid

ROS - reactive oxygen species

SDS - sodium dodecyl sulfate

SED - sedentary mice

SEM — standard error of the mean
SMA — superior mesenteric artery

SOD - superoxide dismutase

tBid — truncated Bid protein

TBST — tris-buffered saline tween

TCR — T-cell receptor

TF — transcription factor

TNBS - trinitrobenzenesulfonic acid
TNF-o — soluble tumor necrosis factar-
TNFR — tumor necrosis factor receptor
TRADD — TNFR associated death domain
TRAF — TNF receptor associated factor

UC — ulcerative colitis
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Appendix Il - Strenuous Exercise Assessment

Mice were run on a treadmill according to a protamutlined by Hoffman-Goetz
and Quadrilatero (2003) which demonstrated incitasddative stress and elevated
plasma levels of the stress hormone corticosterdres published protocol consisted of
a 10 min warm-up followed by a single session ofiti of continuous exercise (30 min
at 22 mmin™, 2°slope; 30 min at 25 min, 2°slope; 30 min at 28 min*, 2°slope) and
a 5 min deceleration period. Oxygen consumptione&(VQ max) when performed at a
0° slope were 68%, 74% and 80% at 22nim’; 25 mmin™; 28 mmin™, respectively
(Quadrilatero and Hoffman-Goetz, 2005). The incedaslope (2 slope) and the repeated
administration of this protocol (3 bouts separdigd®4 h rest periods) would further add
to the work intensity required by the mice to coetelthe exercise regimen. Furthermore,
toward the completion of the exercise bouts, theemnequired encouragement to run and
this was achieved by gentle prodding with a nylamsh. In no instance was a mouse able
to complete the entire exercise regimen (i.ethme bouts) without this encouragement.
Therefore, it is suggested that the exercise pobtosed in this research was at a

strenuous level for the mice.
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Appendix Il - Lactoferrin Absorption

Methods
Mice were sacrificed by sodium pentobarbital (00088 ml) overdose. Blood

was collected immediately by cardiac puncture mtb ml syringe containing 0.08ml of
heparin. Plasma was obtained following centrifuaiié min, 1506) and frozen at -20

°C for Lf analysis. Bovine Lf was analyzed in plassamples using a commercially
available ELISA kit (Bethyl Laboratories, Montgomefrexas, USA) according to the
manufacturer's protocol. The reported sensitiwty the kit was from 7.8ng/ml to

500ng/ml. Blood hemoglobin was analyzed by a cdihioceterinary laboratory

(University of Guelph) with an Advia 120 Hematologpalyzer.

Results
Blood hemoglobin (Hg) and red blood cell countsewveot significantly affected
by the dietary lactoferrin condition (Table Al).oBne lactoferrin was not detected in

plasma samples.

Table Al: Analysis of blood from mice receiving 0%, 0.2%,200% bovine lactoferrin.

Group | RBC (10')/L | Hemoglobin (Hg) (g/L)

0 % bLf 8.4+0.1 136.4+1.2
0.2 % bLf 8.7+0.5 1345+7.9
2.0% bLf 8.1+0.2 133.0+2.5

216



Discussion

To exclude the possibility that lactoferrin, annideinding protein, induces anemia
(i.e., iron deficiency) the blood concentration lefmoglobin (Hg) was measured. Hg
concentrations are commonly used to detect anemdavalues less than 110 g/L indicate
iron deficiency (Hernell and Lonnerdal, 2002). @t bLf did not alter Hg
concentrations in the blood compared to controlsdid it reduce Hg values below the
lower limit. That bLf did not induce anemia is slamito other observations involving
bLf. For example, Paesano et al. (2006) reporteceased Hg concentrations in pregnant
women following bLf supplementation. Hernell and nberdal (2002) showed that
formula fortified with bLf did not influence Hg leds in infants. Therefore, the findings
of this study suggest that dietary bLf does notltes a state of iron deficiency.

In agreement with other investigators (Kuhara et 2000; Wang et al., 2000;
Wakabayshi et al., 2004), plasma bLf was not deteasing an ELISA technique. It is
possible that the commercially available ELISA utstked the sensitivity to detect bLf
at very low concentrations (i.e., the floor for efg#ton using the ELISA kit was 7.8
ng/ml). However, Wakabayashi et al. (2004) usimgae sensitive SELDI affinity mass
spectroscopy technique (which is sensitive at pgnadhcentrations) were also unable to
detect Lf or its fragments in the portal blood affsrfollowing oral administration through
drinking water. Digestion of bLf results in funatial fragments such as bovine Lfcin and
these are detectable in the feces of rats at prietals (Kuwata et al., 2001). Bovine Lf
survives gastric transit within humans and is etedten the feces (Troost et al., 2001).
Given equipment and time constraints, fecal bLf was quantified. Collectively, these

results imply that orally administered bLf may exiés function on cells directly in the
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gastrointestinal tract and may not be taken up itite circulation in detectable
concentrations. In support of this suggestion e fibllowing evidence: First, Lf was
absorbed by villous columnar epithelial cells, noptrages, intraepithelial lymphocytes
and lamina propria lymphocytes throughout the pital intestine; bLf was detected
within the cytoplasm of exfoliating, apoptotic dytial cells (Kitagawa et al., 2003).
Second, CaCo-2 intestinal epithelial cells tookblp in vitro with highest concentration
near the nucleus (Ashida et al., 2004); receptordaictoferrin have been identified on
numerous mammalian immune cells including neutdspfberiy et al., 2000) and
lymphocytes (Mazurier et al., 1989). Taken togetha&f may not enter into the

circulation but may exert its functionality directlithin the gastrointestinal tract.
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Appendix IV - Representative Flow Diagrams

Intestinal lymphocytes incubated with CD45-FITCibody
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Intestinal lymphocytes incubated with CD45-FITCibotly (gated for CD45cells only)
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Annexin V' - FITC

Intestinal lymphocytes incubated with Annexin-FI&@d Propidium lodide (PI) (gated
for CD45 cells only)
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CD4-PE

Intestinal lymphocytes incubated with Annexin-FI&ad CD4-PE (gated for CD45
cells only)
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Intestinal lymphocytes incubated with Annexin-FI&ad CD8-PE (gated for CD45
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Appendix V - Representative Statistics

Chapter 3:
Descriptives
CD4TOTAL
95% Confidence Interval for
Mean

N Mean Std. Deviation | Std. Error | Lower Bound [ Upper Bound | Minimum | Maximum
Control (0%bLf) 16 8.9350 2.34441 .58610 7.6858 10.1842 3.82 13.62
0.2% bLf 16 12.2756 3.33230 .83308 10.5000 14.0513 4.69 17.60
2.0%bLf 15 12.0093 4.62612 1.19446 9.4475 14.5712 6.46 21.70
Total 47 11.0534 3.78220 .55169 9.9429 12.1639 3.82 21.70

ANOVA
CDATOTAL
Sum of
Squares df Mean Square F Sig.
Between Groups 109.410 2 54.705 4.387 .018
Within Groups 548.621 44 12.469
Total 658.031 46
Post Hoc Tests
Multiple Comparisons
Dependent Variable: CDATOTAL
Tukey HSD
Mean
Difference 95% Confidence Interval

(I) TreamentGrop  (J) TreamentGrop (1-J) Std. Error Sig. Lower Bound | Upper Bound
Control (0%DbLf) 0.2% bLf -3.34063* 1.24843 .028 -6.3687 -.3126

2.0%bLf -3.07433" 1.26907 .050 -6.1524 .0038
0.2% bLf Control (0%bLf) 3.34063* 1.24843 .028 .3126 6.3687

2.0%bLf .26629 1.26907 .976 -2.8118 3.3444
2.0%bLf Control (0%bLf) 3.07433"| 1.26907 .050 -.0038 6.1524

0.2% bLf -.26629 1.26907 .976 -3.3444 2.8118

*. The mean difference is significant at the .05 level.
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Chapter 4:

Univariate Analysis of Variance

Between-Subjects Factors

Value Label N
Exercise 1.00 SED 20
2.00 | IMM 30
3.00 24 h POST 19
Diet 1.00 nobLf 34
2.00 bLf 35

Descriptive Statistics

Dependent Variable: Concentration Prostanes

Exercise Diet Mean Std. Deviation N
SED nobLf | 276.1992 219.70437 9
bLf 352.4027 565.97211 11
Total 318.1111 436.38159 20
IMM nobLf 989.6181 809.34655 16
bLf 704.2003 576.66223 14
Total 856.4231 713.34323 30
24 h POST nobLf |1107.2790 657.46070 9
bLf 949.6043 649.35771 10
Total |1024.2923 639.91274 19
Total nobLf | 831.9174 728.83379 34
bLf 663.7508 623.73607 35
Total 746.6155 677.85206 69

Tests of Between-Subjects Effects

Dependent Variable: Concentration Prostanes

Type Il Sum
Source of Squares df Mean Square F Sig.
Corrected Model | 6253803.6562 5 | 1250760.731 3.153 .013
Intercept 35057039.1 1 | 35057039.12 88.375 .000
Exercise 5505140.667 2 | 2752570.334 6.939 .002
Diet 246056.335 1 246056.335 .620 434
Exercise * Diet 390180.104 2 195090.052 492 .614
Error 24991068.6 63 396683.628
Total 69707867.3 69
Corrected Total 31244872.2 68

a. R Squared = .200 (Adjusted R Squared = .137)
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Post Hoc Tests

Multiple Comparisons

Dependent Variable: Concentration_Prostanes

Tukey HSD
Mean
Difference 95% Confidence Interval
(I) Exercise  (J) Exercise (I-J) Std. Error Sig. Lower Bound | Upper Bound
SED IMM -538.3120* | 181.81576 .012 -974.7290 -101.8950
24 h POST -706.1812* | 201.77281 .002 -1190.5017 -221.8608
IMM SED 538.3120* | 181.81576 .012 101.8950 974.7290
24 h POST -167.8692 | 184.66422 .637 -611.1235 275.3850
24hPOST SED 706.1812* | 201.77281 .002 221.8608 1190.5017
IMM 167.8692 | 184.66422 .637 -275.3850 611.1235
Based on observed means.
*. The mean difference is significant at the .05 level.
Univariate Analysis of Variance
Between-Subjects Factors
Value Label N
Diet 1.00 nobLf 42
2.00 | bLf 37
Exercise 1.00 SED 29
2.00 IMM 30
3.00 | 24hPOST 20
Descriptive Statistics
Dependent Variable: Concentration CORT
Diet Exercise Mean Std. Deviation
nobLf SED 416.2117 125.10021 14
IMM 582.1376 151.18207 16
24 h POST | 394.6887 95.31805 12
Total 473.2721 152.66300 42
bLf SED 346.7116 110.64841 15
IMM 456.6523 58.41417 14
24 h POST | 394.4464 114.59654 8
Total 398.6318 104.80052 37
Total SED 380.2634 120.98282 29
IMM 523.5778 131.93172 30
24 h POST | 394.5918 100.49030 20
Total 438.3140 136.83834 79
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Dependent Variable: Concentration CORT

Tests of Between-Subjects Effects

Type 1l Sum
Source of Squares df Mean Square F Sig.
Corrected Model 506608.7072 5 101321.741 7.754 .000
Intercept 13973966.1 1 | 13973966.07 | 1069.376 .000
Diet 79344.814 1 79344.814 6.072 .016
Exercise 326658.781 2 163329.391 12.499 .000
Diet * Exercise 46051.486 2 23025.743 1.762 179
Error 953920.282 73 13067.401
Total 16637942.8 79
Corrected Total 1460528.989 78

a. R Squared = .347 (Adjusted R Squared = .302)

Post Hoc Tests

Multiple Comparisons

Dependent Variable: Concentration_CORT

Tukey HSD
Mean
Difference 95% Confidence Interval
(1) Exercise  (J) Exercise (1-J) Std. Error Sig. Lower Bound | Upper Bound
SED IMM -143.3144*| 29.76878 .000 -214.5343 -72.0945
24 h POST -14.3284 | 33.22605 .903 -93.8195 65.1628
IMM SED 143.3144* | 29.76878 .000 72.0945 214.5343
24 h POST 128.9860* | 32.99924 .001 50.0375 207.9346
24hPOST SED 14.3284 | 33.22605 .903 -65.1628 93.8195
IMM -128.9860* | 32.99924 .001 -207.9346 -50.0375

Based on observed means.

*. The mean difference is significant at the .05 level.
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Chapter 5

Univariate Analysis of Variance

Between-Subjects Factors

Value Label N
bLf 1.00 no bLf 14
2.00 bLf 17
DSS 1.00 no DSS 16
2.00 DSS 15

Descriptive Statistics

Dependent Variable: PIposANNneg

bLf DSS Mean Std. Deviation N

no bLf no DSS 1.0700 .79676 8
DSS 7.8083 7.38459 6
Total 3.9579 5.76981 14

bLf no DSS 4.5588 6.01833 8
DSS 9.7478 7.25474 9
Total 7.3059 7.02065 17

Total no DSS 2.8144 4.52159 16
DSS 8.9720 7.10760 15
Total 5.7939 6.60169 31

Dependent Variable: PIposANNne

Tests of Between-Subjects Effects

Type lll Sum
Source of Squares df Mean Square F Sig.
Corrected Model 355.7732 3 118.591 3.364 .033
Intercept 1018.493 1 1018.493 28.895 .000
bLf 55.829 1 55.829 1.584 .219
DSS 269.549 1 269.549 7.647 .010
bLf* DSS 4,548 1 4,548 .129 722
Error 951.698 27 35.248
Total 2348.108 31
Corrected Total 1307.470 30

a. R Squared = .272 (Adjusted R Squared = .191)
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Univariate Analysis of Variance

Between-Subjects Factors

Value Label N
bLf 1.00 no bLf 14
2.00 bLf 17
DSS 1.00 no DSS 16
2.00 DSS 15

Descriptive Statistics

Dependent Variable: PIposANNpos

bLf DSS Mean Std. Deviation N

no bLf no DSS 6.4113 2.77754 8
DSS 10.8700 6.31493 6
Total 8.3221 4.97344 14

bLf no DSS 9.0975 3.24910 8
DSS 14.2122 9.68934 9
Total 11.8053 7.64755 17

Total no DSS 7.7544 3.23279 16
DSS 12.8753 8.41203 15
Total 10.2323 6.70935 31

Dependent Variable: PIposANNpos

Tests of Between-Subjects Effects

Type Il Sum
Source of Squares df Mean Square F Sig.
Corrected Model 272.1042 3 90.701 2.271 .103
Intercept 3121.820 1 3121.820 78.164 .000
bLf 68.859 1 68.859 1.724 .200
DSS 173.655 1 173.655 4.348 .047
bLf * DSS .815 1 .815 .020 .887
Error 1078.358 27 39.939
Total 4596.133 31
Corrected Total 1350.461 30

a. R Squared =.201 (Adjusted R Squared = .113)
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Chapter 6

Univariate Analysis of Variance

Between-Subjects Factors

Value Label N
Diet 1.00 no bLf 32
2.00 bLf 31
Exercise 1.00 SED 20
2.00 IMM 18
3.00 24 h Post 25

Descriptive Statistics

Dependent Variable: CytC

Diet Exercise Mean Std. Deviation N
no bLf SED .6750 44335 10

IMM .6451 .25265 9

24 h Post .5995 40551 13

Total .6359 .37184 32
bLf SED .8902 .65189 10

IMM 14910 .30059 9

24 h Post 7641 57735 12

Total .7255 54766 31
Total SED 7826 .55370 20

IMM .5681 .28079 18

24 h Post .6785 49198 25

Total .6800 .46508 63

Tests of Between-Subjects Effects
Dependent Variable: CytC
Type lll Sum

Source of Squares df Mean Square F Sig.
Corrected Model .9432 5 .189 .863 .512
Intercept 28.368 1 28.368 129.700 .000
Diet .087 1 .087 400 .530
Exercise 436 2 .218 .997 .375
Diet * Exercise .381 2 191 871 424
Error 12.467 57 219
Total 42.542 63
Corrected Total 13.410 62

a. R Squared = .070 (Adjusted R Squared = -.011)
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Post Hoc Tests

Dependent Variable: CytC

Multiple Comparisons

Tukey HSD
Mean
Difference 95% Confidence Interval
(1) Exercise  (J) Exercise (1-J) Std. Error Sig. Lower Bound | Upper Bound
SED IMM .2145 .15195 .342 -.1511 .5802
24 h Post .1040 .14030 740 -.2336 4417
IMM SED -.2145 .15195 .342 -.5802 1511
24 h Post -.1105 .14457 726 -.4584 .2374
24 h Post SED -.1040 .14030 740 -.4417 .2336
IMM .1105 .14457 726 -.2374 4584
Based on observed means.
Univariate Analysis of Variance
Between-Subjects Factors
Value Label N
Diet 1.00 no bLf 24
2.00 bLf 25
DSS 1.00 no DSS 26
2.00 DSS 23
Descriptive Statistics
Dependent Variable: CytC
Diet DSS Mean Std. Deviation
no bLf noDSS .2004 .13343 13
DSS 4707 .18183 11
Total .3243 .20638 24
bLf no DSS 4848 .26887 13
DSS 5623 .29919 12
Total .5220 .28060 25
Total no DSS .3426 .25353 26
DSS 5185 .24895 23
Total 4252 .26410 49
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Tests of Between-Subjects Effects

Dependent Variable: CytC

Type Il Sum
Source of Squares df Mean Square F Sig.
Corrected Model 9512 3 317 5.955 .002
Intercept 8.998 1 8.998 168.958 .000
Diet 431 1 431 8.091 .007
DSS .369 1 .369 6.923 .012
Diet * DSS 113 1 113 2.128 152
Error 2.396 45 .053
Total 12.205 49
Corrected Total 3.348 48

a. R Squared = .284 (Adjusted R Squared = .236)
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Chapter 7:

Univariate Analysis of Variance

Between-Subjects Factors

Value Label N
bLF 1.00 no bLf 18
2.00 bLf 19
Treat 1.00 SED 12
2.00 AE 14
3.00 DSS 11

Descriptive Statistics

Dependent Variable: AC

bLF Treat Mean Std. Deviation N

no bLf SED 40.1429 28.69627 7
AE 31.5714 15.02062 7
DSS 66.7500 3.40343 4
Total 42.7222 23.70854 18

bLf SED 25.0000 7.10634 5
AE 34.2857 14.98571 7
DSSs 67.1429 25.39966 7
Total 43.9474 25.42412 19

Total SED 33.8333 22.98550 12
AE 32.9286 14.48322 14
DSSs 67.0000 19.76360 11
Total 43.3514 24.26957 37

Tests of Between-Subjects Effects

Dependent Variable: AC

Type Il Sum

Source of Squares df Mean Square F Sig.
Corrected Model 9454.8252 5 1890.965 4.989 .002
Intercept 68696.165 1 68696.165 181.247 .000
bLF 141.819 1 141.819 .374 .545
Treat 8517.545 2 4258.773 11.236 .000
bLF * Treat 568.518 2 284.259 .750 481
Error 11749.607 31 379.020
Total 90740.000 37
Corrected Total 21204.432 36

a. R Squared = .446 (Adjusted R Squared = .357)
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Post Hoc Tests

Dependent Variable: AC

Multiple Comparisons

Tukey HSD
Mean
Difference 95% Confidence Interval
(I) Treat (J) Treat (I-J) Std. Error Sig. Lower Bound | Upper Bound
SED AE .9048 7.65884 .992 -17.9451 19.7546
DSS -33.1667*| 8.12658 .001 -53.1677 -13.1656
AE SED -.9048 7.65884 .992 -19.7546 17.9451
DSS -34.0714* | 7.84405 .000 -53.3771 -14.7657
DSS SED 33.1667*| 8.12658 .001 13.1656 53.1677
AE 34.0714* |  7.84405 .000 14.7657 53.3771

Based on observed means.

*. The mean difference is significant at the .05 level.
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