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ABSTRACT

To characterize the role of intestinal epithelial cells in mucosal host
defense, we have examined endogenous antioxidant reactivity and inflammatory
response in Caco-2 cell line exposed to oxidative stress. When differentiated
Caco-2 cells were incubated with iron/ascotbate for 1 to 24 hours, they
exhibited increased MDA levels and decreased polyunsaturated fatty acid
proportion in favor of saturated fatty acids.  These alterations were
accompanied with small alterations in membrane fluidity and permeability. The
oxidative stress did not induce changes in the antioxidant enzyme activity of
superoxide dismutase, catalase, glutathione peroxidase and glutathione
transferase, or in cellular glutathione content. However, iron/ascorbate-
mediated lipid peroxidation promoted IkB degradation and NF-xB activation,
as well as gave rise to interleukin-8, COX-2 and ICAM-1. These results support
the importance of oxidant/antioxidant balance in the epithelial cell

inflammatory response.

Key Words
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ICAM-1; COX-2; IL-8.
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SOMMAIRE

Afin de caractériser le role des cellules intestinales épithéliales dans les
mécanismes de défense de la muqueuse intestinale, nous avons vérifié la réponse
antioxydante endogéne et inflammatoire au stress oxydatif dans le modele
intestinal Caco-2. Une fois différenciées, les cellules Caco-2 en monocouche ont
été incubées avec le complexe fer/ascotbate durant des pétiodes de 1 a 24
heures. Elles affichérent une augmentation des taux de malondialdehyde et une
diminution de la proportion des acides gras polyinsaturés en faveur des acides
gras saturés. Ces altérations furent accompagnées de changements mineurs dans
la fluidité membranaire et la perméabilité cellulaire. De plus, la présence de
stress oxydatif a été incapable d’induire des changements dans Pactivité des
enzymes superoxyde dismutase, catalase, glutathion peroxidase et glutathion
transferase, ni dans les taux de glutathion cellulaire. Cependant, la péroxydation

induite par la présence du fer/ascorbate a déclenché la dégradation du IxB et

activation du facteur de transcription NF-kB, de méme qu’une augmentation
de IL-8, ICAM-1 et COX-2. Ces résultats soulignent 'importance de I’équilibre
oxydant/antioxydant dans la réponse inflammatoire des cellules intestinales

épithéliales.

Mots clés
Caco-2 ; stress oxydatif ; integrité cellulaire ; antioxydants endogenes ; NF-xB ;

ICAM-1; COX-2; IL-8.
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Chapter 1

Introduction to Crohn's Disease



1.1 DESCRIPTION OF CD

It has been nearly 70 years since the first description of regional ileitis, a
disorder of the gastrointestinal tract which later became known as Crohn's
disease (CD), in homage to the scientist who first described the condition [
CD, along with ulcerative colitis (UC), a similar albeit distinct condition,
constitute human inflammatory bowel disease, chronic conditions which affect
countless individuals throughout the world. These disorders affect the digestive
system and cause the intestinal mucosa to become inflamed, resulting in clinical
symptoms. CD can affect any part of the digestive tract, from the mouth to the
anus, and typically expresses itself with patches of inflammation separated by
healthy tissue. The inflammation can span through every layer of affected tissue,
and there is no known cure for the disease. Drugs or surgery can only help
relieve symptoms. Most patients experience periods of remission and flare-ups
of the disease, and require medication, hospitalization or surgery. Affected
individuals are most often diagnosed with CD between the ages of 15-25 or 45-
55. Mote importantly, the exact cause of CD remains unknown. It is thought to
be a multi-etiological disorder, with several genetic and environmental
predisposing factors. Canada is believed to have one of the highest rates of CD

in the wotld, and the condition poses quite a burden on our health care system.

1.1.1 EPIDEMIOLOGY OF CD

One of the most notable facts about CD is that it is not distributed
evenly in all populations throughout the world. Its incidence varies with age,
gendet, geography, socio-economic status, ethnicity and time. The incidence
rates for CD range between 1 and 10 per 100 000 population overall, and this
can be even higher in the paediatric age group PIBl. Age-specific incidence rates
for CD exhibit a bimodal distribution, with the largest peak occurring eatly in
the third decade of life, and a smaller, second peak in the sixth decade of life.

This may reflect varying environmental influences for different age groups,



although no conclusive evidence has yet been found MPBl. Concerning gender
differences, certain studies report a higher incidence (20%) in women, which
implies that hormonal and lifestyle factors are likely to play a yet unidentified
role 7). Geographic variability of CD is striking, with the highest incidence
rates being in Scandinavia, Great Britain, Northern Europe and North America.
Central and Southern Europe, South Africa and Australia exhibit lower rates,
while Asia, Africa, Latin Ametica and South Africa have the lowest rates [Pl
Morteover, there seems to be a North to South gradient in Europe and North
Ametrica, with higher latitudes having a higher incidence of CD [, Since
populations in northern climes are exposed to less sunlight, they tend to have
lower levels of calcium and vitamin D, which could act as protective agents,
possibly rendering them more at risk for CD.

Another remarkable point about CD is that, within the same geographic
region, its incidence vaties with social class and the level of industrialization.
Most studies report a higher incidence of CD in people of higher
socioeconomic status and living in industrialized or urbanized areas. This
implies that environmental factors such as diet, pollutants and occupational
activity have a preponderant role when it comes to CD susceptibility BIPII112,
In addition, CD exhibits ethnic vatiability, with whites being more commonly
affected than non-whites and Jews more than non-Jews. Even among Jewish
populations in Istael, Ashkenazi Jews have higher rates of CD than those of
Sephardic origin. This, once again, indicates that occupational and dietary
factors may be at the root of differences in disease incidence. Ethnic differences
in disease expression also suggest that there is a genetic predisposition for CD in
certain populations 13114, With regard to variability over time, the incidence
rates for CD have risen dramatically over the past 30 years. In the Western
wortld, the most rapid increase occurred during the period of 1965-1980, which,
after a slower increase ensued, reached a plateau in most countries and even
decreased in some regions. This rise in CD may reflect changes in diagnostic
procedures, as well as environmental, infectious, industtial and lifestyle factors,

over time [I715][16],



1.1.2 CLINICAL FEATURES OF CD

CD can manifest itself with both gastrointestinal and extra-intestinal
symptoms. While the digestive symptoms are almost invariably present at
diagnosis, extra-intestinal manifestations may be observed in up to 30% of
patients, and for some, may even be the first or sole sign of CD. There may be a
prolonged interval (up to 5 years) between onset of symptoms and a confirmed
diagnosis of CD, particulatly in children. That is mostly because many common
symptoms, such as fatigue, weight loss, abdominal pain and diarrhea, ate non-
specific and are not necessarily investigated until they have been present for
quite some time [171(18],

Among the gastrointestinal symptoms, abdominal pain and diarrhea are
the most common and are present in the majority of patients. The abdominal
pain is most often located in the right lower quadrant, which signifies terminal
ileal involvement. However, epigasttic discomfort can be observed in case of
gastro-duodenal CD and petiumbilical pain may be observed in the event of
colonic or diffuse small bowel involvement. As for the diarrhea, it may be
variable in sevetity, ranging from soft stools to marked watery diarrhea. Blood
may also be present in the stools, mostly in the case of colonic involvement.
Anorexia, nausea and vomiting are not uncommon. Perianal disease can also be
present in some instances, with abscesses, fissures and fistulae. It is also
noteworthy that the anatomic distribution of CD in the GI tract is not similar in
the adult and paediatric population; whereas children present a higher
propottion of small bowel involvement, adults are more likely to exhibit colonic
disease (19,

With regards to extra-intestinal symptoms, fatigue, fever, and weight loss
are noted in a majority of patients. Besides these systemic manifestations, the
most frequent tatget organs for extra-intestinal manifestations are the skin,
joints, eyes, liver, and bones [!7. For instance, patients with CD can suffer from
eryhtema nosodum, pyoderma gangrenosum and aphtous stomatitis. Peripheral
and axial joint involvement can also be observed in the form of arthritis or

ankylosing spondylitis. As well, a number of patients with arthritis also develop



ocular inflammation. Regarding hepatic involvement, abnormal serum
aminotransferases can be noted during the course of the disease, and in very
extreme cases (less than 1% of patients) certain complications such as sclerosing
cholangitis may lead to cirrhosis or even liver failure. Diminished bone density
has also been frequently reported in CD patients, both in adults and children.
Poor diet, inadequate calcium intake, excessive cytokine producton and
corticosteroid administration are just a few of the factors that affect bone
density in CD [P0l

Among the most notable features of CD are the nutritional deficiencies.
Historically, malnutrition has been associated with CD ever since the initial
description of the disease. The cause of malnutrition is multifactorial.
Inadequate caloric intake is by far the most important cause. Malabsorption,
increased nutrient losses, increased requirements and drug-nutrient interactions
can also contribute to malnutrition. Inadequate intake is mostly due to anorexia
or fear of abdominal pain or diarrhea, which are often associated with eating.
Malabsorption can be due to the loss of absorptive intestinal sutface, short
bowel syndrome, or rapid intestinal transit. As for the increased losses, they are
usually associated with exudation from the mucosa, which can lead to protein,
electrolyte and fatty acid losses. Moreover, the active inflammation, increased
mucosal cell turnover, and infection that are often present in CD can lead to
increased nutritional requirements. Finally, several drugs such as sulfasalazine
and antibiotics have important effects on nutrient absorption U2, In light of
all the aforementioned mechanisms, it is not surprising that an alarming
proportion of patients suffer from nutritional deficiencies. Weight loss is a very
common feature of CD and can affect 65-75% of patients. Between 25 and 80%
of patients have hypoalbuminemia, which may be due to decteased protein
absorption, intestinal protein loss, or increased catabolism. As for decreased fat
absorption, it may contribute to deficiencies in fat-soluble vitamins, as well as in
calcium, magnesium, and zinc. Anemia is also common in CD patients, as are
deficiencies in iron, folate, and vitamin B12 231, Growth retardation is another
common feature of CD, with about 40% of pediatric cases suffering from

delayed linear growth. In some patients, a decrease in growth velocity may



precede gastrointestinal symptoms by months or even years. The contributing

factors include various deficiencies and daily corticosteroid administration.
Given that CD patients are particularly susceptible to these deficiencies,

nutritional assessment and monitoring is of critical importance in order to

correct for any insufficiencies that might aggravate the patient’s condition.



1.2 ETIioLoGY OF CD

As noted above, CD is a multifactorial disease, with no single known
factor that predisposes to the condition. Rather, there is a myriad of factors, the
interactions of which suggest that a certain individual may be at a higher risk for
CD than another. Among these factors, the most prominent are genetic
susceptibility, dietary factors, microbial infections, smoking habits, and immune
dysfunction. This chapter will focus on the first four factors, while immune

dysfunction will be explored in detail in the following chapters.

1.2.1 GENETIC FACTORS AND CD

The first case of related patients with CD was reported by Crohn and
colleagues in their 1932 article, describing a 14-year old boy and his sister, both
of whom were affected [U. That was the first indication that there was a familial
or genetic component to CD. With time, scientific research has led to a large
body of evidence that susceptibility to CD is in large part genetic. Twin studies,
familial risk data, and segregation analyses have all demonstrated that there is a
strong genetic component to IBD, particularly in CD.

Twin studies are very useful in determining the extent to which both
genetics and environment influence disease susceptibility P46, Several
studies have examined the concordance for CD in monozygotic and dizygotic
twins of affected individuals. Various results reported a concordance of 50-65%
in monozygotic as compared to 3-8% in dizygotic twins. This indicates that CD
is not a purely genetic disease, since the concordance rate was always far less
than 100% in monozygotes, despite sharing the exact same genetic material.
These results thus provide evidence for the key environmental component of
CD. At the same time, these results indicate that CD is not purely an
environmental condition; if it were, then genes would not make a difference and
the rates for monozygotes and dizygotes would be equal.

Studies covering familial risk data have added to the conclusive evidence

of the important genetic component to the risk of CD. Familial clustering of



CD is common, and many studies have demonstrated an increased prevalence
of CD among relatives of patients suffering from CD [l First-degree relatives
are at greatest risk, particularly siblings; more distant relatives also display an
increased disease prevalence. In addition, several family studies of the clinical
patterns of CD have demonstrated high degrees of concordance regarding
disease location, type, and age at diagnosis for relatives of affected individuals
(2811291, Another interesting feature of CD is ‘genetic anticipation’, a phenomenon
in which the age of onset of an inherited disease decreases with successive
generations 1910131, Several studies have found that children are diagnosed an
average of 10 to 17 years younger than their affected parents. The explanations
behind genetic anticipation remain unclear.

Since the technological tools permitted it, scientists have been running
segregation analyses in order to better understand the genetic factors behind
CD. The data suggest that CD is associated with a genetic defect that is
inherited in an autosomal recessive pattern. However, more than one gene is
involved. CD thus fits into the category of a complex genetic disorder in that
inheritance does not follow simple Mendelian models B2B3B4, Current research
into the genetics of CD can be grouped into two types of studies: genome-wide
linkage analyses, and candidate gene studies.

In genome-wide linkage analyses, identification of specific regions that
are shared more often by affected individuals than expected from Mendelian
laws provides the location of the susceptibility loci. Initial genome-wide linkage
studies by Hugot and colleagues and Satsangi and co-workers identified two
susceptibility loci, IBD1 on chromosome 16 and IBD2 on chromosome 12,
which are linked significantly to CD B2B4., Subsequent research has sometimes
confirmed both loci, whereas other studies did not provide support for either.
Several other loci have been identified by genome-wide approaches. Satsangi
and colleagues have also identified two regions, on chromosomes 3 and 7, while
Cho and colleagues added 3 other loci, on chromosomes 1, 3, and 4 B4B3, A
Canadian genome-wide search recently revealed two new loci, on chromosomes
5 and 19 B¢, Other loci that showed some linkage to CD include chromosomes

6, 10, 12, 14, and 17. Several of these loci will probably be discarded, whereas



additional loci may be localized before the genetic picture to CD susceptibility
can be revealed. In the mean time, genome scans have proven that CD has
many susceptibility loci, that CD and UC are distinct disorders both having a
genetic basis, and that some of the loci are interactive.

The candidate gene approach, on the other hand, examines genes that, by
the various functions of proteins they produce, may be involved in CD. Such
genes include the HLA class 2 genes. Positive associations have been found
between CD and phenotypes DR7, DRB3 and DQ4. A significant association
with the DRB1*01 allele was also found B7IB8. However, most studies reporting
the association between CD and major histocompatibility complex (MHC)
genes have yielded inconsistent, if not conflicting results. Studies on tumour
necrosis factor (ITNF) genes, also located within the MHC region, have given
discordant tresults as well P9I, Genes encoding other cytokines and cytokine
antagonists have also been of great interest; the genes for the interleukin-1 (IL-
1) antagonist, IL-1Ra, and for IL-2 and IL-10 have been studied, although no
association between these genes and CD has been reported yet #1H2H3). Other
genes being investigated include intercellular adhesion molecule (ICAM)-1, T
cell receptor, mucin, motilin, vitamin D receptor, to name a but a few; and the
list is still growing. Since complex mechanisms involving the immune system,
epithelial function, and host response to microorganisms have been proposed as
being involved in CD, a large number of genes may be considered as good
candidates.

Most recently, and most prominently, three independent groups have
repotted that mutations in the NOD2 gene on chromosome 16 are associated
with CD, thus confirming previous findings on IBD1 B4, NOD2 is a
member of the NOD1/APAF1 gene family, and has been identified and
mapped to chromosome 16q12. This gene family has a role in inflammatory
tesponses to bacterial triggers. NOD2 in particular responds to bacterial factors
such as lipopolysaccharide (LPS). NOD2 expression is limited to monocytes,
and it comprises an amino-terminal effector domain, a nucleotide-binding

domain, and leucine-rich repeat (LRR) regions. This LRR domain has binding
activity for bacterial LPS, and subsequently activates the NF-kB signaling
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pathway [#7. Deletion of the entire LRR region leads to enhanced NF-kB
stimulation 8. Groups working on NOD?2 have identified polymorphisms that
show associations to CD. These variants seem to display altered structures of

the LRR region, thus altering its response to bacterial LPS and leading to an
inappropriate activation of the NF-kB pathway. Truncation variants lacking the

LRR region have been shown to have a five-fold greater activation of NF-xB
than the wild type NOD2 ¥, The identification of NOD2 as a susceptibility
gene for CD provides the first clear link between the immune response to
enteric bacteria and the development of the disease. Moreover, the hypothetical
mechanics seem to agree with the current pathophysiological understanding of
CD. However, the NOD2 frameshift mutation is quite rare, with only about
6.5% of CD patients carrying a homozygous mutation. It is estimated that the
NOD2 mutation contributes to about one-fifth of the genetic risk for CD in the
general population B¢, This means that other IBD genes must exist, and they

remain to be uncovered.

1.2.2 SMOKING HABITS AND CD

Among the environmental risk factors that contribute to CD, smoking is
one of the best documented. Somerville and colleagues, observed that patients
with CD were more often smokers some 17 years ago 49, Unlike its protective
effects on UC, smoking has been documented as having a detrimental effect on
CD. Several subsequent studies have demonstrated that there is a greater risk for
CD among cutrent smokers than in non-smokers BOBY, Female smokers are at
an even higher risk (3x) of developing CD compared to male smokers P2, This
difference has been tentatively attributed to oral contraceptive use, although this
data is still inconclusive. Oral contraceptive use seems to be a risk factor by
itself, and any possible interaction between smoking and oral contraceptive use
requires further study B3. It is also noteworthy that the duration of smoking
and the number of cigarettes smoked can affect the site of CD. Small bowel and
ileocolonic disease is more common among heavy smokers. As well, childhood

ot adult exposure to passive smoking appears to be an important determinant of
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CD. Smoking behaviour is not only associated with the first outbreak of disease,
but also influences the clinical course of CD. In one study, smokers with CD
had a 34% higher relapse rate than non-smokers B4, Smokers also have an
increased risk for clinical, endoscopic, and surgical recurrences after surgical
resection compared to non-smokers. Smokers were observed to develop more
severe lesions at the site of anastomosis compared with non-smokers or ex-
smokers 9. In light of that, a study on smoking cessation in CD patients has
determined that quitters were at lower risks of flare-ups than persistent smokers.
As well, therapeutic needs and disease severity was lower in quitters and non-
smokers, and they both had a better disease course than those who continued to
smoke P9l This proves that smokers with CD are not irreversibly affected, and
that giving up the smoking habit can improve their clinical course.

Regarding pathogenesis, there are many routes by which smoking could
influence the CD process, although possible mechanisms remain speculative.
These include the immune response, the inflammatory cascade, intestinal
motility, and others. Smoking has been found to influence cellular and humoral
immunity, with alterations in immunoregulatory T-cells observed in heavy
smokers. These changes could imply immune suppression, although this has not
been studied in the setting of IBD. On the other hand, smoking and nicotine
both reduce the production of pro-inflammatory cytokines. Smokers with active
IBD have been documented as having significantly lower concentrations of IL-
1B and IL-8. It is also well known that smokers have a greater capacity for free
radical generation and reduced levels of antioxidants. As well, both smoking and
nicotine have been shown to affect motility at various sites of the
gastrointestinal tract. Finally, effects of smoking on the microvasculature of the
bowel wall have been described in CD, and are consistent with ischemia 71,
Howevet, it is still unclear how these changes, together or individually, affect the
onset and course of CD on a physiological level. Much research is needed to
elucidate the mechanisms of smoking in CD, and to find out whether nicotine is
the main active ingtedient responsible for the detrimental effects observed

among smokers.
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1.2.3 DIETARY FACTORS AND CD

Diet has been a major suspect among the putative environmental factors
that could contribute to CD. Indeed, in genetically homogeneous populations, a
change in dietary habits is one of the factors that might explain the increase in
CD incidence over the past decades. Moreover, food is a major element
affecting the intestinal environment, and the administration of certain types of
special formula diets to CD patients often improves their condition. Over the
years, several pre-illness dietary factors have been linked to CD risk, including
refined sugar consumption, animal protein and fat intake, decreased fruit and
vegetable consumption, among others. However, several of these theories were
refuted, with only a few studies providing credible links to CD.

Certain studies provided evidence that high refined sugar consumption is
a factor contributing to the development of CD. A high intake of simple sugars,
both before and after diagnosis, is a remarkably consistent finding in patients
with CD. Increased refined sugar consumption in CD patients was first reported
by Martini and Brandes in 1976, and has since been backed by other studies F8l.
Thotnton and colleagues found that CD patients had a median intake of refined
sugat that was almost double that of their matched controls (122gr/day versus
65gr/day) 9. Katschinski and colleagues found a strong association between
the consumption of added sugar and CD in non-smokers. A dose-response
pattern was found, with the relative risk for CD increasing as the amount of
added sugar increased [€0. However, there is no self-evident mechanism for the
action of sugar to promote the development of CD, and the link between sugar
and CD remains to be clarified. It is however noteworthy that most studies
evaluating the effects of sugar intake also detected a decreased fresh fruit,
vegetable and fiber consumption in CD patients. This, in turn, gave way to the
supposition that a low consumption of dietary fiber may favor the development
of CD. Nevertheless, a low refined sugar and high fiber diet was not found to
influence the course of CD.

Another potential dietary factor is the ‘western type’ of diet, which is

typically high in fat and protein. For instance, the introduction of western type
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foods, or fast foods, may have contributed to the increasing incidence of CD in
Japan since the mid-1960’s. A recent study in Japan found that the increased
incidence of CD was strongly correlated with increased average daily intake of
total fat, animal fat, and n-6 polyunsaturated fatty acids. They also found a
positive correlation with increased intake of animal protein, milk protein, but
not fish protein, and a negative correlation was observed with the consumption
of vegetable protein [¢1l. These results are supported by a subsequent study that,
in addition, found a positive correlation between cholesterol intake and CD €2,
In racially homogeneous populations such as the Japanese, dietary changes can
indeed be primary suspects in the increased incidence of CD.

When evaluating pre-illness dietary factors, one should keep in mind that
in CD the lag between the onset of symptoms and diagnosis of the disease can
sometimes exceed 5 years. So the dietary factors being scrutinized can be the
outcome of modifications that patients gradually brought to their diets in the
months or years before their symptoms became troublesome. It is therefore not
surprising that the attempts to link specific dietary factors with the development
of CD have run into major difficulties. Nonetheless, the findings of several
studies suggest that dietary factors are important in the development of CD.
Whether these factors have a primary effect in predisposed individuals or may

simply modulate the effects of other environmental factors is yet unclear.

1.2.4 MICROBIAL INFECTIONS AND CD

Some of the most likely candidates for exogenous etiological factors in
CD are microbial infections. It has been postulated that childhood infections
can lead to IBD either by altering gut immuno-regulatory functions, or by
leading to exposures to antibiotics and non-steroid anti-inflammatory drugs,
which in turn may precipitate the disease. A case-control study by Wurzelmann
and colleagues demonstrated an increased frequency of childhood infections
and of antibiotic treatment among CD patients (3. This is in concordance with
the results of Ekbom and colleagues, who have found that patients with CD

were more likely to have suffered infectious or non-infectious perinatal health
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events [04. There have been several attempts to uncover an infectious agent,
whether viral or bacterial, which could trigger IBD in susceptible individuals.
Candidate microbial pathogens included influenza A and B, herpes simplex
vitus, adenovirus, cytomegalovirus, chlamydia psittaci, mycoplasma pneumonia, listeria,
mycobacterium  paratwbercnlosis, mumps, rubella, measles and varicella viruses
[G3163116611671, However, these experiments were unable to detect a significant link
between the infectious agents and the development of CD. Despite these
negative findings, mycobacterium paratuberculosis and measles virus remain the most
debated potential pathogens in CD.

Mycobacterium paratuberculosis is the agent that causes Johne’s disease in
ruminants, which is quite similar to CD in humans. Several groups have
detected mycobacterium paratuberculosis DNA by polymerase chain reaction in
intestinal samples from CD patients, with rates varying between 0 and 72% (8],
Moteovet, a potential transmission mechanism has been identified by recovery
of mycobacterium paratuberculosis in 7% of commercially distributed pasteurized
milk samples. However, the lack of convincing clinical, histochemical and
immunologic evidence weakens the mycobacterium paratuberculosis theory. In
addition, factors that should promote such a transmissible agent, including poor
hygiene and sanitation, seem paradoxically to protect against CD.

Another infectious agent that was investigated was the measles virus,
whose role as a causative agent has been much debated. A series of studies by
Wakefield and colleagues suggested that there is a close link between measles
virus and CD, on the basis of epidemiological and immunohistochemical
findings 09071, According to this group, persistent measles viral infection
causes focal granulomatous vasculitis that could lead to CD. It was believed that
exposute to measles virus eatly in life could provide an opportunity for viral
persistence. Furthermore, CD incidence seemed to increase in people botn
shortly after measles epidemics [, Some researchers even went so far as
considering the measles vaccine as a possible etiologic agent, as several countries
reported an increase in CD incidence after the introduction of live attenuated
measles vaccination. Howevet, the measles theory was soon enough discarded

because the measles virus genome could not be detected in patients with CD [72],
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Therefore, the present evidence for measles infection as an etiologic factor in
CD is considered unconvincing. The same research group recently put forward
the possibility of a possible relationship between paramyxovirus and IBD. In a
cohort study, they determined that measles and mumps infections within the
same year of life at a young age were significantly associated with later
development of CD [66, However, this theory remains to be proven, or refuted,
by morte sophisticated analyses.

Finally, thete are numerous lines of evidence implying a key role of the
entetic microflora in CD. It is believed that alterations of the bacterial milieu in
the lumen could induce a chronic intestinal inflammation.

In a chronic inflammatory bowel disorder such as CD, it makes sense to
suspect microbial agents in the pathogenesis. However, no single infectious
agent has been solidly proven to trigger CD or render an individual more

susceptible, and research in this direction still has much to uncover.
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1.3 TREATMENT OF CD

At the present time there is no known cure for CD. Numerous treatment
options are currently available that are directed towards controlling symptoms,
addressing complications, and preventing relapses. Treatment of CD can be
roughly broken down into five categories: pharmacological, biological,
nutritional, surgical, and psychological. In this chapter, we will concentrate on
the pharmacological, biological and nutritional treatments, as they are the most

relevant forms of therapy for this study.

1.3.1 PHARMACOLOGICAL TREATMENT FOR CD

Given that CD is a multifactorial disorder with complex and
incompletely understood pathogenesis, several classes of pharmacological drugs
are employed in its treatment. These include aminosalicylates, corticosteroids,
antibiotics, immunomodulators, and novel biologic agents. Pharmacological
treatment for CD consists mainly of inductive therapies, which aim at inducing
remission, and maintenance therapies, directed at maintaining remission in order
to prevent relapses. It can also include treatment for perianal disease and
prevention of post-operative recurrence. Generally, inductive therapies are
administered according to disease severity and location.

Aminosalicylates are 5-aminosalicylic acid derivatives of sulfasalazine,
and are considered primary therapies for the induction and maintenance of
remission in mild to moderate CD. The precise in-vivo mechanisms of the
aminosalicylates remain uncleat. They have diverse anti-inflammatory properties
such as inhibition of multiple pathways of arachidonic acid metabolism,
supptession of IL-1 release, inhibition of leukocyte recruitment, and protection
against oxidant injury. In vitro, sulfasalazine inhibits NF-kB 31,

Corticosteroids are the current mainstay of inductive therapy for
moderate to severe CD. They suppress inflammation by several mechanisms

through which they decrease eicosanoid production, inhibit the release of pro-
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inflammatory cytokines, and decrease NF-kB production. Corticosteroids are
superior to aminosalicylates in the treatment of moderate to severe CD.
However, they are not effective at maintaining remission. Moreover, they
produce several side effects that are mostly related to the dose and duration of
the therapy 4. However a new class of corticosteroids that has been developed
is highly potent and rapidly metabolized, which limits its systemic bioavailability,
thus resulting in fewer side effects. The one that has been most evaluated in
clinical trials is budesonide, and it confers fewer side effects than conventional
steroids, such as prednisone or prednisolone. However, it is less efficacious.
Furthermore, as with conventional steroids, budesonide has been shown to be
ineffective for the maintenance of remission or for the prevention of post-
operative relapse in CD patients [3].

Since the enteric flora is thought of as a key promoter of the intestinal
inflammatory response, it is logical that antibiotic therapy would be studied in
CD. Metronidazidole is one of the most studied antibiotic agents for the
treatment of CD, and it is believed to possess anti-inflaimmatory as well as
immuno-suppressive effects. Metronidazidole therapy seems to be as effective
as sulfasalazine and is most often beneficial to patients with petianal CD and
fistulas. Ciprofloxacin is another antibiotic that has been mostly used in patients
who are intolerant or untresponsive to metronidazole. It has been shown to be
as effective at inducing remission as mesalazine in patients with mild to
moderate CD, and has also been effectively used in combination with
metronidazole 6],

Among the immunomodulatory agents, azathioprine (AZA) and 6-
mercaptopurine are thiopurine analogues that have become increasingly
important in the management of both active and quiescent CD, as well as for
the maintenance of remission and the prevention of post-operative recurrence.
The immunomodulatory effects of AZA and 6-MP lie in their metabolites,
which are inhibitors of purine biosynthesis, and may be related to direct
cytotoxicity and inhibition of cytokine synthesis /7). Both drugs were also found
to be effective steroid-sparing agents in patients with CD. Methotrexate is

another drug with immunomodulatory and anti-inflammatory effects. It is an
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inhibitor of dihydrofolate reductase and other folate-dependant enzymes, and
has anti-inflammatory properties, which include decreasing IL-1 production,
neutrophil chemotaxis, and eicosanoid production. Methotrexate seems to be
beneficial in the short-term treatment of steroid-dependant or resistant patients
and in maintenance therapy for CD. Cyclosporin A is yet another
immunosuppressant, and it inhibits 1L-2, IL-3, IL-4, interferon-y and TNF-a.
Since it has a rapid onset of action, it is a very attractive option for steroid

refractory patients with severe UC.

1.3.2 BIOLOGICAL THERAPY FOR CD

Among the most recent theraputic advances are biological agents that
tatget specific inflaimmatory factors. Anti-TNF therapies are of particular
interest since this potent pro-inflammatory cytokine is believed to play a pivotal
tole in the initiation and perpetuation of intestinal inflaimmation in IBD.
Infliximab is a high-affinity, chimeric (75% human, 25% murine) anti- TNF-«
monoclonal IgG1 antibody. It acts by binding and neutralizing soluble TNF-a,
causing the lysis of TNF-a-expressing cells, inducing T-cell apoptosis. Clinical
trials have shown that a single 5mg/Kg injection of Infliximab induced clinical
response in 81% of patients with moderate to severe CD [8. Infliximab
administered every 8 weeks increases long-term remissions as well. Patients
receiving concurrent treatment with 6-mercaptopurine or azathiopurine may
have a delayed recurrence, thus prolonging the response after Infliximab
administration . Infliximab has potential side effects, including upper-
respiratory tract infections, abdominal pain, nausea, myalgias and fatigue. Up to
5% of patients may develop allergic reactions to infusions. Although there’s no
firm data linking Infliximab to malignancy, long-term follow up is necessary to
establish Infliximab’s efficiency and to identify all of its potential adverse effects.

Other biological therapies are under investigation, including CDP571,
and agents that target vatrious interleukins, NF-kB, and ICAM. CDP571 is a
high-affinity humanized monoclonal IgG4 anti-body targeting TNF-« that has

shown benefits in patients with active CD. The fact that it contains 95% human
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and 5% murine sequences makes it theoretically less immunogenic than
Infliximab. It has anti-TNF-a neutralizing activity but does not mediate
antibody-dependant cytotoxicity [0, Recently, large randomized trials
demonstrated that CDP571 had potential benefits in some patients with
refractory CD fistulas and in steroid-dependant patients.

Biological therapies targeting several anti- and pro-inflammatory
interleukins are also currently under trial. IL-10 is an anti-inflammatory cytokine
that suppresses cytokine production by Thl cells, activated phagocytes, and
non-immune cells Bl However, its efficacy in clinical pilot trials has been
disappointing. ~ IL-11,  another  anti-inflammatory  cytokine  with
thrombocytopoietic activity is also under investigation for CD treatment (2.
Another cytokine of interest is IL-12, which is pro-inflammatory and promotes
interferon (IFN)-y production and Thl development. Anti-IL-12 therapy is
currently under investigation. Trials with anti-NF-kB therapy, aimed at blocking
this key transcription factor that affects a variety of genes encoding cytokines,
chemokines, leukocyte adhesion molecules and inflammatory enzymes, atre
underway as well. Finally, trials with antisense oligonucleotides targeted against
adhesion molecules are being carried out. ICAM-1 plays a central role in
leukocyte trafficking and activation in the inflamed mucosa of patients with CD.
ISIS-2302 is an engineered anti-sense oligonucleotide administered
intravenously, which inhibits mRNA translation of ICAM-1. Although
promising early results from trials in the treatment of CD were observed, larger

randomized trials have been disappointing (83,

1.3.3 NUTRITIONAL THERAPY FOR CD

Nutritional considerations are intimately associated with CD since diet
has been regarded as both a causative factor and a therapeutic agent. Nutritional
treatment was initially employed in the management of CD because patients
were often undernourished and suffered from growth retardation. Nutrition can
be used either as primary or as adjunctive therapy for CD. In the context of

primary therapy, it has mostly been used to induce remission in cases where
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steroids were prohibited (osteoporosis, growth failure, diabetes) or for steroid-
resistant CD. Adjunctive or supportive nutritional therapy, on the other hand, is
indicated to improve the nutritional status or meet the nutritional requirements
of patients, to stimulate growth, to reduce perioperative protein loss and
morbidity, and to manage fistulae or post-surgical complications. Various dietary
treatments can be administered with different compositions. Those most often
employed include total parenteral nutrition (IPN), and defined formula diets
which may be either elemental, semi-elemental or polymeric.

The hypothesis that intraluminal gut antigens or allergens contribute to
the pathogenesis of IBD has led to nutritional interventions with a reduced
antigenic load. TPN was viewed as a potentially effective therapy for achieving
remission in patients with active CD because it could provide bowel rest while
delivering adequate energy and essential nutrient requirements. Given that
dietary and antigenic stimuli are decreased, the intestinal mucosa could
potentially heal B4, TPN was used as primary therapy to treat complicated cases
of CD, and some studies observed high remission rates. However, TPN is also
characterized by high relapse rates upon its discontinuation 3. The use of TPN
can lead to complications, as shown by experiments in animal models where it
resulted in atrophy of the small intestinal mucosa B4. Moreover, a prospective
multi-center trial determined that bowel rest is not an essential contributing
factor to remission, and the recognition of the importance of luminal nutrients
for bowel integrity has weakened TPN’s status as a primary therapeutic option
#5, However, TPN can be very efficient when used as an adjunctive therapy.
When used in addition to steroids, it was found to prevent protein loss and
preserve skeletal and respiratory muscle function in patients with active CD.
When administered pre-sutgically, TPN was also found to reduce petioperative
complications in severely malnourished patients B9, Patients that have
undergone massive resections and short bowel syndrome are at risk for severe
vitamin and electrolyte deficiencies. One of the major indications for long term
home TPN is thus short bowel syndrome 7. Finally, TPN can be administered
in cases of post-operative fistulae which require bowel rest and nutritional

support.
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Elemental, semi-elemental, and polymeric diets can be administered
either by tube or orally. These defined formulas were used in IBD to
compensate for TPN’s nutritional shortcomings. Elemental diets were initially
administered to improve the nutritional status of CD patients awaiting surgery.
When an improvement in disease activity was observed in addition to the
nutritional benefits, elemental diets were considered to have a possible role as
primary therapy. In elemental preparations, nitrogen is provided in the form of
free amino acids, not requiting digestion. Moreover, this category of formulas
generally contains low amounts of lipid, which is usually found in the form of
medium chain triglycerides, requiting minimal luminal lypolysis and micellar
solubilization. As with TPN, elemental diets confer no antigenic exposure and
provides the patient with ‘bowel rest’ since it requires little enzymatic hydrolysis.
However, in contrast to TPN, it results in fewer complications, is easier and less
expensive to administer, and prevents intestinal mucosal atrophy. Children
receiving an elemental diet display a greater linear growth, while adults receiving
it present a positive nitrogen balance when compared to those on steroids .
The main downside to elemental formulas is their unpalatable taste, which most
often leads to poor acceptance or compliance.

Semi-elemental diets differ from elemental formulae in that the amino
acids have been treplaced by short peptides of varying amino acid mixtures.
Since elemental diets have a higher osmotic load than semi-elemental diets, they
could exacetbate the patients’ diatrhea. By virtue of their lower osmolality and a
more efficient nitrogen source, semi-elemental formulas have been theorized to
be nutritionally mote effective than elemental diets 3], Polymeric diets, on the
other hand, are comprised of whole proteins, normal lipid content, fiber, and
such. There is no ‘bowel rest’ in the case of polymeric diets, although the
antigen load is much reduced compared to a normal diet.

Exposute of the gut to dietary substrates has beneficial trophic effects
B4, For instance, glutamine, which is an essential nutrient for intestinal epithelial
cells, has a positive effect on intestinal structural integrity and immune function.
SCFA are the energy substrates of choice for colonocytes and can promote their

growth and repair B9. Other important nutrients found in semi-elemental and
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polymeric formulas include dietary fibre, epidermal growth factors, and
nucleotides, all of which exert a beneficial effect on the gastrointestinal system
[86],

All three types of defined formulas have been used to treat growth
retardation and to induce remission in CD. The ensuing increase in lean body
mass may actually be important in order to reduce disease activity, since immune
response in children suffering from malnutrition is closely linked to their protein
status. The various forms of liquid diets have been compared to each other and
the results have been conflicting as to which is the better treatment option.
Giaffer and colleagues reported that the administration of an elemental diet to
patients with active CD achieved a 75% remission rate, while a polymeric diet
conferred benefit in only 36% 9. Raouf and colleagues, on the other hand,
found that both elemental and polymeric treatments led to similar remission
rates P1. Other studies even suggested that polymeric were superior to elemental
diets. Further large controlled trials are needed to compare elemental, semi-
elemental, and polymeric diets in terms of their efficacy and to shed light on the
mechanisms of their action.

Comparisons of these formulas as primary therapy for CD versus steroid
therapy have provided conflicting results. Whereas defined formula diets have
generally displayed convincing results in the induction of remission, the same
cannot be confirmed when it comes to maintaining long-term remissions.
Despite potential side effects, drug therapies still induce the highest rates of
remission and the quickest relief of symptoms. Therefore, medications remain
the primary treatment of choice for the majority of patients with active CD.
Several trials have demonstrated that TPN, elemental, semi-elemental, and
polymeric diets can provide many benefits when used in conjunction with drug

therapy.
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Immune Dysfunction in Crohn’s Disease
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2.1 THE MucosaAL IMMUNE SYSTEM UNDER PHYSIOLOGICAL

CONDITIONS

To better understand the processes involved in mucosal inflammation,
we shall begin by desctibing mucosal immune function under physiological
conditions. We shall explore the morphology of the intestinal mucosa, the cells
that comprise the mucosal immune system and their distribution within the
mucosa. Then we will discuss the key cytokines and their respective roles in

mucosal immunity. Finally, we shall describe the immune processes and

imbalances implicated in the pathogenesis of CD, including the role of NF-kB.

2.1.1 MORPHOLOGY OF THE GASTROINTESTINAL TRACT

The gut luminal surface is very convoluted, greatly increasing the surface
area available for absotption. Statting at the stomach, a single layer of epithelial
cells covers the luminal surface. This epithelial layer constitutes the first line of
defence against foreign antigens and microbial pathogens. Just below the
epithelium is the lamina propria, layers of connective tissue through which pass
blood vessels, netve fibers, and lymphatic ducts. The lamina propria is separated
from the underlying tissues by a thin layer of smooth muscle cells, the
muscularis mucosa. These three layers, the epithelium, lamina propria, and
muscularis mucosa, are usually referred to collectively as the mucosa. Beneath
this is the sub-mucosa, which is a second layer of connective tissue containing a
network of nerve cells (submucosal plexus), blood and lymphatic vessels. Next
is a smooth muscle layer, the muscularis externa, which provides the forces for
moving and mixing the gastrointestinal contents. It is formed by two layers, the
citcular and longitudinal muscles, separated by a network of nerve cells known
as the myenteric plexus. Finally, a thin layer of cells and connective tissue
surrounds the outer surface of the GI tract, called the serosa.

With respect to Crohn’s disease, the main area of focus is the mucosa,

where most of the immune processes occur. Villi, finger-like projections of the
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surface of intestine, are covered with a single layer of epithelial cells that are
linked at the luminal border by tight junctions. Epithelial cells are themselves
covered by small projections referred to as microvilli on their brush border.
Each intestinal villus is drained by a single lymphatic vessel called the lacteal,
and by a capillary network. The epithelial cells lining the gut are continuously
being renewed. Mature cells at the tips of the villi are replaced by cells that arise
from the base of the crypts. These cells differentiate into mature, absorptive
enterocytes as they migrate towards the villus tip, replacing senescent cells that
undergo apoptosis. In this manner, the entire epithelium of the small intestine is
teplaced every 5 days. In all, the combination of folded mucosa, villi, and
microvilli increases the small intestine's absorptive surface area by about 600
fold as compared to a flat-surfaced tube of the same dimensions. This translates

into a small intestinal surface area of about 300 square meters [°2),

2.1.2 CELLS OF THE MUCOSAL IMMUNE SYSTEM

The intestinal mucosa must serve as a barrier between the internal and
external environments and constitutes an important first line of defence against
infections. Until recently, the epithelial cell was considered a passive partner
whose functions ate affected by products of immune cells. However, it is now
known that epithelial cells produce cytokines such as TGF-B and IL-6, which
have profound effects on lymphocytes, and that they have receptors for several
cytokines on their surfaces P3IP4. Epithelial cells can express MHC class II
receptors, and their role in antigen presentation has been proposed [?]. Intestinal
epithelial cells are capable of responding to a wide array of biologically active
agents found in the lumen, including bacteria and their products, cytokines, and
short-chain fatty acids. Therefore, epithelial cells should be included in the
discussion of mucosal immunity despite the fact that they are not immune cells.

The intestinal epithelium is continuously exposed to an abundant,
complex bacterial flora, which varies quantitatively and qualitatively along the
length of the intestine POl It represents the major stimulus to the development

of the intestinal immune system. Consistent with its huge antigenic load, the
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intestine is rich in lymphoid cells, which constitute 25% of the total cells
present. Indeed, the immune system of the gastrointestinal tract represents the
largest mass of lymphoid tissue in the body. Collectively, this is referred to as
the gut associated lymphoid tissue (GALT). GALT comprises various cell types,
which are mainly categorized into phagocytes and lymphocytes 7l. Phagocytes
include neutrophils, monocytes and macrophages, all of which form part of the
innate immune system and provide non-specific immunity. Macrophages are
strategically placed where they will encounter their targets. They phagocytose
and degrade antibody-coated and complement-opsonized foreign particles, and
kill microbes by secreting a host of enzymes, reactive oxygen radicals and lipid
derived mediators. However, the oxygen radicals they secrete are potentially
detrimental if not controlled, causing lipid peroxidation and membrane
destabilization. This results in increased membrane permeability in the inflamed
intestine. Macrophages can also behave as antigen presenting cells, and secrete
cytokines that promote activation of T cells. Lymphocytes are comprised of B,
T and natural killer (NK) cells, which mediate what is called adaptive or specific
immunity. B cells differentiate in the bone marrow and are then transported to
petipheral lymphoid organs by the circulation. Upon activation, B cells secrete
antibodies, which ate then disseminated all over the body to guide the immune
response (via phagocytes, NK cells or complement) that eliminates the foreign
antigens. There are two sub-populations of B cells: the memory B cells, and the
activated plasma cells. As for the T cells, they differentiate in the thymus into
different sub-populations, the T helper (CD4%) «cells and the
cytotoxic/suppressor (CD8+) cells, the ratio of which is normally 2:1. T cells
lack receptors for antigens and require the presence of antigen-presenting cells.
Cytotoxic T cells will bind the antigen-presenting cells and are capable of killing
them directly. Suppressor T cells inhibit the function of both B cells and
cytotoxic T lymphocytes via the secretion of cytokines. As for helper T cells,
they help activate both B cells and cytotoxic T cells. Helper T cells have three
subtypes: Th1l, Th2 and ThO with distinct functions distinguished by their
cytokine profiles. IFN-y and IL-2 are the cytokines characteristic of Th1 cells,
while TL-4 and IL-5 ate typical of Th2 cells. Th1 and Th2 cells also reciprocally
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regulate one another via cytokines such as IFN-y and IL-10, and the balance
between these two subsets may be very important in maintaining mucosal
homeostasis. Crohn's disease is believed to be a Thl-mediated disease, given
that IFN-y and IFN-y producing cell numbers are both increased P7l. A third
population of lymphocytes, NK cells, have important functions in host defence
against viruses and tumors. These cells arise in the bone marrow and do not
manifest specificity for antigen; they attack and kill target cells directly. Their
participation in an immune response is enhanced by cytokines secreted by

activated helper T cells.

2.1.3 ANATOMIC DISTRIBUTION OF IMMUNE CELLS IN THE MUCOSA

Lymphocytes can be found in three main regions: scattered between
epithelial cells, dispersed throughout the lamina propria, and in organized
collections in the lamina propria, termed Peyer's patches 9. Cells at each site
have distinct phenotypic and functional characteristics. The cells found in the
epithelial layer, also known as intraepithelial lymphocytes (IEL), represent about
one of every six to ten cells in the epithelium. The majority of IEL are T cells,
while plasma cells are absent and B lymphocytes infrequent. IELs are located in
a site that would render them exposed to a variety of antigenic stimuli, providing
the first line of immune interaction. The inflammatory cells populating the
lamina propria are comprised of T cells, B cells, plasma cells, as well as
macrophages, dendritic cells, eosinophils and mast cells. There is strong
evidence that these T cells regulate the mucosal immune response to luminal
antigens and have migrated to the mucosa from the mesenteric lymph nodes.
One interesting fact is that the lamina propria is the only place where large
numbers of plasma cells are present continuously. They differentiate from B
cells in the lamina propria, under the effect of cytokines derived from T helper
cells and epithelial cells.

Peyer's patches are lymphoid follicles which very much resemble those
found in the spleen or lymph nodes. They contain all of the cells needed for

immune induction, including B cells, T cells, macrophages and dendritic cells.
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The B cells are usually located in the center of the patch, while T cells
predominate in the interfollicular areas. These B lymphocytes represent about
60-70% of cells in Peyer's patches, with T lymphocytes representing about 20%.
Unlike other follicles, Peyer’s patches lack afferent lymphatics. Instead, they
have a specialized follicle-associated epithelium (FAE) which pinocytoses
luminal antigens and delivers them to the Peyer's patches. These FAE are
characterized by the lack of goblet cells and the presence of M cells, which are
flattened, fenestrated cells without microvilli. They appear to be induced from
enterocytes by close interactions with B lymphocytes. M cells do not function as
antigen presenting cells; they simply transfer the antigenic material to
lymphocytes in the Peyer's patches [0, The presence of M cells therefore
renders bactetial organisms more accessible to Peyer's patches, which serve as
sites for the induction of mucosal immune responses.

An important feature of the GALT is mucosal lymphocyte ‘homing’ after
activation. Lymphocytes that have been induced in the Peyet's patches will
travel to the mesenteric lymph nodes where they will undergo further division
and maturation. However, they will also selectively home’ back to the intestine
and other mucosal sites (101, The mechanism of selective lymphocyte homing
into mucosal tissues is dependent upon the expression of certain cell adhesion
molecules on lymphocytes that will interact with related ligands on endothelial
cells. Inflammation increases the expression of certain such receptors, such as
ICAM-1 and ELAM-1, facilitating leukocyte entry into areas of intestinal

inflammation .
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2.2 CYTOKINES AND NUCLEAR FACTOR KAPPA-B

The following section examines a few of the molecular components of

the GALT system, namely cytokines and nuclear factor kappa B (NF-kB).

2.2.1 CYTOKINE CLASSIFICATION

Antigen presentation is closely followed by the generation of cytokines,
which provide signals enabling communication among the different cells
involved in the immune response. Cytokines are pleiotropic proteins, between 5
and 50 kDa, with autocrine, paracrine and endocrine activities. They regulate
immune and inflammatory responses, but also other processes such as cellular
proliferation, differentiation and apoptosis. Cytokine sectetion is usually a brief
and self-limited event, influencing the synthesis and actions of other cytokines.
Their actions can sometimes be redundant, such that several cytokines can share
the same role during inflaimmation. External signals regulate the expression of
cytokine receptors and cell responsiveness to cytokines. Responses to cytokines
generally consist of changes in gene expression in target cells, which in turn
induce their expression of new functions and/or proliferation 192, Macrophages
are a major source of cytokines, but epithelial cells and T helper cells also
produce a number of these molecules.

Cytokines are generally categorized according to their main function,
mostly into pro-inflammatory and anti-inflammatory (or immunoregulatory)
subgroups, chemokine groups, or as Thl vs. Th2 cytokines. Pro-inflammatory
cytokines include IL-1, IL-6, IL-8, monocyte chemotactic peptide-1 (MCP-1)
and TNF-o, while IL-4, IL-10 and transforming growth factor-beta (TGF-p) are
considered anti-inflammatory cytokines. However, some pro-inflaimmatory
cytokines can also have a role in controlling inflammation, such as IL-1, which
has a role in tissue healing, and IL-6, which can induce the secretion of anti-

inflammatory acute phase proteins [103],
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Chemokines, or chemotactic cytokines, are small (8-12 kDa) pro-
inflammatory proteins that can stimulate and guide the migration of leukocytes
to sites of inflammation. They can be categorized into 3 groups based on having
one or two cysteine residues in their amino terminal domain, and whether or not
the latter are adjacent (CC) or separated by an intervening amino acid between
the first two cysteines (CXC). Members the CC family, such as MCP-1, MCP-3,
and macrophage inflammatory protein 1 (MIP-1) are regulated upon activation.
Normal T cells express and secrete RANTES, which functions mainly as a
chemoattractant for monocytes, eosinophils, subsets of T lymphocytes and
basophils. The CXC family members, including IL-8, GRO-a, GRO-y, and
epithelial cell-derived neutrophil activator 78 (ENA-78), are mainly important
for the chemoattraction and activation of neutrophils. There also is the C
chemokine lymphotactin, which serves primarily to attract T lymphocytes [194.

Thl and Th2 lymphocytes develop from precursors, native CD4+ T
lymphocytes (ThO). Their pattern of differentiation depends on the stimuli

present early during an immune response. Thl cells secrete IFN-y, IL-1 and

TNF-a, and mediate delayed hypersensitivity, while Th2 cells produce IL-4, 5,
9, 10 and 13, which influence B cell responses. ThO lymphocytes secrete both of

the above classes of cytokines [102],

2.2.2 FUNCTIONS OF CYTOKINES IN THE IMMUNE SYSTEM

TNF-a. is one of the principal cytokines mediating the acute
inflammatory response to gram-negative bacteria and other microbes, and is
responsible for many of the systemic complications of severe infections. It is
produced mainly by activated mononuclear phagocytes, and stimulates the
recruitment of neutrophils and monocytes to sites of infection where it will
activate these cells to eradicate microbes. The most potent stimulus for TNF
production by macrophages is lipopolysaccharide (LPS), an endotoxin found at
the sutface of gram-negative bacteria. TNF stimulates endothelial cells and

mactrophages to secrete a host of chemokines, as well as IL-1 by mononuclear
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phagocytes. In addition to its role in inflammation, TNF induces apoptosis in
some cell types [102],

Interleukin-1 is similar to TNF-o considering that it is mainly produced
by mononuclear phagocytes, and that its principal function is to mediate host
inflammatory responses to infections and other inflammatory stimuli. Unlike
TNF however, IL-1 is produced by many other cells including neutrophils,
epithelial and endothelial cells. Thete are two forms of IL-1, IL-1a and IL-1P,
that are less than 30% homologous to each other but mediate the same biologic
activities. The effects of IL-1 are the same as those of TINF, but depend on the
quantity of IL-1 secreted. In low concentrations, it functions as a mediator of
local inflammation, whereas when secreted in larger quantities, it enters the
blood stream and exerts endocrine effects. Monocytes also produce a natural
inhibitor, the IL-1 receptor antagonist (IL-1ra), that functions as a competitive
inhibitor for IL-1 [102],

Intetferon-y is the principal macrophage-activating cytokine, acting
mainly as an effector cytokine. It is produced primarily by NK cells, CD4+ Thl
cells, and Cd8+ T cells. IFN-y provides the means by which T lymphocytes and
NK cells activate macrophages to kill phagocytosed microbes, stimulate
expression of MHC-class I and class II on antigen presenting cells, promote the
differentiation of ThO into Th1 cells, and inhibit the proliferation of the Th2
cells. In all, it promotes macrophage-rich inflammatory responses [102,

Other pro-inflammatory cytokines including IL-6, 8, 12, 15, 18, and
GRO-a, contribute to the inflammatory process mainly by stimulating the
activation and proliferation of various immune cells, and by directing them
towards sites of inflammation.

Among ant-inflammatory cytokines, TGF- is produced by activated T
cells, macrophages and intestinal epithelial cells. Its main functions are the
inhibition of the activation and proliferation of activated T and B cells, intestinal
epithelial cells and macrophages. It also inhibits adhesion molecule and MHC

class II expression 3,
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Interleukin-4 is the classical cytokine defining the Th2 subset. It is also
produced by activated basophils and mast cells. IL-4 stimulates IgE production
by B cells and Th2 cell proliferation. Its main anti-inflammatory role involves
the suppression of macrophage by antagonizing IFN-y, thereby inhibiting cell-
mediated immune reactions [192],

Interleukin-10, on the other hand, is mainly an anti-inflammatory
cytokine that is produced by macrophages, T lymphocytes, and some non-
lymphoid cells. It provides negative feedback to activated macrophages by
inhibiting their IL-12 and TNF production, and by preventing the expression of
MHC class II molecules on their surface. IL-10’s main function is the
maintenance of homeostatic control of innate and cell-mediated immune
responses [102],

Other anti-inflammatory cytokines include IL-13, which is structurally
similar to IL-4. It is produced by Th2 cells and some epithelial cells, and mimics
the effects of IL-4 on macrophages by inhibiting their activation and
antagonizing IFN-y. The balance between pro- and anti-inflammatory cytokines
is of crucial importance for the maintenance of immune homeostasis. Under
physiological conditions, the secretion of anti-inflaimmatory cytokines follows
that of pro-inflammatory cytokines and mediates down-regulation of

inflammation, wound healing and tissue repair.
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Table 1 Selective characteristics of cytokines that play a role in mucosal
immunity and intestinal inflammation

Cytokine Main cellular source Main target cell Dominant Functions

IL-2 T cells T cells, all IL2R bearing cells T cell activation, proliferation, clonal
expansion, and differentiation

IL-4 T cells, mast cells, basophils Multiple cell types TH2 differentiation, mediation of allergy,
and immunosuppression

1L-7 Stromal cells T cells T cell proliferation and cytotoxicity

IL-15 Most cells IL-2R bearing cells Multiple activities

L1 Monocytes, macrophages Most cells Mediation of infectious and inflammatory
processes

IL-6 Multiple cells Most cells Enhancement of immunoglobulin
production, and immunoregulation

TNF-o Macrophages Multiple cells Mediations of inflammatory and cytotoxic
responses

Chemokines  Immune, nonimmune cells  Leukocytes Selective chemoattraction

IFN-y T cells, natural killer cells Most cells Induction of MHC class II antigens,
monocyte activation, TH1 differentiation
and IL-4 suppression

IL-12 Phagocytes, B cells T cells TH1 differentiation, mediation of
infectious responses

IL-18 Multiple cells Multiple cells IL-12-like effect

IL-10 Monocytes, macrophages Multiple cells Anti-inflammatory activity and
immunosuppression

CSF Stromal cells Granulocytes and Growth, differentiation, and survival of

macrophages hematopoietic cells
IL-5 T cells, mast cells Eosinophils, mast cells, Mediation of allergic and parasitic diseases
basophils

1L-9 TH2 cells T cells, mast cells Undefined

IL-11 Hematopoietic stromal cells Multiple cells Stimulation of intestinal crypt cells

IL-13 T cells Multiple cells (except T cells)  IL-4-like effect

IL-16 T cells CD4+ cells T cell chemokinesis

IL-17 T cells Unclear Pro-inflammatory

Excerpt from Podolsky DK, and Fiocchi C. [105]
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2.2.3 NUCLEAR FACTOR KAPPA B

NF-xB comprises a family of inducible transcription factors that setve as

important regulators of the host immune and inflammatory responses. NF-xB

exists in the form of heterodimers and homodimers of Rel proteins, of which

there are five family members in mammalian cells: RelA (p65), cRel, RelB, NF-
KB1 (p50) and NF-kB2 (p52). Studies in knockout mice have shown distinct
functions for different members of the NF-xB/Rel family. The predominant
form of NF-xB is the p65/p50 dimer, the most potent gene transactivator
among the family. This heterodimer is also the major NF-kB prototype in the
nucleus of cytokine-stimulated intestinal epithelial cells 119, Under resting
conditions, NF-kB is held in an inactive state, sequestered in the cytoplasm by a
family of regulatory proteins known as inhibitors of kappa B (IkB). There are
seven IxkB variants (IxBa, IxBf, IkBe, IkBy, Bcl3 p105 and p100) that
preferentially associate with various Rel family dimers 007, Different IxB
molecules have distinct and overlapping specificities. The most abundant NF-
kB inhibitors are IxBa (37 kDa), IkBp and IkBy (45 kDa each). However, the
most characterized and most potent NF-xB inhibitor is IxBa, which binds
avidly to the p65 subunit of NF-kB. During an immune response, several
stimuli, including TNF-a, IL-1 and LPS, activate a cascade of events that will
end with the translocation of NF-kB into the nucleus where it can petform its
transcription functions. For starters, stimulation of cells will activate a complex
of IxB kinases (IKK) that phosphorylate inducible IkBa on the amino terminus
at serine residues 32 and 36. Phosphorylation of these serine residues is the first
step in IkB degradation. Phosphorylated IkB is then ubiquinated and rapidly
degraded through the cell's 26S proteasome complex. This proteolytic
degradation of IkB allows the release of NF-kB which will transmigrate into the
nucleus 1%, Once in the nucleus, NF-kB will transactivate tatget genes for

several cytokines and factors, as well as genes for its own inhibitor, IkBa. This
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will allow for a negative feedback loop with restoration of IxkBa levels and

binding of nucleic NF-kB, thereby down-regulating NF-xB activation (109,

2.2.4 ROLE OF NF-kB IN INFLAMMATORY DISEASES

NF-xB is activated by a wide range of agents, including IL-1, TNF-q,
LPS, double-stranded RNA, phorbol esters, cyclic AMP, UV light, oxidants,
bacteria and viral transactivators. Once it is activated, NF-kB transcriptionally
regulates cellular genes implicated in early immune, acute phase and
inflammatory responses. Among the genes that are transcribed by NF-kB are
included those for IL-1, TNF-a, IL-2, 6, 8, and 12, inducible nittic oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), intercellular adhesion molecule-1
(ICAM-1), vascular cellular adhesion molecule-1 (VCAM-1), T cell receptor-o
(TCR-0)), and MHC class II molecules [119]. As well, cytokines that are stimulated
by NF-xB, such as IL-1 and TNF-a, can also directly activate the NF-kB
pathway, thereby providing a positive feedback loop that can amplify the
inflammatory response and increase the duration of chronic inflammation.
Moreover, NF-kB stimulates the production of enzymes such as iNOS and
COX-2, which generate nitric oxide and prostanoids respectively, contributing

further to the pathogenesis of the inflammatory process [11],



Table 2 Inducers of NF-kB

Cytokines and Growth Factors Bacteria and Bacterial Products

Intetleukin-1p *

Interleukin-2 *

Interleukin-17 *

Interleukin-18 *

Lymphotoxin

Leukotriene B4 *

Tumor necrosis factor-ot *
Macrophage colony stimulating factor
Platelet-derived growth factor *

Salmonella and Shigella *
Enteropathogenic E. /i *
Helicobacter pylori
Mycoplasma fermentans
Listeria monocytogenes *
Lactobacilli
Lipopolysaccharide *
Peptidoglycan-polysaccharide *
Toxic shock syndrome toxin 1

T Cell Mitogens
Antigen Viruses and Viral Products
Anti-CD2 Adenovirus *
Anti-CD3 Epstein-Barr virus
Anti-CD28 Human immunodeficiency virus type 1
Calcium ionophores Human T cell leukemia virus type 1
Lectins Hepatitis B virus B
Oxidative stress Herpes simplex virus type 1
Hydrogen peroxide * Double-stranded RNA
Ozone Latent membrane protein

Reactive oxygen intermediates *

* Documented to stimulate intestinal epithelial cells.
Excerpt from Jobin C, and Sartor RB. [112]

Table 3 Molecules regulated by NF-xB in IEC

Cytokines and chemokines
Interleukin-1p
Interleukin-6
Interleukin-8
GRO-a, GRO-B
RANTES
Macrophage inflammatory protein-2

Cell surface receptors
Interleukin-2R
CD95/APO-1 (Fas)
Adhesion molecule
ICAM-1
Inflammatoty enzymes
Inducible nitric oxide synthase
Cyclooxygenase-2
Stress proteins
Complement factors B, C3, C4

Immunoregulatory molecule
Major histocompatibility complex I and II

Excerpt from Jobin C, and Sartor RB. [112]

36



37

Given its propensity to exacerbate inflammatory responses, it is no
surprise that the activation of NF-«kB is involved in the pathogenesis of several
chronic inflammatory diseases, including rheumatoid arthritis, asthma and IBD.
The presence of several pro-inflaimmatory cytokines in the synovial fluid and
lungs of patients with these disorders supports a role for the NF-xB pathway
(113, NF-kB activation has also been documented in mucosal biopsy specimens
of patients with IBD 114, Moreovet, altered NF-xB regulation may be involved
in the pathogenesis of disorders such as atherosclerosis and Alzheimer's disease,
where the host’s inflammatory response is at least partially involved in the
pathogenesis. Indeed, NF-kB may play an important role in the initiation and
progression of the fibroproliferative process in atherosclerosis and neutitic
plaques and neuronal apoptosis in Alzheimer's disease, through its effects on
genes coding for inflammation and cell proliferation [11311116],

In addition to its role in gene activation in the context of an immune or
inflaimmatory response, NF-kB is a key mediator of genes involved in the
control of cellular proliferation and apoptosis. Indeed, NF-xB is involved in
protecting cells from undergoing apoptosis in response to cytokine treatment or
DNA damage. For instance, following treatment with TNF-a,, NF-kB activation
can increase the expression of anti-apoptotic cellular proteins, thereby reducing
apoptosis [17]. However, other groups have attributed pro-apoptotic properties
to NF-kB. Inhibition of NF-kB by certain antioxidants prevented apoptosis in
human thymocytes and promyelocytic leukemia cells [''8. This dual role for NF-
KB in apoptosis can be explained by the possibility that different NF-xB
members mediate different signals. As well, the role of NF-xB in apoptosis
depends on the cell type or type of stimulation that determines which signalling
pathways are activated.

NF-kB has also been proven to be involved in cell differentiation and
growth. In certain cases, NF-kB was believed to be a promoter of cellular
differentiation, whereas in others, it was thought to be an inhibitor. For

instance, the inhibition of NF-kB activity in keratinocytes prevented the
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maturation process of these cells, while another study confirmed that NF-xB
functions as a negative regulator of skeletal muscle differentiation (119120}, In
fact, whether NF-xB promotes or represses cellular differentiation most
probably depends on which specific forms of this factor are represented during
the development of a particular tissue, and on cellular differences with regards
to transcriptional response.

Whatever its effects on cellular differentiation and growth, NF-xB has
also been associated with oncogenesis, since abnormalities in the regulation of
the NF-kB pathway have been witnessed in a variety of human cancers. These
abnormalities resulting in constitutively high levels of NF-kB in the nuclei of
tumors have been demonstrated in breast, ovarian, prostate, and colon cancers
(121], Indeed, aberrant levels of NF-kB/Rel have been reported in primary breast
cancers 122, As well, NF-kB has been shown to be a downstream target of the
oncogenic Ras, and to be required for Ras-mediated cell transformation [123].
Similarly, the chimeric oncoprotein Ber-Abl, implicated in acute lymphoblastic
and chronic myelogenous leukemias, also requires NF-kB to induce cellular
transformation [124. This suggests that a key role for NF-xB in the malignant
transformation of cells is highly plausible; however, it is yet unclear whether
over-activation or excessive expression of this transcription factors in
transformed cells is directly linked to the transformation, or whether NF-xB
only provides an accessory signal.

In summary, NF-xB plays a key role in controlling the expression of
multiple inflaimmatory and immune genes involved in asthma, rheumatoid
arthritis, atherosclerosis, cancer, AIDS, toxic shock, and acute phase responses.
It is therefore a favourable target for therapeutic intervention, and intense

research is being carried out to develop NF-kB member-specific and cell type-

specific drugs that can prevent the deleterious effects NF-kB on its target cells.
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2.3 IMMUNOPATHOGENESIS OF CROHN'S DISEASE

The precise nature of the initiating events involved in CD remains
unknown, although findings in animal models and human studies support the
concept of immunodysregulation. It is believed that the aberrant immune
response may be driven by exposure to the bacterial flora or to dietary antigens.
What is established, however, is that increases in epithelial permeability, pro-
inflammatory cytokine levels and NF-kB activity are present in CD. In this

section, we discuss these alterations and their impact on the disease.

2.3.1 MUCOSAL BARRIER DISRUPTION IN CD

The epithelial layer that lines the surface of the intestinal mucosa
constitutes the first line of defence against the numerous antigens and microbes
found in the intestinal lumen. The stability of this epithelial batrier is established
by the formation of tight intercellular junctions, zona adherens and
desmosomes. The integrity of the epithelium and its tight seal against luminal
contents are functional prerequisites of the healthy bowel. On the other hand,
most studies have provided evidence for increased intestinal permeability in
patients with active CD [20126, Gassler and colleagues found that the
expression of the zona adherens and tight junction proteins were downregulated
in epithelial tissue of CD patients [127],

In addition to the paracellular route (through tight junctions), uptake via
endocytosis is thought to be a dominant mode of transport through the
epithelium. Under physiological conditions, limited and controlled uptake of
protein fragments is essential for the surveillance of antigens in the
gastrointestinal tract. This sampling is mostly mediated by M cells, but epithelial
cells also have the capacity to present antigen to the underlying immune cells.
Therefore, a disturbance in permeability could reflect increased uptake of
antigens via enterocytes or tight junctions. Soderholm and colleagues found an

increased uptake of ovalbumin in the non-inflamed mucosa of CD patients.
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This occurred via both paracellular and transcellular routes [128l. Other groups
have confirmed alterations in intestinal permeability in areas lacking
macroscopic injury (2130, These reports and the description of abnormal
permeability among healthy first-degree relatives of CD patients have led to the
hypothesis that aberrant permeability might represent a primary defect in CD
(131132], However, others established that increased intestinal uptake is secondary
to the inflimmation in CD [33. Moreover, increased cytokine release by
activated immunocytes could induce the aberrant permeability of the mucosal
barrier. Cytokines such as IFN-y, IL-4, and TNF-o adversely affect barrier
function in cultured human epithelial cells (340135136, These cytokines are
known to be increased in CD; as such their implication to epithelial bartier
dysfunction in IBD is very plausible. Whether an epithelial batrier defect is a
primary disturbance or a secondary phenomenon in CD remains uncleat. The
implication is that such defects provide an opportunity for luminal antigen to

cross the epithelial barrier, causing an excessive inflammatory tesponse.

2.3.2 CYTOKINE LEVELS IN CD

The state of physiological inflammation in the gut mucosa depends on
the balanced secretion of Thl and Th2 cytokines. The chronic pathological
inflammation in IBD is theoretically associated with an imbalance in Th1/Th2
cytokines. Several studies have reported that CD is mainly associated with a Thl
response. Some studies have shown that levels of IL-2 protein and mRNA are
consistently higher in CD, compared to UC patients, and LPMC from CD
patients exhibit an exaggerated reactivity to IL-2 stimulation 37138, Elevated
IFN-y mRNA, spontaneous IFN-y protein secretion, and high levels of IFN-y-
producing cells in tissues from CD patients have been reported 13914011411, Asg
well, LPMC from CD patients have been shown to produce low levels of I1.-4,
and T cells from CD patients seem to be resistant to IL-4 inhibitory activity
(1421431, All of these changes in cytokine profile point to the existence of Thl
hyper-reactivity in CD. Th1 cells are partially responsible for the release of pro-

inflammatory cytokines such as IL-1, IL-6 and TNF-o from responding
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macrophages, and contribute to the amplification of pre-existing mucosal
inflammation. However, the existence of a Thl pattern is not definitive, since
early post-surgical ileal lesions from CD patients were shown to have an
opposite Th2 response, with high IL-4 and low IFN-y levels [144. Therefore,
there is a lack of convincing proof of classifying CD as a purely Th1 disease.

Table 4 Cytokine levels in patients with Crohn’s disease
Cytokine Direction of change References
L1 T [150]
IL-2 1 [137][138]
1L-4 1 [142][143][144]
IL-6 0 [152]
IL-8 t [145]
IL-10 0 [153]
TNF-a T [1507{151]
IFN-y 1 (139]{140](141][144]
TGF-B t [154]
ENA-78 0 [147]
MCP-1 0 [148]
MIP-1 1 [149]
RANTES 4 [149]
112 N [149]

Aside from the alterations observed in Th1 cytokines, changes in several
chemokines have been observed in IBD. Chemokines are key molecules
responsible for the recruitment and influx of immune cell to sites of
inflaimmation, and their involvement in IBD represents a major component of
its pathogenesis. Most of the attention has been focused on IL-8, the levels of
which are markedly increased in CD mucosal samples, correlating with the
degree of inflammation [4l. Macrophages are the major source of IL-8 in CD,
but intestinal epithelial cells also contribute [146. Moreover, intestinal epithelial
cells produce substantial levels of another chemokine, ENA-78, in both CD and
UC 047, Since ENA-78 is a neutrophil attractant, this indicates a direct
involvement of epithelial cells in the pathogenesis of CD. Several other
chemokines are increased in CD, including MCP-1, RANTES, and MIP-1
(48]149] In all, chemokines are cleatly involved in CD, but their role is non-

specific, likely secondary to initiating events.
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Pro-inflammatory cytokines are considered of great importance to the
pathogenesis of CD. Increased levels of IL-1B and TNF-o have been

documented in the mucosa of CD patients 150, As well, elevated TNF-a levels
were detected in sera of some diseased patients [151, IL-6 is another pro-
inflammatory cytokine that is increased in tissues and sera of CD patients [152,
Cytokines such as these contribute to IBD by activating both immune and non-
immune cells, and by up-regulating the expression of cellular adhesion
molecules. As well, TNF-o. may be especially important in promoting tissue
injury through cellular apoptosis. TNF-o-induced injuty of the epithelium
perpetuates inflammation through impaired bartier function, leading to uptake
of pro-inflammatory substances from the lumen. Quite like chemokines, pto-
inflammatory cytokines are believed to be a secondary event since the greatest
increases are detected after the inflammation is histologically detectable.
Normally, the secretion of anti-inflammatory cytokines ensues following
the acute inflammatory response, counteracting the effects of pro-inflammatory
cytokines and reinstituting homeostasis in the affected tissues. Among anti-
inflammatory mediators are Th2 cytokines such as IL-4, IL.-10, and IL-13, which
oppose Thl functions and inhibit the production of IFN-y. While I1.-4 levels
are generally decreased, IL-10 levels seem to be increased in both tissues and
sera from CD patients (153, Increased mucosal content of TGF-f1, another anti-
inflammatory mediator, has also been found in active 154, IBD is characterized
by an imbalance of IL-1 and its antagonist, in that IL.-1ra levels are not
sufficiently raised to compensate for the incteased amounts of IL-1f [155, This
imbalance between pro- and anti-inflammatory cytokines translates into a failure
of down-regulation and reparative processes, resulting in ongoing inflammation

that typifies CD.

2.3.3 INCREASED NF-kB ACTIVATION IN CD

Several lines of evidence suggest that NF-kB activation of cytokine genes

is an important contributor to the pathogenesis of CD. Several studies have
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documented increased activation of NF-kB in the intestine of CD patients and
in rodents with experimental colitis. One study by Rogler and colleagues
reported a significantly greater activation of the p65 subunit in mucosa from CD
patients as compared to normal mucosa; this activated form of NF-kB was
localized to macrophages and intestinal epithelial cells [15¢. This presence of
activated NF-xB in epithelial cells suppotts results from in-vitro studies where
activation of NF-kB in intestinal epithelial cells could be induced by IL-1B and
TNF-o 157, Moreover, the experiments by Rogler and colleagues showed that
activated NF-kB is concentrated in intestinal epithelial cells located in the
crypts, and that it correlates with the degree of mucosal inflammation. Another
group reported ex-vivo expression of NF-kB in isolated bowel endothelial cells
from CD patients [158]. Thus, NF-kB activation can be seen at many levels of the
intestinal mucosa.

One of the ways to assess NF-kB activity in disease is by evaluating its
transcription end products. NF-kB is clearly one of the most important
regulators of pro-inflammatory gene expression, and its involvement in the
synthesis of pro-inflammatory cytokines has been widely documented. Indeed,
NF-kB regulation of genes encoding TNF-a, IL-1B, IL-6, IL-8, MCP-1,
VCAM-1, ICAM-1, macrophage colony-stimulating factor, and macrophage-
granulocyte colony-stimulating factor has been evidenced by numerous studies
[159)1160)[161][162][163], Several of these cytokines are increased in CD, which implies a
function for NF-kB in up-regulating inflaimmation in this setting. NF-xB
mediated increases in IL-8 and ICAM-1 expression and secretion following
infection of the human intestinal epithelial cell lines HT-29, Caco-2, and T84
with enteroinvasive bacteria (164, The inhibition of NF-kB activation with an
IxBa super-repressor blocked the expression of IL-8, GRO-a,, MCP-1, ICAM-
1, COX-2, NOS2, and TNF-o in response to bacterial infection. This
involvement of NF-«xB in up-regulating inflammation was the basis for trials
aimed at inhibiting the pathway. I» i treatment of lamina propria

macrophages from IBD patients with p65 anti-sense oligonucleotides reduced
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pro-inflammatory cytokine production (163, As well, NF-kB-directed thetapy has
been effective in a murine model of IBD induced by 2,4,6-trinitrobenzene
sulfonic acid, where local application of p65 anti-sense oligonucleotides blocked
both clinical and histological evidence of disease activity (158, In light of these
results, the anti-inflammatory effect of inhibition of NF-kB confirms that

activation of NF-kB, and of cells expressing it, is fundamental to inflammatory

processes. Indeed, NF-kB provides a common signal transduction pathway for
the up-regulated expression of pro-inflammatory genes and mediators in CD.
However, it is unclear whether the increase in NF-kB activation observed in CD
is in response to a causal agent or to increased immunological signalling.

In conclusion, the pathogenesis of CD is complex and consists of three
interacting elements: genetic susceptibility, priming by luminal antigens, and
immune-mediated tissue injuty. In such a setting, intestinal inflammation arises
from abnormal immune reactivity to bacterial flora or dietaty antigens in the
intestine of individuals who are genetically susceptible. In healthy individuals,
the intestinal mucosa is in a state of controlled inflammation with maintenance
of mucosal homeostasis in the face of a host of such luminal antigens. However,
in the genetically susceptible individual, there seems to be an aberrant response
to normal luminal contents, leading to extensive inflammation and tissue injuty.
CD patients exhibit disrupted mucosal barrier functions, altered cytokine
profiles, and increased NF-kB activation. Several theories have suggested a role
for enteric bacteria in the initiation of disease by over-activation of immune cells
in susceptible individuals. However, other hypotheses propose a role for
oxidative stress in the disruption of the epithelial layer and mucosal defences,
thereby unleashing a series of events that will culminate in chronic
inflammation. It is this involvement of oxidative stress in the pathogenesis of

CD that will be discussed in the next chapter.



Chapter 3

Oxidative Stress and Crohn’s Disease
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3.1 DESCRIPTION OF OXIDATIVE STRESS

Radicals have been implicated in the toxicities related to numerous
chemicals and in the pathogenesis of many diseases. The list of disorders in
which radicals and oxidants have been implicated is still growing, in part because
these reactive molecules can account for most of the tissue damage that has
been identified in a variety of diseases [196], Oxidative stress has been widely
implicated in CD, especially in light of the imbalance in oxidant/antioxidant
status and increased lipid peroxidation that have been documented in patients.
This chapter is dedicated to the understanding of oxidative stress in Crohn's

disease. We shall begin with a definition of oxidative stress, follow with an
explanation of the effects of oxidative stress on NF-kB, and conclude with a
documentation of the evidence for oxidative stress in CD and its treatment with

antioxidants.

3.1.1 SOURCES OF OXIDANTS AND OXIDATIVE DAMAGE IN BIOLOGICAL

SYSTEMS

In the human body, normal biological activities as well as exogenous
factors lead to the abundant formation of radicals every day. Radicals are
potentially dangerous since they can lead to oxidation and subsequent damage
to DNA, proteins, lipids and other major biological constituents. This injury has
been implicated in various conditions such as ageing, cardiovascular disease,
cataracts, cancer, immune system decline, and brain dysfunction 167,

A radical is a chemical species with an unpaired electron that can be
neutral, positively or negatively charged. There are several types of radicals,
including oxygen-, thiyl-, carbon-, nitrogen-, and phosphorus-centered radicals.
These radicals sometimes have a role as oxidants; however not all radicals are
oxidants, and not all oxidants are radicals. The prevalence of oxygen in
biological systems results in oxygen-centered radicals being the most common

type. Reactive oxygen species (ROS) and reactive oxygen metabolites (ROM) are
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both terms used by scientists to include not only the oxygen-centered radicals,
but also some non-radical derivatives of Oz. The most common ROM found in
biological systems include the hydroxyl radical (HO), the superoxide anion (Oz~
), and hydrogen peroxide (H20), all of which are electron reduction products of
singlet oxygen (Og). Other radicals and oxidizing species commonly found
include lipid alkoxyl (LOY) and peroxyl (LOO-) radicals, lipid carbon centered
radical (L), semiquinone radical (HQ-), and nitric oxide (NO) [168l. All of these
species have different chemical reactivities and lifetimes, which affect the type
and extent of damage they can produce in biological systems. Radical lifetimes
can vary from extremely short to indefinitely long. For instance, the hydroxyl
radical is extremely reactive, with a half-life of 10 seconds. This makes the
hydroxyl radical quite unselective in the damage it causes. On the other hand,
the superoxide anion exists 10 000 times longer than the hydroxyl radical, and
semiquinone radicals, which are found in cigarette tar, can have almost infinite
lifetimes.

Thus, radicals do not usually react with great selectivity, which makes
them all the more destructive. They have a potential for self-sustaining chain
reactions, consisting of initiation and propagation reactions. Initiation reactions
result in the creation of species with unpaired electrons, while propagation
reactions result in the maintenance or transfer of the radical character.
Propagation reactions account for the majority of free radical formation.
However, this process can be stopped by a termination reaction, which will
result in the conversion of radicals into spin-paired products.

There are vatious sources of oxidants in biological systems, and these
can be divided into endogenous and exogenous sources. The endogenous
sources that account for most of the oxidants produced by cells are represented
by phagocytic cells, mitochondrial electron transport, peroxisomes, microsomal
electron transport, soluble oxidase enzymes, and cytochrome P-450 enzymes.
However, under physiological conditions, the first two systems represent the
largest source of radical production ## v, while the others contribute mostly
under disrupted conditions. Phagocytic cells are perhaps the best recognized

biological sources of free radicals. In the presence of bacteria- or virus-infected
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cells, activated phagocytes exhibit a marked increase in oxygen consumption.
This ‘oxidative burst’ results in the production of nitric oxide, superoxide anion,
hydrogen peroxide, and hypochlorous acid (HOCI), and is meant to destroy the
invading microbes 191, However, the radicals liberated from phagocytes can
cause damage beyond their target cells, injuring surrounding tissues,
petpetuating inflammation. Therefore, excessive phagocytic activity can have
deleterious effects on the affected host. It has also been established for quite
some time that the mitochondrial electron transport system is capable of
generating ROS 11701, Superoxide anion, hydrogen peroxide, and hydroxyl radical
are the inevitable by-products of normal aerobic respiration by mitochondria. It
is believed that up to 2% of total mitochondrial oxygen consumption goes
toward the production of ROS 171, However, some scientists believe that this
figure was calculated under a highly artificial system, and revised it to a much
lower percentage of ROS produced under physiological conditions [167. Studies
on the leakiness of electron transport chains were based on experiments with
bacteria and mitochondria respiring in air-saturated solutions, and might
represent overestimations [172. Nonetheless, the fact remains that normal
mitochondrial activity contributes to the oxidative load of an organism.

Among the exogenous sources that may significantly contribute to
increases in oxidant load are transition metals, nitrogen oxides, and natural
phenolic compounds. Redox-active metal ions such as iron and copper are
essential enzyme co-factors. Under normal conditions, these metals are trapped
under the action of chelating factors, so that no free metals are found in body
fluids (171, When free in biological systems, these iron and copper salts have
noxious capacities, given that they facilitate the generation of oxidizing radicals
from peroxides through Fenton-type reactions. An example of such a process
would be iron-dependant Fenton chemistry, whereby superoxide dismutates to
form hydrogen peroxide, which is subsequently reduced by ferrous iron to form
a hydroxyl radical (Figure 1). This process is known as the iron-catalyzed Haber-

Weiss reaction 1731,
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20;+2H" - H,0,+0,
H,0, +Fe** — HO +OH +Fe*

Figure 1 — Iron-catalyzed Haber-Weiss reaction

Given its propensity for oxidative reactions, iron can be vety destructive
in humans, and iron overload has been associated with several pathologies,
including cirrhosis, impaired cardiac function, diabetes mellitus, and
endocrinopathies. Iron-catalyzed free radical-mediated lipid peroxidation seems
to play a significant role in these diseases [174175], Another exogenous soutce of
pro-oxidants is nitric oxide from cigarette smoke, which can cause oxidation of
macromolecules and deplete antioxidant stores. Natural phenolic compounds
found in plants, such as chlorogenic and caffeic acid, can also generate oxidants
through redox cycling [170. There are thus several sources that promote the
oxidant load in humans, although the importance of each of these radicals in
any specific disorder remains unclear.

As mentioned above, radicals and oxidants are capable of reacting with
proteins, DNA, and lipids, accounting for a vast array of changes that result in
cellular and tissue damage [16¢. The oxidation of proteins can result in loss of
sulfhydryl groups and modifications of amino groups, which in turn lead to the
formation of carbonyls and other oxidized moieties. Oxidized proteins ate
normally removed by proteolysis, although the proteolytic enzymes that
hydrolyze them are not sufficient to prevent age-related accumulation of
oxidized proteins [!77l. When the rate of protein oxidation exceeds their removal,
cell injury becomes apparent, as is reflected in diseases associated with
premature aging such as Werner's syndrome and progeria. This increase in
oxidized protein levels may also reflect unrepaired damage to other cellular
components, including DNA [178],

Oxidative damage to DNA is inevitable, given that antioxidant defences
in the human body are not always optimal. This damage includes single- and
double-strand breaks, base changes, deletions, and chromosomal aberrations
179, In fact, free radicals are estimated to modify approximately 10,000 DNA

base pairs every day (180, The major molecular mechanisms involved are direct
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reaction of hydroxyl radicals and carbonyl compounds with DNA. Superoxide
and hydrogen peroxide only react with DNA in the presence of transition
metals which allow hydroxyl radical formation. DNA repair enzymes, known as
glycosylases, normally excise the abnormalities. However, their removal is not
entirely efficient and some oxidized DNA will accumulate with age. Eventually,
this leads to cell death or the potential development of malignancies [181],

Lipid peroxidation is one of the best established examples of a radical
chain reaction that plays a role in biological changes. The term "peroxidation"
was attributed to lipid autoxidation, because its main products are generally lipid
peroxides. The introduction of radicals into a system containing polyunsaturated
fatty acids (PUFA) will result in a chain reaction tepresented by the autoxidation
of many PUFA molecules (Figure 2).

Initiation [njtiation — 2R
R +0, - ROO
ROO +ILLH - ROOH+L

Propagation L +0O, — LOO
LOO +LH — LOOH+L

Termination LOO + AOH — LOOH + AO
AO +LOO — Non - Radical Products (NRP)

Figure 2 — Chemical equations involved in lipid peroxidation

During lipid peroxidation, a radical (LOO-) will react with a PUFA (LH)
molecule by abstracting a doubly allylic hydrogen atom, thetreby creating a lipid
hydroperoxide and a carbon-centered radical. This process is part of the
propagation step and will occur repeatedly until a termination reaction takes
place. Hence, a single initiation event can result in the conversion of hundreds
of fatty acid side chains into lipid hydroperoxides. The formation of lipid
peroxides in biological membranes results in changes in membrane fluidity and
permeability, as well as inactivation of membrane-bound receptors and enzymes
(182, Lipid peroxidation is also associated with increased rates of protein

degradation and mutagenicity. Numerous studies have documented the
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occurrence of lipid peroxidation 7# vivo, and this system has been implicated in
the pathogenesis of numerous disorders, including atherosclerosis, cancer and

Alzheimer's disease.

3.1.2 ANTIOXIDANT DEFENCE SYSTEMS

Living organisms have evolved several defence mechanisms to limit the
levels of reactive oxidants and the damage they inflict. Antioxidants may act at
different levels in the oxidative process by scavenging free radicals, binding
metal ions, or removing oxidatively damaged biomolecules. Whereas some
antioxidants are endogenously synthesized, others have to be provided by the
diet. Antioxidant defence systems can be divided into enzymatic and non-
enzymatic categories. Enzymatic antioxidants include superoxide dismutase
(SOD), catalase, glutathione peroxidase (GSH-Px), and glutathione transferase
(GST) while non-enzymatic antioxidants include the low-molecular weight
radical scavenger glutathione (GSH), as well as dietary antioxidants such as
ascorbic acid, o-tocopherol, carotenoids, ubiquinols, and flavonoids. In
biological systems, these defence mechanisms act in concert to limit oxidative
processes and to minimize the deleterious effects of oxidants.

Enzymatic antioxidants typically remove excess Oz~ and H2O: (Figure 3).
Superoxide dismutase is an enzyme that exists under two different isoforms: Mn
SOD contains manganese at its active site and is located in the mitochondria,
while Cu-Zn SOD contains copper and zinc at its active site and is mostly
present in the cytosol [172. SOD enzymes remove Oz by accelerating its
conversion into the less potent HxO», thereby protecting the organism from the
toxic actions of Oz~ Since SOD enzymes generate H2O2, they must act in
collaboration with H>Oa-temoving enzymes such as catalase and GSH-Px.
Catalase is a ubiquitous heme protein usually located in peroxisomes, which is
responsible for the conversion of H2O: to oxygen and water (183, However, the
most important HzOz-removing mechanism is the enzyme glutathione
peroxidase (GSH-Px). It has a selenocysteine residue at its active site, which is

essential for proper enzyme activity. Its main function consists of H2O2 removal
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using reduced glutathione (GSH) as a substrate, with the end products being
water and oxidized glutathione (GSSG). GSH-Px can also convert lipid
hydroperoxides into alcohol and water via the same process. Reduced
glutathione is subsequently regenerated by the glutathione reductase (GSSG-
Red) enzyme, which uses NADPH as a source of reducing power. Excess
GSSG can sometimes be transfered to the extracellular medium by GST in
order to maintain the cells’ redox status. GST is a multifunctionnal cytosolic,
microsomal and membrane-bound detoxifying enzyme that can be considered a

back-up enzyme to catalase and GSH-Px.

02'-'§22> HzOz

cyiosol

ROH k / GSH k / NADPH

GSH-Px  GSH-Red

Figure 3 — Endogenous antioxidants within an enterocyte

In addition to antioxidant defence enzymes, mammalian cells are
equipped with low-molecular mass antioxidants that can be of endogenous or

exogenous origin. These can be divided into lipid- and water-soluble
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antioxidants, depending on the compartments within which they perform their
activities. Examples of water-soluble antioxidants include GSH and ascorbic
acid, while vitamin E, carotenoids, ubiquinols, and flavonoids represent lipid-
soluble antioxidants. The tripeptide GSH is the most important intracellular
antioxidant, and can scavenge free radicals directly as well as serve as a substrate
for the enzymes glutathione peroxidase and glutathione-S-transferase (184, The
ratio of GSH/GSSG in tissues is normally maintained high (100:1). However,
severe oxidative stress may overcome the ability of the cell to reduce GSSG to
GSH, leading to a depletion of GSH [183], Ascorbic acid is present in most body
fluids and plays essential metabolic roles z# vivo. However, dietary sources are
essential, as it is not synthesized in humans. Its biochemical importance is
imparted by its strong reducing potential, which makes it an efficient free radical
scavenger. In addition, it can protect lipids and membranes from oxidative
damage by scavenging lipid peroxidation initiating radicals [184, What's more,
both ascorbic acid and glutathione participate in the regeneration of lipid-
soluble antioxidants by reducing their respective radicals (18, However, ascorbic
acid can become a pro-oxidant in the presence of transition metal ions, acting as
a reducing agent and generating Oz, H2O2, and HO.. But since transition metal
ions are not generally available in the extracellular fluids of the human body, the
antioxidant properties of ascorbate predominate [171],

Regarding lipid-soluble antioxidants, a-tocopherol is the most abundant
form of vitamin E, and is an essential nutrient in humans. It is the most
important free radical scavenger within membranes and lipoproteins [187]. Alpha-
tocopherol is considered to be the major chain-breaking antioxidant of lipid
peroxidation, with one molecule of a-tocopherol being able to scavenge two
molecules of peroxyl radical. The a-tocopherol radical is less reactive than the
lipid peroxyl radical and therefore slows the chain reaction. Carotenoids and
retinoids protect the cells from oxidative stress by quenching singlet oxygen and
scavenging peroxyl radicals [187). Ubiquinols are also effective lipid-soluble chain-
breaking antioxidants, with membrane concentrations sometimes comparable to

those of vitamin E [184, As for flavonoids, they are versatile antioxidants that
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can prevent lipid peroxidation by scavenging initiating radicals, chelating metal
ions, scavenging lipid peroxyl radicals, or inhibiting enzymatic systems

responsible for free radical production [184],

In conclusion, cells can tolerate mild oxidative stress, which usually up-
regulates the synthesis of antioxidant defence systems in an attempt to restore
balance. However, severe oxidative stress can produce major derangements of
cell metabolism, including DNA strand breakage, damage to membrane
transporters, enzymes and other proteins, as well as peroxidation of lipids. As a
result, cell mutagenesis or death may occur. In most human diseases, oxidative
stress is a secondary phenomenon, as a consequence of disease activity.
Nonetheless, it is also a significant contributor to cell injury and death.
Therefore, the importance of oxidative stress must not be undermined and
further studies into the exact mechanisms of oxidative damage and possible
antioxidant treatments are essential for the understanding of numerous

pathologies including CD.
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3.2 OXIDATIVE STRESS AND NUCLEAR FACTOR KAPPA B

It has become increasingly apparent that oxidants can play an important
role in mediating specific cell responses and expression of genes involved in
degenerative pathologies such as inflammatory diseases and cancer. For quite
some time now, the role of oxidants in mediating inflammatory reactions has
been studied, and recognized, in a variety of experimental models. Several
inflammatory stimuli have been examined — including cytokines, bacterial toxins,
ischemia-reperfusion, and lipid mediators. Induction of oxidative stress was
believed to be central to all inflammatory processes, regardless of the stimulus.
However, one topic that has drawn a great interest in recent years concerns the
effects of oxidative stress on the regulation of gene expression. In particular, the
transcription factor NF-kB has been implicated in the transcriptional up-
regulation of inflammatory genes in response to oxidants or changes in cellular
redox status. Given the scarcity of published results on the interaction of NF-
KB and oxidative stress in the setting of IBD, we shall begin with a generalized
approach to the topic of oxidative activation of NF-kB, and subsequently
discuss experimental data on the redox modulation of NF-kB activity and

cytokine production in CD.

3.2.1 OXIDANT MODULATION OF NF-kB ACTIVATION

Numerous studies indicate that ROS may serve as common intracellular
agents that contribute to the process of NF-kB activation in response to a
diverse range of stimuli (Figure 4). The hypothesis regarding redox modulation
was based on four lines of evidence [8), which taken together provide
confirmation for the involvement of ROS in many physiological pathways
related to NF-kB activation.

First, direct addition of H2Oy, itself a source of ROS, results in activation

of NF-kB in several cell lines. Indeed, H2O2 was shown to be an effective

inducer of NF-xB in the Wurzburg subclone of Jurkat T cells, L6 skeletal
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muscle myotubes, human breast MCF-7, HeLa cells, and 70Z/3 pte-B cells
(18990[1911192), - Considering that various cell types may respond to HzO: in
different ways, there may be a number of mechanisms by which it might activate
NF-«B. Indeed, H2O2 was shown to induce TNF release from T lymphocytes,
to cause and increase of intracellular [Ca?*] in Jurkat subclones, and augment
GSSG levels in several cell types, all of which could contribute to NF-xB
activation [88, In addition, H2O2 seems to induce tyrosine kinase and
phosphatidylinositol 3-kinase activation, both of which might be important
pathways in H2Oz-mediated NF-kB activation. Although H>O> can activate NF-
KB, this effect is highly dependent on cell type, possibly with distinct
mechanisms involved in different experimental models.

Second, in some cell types increases in ROS have been reported in
response to agents that activate NF-kB. Both IL-1 and TNF have been shown
to increase ROS in primary human fibroblasts, and IL-1 led to ROS production
in lymphoid and monocytic cells 1931194193], As well, LPS led to an increase in
H>O2 production in B-cell lines and H2O> release has been demonstrated in
response to NF-kB activating agents in other systems [191197, Thus, certain
stimuli that activate NF-kB also induce ROS production, this response is still
cell- and stimulus-specific phenomenon.

Third, inhibition of NF-kB activation by antioxidant compounds has
been reported by several groups and constitutes one of the most compelling
lines of evidence for a role for oxidative stress in NF-kB activation.
Antioxidants such as pyrrolidine dithiocarbamate (PDTC), N-acetyl-L-cysteine
(NAC), vitamin E derivatives, vitamin C, butylated hydroxyanisole (BHA), o-
phenanthroline, and o-lipoic acid have been shown to inhibit NF-xB activation
in various cell types (88119, Yet, no particular antioxidant has been shown to
have universal effects, and NF-xB inhibition is still cell- and stimulus-
dependent. In addition, compounds that inhibit NF-xB at specific points in a

pathway also have multiple or unexpected targets on that pathway, so that
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inhibitory effects cannot truly be attributed to the compound's antioxidant
properties.

Finally, the inhibition or over-expression of endogenous antioxidant
enzymes has been shown to modulate NF-xB activation by some agents. In
certain cell lines, for example, over-expression of SOD inhibited TNF-induced
NF-xB, while in others it potentiated the effect 1911197, Others have shown that
catalase over-expression inhibited TNF activation of NF-kB [197]. More recently,
a role for glutathione peroxidase has been suggested in the attenuation of some
pathways of NF-kB activation [1%9. This role was particularly attributed to
phospholipid hydroperoxide GSH-Px, indicating that lipid peroxides, rather
than H,O2, may have a role in particular pathways to NF-kB [199. This suggests
that much of the evidence for the role of H2O2 and ROS in the activation of
NF-kB could be attributed to lipid peroxidation.

Taken together, these points denote that certain, but certainly not all cell
types, respond to oxidative stress by up-regulation of NF-kB activity. One
suggested mechanism through which ROS may mediate NF-kB activation is via
the modulation of protein kinases involved in the phosphorylation of the
inhibitory IkB, although the exact pathways remain to be elucidated [0,
Information obtained so far indicates that critical steps in the signal transduction
cascade are sensitive to oxidants and antioxidants, with these effects being
specific for cell-type and stimulus. Thus, oxidative stress does not seem to be
central to all NF-xB activation pathways as was previously postulated, but rather
modulates certain pathways in particular environments. However, the molecular
basis for redox regulation of NF-xkB is largely unknown, and further

experimentation is required to clarify the exact mechanisms of these processes.
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3.2.2 NF-xB ACTIVATION BY ROS IN CD

Current evidence indicates that intracellularly generated ROS are
implicated in the regulation of transcription factors involved in inflammatory
responses. In the setting of pathologies such as CD, the redox modulation of
NF-kB could induce the transcription of a variety of inflaimmatory factors that
contribute to, and perpetuate, the state of chronic inflammation that is typical of
the disease. Unfortunately, few studies have investigated oxidant activation of
NF-kB in IBD. Only one group investigated redox modulation of NF-xB in
human intestinal smooth muscle (ISM) cells. Natarajan and colleagues have
shown that smooth muscle cells isolated from the ileum of patients with CD
exhibited heightened levels of cellular activation characterized by spontaneous
transcription of IL-6, and secretion of the pro-inflaimmatory chemokine 1L-8
(201, They also reported that Crohn’s disease ISM (CDISM) cells exhibited
spontaneous activation of NF-kB, with a 400% increase in IL-8 promoter

activity as compared to normal human ISM (NHISM) cells. Because NF-xB is
an oxidant-sensitive transcription factor, and their studies revealed that NF-xB
was spontaneously activated, they hypothesized that CDISM cells were under
chronic oxidant stress. To prove their point, they used the antioxidant
compound PDTC to shift the redox equilibrium and examine its effects on NF-
KB. They demonstratied that at low concentrations (25 pM to 100uM), PDTC
suppressed NF-kB-driven IL-8 promoter activity in a dose-dependent fashion.
In addition, at 50uM, PDTC inhibited the DNA-binding activity of NF-kB.
Their findings therefore suggest that CDISM cells are under oxidative stress and
that an antioxidant such as PDTC could alter the redox equilibrium to a more
reduced state, thereby attenuating the spontaneous activation of NF-kB. This

study clearly demonstrated that oxidant activation of NF-kB, albeit z# vitro, does
take place in CD and that it leads to the production of inflammatory factors.
Whether this mechanism is persistent 7z vwo remains unclear. Further
experimentation is warranted in order to clarify the role of oxidative stress in the

pathophysiology of IBD.
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In summary, ROS act as second messengers in the inflammatory process
in CD. Factors that shift cellular redox equilibrium toward oxidized states
activate NF-kB and a host of other oxidant-sensitive transcription factors, while
agents that sway the balance toward more reduced intracellular environments
inhibit NF-kB. This redox modulation of NF-kB results in the transcription of
a variety of inflammatory factors, which inevitably contribute to the

perpetuation of inflammatory responses.
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3.3 OXIDATIVE STRESS AND ANTIOXIDANT THERAPY IN CD

Several recent studies have emphasised the potential pathogenic role of
free radicals in IBD, suggesting that ROM have a central role in the
inflammatory response. By activating the transcription factor NF-kB, they
initiate the expression of genes controlling several aspects of the inflammatory
and acute phase responses. However, there has been a lack of conclusive
evidence regarding the primary role for ROM in the pathogenesis of CD, and
there still is considerable debate as to whether free radicals are involved in the
pathogenesis of tissue injury, or are simply generated as a consequence of
damaged tissues. Nevertheless, quite a few studies have established the presence
of oxidative stress in CD as evidenced by increased oxidant production and
decreased antioxidant status in patients. Moreover, antioxidant therapy and
treatment with drugs having radical-scavenging properties seem to improve
disease activity. These data imply an important role for oxidative stress in the
pathogenesis of CD. This part of the chapter will be devoted to the discussion
of pro-oxidant/antioxidant status in CD patients, and the effects of several

antioxidant treatments.

3.3.1 INCREASED ROM PRODUCTION AND OXIDATIVE DAMAGE

There have been numerous studies on free radical production in CD,
most of which have confirmed an overproduction of ROM in the inflamed
intestine. Keshavarzian et al and Simmonds et al have demonstrated that the
inflamed colons of human patients and of animals with expetimental colitis
produce much larger amounts of ROM than controls or uninvolved intestinal
segments [202203, ‘Their results suggest furthermore that neutrophils are
predominantly responsible for the production of excessive amounts of ROMs in
the inflamed colon. The data in the literature seems to be inconsistent with
reference to ROM production by neutrophils, patticularly peripheral blood

neutrophils, with some groups reporting an increase and othets a decrease in
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production [2031[204]205]206], These discrepancies may be explained by differences
in experimental procedures, but also suggest that events in peripheral blood do
not reflect those in the inflamed intestinal mucosa. One group recently found
that peripheral neutrophils from CD had a significantly higher oxidative
response therein response to different stimuli 294, Their results suggested that
circulating neutrophils are primed in active disease as well as in remission. Other
groups have demonstrated that circulating monocytes contribute to the
oxidative load as well, possibly contributing to the formation of intestinal lesions
in CD [207][208],

The presence of oxidative stress has also been supported by the lipid
peroxidation, protein oxidation, and DNA damage in tissue. Wendland et al
reported that breath pentane, ethane and F:-isoprostane outputs were
significantly higher in CD patients, representing an increased peroxidation of n-
3 and n-6 PUFA B%l. Mingrone et al, on the other hand, reported a decrease in
non-protein respiratory quotient, which reflects increased fat oxidation and
might explain the reduced body fat stores in CD patients 210, Other studies
have measured the production of malondialdehyde (MDA), which is a by-
product of lipid peroxidation. One group reported elevated MDA levels in rectal
biopsies and another in blood samples from CD patients 11212, Regarding
other substrates that are susceptible to oxidation, Lih-Brody et al found elevated
levels of ROM and protein carbonyls in both inflamed and non-inflamed
mucosa of CD patients as compared to controls 3. They also observed an
increase in DNA oxidation, as evidenced by elevated levels of 8-hydroxy-2-
deoxyguanosine (8-OHdG) in actively inflamed lesions. Their results are in
concordance with those from other groups who reported increased protein thiol
oxidation in mucosal cells and augmented 8-OHdG concentrations in leukocyte
DNA from CD patients 415l Most importantly, 8-OHdG is promutagenic
and could have an important role in CD complications, considering the
increased incidence of intestinal cancers in IBD [6. Aside from DNA
oxidation, researchers have found that the constitutive and oxidant-induced
activity of adenosine diphosphate ribosyl transferase (ADPRT), an enzyme

involved in DNA repair, is reduced in patients with IBD, which could
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contribute further to the extent of damage caused by DNA oxidation P17
Finally, the finding of increased ROM production capacity and protein carbonyl
content in uninvolved mucosal sections suggests that these findings are not just
the consequence of active inflammation, but might actually precede histologic
inflammation. Indeed, the oxidation of constituent proteins may contribute to
the pathogenesis of CD by chemoattraction and activation of immunocytes, as
well as through the disruption of enzyme systems necessary for the maintenance
of mucosal integrity. Thete are therefore numerous lines of evidence concerning
the increased oxidative status in CD patients. However, oxidative stress is not
limited to an increase in ROS production. It is also represented by a decrease in
antioxidant defences which, as we shall see, is equally present in patients

suffering from CD.

3.3.2 DECREASED ANTIOXIDANT DEFENCES

Various studies have reported altered levels of both enzymatic and low-
molecular weight antioxidants in CD patients. It is worth noting that the colonic
mucosa is endowed with low levels of endogenous antioxidant enzymes, which
are mostly associated with epithelial cells, whereas the mucosal interstitium
appears to be devoid of significant enzymatic defences against ROMs 28], In
fact, catalase and superoxide dismutase levels are less than 10% and GSH-Px
levels less than 50% of those found in the liver. Therefore, the intestine is
already less apt to defend itself against an oxidative attack. In addition, several
groups have reported alterations in the activities of these enzymes in IBD.
Decreased SOD activity was detected both in circulation and in the mucosa of
CD patients. One study by Verspaget et al reported diminished SOD content in
petipheral blood neutrophils from CD patients 206, A few years later, the same
group reported significantly lower Cu-Zn SOD concentrations in inflamed
mucosal samples from CD patients compared to non-inflamed and control
samples Y. Another group later found decreased copper levels and Cu-Zn
SOD activity in inflamed lesions from CD P13l Taken together, these findings

suggest a direct inverse relationship between inflammation and SOD.
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Regarding GSH-Px activity, results seemed to be conflicting. While a few
groups reported increased or unchanged levels, decreased plasma and
erythrocyte GSH-Px activity was reported by most groups, particularly in active
disease P09R20)221]1222)1223], One group even found decreased GSH levels in both
inflamed and non-inflamed mucosa and increased GSSG levels in inflamed
mucosa from CD patients P24, The same group detected significantly lower
plasma cysteine levels in the presence of inflammation, cysteine being the rate-
limiting precursor for GSH. Most importantly, they observed profound
decreases in y-glutamylcysteine synthetase (yGCS) and y-glutamyl transferase
(yGT) activity in the inflamed mucosa from CD patients as compared to healthy
individuals. YGCS is the rate-limiting enzyme in GSH synthesis, and yGT is the
enzyme that degrades luminal GSH and GSSG into amino acids for subsequent
re-synthesis into GSH. Decreased activities of these enzymes predominantly
contribute to intestinal GSH deficiency in both inflamed and non-inflamed
ileum. In addition, the imbalance between GSH and GSSG levels during
inflaimmation reflects a pro-oxidant shift of mucosal redox balance of
glutathione in CD.

Besides endogenous antioxidants, several reports found decreased levels
of dietary antioxidants in patients suffering from CD. The most prominent
deficiencies were of ascorbic acid, vitamin A, selenium and B-carotene levels in

the sera and plasma from CD patients [P09212][2211[222)[223]22%], In addition, a few

groups reported decreases in o-carotene, P-cryptoxanthin, lycopene,
magnesium, zinc, ubiquinol-10 and vitamin E levels in CD P13]226]227, The most
pronounced deficiencies were reflected in active disease. This suggests an
increased consumption of antioxidants during free radical scavenging in
response to ROS production.

In addition to measurements of individual vitamin and mineral
antioxidants, one group went so far as to measure the total scavenging capacity
of erythrocytes in active and quiescent CD, stating that the specific activities and
concentrations of antioxidants such as enzymes and vitamins do not represent

the total antioxidant status of etythrocytes 228, They found an exhaustion of
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scavenger capacity of erythrocytes, indicating serious deficiency in both phases
of CD, even in patients supplemented with antioxidant therapy. Another group
reported a marked loss of peroxyl scavenging capacity in mucosal preparations
from the inflamed colon of CD patients 27],

Thus, in the setting of IBD, excess ROS production may overwhelm the
exogenous and endogenous antioxidant defence systems, particulatly in the
presence of antioxidant deficiency. It can be concluded from the large body of
scientific literature that chronic gut inflaimmation promotes an imbalance
between pro-oxidant and antioxidant mechanisms. This undoubtedly has major

implications in terms of intestinal immune function in CD, as pro-oxidant
mechanisms are known to be involved in the activation of NF-xB, thereby

mediating the transcription of several key cytokines and cell adhesion molecules.

3.3.3 ANTIOXIDANT THERAPY IN CD

The important role of reactive oxygen metabolites in intestinal injury is
demonstrated by the beneficial effects of a variety of free radical scavengers, and
by the fact that the aminosalicylates commonly used to treat IBD are also potent
antioxidants. Various free radical scavengers have been tested in both animal
models and in humans with IBD, with a few showing beneficial results. Agents
blocking the release or effects of ROM, such as xanthine oxidase inhibitors,
superoxide dismutase or its mimetic copper disopropyl salicylate (DIPS),
catalase, the glutathione peroxidase mimetic PZ51, dimethyl sulfoxide (DMSO),
and desferroxamine all decrease inflammation in animal or intestinal cell culture
models of colitis. Superoxide dismutase proved to be successful in reducing the
severity of acetic acid-, TNBS-, and carrageenan-induced colitis [2291[230)231], Both
SOD and its mimetic DIPS provided significant protection against acetic acid-
induced colitis 22, Trials by the same group reported that catalase reduced
chemically induced colitis as well. The addition of exogenous glutathione was
found to provide rat small-intestinal epithelial cells with significant protection
against oxidative injury 233, Furthermore, the glutathione peroxidase mimetic

PZ51 significantly reduced mucosal damage in a model of formyl-methionyl-
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leucyl-phenylalanine (fMLP)-induced colitis. In the same series of experiments,
similar results were obtained upon treatment with manganese-loaded
desferroxamine, an iron chelator, and DMSO, a hydroxyl radical scavenger 34,
Finally allopurinol, a competitive inhibitor of xanthine oxidase, reduced
carrageenan-induced injury in a rodent model of colitis 2311,

One study of particular interest is that of Reimund and colleagues, who

examined the effects of antioxidants on the # viro production of inflammatory
cytokines in CD 3l Their experiments consisted in the addition of three
antioxidants, namely butylated hydroxyanisole (BHA), tetrahydroxypapaveroline
(THP), and nordihydroguaiaretic acid (NDGA) to PBMC and explant tissue
cultures of inflamed mucosa from IBD patients. Their results show that all three
antioxidants resulted in significant inhibition of IL-6 and IL-1 production by
PBMC. Moreover, both BHA and THP significantly inhibited IL-1 production
by CD inflamed mucosa. Their findings suggest that these antioxidants, in
addition to their effects upon ROM production, may decrease cytokine
production in IBD. In such a setting, antioxidants may be considered potential
therapeutic tools in the treatment of CD.
As one can see, evidence for the beneficial role of antioxidants in animal or
intestinal cell culture models is abundant. However, such results cannot be
extrapolated to humans, and the evaluation of antioxidant therapy warrants
further controlled trials in human subjects. In recent years, numerous attempts
have been made to introduce antioxidant therapy as a major therapeutic concept
in several diseases. Free radical scavengers were used as therapeutic agents
following kidney and pancreas transplantation, in severely burned patients, in
those with acute myocardial infarction, and in those suffering from diabetes
mellitus type II. However, the outcomes of these studies were for the most part
disappointing.

With regard to IBD, clinical data on trials with antioxidant therapy are
scatce. The most prominent study was the one conducted by Emerit and
colleagues, who administered bovine Cu-Zn SOD intramuscularly to 26 patients
over the course of 8 years (3¢, They reported good results in 77% of the

patients over a 4-year follow-up period. Significant improvement of the clinical
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situation was measured by the CD activity index, endoscopic demonstration of
mucosal restoration and a shortening of relapse duration. In that study, the
addition of desferroxamine seemed beneficial as well. However, subsequent
trials of SOD therapy were abandoned due to the rapid elimination of SOD
through the kidneys. No other controlled trials of antioxidant therapy, whether
administered orally or rectally, have been published to date.

Nevertheless, a role for ROM in CD has been further supported by the
discovery of antioxidant properties of aminosalicylates, drugs that are widely
used in the treatment of IBD. Aminosalicylic compounds exert various anti-
inflaimmatory effects, including the inhibition of lipoxygenase activity, of the
cyclooxygenase pathway, of prostanoid metabolism, and of various functions of
inflammatory cells. More importantly, a critical part of the anti-inflammatory
activity of 5-aminosalicylic acid (5-ASA) seems to be its potent antioxidant
activity 7. Indeed, 5-ASA has potent SOD-like activity, is an effective
scavenger of the hydroxyl radical, inhibits peroxyl radical-mediated and
hemoglobin-catalysed lipid peroxidation, and scavenges hypochlorous acid
(238)[239)1240], Furthermore, the finding of 5-ASA metabolites identical to those
formed by the reaction of 5-ASA with the hydroxyl radical in faeces from
patients with IBD treated with sulfasalazine suggests that ROM scavenging is a

clinically important mechanism of action in IBD P11,

In conclusion, oxidative stress seems to play a pivotal role in mediating
tissue injury in the chronic intestinal inflammation characteristic of IBD (figure
3). There is an increased number of activated inflammatory cells in the mucosa
of CD that are capable of respiratory bursts, releasing toxic ROM. Many groups
reported DNA, protein and lipid oxidation products in CD. In addition,
antioxidant defences are depleted in the mucosa and in the systemic circulation
of many CD patients. Furthermore, one group demonstrated that NF-kB is
oxidatively modulated in intestinal cells from CD patients, with a heightened
degree of activation and cytokine secretion in those affected. Thus, people
suffering from CD are oxidatively stressed, and this seems to aggravate their

inflammatory state. Antioxidant therapy was successful in certain cases.
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Moreover, drugs such as sulfasalazine and 5-ASA have potent antioxidant
properties. Therefore, it is reasonable to conclude that oxidative stress is of
major importance in the pathophysiology of CD, and that future studies will
perhaps elucidate the mechanisms and pathways through which oxidative stress

exerts its deleterious effects on the organism.
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RESEARCH PROJECT

Hypothesis and Obijectives

Oxidative stress has been suggested to participate in the pathogenesis of
many diseases, and the list of disorders in which radicals and oxidants have been
implicated is still growing. In IBD, the implication of oxidative stress has been
widely documented, particularly in CD.

Though the intestinal mucosa is constantly exposed to a variety of
luminal antigen and oxidants, the exact effects of oxidative stress on intestinal
epithelial cell antioxidant and inflammatory response have not been fully
characterized. Our hypothesis is that exposure of intestinal epithelial cells to
pro-oxidants will lead to alterations in cellular integrity and endogenous
antioxidant functions, activation of the transcription factor NF-xB, and
subsequent production of inflammatory mediators. The occurrence of increased
levels of oxidants and of NF-kB activation in the mucosa of CD patients led us
to consider this hypothesis.

The goal of our study was to evaluate the effects of the known pro-
oxidant iron/ascotbate on lipid peroxidation, membrane integrity, endogenous
antioxidant defense mechanisms, NF-kB activation, and inflammation mediator

production in intestinal epithelial cells.
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ABSTRACT

To characterize the role of intestinal epithelial cells in mucosal host defense, we
have examined endogenous antioxidant reactivity and inflammatory response in Caco-
2 cell line. When differentiated Caco-2 cells were incubated with iron/ascorbate for 1-
24h, they exhibited increased MDA levels and decreased polyunsaturated fatty acid
proportion in favor of saturated fatty acids. These modifications were accompanied with
alterations in membrane fluidity and permeability. The oxidative stress did not induce
changes in the antioxidant enzyme activity of superoxide dismutase, catalase,
glutathione peroxidase and glutathione transferase, or in cellular glutathione content.
However, iron/ascorbate-mediated lipid peroxidation promoted kB degradation and
NF-kB activation, as well as gave rise to interleukin-8, COX-2 and ICAM-1. These
results support the importance of oxidant/antioxidant balance in the epithelial cell

inflammatory response.
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INTRODUCTION

Free radicals and oxidants are potentially deleterious molecules that have been
implicated in the pathogenesis of many diseases 4. In humans, normal biological
activities and exogenous contributors lead to the formation of a large amount of highly
reactive radicals every day " These radicals can lead to the oxidation of DNA,
proteins, lipids and other cellular constituents, which play a key role in the
pathophysiology of various diseases, including inflammatory diseases and cancer .
Humans have developed antioxidant defenses and detoxification systems to protect
against oxidative stress repercussions and to repair damaged biological components
B8] However, in many conditions, overproduction of radicals can overcome
antioxidant defense systems and give rise to cellular oxidant burden, rendering tissues
susceptible to oxidant-induced damage 1.,

The lumen of the intestine is lined with a single layer of epithelial cells, mainly
represented by absorptive columnar enterocytes. These cells are not only responsible
for nutrient transport, but also actively participate in local epithelial immune response,
which can enhance protection against microbial and dietary antigens .. With regards to
the daily challenge by challenged by various diet-derived oxidants, the intestine is
endowed with several defense mechanisms that preserve cellular integrity and tissue
homeostasis PRI |t has become increasingly apparent that patients with Crohn'’s
disease exhibit elevated free radical levels and improper antioxidant defense system
(A4Sl 1 this debilitating illness, chronic oxidative stress produces marked
elevations of DNA oxidation constituents and cell proteins, resulting in inflammation
and tissue destruction ['"1"81"®1 Even if the etiology of Crohn’s disease has yet to be
fully elucidated, a close relationship has been noted between reactive species and the

mucosal inflammatory process. However, the ability of intestinal cells to challenge
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luminal oxidants by increasing endogenous defense mechanisms has not been
thoroughly examined. Furthermore, the mechanisms by which oxidants contribute to
inflammation are not entirely clear, but one proposed pathway may be through the
activation of the transcription factor NF-kB, which initiates the expression of genes
controlling several aspects of the inflammatory, immune and acute phase responses
{20][21][22][23]'

The aims of this study were, first, to determine whether intestinal cells preserve
cellular integrity and appropriately respond to iron-catalyzed free radical-mediated lipid
peroxidation by enhancing the activity of GSH peroxidase, GSSG reductase, GSH
transferase, catalase and superoxide dismutase, as well as the levels of glutathione.
Secondly, as an attempt to understand the oxidative modulation of inflammatory
response, attention was directed toward the status of NF-xB activation and
inflammation mediators. The well-characterized Caco-2 cell model was used in the
present study to assess the effects of iron-induced lipid peroxidation on antioxidant

enzyme systems and innate immune response.
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MATERIALS AND METHODS

Cell Culture

Caco-2 cells (American Type Culture collection, Rockville, MD) were grown at
37°C in Minimum Essential Medium (MEM; GIBCO-BRL, Grand Island, NY), containing
1% penicillin/streptomycin, 1% MEM non-essential amino acids (GIBCO-BRL),
supplemented with 10% decomplemented fetal bovine serum (FBS; Flow McLean, VA).
Caco-2 cells (passages 30-40) were maintained with 5% CO, in T-75 cm? flasks
(Corning Inc., Corning, NY). Cultures were split (1:6) when they reached 75-90%
confluence, using 0.05% trypsin-0.5mM EDTA (GIBCO-BRL, Grand Island, NY). For
individual experiments, cells were plated at a density of 1 x 10° cells/well on 23.1mm
polyethylene terephthalate (PET) Falcon filter inserts with 0.4-uM pores (Becton
Dickinson, NJ) in MEM supplemented with 5% FBS. The inserts were placed into six-
well culture plates, permitting separate access to the upper and lower compartments of
the monolayers. Cultures were maintained for 21 days, a period at which the Caco-2
cells are fully differentiated and suitable for studies on metabolic functions, such as

lipid transport ¥, The medium was refreshed every second day.

Estimation of Lipid Peroxidation

Caco-2 cells were cultured in the presence or absence of Fe*'/ascorbate
(0.2uM : 2uM, Sigma, Montreal) for periods varying between 1 and 24 hours. The
amount of free malondialdehyde (MDA) formed during the reaction was determined by
HPLC, as we previously described ®. Proteins were first precipitated with a 10%
sodium tungstate (Na,WO,) solution (Aldrich Chemical Co., Milwaukee, WI). The

protein-free supernatants were then reacted with an equivalent volume of 0.5% (W/V)
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thiobarbituric acid solution (TBA; Sigma, Montreal) at 90°C for 60 minutes. After
cooling to room temperature, the pink chromogene [(TBA),-MDA] was extracted with 1-
butanol and dried over a stream of nitrogen at 37°C. The dry extract was then
resuspended in a KH,POs/methanol mobile phase (70:30, pH 7.0) before MDA

detection by HPLC.

Effect of the BHT Antioxidant

In order to determine whether lipid peroxidation was responsible for the
alterations caused by iron/ascorbate, the powerful antioxidant butylated hydroxytoluene
(BHT; Sigma, Montreal) was added to the apical compartment, at a concentration of
150uM for 1h hour before the addition of the iron/ascorbate complex. BHT was
dissolved in ethanol and control wells received an equal volume of the alcohol carrier

(1% in the medium).

Brush Border Membrane Isolation and Cell Membrane Fluidity
Brush border membranes were purified from Caco-2 cell homogenates

| ¥81 Briefly, the culture medium was removed

according to the method of Schmitz et a
and the cells attached to filters were rinsed twice with phosphate-buffered saline (PBS;
GIBCO-BRL, Grand Island, NY). The cells were then scraped off and homogenized in
Tris-HCI mannitol (2 mM HCI, 50 mM mannitol, pH 7.0). Following the addition of
10mM MgCl,, the homogenates were centrifuged (7700 x g, 15 min, 4°C). The
supernatants were subsequently centrifuged (20,000 x g, 30 min, 4°C) and the
resulting pellets were used for the determination of fluidity.

Aliquots of the brush border membranes were diluted with 300 mM mannitol, 10

mM Tris-HEPES and 100mM KCI (pH 7.5). Fluidity was estimated by the incorporation
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of the fluorescent probe 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-
toluene-sulfonate, and measurement of polarization ?*.. The final molar probe-to-lipid
ratio was 1:1000. Fluorescence was measured in a spectrofluorometer at 25°C with
polarization filters parallel and perpendicular to the excitation beam. Excitation was at

360 nm and emanation at 420 nm.

Permeability

[51

Intestinal permeability was assessed with [°'Cr]-EDTA as described previously

[27]

Fatty acid analysis

Cellular fatty acids were assayed by an improved method previously described
by our group 8%l Briefly, each sample to be analyzed was subjected to direct trans-
esterification and then injected into a gas chromatograph (model HP 5880; Hewlett-

Packard, Rockville, MD) by using a 60-m fused silica capillary column with SP-2331.

Regulatory Antioxidant Enzyme Activity

The activity of the antioxidant enzymes superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px), glutathione reductase (GSSG-R) and
glutathione transferase (GST) were measured in cell homogenates after incubation
with pro-oxidants and/or antioxidants. Briefly, a substrate for each enzyme was added
to the cell homogenates and rate of disappearance of the substrate was measured by
spectrophotometry. Superoxide dismutase activity was determined essentially as
described by Sun Y and colleagues . The method for the other enzyme quantification
was adapted from the protocol reported by Pippenger et al *"1. For catalase activity, cell

homogenates were placed in a cuvette that received H,O, (10mM) as a substrate and
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absorbency was read at 240 nm for 3 min. For GSH-Px activity, cell homogenates were
added to a PBS-based working solution (pH 7.0) containing 1mM GSH, 0.6 U GSSG-R
and 100 uM NADPH with a small quantity of tert-butyl hydroperoxide (1.5 %) to initiate
the reaction. For GST activity, cell homogenates were resuspended in a PBS buffer
solution (pH 6.5) containing 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) and 15 mM
GSH to initiate the reaction. For GSSG-R activity, cell homogenates were mixed with a
reagent (1 mM GSSG, 100 uM NADPH, and 1% triton in PBS pH 7.6). For each of the
glutathione enzymes, absorbency rate was measured in a spectrometer at 340 nm for

3 min.

Glutathione Levels

In order to measure total glutathione levels, Caco-2 cells were washed twice
with PBS, scraped in a buffer (50 mM Tris-HCI, 0.1 mM EDTA-Na,, 10 mM L-serine,
and 20 mM Na-Borate, pH 7.6), and sonicated on ice. Proteins were precipitated by
adding a 10% sulfosalicylic acid solution and centrifuging at 10,000 RPM for 4 min. The
supernatants were collected in cuvettes to which were added NADPH as a substrate,
dithionitrobenzene (DTNB), and a small quantity of exogenous GSSG-R. The rate of
disappearance of NADPH was measured in a spectrometer at 412 nm during 8

minutes, and the concentration of total GSH was calculated using a standard curve.

Immunoblot Analysis of COX-2, IxB and ICAM-1

Following the incubation with the pro-oxidant and antioxidant, Caco-2 cells were
washed twice with PBS, and scraped in 0.5 ml lysis buffer (50 mM Tris-HCI pH 7.5,
150mM NaCl, 5 mM EDTA, 0.1% sodium docedyl sulfate (SDS), 0.5% sodium

desoxycholate, 1% Triton, 1mM phenylmethylsulfonyl fluoride, 1mM BHT and 1mM
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pepstatin. Cells were sonicated and aliquots of cell homogenates were mixed with
loading buffer (Bio-Rad, Hercules, CA). Proteins were separated by SDS-
polyacrylamide gel electrophoresis and were transferred onto Hybond nitrocellulose
membranes (Amersham Chemical Corp., Baie d’Urfé, PQ). Then, the latter were
blocked 1 hour with 2% skim milk in Tris-buffer containing 0.05% Tween, and
incubated with the appropriate polyclonal antibody diluted in 1% milk TBST. After
washing with TBST, membranes were incubated with the appropriate IgG horseradish
peroxidase-linked antibody. The primary antibodies used were rabbit polyclonal 1gG
(Santa Cruz Biotechnology, Santa Cruz, CA), and the secondary antibody was anti-
rabbit IgG horseradish peroxidase-linked antibody (Biosource, Camarillo, CA).
Detection was performed by using an enhanced chemiluminescence system for

antigen-antibody complexes.

Nuclear Extraction and Immunoblot Analysis of NF-xB

Nuclear extracts were prepared in order to verify NF-xB protein expression by
Western blotting. Cells were washed twice with 1mM PBS-EDTA, and left on ice for 4
minutes in a lysis buffer containing 10 mM HEPES, 10 mM KCI, 1.5 mM MgCl,, 0.4%
Nonidet, 2 mM DTT and anti-proteases. Cells were then scraped and centrifuged for 5
minutes at 1500 x g at 4°C. The pellets were then washed with another buffer (same
composition as the previous one, but without the Nonidet), and centrifuged again under
the same conditions. The resulting pellets were then resuspended in 50 pL of final
hypertonic lysis buffer (20 mM HEPES, 400 mM NaCl, 1.5 mM MgCl,, 0.2 EDTA, 20%
glycerol, 2 mM 1,4-dithio-DL-treithol and anti-proteases), and left on ice for 1 hour, with

occasional vortexing. They were then centrifuged for 10 min at 10,000 x g at 4°C, and
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the supernatants were collected for protein analysis and Western blots. Nuclear
extraction techniques were modified from Egan et al®®?,

In order to determine NF-xB protein expression, nuclear extracts were used
instead of whole cell homogenates. Immunoblotting techniques were described above.
Nitrocellulose membranes were incubated in 0.5% milk containing NF-xB p65 goat
polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz, CA). After washing with TBST,
membranes were incubated with anti-goat IgG horseradish peroxidase-linked antibody

(Biosource, Camarillo, CA) in 1% milk. Results were obtained by chemiluminescence.

Determination of IL-8
The cellular pro-inflammatory chemokine, interleukin-8, was measured using an
ELISA kit (BD Biosciences, Mississauga, ON), following the incubation of Caco-2 cells

with BHT and/or iron/ascorbate.

Statistical Analysis
All values are expressed as the mean + SEM. Data were analyzed by the one-
way ANOVA and the two-tailed student's t-test. A p value of < 0.05 was considered

significant.
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RESULTS

MDA production following iron/ascorbate treatment

Experiments were first performed to examine the effects of iron/ascorbate on
lipid peroxidation in Caco-2 cells. lron/ascorbate caused a dose-dependent MDA
production (Fig. 1A). On the other hand, the incubation of Caco-2 cells with
iron/ascorbate over various periods of time resulted in constant cellular lipid
peroxidation (Fig. 1B). The addition of the antioxidant BHT at a concentration of 150
uM suppressed the production of MDA, providing direct evidence for the ability of the

iron/ascorbate system to provoke profound lipid peroxidation.

Transepithelial resistance, permeability and membrane fluidity

The treatment of Caco-2 cells with iron/ascorbate did not affect the morphology
of Caco-2 cells that displayed a high degree of polarization, brush border microvilli,
tight junctions and interdigitations (results not shown). This was consistent with
recovered high transpithelial cell monolayer resistance (Table 1) that represents an
indication of cell confluence and monolayer integrity, as well as a measure of tight
junction formation. Even the transport of [*'Cr]-EDTA, a sensitive tool for the estimation
of paracellular permeability, was lightly increased in Caco-2 cells supplemented with
iron/ascorbate (Table 1), which suggests that only few molecules diffuse to the
basolateral side via the paracellular shunt pathway.

Subsequent experiments were carried out to determine the effects of
iron/ascorbate on membrane fluidity, which is representative of the relative motional
freedom of lipid molecules in the membrane bilayer. Fluidity was measured by the
incorporation of the fluorescent probe DPH in apical membranes isolated from Caco-2

cells. A significant decrease was observed with iron/ascorbate treatment. Pre-
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incubation with BHT prevented the fluidity decline observed with iron/ascorbate, which

suggests the direct involvement of oxidative stress.

Fatty Acid Composition

In agreement with the membrane fluidity data, differences were observed in
cellular fatty acid composition. Overall, polyunsaturated fatty acids (PUFA) were
markedly decreased in Caco-2 cells exposed to iron/ascorbate (Table 2). As a result,
the ratio of PUFA to saturated fatty acids (SFA) was significantly lower by 79.4% in
iron/ascorbate-treated cells when compared with control cells. In particular, the ratio of
eicosatrienoic acid (20:309) arachidonic acid (20:4w6), a commonly used index for
EFA deficiency, was significantly higher in iron/ascorbate-treated cells. Besides, BHT
was capable of normalizing the FA composition abnormalities. Taken together, these
data suggest that iron/ascorbate-mediated lipid peroxidation is able to induce a fall in

membrane fluidity, probably by attacking polyunsaturated fatty acid bonds.

Endogenous antioxidant defense

In order to examine whether alterations in oxygen radical metabolizing enzymes
occur in Caco-2 cells when incubated with iron/ascorbate, the activities of superoxide
dismutase, catalase, glutathione peroxidase, glutathione transferase and glutathione
reductase were measured. As illustrated in Figures 2 and 3, there were no significant
changes in the activities of all the aforementioned enzymes following the addition of
iron/ascorbate or BHT. The incapacity of enzymes to react is also reflected by the

unmodified total glutathione levels.
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Degradation of IxB and activation of NF-xB

In order to verify whether iron/ascorbate could induce an inflammatory
response, the degradation of the inhibitory protein IxBa and activation of the
transcription factor NF-xB were verified. Following the addition of iron/ascorbate, Caco-
2 cell homogenates were analyzed by Western blot, and the expression of the 37kDa
protein IkBa was evaluated. As shown in Figure 4A, cells treated with iron/ascorbate
exhibit decreased quantities of IkBa, which could account for by its degradation in the
cytosol and the release of NF-xB. In parallel, the translocation of NF-xB to the nucleus
was evidenced by the increased levels of the p65 NF-xB sub-fraction in nuclear
extracts from cells treated with iron/ascorbate (Fig. 4A). Both degradation of IkxBa and
nuclear translocation of NF-xB were inhibited by the addition of the antioxidant BHT,
suggesting that the oxidative properties of iron/ascorbate contribute to the activation of
this transcription factor. Therefore, the addition of a pro-oxidant such as iron/ascorbate
to intestinal epithelial cells activates NF-xB, which could then lead to the transcription

of genes that regulate inflammatory protein synthesis.

Expression of ICAM-1, COX-2 and IL-8

The protein expression of intracellular adhesion molecule-1 (ICAM-1) and
cyclooxygenase-2 (COX-2) was analyzed in Caco-2 cells. These two proteins are
known to have a central role in inflammatory response. The incubation of Caco-2 cells
with iron/ascorbate upregulated the protein expression of ICAM-1 and COX-2 (Fig. 4B
and 4C). In the presence of BHT, iron/ascorbate was not able to induce the expression
of these two proteins. Finally, the exposure of Caco-2 cells to iron/ascorbate enhanced
the secretion of IL-8 into the basolateral medium, whereas BHT resulted in the

elimination of the increased iron/ascorbate-mediated IL-8 output (Fig. 5).
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DISCUSSION

Reactive oxygen intermediates represent important mediators in the activation
of inflammatory responses. In particular, chronic gut inflammation is characterized by
the enhanced production of reactive oxygen metabolites. The main objective of our
work was to examine how intestinal epithelial cells, endowed with several antioxidant
systems, behave in front of injurious effects of oxidative stress. Our in vitro studies
clearly established the ineptitude of Caco-2 cells to efficiently promote their
endogenous antioxidant systems in order to neutralize, or at least attenuate,
iron/ascorbate-mediated lipid peroxidation. Consequently, inflammatory mechanisms
were ftriggered, including the activation of NF-xB and the increased levels of IL-8,
ICAM-1 and COX-2.

Intestinal epithelial cells represent a physiological barrier for luminal antigens,
microbes and toxins. They are also active participants in the gut immune response with
regard to the numerous cytokine receptors on their membrane surface and their
capacity to secrete cytokines, chemokines and leukocyte adhesion molecules P2R4I%]
Therefore, the disruption of this interface could have serious consequences on barrier
and immune functions. In order to evaluate the effects of oxidative stress on
antioxidant defenses and immune reactions, we used the human colon
adenocarcinoma Caco-2 cell line. The observations of our studies confirm that, at
confluence, these cells differentiate into a highly polarized monolayer and manifest
many of the features of small intestinal cells. Furthermore, we previously reported that
Caco-2 cells display important functional characteristics such as lipid transport,
lipoprotein synthesis and apolipoprotein biogenesis, which were all affected by
iron/ascorbate-mediated lipid peroxidation ?0*¢1%71 Therefore, we utilized this intestinal

epithelial cell model in the current investigation together with the well-established
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B89l As was shown by our data, the

iron/ascorbate-generating oxidative stress
addition of this pro-oxidant resulted in increased lipid peroxidation in a dose-dependent
fashion. Accordingly, treatment with BHT, a lipid-peroxide scavenger, inhibited
iron/ascorbate-mediated lipid peroxidation, thus pointing out the direct implication of
iron/ascorbate in MDA production. The occurrence of lipid peroxidation was
accompanied with essential fatty acid deficiency, as well as changes in membrane
fluidity and permeability. Thus, the integrity of intestinal epithelial barrier seems
compromised under the iron/ascorbate pro-oxidant effect. Noteworthy are the
observations related to levels of lipid peroxidation in the blood circulation and mucosal
biopsies of CD patients “%®! Available data in the scientific literature have also
reported increased intestinal permeability in patients with Crohn’s disease “". It is
therefore reasonable to propose that reactive oxygen species can contribute to
mucosal barrier disruption, thereby allowing various luminal antigens, bacteria and
toxins to reach the lamina propria, activate immune cells, and elicit an excessive
inflammatory response.

Human tissues are equipped with powerful defense mechanisms capable of
withstanding oxidative attacks and limiting the damage to organs. The intestine
possesses numerous endogenous antioxidant enzymes: SOD removes superoxide
anions; catalase and glutathione peroxidase eliminate peroxides; glutathione reductase
converts oxidized glutathione back to its reduced form, and glutathione transferase
transfers oxidized glutathione to the extracellular medium. Surprisingly, the activities of
these enzymes remained unchanged despite the marked lipid peroxidation produced
by iron/ascorbate, which may explain the membrane alterations reported herein. A
progressive fall in enzyme activities and depletion of glutathione content was expected
to occur before the onset of any damage to cell constituents and functions. However,

no upregulation in these antioxidants was noted despite the persistent oxidative stimuli.
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This interesting aspect of our work deserves further investigation in humans, and if it is
confirmed, therapeutic manceuvres should be designed to enhance mucosal
antioxidant defense that may be useful to tackle the negative effects of oxidative
stress. It should be noted that most antioxidant enzymes are located in the epithelial
cells, whereas the underlying lamina propria is practically devoid of antioxidant
enzymes 2,

A potential connection between oxidative stress and pro-inflammatory gene
expression has been established 2?3l |t was therefore reasonable to determine
whether iron/ascorbate-mediated lipid peroxidation could elicit an inflammatory
response in Caco-2 cells. NF-xB represents a family of transcription factors that serve
as important regulators of the host immune and inflammatory responses. Under resting
conditions, NF-xB is sequestered in the cytoplasm by an inhibitory protein known as
IxB ¥4 Following activation by a wide array of external stimuli, a cascade of events
occur, resulting in the degradation of IKB and the release of NF-kB, which
subsequently translocates to the nucleus and transcriptionally modulates cellular genes
implicated in early immune, acute phase and inflammatory responses . Our findings
emphasize that the treatment of Caco-2 cells with iron/ascorbate induced the
degradation of cytosolic 1B with the ensuing translocation of NF-xB to the nucleus.
Furthermore, the presence of BHT inhibited the activation of NF-«xB, pointing out that
this powerful transcription factor is subject to redox regulation in Caco-2 cells.
Increased activation of NF-xB has been reported in both macrophages and intestinal
epithelial cells in patients with Crohn’s disease “"1*¢!, Collectively, these data indicate
that in addition to luminal antigens and toxins that are deleterious to intestinal epithelial
cells, pro-oxidants can overcome cell antioxidant defense, destabilize cell integrity and

activate pro-inflammatory transcription factors.
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Activation of the transcription factor results in the induction of inflammatory
genes leading to the protein expression of pro-inflammatory cytokines. We therefore
decided to examine whether the exposure of Caco-2 cells to iron/ascorbate triggers IL-
8, ICAM-1 and COX-2. IL-8 functions as a potent neutrophil chemoattratant and
activator, whereas ICAM-1 is a strong cell surface adhesion molecule 9% The
incubation of Caco-2 cells with iron/ascorbate led to augmented cellular production of
IL-8 and expression of ICAM-1. Surprisingly, BHT produced the same effect, which did
not allow us to highlight whether iron/ascorbate per se or iron/ascorbate-mediated
peroxidation provoked the elevation of these two pro-inflammatory agents. Additional
work with other exogenous antioxidants is needed to elucidate this interesting aspect.
As to the COX-2 isoenzyme, mounting evidence suggests its direct implication in the
production of pro-inflammatory prostaglandins. In the present investigation, COX-2 was
found to be induced by iron/ascorbate, whereas BHT was effective in returning COX-2
protein levels back to control values. These findings reflect the need to restore pro-
oxidant/antioxidant balance in an attempt to reduce the impact of powerful pro-
inflammatory agents such as COX-2.

In summary, our data support an oxidative role of iron ascorbate in cell integrity
and inflammatory response. It may therefore initiate intestinal cell damage and
aggravate ongoing injury, particularly because the gut is not equipped with adequate
antioxidant defense. From the elucidation of the involved mechanisms will emerge

ways to test their in vivo relevance and to identify potential targets for intervention.
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FIGURE LEGENDS

Figure 1:

Figure 2:

Figure 3:

Lipid peroxidation as a function of time and concentration of
iron/ascorbate. Differentiated Caco-2 cells were incubated with different
concentrations of iron/ascorbate (A) or with 200 uM iron/ascorbate at 1,
2, 4, 6 and 8 hours (B). Then, MDA cell content was determined as
described in Materials and Methods. BHT was added in some
experiments at the concentration of 150 uM to neutralize the oxidative
stress. Results shown are means + SEM for 4 separate experiments,
each carried out in triplicate. CTR, control; Fe, iron/ascorbate; BHT,
butyrated hydroxytoluene.

* p< 0.05 vs. control.

Antioxidant activity as a function of iron/ascorbate concentration. The
activity of superoxide dismutase, catalase and glutathione peroxidase
was quantified as described in Materials and Methods. Results are
expressed as the mean = SEM of 4 separate experiments, each

performed in triplicate.

Antioxidant activity of Caco-2 cells as a function of time. The activity of
superoxide dismutase, catalase, glutathione peroxidase, glutathione
transferase, glutathione reductase and total glutathione was measured
following the incubation with 200uM iron/ascorbate (Fe), 150uM

butylated hydroxytoluene (BHT) or without any agent (CTR). Results are



Figure 4:

Figure 5:
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expressed as the mean = SEM of 4 separate experiments, each

performed in triplicate.

kB degradation, NF-xB activation, ICAM-1 and COX-2. Differentiated
Caco-2 cells were treated with 200uM iron/ascorbate (Fe), 150uM
butylated hydroxytoluene (BHT), remained untreated (CTR) for 4 hours.
Interleukin-1 (IL-1) was examined at 5ng/ml for 1 hour as a positive
control. Then, cells were homogenized and aliquots were applied on
SDS-PAGE and immunoblotted as described in Materials and Methods.

Panels A, B and C are representative of two separate experiments.

Effect of iron/ascorbate on interleukin-8 production. Differentiated Caco-
2 cells were incubated with 200uM iron/ascorbate (Fe), 150uM butylated
hydroxytoluene (BHT) or remained without treatment (CTR). Interleukin-
8 (IL-8) was determined by ELISA as described in Materials and

Methods. Results shown are means + SEM for 4 experiments.

* p< 0.05 vs. control.
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TABLE 1: EFFECT OF IRON/ASCORBATE ON MEMBRANE FEATURES

Treatment (f;lfr?\z) (d:;;mga:rlggin) (1Ideg:::::;tz};tion)
Control 2987 + 141 1417 + 44 342 +0.21
BHT 3124 + 156 1566 + 39 3.48+0.17
Fe 2899 + 163 1832 + 48 * 2914043
Fel/ BHT 3012 + 144 1539 + 51 3.50+0.14

Transepithelial resistance (TER), permeability and membrane fluidity were determined
in Caco-2 cells following 8-hour incubation with 200uM iron/ascorbate (Fe) and/or
150uM butylated hydroxytoluene (BHT). As described in Materials and Methods, TER
was measured using a millicel-ERS apparatus, permeability by quantifying [Cr*'-EDTA
and membrane fluidity by the incorporation of a fluorescent probe. Values represent

mean + SEM of 3 separate experiments.

* p < 0.05 vs. control
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TABLE 2: FATTY ACIDS AND INDEX OF EFA DEFICIENCY IN CACO-2 CELLS

Fatty acids Control Fe BHT Fe/BHT

SFA 39.74 £ 0.42 4263 +0.27 40.22 +0.39 37.32+ 047
PUFA 13.48 + 0.36 2.82+0.17* 14.47 £ 0.44 12.95+£0.25
PUFA/ SFA 0.345+0.112 0.059+0.081* 0.371 £0.023 0.339+0.177
2003092014 » 6 0.093 £ 0.04 1.519 + 0.125* 0.105+0.04 0.104 £ 0.06

Caco-2 cells were cultured for 24 hours with 200uM iron/ascorbate (Fe) and/or 150uM
butylated hudroxytoluene (BHT). At the end of the incubation period, cells were
washed, scraped in PBS, centrifuged, and the resulting pellets were stored at -40 °C
until analysis. Cellular fatty acid content was analyzed by GLC after direct trans-
esterification. Results are expressed as percentage of total fatty acid content. On the
basis of previous reports, criteria for essential fatty acid deficiency included cellular
ratio of 20:3 o 9/20:4 » 6 superior to 0.2, in addition to decrease in total cell content of
essential fatty acid. Data represents means + SEM of 3 separate experiments. SFA,
saturated fatty acids; PUFA, polyunsaturated fatty acids; EFA, essential fatty acids.

* p < 0.005 versus control, BHT, and Fe + BHT.
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Figure 1
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Figure 2
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Figure 5
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DISCUSSION

Many chronic inflammatory disorders, including CD, are associated with
excessive production of reactive oxygen species (ROS) 2411, Under physiological
conditions, numerous sources contribute to the formation of ROS, including
phagocytes, bacterial and cellular oxidases, and unbound transition metals
(169)242]243], However, this production is increased during pathological disease
states, and excessive ROS production can result in oxidative damage to a
number of biological constituents (181244, The intestinal mucosa is one of the
many targets of free radicals, and oxidant injury to the intestinal epithelium
seems to be quite deleterious, particularly in the setting of IBD 441243, Intestinal
epithelial cells represent a physiological barrier between luminal antigens,
microbes and toxins, and the underlying mucosal immune system 241247, In
addition, these cells are active participants in the gut immune response,
considering that they display several cytokine receptors on their surface and are
capable of secreting cytokines, chemokines and leukocyte adhesion molecules
when primed P44, Therefore, disruption of this system could have serious
consequences on the barrier and immune functions of the intestinal mucosa.

In order to evaluate the effects of oxidative stress on mucosal integtity,
antioxidant defences and immune reactions in intestinal epithelial cells, we
employed the CACO-2 cell line as an iz vitro model. At confluence, these cells
differentiate into a highly polarized monolayer and display many of the features
of small intestinal epithelial cells, including nutrient absorption, lipid synthesis
and antioxidant enzyme activity [248J2#)2501251], The iron/ascotbate complex, a
well-documented oxidant, was used to initiate free radical formation in our
system. The quantities used were comparable to physiological concentrations of
iron in the gut 2, The choice of iron was based on the consideration that it is
the most abundant transition metal in biological systems, and is integrally
involved in many fundamental biochemical oxidation reactions [253. Metal ions

are usually sequestered by proteins under normal physiological conditions, but
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are released from their chelators when the pH goes below 6 in the presence of
inflammation, and are free to participate in Fenton-type reactions 24, It is thus
of interest that the mucosal content of iron in biopsies from inflamed CD
lesions was found to be significantly higher than that of control tissue 213,

Our studies showed that the addition of the pro-oxidant complex
resulted in an increase in membrane lipid peroxidation. This effect seemed to be
dose-dependent, as was evidenced by the increasing production of MDA with
increasing quantities of iron/ascorbate added. The addition of BHT, a lipid-
peroxide scavenger, inhibited lipid peroxidation, thus proving the direct
implication of our oxidant complex in disrupting the cellular redox balance. In
our n vitro model, the occurrence of lipid peroxidation was accompanied by a
decrease in membrane PUFA in favour of SFA levels, indicating essential fatty
acid deficiency in cells exposed to oxidative stress.

Lipid peroxides are toxic and capable of damaging most body cells.
Moreover, the occurrence of lipid peroxidation in biological membranes impaits
membrane functioning and changes in fluidity [182. Indeed, we found that the
addition of a pro-oxidant resulted in a significant decrease in CACO-2 cell
membrane fluidity, as well as a trend towards higher paracellular permeability.
Pre-incubation with the antioxidant BHT corrected these disturbances,
indicating that the alterations in membrane fluidity and paracellular permeability
are induced by lipid peroxidation. This indicates that oxidative stress results in a
decrease in the motional freedom of lipid molecules in the membrane bilayet, as
well as an increase in the uptake of molecules through intercellular tight
junctions. In other words, the integrity of the intestinal epithelial batrier is
compromised under the effect of pro-oxidants. In patients with CD, increased
levels of lipid peroxidation have been reported by several groups, both in the
circulation and in mucosal tissue POI2I0IR1R12], Direct evidence has been put
forth that oxidant-induced injury to intestinal epithelial cells is increased in IBD
(213214, In addition, several studies have reported increased intestinal
permeability in CD patients 1240123], It is suggested that the excessive ROS and
free radicals found in the intestinal lumen of CD patients contribute to the

disruption of the mucosal barrier. This would then allow luminal antigens,
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bacteria or toxins to cross the mucosal bartier, activate immune cells, and elicit
and perpetuate the excessive inflammatory response.

To determine whether intestinal epithelial cells are equipped to neutralise
external sources of oxidative stress, we measured the activities of several
endogenous antioxidant enzymes in CACO-2 cells. Several defence mechanisms
limit the levels of reactive oxidants and the damage they inflict to tissues and
organs. Among these are the endogenous antioxidant enzymes catalase,
superoxide dismutase, glutathione peroxidase, glutathione reductase and
glutathione transferase, and the key low-molecular weight antioxidant,
glutathione. While SOD removes superoxide anions, CAT and GSH-Px are
peroxide removing enzymes, with GSH-Px mostly dealing with lipid peroxides
07072, GSSG-reductase usually converts oxidized glutathione back to its
reduced form, while GST transfers excess oxidized glutathione to the
extracellular compartment (1831, It is important to note that in addition to its free
radical scavenging properties, GSH serves as a substrate for GSH-Px, and as a
result is oxidized to GSSG [#l. In all, endogenous antioxidants function to
remove excess radicals from the cell in order to prevent a shift in the redox
equilibrium. Upon the addition of iron/ascorbate, we expected the antioxidant
enzymes to display a surge in activity, in order to control the oxidative attack,
with an eventual return to normal activity levels. Surprisingly enough, the
activities of these enzymes were unaltered in CACO-2 cells following the
addition of either pro-oxidant and/or antioxidant, and remained stable over the
ensuing 24 hours. It seems that these enzymes are unable to counter the
oxidative attack that is initiated by iron/ascorbate, potentially leading to
disruption of membrane functions, as we have reported here. It is important to
note that the intestinal content of antioxidant enzymes is relatively low
compared to organs such as the liver. Intestinal catalase and superoxide
dismutase levels are less than 10% and glutathione peroxidase levels less than
50% of those found in the liver 218, In addition, most of these antioxidant
enzymes are located in the mucosal epithelium, with the underlying lamina
propria practically devoid of this important defence system. Therefore, the

epithelial compartment is comparatively better protected than the mucosal
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interstitium, representing the main antioxidant defence against luminal oxidants.
The finding of low levels of antioxidants in normal colonic mucosa — compared
to hepatocytes — suggests that dietary oxidants in the lumen or activated
inflammatory cells may easily overcome mucosal endogenous antioxidant
defences 18] If the mucosal enzymatic antioxidants are compromised, luminal
oxidants have the potential to contribute to the pathogenesis of mucosal injury
in IBD by causing epithelial cell injury, leading to mucosal erosions and
alterations in epithelial permeability P45, Indeed, our experiments
demonstrated that the endogenous antioxidants of intestinal epithelial cells lend
little protective resistance in the presence of an external source of oxidative
stress. This means that the oxidants are free to damage several biological
constituents of the cell, as represented by the decrease in membrane fluidity and
increase in trans-epithelial permeability.

Once we established that endogenous antioxidants did not neutralise the
oxidative attack, we proceeded to verify whether the oxidants could elicit an

inflaimmatory response in CACO-2 cells, and whether the NF-xB pathway is
involved. NF-kB represents a family of transcription factors that serve as
important regulators of the host immune and inflammatory responses. In
unstimulated conditions, NF-kB is sequestered in the cytoplasm by an inhibitory
protein known as IkB [1%8], NF-xB can be activated by a wide array of agents,
including cytokines and oxidants (2. During an immune response, external
stimuli activate a cascade of events that result in the degradation of IkB and the

release of NF-kB, which subsequently translocates to the nucleus and
transcriptionally regulates cellular genes implicated in early immune, acute phase,

and inflammatory responses [110. Our results show that the addition of
iron/ascorbate induced the degradation of cytosolic IkB with the ensuing
translocation of NF-kB to the nucleus. The addition of an antioxidant inhibited
the activation of NF-kB, proving that its activation in CACO-2 cells is subject
to redox modulation. Redox modulation of NF-kB has been reported in various

experimental models, with the general consensus that NF-kB response to
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oxidants is cell- and stimulus-dependent [8[10I1971200], In CD, increased
activation of NF-kB has been reported in both macrophages and intestinal
epithelial cells 156, Yet to our knowledge, only one group succeeded in
demonstrating redox-mediated NF-kB activation in CD biopsies 01, Thus, as
confirmed by our results, oxidative stress represents an alternative pathway for
the activation of NF-kB in the intestinal mucosa. In addition to luminal antigen
and toxins that are deleterious to intestinal epithelial cells, oxidants present in
the mucosa can overcome cell antioxidant defences, destabilize cell integrity,
and activate transcription factors.

Activation of a transcription factor such as NF-kB normally results in
the activation of the genes of a series of inflammatory mediators, resulting in a
cascade of events aggravating the inflammatory status of the patient. We
therefore decided to verify whether exposute to oxidative stress could induce an
inflammatory response, represented by COX-2 activation, ICAM-1 expression
and IL-8 secretion in our experimental model. COX-2 is an inducible enzyme
that catalyzes the first two steps in the biosynthesis of prostaglandins (PGs)
from the substrate arachidonic acid 254, COX-2 activity is normally absent from
cells, but its expression can be upregulated by pro-inflaimmatory cytokines,
growth factors and tumor promoters 53236, Thus, most of the stimuli that
induce COX-2 are associated with inflaimmation. NF-kB has been shown to
control the induced transcription of the COX-2 gene, and COX-2 can regulate
NF-xB activity through a positive or negative feedback loop as well 2571258]1259],
In addition, oxidative stress has been shown to induce COX-2 expression in
different experimental models P6UR61, In CD, upregulated COX-2 expression
has been reported in mononuclear and epithelial cells, suggesting a critical role
for COX-2 in the development or maintenace of the inflammatory disease state
(26212631, Our results showing an upregulation of COX-2 levels in the presence of
iron/ascorbate, and its inhibiton by pre-incubation with BHT, suggest an
important link between oxidative stress and the production of inflammatory

mediators in intestinal epithelial cells.
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ICAM-1 is a cell surface bound glycoprotein that mediates adhesion-
dependant cell to cell interactions. ICAM-1 has a restricted tissue distribution
and is constitutively expressed at low levels on sub-populations of hemopoietic
cells, vascular endothelium, fibroblasts and certain epithelial cells P64, Its
expression is markedly up-regulated at sites of inflammation, particulatly by pro-
inflammatory cytokines and bactetial products such as LPS 2651266, The gene
promoter for ICAM-1 possesses binding sites for several transcription factors,
including NF-kB, and ICAM-1 expression can be up-regulated by oxidative
stress 26712681 In CD, increased expression of ICAM-1 has been reported in
endothelial cells, leukocytes and apical membranes of epithelial cells 269, Qur
results document an increase in ICAM-1 expression on CACO-2 cells subjected
to the pro-oxidant, with a return to normal levels following the addition of the
antioxidant. Thus, intestinal epithelial cells exposed to oxidative stress display
increased ICAM-1 on their surface, possibly to mediate leukocyte binding as
part of the inflammatory response.

Interleukin-8 is a chemokine that is secteted by a wide vatiety of cell
types, including endothelial and epithelial cells 270271, In the gastrointestinal
tract, IL-8 is capable of promoting the migration of neutrophils and
macrophages across endothelial surfaces into bowel mucosa and submucosa. IL-
8 is regulated primarily at the level of gene transcription and its promoter region
contains functional binding sites for the transcription factors NF-xB, C/EBP,
and activator protein (AP)-1 272273, In addition, IL-8 can be induced by oxidant
stress and its expression can be inhibited by antioxidants ReSIZ74(275], In CD,
increased IL-8 levels have been reported by several groups, and IL-8 is
recognised as intimately involved in the pathogenesis of CD colitis 2761[277]1278],
One group in particular reported that IL-8 production in CD smooth muscle
cells is mediated by redox activation of NF-kB, thus providing a direct link
between oxidative stress and IL-8 sectetion in the inflamed gut 2011, Our results
show that the addition of iron/ascorbate induced a significant increase in IL-8
production by intestinal epithelial cells, subsequent to the activation of NF-kB,

confirming previous studies on oxidant-mediated production of IL-8 in



110

intestinal mucosa. However, the addition of the antioxidant BHT did not
decrease IL-8 secretion, but rather potentiated it.

Though surprising at first, these findings may be explained when the
transcription factor AP-1 is taken into account. Indeed, unlike their effect on
NF-kB, certain antioxidants induce the activation, and not the inhibition, of AP-
1 7. As a matter of fact, the lipid peroxide quenchers BHT and BHA were
both found to potentiate the activation of AP-1 801281, Therefore, we can
suggest that while BHT inhibits the activation of NF-xB, it exerts an opposite
effect on AP-1, thereby increasing transcription of the IL-8 gene and resulting in
increased IL-8 secretion by CACO-2 cells. However, this did not determine
whether the increase in IL-8 induced by iron/ascotbate is due to the lipid
petoxides produced or to the addition of iron/ascorbate itself. Further research
using different antioxidants is warranted in order to clarify the mechanisms
behind the induction of IL-8 by either iron/ascorbate or BHT.

In conclusion, our results prove that the exposure of intestinal epithelial
cells to oxidant stress is deleterious not only because of the structural damage it
causes, but also because it triggers an inflaimmatory response within the
epithelial cells themselves. Indeed, CACO-2 cells exposed to a known pro-
oxidant exhibited increased lipid peroxide production, essential fatty acid
deficiency, compromised cell integrity, inadequate antioxidant defences,
activation of NF-kB and production of inflaimmatory mediators. These findings
are quite important because if validated 7# vivo, treatment strategies will have to
be adapted in order to provide the intestinal mucosa with a better antioxidant
defence system in order to handle the oxidant load that it is constantly exposed
to. Co-culture experiments with intestinal epithelial cells and monocytes or
neutrophils may be useful in order to provide further insight into the
mechanisms involved in epithelial cell inflammatory response in the presence of

oxidative stress.
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