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Abstrøct

Mucositis is a major oncological problem affecting large numbers of patients undergoing

treatment for cancer. It can be produced by both chemotherapy and radiotherapy and can

affect all areas of the gastrointestinal tract. This thesis has concentrated on several key

gaps in current scientifîc knowledge that required investigation to enable a complete

understanding of the cellular mechanisms associated with gastrointestinal mucositis. The

different aspects of this thesis approach these fundamental knowledge gaps through a

series of discrete research chapters which, when combined, provide evidence of the

similarity in response to chemotherapy of the differing regions of the gastrointestinal tract.

The research chapters investigated (I,2) the effects throughout the gastrointestinal tract of

chemotherapeutic agents, Methotrexate (MTX) and Irinotecan, (3) the possible

ameliorating potential of the cytokine Interleukin-ll in reducing the side effects of

chemotherapy, (4) the expression of pro- and anti-apoptotic proteins and transcription

factors along the gastrointestinal tract in normal human patients and (5) the time-course of

development of oral mucositis in human patients.

Previous research has shown that cancer chemotherapy side effects within the

gastrointestinal tract are predominantly due to apoptosis occurring in the crypts of the

intestine. It is however unknown, whether there is a relationship between chemotherapy

dose, apoptosis, p53lp2l expression and intestinal crypt cell proliferation. This thesis

determined that low dose MTX (0.5 mglkg) caused a high peak of apoptosis but minimal

crypt cell hypoproliferation in the rat small intestine, and a lower peak of apoptosis with no

crypt cell hypoproliferation in the colon. Higher doses of MTX (1.5;2.5 and 5.0 mglkg)

caused lower peaks of apoptosis but severe crypt cell hypoproliferation in the small

intestine. A change in p53 expression did not precede early high levels of apoptosis in the

small intestine, whereas p53 upregulation was increased with late levels of apoptosis.

As mucositis is not specific to any one cytotoxic agent, a further aim of this thesis was to

investigate if other cytotoxic drugs caused intestinal mucositis in a similar fashion to that

described for MTX. kinotecan is a commonly used chemotherapy agerfi, that causes

severe mucositis in many patients. This thesis confirmed that Irinotecan acted in a similar

fashion to MTX in the small intestine by causing severe small intestinal damage, with

increased apoptosis and crypt cell hypoplasia. However, results also showed that
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Irinotecan induced severe colonic damage with excessive mucus secretion, both of which

are unusual for cytotoxic drugs.

A number of factors, such as interleukin-l1 (IL-l1), have been shown to have to be anti-

mucotoxic potential - particularly for small and large intestinal symptoms. However,

before they can be tested for their eflicacy in humans, they must be shown to be safe, and

not interfere with cytotoxic treatment or cause tumour growth. This part of my thesis

aimed to determine if IL-l1 ameliorated gastrointestinal mucositis. Results from this

initial study also showed that administration of IL-l1 caused no change in small intestine

weight indicating IL-II did not have any direct trophic effect on the small intestine.

Following administration of MTX, IL-11 was able to ameliorate small intestinal mucositis

by maintaining intestinal weight intestinal morphometry, despite being unable to prevent

apoptosis. Although MTX induced hypoproliferation of crypt cells, IL-l1 improved this

reduction by helping to maintain villus area.

Our laboratory has previously shown that apoptosis occurs in the crypts of the small

intestine shortly after the administration of chemotherapy and this may be directly related

to the damage that is subsequently seen. Bcl-2 and other family members are either anti-

apoptotic (Bcl-2, Bcl-xl, Bcl-w, Mcl-l) or pro-apoptotic (Bax, Bak, Bad, Bim) genes.

Although there is still some uncertainty, the ratio of anti-apoptotic to pro-apoptotic

proteins (eg Bcl-2:Bax) is believed to regulate apoptosis. The expression of both pro- and

anti- apoptotic proteins, as well as the transcription factors, p53 and p27, are unknown in

the normal human gastrointestinal tract. Therefore this thesis investigated the expression

of 8 Bcl-2 family members and 2 transcription factors through seven regions of the

gastrointesfinal tract (oesophagus, antrum, duodenum, ileum, caecum, colon and rectum).

Results clearly showed that for the majority of Bcl-2 family members, there was a lower

level of expression within the oesophagus. The exception for this was the expression of

Bcl-xl which showed no significant difference from other regions of the tract.

Conversely, when the expression of the transcription factors p53 and p21 were examined it

was found that p53 had a highly variable response. p21 also showed highly variable

expression but as a general trend, decreased throughout the tract with highest levels

observed in the oesophagus and lowest levels in the rectum.

Whilst there have been reports on treatment and prevention options of oral mucositis after

chemotherapy, very little research has been conducted on the mechanisms behind oral

mucositis. To date there are no conclusive data on the morphological changes in the
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human oral mucosa following chemotherapy, furthermore, the time course of histological

changes and the correlation with clinical symptoms and oral ulceration are not known. The

final part of this thesis aimed to investigate the changes that occur in the oral mucosa of

patients receiving chemotherapy and correlate these with chemotherapy "naïve" controls.

The results from this study showed that the ultrastructural changes in the oral mucosa

occur early after chemotherapy, and are not always correlated with histological changes as

seen under a light microscope. Apoptosis within the basal cells of the oral mucosa

occurred at day l, 2, and 3 after chemotherapy and could be confirmed through

transmission electron microscopy and TUNEL assay. In addition, expression of pro- and

anti-apoptotic proteins and two transcription factors, p53 and p2I, were examined. There

was high variation in the expression of these, likely to be attributable to architectural

changes. Therefore this study confirmed that, like the small intestine, changes occur early,

with symptoms appearing later.

This thesis has provided tangible evidence to suggest that the entire gastrointestinal tracl

follows a similar pattern of development of mucositis. Results presented herein show that

for the chemotherapeutic agents tested, a similar mode of action was reported in causing

small intestinal mucositis. This is an important finding in developing and targeting

appropriate preventative strategies. Apoptosis was also found to have a key role in

mucositis and was detected in the oral cavity, small intestine and large intestine following

chemotherapy. From this thesis it can be concluded that, although apoptosis was present

following administration of chemotherapy, there was not always histological evidence of
mucositis. Furthermore, results have also shown that cytokines such as IL-l1, may have

an important role to play in ameliorating mucositis. Further studies are no\À/ warranted in

this area to optimise dose schedule and to clarify their mode of action.
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Chapter 1 Literature Review

Chemotherapy-induced mucositis: Mechanisms of damage, time course

of events and possible preventative strategies

Literature Review

1.1 Introduction

Mucositis is a major oncological problem, caused by the cytotoxic effect of cancer

chemotherapy. By definition mucositis suggests that inflammation is present however

recent studies have shown that this is not necessarily the case (1, 2); rather the name

simply refers to the damage that occurs to the mucous membranes of the body (1, 2).

Mucositis affects the entire gastrointestinal tract and causes pain and ulceration in the

mouth and small and large intestines. In addition, it causes abdominal bloating, vomiting

and diarrhoea (2-4). Mucositis occurs in approximately 40Yo of patients after standard

doses of chemotherapy, and in l00o/o of patients undergoing high dose chemotherapy and

stem cell or bone marrow transplantation (2-\. The frequency and severity of mucositis

varies depending on the type of cancer (and therefore the treatment regimen) and on the

patient's age with the very young and the very elderly being most affected (a). Despite the

severity and prevalence of mucositis, there is no known treatment for established

symptoms, with management currently limited to pain relief and maintenance of good oral

hygiene. Susceptibility to toxicity has been attributed to the high rate of proliferation, as

cytotoxic drugs used to trear cancer also cause apoptosis in these cells (2, 5, 6). However,

changes in anti-apoptotic and pro-apoptotic protein expression are more likely to explain

such susceptibility (7, 8) This review will examine in detail the relationship between

cancer chemotherapy and mucositis throughout the gastrointestinal tract.

1.2 The Gastroíntestinal Tract

The gastrointestinal tract extends from the mouth through to the anus and contains some of
the highest proliferating cells in the body (9). Five basic functions are conducted by the

gastrointestinaltracl'. (l). Ingestion of nutrients, (2) Passage of nutrients, (3) Digestion of
nutrients, (4). Absorption of nutrients, and (5). Defecation of waste (10).

1



Chapter 1 Literature Review

1.2.1 Oral Mucosa

The oral cavity is the start of the gastrointestinal tract, and is lined by the oral mucosa,

which is a stratified squamous epithelium (11, T2). This epithelium may or may not be

keratinised; this is highly dependent on regions of high friction. Underlying the epithelium

is the lamina propria, which is composed of dense collagenous tissue (lI,12). Within the

epithelium there are four layers of cells. the basal cell layer (which contain the stem cells),

and the prickle cell layer which are found in both keratinised and non-keratinised tissue.

Keratinised epithelium have a granular layer followed by a keratinised layer, whereas non-

keratinised epithelium has an intermediate layer and a superficial layer (12).

7.2.2 Intestinal Anatomy and Histology

The small intestine can simplistically be divided into two units: proliferative units known

as crypts and functional units known as villi (13). The epithelium lining the small intestine

is simple columnar epithelium and is constantly replaced as cells are sloughed into the

lumen (1a) The large intestine is also composed of simple columnar epithelium, however

there are no villi postnatally (10). All intestinal cells arise from stem cells found in the

base of the crypts with each cell dividing four to six times before reaching its ultimate

destination (14). Within the intestinal epithelium, there are four main cell lineages namely

columnar, mucin-secreting (Goblet cells), endocrine and Paneth cells.

1.2.3 Crypt Structure and Functíon

Within the murine small intestinal crypts there are approximately 250 cells arranged in a

flask-like structure (14, 15). When the crypts are'opened up'they are approximalely 22

cells high and 16 cells wide at the widest point (Fig 1.1) (14, 16). The gastrointestinal

epithelium is one of the fastest proliferating tissues in the body and in order to maintain

this high proliferative rate, the crypt has many active cycling cells (5, 15). Renewed cells

are produced in the basal two thirds of the small intestinal crypts and this zone is called the

proliferative zone (15, l7). All the cells (columnar, mucin-secreting, endocrine and Paneth

cells) of the small intestinal epithelium are derived from stem cells which are located

within the proliferative zone (16, l7). The exact number of stem cells in each crypt and

how they control their proliferation is not yet known (18). Despite this, the general

consensus is that there are somewhere between 4 and 16 stem cells per cryp| (19-22) and

that they divide without maturation approximately once every 12-32 hours with the

resulting daughter cells migrating up the crypt and onto the villus (23) Additionally, there

are thought to be somewhere between 30 and 40 clonogenic cells (cells which can function
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as stem cells in a crisis) (24). Evidence has been presented that crypt clonogenic cell

number is highly dependent on the amount of damage that the crypt has undergone, the

more crypt damage induced resulting in more cells being recruited into the clonogenic

cycle (24).

1.3 Mucositis

7.3.1 Cancer Chemotherupy und Mucosítis

Cytotoxic drugs are used to treat malignancies to eradicate neoplastic cells. Unfortunately

these drugs may result in side effects, as they cannot distinguish between normal and

cancerous cells. The effrcacy of chemotherapy treatment relies on two principles: firstly

the sensitivity of cancerous cells to chemotherapy and secondly, the ability of the body's

normal, healthy cells to recover more quickly than cancer cells (1). Rapidly dividing cells,

like those of the gastrointestinal tract and bone marrow, are generally more susceptible to

chemotherapy, but they also have a greater recovery capacity. The maximum dose of
chemotherapy is limited by its toxicity in normal tissues, the so-called "dose-limiting

toxicity" (1). Until recently, the most common dose-limiting toxicity was suppression of
the bone marro\ry, with chemotherapy doses usually unable to reach levels where

gastrointestinal toxicity was a major issue. Ilowever, with the development of colony-

stimulating factors (eg granulocyte macrophage colony stimulating factor, GM-CSF),

which stimulate bone marrow recovery, higher doses of chemotherapy are now

administered, which has not only led to an increase in the eflicacy of chemotherapy, but

also the prevalence of gastrointestinal mucositis, which has now become the main dose-

limiting factor (l).

1.3.2 Chemotherapy and Apoptosís

Chemotherapy is a relatively recent therapeutic option for cancer - only having been in use

for approximately 50 years (25). However it has only been in the last decade with rapid

advances in molecular analysis, that some of the mechanisms by which chemotherapeutic

drugs induce cell death have been elucidated (25). A study conducted in the late 1980s

(26) examined the effect of a DNA inhibitor, etoposide, and found that it induced

internucleosomal DNA degradation, suggestinglhat etoposide may have caused apoptotic

cell death. This led to extensive research on the apoptotic capabilities of many

chemotherapeutic agents (27-29). From these studies, it has been confirmed that many
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chemotherapeutic drugs, including cyclophosphamide, 5'-fluorouracil and adriamycin,

induce apoptosis (30). In addition to causing apoptotic cell death in the tumours, many

chemotherapeutic agents have been demonstrated to cause widespread apoptosis in normal

tissues that undergo rapid proliferation, leading to the conclusion that elevated levels of

apoptosis are responsible for many of the adverse side effects of chemotherapy treatment

(3 1)

Apoptosis is distinguished from the other predominant form of cell death - necrosis - by

characteristic morphological features, including cell shrinkage, nuclear blebbing, the

condensation of chromatin, fragmentation of the nucleus and the lack of associated

inflammation (Fig 1.2) (32, 33). There are two different pathways by which cells can

undergo apoptosis. The first pathway is receptorlinked and is an extrinsic pathway from

the activation of death receptors such as Fas/CD95 ligand, TNF receptor and TRAIL (33).

The second pathway is induced by DNA damage. This is an intrinsic pathway that induces

mitochondrial release of cytochrome C and subsequent activation of caspases in the

cytoplasm (33). Cancer chemotherapy is thought to activate the DNA-damage induced or

intrinsic pathways but may also upregulate death receptors and their ligands, contributing

to the extrinsic pathway (33,34).

1. 3. 3 Spontaneous Apoptosís

Apoptosis occurs spontaneously in intestinal crypts, removing normal, healthy cells (35).

Estimations have been made that approximately I apoptotic cell is seen in every 5

histological crypt sections, (which is equivalent to less than lo/o), and this is generally

believed to occur in orderto maintain the balance of stem cells within the crypts (17,35).

Although this spontaneous apoptosis occurs in both the small and large intestines,

significantly more is seen in the small intestine, most probably due to the presence of pro-

or anti-apoptotic genes (35).

Different classes of cytotoxic agents actat" different levels inthe small intestinal crypt cell

hierarchy (36-38). There are three main categories of cytotoxic agents. (l) Drugs such as

doxorubicin and bleomycin which act at cell positions 4-6 (2). Actinomycin-D and

cyclophosphamide which act at positions 6-8 (3): Methotrexate and 5-fluouracil which act

at positions 8-11 (36-38). This may have implications for the severity of mucositis, and

also the potential methods of prevention (39).
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Figure 1.2 Diagram illustrating sequence of r¡ltrastructural changes in apoptosis (2-6-
and necrosis (7 and 8) (Frorn Kerq Winterford et al., 1994).

1. Normal cell.
2. Early apoptosis is characlerised by conpaction and margination of nuclear

chromátirl condensation of cytoplasm, and corvolution of nuclear and cell
outlines.

3. At a later stage, the nucleus fragments, and protuberances that form on the
cell surface separ¿te to produce apoptotic bodies.

4. Apoptoticbodies are phagocytoædby nearty cells.
5. Apoptotic bodies are degraded within lysosomes.
6. Apoptotic bodies are degraded within lysosomes.
7. fireãevelopmentof necrosis is associated withinegular clurnpilg of

clromatiru marked swelling of organelles and focal disruptionof membranes.
8. Membranes subsequentþ disintegrate, but the cell usually retains its overall

shape until removed by mononuclear phagocytes.
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1.3.4 Apoptosís and Mucositis

Initial studies of the effect of methotrexate (MTX), a commonly used chemotherapeutic

agent, on the human small intestine identified pyknotic bodies in cells lining the crypts,

now known to be apoptotic cells (5, 6). These cells were observed within 6 hours of MTX

administration and were still present at 48 hours. Further studies conducted by Keefe and

colleagues (2) confirmed the presence of these apoptotic cells in the human small intestine

following treatment with chemotherapy. Their study showed small intestinal apoptosis

increased seven-fold I day after chemotherapy and was followed by a reduction in

intestinal morphometry (villus area, crypt length mitotic count and enterocyte height) 3

days later, which coincided with patient symptoms of mucositis. The authors concluded

that small intestinal apoptosis leads to crypt hypoproliferation and that the two are directly

related to mucositis.

1.3.5 Chemotherapy Dose and Levels of Apoptosís

A gene that is commonly mutated in cancer is the p53 gene (15). Normally expressed in

low levels, p53 becomes upregulated when DNA damage occurs, moving to the nucleus

where it then acts to regulate several other genes, including p27*"n'"int (15, 40,41),

Upregulation of p53 can have a number of consequences for the cell following DNA
damage. It can either initiate Gl arrest, allowing the cell time to repair itself or undergo

apoptosis, or it can directly initiate apoptosis (I5,42). It has also been suggested that low

levels of p53 can induce differentiation (41). When p53 is upregulated, it activates the

transcription of p21*ufl'"'o',ucyclin dependent kinase (cdk) inhibitor (42). p2lwarT/cipt binds

with other cellular components to form a quaternary complex which is necessary for

normal functioning of DNA polymerase (42), thereby inducing cell arrest in the Gl phase.

p2lwafl/cipt is necessary to obtain cell cycle arrest that is p53-dependent in response to DNA

damage (Fig 1.3) (a3).

Several studies have shown that the expression of p53 within the small intestinal

epithelium increases following y-irradiation, supporting the hypothesis of recognition of
DNA damage and subsequent induction of apoptosis (41, 44, 45). Interestingly these

studies showed that the apoptotic response which occurs within 3-6 hours of radiation

damage occurs specifically around the proposed stem cell region of the crypt, i,e. positions

4-5 was p53 dependent, whereas the apoptotic response at 72-24 hours after radiation

damage was p53 independent (41,44,45). The importance of p53 dependent apoptosis
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Figure I . 3 A curent view of the integrated actiorn of p2 1 ard p5 3 . DNA damage leads 
.

to stabilisation and activation of activated p53 protein (p53 *) induces transcription
of p21 "*'**' and other genes involved in cell arrest and DNA repair. Under certain
conditions thiat are not completely understood, p53 activation can lead to apoptosis

@rom Deng Zhang et al., 1995).
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was shown by p53 knockout mice which are relatively resistant to apoptosis caused by

radiation damage (45). Further studies investigated the role played by p53 in spontaneous

intestinal apoptosis and concluded that levels of spontaneous apoptosis seen in p53 null

mice were not significantly different from wild-type, indicating that p53 is not important

for spontaneous apoptosis (Table 1.1) (45). This supports the observation that p53 null

mouse embryos undergo normal development (46).

Apoptosis in the large intestine, caused by radiation therapy, occurs at a lower rate than in

the small intestine. The apoptotic cells are not associated with the proposed stem cell

region (47). Ifis hypothesised that these differences between the small andlarge intestines

are due to differences in the expression of Bcl-2, an anti-apoptotic gene family member

(48) It is further proposed that when DNA damage is detected in the large intestine, p53

upregulation leads to initiation of cell repair, rather than initiation of apoptosis (Table 1. 1)

(47).

It has been assumed that apoptosis is a direct determinant of subsequent damage to the

small intestine caused by cancer chemotherapy. However, a study by Pritchard and

colleagues (1998) showed that the severity of apoptosis does not correlate with subsequent

tissue damage. They found that p53 inhibits proliferation through p2lwar-ttcipt transcription

factor. Thus, decreased proliferation, as well as apoptotic cell loss, contributes to crypt cell

loss. Additionally, they highlighted the deficiency of measuring only one variable (eg

apoptosis) at any one time point, showing that it is not always an accurate indicator of the

ultimate outcome for tissue damage. Thus, there still remains some controversy, although

apoptosis is related to intestinal damage caused by cytotoxic agents.
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Observation

Spontaneous Apoptosis

Conclusion Consequences

SI

AI at stem cell
location approx l0%

Apoptosis is p53
independent

Apoptosis removes excess
stem cells

Apoptosis is part of stem
cell homeostatic

mechanism

Stable stem cell
population leads to

stable crypt

LI

Apoptosis is a very
rare event, not

concentrated at stem
cell location

Bcl-2 expressed in the
stem cells

Apoptosis increased in
stem cells in Bcl-2

null mice

Occasional excess stem
cells not removed

Bcl-2 overrides stem cell
homeostatic process

Excess stem cells
persist and numbers
may increase with

trme
Hyperplastic crypts

Observation

Damage-induced apoptosis

Conclusion Consequences

SI

Cells at stem cell
location exquisitely
sensitive to damage

Approx.6
hypersensitive cells

per crypt
Damage p53

dependent

Very sensitive damage
detection mechanism
No attempt to repair

Damaged cells efficiently
removed

SI is protected against
DNA damage
(mutation) and
carcinogenesis

LI

Table 1.1 Summary of the observations and conclusions regarding apoptosis in the

intestinal epithelium and their likely implications. SI : small intestine; LI : large

intestine; AI: apoptotic index. From (15).

Lower levels than in
SI

Apoptosis distributed
throughout the crypt
BCL-2 expressed in

stem cells
AI increased in stem
cell position in Bcl-2

null mice

Damaged cells not
removed

Cell death prevented by
Bcl-2

Damaged or
misrepaired cells may

persist as initiated
cells leading to higher

risk ofcancer
Tumours arising in

Bcl-2-expressing cells
continue to express it,
making them diffrcult

to kill
(chemoresistant)
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1.3.6 Methotrexøte

Methotrexate (MTX) is a cytotoxic agent that was introduced clinically more than fifty
years ago to treat many cancers (49) Its mechanism of action is by inhibiting

dihydrofolate reductase and the synthesis of DNA (5, 50, 51). Side effects from

administration of this cytotoxic agent include diarrhoea, anorexia, with associated

malab sorption, malnutrition and dehydration (49).

MTX predominantly causes damage to the small intestine. Past studies have detailed the

response of both the rat and human small intestinal epithelia following treatment with

MTX and have shown reductions in mitoses and shortened villi (5,51). These distinct

morphological changes to the epithelium have been reported within three hours of MTX

treatment (5,51). In addition, these early studies identified discrete spherical bodies,

which we now know to be apoptotic bodies (5, 51). More recent research has shown that

apoptosis peaks approximately six hours following cytotoxic treatment (including MTX) in

both the rat and human (I, 2, 52, 53). This apoptosis leads to a subsequent crypt

hypoplasia with the loss of the regenerating crypl cells which leads on to villus atrophy (1,

2, 52, 53). Once the MTX insult has passed, the small intestinal epithelia is able to

regenerate and heal (1,2, 52, 53).

1.3.7 lrinotecan

Irinotecan hydrochloride (or CPT-11) is a relatively new chemotherapeutic agent used to

treat solid tumours, acting on malignant cells by inhibiting DNA topoisomerase I (54-57).

A major problem of this cytotoxic agent is that it causes severe diarrhoea and leukopenia,

which severely limit the dose of administered drug (55-57).

As diarrhoea is a well recognised side effect of CPT-1 I treatment, the histological changes

that occur in the gastrointestinal tract in response to Irinotecan administration have been

examined in several animal studies (54, 56, 57), A study investigating the effect of
intraperitoneal irinotecan on the mouse ileum and caecum reported that 100 mglkg

administered daily for 4 days caused vacuolation of the epithelium, blood vessel dilatation

and infiltration of polymorphs in the ileum, and hyperplasia of the epithelium with

accompanying goblet cell metaplasia in the caecum (56). The authors concluded that

diarrhoea resulted from malabsorption of water and electrolytes and mucin hypersecretion.

(56) In contrast, Araki and colleagues (1993) concluded that the diarrhoea was due to
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haemorrhagic enterocolitis, caused by high levels of the SN-38, the active metabolite of

irinotecan which was retained within the intestines (54).

A detoxified form of irinotecan, SN-38 glucuronide, may be processed to SN-38 by 0-

glucuronidase activity of the microflora of the intestine (57). It is SN-38 that causes

intestinal cytotoxicity (57). The administration of antibiotics to the animals inhibited p-

glucuronidase in the intestinal flora and markedly reduced diarrhoea, which argues that

irinotecan toxicity is in part due to the colonic microflora. Thus, there may be several

mechanisms by which irinotecan-induced diarrhoea occurs.

A study in humans using intensive high-dose loperamide, a common anti-diarrhoeal agent

to control diarrhoea, reported that Irinotecan treatment can be made tolerable (58). The

protocol involved patients taking 2 mg of loperamide for every diarrhoeal episode (defined

as one or many successive loose stools lasting until the current diarrhoea was effectively

controlled by loperamide), taken every 2 hours beginning 8 hours or more following

irinotecan administration. Only one patient failed to have his diarrhoea controlled when

following this protocol, indicating that loperamide at clinically high doses was effective in

controlling diarrhoea induced by irinotecan treatment (58) Another Phase I study

examined the effect of granulocyte colony-stimulating factor (G-CSF) treatment of patients

after both irinotecan and cisplatin (59) and showed that G-CSF reduced both the incidence

and severity of treatment related diarrhoea. Both of these studies, whilst describing the

effects of possible control agents for the diarrhoea, did not examine the histological

changes in the gastrointestinal tract after irinotecan administration and were therefore

unable to assess the mechanisms by which the control agents exert their function.

A rat model with similar dose-limiting toxicities to that seen in patients, was developed by

Cao, et al., (1998) in order to evaluate the protective effect of interleukin-15 (55, 60) This

cytokine was chosen for investigation as a previous report had implied that IL-15 may be

involved in the response of the gastrointestinal tract to damage caused by chemotherapy

(61). Animals treated with IL-15 (100 pg) at varying schedules were protected from

diarrhoea and death caused by Irinotecan toxicity, with the best protection being found in

animals that received the maximum dose (60). Despite this encouraging finding, the

authors were unable to define the mechanism by which IL-15 protects the gastrointestinal

tract from damage, although they suggested that this cytokine, like IL-11, may act by

inhibiting intestinal apoptosis and/or stimulating intestinal cell growth.
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1.4 Oral Mucositís

Oral mucositis as an entitywas first described approximately 18 years ago andwasusedto

describe the oral mucosal damage that was caused by both chemotherapy and radiotherapy

(62, 63). The term 'oral mucositis' is a separate entity from other oral lesions, having a

different pathogenic background (62, 63). Oral mucositis is a well recognised

phenomenon and is a frequent side effect of cancer chemotherapy (4, 64, 65). It is a

significant non-haematological complication causing pain and ulceration (62). Like the

remainder of the gastrointestinal tract, the oral mucosa has epithelial cells which rapidly

divide and mature (6a) Currently there is no known treatment for oral mucositis, with

management being limited to pain relief and maintenance of good oral hygiene (Table 1.2).

1.4.1 Biological Aspects of Orøl Mucosítís

Whilst there has been research reported on the treatment and prevention options of oral

mucositis after chemotherapy (62, 66) and on possible preventative agents, little research

has been reported on the mechanisms behind oral mucositis. Several papers have been

published suggesting distinct phases of damage (63,65,67,68), although these have not

specifically examined the time-course of damage following chemotherapy. All analysis of
oral mucositis has been based on a purely observational basis, and whilst there have been a

number of hypotheses as to the mechanisms behind oral mucositis, the aclual

pathophysiology remains undefrned (4). Currently, the most widely accepted hypothesis is

based on the mechanisms of both the development and resolution of oral mucositis, and is

still highly speculative (4,67,69,70), This hypothesis is based on the assumption that

mucositis occurs in four distinct phases: inflammatory/vascular, epithelial,

ulcerative/microbiological and healing (4,65,67,69,70). Additionally each phase is

assumed to be independent of the others and is caused by a cascade of actions that are

initiated by cytokines and growth factors, action of the cytotoxic drug on the oral mucosa

and the patient's bone marrow status (4, 67, 69,70). The hypothesised phases of oral

mucositis are detailed below.

The inflammatory/vascular phase is thought to occur rapidly, within 24 hours after

cytotoxic treatment (67). Administration of chemotherapy causes cells to release cytokines

including interleukin-l (IL-l), which initiates an inflammatory response and tumour

necrosis factor alpha (TNF-o), which causes tissue damage. Both of these cytokines may

be the initiating event for oral mucositis (67).
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The inflammatory/vascular phase is followed by the epithelial phase, which occurs

between 4 and 5 days after treatment (67). Cytotoxic agents directly inhibit DNA

replication and mucosal cellular reproduction, ultimately leading to a decrease in basal

epithelial proliferation (4, 66, 67). Consequently, as not all cytotoxic drugs affect DNA

synthesis (67) there is a higher probability that patients on particular treatment regimes will
be more susceptible to oral mucositis than others. Evidence supporting the notion that

basal epithelial damage leads to oral mucositis comes from studies in children, who are

known to have a high basal cell proliferation, These children are three times more likely to

develop oral mucositis than older adults, who have a slower basal cell proliferation (71).

The reduction in cellular proliferation of the oral mucosa causes mucosal atrophy,

breakdown of collagen and frank mucosal ulceration, which is most frequent over areas

that are exposed to trauma caused by teeth movements, such as the lips and buccal mucosa

(68) This marks the beginning of the ulcerative and bacteriological third phase. Clinically

for patients this is the most symptomatic phase, and usually presents approximately one

week following treatment (67). These ulcers and their locations make the oral mucosa

highly susceptible to infection (4, 66, 68). Bacteria are often found in the ulcers, and are

different from those found in normal healthy patients (67).
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Past: Management was limited to treatment of oral
pain and concomitant infection

Present: Phase 1 and Phase 2 trials have resulted in the
development of a panel of agents used for
prevention and treatment of mucositis. None
of these agents seem particularly effective.

Future: There is a need for:
(1). Further elucidation of the
pathophysiology of mucositis.
(2) Optimisation of clinical trial methodology
including common criteria for assessment,
large patient samples and use of randomised
placebo-controlled design.
(3). New Agents

Past, present and future in management of mucositis in cancer patients.Table 1.2

From (72).
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The fourth and final phase of oral mucositis is the healing phase and refers to the oral

mucosa resuming normal basal cell proliferation and differentiation as well as controlling

the oral bacterial flora (67). The length of this final phase is related to the duration of the

condition, however it most likely does not relate to the intensity. Additionally, anything

which adversely affects wound healing will also affect this final phase (67) Although oral

mucositis is recognised as being a major side effect of treatment for cancer, no detailed

studies have been conducted in humans to investigate this hypothesis.

1.4.2 Animal Models of Oral Mucositís.

The lack of knowledge of oral mucositis also comes from the lack of an appropriate animal

model in which to define the mechanisms. Sonis and colleagues established the currently

accepted hamster model of mucositis (73), however this model is flawed by the lack of

associated tumour and lack of spontaneous chemotherapy-induced mucositis. Briefly this

model of mucositis uses male golden Syrian hamsters, as unlike other rodents, they have a

buccal cheek pouch which is susceptible to chemotherapy. Mucositis is induced in this

model by the administration of 5-fluorouracil (5-FU) at 60 mglks on three days (days 0, 5

and 10) The buccal pouch mucosa is superficially irritated (mechanically scratched) on

days 1, 2 and 3, resulting in mucositis in most of the animals (73). In humans, however,

the oral mucosa does not need to be superficially irritated in order to induce mucositis, and

so this model cannot be compared with the clinical setting. Additionally, superficial

irritation may also result in wound healing mechanisms being initiated.

There are potentially many anti-mucotoxics which may prevent mucositis in this animal

model including Epidermal Growth Factor (EGF) (74) and IL-l I (75,76). However, when

they have been translated to the clinical setting they have been found to not work, strongly

suggesting that there are different mechanisms occurring in the hamster from those that

occur in the human. These observations also reiterate the inability of using this animal

model as a basis for human studies.

1.4.3 Prevention and Treutment of Oral Mucositis

A number of agents have been clinically studied to assess their ability to prevent or aid in

the treatment of oral mucositis. These include GM-CSF (64, 77), capsaicin (78), sucralfate

(79, 80), prostaglandins (81), silver nitrate (82-84), cryotherapy (85, 86), allopurinol (87),
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beta-carotene (88, 89) and TGF-P (69, 90, 91). However, detailed discussion into these

agents is outside the scope of this thesis. Please refer to the references for full details.

7. 5 Oesophageal Mucosítís

Anatomically the oesophagus extends from the upper oesophageal sphincter to the lower

oesophageal sphincter, these sphincters delineating it from the oropharynx and the stomach

respectively (92,93). The oesophageal mucosa is composed of nonkeratinised epithelium,

lamina propria and muscularis mucosae, all of which protect the underlying tissue from

damage during the passage of food and drink (10). Chemotherapy damages dividing and

differentiating cells, causing the epithelium to become thin and ulcerated (93).

Additionally chemotherapy alters the proliferative rate of connective tissue cells within the

lamina propria, initiating a cascade of reactions that include an increase in vascular

permeability and inflammatory infiltrate (93). These lead to fibrosis and tissue ischaemia,

which decrease the role of the oesophagus in protection (93-97) Very little information

exists on oesophageal mucositis, and many symptoms are most likely to be misdiagnosed

with gastro-oesophageal reflux disease, Candidn oesophagitis, cytomegalovirus

oesophagitis, or oesophagitis induced by herpes virus (98). However a study by Keefe and

colleagues found minimal macroscopic changes at endoscopy (1,2).

1. 6 Intestinal Mucositis

The pathophysiology of intestinal mucositis has been described in both animal models and

patient trials. In a rat model of mucositis, the time-course of apoptosis and intestinal

damage were investigated over a 5 day period following MTX treatment (52). The earliest

change seen was a 28-fold increase in apoptosis within intestinal crypts at 6 h after MTX

administration and this gradually improved over subsequent days. This correlates with the

findings of Keefe and colleagues (2000) and also agrees with previous studies that showed

pyknotic bodies in crypts of humans after MTX, even though apoptosis was not a widely

recognised phenomenon at the time (5, 6) In humans, the natural history of intestinal

mucositis was described by Slavin and colleagues (1978) (99). In the first week following

chemotherapy, normal highly undifferentiated cells are observed, while in the second week

after chemotherapy, cellular necrosis, decreases in cellular proliferation, abnormal villi
architecture and infections are observed within the intestine before recovery is initiated and

intestinal function returns to normal (99).
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1.7 Dark Agouti Rat Mammary Adenocarcínoma Model (DAMA)

A model was developed in the female dark agouti (DA) rat to study simultaneously the

effect of potential anti-mucotoxics and of chemotherapy in the small and large intestines

(l). This model is unique in that the mammary adenocarcinoma arose spontaneously in the

rat, and therefore mimics the human situation in which tumours arise spontaneously. It has

been used for examining of the effect of keratinocyte growth factor (KGF) and

methotrexate on small intestinal mucositis (53), as well as for studies into malnutrition

following chemotherapy (100, 101) and neuroprotection by glutamate (I02)

1. 8 Protection from Mucosítís

Many agents, including KGF, TGF-P and IL-11, have been assessed in preventing or

ameliorating mucositis by manipulation of intestinal stem cells (103). Although these

studies have shown significant improvement in mucositis (103), they did not test whether

these agents enhanced tumour growth or interfered with the effrcacy of chemotherapy. For

the purposes of this thesis, IL-11 only will be discussed.

1.8.1 Interleukin-71

Interleukin-11 was first cloned as a stromal-cell derived multi-functional cytokine (104). It

is a member of a family which also includes interleukin-6, leukaemia inhibitory factor,

ciliated neurotrophic factor, oncostatin M and cardiotrophin (105, 106). Over the past

decade, there has been extensive research conducted intothe function and action of IL-11,

and these have been assessed in early clinical trials for patients with varying malignancies

(107-109). Additionally this cytokine has been the subject of research into other diseases

such as arthritis (110), Crohn's disease and ulcerative colitis (111, 112) and short-bowel

syndrome (113, 114).

IL-l1 has also been the focus of much research into the protection and recovery of stem

cells found within the haematopoietic system (115-117). IL-11 stimulates proliferation of
haematopoietic stem cells (115) as well as stimulating haematopoietic recovery following

high-dose chemotherapy treatment (116). Additionally IL-11 has been shown to have non-

haematological effects and is produced in varying locations throughout the body, including

the alveolar cells of the lung, chondrocytes, synoviocytes and thyroid carcinoma cells

(118-120). Thus, IL-ll may have a role in the stem cells found in the small intestinal

crypts (r2t-123).
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IL-11 and its receptor IL-1lRs are expressed within the gastrointestinal epithelium (124-

126). Furthermore, in vitro studies using two intestinal stem cell lines, IEC-6 and IEC-I8,

have shown that IL-ll directly interacts with the gastrointestinal epithelial cells, more

specifically interacting with aspects of cell proliferation (122, 127). Animal studies have

highlighted the pleiotrophic nature of IL-l1 in numerous small intestinal pathologies

including those induced by cytotoxic treatment Keith Jr and colleagues (1994) used two

different models of gastrointestinal pathology, and concluded that there was a strong

beneficial effect of IL-11, which often led to the reduction or resolution of the pathology,

although they made no attempt to elucidate the mechanisms behind this. Another study

conducted by Du, et al., (1994) (118-120), examined the functional significance of IL-l1

in mice that were treated with combined chemotherapy/radiotherapy. The results from

their study clearly demonstrated that mice receiving this cytokine had an increased survival

rate from their control counterparts, as well as an elevated mitotic index within the crypt

epithelial cells, indicating a more rapid recovery time (118-120). In another study, IL-11

increased survival of mice treated with combined chemotherapylradiation treatment, aided

the recovery of small intestinal villi and increased cell proliferation in crypts (123). This

was a comprehensive study and analysed different administration schedules of IL-l1,

including treatment pre, pre and during, and post cytotoxic exposure. This study did not

however evaluate escalating doses of IL- 1 1 and was unable to ascertain whether increasing

the dose resulted in corresponding increases in protection (ll8-120). Furthermore, none of

the above studies used tumour-bearing animals and were therefore unable to evaluate the

effect of IL-l1 on the tumour, nor the confounding effect of IL-11 and

chemotherapy/radiotherapy on the tumour.

The importance of ensuring that IL-II does not increase tumour growth has been

recognised by research groups (105, 128). The effect of IL-l I on human tumours was

investigated by Soda et al., (1999), who, using a human tumour colony-forming assay,

determined that IL-l1 stimulated tumour growth in two out of 66 tumours, and inhibited

tumour growth in 16 of the 66 tumours (105). This strongly suggests that IL-11 is unlikely

to stimulate tumour growth in most common tumours including lung and colon (105).

Another group investigated whether IL-11 was produced and regulated by breast cancer

cells (12S). It was reported that in the 13 different cell lines examined, two expressed IL-

11 at the protein and mRNA levels, whilst a further 5 were not growth modulated by IL-11

There was no evidence of IL-ll in the remaining cell lines (128). Whilst there is no
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evidence suggesting that IL-l1 has any effect on causing tumour growth, this has yet to be

fully evaluated in an animal model.

1.9 SpeciJic Aims:

Whilst extensive literature exists on oral mucositis and possible preventative/treatment

strategies for the condition, there is relatively little information on the mechanisms behind

the damage caused by cancer chemotherapy. Additionally, very limited information exists

on mucositis for the remainder of the gastrointestinal tract. Therefore the specific aims of

this PhD were:

1. To investigate the effect varying doses of chemotherapy have on the small and large

intestines of the DA rat with breast cancer

2. To investigate the mechanisms of Irinotecan-induced (CPT-11) small and large

intestinal damage

3. To investigate the role of IL-l1 (a potential anti-mucotoxic drug) on small intestinal

mucositis in the DA rat with breast cancer

4. To compare and contrast pro- and anti-apoptotic protein expression along the

gastrointestinal tract by determining their relative expression in normal human patients

5. To investigate and document human oral mucositis
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Relationship between dose of methotrexate, apoptosis, p53lp2l

expression and intestinal crypt proliferation in the rat

2.1 Introduction

Mucositis is an important complication of chemotherapy that is poorly understood. The

condition occurs in40Yo of patients after standard dose chemotherapy (3,4) and in l00yo

of patients undergoing high dose chemotherapy and stem cell or bone marrow

transplantation (4). Mucositis increases morbidity of patients undergoing cancer treatment,

prolongs hospital stay, increases re-admission rates and is occasionally fatal (4)

Currently, there is no known treatment or prevention, with management limited to pain

relief, maintenance of good oral hygiene, antiemetics and anti-diarrhoeal medications.

Initial studies investigating the effect of methotrexate (MTX) on the rat small intestine

described pyknotic bodies in crypts, now known to be apoptotic bodies (5, 6) Further

animal studies investigating the effects of other cytotoxic drugs demonstrated that these

agents also induce apoptosis in intestinal crypt cells within 24 h of treatment (37).

Apoptosis also peaks 7-fold in the crypts of the small intestine in humans after cancer

chemotherapy Q); this is followed by hypoplastic villus atrophy at 2 to 4 days after

treatment. These data suggest that apoptosis inevitably leads onto crypt hypoproliferation.

Cytotoxic drugs increase p53 after inducing DNA damage. When upregulated, p53 either

initiates G2IGI arrest, allowing the cell time to repair itself, or it initiates apoptosis (15,

42). p53 activates transcription of p2l, a cyclin dependent kinase inhibitor of cell

proliferation @2). p2l binds with other cellular components to form a quaternary complex

which is necessary for normal functioning of DNA polymerase (42) thereby inducing cell

arrest in the Gl phase. p2l is necessary to induce cell cycle arrest that is p53-dependent in

response to DNA damage (43)

Previously, it has been assumed that apoptosis determines subsequent damage to the small

intestine caused by cancer chemotherapy. However, a study by Pritchard and colleagues

(39) showed that the severity of apoptosis did not correlate with subsequent tissue damage.

They found that p53 inhibited proliferation through the p27*ur'tloiot transcription factor

responsible for decreased proliferation. This hypoproliferation, as well as apoptotic cell

loss, contributed to crypt cell loss and intestinal damage. Additionally, they highlighted

the deficiency of measuring only one variable (i.e,, apoptosis) at any one time point,
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demonstrating that this is not always an accurate indicator of tissue damage. Thus, there

still remains some controversy regarding the exact role that apoptosis plays in the

development of intestinal damage caused by cytotoxic agents.

The purpose of this study was to further investigate the relationship between apoptosis, p53

and p2l protein expression and crypt cell hypoproliferation over a range of doses of MTX

using the laboratory DA rat implanted with breast cancer. The changes in p53 and p2I

protein expression in the jejunal apoptotic response were also examined.
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2.2 Maturtaß and Methods

2.2.1 Preparatíon of Breøst Cancer Cell Suspensíon

This study was approved by the Animal Ethics Committee of The Institute of Medical and

Veterinary Sciences, Adelaide and complied with the National Health and Medical

Research Council (Australia) Code of Practice for Animal Care in Research and Teaching

(ree7).

The mammary adenocarcinoma used in this model arose spontaneously in the 1970s and

was propagated by passage through female DA rats. This tumour has been used routinely

in our laboratory for several years and was donated by Dr. A. Rofe (Institute of Medical

and Veterinary Sciences, Adelaide, South Australia). Three female donor rats were

injected s.c. onboth flanks with 0.2 ml (2.0 x 107 cells per ml) tumour inoculum 1l days

prior to the beginning of the study. These cells subsequently formed a tumour from which

cells were harvested. The animals were culled by COz asphyxiation and cervical

dislocation, and subcutaneous tumours were dissected from the rats and placed into sterile

Phosphate Buffered Saline (PBS) for further passage.

2.2.2 Preparation of Tumour Inoculum

Diced pieces of tumour were homogenised and filtered through sterile gavze. The tumour

cell suspension was spun at 500 g for 3 mins each time; subsequently the pellet

resuspended in fresh PBS and spun a further 4 times. A viable cell count was carried out

using 0.5o/o wlv trypan blue.

2.2.3 Experímental Desígn

Seventy female DA rats (weighing approximately 150 g) were implanted with tumour

inoculum of 4.0 x 106 cells in 0.2 ml phosphate buffered saline (PBS) s.c. into each flank

and the tumours were allowed to grow for 9 days. Tumour bearing animals were used in

this study to ensure that tumours do not have any adverse effect on the gastrointestinal

tract, nor alter the expression of the two transcription factors under investigation. Rats

were randomly divided into eleven groups of 6 animals. The first group of animals acted

as controls, and received no treatment. Two other control groups received two daily i.m.

injections of saline (control) and were killed 6 and 24 h post treatment. The eight

remaining groups were treated with two daily i.m injections of either 0,5, 1 .5, 2.5 or 5.0
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mglkg MTX and killed at either 6 or 24 hours post treatment. MTX is a commonly used

chemotherapeutic agent in the clinical setting, particularly with breast cancer, thus it was

appropriate to use.

Body weight was recorded each day and organ weight measured at autopsy as mucositis

may change body and organ weight (129). The gastrointestinal tract from the pyloric

sphincter to the rectum was removed, flushed with O.gyo (w/v) saline and the wet weight of

the small and large intestines recorded. Two cm samples of small intestine (ejunum) at

25o/o of the length of the small intestine from the pylorus were collected. One was placed

into Clark's fixative (60%o wlv ethanol: 40o/o acetic acid) and another in l0o/o formalin for

analysis. Additionally two cm samples of the colon were collected and one each placed in

Clark's frxative and 10% formalin. The subcutaneous tumours were removed and

weighed. Cross sections of non-necrotic tumour were dissected and placed inlo l)Yo

formalin.

2.2.4 Intestinal Morphometry

Small sections (1 cm) ofjejunum were opened onto cardboard, fixed in Clark's fixative for

24 h and stored in70Yo ethanol. The stored tissues were rehydrated and hydrolysed in lM
HCL for 7 mins at 60oC. After two washes in double distilled water, the tissues were

stained with Schiffls reagent (Sigma, St Louis, USA) for 45 mins before being

microdissected as previously described (130) The tissues were examined following

mounting in 45Yo acetic acid using a calibrated microscope graticule. Measurements were

taken of the villus length, and apical and basal widths of 15 villi and the lengths of 15

crypts. Villus length, apical villus width and basal villus width were recorded and villus

area was calculated using atrapezoid approximation (130). Mitotic counts per crypt were

also recorded, following squashing of microdissected crypts. In this way, mitotic figures

are clearly identified (13 1). Villus area and crypt length correlate with villus and crypt

epithelial cell populations, respectively (131). Small (l cm) pieces of colon were

processed in the same way and the colonic crypt length and mitotic count per crypt were

recorded. All measurements were conducted in a blinded fashion.

2.2.5 TUNEL Assay

Sections of jejunum and colon (1 cm each) were fixed for 24 h in I0o/o formalin prior to

being dehydrated by passing through graded ethanols and infiltrated with, and embedded

in, parafÏin wax. 4 pm sections of jejunum and colon were cut using aroiary microtome
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and stained for the presence of apoptosis via the TUNEL assay. The method for labelling

the apoptotic cells has been described by our group previously (53). Briefly the assay was

performed by using In Situ Cell Death Detection Kit AP (Roche, Mannheim, Germany).

After dewaxing, the slides were rehydrated. Slides were immersed in a0.lYo Triton X-100

in g.IYo sodium citrate buffer for 8 mins at room temperature. Following two rinses in

PBS, slides were placed in a TUNEL buffer solution (150 mM Tris; 0.7 M NaCaCo; 10

mM CoCL2; lOYo BSA and sterile þ0) for a further 10 mins at room temperature. Slides

were immediately placed into the reaction mixture and incubated in a humidified chamber

for 3 h al37oC. Following three rinses in PBS, slides were incubated with Converter-AP

in a humidified chamber for 60 mins aI" 37oC, after which they were rinsed a further two

changes of PBS. Fast red chromogen (Roche, Germany) was applied for 15 mins. Slides

were rinsed and counterstained with haematoxylin. Apoptosis in the jejunum and colon

could then be counted and expressed as apoptotic bodies per crypt. All counts were

conducted in a blinded fashion.

2.2.6 Immunohístochemistry for Detection of p53 andp21 within the Jeiunum

Two consecutive 4pm parafÏîn sections of jejunum were cut, dewaxed in xylene and

rehydrated through a graded series of alcohols. One section was designated as the negative

control, the other as the experimental section. Slides were washed 2 x 5mins in PBS prior

to being subjected to heat mediated antigen retrieval in citrate buffer (pH 6.5). Slides were

quenched in 3Yo hydrogen peroxide in methanol for I min to deactivate endogenous

peroxidase activity, before non-specific antigens were blocked by normal semm for 20

mins. Finally, endogenous avidin and biotin was eliminated using a commercial

avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA USA). Slides were

incubated overnight at 4"C with the primary antibody (p53 Mouse Monoclonal

Novocastra, NCL-p53-240, 1:50 dilution; p2\warltcipr Rabbit Polyclonal Santa Cruz

Biotechnology, sc-397,1'.900 dilution) on the experimental section, and PBS only on the

negative section. The following morning, slides were incubated with a universal linking

antibody, before the reaction was amplified with Ultra-Streptavidin conjugated to

horseradish peroxidase and visualised with diaminobenzidine chromogen. Slides were

counterstained with Lillie-Mayer's Haematoxylin, dehydrated through a graded series of

alcohols and mounted with PIX mounting medium. Both positive and negative control

sections were included in each run. Positive sections included breast carcinoma for p53

and liver for pTl, whereas negative sections had the primary antibody step omitted.
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2.2.7 Quantitative Immunohistochemístry

In order to quantify staining, an algorithm which calculated the cumulative signal strength

or energy of a digital file of the image in question was used (I32, 133). It was assumed

that all staining in both the experimental and negative control image was important (132,

133). Digital photographs were taken of identical intestinal crypt sections of experimental

and control sections (Fig 2.1) using a Nikon 800 research microscope (x63 dry lens) and

SPOT-RT camera (Diagnostic Instruments Inc, Michigan, Detroit). A 49x49 pixel area

over the nucleus of individual jejunal crypt enterocytes was selected in both experimental

and control sections (excluding the goblet cells), using Image Pro Plus (Media Cybernetics,

Silver Spring MD) (Fig 2.1). These were saved as TIFF files, which allowed for LZW

compression without the loss of any data (I32, 133), before being converted to image

matrices, and normalised using functions in Matlab (Mathworks Inc. Natick, MA USA)

(132, L33). The intensity of staining was expressed as the pixel energy difference in

cumulative signal between the control and experimental image matrices.

2.2.8 Statistical Analysís

All statistical analysis were conducted using the Peritz' F Test, which is a robust measure

of differences between group means (134)
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2.3 Results

2.3.1 Response to Treøtment

At autopsy, final body weights as well as the weight of the small and large intestines and

the tumour \À/ere recorded. Body weights were not affected by any dose of MTX at either 6

or 24 h after treatment (Table 2.1). At 6 h after MTX treatment, there was no significant

difference between the wet weight of the small intestine for any breatment group, however

at 24 h post treatment, the small intestinal weight was significantly reduced in animals that

received 2.5 and 5.0 mglkg MTX compared to untreated animals (p < 0.034 and p < 0.050

respectively) (Table 2.1). The wet weight of the colon was not significantly affected by

MTX at any dose over either time point (Table 2.1). As expected, tumour weights did vary

with the dose of MTX. The higher the dose of MTX the lighter the tumours \¡/ere at both 6

and 24 h after treatment (Table 2.1). Control animals had tumours which increased over

the two time-points.

2.3.2 Small Intestinal Morphometry

At 6 h after treatment, low dose (0.5mg) MTX caused only a minor reduction in villus area

and crypt length (Fig 2.2), that was not significantly different from untreated control

animals (Villus area p : NS, crypt length p : NS). However, mitotic count per crypt

decreased from 5.5 + 0.3 to 7 6 +0.2 (p < 0 025) (Fig 2.3). There was also no significant

difference observed between low dose MTX and control animals in villus area and crypt

length at 24 h (Fig2.2) Flowever, higher doses of MTX (1.5 mglkg and above) showed

severe significant reduction in villus area (1.5 mglkg p < 0 034; 2.5 mglkg p < 0.025; 5.0

mglkgp<0.05)andcryptlength(l.5mg/kgp<0.05; 2.5mglkgp<0.034; 5.0mg/kgp<

0.042) at 6 h. At 24 h there were still severe significant reductions in villus area (1.5

mglkg p < 0.05; 2.5 mglkg p < 0.034, 5.0 mglkg p < 0.042) and crypt length (1.5 mglkg p

< 0.05; 2.5 mglkg p < 0.034; 5.0 mglkg p < 0.042). These reductions were not dose-

dependent, with no significant damage being seen between these groups (Fig2.2).

2.3.3 Colon Morphometry

MTX did not significantly affect colonic crypt length or mitotic count at either time point

investigate d (T able 2.2).
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Treatment Group Body weight small Intestine Large Intestine

True Controls

0.5mg MTX 6 h

1.5mg MTX 6 h

2.5mgMTX 6 h

5.0mg MTX 6 h

Saline 6 h

0.5mg MTX 24 h

1.5mg MTX 24 h

2.5mgMTX24h

5.0mg llIT){24h

Saline 24 h

185.2818.70

t87.25 ! 6.6r

t77.63 ! 4.92

t79.87 r 8.98

183.1415.51

189.22 r 6.51

185.63 r 5.89

179.98 ! 5.62

176.38 t3.71

176.64 r 5.13

t96.39 r 10.91

5.81 t 0.47

6.37 + 0.29

5.96 !0.r7

5.49 r 0.18

5.83 r 0.20

6.31 r 0.1s

6.15 r 0.31

5.53 1-0.24b

5.15 + 0.15u

5.4010.28

6.54 t0.27ub

1.30 r 0.09

1.40 r 0.16

t.24 !0.08

1.41 r 0.16

r.70 !0.r7

t.26 !0.r4

1.16 r 0.05

1.20 r 0.06

1.20 r 0.06

1.14 r 0.07

1.2t !0.06

Tumour

6.47 !0.43

9.9610.88

6.85 I 1.08

6.5910.84

5.19 !0.57

10.04 r 0.67

14.18 r 1.06

6.14 !0.54

3.69 r 0.53

3.04 !.0.24

16.77 !0.94

ôl
L
c)

(,

Table 2.1: Body weight, weight of the small intestine, weight of the large intestine and tumour weight at autopsy in female DA

rats treated with MTX. Data are given as mean t SE (g)

a: p <0.0500; b : p < 0.0336
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Figare2.2 Effect of varying doses of MTX on small intestinal morphomeûy (villus area and

crypt length) over 2 time points in rats with breast cancer. Data are expressed as

mean+/- SEM.
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Figure 2.3 Fjffectof varying doses of MTX on crypt cell mitoses
over two time points in rats with breast cancer. Data are

expressed as mean +/- SEM-
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Treatment Group CryPt Length Mitoses

Untreated controls

0.5mg MTX 6 h

1.5mg MTX 6 h

2.5mgMTX 6 h

5.0mg MTX 6 h

Saline 6 h

0.5mg MTX 24 h

1.5mg MTX 24 h

2.5mgMTX24h

5 .Omg llfTx 24 h

Saline 24 h

301.62 + 18.40

303.22r 13.55

298.90 + 10.92

304.36 r 8.01

312.46 + 10.50

285.25 !14.23

3t5.72 + 6.98

3t4.98 + 5.50

310.77 + 10.54

311.83 + 16.90

317.93 + 8.16

2.35 + 0.23

2.67 + 0.20

2.13 + 0.23

4.49 + 2.99

1.59 + 0.18

2.28 + 0.40

2.38 + 0.31

1.87 !0.12

t.87 + 0.20

1.84 + 0.25

2.67 + 0.42

Table 2.2'. Table showing colonic crypt length and mitotic count per crypt for varying

doses of MTX Data are given as mean t SE (g). There was no significant difference

between any of the groups.
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2.3.4 Apoptosis

Jejunum

At 6 h after treatment, low dose (0.5 mg/kg) MTX caused a higher level of apoptosis (3.01

per crypt), whereas higher doses of MTX caused lower levels of apoptosis inthe jejunum

(1.5 mglkg 1.32;2.5 melkg 0.99; 5.0 melkg 1.04 per crypt respectively) when compared to

controls (0.08 per crypt) (Fig 2.Ð. By 24 h after treatment, low dose MTX dramatically

reduced apoptosis (0 43 per crypt) whereas the higher doses still had relatively elevated

levels (1.5 mglkg0.96;2.5 melke 0.68; 5.0 melkg 0.66 per crypt respectively. At both

time points, there was no significant difference recorded between the higher (1.5 mglkg;

2.5 mglkg and 5 mg/kg) treatment groups (Fig2.Ð.

Colon

In contrast to the jejunum, apoptosis was approximately lO-fold lower in the colon. The

degree of apoptosis increased with the dose of MTX in the colon, however none of these

increases were significant (Fig 2.5).

2.3.5 p53 Expressíon

Low dose MTX (0.5 mglkg) showed no change from controls in levels of p53 protein

expression 6 h after treatment, correlating with the peak incidence of jejunal apoptosis.

When the later time point of 24 h post treatment was examined, p53 levels increased 2-fold

(p < 0.05), corresponding to the sharp decline in apoptosis. In contrasf the higher doses of
MTX increased p53 levels at"6h and these remained elevated at24h with no significant

difference detected between them (Fig. 2.6).

2.3.6 p21 Expression

There was no apparent change in the expression levels of the p21 protein after any dose of
MTX at either 6 or 24 h (data not shown).
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Figare 2.4 Effect of varying &ses of MTX on apoptosis ofjejunal crypt cells ov_er two tinre
poirtrs in ratswith breast cÍurcer. Data a¡e expresæd as mean +/- SEM.

Jejunal Apoptosis

4.0
P < 0.05

P < 0.018

3.5

3.0

Êà' r<ö
È
c)Àg 2.0
Ëo
t 1.5

o
t 1.0q

0.5

I
ffi

Day 0

6 hours

24 hours

NS

0

Untrre¿ted 0.5 mg
Confiols MTX

1.5 mg
MTX

2.5 mg
MTX

5.0 mg
MTX

Saline
Conüols

Treatment Group

34



Chapter 2 Methotrexate Dose & Subsequent Mucositis

Figure 2.5 Effect of varying doses of MTX on apoptosis of colonic crypt cells over two time
points in rats with breast cancer Data are expressed as mean +/- SEM
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Figure 2.6 Etrætof varying doses onMTX on p53 protein expressioninjejunal crypt
cells over two time points in rats with bre¿ßt cancer. Data a¡e expressed as

mean+/- SEIvI.
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2.4 Discussion

In this study, the effect of dose of MTX on the sensitivity of the jejunum and colon of

tumour-bearing rats to apoptosis and intestinal damage was investigated. Tumour-bearing

animals were used to ensure that the tumour load did not cause a change in gastrointestinal

response nor a change in the protein expression of p53 and p2l. The present study has

shown that low dose MTX (0.5 mglkg) in the jejunum caused a high peak of apoptosis but

minimal crypt cell hypoproliferation. In the colon however, apoptosis was lower and dose

dependent, and was not accompanied by crypt cell hypoproliferation. A change in p53

expression did not precede the high level of apoptosis that were observed at 6 hours

following 0.5 mglkg MTX in the jejunum; however al24 h there was an increase in p53

expression that may be associated with later levels of apoptosis. These data are similar to

those described by Pritchard and colleagues (39) who showed lhat a low (40 mglkg) 5-

flourouracil dose caused apoptosis but no subsequent intestinal damage, whereas high (a00

mglkg) 5-flourouracil caused apoptosis and significant intestinal damage (39). The present

study extends this research by firstly investigating relationships of p53 and p21 expression

to jejunal apoptosis and secondly by examining the colonic response to varying

chemotherapy doses.

Previous studies have shown that apoptosis in the large intestine occurs at a lO-fold lower

ratethan in the small intestine (14, 15). The data presented here show that, despite there

being no tissue damage following MTX treatment, there is accompanying colonic

apoptosis, occurring at a much lower rate than that seen in the jejunum. Other research in

this thesis (detailed in Chapter 3) has shown that a cytotoxic agerfi, irinotecan, causes

apoptosis in the colon, however this increase in apoptosis is accompanied by severe tissue

damage. The results from this study differ however, in that there was an increase in

apoptosis with increasing doses of chemotherapy, without accompanying tissue damage.

Previous research by Ijiri and Potten (36,37,135) have clearly demonstrated that different

chemotherapeutic agents acf at different locations within individual crypts. As the colonic

stem cells are thought to be located at the base of the crypts in cell position I and 2, this

study highlights that whilst cytotoxic drugs may cause colonic apoptosis, this apoptosis

does not necessarily lead to subsequent tissue damage, as the colonic stem cells are not

targeted.

Several studies have shown that the expression of p53 in the small intestinal epithelium

increases following y-irradiation, supporting the hypothesis of recognition of DNA
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damage, p53 upregulation, and subsequent induction of apoptosis (41,44,45). The present

study has shown that low dose MTX (0.5 mg/kg) caused minimal disruption to jejunal

tissue architecture, despite having very high levels of apoptosis and no change in levels of

p53 protein expression at 6 h after treatment. These results are somewhat surprising as it

has been previously suggested that lower doses of cytotoxic agents such as 5-FU may

stabilise the p53 protein, not only allowing induction of apoptosis, but also allowing the

transcription of p2l which inhibits progression of the cell cycle at Gl (14, 15), and that

these actions preserve tissue integrity. Whilst the results from this study confirmed that

there was minimal change in jejunal tissue architecture, despite high levels of apoptosis, it

did not confirm that changes in p53 and p2l expression were responsible. It may be that

there are other proteins involved in the response. The later time point of 24 h after

treatment was also examined, and it was found that p53 expression increased 2-fold and

appeared to correspond to a sharp decline in apoptosis in this treatment group. In contrast

at both 6 and24hafter treatment with higher doses of MTX (I.5,2.5 and 510 mglkg), rats

showed significant disruption to jejunal tissue architecture, increased levels of apoptosis,

and increased p53 expression. For all doses of MTX and both time points investigated, we

were unable to demonstrate any significant change in the expression levels of the p21

protein.

A confounding factor in the analysis of p53 and p2I was the double dose of chemotherapy

administered on two consecutive days. This was necessary because previous work found

that a single dose of methotrexate causes an unreliable level of intestinal mucositis that is

difnicult to reproduce between experiments (51). Despite the fact that single dose

chemotherapy may not cause gross architectural changes, it is likely that it causes changes

at the protein expression level. Therefore, when measuring protein expression in order to

determine their relationship to mucositis, administration of a single dose of chemotherapy

would be optimal with protein expression measurements carried out early after treatment,

It is therefore possible that changes in p53 protein expression which may have occurred

following the frrst chemotherapy injection were unable to be detected. In addition, the

sampling times of 6 and 24 hours after treatment may have missed an early peak of p53

protein expression. A recent study, using radiation has shown that p53 induction already

occurred by 2 h after treatment (136) and another even more recent study suggested that

p53 induction occurred by 40 min after treatment (137).

It therefore can be concluded that low dose MTX in the jejunum leads to a short intense

early peak of apoptosis, minimal crypt damage and no initial change in p53 protein
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expression. Increasing the dose of MTX initially leads to a longer duration of apoptotic

activity, more severe crypt cell damage and increased p53 expression. p21 remains

constant at all doses during the times studied. The colon is resistant to damage by MTX.
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Irinotecan causes severe small intestinal damage, as well as colonic

damage, in the rat with implanted breast cancer

3.1 Introduction

Irinotecan hydrochloride (CPT-11) is a relatively new chemotherapeutic agent used to treat

solid tumours by acting on malignant cells through inhibition of DNA topoisomerase I (54-

57). A major problem of this cytotoxic agent is severe diarrhoea and leukopenia, which

severely limits the dose of administered drug (55-57).

Irinotecan causes two types of diarrhoea; first an early secretory diarrhoea which is

cholinergic in nature and can be prevented by the administration of atropine prior to

irinotecan administration, and second a delayed diarrhoea which is the subject of the

present study. The mechanism of the delayed diarrhoea following irinotecan

administration remains uncertain. Previous studies investigating irinotecan have differed

greatly in proposed mechanisms behind the delayed diarrhoea. Whilst some studies have

suggested that cytotoxicity of irinotecan causes a gastrointestinal enterocolitis with

accompanying water, electrolyte and mucus secretion from the colon (54), others have

suggested that irinotecan interferes with the normal intestinal bacterial flora, causing

increased intestinal B-Glucoronidase activity and this is responsible for the delayed

diarrhoea (57) These mechanisms are unusual for cytotoxic drugs, with previous studies

indicating that chemotherapeutic agents in general cause apoptosis in small intestinal

crypts with accompanying villous atrophy and crypt hypoplasia (2, 52, 53). Despite the

many varied suggestions on how irinotecan causes large intestinal damage with delayed

diarrhoea, there is little information on how it affects the small intestine.

The aims of this study were therefore: (1) to investigate the effect of dose of irinotecan on

diarrhoea and (2) to describe the time-course of apoptosis, intestinal damage, change in

goblet cells and mucin, in both the small and large intestines, in order to elucidate the

possible mechanisms behind the delayed diarrhoea.
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3.2 Materials and Methods

3.2.1 Passage of Tumour

This study was approved by the Animal Ethics Committee of The Institute of Medical and

Veterinary Sciences, Adelaide and complied with the National Health and Medical

Research Council (Australia) Code of Practice for Animal Care in Research and Teaching

oeeT)

The mammary adenocarcinoma used in this model arose spontaneously in the 1970s and

was propagated by passage through female DA rats. This tumour has been used routinely

in our laboratory for several years and was donated by Dr. A. Rofe (Institute of Medical

and Veterinary Sciences, Adelaide, South Australia). Three female donor rats were

injected s.c. on both flanks with 0.2 ml (2.0 x 107 cells per ml) tumour inoculum 11 days

prior to the beginning of the study. These cells subsequently formed a tumour from which

cells were harvested. The animals were culled by CO2 asphyxiation and cervical

dislocation, and subcutaneous tumours were dissected from the rats and placed into sterile

Phosphate Buffered Saline (PBS) for further passage.

3.2.2 Preparation of Tumour Inoculum

Diced pieces of tumour were homogenised and filtered through sterile gauze. The tumour

cell suspension was spun at 500 g for 3 mins each time; subsequently the pellet

resuspended in fresh PBS and spun a further 4 times. A viable cell count was carried out

using 0.5o/o wlv trypan blue.

3.2.3 Experimental Plsn

All experiments described were conducted in female dark agouti (DA) rats, weighing

approximately 150 g. All animals received breast cancer inoculum as described above.

Irinotecan was used as the chemotherapeutic agerft.

Sixty four DA rats were randomly assigned to receive either irinotecan or buffer control.

Rats received 0.01 mglkg subcutaneous atropine (to reduce any cholinergic reaction to

irinotecan) prior to administration of either 100, 150 or 200mglkg intraperitoneal

irinotecan or vehicle control. Irinotecan (kindly supplied by Pharmacia) was administered

in a sorbitolllactic, acid buffer (45 mglml sorbitol/O.9 mglml laclic acid pH 3.4), required

for activation of the drug, on days designated 0 and 1. Control rats received buffer only.
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Groups of rats were killed via COz asphyxiation aI 6, 24, 48 and 96 h after second

treatment, and tissue was collected for analysis, The gastrointestinal tract (from the pyloric

sphincter to the rectum) was dissected out, flushed with room temperature isotonic saline,

and wet weights of small and large intestines were recorded. Two centimetre samples of

small intestine (taken at 25%o of the length of the small intestine from the pylorus) were

collected and placed in Clarke's fixative (60Yo vlv ethanol: 40Yo vlv acetic acid) for

intestinal morphometry, and in lOYo formalin for histological examination and TdT-

mediated dUTP nick end labelling (TtlNEL) staining. The tumours were removed and

weighed. Small (approximately 3 cm) cross-sections of non-necrotic tumour were

dissected and placed into l}Yo formalin for histological examination and TUNEL staining.

In addition the spleen and liver were removed, weighed and fìxed in formalin for

histological examination.

3.2.4 Diathoea Assessment

All animals were checked three times daily and diarrhoea recorded. This was graded as 0

: no diarrhoea, 1 : mild diarrhoea (staining of anus), 2: moderate diarrhoea (staining over

top of the legs and lower abdomen) and 3 : severe diarrhoea (staining over legs and higher

abdomen, often associated with continual oozing).

3.2.5 Hístologícal Examination

Samples throughout the gastrointestinal tract, liver, spleen and tumours were taken and

fixed in 10olo formalin for routine histological examination. Once fixed, samples were

processed and embedded in paraffrn, prior to 4pm sections being cut. Sections were

dewaxed, rehydrated and stained in Mayer's haematoxylin for 10 mins. A-fter

differentiation in I%o acid alcohol and blueing in Scott's tap water, sections were

counterstained in eosin, before being dehydrated and mounted. Examination of all sections

was performed by specialist veterinary pathologist, Dr. John Finnie, in the Institute of

Medical and Veterinary Sciences, Adelaide, South Australia.

3.2.6 Intestinøl Morphometry

Sections of jejunum and colon (sites corresponding to 25Yo of the jejuno-ileum and 50% of

the colon length) were opened onto cardboard, fixed in Clarke's fixative for 24 h and

stored in 70Yo ethanol at room temperature prior to use. The stored tissue was rehydrated

through agraded series of ethanols and hydrolysed in IMHCL for 7 mins at 60oC. After
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two washes in double distilled water, the tissue was stained with Schiff s reagent (Sigma,

St Louis, USA) for 30 mins before being microdissected using a cataract knife and

stereomicroscope. The tissue was mounted in 45Yo (v/v) acetic acid and measurements

were taken, using a calibrated graticule, of the villus length and apical and basal widths of

15 villi (ejunum) and the lengths of 15 crypts (ejunum and colon) (130) Villus area was

calculated as atrapezoid approximation (130). Villus areaand crypt length correlate with

villus and crypt epithelial cell populations, respectively.

3.2.7 Measurement of ApoPtosis

Sections of jejunum and colon (sites corresponding to 25o/o of the jejuno-ileum and 50Yo of

the colon length) were fixed for 24 h in l0o/o formalin and stored in 70Yo ethanol. Tissue

was dehydrated, embedded in parafÏin wax and histological 4 pm sections were cut. The

method for labelling the apoptotic cells was performed by using In Situ Cell Death

Detection Kit AP (Roche, Mannheim, Germany). After dewaxing, the slides were

rehydrated, prior to immersion in a 0.1% TX-100 in 0. l% (wlv) sodium citrate buffer for 8

mins at room temperature. Following two rinses in PBS, slides were placed in a TI-INEL

buffer solution (150mM Tris; 0.7M NaCaCo; 10mM CoCL2; l0% BSA and sterile þ0) for

a further 10 mins at room temperature. Slides were immediately placed into the reaction

mixture and incubated in a humidified chamber for 3 h al37'C. Following three rinses in

PBS slides were incubated with Converter-AP in a humidified chamber for 60 mins at

37"C, after which they were rinsed a further 2 changes of PBS. Fast red chromogen

(Roche, Germany) was applied for 15 minutes. Slides were rinsed and counterstained with

haematoxylin. Apoptotic bodies were counted per crypt per 4 pm section.

3.2.5 Alcian Blue- PAS Analysis of Goblet Cells

Following fixation in I\Yo formalin, and embedding of tissue, 4 pm sections of the

gastrointestinal tract were cut and rehydrated, before being immersed in Alcian blue

solution for 5 mins at room temperature. Following two washes in tap water and distilled

water, sections were placed in a 1olo aqueous periodic acid solution, before being immersed

in freshly prepared Schiffs reagent for 15 mins. Sections were washed in running tap

water for I mins before being lightly counterstained (15 s) with Lillie Mayer's

Haematoxylin. Sections were dehydrated and coverslipped.
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3.2.9 Statísticøl AnalYsis

Group means were compared using the Peritz' F Test, which is a robust multiple

comparison test of group means where group size is not necessarily equal (138)'
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3.3 Results

3.3.1 Response to Treøtment

No control animal recorded diarrhoea. In animals that received 100 mglkg irinotecan, no

diarrhoea was observed in the first 24 h, however mild diarrhoea developed after this time

point. At96 h there was no mortality observed in animals that received this dose. Animals

receiving 150 mg/kg irinotecan also had no diarrhoea observed within the first 24 h,

however after this time point, mild to moderate diarrhoea was observed and by 96 h 50%

of animals receiving this dose had died. Seventy five percent of rats that received 200

mglkg irinotecan had mild to moderate diarrhoea initially, and this progressed to severe

diarrhoea in most animals. At 96 h there was l00olo mortality in animals that received this

high dose (Fig 3.1). Autopsy revealed that all animals that died prematurely had lost

approximately 26Yo of their pre-treatment bodyweight, and had perforated duodena leading

to peritonitis. The pathology that was underlying and precipitating duodenal perforation

was as follows: Animals suffered from paralytic ileus. Upon inspection of their abdominal

cavities, they were found to contain fluid and finally there were focal areas of perforation

and adherent peritoneum or omentum.

3.3.2 Histology

Pathological changes caused by irinotecan were most marked in the colon with dilated

crypts, cellular debris and hypersecreted mucus over the luminal mucosal surface. Only

minimal inflammation was observed. The small intestine, most notably the jejunum,

showed patchy apoptosis of individual or grouped enterocytes deep within the crypt.

Occasional villous atrophy was observed.

Control animals periodically showed mild histopathological changes within the liver and

spleen, suggesting that the sorbitoVlactic acid buffer used for the drug administration has a

systemic effect. However, a subsequent study comparing the effects of the buffer with

isotonic saline showed no significant differences between these two organs (data not

shown).

Irinotecan at all doses decreased the weight of the spleen (Table 3.1). Histological

examination of the spleen revealed acute congestion, but no depletion of lymphoid tissue.

Irinotecan decreased liver weight at 96 h, however upon pathological examination there

was no disruption to the architecture.
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Figure 3. 1 Effect of dose on irinotecan induced delayed dianhoea over time. No diarrhoea was
observed in control animals, animals receiving 100 mg/kg developed only mild diarrhoe4
whilst those receiving 150 mglkg and 200 mg/kgdeveloped moderate to severe diarhoea,
withthelattergrouphavingl00%mofalttybyg6h. (Scale0=nodiarrhoea;l:milddianhoea;
2: moderate diarrhoea; 3 = severe diarrhoea).

lrinotecan induced delayed diarrhoea
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Time Point Treatment Group Small Intestine Large Intestine Spleen

Kill6 h

Control

lO0mg/kg CPT-I1

l5Omg/kg CPT-11

2o}m/kg CPT-11

6,28 (r 0.r7)

4.49 (10.24)

4 84 (+ 0.17)

s.27 (xo.t4)

1.23 (t o.0s)

1.02 (r 0.06)

1.08 (+ 0.0s)

1.2s (r 0.16)

0.40 (r 0.01)

0.28 (r O.oos)

0.28 (r o.o1)

0.26 (r 0.02)

Kill24h
100mg/kg CPT-11

15Omg/kg CPT-I1

2}}mglkg CPT-I1

4.0s (r 0.21)

4.se (r o.3e)

4.e1 (r 0.s7)

101 (+004)
1.15 (r o.05)

1.0e (+ 0.0e)

0.2e (r 0.ol)

0.30 (t 0.04)

0.20 (r 0.01)

KillT2h
1O0mg/kg CPT-11

15Omg/kg CPT-11

200mglkg CPT-11

5.22 (!0.56)
4.32 (t0.3)
3.7 (!0.22)

r.43 (t 0.03)

1.42 (r 0.06)

r.27 (x0.06)

0.26 (r 0.04)

0.2s (t 0.03)

0.15 (+ 0.01)

Kill96 h

Control

1O0mg/kg CPT-11

150mg/kg CPT-I1

200mglkg CPT-11

s.64 (+ o.2t) 1.40 (+ 0.06) 0.s6 (t 0.02)

7 .46 (x 0.34) 1 . 5 e (1 0. 12) 0.3 4 (+ 0.03)

5.00 (+ 0.el) l.l4 (+ 0. 12) 0 17 (+ 0.02)

All animals died prior to this timepoint

Table 3.1: Tabular representation of autopsy weights over time of animals (n : 4) in each

treatment group. Data are expressed in grams (mean t SD)
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3.3.3 Intestínal MorPhometry

3.3.3a Jejunum

Irinotecan caused maximal villus and crypt hypoplasia at24h (crypt hypoplasia 100 mg/kg

vs control p < 0.025) and rebound crypt hyperplasia at 72 h (100 mg/kg vs control p <

0.034) (Fig 3.2).

3.3.3b Colon

Colonic crypt length was unchanged in all treatment groups at 6 and 24 h. Irinotecan did

not cause crypt hypoplasia and caused minor crypt hyperplasia but only at the 100 mglkg

dose (data not shown). The colon was examined for crypt length and crypt cell count. At

72 and 96 h rats treated with 100 mglkg irinotecan showed a significant increase in crypt

length when compared to control animals p < 0.0418 and p < 0.050 respectively (data not

shown).

3.3.4 Intestinal Apoptosís

Irinotecan caused a peak ofjejunal apoptosis at 6h (100 mg/kg and20O mglke p < 0.050),

which decreased al laler time intervals, but remained elevated over levels seen in control

animals (Fig 3.3) A similar peak of apoptosis occurred in the colon at 6 h (100 mglkg p <

0.042;200 m/kgp < 0.040) which decreased more rapidly than that in the small intestine

Gig 3.a).

3.3.5 Goblet Cell Analysis

The number or appearance of goblet cells in the small intestine did not alter after

irinotecan. In contrast, goblet cells in the large intestine had a more diverse staining

pattern of mucins after irinotecan. At all doses given, there was a marked increase in

mucus production, although there was no obvious increase in goblet cell numbers at 6 h.

By 24 h goblet cell numbers had started to decrease, occurring simultaneously with severe

architectural changes. However, mucus secretion continued to increase. By 96 h complete

loss of normal architecture, decreases in goblet cell numbers and mucus hypersecretion

were observed in all treated animals (Fig 3.5).
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rats with breast óun"o. ðrypt hypopúsiã was maximal at24 t^after treatÍient ( P < 0.025) and rebound crypt
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Figrrre 3.3 Effect of 100 mg, 150 mg and200 mglke irinotecan given i.p. over 2 days on jejunal
crypt cell apoptosis in rats with breast cancer. Apoptosis was maximal in all doses 6 h
following ÍeaÍnent (100 mg and 200 mg/kgP < 0.05).
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Colonic Crypt Cell Apoptosis
P < 0.04
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Figure 3.4 Effect of 100 mg, 150 mg and,2ffi mW Irinotecan given i.p. over 2 days oncolon crypt cell
apoptosis in rats withbreast cancer. Apoptosis was maximal inall doses 6 hfollowitg treatnpnt
(100 mglkg P <0.042;'2û0mglkgP < 0.04).
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3.4 Discussion

The DA rat breast carcinoma model is well-established for the study of gastrointestinal

mucositis (52, 53), however previous studies have concentrated on methotrexate-induced

damage and have focused on the small intestine (52, 53) In order to fully understand

gastrointestinal mucositis it is important to study different chemotherapeutic agents, and to

investigate the entire gastrointestinal tract as there may well be differences in drug action

and hence in the development of mucositis.

Several possible mechanisms of irinotecan induced-delayed diarrhoea have been

previously proposed, ranging from changes in architecture and large intestinal absorption

rates (54, 56), to increases in intestinal B-Glucoronidase levels due to changes in intestinal

bacteria (57). Ilowever, many of these studies were unable to assess the effect of

irinotecan throughout the gastrointestinal tract. This study differs from these studies by

quantitatively investigating apoptosis in both the small and large intestines, as well as

investigating both histomorphological and histopathological changes. This study has

shown that irinotecan caused apoptosis in crypts of the small and large intestines, but also

uniquely caused colonic damage and excess mucus secretion in the large intestine. The

degree of apoptosis observed was equivalent in both the small and large intestine, in

contrast to the effect of methotrexate, which causes a lO-fold higher apoptosis in the small

that in the large intestine (52).

Cytotoxic drugs are known to act by inducing apoptosis in cancer, but unfortunately the

same apoptosis also occurs in intestinal crypts. This has been demonstrated in animals (52,

53) and in humans (2, 59). It is not surprising, therefore, that irinotecan caused apoptosis

in crypts of the small and large intestines in the present study. This would explain the

hypoplastic villous atrophy of the small intestine and colonic crypt damage, and this

intestinal damage would contribute to diarrhoea. A previous study indicated that

irinotecan caused enterocolitis ofthe ileum and caecum (56), but the present study extends

the observation of damage to the jejunum and colon as well The observation of

enterocolitis appears to be unique to irinotecan and was confirmed in our study with dilated

crypts and areas of cellular necrotic debris and hyper-secreted mucus of the large intestine,

Therefore the present study confirms that this is the likely mechanism behind irinotecan

induced delayed diarrhoea. However, it has extended the above mentioned study by

demonstrating the small intestine is also severely damaged by irinotecan and that this

damage may exacerbate the delayed diarrhoea.
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Changes in goblet cell numbers have been previously reported following irinotecan

treatment in a number of studies (55, 56). However, these studies have reported

conflicting results. Ikuno and colleagues reported that mice treated with irinotecan had

increased numbers of mucin-secreting cells and a goblet cell hyperplasia in the caecum

(55, 56). Conversely, Cao and colleagues reported that in their rat model irinotecan

decreased goblet cell numbers in the colon (55, 56). The present study could not confirm

increased numbers of goblet cells, but could conftrm increased mucus secretion at all time

points examined. Initially there was no discernible goblet cell hyperplasia. However,

colonic hypersecretion of mucus was observed at all doses of irinotecan. This changed

over time, and by 96 h, abnormal architecture, with few normal goblet cells was observed.

However, there was increased colonic mucus secretion when compared to controls.

Additionally, there were distinct changes in colonic mucin composition as detected by

changes in staining patterns. This differs from that reported by lkuno, and it is suggested

that all of these changes taken together may play a role in the development of the delayed

diarrhoea.

It is concluded that irinotecan is unusual for cytotoxic drugs in causing equivalent levels of
colonic apoptosis to that usually predominantly seen in the small intestine and uniquely

causes mucus secretion and colonic damage. The increased levels of cells undergoing

apoptosis and tissue architectural changes within both the jejunal and colonic crypts,

combined with changes in goblet cell numbers throughout the gastrointestinal tract, may

lead to change in rates of absorption and possible diarrhoea.
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The effect of interleukin-l1 on ameliorating intestinal damage after

methotrexate treatment of breast cancer in rats

4.1 Introduction

Mucositis is a clinical term used to describe the side-effects of cancer chemotherapy

affecting mucosal surfaces such as that of the small intestine. Typical symptoms include

bloating, abdominal pain and diarrhoea. Approximately 40-100Yo of cancer patients

undergoing chemotherapy will develop mucositis (1,3, 4,55, 56, 139), and 50% of these

will need reduction in the dose of chemotherapy or occasionally cessation of treatment.

Mucositis can occasionally be fatal. Despite recent advances in the understanding of the

underlying mechanism of small intestinal mucositis in experimental animals (1, 3, 4, 15,

55,56,139,140) and humans (2), there is no effective treatment for established symptoms.

A study in patients with cancer following chemotherapy indicated that apoptosis precedes

hypoproliferation of intestinal crypts (2) Previous animal studies indicate that

radiotherapy and chemotherapy cause intestinal apoptosis and crypt hypoplasia, however

they did not use animals with cancer (36,37,135). Any potential anti-mucotoxic agent

should not be trophic to any tumour or prevent the induction of apoptosis in the tumour by

chemotherapy treatment. This study utilised an animal model of small intestinal mucositis

in the female DA rat with breast cancer to allow simultaneous investigation of the effect of

chemotherapeutic andlor anti-mucotoxic agents on the small intestine and on the tumour.

Interleukin-l1 ([-11) is a pleiotrophic cytokine that stimulates proliferation of bone

marrow stem cells and peripheral platelet counts (121, l4l). IL-l1 is secreted by bone

marrow stromal cells and some mesenchymal cells (142). A previous study has shown

that IL-11 increased survival of mice treated with combined radiation and chemotherapy,

and aided the recovery of small intestinal villi and increased cell proliferation in crypts

(143). Additionally, studies by Potten (123, 144) have shown that mice treated with IL-11

both prior to and during radiation therapy significantly increased intestinal crypt survival.

Holever, these studies did not use tumour-bearing animals and were therefore unable to

evaluate the effect of IL-ll on the tumour, nor the confounding effect of IL-ll and

chemotherapy on the tumour.

The aims of this study were first to determine the time course of intestinal damage and

repair in the DA rat and second, to determine the effrcacy of IL-II in preventing or

ameliorating mucositis during chemotherapy treatment.
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4.2 Materials andMethods

4.2.1 Passage of Tumour

The mammary adenocarcinoma used in this model arose spontaneously in the 1970s and

was propagated by passage through female DA rats. This was kindly donated by Dr. A.

Rofe (Institute of Medical and Veterinary Sciences, Adelaide, South Australia). Three

female donor rats were injected s.c. on both flanks with 0.2 ml (2.0 x 107 cells per ml)

tumour inoculum 1l days prior to the beginning of the study. These cells subsequently

formed a tumour from which cells were harvested. The animals were culled by COz

asphyxiation and cervical dislocation, and subcutaneous tumours were dissected from the

rats and placed into sterile Phosphate Buffered Saline (PBS - l6% NaCl; 0A%KCI;0.4%

KHzPO+; 2.3Yo NazÍIPOa anhydr) for further passage. This study was approved by the

Animal Ethics Committees of the North West Adelaide Health Services at The Queen

Elizabeth Hospital, Adelaide, and of The Institute of Medical and Veterinary Sciences,

Adelaide. The study complied with the National Health and Medical Research Council

(Australia) Code of Practice for Animal Care in Research and Teaching (1997).

4.2.2 Preparation of Tumour Inoculum

Diced pieces of tumour were homogenised and filtered through sterile gauze. The tumour

cell suspension was spun at 500 g for 3 mins each time, which was repeated four times. A

viable cell count was carried out using 0 5Yo wlv trypan blue.

4.2.3 Experimental Animals

All experiments described below were conducted in female dark agouti (DA) rats,

weighing approximately 150 g. All animals received breast cancer inoculum as described

above. MTX was used as a known mucositis-inducing chemotherapy agent.

4.2.4 Biological Efficacy of IL-II

Sixteen female DA rats were randomly assigned into either control or experimental groups.

Rats were treated with twice daily s.c. injections of IL-11 (100 ptg/kÐ or saline (0 9% wlv)

for 5 consecutive days. Animals were exsanguinated, and a platelet count performed. The

small and large intestines, liver, spleen and tumour were removed and weighed. Small

samples ofjejunum were fixed in Clarke's fixative for intestinal morphometry and in I)Yo
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formalin for TUNEL assay. Small cross-sections of tumour were fixed in 70o/o formalin

for TUNEL staining and histological examination.

4.2.5 Elfect of ILIL on Preventing Intestínal Mucosítis

Sixty-eight female DA rats were randomly assigned to one of eight groups. Rats received

either: IL-11, MTX; IL-l1 and MTX, or saline. IL-ll (100 pglkg) (as confirmed by the

pilot study described in4.2.4) or saline was administered s.c. twice aday for 5 days from

days -3 to +1. Animals received two daily i.m. doses of 1.5 mglkg MTX or saline

(control) on days 0 and 1. Rats were killed on either day I (6 hours) or 3 following MTX

treatment. The entire gastrointestinal tract from the pyloric sphincter to the rectum was

removed, and the weight of the small intestine recorded, The tumours were removed and

weighed. Samples of small intestine and tumour tissue were fixed in Clarke's fixative and

lÙYo formalin for further analysis.

4.2.6 Dose-Response of IL-17

Forty-five female DA rats were randomly assigned to five groups: Control; MTX; 100

Velke IL-11/\4TX;200 ¡tglkg IL-11/\4TX or 400 pelke IL-11/\4TX. Rats received the

appropriate dose of IL-11 or saline (control) as a s.c. injection twice a day for 3 days prior

to treatment with MTX and for 2 days concurrently with MTX injections (ie day -3 to day

+l) Animals were given 1.5 mglkg MTX or saline (control) i.m. on days 0 and *1, and

killed on day 3. The gastrointestinal tract was removed, and the weights of the small and

large intestines recorded. The subcutaneous tumours \À/ere removed and weighed.

Samples of small intestine and tumour tissue were fixed in Clarke's fixative and l0o/o

formalin.

4.2.7 Intestínal Morphometry

Sections of jejunum were opened onto cardboard, fixed in Clarke's frxative for 24 h and

stored in 7O%o ethanol. The stored tissue was rehydrated and hydrolysed in lM HCI for 7

mins at 60oC. After two washes in double distilled water, the tissue was stained with

SchifPs reagent (Sigma, St Louis, USA) for 30 mins before being microdissected using a

cataract knife and stereomicroscope. The tissue was mounted in 45o/o (v/v) acetic acid,

and, using a calibrated graticule, measurements were taken of the villus length and apical

and basal widths of 15 villi and the lengths of 15 crypts (130). Villus area was calculated

57



Chapter 4 IL-ll Protects Against Intestinal Mucositis

as a trapezoid approximation. Villus area and crypt length correlate with villus and crypt

epithelial cell populations, respectively.

4.2.8 Apoptosís Assessment of Small Intestine and Tumour

Sections of tumour and small intestine were fixed for 24 h in I\Yo formalin and stored in

70Yo ethanol. Tissue was dehydrated by passing through a graded series of ethanol and

embedded in paraffin wax. 4 pm sections were cut using a microtome. The methodology

for labelling the apoptotic cells was similar to that of Gavrieli (145).

4.2.9 Proliferative Assessment of Tumour

Cross-sections of tumour were fixed in l0% formalin and embedded in paraffin.

Histological sections (a p-) were cut and the numbers of mitotic fìgures per mm2 were

counted after staining with haematoxylin and eosin. Counts were taken from the periphery

of the tumour to avoid the central necrotic area of the tumour. Counts were expressed per

mm2 of tumour.

4.2. 10 Statístical Analysis

All statistical analysis were conductedusing thePeritz'F Test, which is arobust measure

of differences of group means between multiple groups (138).
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4.3 Results

4.3.1 Biological Activíty of II-11

tr--I1 increased the mean (SE) platelet count 9823.8 (24.3) vs 723.4 (24.6), x 10eil p <

0.050, indicating that this dose was biologically active in this model. There were no other

significant differences between IL-l1 and control. IL-l1 had no effect on tumour weight,

or on proliferation, as measured by tumour mitotic count. IL-I1 did not alter villus area,

crypt length or crypt mitotic count, nor did it increase jejunal apoptosis (data not shown).

In addition, IL-ll did not affect bone, spleen, small and large intestine or tumour weights

(data not shown).

4.3.2 Effect of II-11 on Amelíorating Small Intestinal Mucosítís

The effect of 100 pglkgll--11 twice daily s.c. on weights of the small intestine and breast

cancer af 6 h and 48 h after MTX are given in Table 4.1. There was no difference in the

weight of the small intestine or tumour at day 1 following MTX treatment. However by

day 3,IL-11 had a beneficial effect on minimising small intestinal weight loss after MTX

(IL-II/NITX vs saline/MTX p<0.025). Tumour weights were reduced after MTX

treatment.

The effect of MTX and IL-l I on intestinal morphometry is given in Fig. 4.1. MTX did not

reduce villus area or crypt length at day I after treatment, but reduced both measures at 3

days after treatment. IL-l1 treatment reduced this damage so that villus area (p < 0.025)

was greater and intestinal crypts were longer (p < 0.025) than in animals receiving MTX

alone. The effect of IL-l1 and MTX on apoptosis in small intestinal crypts is given in Fig

4.2. MTX induced apoptosis in small intestinal crypts at day I after treatment that

improved by day 3 (Fig 4.2). IL-ll treatment increased apoptosis in the crypts of the small

intestine at day I after MTX. The effect of MTX and IL-ll on tumour apoptosis and

proliferation is given in Fig 4.3. MTX reduced mitotic count in tumours at day 1 which

started to return to pre-treatment values by day 3. There were no significant differences

seen in tumour apoptotic levels between any groups.

4.3.3 Dose Response of IL-II

tr,-ll at2O0 Welke (p < 00203) and 400 ¡tglkg (p < 0.0203) improved small intestinal

weight at day 3 after treatment. Colonic weight was not altered. IL-II significantly
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Time after MTX GrouP Small Intestine (g) Tumour (g)

6h

IL-l1/\4TX 5.20 (0.35)

Saline/IVITX s.s8 (1.01)

IL-11/Saline 6.13 (0.72)

Saline/Saline 5.88 (0.76)

r2.os (2.43)

il.3s (s.76)

rs.33 (5.8e)

18.e4 (4.61)

48h

IL-11/\4TX 4.44 (0.31)" 7.67 (2.83)

SalineAvlTX 3.95 (0.30)' 6.37 (2.ee)

a

b

IL-11/Saline 6.24 (o.7Db 30.24 (4.64)

Saline/Saline s.62 (o31b 28.84 (7.e0)

Table 4.1 Weight of small intestine and tumour in rats that were pre-treated with IL-

11 or left untreated (control) for 3 days prior and 2 days during treatment with MTX. Rats

were killed at 6 and 48 h after the second MTX injection. Data are expressed as mean

weight (SE) g in groups of 8 rats.

P < 0.025

P:NS
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Jejunum Apoptosis
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Figure 4.3 Effectof IOO ¡tgkgltwice a day s.c. for 5 days on tumour apoptosis and prolifertion
at I aú,3 days after MTX in rats with breast cancer. There is no significant
difrerences between ary of the groups at aÍy time point.
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Figure 4.4 Effect of 100 ¡rg, 2oo ¡tgand 400 pek9ltwiæ, a day s.c. IL-ll for 5 days on
intestirnl morphomeûy at day 3 afterMTX freatmeú in rats with breast cancer.
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reduced the severity of change in villus area (400 pglkg p < 0.0402), crypt length (400

þelkep<00402;200 ¡tglkgp < 0.0203; 100 pglkgp < 0.0203) (Fig 4.4)and crypt cell

proliferation (400 Vglke p < 0.0303;200 ¡tglkg p < 0.0402;100 pglkg p < 0.0203) (Fig

4.5). MTX increased apoptosis in crypts of all groups compared to the control group,

regardless of IL-ll treatment or dose of IL-11 (Fig a.5).

IL-l1 did not have a dose response in tumour proliferation. There were no significant

differences in apoptosis between the groups, nor was there an increase in tumour

proliferation (data not shown).
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4.4 Díscussion

In this study the laboratory rat with syngeneic breast cancer to study the time-course of

mucositis and the effect of IL-l1 on preventing intestinal damage was used. The

advantages of this model in comparison to previous studies were that it controlled for any

systemic effect of cancer on intestinal response, and allowed evaluation of any effect of IL-

11 in preventing the anti-tumour effect of MTX.

The efficacy of IL-l1 in ameliorating intestinal mucositis after MTX was investigated.

Firstly the effect of IL-l1 on untreated animals was evaluated followed by the effect of IL-

11 on improving mucositis after MTX. Biological eflicacy of IL-l 1 was confirmed by an

increased peripheral platelet count using a dose of 100 þg/kg administered twice daily

This initial study also showed that administration of IL-II caused no change in small

intestine weight indicating IL-ll did not have any direct trophic effect on the small

intestine. This is not surprising given that IL-l1 is a cytokine and not a growth factor.

Additionally, tumour growth was not adversely induced.

The effect of IL-ll on preventing or ameliorating small intestinal damage (mucositis) was

investigated at two different time-points. Mucositis was assessed by apoptosis and by

intestinal morphometry. IL-11 did not reduce apoptosis after MTX (Fig a.Ð as previously

reported after radiotherapy or combined radiotherapy/chemotherapy (122, 143). Indeed,

tr--11 in this study increased apoptosis after MTX in crypts of the small intestine (Fig 4.2).

This did not result in increased intestinal damage, but villus atrophy and crypt length and

proliferation were relatively less severe, i.e. IL-11 ameliorated intestinal damage (Fig a.1).

Thus, apoptosis itself does not inevitably lead onto mucositis. Pritchard and colleagues

(39) found that apoptosis was not directly associated with intestinal damage after

chemotherapy. Their study found that chemotherapy caused both apoptosis and

hypoproliferation and both factors contributed to intestinal damage. They showed

chemotherapy activated p53lp2l that induced cytostasis of crypt cells and this effect was

abrogated in p53 knockout mice. Possibly IL-l1 could down-regulate p53 and prevent

cytostasis. This could explain the finding of the present study that IL-ll allowed relative

crypt proliferation to proceed even though MTX caused hypo-proliferation. This would

have ameliorated villus atrophy as was observed.

tr--l1 did not protect the breast cancer from MTX (Fig a.3). IL-l1 did not alter the MTX-

induced reduction in tumour weight, proliferation or apoptosis. Moreover, IL-l1 had no
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trophic effect on growth of breast cancer. Thus, IL-II does not compromise effect of

MTX on the tumour.

Current literature suggests that IL-l1 belongs to a family of cytokines, which act through a

common glycoprotein, gpl30 (146, 747). The expression of the IL-11 receptor within the

gastrointestinal iract has not been fully elucidated; however this may well have

implications for the mechanisms of action of IL-11. V/ithin corticotrophic and non-

functioning tumours the IL-l1 receptor has been shown to be present, however functional

studies using normal and tumoural cells have yet to be carried out (148)

In conclusion, IL-11 ameliorates mucositis as measured by intestinal weight and intestinal

morphometry, even though it did not prevent apoptosis. Although MTX induced

hypoproliferation of crypt cells, IL-11 improved this reduction and presumably this helped

to maintain villus area.
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Investigation of pro- and anti-apoptotic gene expression in the normal

human gastrointestinal tract.

5.1 Introduction

Gastrointestinal apoptosis has long been known to be a side effect of administration of

chemotherapeutic agents for cancer. Initial studies of the effect of methotrexate (MTX), a

commonly used chemotherapeutic agent, on the human small intestine identified pyknotic

bodies in cells lining the crypts, now known to be apoptotic cells (5, 6). These cells were

observed within 6 hours of MTX administration and were still present at 48 hours. Further

studies conducted by Keefe and colleagues (2) confirmed the presence of these apoptotic

cells in the human small intestine following treatment with chemotherapy. Their study

showed small intestinal apoptosis increased seven-fold at 1 day after chemotherapy and

was followed by a reduction in intestinal morphometry (villus area, crypt length mitotic

count and enterocyte height) 3 days later, and coincided with patient symptoms of

mucositis. The authors concluded that small intestinal apoptosis leads to crypt

hypoproliferation and that the two are directly related to mucositis. This group went on to

show that these subjects had regained normal structure and function by day 16 following

chemotherapy (1).

The apoptosis that occurs in the crypts of the small intestine shortly after the administration

of chemotherapy has been hypothesised to relate to the damage that is subsequently seen

(2) There are two distinct apoptotic pathways, an extrinsic pathway from activation of

death receptors (eg Fas/CD95 ligand, TNF receptor, TRAIL) on the cellular membrane,

and an intrinsic pathway that induces mitochondrial release of cytochrome C and

subsequent activation of caspases in the cytoplasm. Both pathways lead to fragmentation

of DNA and apoptosis. Bcl-2 and other family members are either anti-apoptotic (Bcl-2,

Bcl-xl, Bcl-w, Mcl-1) or pro-apoptotic (Bax, Bak, Bad, BIM) (149, 150). Although there

is still some uncertainty, the ratio of anti-apoptotic to pro-apoptotic proteins (eg Bcl-2:Bax)

is believed to regulate apoptosis (151-153). The relative expression of both the pro- and

anti-apoptotic proteins remains unknown especially in the gastrointestinal tract of humans.

Previous research conducted in our laboratory has shown that the anti-apoptotic proteins

Bcl-2 and Bcl-xl are relatively deficient in small intestinal crypts of the rat (66% and 660/o

respectively), when compared to large intestinal crypts (154, 155). This finding could

provide an explanation as to why the small intestine is more vulnerable to chemotherapy.
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Furthermore it has been shown in the laboratory ral,thal the small intestine displayed a 3-

fold increase in Bax expression after methotrexate treatment. Bcl-2 protein also decreased

whereas Bcl-xl had a more variable response after treatment. However, expression of

both of these anti-apoptotic proteins was unable to compensate for the heightened Bax

expression, These preliminary data are compatible with activation of the intrinsic

apoptotic pathway (154, 155).

p53 and p2I are two common transcription factors which are also known to play a role in

the development of apoptosis and therefore may be important in mucositis. The p53 gene

is commonly mutated in cancer (15). Normally expressed in low levels, p53 becomes

upregulated when DNA damage occurs, moving to the nucleus where it acts to regulate

several other genes, including pzl*"n'"int (15, 40, 47). Upregulation of p53 can have a

number of consequences for the cell following DNA damage. It can either initiate Gl

arrest, allowing the cell time to repair itself or undergo apoptosis, or it can directly initiate

apoptosis (I5, 42). It has also been suggested that low levels of p53 can induce

differentiation (41). When p53 is upregulated it activates the transcription of p2l*ufl'"'ot,u

cyclin dependent kinase (cdk) inhibitor (42). p2l*"rl/"ipr binds with other cellular

components to form a quaternary complex which is necessary for normal functioning of
DNA polymerase (42), thereby inducing cell arrest in the Gl phase. p2l*oni"iPl is

necessary to obtain cell cycle arrest that is p53-dependent in response to DNA damage

(43)

Current evidence suggests that the Bcl-2 family of proteins, and the two transcription

factors, p53 and p2l, play a critical role in the development of apoptosis and hence in the

development of mucositis. Despite this, the expression of both remains unknown in the

'normal' human gastrointestinal tract. Therefore, the aim of this study was to characterise

the expression of pro- and anti-apoptotic genes, as well as p53 and p27 within the

oesophagus, stomach, duodenum, ileum, caecum, colon and rectum of humans, in orderto

provide a baseline for future comparison with subjects who have had cytotoxic

chemotherapy for cancer.
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5.2 Subjects and Methods

5.2.1 Subjects

Subjects were recruited from those undergoing routine endoscopies and colonoscopies

within the Department of Gastroenterology and Hepatology at The Queen F,lizabeth

Hospital. There were 50 subjects recruited to this study; 24 males and 26 females with a

median age of 54.7 years (range 16-84). Most subjects had multiple biopsies taken,

depending on the type of procedure they were undergoing. Subjects were excluded from

the study if they were undergoing endoscopies and/or colonoscopies for cancer or if they

had a known bleeding disorder. This study was approved by the Ethics of Human

Research Committee at The Queen Elizabeth Hospital and was carried out in accordance

with the Declaration of Helsinki. Informed consent was obtained from each patient prior

to enrolment in the study.

5.2.2 Endoscopy ø.nd Colonoscopy Biopsies

Subjects were prepared in the normal manner for endoscopy and colonoscopy. For

endoscopy, subjects fasted overnight (i.e. minimum 6 hours), before the uppef

gastrointestinal tract was inspected and biopsies taken from the oesophagus, antrum and

upper duodenum. Biopsies were immediately fixed in l0o/o neulral buffered formalin. For

colonoscopy, subjects were also fasted overnight; however subjects were required to drink

Fleet (sodium phosphate) the night prior to, and the morning of, their procedure. The

lower gastrointestinal tract was inspected and biopsies taken from the ileum, caecum,

midcolon and rectum. Biopsies were immediately fixed in l0o/o netúral buffered formalin.

5.2.3 Number of Sømples

There were l6 oesophageal biopsies, 15 gastric antral biopsies, l6 duodenal biopsies, 14

ileal biopsies, 18 caecal biopsies, 13 mid colonic biopsies, and 20 rectal biopsies taken

from 50 subjects.

5.2.4 Light Mícroscopy

All biopsies \À/ere frxed in l}Yo neutral buffered formalin before being dehydrated through

graded ethanols and infiltrated with, and embedded in parafftn wax. Using a rotary

microtome, 4 ptm sections were cut and stained with haematoxylin and eosin to ascertain

correct orientation,
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5.2.5 Immunohistochemistry for Detectíon of Transcríptíon Factors p53 and p21 and

Pro- and Antí-Apoptotíc Family Members

Prior to beginning immunohistochemistry, all antibodies were optimised for human

gastrointestinal tissue. The method used for optimisation and all subsequent

immunohistochemistry is detailed below. For antibodies that were not raised in mouse

(BnyI and Bcl-w) a slightly modified protocol was used (20% horse serum and an anti-goat

secondary antibody). All remaining steps were the same.

Two consecutive, 4 pm paraffrn sections of the various regions of the gastrointestinaltract

were cut using a rotary microtome, dewaxed in xylene and rehydrated through a graded

series of alcohols. One section was designated as the negative control, the other as the

experimental section. Slides were washed for 2 x 5 mins in PBS prior to being subjected to

heat mediated antigen retrieval in citrate buffer (pH 6.5). Slides were quenched in 3%

hydrogen peroxide in methanol for I min to deactivate endogenous peroxidase activity,

before non-specific antigens were blocked by normal senrm for 20 mins. Finally,

endogenous avidin and biotin was eliminated using a commercial avidin/biotin blocking kit

(Vector Laboratories, Burlingame, CA USA). Slides were incubated overnight at 4'C with

the primary antibody (Table 5.1 for antibodies and appropriate concentrations) on the

experimental section, and PBS only on the negative section. The following morning, slides

were incubated with a universal linking antibody, before the reaction was amplified with

Ultra-Streptavidin conjugated to horseradish peroxidase and visualised with

diaminobenzidine chromogen. Slides were counterstained with Lillie-Mayer's

Haematoxylin, dehydrated through a graded series of alcohols and mounted with PIX

mounting medium. Both positive and negative control sections were included in each run

(Table 5. I for positive tissue which was used for each antibody).

5.2.6 Quantitatíve Immunohistochemistry

In order to quantify staining, an algorithm which calculated the cumulative signal strength

or energy of a digital file of the image was utilised (132, I33). It was assumed that all

staining in both the experimental and negative control images was important (132, 133).

Digital photographs were taken of identical intestinal crypt sections of experimental and

control sections (Fig 5 1) using a Nikon 800 research microscope (x63 dry lens) and

SPOT-RT camera (Diagnostic Instruments Inc, Michigan, Detroit). A 33x33 pixel area

over the nucleus (p53 and p2l) or cytoplasm (Bcl-2, Bcl-xl-, Bcl-w, Mcl-l, Bax, Bak,

72



firr'#
Qr
ir.'

Bl

e'+$ i)t
¡

s
rF

sli

lDl
A

3F Èç

-l
-ll

!.
ì

Chapter 5 Pro- & Anti-apoptotic Gene Expression in the GIT

Figure 5.1 photomicroglaphs of a serial A) unstained control and B) stained erperinrcntal (mouse rnonoclonal p53

antibody) .J.tio" of human duodenum taken at 600 x magnification overþed \Ã/ift a 33 x 33 area of
interest box.
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Antibody Clone, Source and Type Dilution Positive Control

p53

p2l

Bak

Bcl-xl

Bcl-2

Bax

BID

Mcl-1

Bcl-w

BIM

NCL-p5 3 -240 Novacastra,
Mouse Monoclonal
Cl9 sc-397 Santa Cruz,
Rabbit Polyclonal
sc-832 Santa Cruz,
Rabbit Polyclonal
H-62 sc-7195 Santa Cruz,
Rabbit Polyclonal
N-19 sc-492 SantaCruz,
Rabbit Polyclonal
Pl9 sc-526 Santa Cruz,
Rabbit Polyclonal
FL195 sc-11243 Santa Cruz,
Rabbit Polyclonal
S19 sc-819 Santa Cruz,
Rabbit Polyclonal
N19 sc-6172 Santa Cruz,
Goat Polyclonal
N20 sc-8265 Santa Cruz,
Goat Polyclonal

l:50 Breast Tumour

1:1200

1:1200

1:850

1:1500

1:1300

t.4200

l:7000

l:500

1: I 500

Liver

Stomach

Thymus

Spleen

Thymus

Spleen

Spleen

SpleerVTestis

Spleen/Testis

Table 5.1: The source, clone, concentration and appropriate positive control tissue

used for immunohistochemical analysis throughout the normal human gastrointestinal

fract.
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BIM, BID) of individual cells were selected in both experimental and control sections

(excluding the goblet cells), using Image Pro Plus (Media Cybernetics, Silver Spring MD)

@ig 5.1). These were saved as TIFF files, which allowed forLZW compression without

the loss of any data (132,133), before being converted to image matrices, and normalised

using functions in Matlab (Mathworks Inc. Natick, MA USA) (132,133). The intensity of

staining was expressed as the pixel energy difference in cumulative signal between the

control and experimental image matrices (Figs 5.1,5.2.5.3).

To simplify results, data were normalised for each protein. To do this, maximal expression

along the gastrointestinal tract was determined for each protein and given an atbittary

value of 1. All other data for that protein was then expressed relative to that value. In this

way, trends could be more easily observed.

5.2.7 Statístical Analysís

All statistical analysis were conducted using lhePerilz'F Test, which is a robust measure

of differences of group means between multiple groups (138).
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Figure 5,2 0 x magnification of
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5.3 Results

5.3.1 Pro-Apoptotíc Expressíon Throughout the Gastroíntestínal Tract

Four pro-apoptotic proteins, Bax, Bak, BIM and BID, were investigated for levels of
expression throughout seven regions of the normal human gastrointestinal tract. All

regions of the tract showed expression of pro-apoptotic proteins, with positive staining

occurring in the cytoplasm of the cells under investigation. Qualitatively, there appeared

to be little difference in staining intensity in all four pro-apoptotic proteins between the

crypts and villi, with staining appearing consistent in both parts (Figs 5.2,5.3).

Additionally, there was a consistent level of staining across all the tissue sections, which

allowed for any region of the tissue to be examined and recorded as an accurate

representation of expression.

Bux

Bax was expressed through all regions of the gastrointestinal tract. The expression was 1.6

fold higher in the duodenum (110.1) than in the caecum (70.2) (p < 0 05). All remaining

regions investigated showed relatively consistent expression of Bax with no significant

differences recorded (Fig 5.a).

Buk

The expression of Bak was lowest in the oesophagus (81.5) and highest in the antrum

(158.5). There was a 1.9 fold change in expression in the antrum (81.5 vs 158.5 p < 0.05),

and rectum (81.5 vs 157.8; p < 0.043), al.2fold change in the duodenum (81.5 vs 146.7;p

< 0.029) and ileum (81.5 vs 747.8; p < 0.036), and a 1.8 fold change in the colon (81.5 vs

L45.6; p < 0.22). There was no significant difference between the oesophagus and caecum

Gig s.a).

BIM

The pattern of expression of BIM was similar to Bak. The oesophagus had the lowest

(37.7) and ileum had the highest (134.9) expression. Fold changes ranged from2.7 in the

antrum (37.7 vs 107.2; p < 0.015) to 3.6 in the ileum (37.7 vs 134.9; p < 0.05) (Fig 5,a).
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BID

The expression of BID was the most variable of all pro-apoptotic proteins examined. Like

Bak and BIM, the oesophagus had the lowest expression of BID (21). Highest expression

was found in the duodenum (70), these values being signifrcantly different < 0.05) (Fig

s.4).
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Figure 5.4 Expression of 4 pro-apoptotic proteins tl[oughout the normal- gstroirnestinal tfact of humam. With the exception of Bax, the oesophagus
always has a lower level of expressron
A :p<0.05; b:p <0.05; c=p <0.015; d :p <0.043.
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5.3. 2 Anti-Apoptotic Expressíon Throughout the Gøstroíntestinsl Tract

Four anti-apoptotic proteins, Bcl-2, Bcl-w Mcl-l and Bcl-xl, were investigated to

determine their expression levels in seven regions of the normal human gastrointestinal

tract. All regions of the tract showed expression of anti-apoptotic proteins, and like pro-

apoptotic proteins, positive staining occurred in the cytoplasm of the cells. When

examined qualitatively, there appeared to be minimal differences in staining intensity

between the crypts and villi, with staining appearing consistent in both parts. Additionally,

there was a consistent level of staining across all the tissue sections, which allowed for any

region of the tissue to be examined and recorded as an accurate representation of

expression (Figs 5.2, 5.3).

Bcl-2

Mean Bcl-2 expression was significantly lower in the oesophagus when compared to all

other regions. Expression increased in duodenal crypts compared to the crypts of the colon

with a 1.3 fold increase (161.7 vs120.3). There were no significant differences detected

between any other regions of the tract (Fig 5.5).

Bcl-w

Bcl-w protein expression was also low in the oesophagus, but showed a2.5 fold increase in

the rectum (35 I vs 122; p < 0.05). There was also a 1.9 fold change between caecum and

rectum (65 vs 122;p < 0 029) (Fig 5.5).

Mcl-1

Mcl-l expression was also consistently lower in the oesophagus than in any other regìon

examined with the biggest change, a2.2 fold increase seen between the oesophagus and the

caecum (51.9 vs ll2; p < 0.05). All other regions of the gastrointestinal tract that were

investigated were relatively constant with no significant differences detected (Fig 5.5).

Bcl-xL

Bcl-xl had relatively constant expression along the gastrointestinal tract, with no

significant differences observed between any regions (Fig 5.5).

81



Chapter 5 Pro- & Anti-apoptotic Gene Expression in the GIT

Anti -apoptotic expres sion throughout normal GIT
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5.3.3 Expressíon of p53 and p21 Through the Gastroíntestinal Tract.

Two transcription factors, p53 and p2l were also investigatedto determine their expression

levels in seven regions of the normal human gastrointeslinaltract. All regions of the tract

showed expression of these transcription factors, however, positive staining occurred in the

nucleus, of the cells. When examined qualitatively, there appeared to be minimal

differences in staining intensity between the crypts and villi, with staining appearing

consistent in both parts. Additionally, there was a consistent level of staining across all the

tissue sections, which allowed for any region of the tissue to be examined and recorded as

an accurate representation of expression.

p53

p53 had highly variable expression throughout the gastrointestinal tract and was

significantly lower in the oesophagus and the colon compared to all other regions. There

was a 2.1 fold change in expression from oesophagus to antrum (39 9 vs 82.2;p < 0 043)

and a 2.4 fold change in expression from antrum to colon (82.2 vs 34.6; p < 0 050).

Maximum protein expression occurred in the jejunum, with a 2.0 fold change in expression

from the oesophagus and a 2.3 fold change in expression from the colon (79.2 vs 34.6; p <

0.0a) Gig s.6).

p21

Mean expression of p2l showed a general decrease from the upper regions of the tract to

the lower regions of the tract. Highest expression was detected in the antrum, with lowest

expression was detected in the rectum (p < 0 050) (Fig 5.6).

p53 andp21

As p53 is reported to regulated expression of p2l (156, 157), the significance of the

relationship between these two transcription factors was investigated. The results from this

analysis showed that there was a significant increase in p2l when compared to p53 in the

oesophagus; antrum, ileum and colon (p < 0.05 respectively) and no significance reported

in the duodenum, caecum and rectum (Fig 5.6).
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5.3.4 Conelatíon of Results wíth Suhiects' H. pylorí Status

Helicobacter pylori was present in 8 of 50 subjects. Expression of pro- and anti-apoptotic

proteins as well as p53 and p2l were compared to H. pylori negative, and it was found that

there was no significant difference in expression for any protein, over any region (data not

shown).
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Figure 5.6 Expression of trarscription factors p53 and p21 throughou! the normal human.- 
gast¡ointe$inal tract. ¡53 expression is highly variable, whereas p21 expression
ã""rea."r along the tract, with highe st eryression seen in the upper regions and

lowest levels seen in the rectum.
A:p<0.05;b=p<0.05.
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5.4 Discussion

Bcl-2 is the founding member of a family of genes that currently have at least 20 known

members (158, 159). Members can be either pro- or anti-apoptotic, and contain several

conserved regions of amino acids known as Bcl-2 homologies or BH domains (149) The

function of these domains is to allow interactions to occur between family members thus

promoting or inhibiting cell death (149). These interactions are called heterodimerisation

when a pro- and an anti-apoptotic protein interact, and homodimerisation when two of the

same proteins (ie pro and pro or anti and anti) interact. Previous research has shown that

the ratio of pro- to anti- apoptotic proteins within a cell is vital for allowing interactions

between members and to potential apoptotic stimuli (152, 153). There are two hypotheses

relating to how the ratio of proteins found within a cell will ultimately determine its fate.

The first hypothesis is that an excess of the anti-apoptotic Bcl-2 and Bcl-xl proteins

heterodimerises with the pro-apoptotic Bax protein and prevents Bax from forming "toxic"

homodimers with itself. The second hypothesis is that Bcl-2 and Bcl-xl are both active

repressors of cell death and heterodimerise with Bax to prevent cell death (149, 160)

Apoptosis has been shown to be an important mechanism in the development of

gastrointestinal mucositis, therefore understanding the role that the Bcl-2 family members

play is vital to further our understanding of mucositis.

Quantitative immunohistochemistry is an emerging technique that was used in the present

study to demonstrate the expression of pro-and anti-apoptotic proteins as well as two

transcription factors throughout the normal human gastrointestinal tract. The technique

described has been previously validated when chromagen exposure times, counterstain

times, or day-day variations were altered (133). Despite previous immunohistochemistry

research on determining the relative expression of many of these proteins throughout the

body (161-165), these studies have mainly relied on tissue from autopsy cases, as well as

from biopsies. Results from these studies have shown that there is variation in staining

between the small and large intestine, with a greater ratio of pro-apoptotic proteins

expressed in the small intestine and more anti-apoptotic proteins expressed in the colon

(48, 166). Indeed these results have been able to be successfully correlated with damage in

the tissues, with the suggestion that this pattern of expression can explain why there is a

preponderance ofcolon cancer as opposed to small intestinal cancer (48,154,155, 166).

The present study differs from previous studies in that it utilises tissue from living subjects.

Subjects that had a malignancy or had previously undergone chemotherapy were
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specifically excluded, to ensure "normal" healthy tissue was used. Results showed for

most of the proteins that were analysed that the oesophagus had the lowest expression. It

is hypothesised that this could be due to the function of this tissue as a transit tube for a

variety ofdietary substances. In its capacity as a transit tube, the oesophagus needs to be

relatively robust, able to handle a variety of potential damaging conditions. Having a

relative lower expression of proteins may enable this to occur.

The remainder of the tract had relatively consistent levels of both pro- and anti-apoptotic

protein expression. It may be that in tissue from "normal" subjects, there is no difference

between pro- and anti-apoptotic protein expression, with levels of both remaining

consistent. This suggests that in the absence of a stress, such as chemotherapy, levels of

these proteins remained balanced. When there is a "stress" placed on the system,

imbalances as previously shown, (48, 154, 155, 166) may occur. This may be a genetic

mutation, the presence oflL pylori, or when a cytotoxic agent is administered.

Previous studies have suggested that H. pylori may alter expression of the transcription

factors, p53 and pTl (167-169). In order to determine this, the expressions of these two

proteins were compared between subjects positive and negative for H. pylori. For both p53

and p2l, in all regions of the tract, no significant difference was detected, suggesting that

H. pytori does not cause expressional changes for these two proteins. It is known that H.

pylori is the main cause of chronic gastritis (167, 168), with a change in expression of p53

and p2l reported to be related to H. pylori infection. As only l6Yo of subjects that were

recruited were H. pylori positive, it may be that the sample size was too small. In addition,

it may be that the subjects recruited did not have chronic gastritis.

In conclusion, relative expression of pro- and anti-apoptotic proteins, and p53 and pZI

were determined for the first time throughout the normal gastrointestinal tract. This will

allow reference to be made for future studies determining the change in expression

following damage to the intestine.
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Chapter 6 Oral Mucositis After Chemotherapy

Ultrastructural and immunohistochemical changes within the

oral mucosa following cancer chemotherapy

6.1 Introduction

Mucositis is a major oncological problem, causing pain and ulceration in the mouth, and

abdominal bloating, vomiting and diarrhoea throughout the gastrointestinal tract (2-4). It

affects mainly the mouth and small intestine, and occurs in 100% of subjects undergoing

high dose chemotherapy and stem cell or bone marrow transplantation (2-\ Mucositis

increases morbidity of subjects undergoing cancer treatment, prolongs hospital stay,

increases re-admission rates (4), and is occasionally fatal. Currently there is no known

treatment, with management being limited to pain relief and maintenance of good oral

hygiene. Alleviating mucositis would lead to increased maximum tolerated doses of

chemotherapy, and improved quality of life for cancer subjects. This increased dose of

tolerable chemotherapy by subjects may also increase the likelihood for cancer cure. In

order to gan a complete understanding of gastrointestinal mucositis, oral mucositis must

be evaluated. Therefore, the primary purpose of this study was to increase the current

understanding of the mechanisms of human oral mucositis.

Little research has been reported on the mechanism behind oral mucositis. However, there

has been research reported on treatment and prevention options of oral mucositis after

chemotherapy (62,66) and on possible preventative agents such as GM-CSF (64,77) and

sucralfate (79). All analyses of oral mucositis have been based on a purely observational

basis, and whilst there have been a number of hypotheses as to the mechanisms behind

this, the actual pathophysiology remains undefined (4). Several studies suggest four

distinct phases of damage: (1). inflammatory/vascular phase; (2): epithelial phase; (3):

ulcerative/bacteriological phase and (4): healing phase (63,67,68), however, these have

not examined the time-course of damage following chemotherapy or whether apoptosis is a

component of the mechanism. Oral mucositis has been studied in the cheek-pouch of the

hamster (73, 74), although this model is limited by the lack of associated tumour and

spontaneous chemotherapy-induced mucositis. Mucositis in this model is induced by

mechanical scratching of the mucosal surface following chemotherapy administration and

may therefore introduce the confounding factor of wound healing (73, 74). Another

confounding factor is that rodents have an increased thickness of the oral mucosa, with the

doses of chemotherapy required to cause mucositis being lethal (D.Wilson, pers. com.
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2001). There are no data on the morphological changes in the human oral mucosa

following chemotherapy. Clinical studies have shown that oral mucositis peaks at days l0-

14 whereas intestinal mucositis peaks at days 3-7 after chemotherapy (2). The reason for

this dissociation is unknown. Past studies conducted by our research group have shown

intestinal mucositis is due to apoptosis of crypt epithelial cells, but it is unknown if
apoptosis also occurs in the mouth or whether the repair is delayed. Therefore the aim of

this part of my PhD was to determine the time-course of damage that occurs in the oral

mucosa following cytotoxic cancer chemotherapy.
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6.2 Subjects and Methods

6.2.1 Subjects

Subjects were recruited from those being treated with chemotherapy and being seen in the

Department of Medical Oncology at the Royal Adelaide Hospital. There were 20 subjects

recruited to this study; 4 males and l6 females with a median age of 52.4 years (range 32-

86). Subjects were excluded from the study if they were undergoing concurrent

radiotherapy to the head and neck, or if they had pre-existing mucosal damage. Standard

dose chemotherapy was used in all subjects, with multiple drug regimes used and most

were administered over 1-4 hours. The malignancies (number of subjects) were: breast

cancer (eleven), colorectal cancer (three), small cell lung cancer (one), non small cell lung

carcinoma (one), neuroendocrine pancreatic carcinoma (one), B-cell lymphoma (two), and

Hodgkin's lymphoma (one). There were not enough subjects to each group to perform a

subset analysis based on the chemotherapeutic agents that were administered (1, 2),

However, the number of cycles of chemotherapy that each patient previously had was

recorded to determine if this played a role in determining the ultrastructural changes within

the oral mucosa. In addition to the subjects, four normal volunteers (1 male and 3 females)

were recnrited to the study. These volunteers were healthy individuals who had no

previous history of cancer, had not undergone previous chemotherapy and were asked to

give one biopsy to act as a true control. This study was approved by the Ethics of Human

Research Committee of the Royal Adelaide Hospital and was carried out in accordance

with the Declaration of Helsinki. Informed consent was obtained from each patient prior

to enrolment in the study.

6.2.2 Oral Biopsies

Subjects were asked to have two buccal biopsies, one prior to the commencement of

chemotherapy and one at varying timepoints after chemotherapy (up to l1 days post

chemotherapy). Two of the twenty subjects withdrew from the study after the first biopsy,

one due to patient request and another due to withdrawing from chemotherapy treatment.

The remaining eighteen subjects underwent two buccal punch biopsies performed by Dr.

Richard Logan within the Special Needs Unit located in the Adelaide Dental Hospital. Pre

chemotherapy biopsies were taken on one side of the mouth and post chemotherapy

biopsies were taken on the opposite side. The surrounding buccal mucosa was numbed
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with local anaesthetic , and a small punch biopsy was taken. A single stich was placed at

the site of the biopsy.

6.2.3 Histological and Ultrastructural Preparation

Following removal, the buccal mucosa was immediately divided into two smaller pieces,

one of which was fìxed in l0%o neutral buffed formalin for routine pathological assessment

and the other was fixed in 125% gluteraldehydel4Yo paraformaldehyde in 4Yo sucrose in

phosphate buffered saline (pH 7.2) at 4oC for electron microscopical examination. The

tissue was then post fixed in 2o/o osmium tetroxide, dehydrated through graded ethanols,

before being placed in propylene oxide. The tissue was then infrltrated with resin (Procure-

Araldite Embedding Kit, ProSciTech, Queensland, Australia). Following embedding in

epoxy resin, lpm sections were cut using an ultramicrotome and stained with toluidine

blue. These were examined under a light microscope and an area of underlying mucosa

and epithelium were selected for electron microscopical examination. Ultrathin sections

were cut using a diamond knife and ultramicrotome at a thickness of approximately 100

nm and were mounted on copper grids. (All processing and subsequent staining for

electron microscopical analysis was conducted by Ms. Lyn Waterhouse from Adelaide

Microscopy, University of Adelaide). Following staining with uranyl acetate and lead

citrate, grids were analysed using a Philips CM-100 transmission electron microscope

(Adelaide Microscopy, IJniversity of Adelaide). The entire epithelium was examined

(including the basal layer, prickle cell layer, intermediate layer and the superficial layer),

6.2.4 Immunohistochemícøl Analysß of p53, p21, Pro- and Anti-Apoptotíc Protein

Expression ín the Oral Mucosa

Prior to beginning immunohistochemistry, all antibodies were optimised for human

gastrointestinal tissue. The method used for optimisation and all subsequent

immunohistochemistry is detailed below. For antibodies that were not raised in mouse

(BIM and Bcl-w) a slightly modified protocol was used (20% horse serum and anti-goat

secondary antibody). All remaining steps are the same.

Two consecutive, 4 pm paraffin sections of the oral mucosa were cut using a rotary

microtome, dewaxed in xylene and rehydrated through a graded series of alcohols. One

section was designated as the negative control, the other as the experimental section.

Slides were washed for 2 x 5mins in PBS prior to being subjected to heat mediated antigen

retrieval in citrate buffer (pH 6.5) Slides were quenched in 3o/o hydrogen peroxide in
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methanol for 1 min to deactivate endogenous peroxidase activity, before non-specific

antigens were blocked by normal serum for 20 mins, Finally, endogenous avidin and

biotin was eliminated using a commercial avidin/biotin blocking kit (Vector Laboratories,

Burlingame, CA USA). Slides were incubated overnight at 4'C with the primary antibody

(refer to Table 6.1 for antibodies and appropriate concentrations) on the experimental

section, and PBS only on the negative section. The following morning, slides were

incubated with a universal linking antibody, before the reaction was amplified with Ultra-

Streptavidin conjugated to horseradish peroxidase and visualised with diaminobenzidine

chromogen. Slides were counterstained with Lillie-Mayer's Haematoxylin, dehydrated

through a graded series of alcohols and mounted with PIX mounting medium. Both

positive and negative control sections were included in each run (refer to Table 6.1 for

positive tissue which was used for each antibody)

6.2.5 Quantitative Immunohístochemístry

In order to quantify staining, an algorithm which calculated the cumulative signal strength

or energy of a digital frle of the image in question was used (I32, 133). It was assumed

that all staining in both the experimental and negative control image was important (132,

133). Digital photographs were taken of identical regions of experimental and control

sections (Fig 6.1) using a Nikon 800 research microscope (x43 dry lens) and SPOT-RT

camera (Diagnostic Instruments Inc, Michigan, Detroit). A 99 x 99 pixel area over the

nucleus (p53 and p2l) or cytoplasm (Bcl-2, Bcl-xl., Bcl-w, Mcl-l, Bax, Bak, BIM, BID)

of individual cells were selected in both experimental and control sections, using Image

Pro Plus (Media Cybernetics, Silver Spring MD)(Fig 6.1). These were saved as TIFF files,

which allowed for LZW compression without the loss of any data (132, 133), before being

converted to image matrices, and normalised using functions in Matlab (Mathworks Inc.

Natick, MA USA) (132, 133). The intensity of staining was expressed as the pixel energy

difference in cumulative signal between the control and experimental image matrices.

6.2.6 Detection of Apoptosis

Sections of oral buccal mucosa were fixed for 24 h in l0o/o formalin and stored in 70o/o

ethanol. Tissue was dehydrated, embedded in paraflìn wax and histological 4 ¡tm sections

were cut. The method for labelling the apoptotic cells was performed by using In Siru Cell

Deqth Detection Kit AP (Roche, Mannheim, Germany). After dewaxing, the slides were

rehydrated, prior to immersion in a 0.Iyo TX-100 in 0,1% (wlv) sodium citrate buffer for 8
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mins at room temperature. Following two rinses in PBS, slides were placed in a TUNEL

buffer solution (l50mM Tris; O.TMNaCaCo; lOmM CoCLz; l0% BSA and sterile þ0) for

a further 10 mins at room temperature. Slides were immediately placed into the reaction

mixture and incubated in a humidified chamber for 3 h at 37'C. Following three rinses in

PBS slides were incubated with Converter-AP in a humidified chamber for 60 mins at

37oC, after which they were rinsed a further 2 changes of PBS. Fast red chromogen

(Roche, Germany) was applied for l5 minutes. Slides were rinsed and counterstained with

haematoxylin. Apoptotic bodies were counted per mm' in the basal layer of oral tissue per

4 pm section.
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Antibody Clone and Source Dilution Positive
Control

p53

p2t

Bak

Bcl-xl

Bcl-2

Bax

BID

Mcl-l

Bcl-w

BIM

NCL-p53 -240 Novacastra,
Mouse Monoclonal
C19 sc-397 Santa Cruz,
Rabbit Polyclonal
sc-832 Santa Cruz,
Rabbit Polyclonal
H-62 sc-7795 Santa Cruz,
Rabbit Polyclonal
N-19 sc-492 SantaCruz,
Rabbit Polyclonal
Pl9 sc-526 Santa Cruz,
Rabbit Polyclonal
FLl95 sc-11243 Santa Cruz,
Rabbit Polyclonal
S19 sc-819 Santa Cruz,
Rabbit Polyclonal
N19 sc-6172 SantaCruz,
Goat Polyclonal
N20 sc-8265 Santa Cruz,
Goat Polyclonal

l:50 Breast Tumour

1:1200 Liver

Stomach

Thymus

Spleen

Thymus

Spleen

Spleen

Spleen/Testis

SpleerVTestis

1:1200

l:850

1:1500

1:1300

7.4200

1:7000

1:500

l:1500

Table 6.1: The source, clone, concentration and appropriate positive control tissue

used for immunohistochemical analysis throughout the normal and post chemotherapy

treated human oral mucosa.
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6.3 Results

6.3.1 Subjects

One patient complained of soreness at the biopsy site and subsequently withdrew from the

study. The remaining nineteen subjects, plus the four normal controls, showed no

untoward complication. Four normals acted as untreated controls, and twenty subjects

each had pre chemotherapy biopsies. Post chemotherapy biopsies were taken at days I (n
: 4), 2(1), 3 (4), 5 (3), 6(2), 7 (I), 8(2) and 1 I ( l).

13 of the 20 subjects had their pre and post chemotherapy biopsies assessed by pathologists

at The Institute of Medical and Veterinary Sciences, Adelaide, South Australia. Of these,

six subjects had normal pathological reporls for both pre and post chemotherapy biopsies

and one subject had a normal report for their pre chemotherapy biopsy only. The

remaining six subjects were reported to have a mild to moderate chronic inflammation in

both pre and post chemotherapy biopsies. In addition some of these subjects had mild

keratinisation.

6.3.2 Electron Mícroscopy

6. 3. 2. 1 Normal Subi ects

Basøl Cell Layer

All four normal subjects had similar basal layers in their oral epithelium. Cells lined the

basement membrane and were elongated in shape with an uneven basal surface. These

cells contained large irregular shaped nuclei sometimes containing one or more nucleoli

(Fig 6.2). Many desmosomes were present. The majority of the cells were electron dense

but occasional cells were electron lucent. At higher magnification, these cells had scarce

cytoplasm with few organelles (Fig 6.2).

Príckle-Cell Løyer:

The prickle cell layer had membranes with many desmosomes in an irregular arrangement.

Some cells were in mitosis. Lymphocytes were also present in this region. Prickle cells

had cytoplasm with few organelles, the nuclei were not as large as those that were

observed in the basal layer, and some contained one or more nucleoli (Fig 6.2). Overall,

the sizes of the cells in this layer were larger, often with an irregular shape. Tonofilaments

were present (Fig 6.2).
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Figure 6.2 Elætronmicrographs of normal tuman oral mucosa. InA) The basal cells are

elongated in shape and have an urpven basal surface. B) A cell ofthe
prickle-cell layei dividing. C) The preserrce of irúraepittFlial lyrnphoc¡es were
õbserve¿ within the pricÈle-cell layer. D) E) The superficial layer of cells.
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Granular Layer

These cells were elongated with elongated nuclei. They were not as electron dense as the

previous two layers. Some of the cells contained cytoplasmic granules (Fig 6.2).

Superficial Layer

In all normal subjects examined these cells often were highly irregular in shape and varied

in electron density. Some contained no nuclei (Fig 6.2).

6. 3. 2. 2 Subject Biopsies

Pre- Chemoth er apy Biop s í es

Biopsies of subjects before chemotherapy, had changes in ultrastructure compared to

biopsies from healthy controls. Cells in the basal layer had enlarged intercellular spaces,

increased cytoplasmic filaments, and contained cytoplasmic vacuoles. Wide intercellular

gaps were also present in the other cell layers. Their nuclei were darkly stained and some

cytoplasmic vacuoles were present (Fig 6.3)

Po st- Ch emoth er apy Bí op si es

At day I after chemotherapy, biopsies showed ultrastructural changes throughout the layers

of the epithelium. The basal cell layer had increased intercellular fìlaments arranged

circumferentially around the cytoplasm, and increased space between the nuclear

membrane and cytoplasm. Cells in the basal and suprabasal layers had more vacuoles (Fig

6.4) The prickle, granular and superficial cell layers had cells with general degeneration,

void cytoplasmic space and electron density variation (Fig 6.a).

At day 2, the basal and suprabasal cells had increased thickened filaments arranged in a

haphazard fashion throughout the cytoplasm, or arranged around the circumference of the

cytoplasm. These cells were multinucleated, containing many vacuoles in their cytoplasm

Gig 6.a). The only discernible organelle was the mitochondria. Basal cells developed

enlarged intercellular spaces between the basement membrane and often contained

vacuoles. Apoptosis was evident with occasional very dark cells observed along the

basement membrane, containing pyknotic nuclei (Fig 6.5). Cells in the suprabasal region

often had a loss of obvious shape, degrading cytoplasm and loss of organelles. Cells in the

higher regions of the epithelium displayed similar changes to those seen at day 1, with cells

containing vacuoles and general cytoplasmic degradation (Fig 6.4).
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Figure 6.3 Electron mkrographs from pre chemotherapy biopsies. A) Note the vacuoles pfesent within tlrc
cytoplasm of baial cells. B) There are enlarged intercellular spaces between the cells of the basal layer'
C) TtF basal cells contain many vacuoles.
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Figure 6. 4 Electron micrographs of human oral mucosa following treatment with chemotherapy. A) Note the

increased intracã[úarfilamerús arranged arorurd the circumference of the basal cells. There are also

enl fhe vacuole'
C) D) There are

inc the prickle layerhave increased

fi laments within the cYtoPlasm.
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Figure 6.5 A) ar¡[ B) Electron microgftìphs demonstrating the preserrce of apoptotic cells. Note the dark
pyi<notic nuclei. C) and D) Photomicrographs of apoptotic cells detected using the TUNEL assay

. @iopsies are from the same patienÐ'
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By day 3 electron lucent cells containing few mitochondria, cytoplasmic vacuoles and

multiple nucleoli were visible along the basement membrane. In the suprabasal region a

small number of cells were observed to have electron dense nuclei, in addition to round

dense vesicles around the periphery of the cytoplasm with no other organelles (Fig 6.a).

Cells in this region had increased cytoplasmic filaments, although these had decreased

from day 2.

At day 5 basal cells had large intercellular spaces with cytoplasmic vesicles, and increased

cytoplasmic fïlaments arranged haphazardly throughout the cytoplasm. Intracellular

lymphocytes were present.

At day 6 basal cells contained multiple nucleoli and large clear cytoplasmic vesicles.

Pronounced intercellular spaces were still observed. Cytoplasmic filaments had decreased

from earlier timepoints.

At days 7 and 8, the ultrastructural changes were similar to those described for day 6

At day 11 cells of the oral mucosa contained large cytoplasmic vacuoles with large

intercellular spaces observed. These changes were evident throughout the entire

epithelium.

6.3.3 Pro-Apoptotic Protein Expression

Four pro-apoptotic proteins, Bax, Bak, BIM and BID, were examined for expression in the

oral buccal mucosa. The oral mucosa showed expression of pro-apoptotic proteins, with

positive staining occurring in the cytoplasm of the cells under investigation. Qualitatively,

there appeared to be little difierence in staining intensity in all four pro-apoptotic proteins

within the basal layer, with staining appearing consistent. There was more variable

staining observed in the prickle-cell, granular and superficial layers; however these were

not examined quantitatively. Additionally, there was a consistent level of staining across

all the tissue sections, which allowed for any region of the tissue to be examined and

recorded as an accurate representation ofexpression.

Expression of the four pro-apoptotic proteins examined was relatively constant in the

normal controls. Pre-chemotherapy biopsies however, showed variation from these normal

controls, with BIM, Bak and Bax showiîg aî increase and BID showing a decrease. When

post chemotherapy biopsies were examined, there was a general elevation in expression
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(from normal controls) over time (Fig 6.6). Pro-apoptotic Bax, Bak and BIM were

elevated and BID was depressed. At day 1 following chemotherapy, there was a 1.06 fold

decrease in Bak expression (170J vs 159.6) and a 3.03 fold decrease in BID expression

(1644 vs 54.2). In contrast there was a 1.52 and 1.74 fold increase in Bax and BIM

respectively (l I 1.1 vs 168.2 ; 126 vs 2I9.2). By day 2, there was an increase in expression

of all proteins from day l, butBid was decreased 0.76 fold from normals. At day 5 after

chemotherapy all pro-apoptotic proteins showed similar expression levels and these were

all increased from normal controls. By day 11 post chemotherapy, expression had not

returned to levels of normal controls (Fig 6.6).
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Figure 6.6 Expression of four pro-apoptotic proteirs were examined in human oral mucosa before and after chemotherapy
treatment. Expression of all were highly variable, and no levels had returned to normal by day 11 following
treatment.
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6.3.4 Anti-Apoptotic Proteín Expression

Four anti-apoptotic proteins, Bcl-2, Bcl-w, Mcl-l and Bcl-xl, were examined for

expression in the oral buccal mucosa. The oral mucosa showed expression of anti-

apoptotic proteins, with positive staining occurring in the cytoplasm of the cells under

investigation. Qualitatively, there appeared to be little difference in staining intensity in all

four anti-apoptotic proteins within the basal layer, with staining appearing consistent.

There was more variable staining observed in the prickle-cell, granular and superfrcial

layers; however these were not examined quantitatively. Additionally, there was a

consistent level of staining across all the tissue sections, which allowed for any region of

the tissue to be examined and recorded as an accurate representation of expression.

Expression of the four anti-apoptotic proteins examined was also relatively consistent in

the normal controls (Fig 6.7). However when the pre-chemotherapy biopsies were

examined there were changes in two of these anti-apoptotic proteins from the normal

controls. Bcl-2 and Bcl-w showed elevated expression from normals whereas Mcl-l and

Bcl-xl showed no change. Post chemotherapy biopsies again showed a general elevation

over the times examined for Bcl-2 and Mcl-l whereas a more varied response \¡/as

observed with Bcl-w and Bcl-2. Day 2 and Day 6 after chemotherapy seemed to be the

days in which the most change in these proteins was observed. At day 2 there was an

increase in expression of B,cl-Z, Bcl-xl and Mcl-l (1.89; 1.20 and 1.88 fold increase

respectively from controls) and a 1 45 fold decrease in Bcl-w expression. At day 6 after

chemotherapy there was a 1.70 fold increase inB,cl-2 expression, but a decrease in Bcl-xl

and Mcl-l expression (1.27 and 1.87 respectively) with Bcl-w returning to relatively

normal levels. By day 11, only Bcl-w had returned to levels of normal controls (Fig 6.7)
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Figure 6.7 Expression offour arfi-ryoptotic proteins were examined in human oral mucosabefore and after chemotherapy

treatment. Erpression or ¿Î root was highly variable, with only Bcl-w reûrrning to normal levels by day 11 following
treatrnent.
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6.3.5 Transcrþtíon Fuctor Expressíon

The expression of two transcription factors, p53 and p2I,were examined. In both normal

subjects and pre chemotherapy biopsies, there were no difference bet\ryeen the two (p53 :
229.3; p21 : 220.8 and p53 : 253.54; p2l : 220.08 respectively) (Fig 6.8). However,

following chemotherapy, p53 seemed to have biphasic expression with a sharp increase in

p53 expression at day 1 and2, before decreases at day 3 and 5, before expression levels

rose again at day 6 and remained elevated over the remainder of the times investigated.

p2l expression followed a similar pattern of expression changes, although they were not as

marked as for p53. Both had not returned to levels of controls by day 11 following

chemotherapy (Fig 6. 8).

6.3.6 Apoptosis

Apoptosis was minimal (0.06 apoptotic bodies mm2 of tissue), in normal control subjects

but increased in subjects prior to their next cycle of chemotherapy ie, at least 21 days after

previous chemotherapy (20.67 apoptotic bodies per mm' of tissue) (Figs 6.5; 6.9). After

chemotherapy, apoptosis had a biphasic pattern with an early peak at" day 3 and a later peak

aI day 6 with a long tail.

In normal control tissue there was very little apoptosis observed (0.06 apoptotic bodies per

mm2 of tissue), however when pre chemotherapy biopsies were examined there was found

to be an average of 20.67 apoptotic bodies per mm2 of tissue (Figs 6.5, 6.9). Post

chemotherapy biopsies revealed that there was still elevated levels of apoptosis at day I

(3.1 apoptotic bodies pe. mmt of tissue), when compared to normal controls, but decreased

levels when compared to pre chemotherapy biopsies. This increased to 14 8 at day 2 and

51.9 at day 3. Apoptosis was able to be confirmed ultrastructurally at these time points

(Fig 6.5). At Day 5 after chemotherapy 11.3 apoptotic bodies per mm'of tissue were

identified 33.5 atday 6,29.7 atdayT and74.3 at day 8 (Fig 6.9).
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Frgure 6.8 Expression of two transcription factors, p53 and p2I,inhumanoral mucosa- before and after chemotherapy treatment. There is no difference between normal
controls and pre-chemother4y biopsies. However, after treatment both show
changes in expression tfnt had not returned to normal levels by day 11 following
treatment.
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6.4 Díscussíon

Oral mucositis as a condition was first described approximately 18 years ago and was used

to describe the oral mucosal damage that was caused by both chemotherapy and

radiotherapy (64). Like the remainder of the gastrointestinal tract, the oral mucosa has

epithelial cells which rapidly divide and mature, causing it to be highly sensitive to the

cytotoxic effects of the chemotherapy @$. Whilst there has been research reported on the

treatment and prevention options of oral mucositis after chemotherapy (62, 66) and on

possible preventative agents, very little has been reported on the mechanisms behind oral

mucositis. This is the first time that anyone has looked at the histological and

ultrastructural changes that occur in the oral mucosa at early time points following

chemotherapy.

This study examined both the histological and ultrastructural changes that occurred post

chemotherapy with a view to better understanding the mechanisms behind oral mucositis.

The histopathology reports showed there was no change to the mucosa reported, other than

a mild inflammatory change in some but not all subjects This was not expected, as it has

been shown in the gastrointestinal tract that architectural changes are observed at the light

microscopical level (2,3). However when the oral mucosa was examined ultrastructurally

it was evident that there were cellular changes that were not seen at the light microscopical

level.

The present study has demonstrated that, following chemotherapy, ultrastructural changes

occur early and persist for at least l1 days following treatment. However it is more than

likely that they persist for much longer than this. The earliest change observed was an

increase in the number of intercellular filaments within the cells of the basal and suprabasal

region. These increases in filaments were observed over all times examined; however they

began to decrease after day 5 post treatment. It is known that intercellular fïlaments, in

particular tonofilaments, provide structural support to the cells. Their increase following

cytotoxic injury may suggest that the cells are trying to 'protect' themselves against

damage by increasing the amount of structural support. This would explain why they

remained increased over all times examined. The basal and suprabasal cells started to have

vacuoles present within their cytoplasm at day I and these increased over time. This

observation is highly suggestive of a role of endocytosis, which would be expected with

increased apoptosis levels.
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An unexpected finding from this study was the observation that all pre-chemotherapy

biopsies showed ultrastructural changes different to those seen in the normal controls. All

but one of our recruited subjects to this study had undergone previous cycles of

chemotherapy meaning that they were not chemotherapy naive. The ultrastructural

changes that we observed in these pre chemotherapy biopsies indicate that the oral mucosa

takes longer than the 2I days between cycles of chemotherapy to heal. Therefore

following the initial cycle of chemotherapy, all subsequent cycles are administered to

tissue that may not have fully recovered, initiating further cellular changes.

The present study also confrrmed that like the small intestine, apoptosis occurs as a result

of chemotherapy in the oral mucosa. Using transmission electron microscopy, early stages

of apoptosis were observed at both day I (with nuclear separation) and day 2 (with

pyknotic nuclei) but these were not observed atlater times. The finding of apoptosis in the

oral mucosa was able to be confirmed using the TIINEL assay. Apoptosis increased

following administration of cytotoxic chemotherapy, reaching a maximum at day 3 post

treatment. In order to determine if the apoptosis that was observed was p53-dependent

results from p53 and TUNEL were correlated. This correlation showed a similar pattern

for both, with increasing expression from day I, peaking af day three before decreasing

again, suggesting the apoptosis observed in this study is related to the expression of p53.

These findings support previous research into the mechanisms behind the development of

small intestinal mucositis (2, 3). Therefore the results from the present study confirm the

hypothesis that, as the entire gastrointestinal tract has the same embryological route of

development, with differences only being due to specialised functions, the development of

mucositis will follow a similar pattern (7).

Changes in pro- and anti-apoptotic protein expression were identified both pre and post

chemotherapy, when compared to normal controls. Normal expression was relatively

consistent between the four normal volunteers for both pro- and anti-apoptotic expression

as well as the two transcription factors and apoptosis investigated in the present study.

I{owever, an unexpected result from this study was the change from this normal expression

in pre chemotherapy biopsies. For the majority of proteins investigated, there was an

increase in expression, the only exception to this was BID where a decrease was observed.

As all but one of the subjects that were enrolled for this study had undergone previous

cycles of chemotherapy 2l days prior to this pre chemotherapy biopsy being taken, it may

be that these changes represent a late healing phase of oral mucosal damage. Post

chemotherapy biopsies also showed a change in expression of all proteins examined from
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normal controls, and these levels had not returned to normal levels by day 11. As previous

reports have suggested that gastrointestinal damage (mucositis) is mediated by a change in

ratio of pro- to anti-apoptotic proteins (154, 155), it was hoped that the same change would

occur in human oral mucositis. However, due to the highly variable response between

subjects this was unable to be confirmed in the present study. It is planned for this study to

continue, and with more subjects enrolled, will give a better understanding of the changes

that occur in the pro- and anti-apoptotic protein ratio post chemotherapy.

In conclusion, this study has shown that, following chemotherapy, changes occur early and

that these changes are similar to those seen in the small intestine.
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General Discussion

7.1 Introduction

Mucositis is recognised as a major clinical problem; however the underlying mechanisms

behind the condition remain poorly defined. Several studies over the last decade have

made important contributions (1, 2, 67), however much of the detailed histology,

ultrastructure and protein changes which lead to the development of mucositis have yet to

be described. The studies contained within this thesis utilised an established animal model

for the study of mucositis, as well as the human clinical setting, to provide detailed

descriptions of the underlying mechanisms behind gastrointestinal mucositis. This was

achieved using a myriad of techniques including routine histology, transmission electron

microscopy, intestinal morphometry, TUNEL detection of apoptosis and quantitative

immunohisto chemi stry.

7.2 The Gastroíntestinal Tract and Cytotoxic Agents

The gastrointestinal tract extends from the mouth through to the anus and contains some of

the fastest proliferating cells in the body (9, 10) with each region of the tract being highly

specialised for specific functions. All regions of the gastrointestinal tract can be affected

by cytotoxic agents such as chemotherapy and radiotherapy, leading to mucositis.

Gastrointestinal damage as a result of radiotherapy was first described over 100 years ago

(170), and since then has been well characterised with the mechanisms underlying the

condition better understood than those underlying chemotherapy-induced mucositis. For

this thesis, gastrointestinal side effects caused by chemotherapy were the focus, and more

detail on the side effects caused by radiotherapy are available in review articles (I7l-I13).

Studies to date have focused on oral mucosilis (62,66,67), with the remainder of the tract,

from the oesophagus to the colon, receiving little attention (1). The main reason proposed

for this imbalance is the difficulty in accessing these sites, combined with the differences

in tissue types between the varying regions (8). The little research that has been conducted

on the remainder of the tract, combined with the more extensive knowledge of the oral

cavity, has provided evidence of similarities in the development of mucositis. This has led

to the recent development of an hypothesis of mucositis which proposes the development

will be the same throughout the gastrointestinal tract (7, 8). The results presented in this

thesis have added further evidence to support this hypothesis.
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7.3 Oral Cavity

There have been many reports on possible treatment and prevention options for oral

mucositis after chemotherapy (62,66,69,77,78, 174-778), however very little research

exists on the underlying mechanisms. One hypothesis for mucositis advocated by Sonis

and co-workers states that mucositis occurs in four phases: inflammatory/vascular,

epithelial, ulcerative/microbiological and healing phases, with each phase assumed to be

independent of the others (4,65,67,69,70). The present study in this thesis found that

3OYo of subjects enrolled, had mild inflammatory changes occurring in the oral mucosa

early after chemotherapy. This observation agrees in part with the hypothesis proposed by

Sonis (1998), which states the first phase in the development of mucositis is inflammatory

(4, 67). Flowever, the present study demonstrated the remaining TOYo of subjects, had

relatively normal histopathology reports, providing evidence that not all phases of the

proposed hypothesis occur in all subjects. Previous studies has suggested that changes in

pro-inflammatory cytokines, such as tumour necrosis factor c{,, are involved in this initial

inflammatory response (4, 67, 179), however this study did not investigate these cytokines

and so was unable to confirm if this occurs. Given that there was evidence of

inflammatory change in 30Yo of subjects in this study, the next logical step would be to

examine pro-inflammatory cytokines in order to prove or disprove the hypothesis.

This present study also differs from the work of Sonis in frnding early induction of

apoptosis and ultrastructural changes following chemotherapy despite TOYo of subjects

appearing to have relatively normal tissue histologically. These changes were observed

from day 1 to day 1l following chemotherapy, and it is likely that these changes would

have continued to be evident at later time points. In the first two days following

chemotherapy, which correspond to the proposed inflammatory phase (4, 67, 179), the

present study reported cell-cell junction disruption, in accordance with previous literature

(4, 67, 179). However this study differed from previous literature (4, 67, I79) by

demonstrating ultrastructural apoptosis at days I and 2, which was conftrmed using the

TUNEL assay. Early apoptosis at day 1 after chemotherapy has been previously reported

in the small intestine (1, 2), and when considered in conjunction with the current results,

provide evidence that the development of mucositis follows a similar pattern in all regions

of the gastrointestinal lrac't" (7, 8).

This study confirmed the presence of apoptosis in the oral mucosa following

chemotherapy. As there have been previous reports which suggest that changes in pro- and
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anti-apoptotic protein expression may be responsible for the development of apoptosis (31,

l4g-153), expression of these proteins were examined in this study. Changes in both pro-

and anti-apoptotic proteins were identified in biopsies taken both prior to, and following

chemotherapy, when compared to healthy volunteers. This part, like the ultrastructural

study, highlighted changes in protein expression in pre chemotherapy biopsies and it is
proposed that these changes are due to previous exposure to chemotherapy. Post

chemotherapy biopsies also showed a change in expression of all proteins examined from

healthy volunteers, and these levels had not returned to normal by day 11. Previous reports

have suggested that gastrointestinal mucositis is mediated by a change in ratio of pro- to

anti-apoptotic proteins (154, 155). It was anticipated that the same changes would occur in

oral mucositis, adding further weight to the hypothesis that mucositis throughout the

gastrointestinal tract has a similar development (7,8). However, due to the highly variable

response between subjects this was unable to be confirmed in the present study. It is hoped

that this study will continue, and with more subjects enrolled, may give a better

understanding of the changes that occur in the pro- and anti-apoptotic protein ratio post

chemotherapy.

Current literature suggests that the final phase of oral mucositis is the healing phase

whereby the oral mucosa returns to normal (4,67,179), however the results from the

present study suggest that the duration of the healing phase is poorly defined. Patients in

the current study that had undergone previous cycles of chemotherapy 2l days prior to

participation, continued to exhibit ultrastructural damage to the mucosa when compared to

healthy volunteers. This suggests that the oral mucosa takes longer than the 21 days

between cycles of chemotherapy to heal. Further studies are now warranted to determine

when, or indeed il the oral mucosa ever completely heals, with biopsies being taken at

varying time points following completion of treatment.

7.4 Oesophagus

Anatomically, the oesophagus extends from the upper oesophageal sphincter to the lower

oesophageal sphincter, these sphincters delineating it from the oropharynx and the stomach

respectively (92,93). Very little information exists on oesophageal mucositis (induced by

chemotherapy) other than reports that many subjects who undergo chemotherapy develop

some form of oesophagitis (8) Symptoms are often misdiagnosed as gastro-oesophageal

reflux disease, Candidø oesophagitis, cytomegalovirus oesophagitis, or oesophagitis

induced by herpes virus (98). The present study aimed to further the understanding of
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mucositis in this part of the gastrointestinal tract, by providing a baseline of normal

expression of pro- and anti-apoptotic proteins. These results will allow further studies to

be conducted in subjects undergoing chemotherapy and will allow the change in expression

in these proteins to be determined. Although previous studies have investigated pro- and

anti-apoptotic proteins within the oesophagus (164), they have relied heavily on autopsy

samples which may have different expression profiles from live patients. The results from

this study have shown that expression of the majority of pro- and anti-apoptotic protein

were significantly (and consistently) lower in the oesophagus than all other regions.

Further studies can now be conducted in cancer subjects to see if these levels change

following chemotherapy treatment.

7.5 Stomach

Like the oesophagus, very little research has been published on the mechanisms and

development of mucositis in the stomach (7, 8). As in the oesophagus, this thesis aimed to

determine normal levels of expression of pro- and anti-apoptotic proteins in the human,

thus allowing future studies to determine the expressional changes following

chemotherapy. In addition, this study aimed to determine whether H. pylorl affected

expression levels. Despite previous studies having suggested lhat H. pylori may alter

expression ofthe transcription factors, p53 and p2I (167-169), the present study did not

show this. Of the 50 subjects that were recruited forthis study only l6Yo tested positive for

H. pylori., however approximately 30Yo of the general population carry this bacteria and it

may be that the sample size of the present study was too small to detect any significant

change. In addition, it is knownthat H. pylori is the main cause of chronic gastritis (167,

168), and it may be that the subjects recruited to this study did not have chronic gastritis.

Nevertheless this study was able to construct a baseline of expression for many pro- and

anti-apoptotic proteins and transcription factors, and further studies in subjects with

chemotherapy can now be conducted.

7.6 Small Intestíne

The small intestine has been the focus of many previous studies on chemotherapy-induced

mucositis (1,2,19,36, 38, 99, 180). These studies have demonstratedthat apoptosis is an

early response to chemotherapy (1, 2,5,6), with some studies confirming that apoptosis

leads to crypt hypoproliferation and the conclusion that the two are directly related to

mucositis (1,2) This thesis aimed to build on this theory and investigated the changes that
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occur in the rat small intestine following administration of two different cytotoxic agents.

Furthermore, this thesis investigated the expression of normal levels of pro- and anti-

apoptotic protein expression in the clinical setting, in order to provide a baseline data for

comparison with future research in cancer subjects.

Following on from previous research using MTX (5,6,51), results presented in this thesis

defined the role of apoptosis in the development of mucositis in the rat small intestine.

This study confirmed, that unlike the human intestine, where apoptosis precedes crypt

hypoproliferation and subsequent mucositis (1, 2),the relationship in the rat is not always

as clear and is dependent upon the dose of chemotherapy. It was found that low dose MTX

(0.5 mglkg) causes a high level of apoptosis, minimal crypt cell hypoproliferation and no

loss of tissue architecture, these results are similar to those described by Pritchard and

colleagues (39). Furthermore, the present study attempted to determine whether changes in

transcription factor expression were responsible for this apparent discrepancy. It was

found that a change in p53 expression did not precede the high levels of apoptosis at 6

hours, but an increase in p53 expression at 24 hours may be associated with apoptosis.

However, this study could not conclusively determine whether this latter increase in

apoptosis was dependent on expression of p53, due to the dual dose of chemotherapy

administered. Further studies are warranted using a single dose of chemotherapy to

determine if this can detect changes in transcription factor expression before relationships

between p53 expression and apoptosis can be conftrmed in this model.

This thesis also clearly demonstrated that different chemotherapy agents act in the same

way in causing mucositis in the small intestine. Irinotecan is a chemotherapeutic agent

whichisknownaffectthelargeintestineasitcausesseverediarrhoea(54,56,57,60, 181).

However, the effect of this cytotoxic agent on the small intestine was previously unknown.

It was found that apoptosis and crypt cell hypoproliferation in the small intestine

developed in a similar fashion to MTX.

Expressions of pro- and anti-apoptotic proteins in the normal human small intestine were

also the subject of investigation in this thesis. The majority of previous work on these

proteins have either been investigated in animal models (154, 155) or human autopsy

samples (161-165), with few studies investigating expression from fresh samples (182).

This thesis aimed to determine levels in normal subjects in order to provide a baseline for

future research. Unlike other studies (154, 155, 161-165), results presented here suggest

that in tissue from "normal" subjects, there is no difference between pro- and anti-
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apoptotic protein expression, with levels of both remaining consistent. This suggests that

in the absence of a stress, such as chemotherapy, levels of these proteins remained

balanced. When there is "stress" placed on the system, an imbalance may be created thus

enabling either apoptosis or repair.

7.7 Large Intestíne

The large intestine has often been overlooked, despite diarrhoea being a major side effect

of cancer chemotherapy. Much of the research has focused on the small intestine due to

the higher rates of apoptosis (I7,24). Results presented in this thesis in the rat colon

showed irinotecan induced severe damage and a high level of apoptosis, which resulted in

severe loss of tissue integrity. This differed from other studies (chapter 2) in this thesis

using methotrexate, where apoptosis was seen following chemotherapy, however there was

no accompanying loss of tissue integrity.

When normal human colon was examined for expression of pro- and anti-apoptotic

proteins, like the other parts of the gastrointestinal tract, no significant differences were

seen between the majority of proteins examined. Unlike other literature (154, 155, 161-

165), results presented here suggest that in tissue from "normal" subjects, there is no

difference between pro- and anti-apoptotic protein expression, with levels of both

remaining consistent. This suggests that in the absence of a stress, such as chemotherapy,

levels of these proteins remained balanced. When there is "stress" placed on the system,

an imbalance may be created thus enabling either apoptosis or repair.

7.8 Rectum

Like in the oesophagus and stomach, very little research has been conducted on the effect

of cancer chemotherapy on the rectum. This thesis assessed the expression of pro- and

anti-apoptotic proteins in normal human subjects and in keeping with the majority of all

other regions of the tract, found no significant imbalance between them. Furlher clinical

investigations into the protein changes following chemotherapy can now be conducted in

cancer subjects.

7.9 PotentíulAntí-Mucotoxics

[-11 is a potential anti-mucotoxic cytokine that has already been the focus of much

research into the protection and recovery of stem cells found within the haematopoietic

system (117,124, 126, 141,183). Previous animal studies investigating the effects of IL-
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11 have found that this potential anti-mucotoxic cytokine aided in gut recovery, caused

increased gut proliferation and reduced the incidence of apoptosis (75, 123,143), however

none of these studies utilised an animal model with tumours. The present study extended

this research by using the laboratory rat with syngeneic breast cancer to study the effect of

IL-l1 on preventing intestinal damage. The advantages of this model in comparison to

previous studies were that it controlled for any systemic effect of cancer on intestinal

response, and allowed evaluation of any effect of IL-II in preventing the anti-tumour

effect of MTX. Results from this study clearly showed that IL-l1 did not protect the breast

cancer from MTX, nor alter the MTX-induced reduction in tumour weight, proliferation or

apoptosis. Moreover, IL-l1 had no trophic effect on growth of breast cancer and therefore

does not compromise effect of MTX on the tumour.

In this thesis, mucositis was assessed in the small intestine and it was shown that unlike in

previous studies (I23, 143), there was no reduction in apoptosis, rather there was an

increase. However, like in other studies, the increased apoptosis did not cause increased

intestinal damage, rather these measures were improved. Thus, this research adds further

evidence to results presented in Chapter 2 whereby apoptosis itself, does not inevitably

lead onto mucositis. Pritchard and colleagues found that apoptosis was not directly

associated with intestinal damage after chemotherapy. It is therefore suggested that IL-l1

may down-regulate the transcription factor p53 and prevent cytostasis, which could explain

the finding of the present study that IL-l1 allowed relative crypt proliferation to proceed

even though MTX caused hypo-proliferation. This would have ameliorated the villus

atrophy observed. Preliminary studies (Bowen, et al., unpublished results) conducted by

others in our research laboratory have begun to investigate the role that p53 may play in

response to IL-11 administration.

Despite literature and this study providing clear evidence which suggests that IL-l1 is

beneficial in ameliorating the side effects of cancer chemotherapy (75, Il7, 123, 142,143),

the exact mechanism by which it acts remains unclear. Current literature suggests that IL-

11 belongs to a family of cytokines, which act through a common glycoprotein, gp130

(146, 147). The expression of the IL-l1 receptor within the gastrointestinal tract has not

been fully elucidated; however this may have implications for understanding the

mechanisms of action of IL-I1. Further studies need to be conducted in order to fully

determine the role that this receptor plays.
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7.10 Future Directíons

Chemotherapy-induced gastrointestinal mucositis is an emerging field of supportive care in

cancer research. The research presented in this thesis has aimed to fill some gaps in the

knowledge. There are many potential anti-mucotoxics that are under investigation,

including transforming growth factor-B (184), epidermal growth factor (74), nuclear factor

kappa B (185), whey growth factor (186), and glutamine (187, 188) just to name a few.

Currently in our laboratory we are investigating the role that another potential anti-

mucotoxic, keratinocyte growth factor, plays in ameliorating MTX (53) and irinotecan

induced mucositis. In addition to potential anti-mucotoxics, further work utilising

microarray technology to investigate gene changes following chemotherapy is an emerging

and exciting technique, and will hopefully provide a clearer understanding of the

development of gastrointestinal mucositis

7.11 Conclusíons

This thesis has provided clear evidence that the entire gastrointestinal tract follows a

similar pattern of development of mucositis. Results presented show that different

chemotherapeutic agents act in a similar manner in causing small intestinal mucositis. This

is an important frnding for the development and targeting of appropriate preventative

strategies, such as IL-ll which may play an importantrole in ameliorating the symptoms

of mucositis. Apoptosis was also found to have a key role in mucositis and was detected in

the oral cavity, small intestine and large intestine following chemotherapy. Although

apoptosis was present following administration of chemotherapy, there was not always

histological evidence of mucositis. In conclusion, mucositis is a complex side effect of

cancer treatment, and this research has increased our understanding of its mechanisms of

development.
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