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Abstract
Colorectal cancer (CRC) is highly prevalent in Western society with more than 14,000
diagnoses and 4,000 deaths in Australia annually. CRC is caused by both genetic and
environmental risk factors, with a number of population studies linking high dietary iron and
elevated body iron stores with increased CRC risk. The iron overload disorder, hereditary
haemochromatosis, is associated with increased risk of CRC, as are inflammatory bowel
diseases including ulcerative colitis and Crohn’s disease. A better understanding of the
pathogenesis of CRC is required to develop improved medical therapies for individuals most
at risk, such as those with hereditary haemochromatosis or inflammatory bowel diseases.
Improved disease prevention and management is also important from a public health
perspective, and will potentially decrease the incidence and mortality of this malignancy.
In this study, a mouse model of inflammation-associated CRC was used to evaluate the
effects of increasing dietary iron concentrations on tissue iron loading and colonic
inflammation. Two strains of mice (C57BL/6 and FVB/N) were evaluated to compare their
responses to increased dietary iron levels.
The results demonstrated that increased dietary iron increased colonic and liver iron
deposition and colonic inflammation via an IL-6/STAT3 signalling pathway in a dosedependent manner. Both colitis scores and plasma IL-6 levels were positively correlated with
increased liver iron levels. Both strains of mice showed similar trends in response to
increased dietary iron concentration, though the magnitude of the responses varied between
strains.
In conclusion, the results from this study showed that increasing dietary iron concentrations
exacerbate colonic inflammation, suggesting that high dietary iron consumption may be
linked to an increased risk of CRC.

iii

Acknowledgements
I would sincerely like to thank Professor Debbie Trinder and Assistant Professor Anita Chua
for the guidance and support I have received. I appreciate the generosity with which you have
shared your time, knowledge and resources; and the patience and kindness you have both
shown me.
To Associate Professor Bob Mead; your warmth and encouragement throughout my studies
has been invaluable and I am sincerely grateful for your tireless advocacy on my behalf.
To the Banksia Association; thank for your generous support of my studies, and for the faith
you demonstrated in my abilities.
Thank you to Dr. Jane Allan, Dr. Desiree Ho and Dr. Roheeth Delima for all your assistance
and support. You have all given so much of your time and knowledge, and enriched my time
here in many ways.
I would like to thank all the members of the lab at Fremantle hospital. You have graciously
shared your time and expertise with me, and your warmth and assistance has made my time at
Fremantle enjoyable and rewarding.
Thanks to Dr. Cindy Forrest and the staff of the Histopathology Department at Fremantle
Hospital for sharing with me both equipment and technical expertise.
Lastly, I would like to thank my amazing family. To my parents, thank you for your
unwavering support. To Bruce, thanks for doing everything you can to make my study and
life in general easier. Most importantly, I would like to thank my children, Joshua and
Alyssa, who inspire and motivate me every day.
Nothing I have done this year would have been possible without the support and patience of
many people, and I am sincerely grateful to all of you!

iv

Table of Contents:
Declaration ............................................................................................................................ ii
Abstract ................................................................................................................................ iii
Acknowledgments ................................................................................................................ iv
Table of Contents ................................................................................................................... v
List of Figures ....................................................................................................................... xi
List of Tables ...................................................................................................................... xiv
List of Abbreviations ........................................................................................................... xv
List of Units ......................................................................................................................... xx

Chapter One: Introduction
1.1

Anatomy and Function of the Human Large Intestine ......................... 2

1.1.1

1.2

1

Histology of the Large Intestine............................................................................ 3

Colorectal Cancer ................................................................................... 5

1.2.1

Epidemiology ....................................................................................................... 5

1.2.2

Risk Factors ......................................................................................................... 8

1.2.3

Development of Colorectal Cancer ..................................................................... 10

1.3

1.2.3.1

Hereditary Non Polyposis Colorectal Cancer (HNPCC)............................... 11

1.2.3.2

Familial Adenomatous Polyposis (FAP) ...................................................... 12

Inflammation ......................................................................................... 12

1.3.1

Inflammation and Cancer ................................................................................... 13

1.3.2

Inflammatory Tumour Microenvironment .......................................................... 14

1.3.3

Inflammatory Mediators ..................................................................................... 14

1.3.3.1

Interleukins (IL) .......................................................................................... 15

1.3.3.2

Tumour Necrosis Factor (TNF) ................................................................... 15

1.3.4

Transcriptional Regulators.................................................................................. 16

1.3.4.1

Nuclear Factor Kappa B (NFкB) ................................................................. 16

v

1.3.4.2

1.4

Signal Transduction and Activator of Transcription 3 (STAT3) ................... 17

Iron and Cancer .................................................................................... 19

1.4.1

Iron Metabolism ................................................................................................. 19

1.4.2

Iron Absorption .................................................................................................. 21

1.4.3

Cellular Iron Transport ....................................................................................... 22

1.4.4

Regulation of Iron Metabolism ........................................................................... 24

1.4.4.1

Cellular Iron Regulation .............................................................................. 24

1.4.4.2

Systemic Iron Regulation ............................................................................ 26

1.4.5

Hereditary Haemochromatosis ............................................................................ 29

1.4.6

The Anaemia of Inflammation ............................................................................ 29

1.4.7

Iron Toxicity ...................................................................................................... 30

1.5

Iron, Inflammation and Colorectal Cancer ......................................... 31

1.6

Animal Models ...................................................................................... 32

1.6.1

Colorectal Cancer ............................................................................................... 32

1.6.1.1

Genetic Models ........................................................................................... 33

1.6.1.2

Xenoplant Models ....................................................................................... 33

1.6.1.3

Chemically Induced Models ........................................................................ 34

1.6.2

Dietary Iron Loading .......................................................................................... 35

1.7

Conclusion ............................................................................................. 36

1.8

Project Aims and Hypotheses ............................................................... 37

1.8.1

Project Outline ................................................................................................... 37

1.8.2

Project Aims....................................................................................................... 38

1.8.3

Hypotheses ......................................................................................................... 38

1.8.4

Research Plan ..................................................................................................... 38

Chapter Two: Materials and Methods
2.1

40

Materials ................................................................................................ 41

2.1.1

Biochemical Reagents ........................................................................................ 41

vi

2.1.1.1

General Reagents ........................................................................................ 41

2.1.1.2

Animals ....................................................................................................... 41

2.1.1.3

Bicinchoninic Acid (BCA) Protein Assay .................................................... 41

2.1.1.4

Enzyme Linked Immunosorbent Assay (ELISA) ......................................... 42

2.1.1.5

Histology .................................................................................................... 42

2.1.1.6

Immunoblotting ........................................................................................... 42

2.1.1.7

Non-Haem Iron Assay ................................................................................. 44

2.1.1.8

Protein Extraction........................................................................................ 44

2.1.1.9

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 45

2.1.1.10

RNA Expression ......................................................................................... 45

2.1.1.11

Reverse Transcription.................................................................................. 46

2.1.2

Location of Suppliers ......................................................................................... 46

2.1.3

Equipment .......................................................................................................... 47

2.1.3.1

Balances ...................................................................................................... 47

2.1.3.2

Block Heater ............................................................................................... 47

2.1.3.3

Camera ........................................................................................................ 48

2.1.3.4

Centrifugation ............................................................................................. 48

2.1.3.5

Double Deionised Water ............................................................................. 48

2.1.3.6

ELISA Analysis .......................................................................................... 48

2.1.3.7

Glassware .................................................................................................... 48

2.1.3.8

Histology .................................................................................................... 48

2.1.3.9

Imaging System........................................................................................... 48

2.1.3.10

Immunoblotting ........................................................................................... 48

2.1.3.11

Microscopes ................................................................................................ 49

2.1.3.12

pH Measurement ......................................................................................... 49

2.1.3.13

Pipettes ....................................................................................................... 49

2.1.3.14

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 49

2.1.3.15

RNA Integrity ............................................................................................. 50

vii

2.1.3.16

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE).
.................................................................................................................... 50

2.2

2.1.3.17

Spectrophotometry ...................................................................................... 50

2.1.3.18

Statistical Analysis ...................................................................................... 50

2.1.3.19

Thermocycler .............................................................................................. 50

2.1.3.20

Tissue Homogenisation ............................................................................... 50

2.1.3.21

Vortex ......................................................................................................... 51

2.1.3.22

Water Bath .................................................................................................. 51

Methods ................................................................................................. 51

2.2.1

Animals .............................................................................................................. 51

2.2.2

Paraffin Block Cutting ........................................................................................ 52

2.2.3

Haematoxylin and Eosin (H&E) Stain ................................................................ 52

2.2.4

Colitis Scoring of H&E Stained Slides ............................................................... 53

2.2.5

Perls’ Prussian Blue Iron Stain ........................................................................... 54

2.2.6

Scoring of Liver Prussian Iron Stain ................................................................... 54

2.2.7

Enhanced Perls’ Prussian Iron Stain ................................................................... 55

2.2.8

Tissue Non-Haem Iron Assay ............................................................................. 55

2.2.9

Liver Protein Extraction ..................................................................................... 56

2.2.10

Colonic Protein Extraction ................................................................................. 56

2.2.11

Protein Analysis ................................................................................................. 57

2.2.12

Immunoblotting .................................................................................................. 57

2.2.12.1

Sample Preparation ..................................................................................... 57

2.2.12.2

Electrophoresis (SDS-PAGE) ...................................................................... 57

2.2.12.3

Electroblotting............................................................................................. 58

2.2.12.4

Protein Detection......................................................................................... 59

2.2.13

RNA Expression................................................................................................. 61

2.2.13.1

Isolation of RNA ......................................................................................... 61

2.2.13.2

DNase Treatment of RNA ........................................................................... 61

viii

2.2.13.3

Determination of RNA Concentration and Purity......................................... 62

2.2.13.4

Determination of RNA Integrity .................................................................. 62

2.2.13.5

Reverse Transcription of RNA .................................................................... 63

2.2.14

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) ...... 63

2.2.15

Enzyme-Linked Immunosorbent Assay (ELISA) ................................................ 67

2.2.16

Statistical Analysis ............................................................................................. 68

Chapter Three: Results

69

3.1

Colonic Histology .................................................................................. 70

3.2

Colitis Scores ......................................................................................... 74

3.3

Colonic Iron Distribution ..................................................................... 75

3.4

Liver Non-Haem Iron Concentration .................................................. 81

3.5

Liver Iron Distribution ......................................................................... 84

3.6

Liver Ferritin Protein Concentration .................................................. 89

3.7

Liver RNA Expression .......................................................................... 91

3.8

Plasma IL-6 Concentration .................................................................. 98

3.9

Colon STAT3 and Phosphorylated STAT3 Protein Concentration . 100

3.10 Correlations ......................................................................................... 100

Chapter Four: Discussion

103

4.1

Introduction......................................................................................... 104

4.2

Iron Loading ........................................................................................ 104

4.2.1

Colonic Iron Loading ....................................................................................... 104

4.2.2

Liver Iron Loading ........................................................................................... 105

4.3

Inflammation ....................................................................................... 107

4.4

Strain Variations ................................................................................. 110

ix

4.4.1

Colonic Iron Loading ....................................................................................... 110

4.4.2

Hepatic Iron Loading ........................................................................................ 110

4.4.3

Liver mRNA Expression .................................................................................. 111

4.4.4

Inflammatory Response .................................................................................... 112

4.4.5

Summary of Strain Variations .......................................................................... 113

4.5

Future Directions ................................................................................ 114

4.6

Conclusion ........................................................................................... 114

References

115

Appendices

126

x

List of Figures:
Figure 1. The anatomy of the large intestine .......................................................................... 2
Figure 2. Colon histology with increasing magnification ....................................................... 4
Figure 3. Estimated global distribution of colorectal cancer incidence ................................... 6
Figure 4. Incidence and mortality of colorectal cancer in both sexes and various geographic
regions ................................................................................................................................... 7
Figure 5. The development of colorectal cancer .................................................................. 11
Figure 6. The regulation of transcription by NFкB .............................................................. 17
Figure 7. The STAT3 signalling pathway ............................................................................ 18
Figure 8. Distribution of iron in the human body ................................................................. 20
Figure 9. Molecular mechanism of iron transport across the enterocyte ............................... 21
Figure 10. Cellular uptake of transferrin-bound iron ............................................................ 24
Figure 11. Responses to body iron levels mediated by IRE-IRP interactions ....................... 25
Figure 12. Systemic iron homeostasis is regulated by hepcidin in response to body iron levels
............................................................................................................................................ 27
Figure 13. The regulation of hepcidin expression by liver and circulating iron, and
inflammation........................................................................................................................ 27
Figure 14. Diagrammatic representation of the semi-dry protein transfer system ................. 58
Figure 15. Representative graphs obtained by qRT-PCR ..................................................... 66
Figure 16. Effect of increasing dietary iron content on colonic histology from DSS-untreated
mice ..................................................................................................................................... 71
Figure 17. Effect of increasing dietary iron content on colonic histology from DSS-treated
mice ..................................................................................................................................... 72

xi

Figure 18. Variability of colonic histology from DSS-treated FVB/N mice fed a diet of 0.5%
iron ...................................................................................................................................... 74
Figure 19. The effect of increasing dietary iron concentration on colitis scores from DSStreated mice ......................................................................................................................... 75
Figure 20. Effect of increasing dietary iron content on colonic iron levels of DSS-untreated
mice ..................................................................................................................................... 77
Figure 21. Effect of increasing dietary iron content on colonic iron levels of DSS-treated
mice ..................................................................................................................................... 79
Figure 22. Variability of colonic iron levels of DSS-treated FVB/N mice fed a 0.5% iron diet
............................................................................................................................................ 80
Figure 23. The effect of dietary iron concentration on liver non-haem iron concentration in
DSS-treated mice ................................................................................................................. 82
Figure 24. The effect of dietary iron concentration and DSS treatment on liver non-haem iron
concentration ....................................................................................................................... 83
Figure 25. The effect of increasing dietary iron content on liver iron deposition in DSSuntreated mice...................................................................................................................... 85
Figure 26. The effect of increasing dietary iron content on liver iron deposition in DSStreated mice ......................................................................................................................... 87
Figure 27. Liver ferritin protein concentration ..................................................................... 90
Figure 28. Integrity of liver RNA ........................................................................................ 91
Figure 29. Liver mRNA expression of housekeeping genes; acidic ribosomal phosphoprotein
PO (ARBP), beta-actin (β-actin), peptidylprolyl isomerase A (PPIA), and hypoxanthineguanine phosphoribosyltransferase (HPRT) ......................................................................... 93
Figure 30. Liver mRNA expression of transferrin receptor 1 (TfR1) and ferroportin ........... 95
Figure 31. Liver mRNA expression of hepcidin antimicrobial peptide (Hamp1), bone
morphogenetic protein 6 (BMP6), SMAD7, and inhibitor of DNA binding 1 (ID1) .............. 96
Figure 32. Liver mRNA expression of interleukin (IL) -6 and -1β ....................................... 97
xii

Figure 33. The effect of increasing dietary iron content on plasma IL-6 concentration......... 99
Figure 34. Colon phosphorylated STAT3 (pSTAT3) concentration ................................... 101
Figure 35. Correlations between liver non-haem iron concentration, colitis scores and plasma
IL-6 concentrations in DSS-treated FVB/N mice ................................................................ 102

xiii

List of Tables:
Table 1. Scores given to indicate percentage involvement in colitis scoring of H&E stained
colon sections ...................................................................................................................... 54
Table 2. Primary and secondary antibodies used for immunoblotting .................................. 60
Table 3. Primers used for qRT-PCR .................................................................................... 64
Table 4. Scoring of iron staining in liver sections ................................................................ 88

xiv

List of Abbreviations
ACF

Aberrant crypt foci

ANOVA

Analysis of variance

AOM

Azoxymethane

APC

Adenomatous polyposis coli

APO-TF

Apo-transferrin

ARBP

Acidic ribosomal phosphoprotein PO

β-actin

Beta actin

β-catenin

Beta catenin

BAX

Bcl-2-like protein 4 apoptosis regulator

BCA

Bicinchoninic acid

BCL-xL

B-cell lymphoma-extra large (Bcl-2-like 1)

bFGF

Basic fibroblast growth factor

BMP

Bone morphogenetic protein

BMP-R

Bone morphogenetic protein receptor

BPS

Bathophenanthroline disulfonic acid

B-Raf

B-Raf oncogene

BSA

Bovine serum albumin

CDC4

Cell division control protein 4

cDNA

Complementary DNA

CIN

Chromosomal instability

CRC

Colorectal cancer

DAB

3,3’-diaminobenzidine

DcytB

Duodenal cytochrome B

xv

DMT1

Divalent metal transporter 1

DNA

Deoxyribonucleic acid

DNase

Deoxyribonuclease

dNTP

Deoxyribonucleotide triphosphate

DPX

Distyrene placticiser xylene

DSS

Dextran sulphate sodium salt

DTT

DL-dithiothreitol

ECL

Enhanced chemiluminescence

EDTA

Ethylenediamine tetracetic acid

ELISA

Enzyme-linked immunosorbent assay

FAP

Familial adenomatous polyposis

Fe

Iron

FPN

Ferroportin

Fwd

Forward

GI

Gastrointestinal

gp130

Glycoprotein 130

H&E

Haematoxylin and eosin

Hamp

Hepcidin antimicrobial peptide

HCP1

Haem carrier protein

HCl

Hydrochloric acid

HFE

Human haemochromatosis protein

HIF

Hypoxia inducible factor

HJV

Haemojuvelin

HMOX

Haem oxygenase

HNPCC

Hereditary non-polyposis colorectal cancer

xvi

HOLO-TF

Holo-transferrin

HPRT

Hypoxanthine-guanine phosphoribosyltransferase

HRP

Horseradish peroxidase

IBD

Inflammatory bowel disease

ID1

Inhibitor of DNA binding 1

IGF2R

Insulin-like growth factor 2 receptor

IgG

Immunoglobulin G

IKK

Inhibitor of kappa B (IкB) kinase

IL

Interleukin

IP-10

Interferon-γ-inducible protein-10

IRE

Iron responsive element

IRP

Iron regulatory protein

IкB

Inhibitor of kappa B

JAK

Janus kinase

JNK

c-Jun-N-terminal kinase

K-Ras

Kirsten rat sarcoma viral oncogene

MAPK

Mitogen-activated protein kinase

MIN

Multiple intestinal neoplasia

MLH-1

MutL homologue 1

MMR

Mismatch repair

MOPS

4-morpholine propanesulfonic acid

mRNA

Messenger RNA

MSH-2

MutS protein homologue 2

MSI

Microsatellite instability

NaCl

Sodium chloride

xvii

NaOH

Sodium hydroxide

NFкB

Nuclear factor kappa B

NO

Nitric oxide

OD

Optical density

p53

Tumour suppressor gene p53

PAGE

Polyacrylamide gel electrophoresis

PCR

Polymerase chain reaction

PPIA

Peptidylprolyl isomerase A

pSTAT

Phosphorylated STAT

qRT-PCR

Quantitative reverse transcription polymerase chain reaction

RAGE

Receptor for advanced glycation end product

RANTES

Regulated on activation / normal T-cell expressed and secreted

RAS

An abbreviation of “rat sarcoma” oncogene

RBC

Red blood cell

Rev

Reverse

RIPA

Radioimmunoprecipitation buffer

RNA

Ribonucleic acid

RNase

Ribonuclease

RNS

Reactive nitrogen species

ROS

Reactive oxygen species

SDS

Sodium dodecyl sulfate

SMAD

Mothers against decapentaplegic homologue

SOCS-3

Suppressor of cytokine signalling 3

STAT

Signal transducer and activator of transcription

TAE

Tris acetate EDTA

xviii

TBST

Tris-buffered saline and tween

TFR

Transferrin receptor

TGF

Transforming growth factor

TGFBR2

Transforming growth factor β type II receptor

TLR

Toll like receptor

TNF

Tumour necrosis factor

UTR

Untranslated region

VEGF

Vascular endothelial growth factor

Wnt

Wingless-related integration site

xix

List of Units:
˚C

degrees Celsius

M

molar

µg

microgram

mA

milliampere

µL

microlitre

mg

milligram

µm

micrometre

mL

millilitre

µM

micromolar

mm

millimetre

µmol

micromole

mM

millimolar

g

gram

ng

nanogram

kb

kilobase

nm

nanometre

kg

kilogram

pg

picogram

kDa

kilodalton

rpm

revolutions per minute

L

litre

U

units

m

metre

V

volts

xx

Chapter One
1

Introduction

1.1

Anatomy and Function of the Human Large Intestine

In humans, the large intestine is about 1.5 m in length, and begins in the lower right side of
the abdominal cavity where it joins the ileum, and ends at the anus. The large intestine, can
be divided into three parts: the caecum, the colon and the rectum [1, 2]. The colon, which
makes up the largest portion of the large intestine, can be further divided into four regions, the
ascending, transverse, descending and sigmoid colons [1, 2] (Figure 1).

Figure 1. The anatomy of the large intestine [3].
The large intestine has little or no digestive function as the chyme entering the large intestine
usually has few remaining nutrients. Instead, the large intestine functions mainly in the
reabsorption of water and electrolytes remaining in the gastrointestinal (GI) tract, and in the
formation, storage, and periodic elimination of faeces [1, 2, 4, 5]. Electrolytes such as
sodium can be absorbed by active transport, and the water follows, crossing the mucosal layer
by osmosis, in a mechanism which effectively recycles most of the water and sodium from the
body’s waste [2].
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The intestinal florae which normally inhabit the large intestine break down some of the
molecules which evade the actions of the human digestive system. Cellulose passes through
the GI tract relatively unchanged; however, some of this material is broken down by bacteria
in the colon which use it as an energy source. These bacteria synthesise small quantities of
vitamins such as K, B12, thiamine and riboflavin, which are absorbed into the body via the
intestinal mucosa [1, 2, 5].

1.1.1

Histology of the Large Intestine

Although the diameter of the large intestine is significantly greater than that of the small
intestine, the wall of the large intestine is much thinner. The wall of the colon is similar in
general structure to the rest of the GI tract, and when viewed in cross-section, has four layers:
the mucosa, submucosa, muscularis externa and serosa, each with specific structures and
functions [3, 6] (Figure 2).
The mucosa lines the lumen of the digestive tract and consists of three layers: a mucous layer
of columnar epithelial cells providing a protective surface to the GI tract; the lamina propria, a
thin layer of connective tissue containing lymph nodules and macrophages; and the
muscularis mucosa, a thin layer of smooth muscle that allows folding of the mucosa to
increase its surface area [3, 6]. The mucosa includes tubular glands which are composed
predominantly of goblet cells, which are epithelial cells specialised to secrete a protective
mucus. The abundance of goblet cells in the large intestine generates significant secretions of
mucus (approximately 3L per day) which serve to lubricate and protect against abrasion or
trauma caused by the passage of the intestinal contents, to bind faecal matter together, and to
control the pH of the contents of the large intestine [1, 2].

3

Figure 2. Colon histology with increasing magnification. Adapted from [7].
The mucosa of the large intestine also has distinctive crypts, which are tubular invaginations
of the epithelial layer. Toward the base of each crypt, the division of stem cells continually
produces new progenitor cells that are capable of differentiating into enterocytes,
enteroendocrine cells and goblet cells. These new epithelial and differentiated crypt cells
migrate towards the top of each crypt where they eventually undergo apoptosis and are shed
into the intestinal lumen in an ongoing process which renews the epithelial surface [1, 5]. If
these cells have acquired a mutation which enables them to evade apoptosis, they reach the
top of the crypt and continue to proliferate to produce pre-cancerous aberrant crypt foci [5].
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The submucosa consists of a thick layer of connective tissue which gives the GI tract its
characteristic elasticity and contains many blood vessels and lymphatic vessels [3, 6]. Large
lymphoid nodules are also found scattered throughout the lamina propria of the mucosal layer,
and extending into the submucosa, as a protective mechanism for an area which is particularly
susceptible to injury or pathogenic invasion [1].
The muscularis externa of the large intestine differs from that of other regions of the GI tract.
The muscularis externa typically contains two layers of smooth muscle; an inner, circular
layer and an outer longitudinal layer. In the large intestine, the longitudinal layer has been
reduced to the muscular bands of the taeniae coli. As in other areas of the GI tract,
contractions of the layers of the muscularis externa serve to mix the intestinal contents and
propel them along the digestive tract [1, 3, 6].
The serosa is the outermost layer of connective tissue which secretes a watery, lubricating
fluid, and serves a protective function by preventing friction between the colon and the
surrounding viscera [1, 3, 6].

1.2

Colorectal Cancer

1.2.1

Epidemiology

According to the GLOBOCAN 2008 study conducted by the World Health Organisation’s
International Agency for Research on Cancer, colorectal cancer (CRC) is the third most
common form of cancer worldwide [8-11] with more than 1.2 million new cases diagnosed in
2008. Approximately 608,000 deaths were attributed to this malignancy, accounting for
approximately 8% of all cancer deaths, making CRC the fourth most common cause of death
from cancer globally [8, 9]. In Australia, CRC is the second most common cancer in both
males and females, and is the second leading cause of cancer-related death [12, 13].
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The incidence and mortality of CRC vary geographically, with almost 60% of cases occurring
in developed areas of the world [9] (Figure 3). Australia and New Zealand demonstrate the
highest incidence of this form of cancer, followed by Europe and North America. In contrast,
Africa and South Central Asia have significantly lower incidences [8-10], which may reflect
genetic differences as well as cultural differences such as diet, environment and
socioeconomic factors [8, 10].

Figure 3. Estimated global distribution of colorectal cancer incidence. Figure shows the
estimated age-standardised incidence rate per 100,000 of colorectal cancer in both sexes [11].
The GLOBOCAN 2008 study also showed changes to the expected geographic distribution of
CRC. Decreases to CRC mortality rates in several Western countries are suggestive of
effective screening programs which enable the early detection and treatment of CRC [8, 10].
In contrast, CRC rates are rapidly increasing in some areas which have previously been
associated with low risk such as Japan and the Czech Republic. These increasing trends may
be attributable to dietary changes as well as increases in both obesity and the incidence of
smoking [8].
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Both the incidence and mortality rates for CRC are significantly higher for males than females
[8, 9] (Figure 4). Rarely diagnosed in patients under the age of 45, approximately 70% of
patients are diagnosed with CRC after the age of 65 [10]. CRC has a five year survival which
decreases with the increasing age of the patient at diagnosis from 63% in patients diagnosed
before the age of 45, to 49% for those diagnosed after the age of 75 [10].

Figure 4. Incidence and mortality of colorectal cancer in both sexes and various
geographic regions [11].
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The prognosis for CRC patients is also dependent on the stage of the cancer at the time of
diagnosis. If the malignancy is diagnosed while it is still localised to the bowel, surgical
intervention can cure approximately 50% of CRC, making early diagnosis important in the
fight against this disease [10, 14].

1.2.2

Risk Factors

Most cases of CRC (approximately 80%) occur sporadically with no known hereditary
association, and CRC has been shown to be associated with a number of modifiable risk
factors [10, 12, 14-16]. The impact of diet is of particular interest in studies of CRC as it
ultimately affects the contents of the GI tract, which come into direct contact with the colonic
mucosa [17]. A heightened risk of CRC has been linked to the consumption of red and
processed meats, dietary iron, cheese, excessive alcohol and foods that are high in fat or sugar
[8, 10, 15-19]. It has been suggested that the consumption of dietary fibre, milk, calcium,
folate, fish, garlic, fruit and vegetables offer degrees of protection against this form of cancer
[8, 10, 15, 16, 18, 19]. Additionally, factors which generate inflammation, such as obesity
[20] and tobacco smoking [21-23], have been linked to increased risk of CRC [8, 10], while
there have been studies linking the administration of non-steroidal anti-inflammatory drugs
with a decreased risk and a better prognosis for CRC [10, 16, 24, 25]. Increasing age, a
sedentary lifestyle and diabetes mellitus all correlate with increased CRC risk, which studies
suggest can be ameliorated with increased physical activity and dietary changes [8, 10, 15,
16].
A number of epidemiological and experimental studies have suggested that diets high in red
meat and processed meats are associated with an increased risk of CRC. Because diets high
in white meats, such as fish and poultry, show no association with increases in CRC risk, it is
thought that haem and/or iron may play a role in colorectal carcinogenesis [18, 19, 26-31].
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Haem, the iron-porphyrin pigment, is found in red meat at levels ten times higher than in
white meats, and studies have shown that CRC risk is associated with the intake of dietary
haem. Experiments in which rats were fed diets supplemented with haem induced the
formation of reactive oxygen species (ROS; see section 1.3.1), leading to oxidative stress in
the mucosa of the colon [26, 27]. Dietary haem has also been shown to be a luminal irritant
with diets high in haem causing colonic cytotoxicity. Consequently the surface epithelium
becomes damaged, initiating hyperproliferation of the crypt cells to repair the damage [26,
27].
A number of human and animal studies have also suggested an association between CRC risk
and both dietary iron intake and body iron stores [28, 30-33]. Because only approximately
10% of dietary iron is absorbed by the body of healthy individuals, significant amounts of
iron are retained in the lumen of the GI tract. This luminal iron becomes more concentrated
as it passes through the GI tract to the colon, and the free radicals it generates can act as
proximate carcinogens to the colonic mucosa. The high concentration of iron in the colon is
advantageous to microorganisms and cancer cells, both of which have higher iron
requirements for survival and growth compared with normal host cells [19, 28-33]. Dietary
fibre intake has been inversely associated with CRC risk, and the protective nature of fibre is
thought to relate largely to its phytic acid content, which has the ability to chelate dietary iron,
minimising its damaging effects [30-32].
Body iron levels may not directly reflect dietary iron intake because many other factors also
affect systemic iron levels including age, genetic abnormalities in iron metabolism, blood loss
and other dietary influences such as phytate, ascorbate and alcohol intake [32]. Elevations in
serum iron concentration have been positively associated with increased CRC risk [28, 29,
32], as has the genetic iron overload disorder, hereditary haemochromatosis [34, 35].

9

One of the greatest risk factors for CRC, inflammatory bowel disease (IBD) includes Crohn’s
disease and ulcerative colitis, and is characterised by chronic inflammation of the intestine
[24, 36, 37]. Compared with sporadic CRC, colitis-associated CRC affects individuals at a
younger age and progresses to invasive adenocarcinoma more frequently. The risk of
malignancy increases with the duration, extent and severity of the inflammation, and is further
heightened for IBD patients who also have a family history of CRC. Colitis-associated CRC
is also more likely to be multifocal due to the broad area of mucosal inflammation from which
the neoplasm develops [5, 10, 15, 24, 36-39].

1.2.3

Development of Colorectal Cancer

CRC commonly develops via an adenoma-carcinoma sequence where hyperplasia or the
proliferation of aberrant crypt cells leads to benign adenomas, then localised carcinomas,
before metastasising to other sites in the body [14, 15, 40]. The complex mechanisms
underlying colorectal carcinogenesis include inherited (germline) and sequential somatic
mutations in a number of genes. Inactivation of the adenomatous polyposis coli (APC) gene
and activation of β-catenin occur early in colorectal carcinogenesis. Tumour development is
promoted by the increased function of oncogenes including the RAS family of genes (K-Ras
and B-Raf), and progresses to a carcinoma as a result of the loss of function of tumour
suppressor genes including SMAD4 and p53 [8, 14-16, 39, 41] (Figure 5).
Approximately 20% of CRC cases are estimated to have a heritable component [10, 14-16].
The two most common forms of genetically inherited CRC are hereditary non-polyposis
colorectal cancer (HNPCC) and familial adenomatous polyposis (FAP) [10, 15, 24].
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Figure 5. The development of colorectal cancer. CRC development involves sequential
changes to a number of genes in normal colonic epithelial cells, enabling the development of
adenomatous polyps and progression to metastatic cancers [39]. Abbreviations: APC,
adenomatous polyposis coli; ACF aberrant crypt foci; K-Ras, Kirsten rat sarcoma viral
oncogene; B-Raf, B-Raf oncogene; SMAD4, mothers against decapentaplegic homologue 4;
TGFBR2, transforming growth factor beta type II receptor; CDC4, cell division control
protein 4; p53, tumour suppressor p53; BAX, bcl-2-like protein 4 apoptosis regulator; IGF2R,
insulin like growth factor 2 receptor; CIN, chromosomal instability; MSI, microsatellite
instability; MMR, mismatch repair.
1.2.3.1

Hereditary Non Polyposis Colorectal Cancer (HNPCC)

HNPCC, which is also known as Lynch syndrome, accounts for less than 5% of all CRC. In
HNPCC, the onset of colonic tumours is earlier than for the general population, and the
progression from benign adenoma to carcinoma is accelerated, taking only 3 to 5 years,
compared with the 20 to 40 years estimated for most sporadic CRCs [15, 16]. Additionally,
patients with HNPCC have a high risk (25-30%) of colonic tumour recurrence following
surgery [15], and some patients with HNPCC will also develop tumours in the stomach, small
intestine, ovaries and endometrium [39]. This form of CRC is associated with germline
mutations in several of the genes involved in deoxyribonucleic acid (DNA) mismatch repair
(MMR), commonly MSH-2, MSH-6, and MLH-1 [10, 14-16, 39, 41]. The MMR pathway
corrects errors generated by DNA polymerases during replication [42, 43] and defective
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MMR is linked to microsatellite instability (MSI) which is commonly observed in HNPCC
tumours [10, 15, 16, 24, 36, 41-44].
1.2.3.2

Familial Adenomatous Polyposis (FAP)

FAP is an autosomal dominant syndrome affecting an estimated 1 in 12,000 individuals,
accounting for less than 0.5% of all CRC [16]. This form of CRC is characterised by its early
onset in late childhood or adolescence, as well as the development of hundreds to thousands
of adenomas. If left untreated one or more of the numerous adenomas will almost inevitably
develop into carcinomas, usually by early adulthood [14, 16]. FAP is associated with the
mutation or loss of the tumour suppressor gene APC which downregulates the β-catenindependent Wnt signalling pathway by degradation of the β-catenin protein. Loss of APC
function leads to an accumulation of β-catenin which can translocate to the nucleus and
activate transcription factors regulating the expression of genes involved in functions such as
cell proliferation and migration [10, 14-17, 39].

1.3

Inflammation

Inflammation, as a component of the innate immune system, is a non-specific response to any
form of endogenous or exogenous tissue damage of physical, microbial or chemical origin.
The inflammatory response includes a series of events, the collective goals of which serve to
isolate or inactivate foreign materials, remove debris and prepare for subsequent healing and
repair [3, 6, 45].
Resident macrophages found in all tissues are the first line of innate immunological response,
and in the liver are termed Kupffer cells [45, 46]. Macrophages phagocytose and degrade
invading microorganisms, and secrete cytokines and chemotaxins [3, 6, 46]. These chemical
signals generally have very short half-lives, and they are able to facilitate intercellular
communication at low concentrations by binding to specific receptors on target cells [45], in
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response to which, leukocytes migrate to the site of injury. Neutrophils, the most common
form of leukocyte, rapidly move from the blood into the intercellular spaces where they
actively phagocytose invading pathogens. Following this, monocytes formed in bone marrow
are released into the blood and migrate to tissues where they develop into macrophages [6, 45,
46].
Under normal conditions, inflammation is self-limiting, and the short-term acute
inflammatory response serves to eliminate foreign material and initiate repair [3, 6, 44, 45,
47]. If inflammation is not adequately resolved due to a failure of any of the precise controls
of the immune response, or the continued presence of the inflammatory trigger, chronic
inflammation can develop [6, 44, 45, 47]. Chronic inflammation produces a repeated cycle of
tissue damage and subsequent healing, and has been linked to a number of disorders including
some cancers such as CRC [3, 6, 44, 45, 47].

1.3.1

Inflammation and Cancer

A number of biochemical pathways that are known to be altered during chronic inflammation
have been implicated in carcinogenesis [36, 44, 48]. Many inflammatory cells and immune
cells generate reactive oxygen and nitrogen species (ROS and RNS) including the hydroxyl
radical, hydrogen peroxide, the superoxide radical and nitric oxide (NO). ROS and RNS can
cause DNA damage and alter the expression of oncogenes and tumour suppressor genes [23,
44, 49]. Additionally, oxidative and nitrosative stress induced by chronic inflammation can
alter the structure and function of many proteins involved in signal transduction, leading to
dysregulation of cell growth and proliferation [44], and the accumulation of excessive ROS
can promote cell death [49].
DNA damage resulting from ROS and RNS can lead to errors in transcription and replication.
Left uncorrected, these errors cause genomic instability and cellular dysfunction, resulting in
apoptosis or uncontrolled cell growth [42, 43, 50]. To counteract this DNA damage, cells
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have evolved DNA repair mechanisms including base excision repair which repairs small
DNA lesions such as oxidised or reduced bases; nucleotide excision repair for larger lesions;
and MMR (Section 1.2.3.1) which corrects errors caused by the slippage of DNA polymerases
which most commonly occurs in areas of short sequence repeats [42-44, 50]. In chronically
inflamed tissues, however, DNA repair mechanisms may become impaired by exposure to
ROS, leading to an accumulation of damaged DNA and increased transformation into
neoplastic cells [44].
Chronic inflammation can also induce chromosomal instability (CIN) which produces largescale loss of genetic information, usually as a consequence of the incorrect segregation of
chromosomes during mitosis. Aneuploidy (changes in chromosome numbers) brought about
by CIN is commonly observed in a number of cancer cells [44, 51, 52].

1.3.2

Inflammatory Tumour Microenvironment

A growing tumour is surrounded by a microenvironment of immune cells including
macrophages, natural killer cells, neutrophils, and T and B lymphocytes, thought to be
generated by cycles of cellular damage and subsequent healing that occur as a result of
chronic inflammation [23, 53, 54]. These cells secrete growth factors, cytokines and
prostaglandins which stimulate the proliferation, invasion and metastasis of cancer cells [2123, 44, 47, 55, 56]. Inflammatory mediators secreted into the tumour microenvironment also
compromise genomic integrity by inducing CIN or disrupting DNA repair mechanisms [44].

1.3.3

Inflammatory Mediators

Cytokines are proteins of low molecular weight that are secreted from immune cells in
response to inflammation. They mediate communication between cells in the body and
regulate a number of physiological processes including wound healing and cell growth.
Cytokines may either promote or attenuate the inflammatory response, and pro-inflammatory
cytokines, including interleukins and tumour necrosis factor (TNF), have been implicated in
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carcinogenesis [23, 36, 44, 55]. Cytokines exert their effects by activating transcription
factors such as nuclear factor kappa B (NFкB) and signal transducer and activator of
transcription (STAT), either promoting or inhibiting tumour development [23, 44]. By
inducing nitric oxide synthase, which catalyses the production of NO, cytokines can induce
oxidative damage to DNA, as well as mutagenic changes to proteins involved in DNA repair
[55].
1.3.3.1

Interleukins (IL)

Interleukins are cytokines secreted by a variety of leukocytes that exert their effects on other
leukocytes [44, 45]. IL-1, IL-6 and the IL-17 family of interleukins have been implicated in
inflammation-associated carcinogenesis [44].
An important group of interleukins in the inflammatory response, IL-6 is a family of
cytokines produced by a variety of cells types (mainly monocytes, fibroblasts and endothelial
cells) in response to bacterial endotoxins and other cytokines such as TNF [57, 58]. IL-6 can
also act as an autocrine, inhibiting or stimulating its own synthesis, and is a major mediator of
the acute phase reaction. IL-6 is a pleiotrophic cytokine, and its effects include the
stimulation of the immune response, cellular growth, apoptosis and haematopoiesis [48, 58,
59]. To exert its effects, IL-6 must bind to specific receptor subunits (IL-6Rα), which then
associate with glycoprotein 130 (gp130) receptors. This activated complex can then
participate in signalling pathways including activation of the transcription factors STAT3 and
NFкB [48, 57, 60] (Refer to section 1.3.4).
1.3.3.2

Tumour Necrosis Factor (TNF)

TNF is a pro-inflammatory cytokine which can have multiple effects and is thought to
enhance tumour promotion by helping cancer cells avoid apoptosis and supporting
angiogenesis, the production of new blood vessels required for tumour growth and
development [21, 44, 45, 47, 56]. TNF induces the death of diseased cells in inflamed
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tissues, and stimulates the growth of fibroblasts [55]. Increased TNF expression has been
observed in patients with IBD as well as in a number of human cancers including CRC [44,
55].

1.3.4

Transcriptional Regulators

Transcriptional regulators that are commonly involved in inflammation-associated
carcinogenesis include STAT3, NFкB and mothers against decapentaplegic homologue
(SMAD), which regulate the expression of genes controlling cell survival, proliferation and
growth as well as angiogenesis [23, 61]. Both STAT3 and NFкB can also potentially
generate mutations by interfering with the synthesis of tumour suppressor gene p53 [23, 62].
1.3.4.1

Nuclear Factor Kappa B (NFкB)

A key molecular link between inflammation and tumour promotion and progression, NFкB is
a family of five closely related transcription factors: p65 (RelA), RelB, c-Rel, p105/p50
(NFкB1), and p100/52 (NFкB2), which are present in all cells [63]. In normal cells most
NFкB exists as homo- or hetero-dimers in the cytoplasm, bound to inhibitors of kappa B
(IкB), and thus is inactive. In response to inflammatory stimuli such as TNF or cytokines, the
IкB kinase (IKK) is activated, and phosphorylates IкB. This leads to the ubiquitination and
subsequent degradation of IкB, liberating NFкB and allowing its translocation to the nucleus
where it alters the transcription of genes involved in inflammation and cell survival including
IL-1, IL-6 and TNF [21, 22, 25, 49, 51, 53, 54, 64-66] (Figure 6).
The NFкB pathway is tightly regulated by a number of inhibitors, and the extent to which
NFкB can affect transcription is a result of the delicate balance of inhibitors and activators
[54]. Upregulation or constitutive expression of NFкB has been identified in a number of
malignancies where it can enhance tumour initiation and progression by producing cytokines
such as TNF and IL-6 that contribute to the inflammatory microenvironment [25, 36, 49, 53,
54, 64].
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Figure 6. The regulation of transcription by NFкB [22]. Abbreviations: TNF, tumour
necrosis factor; IL, interleukin; TLR, toll-like receptor; RAGE, receptor for advanced
glycation end product; IKK, IкB kinase; IкB, inhibitor of кB; p50 and RelA, NFкB subunits.
1.3.4.2

Signal Transduction and Activator of Transcription 3 (STAT3)

STAT3 is an intracellular protein which is inactive in normal cells, and can be rapidly
activated by cytokines or growth factors [45, 49, 62]. Binding of a cytokine or growth factor
to their receptor activates a receptor Janus-activated kinase (JAK). JAK phosphorylates a
tyrosine residue on the cytoplasmic domain of the receptor, which enables monomeric STATs
to associate with the receptor and become phosphorylated [22, 49, 64]. Phosphorylated
STATs (pSTATs) form dimers allowing their translocation into the nucleus where they bind
to DNA and alter the transcription of genes involved in cell proliferation, migration,
angiogenesis and the evasion of the immune response [44, 45, 49, 62, 64] (Figure 7).
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Figure 7. The STAT3 signalling pathway [62]. Abbreviations: GF, growth factor; JAK,
Janus-activated kinase; P, phosphorylated tyrosine residue; Bcl-xL, B-cell lymphoma-extra
large (Bcl-2-like 1); VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth
factor; HIF-1a, hypoxia-inducible factor-1a; RANTES, regulated upon activation/normal Tcell expressed and secreted; IP-10, interferon-γ-inducible protein-10.
Cytokine-induced STAT3 activation is normally a transient response and is highly regulated
by negative feedback loops involving tyrosine phosphatases and suppressor of cytokine
signalling 3 (SOCS-3). In cancer cells, STAT3 is often constitutively activated due to the
increased levels of cytokines and growth factors in the tumour microenvironment and
promotes proliferation, cell survival and migration and invasion [49, 57].
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1.4

Iron and Cancer

1.4.1

Iron Metabolism

Iron is an essential trace element for aerobic organisms because it plays a role in both cellular
respiration and cell division, and insufficient or excess iron is detrimental to health.
Consequently body iron levels are tightly regulated to maintain the balance of iron supply and
demand, and imbalances in normal iron homeostasis underlie diseases ranging from
haemochromatosis to iron-deficiency anemia [67-72]. As a component of haemoglobin and
myoglobin, ferrous (Fe2+) iron serves as a binding site for molecular oxygen [46, 67, 72, 73],
making it vital for oxygen transport and storage in multicellular organisms [68, 70, 71, 74].
Iron is also required for DNA synthesis as it is a component of ribonucleotide reductase, an
enzyme which catalyses the conversion of ribonucleotides to deoxyribonucleotides [75-77].
Because of its ability to participate in redox reactions by switching between its ferric (Fe 3+)
and ferrous forms [67, 70, 73, 74, 78], iron is also a component of a number of other enzymes
including peroxidases, catalases and cytochromes [67, 74]. Iron present at levels in excess of
the body’s capacity to use or store it is toxic [17, 67, 71, 77, 79] largely due to its propensity
to form ROS such as hydroxyl groups which generate oxidative damage. Furthermore, iron is
necessary for the growth and proliferation of cancer cells and microorganisms, and can
promote both inflammation and infection, and disrupt the immune response [17, 28, 29, 67,
71, 78, 80, 81]. High body levels of iron have been linked to increased incidence of cancers
including CRC, as well as neurodegenerative disorders and dysfunction of organs including
the liver, heart, and pancreas [30-33, 79, 80].
The human body contains on average 3 to 5 grams of iron, around 70% of which is found in
haemoglobin in red blood cells (RBCs) [67, 70, 77, 78]. In order to recycle this iron and
maintain homeostasis, senescent RBCs are phagocytosed by reticuloendothelial macrophages
and the dissociated iron is subsequently released into the circulation [46, 67, 68, 70, 78, 82,
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83]. Other iron-rich tissues include the liver, where 20 to 30% of body iron is stored in
hepatocytes and macrophages [67]. The remaining body iron is found as a component of
myoglobin in muscles and in iron-containing enzymes [67, 70, 78] (Figure 8).

Figure 8. Distribution of iron in the human body [67].
The average dietary intake of iron is typically between 15 and 20 mg per day, approximately 1
to 2 mg per day of which is absorbed to replace normal iron losses [6, 46, 67, 77, 78, 84].
Iron is excreted from the body by the loss of blood or the sloughing of cells from the skin and
intestinal mucosa [46, 67, 73, 77, 83, 85]. Because there is no regulated pathway for iron
excretion, iron balance is maintained via the regulation of iron absorption and recycling, as
well as the mobilisation of stored iron [67, 77, 83, 85] in response to dietary iron intake, body
iron stores and the demands of erythropoiesis [67, 71, 78].
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1.4.2

Iron Absorption

The absorption of dietary iron occurs mainly in the duodenum [17, 71, 78, 79, 84, 86] and is
inversely regulated by body iron levels; that is absorption increases with iron deprivation and
decreases with iron loading [17]. Iron absorption involves the uptake of iron from the
intestinal lumen into villus enterocytes, before being transferred across the basolateral
membrane into the plasma [6, 84] (Figure 9). Studies have also suggested that the colon, in
particular the proximal colon or caecum, may have the capacity for iron transport into the
plasma, albeit to a lesser extent than in the duodenum [87-90].

Figure 9. Molecular mechanism of iron transport across the enterocyte [91].
Abbreviations: DCYTB, duodenal cytochrome B; DMT1, divalent metal transporter 1; HCP1,
haem carrier protein 1; HMOX, haem oxygenase.
Prior to absorption from the lumen of the GI tract, dietary ionic iron, which exists
predominantly in the oxidised ferric state, must be reduced to its ferrous form [6, 77, 84, 86].
This reduction is catalysed by duodenal cytochrome B (DcytB), a membrane-bound
ferrireductase in the brush border of the duodenum and proximal jejunum [6, 67, 71, 77, 78,
82, 84, 92]. The resultant ferrous iron is transported into the intestinal cells by the divalent
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metal transporter 1 (DMT1) [6, 67, 83, 84, 86]. DMT1 expression is upregulated during
periods of iron deficiency to increase iron absorption, and reduced when iron is in excess [82,
83]. In addition dietary haem iron is transported by a haem carrier across the luminal
membrane into the intestinal cells where it is released from the haem molecule by cytosolic
haem oxygenase [6, 67, 84].
In the enterocyte, ionic iron and the iron released from haem share the same fate, and are
either stored in ferritin, utilised by the epithelial cells (usually in iron-containing enzymes and
other metalloproteins), or transported to the blood [6, 67, 93].
Ferritin is a water-soluble heteropolymer consisting of 24 subunits of two types, designated
the light and heavy chains, that assemble to form a hollow, spherical protein that can contain
from 2,000 to more than 4,000 iron atoms [67, 85]. Ferritin is regulated in response to
cellular iron levels by a post-transcriptional mechanism involving the interaction between
iron-responsive elements (IREs) and iron-responsive proteins (IRPs) (See section 1.4.4.1) and
its expression is also transcriptionally regulated by cytokines such as IL-6 and IL-1 [69].
Iron destined for transport to the blood exits the intestinal epithelial cells via the basolateral
iron exporter, ferroportin, after first being oxidised by the multicopper oxidase, hephaestin, on
the basolateral membrane of villous enterocytes [6, 67, 71, 82, 83, 86, 92]. Ferroportin,
which is highly conserved between species, is a 570 amino acid membrane-bound protein that
is also highly expressed in the macrophages of the liver, spleen and bone marrow and plays a
role in recycling iron from senescent RBCs. Ferroportin expression is regulated by the iron
regulatory peptide, hepcidin (see Section 1.4.4.2) as well as by cellular iron levels and
inflammation [69].

1.4.3

Cellular Iron Transport

Under normal physiological conditions ferric iron in the blood is transported to peripheral
tissues by a glycoprotein known as transferrin [6, 67, 71, 75-77, 79, 83], which is capable of
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binding up to two iron atoms with extremely high affinity [78, 94]. Transferrin-bound iron is
delivered mainly to the bone marrow, the site of RBC production, where it is used in the
synthesis of haemoglobin [6]; or to the liver, the main site for iron storage as either ferritin or
its derivative, haemosiderin [84].
Most cells acquire transferrin-bound iron by its binding to a homodimeric transferrin receptor
(TfR); each monomer of which can bind one transferrin molecule with high affinity. This
association causes internalisation of the transferrin-TfR complex by receptor-mediated
endocytosis. The endosome is acidified to a pH of approximately 5.5 which facilitates the
release of iron from transferrin [67, 73, 75, 94]. The dissociated iron is reduced by an
endosomal reductase to ferrous iron and transported into the cytoplasm by DMT1 where it can
be used by the cell, or sequestered in ferritin. The endocytic vesicle is recycled to the cell
surface, and apo-transferrin is released back into circulation where it can bind more iron [67,
71, 73, 75, 78, 86, 94-96] (Figure 10).
Two types of TfRs have been identified to date. TfR1 is expressed in all cell types except
mature RBCs, the highest expression being in those cells with increased iron requirement
such as developing erythroid cells, intestinal epithelial cells, placental cells and neoplastic
cells [69, 75, 78, 92, 95]. The expression of TfR1 is downregulated in response to elevated
cellular iron levels [69]. TfR2 is a close homologue of TfR1, and is highly expressed in the
liver where it is involved in the regulation of iron metabolism. TfR2 is also expressed at low
levels in other tissues including the spleen, small intestine, heart, kidney and testis [69]. Both
TfR1 and TfR2 transport iron into cells by a similar mechanism but TfR2 has a 25-fold
reduction in its affinity for diferric transferrin compared with TfR1 [75, 76, 78, 92, 97].
In iron overload, plasma transferrin can become saturated, leaving excess iron in the plasma
unbound by transferrin [67, 76, 77, 84]. This non-transferrin-bound iron is extremely toxic to

23

biological systems due to its ability to generate ROS, and it is rapidly cleared from the
circulation by the liver [84].

Figure 10. Cellular uptake of transferrin-bound iron [70]. Abbreviations: HOLO-TF,
holo-transferrin (or diferric transferrin); TFR, transferrin receptor, APO-TF, apo-transferrin.

1.4.4

Regulation of Iron Metabolism

1.4.4.1

Cellular Iron Regulation

Cellular iron metabolism is regulated at a post-transcriptional level by two cytosolic iron
regulatory proteins (IRPs) [67, 68, 76, 79, 84, 85, 94] whose binding affinity for ribonucleic
acid (RNA) increases when intracellular iron levels are low, and decreases with excess iron
[24, 67, 68, 79, 94]. IRPs interact with specific RNA sequences known as iron responsive
elements (IREs) which are found in the untranslated region (UTR) of messenger RNA
(mRNA) that codes for proteins involved in iron homeostasis [85, 94]. IREs in the 5’ UTR
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influence the transcription of the mRNA, and IREs in the 3’ UTR impact the stability of the
mRNA by modifying its susceptibility to degradation by nucleases [75, 79, 94]. The activity
of the IRPs is regulated by cellular iron levels, as well as by NO, oxidative stress and hypoxia,
[79, 94] (Figure 11).
DMT1 and TfR1 both contain IREs in their 3’ UTR; therefore in conditions of excess iron,
when IRP binding affinity is decreased, their mRNA transcripts become more susceptible to
degradation and are downregulated [67, 73, 75, 76, 79, 83, 94, 95]. In contrast, ferritin and
ferroportin both contain IREs in their 5’ UTR and the binding of IRPs inhibits the translation
of these proteins. Therefore, in the presence of excess iron, the IRP dissociates, increasing the
translation of ferritin and ferroportin, promoting increased storage of the excess iron [71, 73,
75, 79, 83, 94] (Figure 11).

Figure 11. Responses to body iron levels mediated by IRE-IRP interactions. Adapted
from [67]. Abbreviations: DMT1, divalent metal transporter 1; TfR1, transferrin receptor 1;
IRE, iron responsive element; IRP, iron regulatory protein; UTR, untranslated region; RNase,
ribonuclease.
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1.4.4.2

Systemic Iron Regulation

Systemic iron homeostasis is maintained largely by the iron regulatory peptide hormone
hepcidin. Hepcidin is synthesised predominantly in the liver [68, 98-103], but also to a lesser
extent in tissues including the heart, kidney, adipose tissue and spinal cord, as well as in
macrophages [98, 99]. Hepatocytes synthesise an 84 amino acid preprohepcidin, which
undergoes enzymatic cleavage first to prohepcidin and ultimately to hepcidin. The bioactive
form of hepcidin is a 35 amino acid peptide which is released into the circulation and
regulates iron homeostasis by interacting with its receptor, ferroportin [98, 99, 103]. Binding
of hepcidin to its receptor initiates the phosphorylation of ferroportin and the subsequent
internalisation and ubiquitination of the hepcidin-ferroportin complex leading to lysosomal
degradation [68, 98-103]. Ferroportin is highly expressed on the cell surfaces of
reticuloendothelial macrophages, intestinal enterocytes and hepatocytes [69, 98, 99, 101]. By
triggering the degradation of ferroportin, hepcidin inhibits iron release from these cells,
blocking iron release into the plasma [68, 101].
Hepcidin expression is regulated by a number of factors. Hepcidin production is suppressed
by iron deficiency, hypoxia, anaemia and erythropoietic demand to increase iron absorption
and recycling by macrophages, increasing iron bioavailability. Conversely, hepcidin
production is elevated by iron and inflammation to reduce iron absorption and recycling,
decreasing iron bioavailability (Figure 12). Iron regulates hepcidin production by two
mechanisms involving liver and circulating iron levels [101, 103, 104] (Figure 13).
Liver iron regulation of hepcidin is via the bone morphogenetic protein (BMP)-SMAD
signalling pathway. BMPs are cytokines in the family of transforming growth factor beta
(TGFβ) ligands [100, 101], and BMP6 has been shown to be central in maintaining iron
homeostasis by regulating hepcidin expression [98, 102, 103]. BMP6 binds to two
transmembrane receptors (BMP-RI and BMP-RII) on the surface of cells, and haemojuvelin
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Figure 12. Systemic iron homeostasis is regulated by hepcidin in response to body iron
levels [67].

Figure 13. The regulation of hepcidin expression by liver and circulating iron, and
inflammation. Abbreviations: BMP6, bone morphogenetic protein 6; HJV, haemojuvelin;
BMPR, BMP receptor; SMAD, mothers against decapentaplegic homologue; HFE, human
haemochromatosis protein; TfR2, transferrin receptor 2; IL-6, interleukin 6; JAK, Janus
activated kinase; STAT3, signal transducer and activator of transcription 3.
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(HJV), a membrane protein, acts as a co-receptor for BMPs, facilitating their binding to
receptors [98, 100-103, 105, 106]. The activated BMP6 and BMP-R complex phosphorylates
intracellular SMADs 1, 5 and 8 which associate with SMAD4 and translocate to the nucleus
where they modulate the expression of BMP-SMAD specific target gene hepcidin, and
inhibitors ID1 and SMAD7 [61, 98, 101-103, 105-107].
In the circulation, increases in transferrin saturation are thought to be detected by TfR2 and
HFE, triggering the phosphorylation of SMAD 1/5/8 downstream of BMP6 mRNA induction
[101, 102].
Because RBCs require iron for haemoglobin synthesis; erythropoiesis and iron metabolism
are inextricably linked. Erythropoiesis can be stimulated by hypoxia, with reduced tissue
oxygen levels stimulating hypoxia inducible factor (HIF) proteins. Two HIF proteins (HIF-1α
and HIF-1β) become destabilised during hypoxia, and activate a range of genes responsible
for adaptation to hypoxia including erythropoietin, which is a key regulator of erythropoiesis
[103]. Erythropoietic stimuli such as erythropoietin downregulate the expression of hepcidin;
and HIF-2α has also been shown to negatively regulate hepcidin expression at a
transcriptional level, increasing iron bioavailability for erythropoiesis [103, 108].
Upregulation of hepcidin synthesis initiates the degradation of ferroportin on enterocytes,
hepatocytes and macrophages. This breakdown of ferroportin reduces dietary iron absorption
by duodenal enterocytes and prevents the cellular release of iron, reducing plasma iron
concentration [68, 100]. Conversely, when the production of hepcidin is suppressed,
ferroportin expression on enterocytes, macrophages and hepatocytes will be increased,
allowing iron absorption from the diet, recycling of iron by macrophages and release of stored
iron, increasing plasma iron levels [68, 100].
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Dysregulation of hepcidin expression is linked to iron disorders, with overexpression of
hepcidin in anaemia of inflammation (see section 1.4.6), and downregulation of hepcidin in
hereditary haemochromatosis [98, 100, 101].

1.4.5

Hereditary Haemochromatosis

Hereditary haemochromatosis is a common iron overload disorder caused by mutations in
several genes that encode proteins involved in the iron-dependent regulation of hepcidin
including the haemochromatosis gene (HFE), transferrin receptor 2 (TfR2), haemojuvelin
(HJV) and hepcidin itself (Hamp). The most common form of hereditary haemochromatosis
in adults results from autosomal recessive mutations (commonly a C282Y mutation) in the
HFE gene, causing increased iron absorption, elevated plasma iron levels and tissue iron
deposits particularly in the liver [34, 35, 61, 68, 77, 86, 93, 98-103, 109, 110]. Less
commonly, autosomal recessive mutations in TfR2 are also responsible for hereditary
haemochromatosis; while juvenile haemochromatosis, a more severe form of hereditary
haemochromatosis, is caused by mutations in the HJV gene or hepcidin gene [98, 99, 103].

1.4.6

The Anaemia of Inflammation

Elevated inflammatory cytokines such as IL-6, act via a STAT3 signalling pathway to
upregulate hepcidin expression [61, 68, 71, 98-101, 103] (Figure 13). In acute and chronic
infections and inflammatory disorders, a phenomenon known as the anaemia of inflammation
or the anaemia of chronic disease may be observed. This condition is characterised by
decreased plasma iron levels and transferrin saturation, in conjunction with increased ferritin
levels due to the retention of iron in reticuloendothelial macrophages [68, 98, 99, 103], and is
commonly observed in IBD, the inflammatory condition which predisposes CRC [68, 99,
103, 111].
Anaemia of inflammation is a host innate defence mechanism designed to deprive invading
pathogens of iron, which is essential for their survival [67, 68, 71, 77, 99]. Inflammatory
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induction of IL-6 increases hepcidin synthesis, impairing the body’s ability to absorb iron or
to mobilise stored iron, reducing the availability of iron for erythropoiesis and in the case of
chronic inflammation or infection can lead to hypoferraemia and anaemia [67, 71, 103].

1.4.7

Iron Toxicity

Iron is implicated in carcinogenesis largely because of its ability to disrupt cellular redox
balance by catalysing the formation of ROS [17, 67, 70, 76, 77, 109, 112]. ROS are produced
as by-products of normal aerobic metabolism as well as by macrophages and neutrophils [17,
44, 67, 78, 109, 112-114], and these unstable species are transient in biological systems due to
their reactive nature [112]. When present at low levels, ROS are important for various
cellular functions including their role as secondary messengers in signal transduction [17, 44,
66]. Oxidative stress, an imbalance between the over production of ROS and the body’s
antioxidant defence system to eliminate them, can generate a wide range of cellular responses
[17, 67, 113-116].
ROS is a key effector of NFкB signalling, and NFкB has been shown to negatively regulate
the production of ROS via TNF [66]. The cytotoxicity of ROS is also associated with its
activation of the c-Jun-N-terminal (JNK) cascade, which is one of the major mitogenactivated protein kinase (MAPK) cascades. The NFкB and JNK/MAPK signalling pathways
regulate the expression of major mediators of the inflammatory response, changes to which
have been implicated in various cancers [66, 117].
At high levels, ROS not only perturb cell signalling pathways and transcription, but also can
cause tissue damage by the induction of lipid peroxidation and oxidative damage to proteins
[17, 66, 67, 70, 112]. High levels of ROS have also been shown to damage DNA; causing
mutations, deletions, gene amplifications, rearrangements, cross-linking and strand breaks
which can lead to replication errors and the genomic instability associated with carcinogenesis
[17, 44, 66, 70, 112, 114, 118].
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1.5

Iron, Inflammation and Colorectal Cancer

Cancers often arise at sites of chronic inflammation, and an inflammatory microenvironment
is considered a prerequisite for tumour invasion and metastasis [22, 36, 44]. Patients with
IBD have a significantly increased risk of developing CRC compared with the general
population and the risk increases with the extent, severity and duration of inflammation [5,
24, 36, 37, 48]. Studies have indicated a link between chronic inflammation and levels of the
inflammatory cytokine IL-6 [48, 119]. The transcription factor NFкB, a major mediator of
the inflammatory response, has been shown to play a central role in the development of CRC
where it regulates the transcription of several inflammatory cytokines including IL-1β and IL6 [65]. Through the action of inflammatory cytokines, NFкB regulates STAT3 signalling
[48], ultimately affecting the downstream transcription of genes involved in cellular
proliferation, apoptosis, angiogenesis and the evasion of immunity [62]. STAT3 and NFкB
signalling, which can also be induced by the accumulation of ROS produced during chronic
inflammation, and the resultant production of IL-6 have been found to be upregulated or
constitutively expressed in CRC [36, 48, 60].
Chronic inflammatory disorders are also influenced by iron levels, with increases in dietary
iron levels exacerbating intestinal inflammation and enhancing the development of
inflammation-associated CRC [17, 71, 80, 109, 111, 120-124]. During colitis, circulating
neutrophils migrate to the inflamed mucosa as part of the body’s innate immune response to
combat microorganisms. The superoxide and hydrogen peroxide radicals produced by these
neutrophils can react with iron in the colonic lumen, or that stored in the mucosa, to produce
hydroxyl radicals. The highly reactive and toxic hydroxyl radicals, can cause oxidative
damage to cellular components, and are involved in the further production of ROS [111, 120122, 124]. ROS can induce lipid peroxidation by damaging the fatty acids within cell
membranes, and increase vascular permeability allowing increased passage of inflammatory
mediators. The cycle of oxidative stress recruits more neutrophils to the site of colonic injury,
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and activates transcription factors such as NFкB to regulate the transcription of genes
involved in the inflammatory response including inflammatory cytokines such as IL-1 and IL6. In IBD this cycle of oxidative damage is sustained, generating a prolonged immune
response and progressively weakening the body’s antioxidant defence system, depleting
antioxidant vitamins and enzymes [111, 120-122, 124].
Under normal physiological conditions less than 10% of dietary iron intake is absorbed for
use by the body, therefore high levels of iron are common in the colonic lumen [87, 111, 120,
121, 124]. Increased CRC risk has been linked to high body iron levels, such as those which
occur in hereditary haemochromatosis [29, 32-34] as well as high dietary iron intake [93,
109]. Tumour cells have a higher requirement for iron than normal cells to support their rapid
growth. During the development of CRC, it has been reported that there is a progressive
increase in proteins involved in cellular iron acquisition and storage, such as TfR1 and
ferroportin, with a resultant increase in cellular iron levels likely to support a number of
processes required for tumour development including DNA synthesis, cell cycle progression
and cellular growth [29, 93].

1.6

Animal Models

1.6.1

Colorectal Cancer

A number of animal models have been developed to examine the mechanisms underlying the
development and pathogenesis of CRC, and are used in preclinical studies [40]. Because
none of the animal models reproduces all the characteristics of human CRC, selection of the
most appropriate model to address a specific research question is imperative [39-41].
In vitro models involve the isolation of aspects of tumour biology, and while these methods
are simpler, they have significant research limitations. These models can only reflect the
stage of tumour development from which they are isolated, and they cannot analyse tumour
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growth in a biological context as the tumours are isolated from interactions with other tissues
[40].
In vivo models give opportunities to study the carcinogenesis which would commonly be
observed in human CRC. Rodent CRC models may be based on genetically engineered
animals; xenoplant or inoculated models; or chemically induced tumour formation [39-41].
1.6.1.1

Genetic Models

One genetic model of CRC uses mice which carry a heterozygous germline mutation in the
APC gene (Min-mice), similar to the mutation observed in individuals with FAP. These
mice, which typically develop multiple intestinal neoplasias (and hence are termed Minmice), mimic the rapid tumour progression observed in human FAP, though the location of
the tumours differs. In the Min-mice, tumour development is predominantly in the small
intestine, and rarely in the colon, while human FAP patients develop multiple adenomatous
polyps in their colon and rectum in addition to the small intestine [39, 40].
Genetic mouse models which represent HNPCC have also been developed, and include
knockout models for the MMR genes commonly affected in human HNPCC: MSH-2, MSH-6
and MLH-1. Heterozygous knockout mice do not develop tumours, and while homozygous
knockout mice are prone to the development of multiple tumours, they experience decreased
life expectancy as a result of aggressive lymphomas. To prevent premature deaths as the
result of cancers in other organs, conditional MSH-2 knockout mice, which have specific
inactivation of the MSH-2 gene in the intestine, have been developed, and are proving useful
in preclinical studies [39].
1.6.1.2

Xenoplant Models

The injection of tumour cells into immunodeficient mice can be used to rapidly and
predictably develop human tumours in an in vivo environment. Models which use
transplanted colorectal tumour cells exhibit much higher rates of metastases than observed in
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either genetic or chemically-induced models of CRC. While xenoplant models mimic tumour
invasion and vascular spread, and as such are useful for examining metastasis, they do not
assist in elucidating the complex mechanisms of tumour growth and its interaction with the
microenvironment [39, 40].
Because xenoplant models require the use of immunodeficient mice to avoid rejection of the
implanted cells or tissues, they cannot be used to study the effects of immunity or the
inflammatory response on CRC development [40, 41].
1.6.1.3

Chemically Induced Models

Chemically-induced murine models of CRC can reliably and rapidly reproduce tumour
initiation and progression as it would occur in humans [39, 40].
One chemical carcinogen commonly used in murine models of sporadic CRC is
azoxymethane (AOM). Hydroxylation of AOM produces the reactive carcinogen
methylazoxymethanol which can alkylate macromolecules in the liver and colon, including
the methylation of guanine in DNA, resulting in colonic tumours [39, 40].
AOM is a practical choice of chemical carcinogen because of its high potency, simple mode
of application and the reproducibility of results. Repeated injections of AOM cause multiple
colonic tumours in mice after 30 weeks of treatment, and tumours induced by AOM share
many of the same histopathological traits of human CRC [40].

The metastatic potential of

tumours differs between the AOM animal model and human CRC, with AOM-induced
cancers rarely metastasising to other tissues unlike human colorectal tumours [5].
The genetic background of the rodent strains in animal models has been shown to play an
important role in the risk for chemically-induced colorectal tumourigenesis, with different
animal strains demonstrating different sensitivity to AOM [39, 40]. FVB/N mice have been
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shown to develop multiple tumours following AOM treatment, whereas C57BL/6 are
relatively resistant to AOM treatment [39].
The most commonly used mouse model to study colitis-associated CRC employs the
inflammatory agent dextran sodium sulphate (DSS). Administration of DSS dissolved in the
drinking water damages the epithelial lining of the colon and promotes severe colitis [25, 3840, 125]. When used in conjunction with DSS, AOM causes the development of multiple
colonic tumours within 10 weeks, significantly increasing the rate of tumour growth and
decreasing the latency period associated with the classical CRC model of AOM alone [39,
40]. Tumours generated using an AOM-DSS model mimic those which develop in human
CRC in terms of both their location and histopathology, and development of tumours in this
model occur from aberrant crypt foci and adenomas in a dose-dependent manner [39, 40,
111]. The DSS model activates the transcriptional regulators NFкB and STAT3 [23, 25, 125,
126] and increases cytokine levels which are known to impact IBD in humans [5, 21, 22,
111].

1.6.2

Dietary Iron Loading

A number of mouse models of iron overload have been developed to replicate human iron
overload disorders such as hereditary haemochromatosis. In chronic human iron overload,
iron is initially deposited in hepatocytes, followed by a progressive accumulation of iron by
the reticuloendothelial macrophages. After several years of high liver iron concentration,
fibrosis and eventually cirrhosis develop [127-129].
Models involving the parenteral administration of iron complexes such as iron dextran or iron
sorbitol initially result in the deposition of iron mostly in reticuloendothelial macrophages,
and later in parenchymal hepatocytes. Another parenteral iron loading model involving the
administration of ferric nitrilotriacetate results in the uniform distribution of iron throughout
both hepatocytes and Kupffer cells [128, 129].
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Dietary iron loading models include the addition of substances such as ferric ammonium
citrate or ferrous sulphate iron to the diet. These models of iron overload generate mostly
hepatic iron distribution, although to a lesser extent than would be observed in chronic iron
overload in humans [129].
To reproduce the iron overload typically observed in human haemochromatosis, a carbonyl
iron model of dietary iron loading is commonly used [127, 128, 130, 131]. In this model,
diets of varying concentrations of iron are produced by the addition of carbonyl iron to a
control diet [127]. Carbonyl iron, an extremely pure form of elemental iron, can be added to
a standard rodent diet in the form of microscopic crystalline spheres less than 5 microns in
size [127-129]. The initial stage of iron accumulation following dietary supplementation with
carbonyl iron occurs in hepatocytes, which absorb transferrin-bound iron from the portal
circulation and deposit it in hepatocytes in a periportal distribution which approximates that
observed in hereditary haemochromatosis [127-129]. Extended administration of carbonyl
iron in the diet leads to the uptake of iron by Kupffer cells and, after long-term iron loading,
an increase in fibrosis [128, 129].

1.7

Conclusion

Chronic inflammation has been implicated in colonic carcinogenesis through the increased
production of inflammatory cytokines and the activation of cell signalling pathways which
regulate genes involved in cellular proliferation and apoptosis. Increased dietary iron
enhances colonic NFкB and IL-6/STAT3 signalling, generates oxidative stress and
exacerbates inflammation in the colonic mucosa promoting colonic carcinogenesis. Animal
models can be used to reproduce human colorectal carcinogenesis and the pathological effects
of iron overload.
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1.8

Project Aims and Hypotheses

1.8.1

Project Outline

CRC is the third most common form of cancer globally, and is particularly prevalent in
Western countries with Australia having the highest incidence of this malignancy [8-11].
Less than 20% of CRC is thought to be heritable, and environmental risk factors have been
shown to strongly influence CRC risk [10, 14-16]. A number of studies have shown that diets
high in haem [26, 27] and iron [19, 28-31] are linked to increased CRC risk, as are elevated
body iron stores [29, 32-34] such as those observed in hereditary haemochromatosis.
A number of biological pathways which have been implicated in carcinogenesis are known to
be altered during inflammation [36, 44, 48]. Immune cells secrete cytokines in response to
intestinal damage and these cytokines influence cell signalling pathways, affecting the
transcription of genes involved in cellular proliferation and apoptosis, promoting intestinal
wound healing [44, 48, 49, 109, 119]. Many inflammatory cells and immune cells generate
ROS and RNS, which contribute to oxidative and nitrosative stress in the body, dysregulating
cell signalling pathways as well as damaging DNA, contributing to the genomic instability
commonly observed in carcinogenesis [23, 44, 49, 80].
IBD patients have a significantly elevated risk of CRC compared with the general population,
[24, 36-38, 48] and high dietary iron intake has been linked to colonic inflammation, and to
the induction of oxidative stress in colonic mucosa [111, 120-124]. High iron-loaded diets
have been shown to enhance colonic levels of inflammatory cytokines such as IL-6 and IL-11,
and to increase STAT3 signalling [132].
While previous research has examined the effects of high iron concentration on colonic
inflammation [80, 111, 120, 121, 124, 132], much of the existing research is based on a
comparison between normal dietary iron levels and a high iron concentration. This study will
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examine the effects of a range of dietary iron concentrations on inflammation in a mouse
model of inflammation-associated CRC.

1.8.2

Project Aims

Aim 1:

To evaluate the effects of increasing dietary iron concentrations on colon and liver

iron status in a mouse model of inflammation-associated CRC.
Aim 2:

To determine the level of dietary iron that enhances colonic inflammation in a

mouse model of inflammation-associated CRC.
Aim 3:

To investigate whether mouse strain affects the degree of colonic and hepatic iron

loading and colonic inflammation in response to increasing dietary iron concentrations in a
mouse model of inflammation-associated CRC.

1.8.3

Hypotheses

1. Increased dietary iron intake increases the deposition of iron in the colon and liver.
2. The degree of colonic damage and inflammation increases with increasing dietary iron
concentration.
3. Different mouse strains exhibit variations in colonic and hepatic iron loading and
colonic inflammation in response to increasing dietary iron concentration.

1.8.4

Research Plan

Aim 1:

FVB/N mice will be fed diets containing 0, 0.025, 0.1, 0.3, 0.5 or 1.0% carbonyl

iron per dry weight of diet for 5 weeks. After 4 weeks on the iron supplemented diet some
mice from each dietary group will be injected with a single dose of AOM (7.4 mg/kg body
weight), and supplied DSS (2%) in the drinking water for the following 7 days. The
remaining mice will not receive AOM-DSS treatment, and will serve as controls. All mice
will be sacrificed at the end of week 5. Colonic iron distribution will be determined
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histologically with DAB-enhanced Perls’ Prussian staining. Liver iron levels will be
determined biochemically using a colourimetric non-haem iron assay. Liver iron distribution
will be assessed histologically with Perls’ Prussian blue staining of liver sections, and levels
of the iron storage protein, ferritin, in the liver will be determined by immunoblotting. Liver
mRNA expression for proteins involved in iron transport (TfR1 and ferroportin) and
homeostasis (Hamp1, SMAD7, BMP6 and ID1); and inflammatory cytokines (IL-6, IL-1β)
will be determined with quantitative reverse-transcription polymerase chain reaction (qRTPCR).
Aim 2:

FVB/N mice will be subjected to the diets and treatment described in Aim 1. H&E

stained colonic sections will be examined by a histopathologist and scored according to the
extent of inflammation. The plasma concentration of IL-6 will be determined by ELISA, and
colonic STAT3 signalling will be evaluated by immunoblotting.
Aim 3:

Two strains of mice will be compared; FVB/N and C57BL/6. Mice of both strains

will be fed diets containing 0.025 or 1.0% iron per dry weight of diet for 5 weeks. After 4
weeks on the iron supplemented diet, some of each strain of mice from each dietary iron
group will be treated with a single injection of AOM (7.4 mg/kg body weight) and supplied
DSS (2%) in their drinking water for the following 7 days. The remaining mice will not
receive AOM-DSS treatment, and will serve as controls. All mice will be sacrificed at the
end of week 5.
The effects of varying dietary iron concentration on colon and liver iron status and on colonic
inflammation will be examined in both strains of mice using the methods listed for Aims 1
and 2.
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Chapter Two
2

Materials and Methods

2.1

Materials

2.1.1

Biochemical Reagents

2.1.1.1

General Reagents

Biochemical Reagent

Distributor / Supplier

Acetic acid (glacial) 100%

Merck

Ethanol (absolute)

Sigma-Aldrich

Ethylenediamine tetracetic acid (EDTA)

Merck

Hydrochloric acid (HCl; 37%)

AnalaR Normapur

Sodium chloride (NaCl; solid)

Merck

Sodium dodecyl sulfate (SDS)

BDH Chemicals, VWR International

Ultrapure nuclease free water

Gibco, Invitrogen Corporation

2.1.1.2

Animals

Biochemical Reagent

Distributor / Supplier

Azoxymethane (AOM)

Sigma-Aldrich

Dextran sulphate sodium salt (DSS)

MP Biomedicals Australia

2.1.1.3

Bicinchoninic Acid (BCA) Protein Assay

Biochemical Reagent

Distributor / Supplier

Triton X-100

Merck

Pierce ™ BCA protein assay kit

Thermo Fisher Scientific Australia

Sodium hydroxide (NaOH)

Merck
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2.1.1.4

Enzyme Linked Immunosorbent Assay (ELISA)

Biochemical Reagent

Distributor / Supplier

Quantikine ELISA kit (mouse IL-6)

R&D Systems

2.1.1.5

Histology

Biochemical Reagent

Distributor / Supplier

Distyrene plasticiser xylene (DPX) mounting
Merck
medium
Harris haematoxylin solution, modified 7g/L

Sigma-Aldrich

Liquid 3,3’-diaminobenzidine (DAB)
Dako Australia
substrate chromagen system
Magnesium sulphate (MgSO4)

Sigma-Aldrich

Sodium bicarbonate (NaHCO3)

BDH Chemicals, VWR International

Neutral red

Sigma-Aldrich

Potassium ferrocyanide (C6FeK4N6.3H2O)

Sigma-Aldrich

Xylene

Merck

2.1.1.6

Immunoblotting

Biochemical Reagent

Distributor / Supplier

2-mercaptoethanol

Sigma-Aldrich

Anti-actin mouse monoclonal antibody (actin
Millipore, Merck, Australia
primary antibody)
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Biotrace NT nitrocellulose blotting
Pall Corporation
membrane
Bovine serum albumin (BSA)

Trace Biosciences

Bromophenol blue

Sigma-Aldrich

Coomassie brilliant blue

Fisons Scientific Equipment

Ferritin primary antibody (rabbit antiDako Australia
human)
Filter paper (grade 1F)

Munktell

Glycerol

Merck

Goat anti-mouse IgG-HRP secondary
Millipore, Merck, Australia
antibody
Goat anti-rabbit IgG-HRP secondary
Millipore, Merck, Australia
antibody
MagicMark ™ Western protein standard

Life Technologies Australia

Methanol

Merck

Novex ® Sharp pre-stained protein standard

Life Technologies Australia

NuPAGE 4-morpholine propanesulfonic acid
Life Technologies Australia
(MOPS) SDS running buffer (x20)
NuPAGE Novex Bis-Tris mini gels

Life Technologies Australia

NuPAGE transfer buffer (x20)

Life Technologies Australia

Phosphorylated STAT3 primary antibody
Cell Signaling Technology
(rabbit anti pSTAT3)
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STAT3 primary antibody (rabbit anti
Cell Signaling Technology
STAT3)
Tris-(hydroxymethyl aminomethane)

BDH Chemicals, VWR International

Tween 20

Merck

Western Lightning plus ECL (enhanced
PerkinElmer
chemiluminescence substrate) kit

2.1.1.7

Non-Haem Iron Assay

Biochemical Reagent

Distributor / Supplier

Bathophenanthroline disulfonic acid
Sigma-Aldrich
disodium salt (BPS)
Iron (II) sulphate (ferrous sulphate)

BDH Chemicals, VWR International

Sodium acetate

Sigma-Aldrich

Sodium chloride (0.9% solution)

Baxter Healthcare

Thioglycolic acid (mercaptoacetic acid)

Sigma-Aldrich

Trichloroacetic acid

AnalaR Normapur, VWR International

2.1.1.8

Protein Extraction

Biochemical Reagent

Distributor / Supplier

Complete Mini protease inhibitor

Roche Diagnostics

PhosSTOP phosphatase inhibitor

Roche Diagnostics

Sodium deoxycholate (deoxycholic acid)

Sigma-Aldrich
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Triton X-100

Merck

Trizma hydrochloride

Sigma-Aldrich

2.1.1.9

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Biochemical Reagent

Distributor / Supplier

FastStart Universal SYBR ® Green Master
Roche Diagnostics
(ROX)
PCR primers (see Table 3, page 64)

Invitrogen, Life Technologies

2.1.1.10 RNA Expression
Biochemical Reagent

Distributor / Supplier

1-bromo-3-chloropropane

Sigma-Aldrich

Agarose

Promega Australia

BlueJuice gel loading buffer

Life Technologies

DNA-free ™ kit (DNase 1 Buffer, DNase
Ambion, Life Technologies
inactivation reagent and rDNase)
Ethidium bromide solution

Invitrogen, Life Technologies

Isopropanol (propan-2-ol)

Merck

1kb Plus molecular weight marker

Gibco, Invitrogen Corporation

TRI Reagent solution

Ambion, Life Technologies

Tris-(hydroxymethyl aminomethane)

BDH Chemicals, VWR International
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2.1.1.11 Reverse Transcription
Biochemical Reagent

Distributor / Supplier

Deoxynucleotide triphosphate (dNTPs)

Invitrogen, Life Technologies

DL-dithiothreitol (DTT)

Invitrogen, Life Technologies

Oligo dT primers

Invitrogen, Life Technologies

RNase Out ™ recombinant ribonuclease
Invitrogen, Life Technologies
inhibitor
Superscript ® III reverse transcriptase kit
Invitrogen, Life Technologies
(RTase and RT reaction buffer)

2.1.2

Location of Suppliers

Ambion, Life Technologies, Mulgrave, Vic., Australia
AnalaR Normapur, VWR International, Murarrie, Qld, Australia
Baxter Healthcare, Toongabbie, NSW, Australia
BDH Chemicals, VWR International, Murarrie, Qld, Australia
Cell Signaling Technology Inc., Danvers, MA, USA
Dako Australia Pty. Ltd., Campbellfield, Vic., Australia
Fisons Scientific Equipment, Loughborough, England
Gibco, Invitrogen Corporation, Life Technologies, Mulgrave, Vic., Australia
Invitrogen, Life Technologies, Mulgrave, Vic., Australia
Life Technologies, Mulgrave, Vic., Australia
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Merck Pty. Ltd., Australia, Kilsyth, Vic., Australia
Millipore, Merck Pty. Ltd., Australia, Kilsyth, Vic., Australia
MP Biomedicals Australia, Seven Hills, NSW Australia
Munktell Inc., Raleigh, North Carolina, USA
Pall Corporation, Pensacola, Florida, USA
PerkinElmer, Glen Waverley, Vic., Australia
Promega Australia, Alexandria, NSW Australia
R&D Systems, Minneapolis, Minnesota, USA
Roche Diagnostics Australia Pty. Ltd., Castle Hill, NSW, Australia
Sigma-Aldrich Pty. Ltd., Sydney, NSW, Australia
Thermo Fisher Scientific Australia Pty. Ltd., Scoresby, Vic., Australia
Trace Biosciences, Castle Hill, NSW, Australia

2.1.3

Equipment

2.1.3.1

Balances

All analytical reagents were measured using either a HR-250AZ analytical balance (A&D
Australasia Pty. Ltd., Thebarton, SA, Australia) or an FX-2000 electronic balance (A&D
Australasia).
2.1.3.2

Block Heater

Samples for the non-haem iron assay were incubated at 85˚C in a Ratek dry block heater
(Edwards Instrument Company, Narellan, NSW, Australia).
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2.1.3.3

Camera

Photographs of tissue sections mounted on microscope slides were taken with a Nikon Digital
Sight camera using NIS Elements Laboratory Imaging Software (Version Br-3.0).
2.1.3.4

Centrifugation

Samples were centrifuged in an Eppendorf 5415D microfuge (Eppendorf South Pacific Pty.
Ltd., North Ryde, NSW, Australia).
2.1.3.5

Double Deionised Water

Double deionised water was prepared by passing reverse osmosis water through a Milli-Q
Plus water purification system (Millipore, NSW, Australia).
2.1.3.6

ELISA Analysis

ELISA results were analysed using free software from elisaanalysis.com.
2.1.3.7

Glassware

All glassware was soaked in detergent or bleach solution then washed in a dishwasher using
deionised water.
2.1.3.8

Histology

4 µm tissue sections were cut with a Microm HM-325 microtome (Thermo Scientific) and
mounted onto Menzel-Glaser SuperFrost microscope slides (Lomb Scientific Australia, Taren
Point, NSW, Australia).
2.1.3.9

Imaging System

Images of immunoblots and RNA electrophoresis gels were captured using a VersaDoc
imaging system (Bio-Rad Laboratories, Gladesville, NSW, Australia).
2.1.3.10 Immunoblotting
Protein samples were electroblotted onto nitrocellulose membranes using the Panther ™
Semi-dry Hep-1 Electroblotter (Owl, Portsmouth, NH, USA) in conjunction with an EPS-301
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power supply unit (GE Healthcare Life Sciences, Rydalmere, NSW, Australia). Blots were
incubated in antibody solutions on a BellyDancer orbital shaker (Stovall Life Science, Sigma
Aldrich). Results were analysed using Quantity One 1-D Analysis software, version 4.6.9
(Bio-Rad).
2.1.3.11 Microscopes
The histology of tissue sections was examined using either a Nikon Eclipse TE-2000U or a
Nikon Eclipse E-200U microscope (Nikon Instruments Inc., Coherent Scientific, SA,
Australia).
2.1.3.12 pH Measurement
All pH measurements were determined using a Corning 220 pH meter (Crown Scientific Pty.
Ltd., Moorebank NSW, Australia).
2.1.3.13 Pipettes
Volumes less than 1 mL were measured using Eppendorf (Eppendorf South Pacific Pty. Ltd.,
North Ryde, NSW, Australia) or Gilson (John Morris Scientific, Bentley, WA, Australia)
micropipettes. Volumes greater than 5 mL were measured with graduated pipettes using a
Falcon pipette aid (Becton Dickinson Labware, Franklin Lakes, NJ, USA), measuring
cylinders or volumetric flasks. A Socorex Acura-855 multichannel micropipette (Interpath
Services Pty. Ltd., West Heidelberg, Vic., Australia) was used for the non-haem iron and
protein analysis.
2.1.3.14 Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)
qRT-PCR was conducted using a Rotorgene RG-3000, and results were analysed using the
Rotorgene Q Series Software, Version 1.7 (Qiagen Pty. Ltd., Chadstone, Vic., Australia).
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2.1.3.15 RNA Integrity
Agarose gels were run in a Biocom horizontal gel system (Fisher Biotech, Wembley, WA,
Australia) using a Power Pac-300 power supply (Bio-Rad Laboratories, NSW, Australia).
2.1.3.16 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Precast NuPAGE Novex Bis-Tris Mini Gels were run in a Novex XCell II Mini Cell
electrophoresis cell (Invitrogen, Life Technologies) using a Power Pac-300 power supply
(Bio-Rad).
2.1.3.17 Spectrophotometry
Spectral measurements for the non-haem iron assay and protein assay were obtained using the
FluoStar Optima micro plate reader (BMG Lab Technologies, Mornington, Vic., Australia).
A Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific Australia Pty. Ltd., Scoresby,
Vic., Australia) was used to determine the concentration and purity of RNA samples.
2.1.3.18 Statistical Analysis
Statistical analysis of all results was determined using GraphPad PRISM version 5.04 (La
Jolla, CA, USA).
2.1.3.19 Thermocycler
RNA was reverse transcribed for complementary DNA (cDNA) synthesis on a PTC-100
thermocycler (MJ Research Inc., Geneworks, Thebarton, SA, Australia).
2.1.3.20 Tissue Homogenisation
Liver samples were homogenised in glass homogenisers, and colon samples were
homogenised using a Precellys ® 24 tissue homogeniser and CK14 0.5 mL tubes (Bertin
Technologies, Sapphire Bioscience Pty. Ltd., Waterloo, NSW, Australia).
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2.1.3.21 Vortex
Samples and solutions were mixed using a Ratek vortex mixer, Edwards Instrument
Company, Narellan, NSW, Australia).
2.1.3.22 Water Bath
Paraffin tissue sections were re-hydrated in an Electrothermal paraffin section floatation bath
(Hurst Scientific Pty. Ltd., Canning Vale, WA, Australia).

2.2

Methods

2.2.1

Animals

Female FVB/N and C57BL/6 mice were obtained from the Animal Resource Centre
(Murdoch, WA). The mice were fed diets based on the American Institute of Nutrition AIN93G diet [133] containing varying concentrations of iron. Six groups (n=14) of 4 week old
FVB/N mice were fed iron-supplemented diets containing either 0, 0.025, 0.1, 0.3, 0.5 or
1.0% carbonyl iron per dry weight of diet for 5 weeks. Two groups (n=16) of 4 week old
C57BL/6 mice were fed iron-supplemented diets containing 0.025 or 1.0% iron per dry
weight of diet. 0.025% iron per dry weight of diet represents the normal dietary iron content,
and serves as the control dietary iron concentration.
After four weeks on the diets with varying iron content, FVB/N or C57BL/6 mice (n=8 per
group) were injected intraperitoneally with 7.4 mg/kg body weight of azoxymethane (AOM)
followed by the administration of 2% dextran sodium sulphate (DSS) in their drinking water
for the following 7 days (termed DSS-treated mice). Untreated groups of mice fed each of the
diets (n=6-8 per group) were injected with isotonic sodium chloride (0.9% NaCl) and received
plain drinking water (termed DSS-untreated mice).
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On day 7 of week 5 all the mice were sacrificed. Blood was collected from each animal by
cardiac puncture. The tissues were perfused in situ with 0.9% NaCl before the liver and colon
samples from each mouse were collected, and part was formalin fixed and paraffin embedded
for histology using standard methods in the Histopathology Department at Fremantle
Hospital. The remainder of each sample was snap frozen in liquid nitrogen and stored at
-80˚C for the non-haem iron assay (liver) as well as RNA (liver) and protein (liver and colon)
extractions.
All protocols were approved by the Animal Ethics Committee of the University of Western
Australia.

2.2.2

Paraffin Block Cutting

Formalin-fixed paraffin-embedded blocks were cooled on ice for a minimum of 30 minutes
before 4 µm sections were cut using a microtome and transferred to a 40˚C water-bath for
approximately 1 minute to allow the sections to expand. Two to five sections of each sample
were mounted onto Menzel-Glaser SuperFrost microscope slides, and allowed to dry at room
temperature. The slides were placed into a 55˚C oven for 2 hours to enhance the adhesion of
the sections to the slides. Two slides of each colon sample were prepared, one for
haematoxylin and eosin (H&E) staining for histology, and one for enhanced Perls’ Prussian
iron staining. One slide of each liver sample was prepared for Perls’ Prussian blue iron
staining.

2.2.3

Haematoxylin and Eosin (H&E) Stain

Colonic tissue sections were stained with haematoxylin and eosin and coverslipped in the
Histopathology Department of Fremantle Hospital according to standard methods.
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2.2.4

Colitis Scoring of H&E Stained Slides

H&E stained colonic tissue sections were scored by a Histopathologist, Dr. Cindy Forrest,
who was unaware of the experimental protocol, to assess the extent and severity of
inflammation and crypt damage using the scoring scale described by Dieleman et al. [134].
1.

The severity of inflammation was categorised generally as either 0 (none), 1 (slight), 2
(moderate) or 3 (severe).

2.

The extent of inflammation was also classified into four categories. Samples which
showed no inflammation were given a score of 0. Samples in which the inflammation
was limited to the mucosa were assigned a value of 1. If the inflammation extended
beyond the mucosal layer into the submucosa, the sample was designated 2, and if the
inflammation extended beyond the mucosa and submucosa into the muscularis, the
inflammation was deemed to be transmural and scored as 3.

3.

The degree of damage to the colonic crypts was assessed, with samples exhibiting no
crypt damage obtaining a score of 0. If the crypt damage was restricted to the basal
third of the colon, the degree of crypt damage was scored as 1; and as 2 if it extended to
two thirds of the basal layer of the colon. If the crypt structures were destroyed, but the
surface epithelium was intact, the sample scored a 3, and destruction of the surface
epithelium resulted in a score of 4.

The previous three scores were also assessed to determine the percentage involvement and
scored according to Table 1.
An overall colitis score was obtained by multiplying the scores obtained for each of the three
categories: overall inflammation, inflammation extent and crypt damage, by the score for their
percentage involvement. The sum of these three products gave rise to the final colitis score.
In cases where there was variability in scoring in different regions of a section, a score that
was representative of the larger area of the section was used.
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Table 1. Scores given to indicate percentage involvement in colitis scoring of H&E
stained colon sections.
Score

Percentage
Involvement

2.2.5

1

0 to 25%

2

26 to 50%

3

51 to 75%

4

76 to 100%

Perls’ Prussian Blue Iron Stain

Previously prepared slides of liver sections were dewaxed in 2 minute washes of xylene (x3),
absolute ethanol (100% x2 followed by 70% x1), and deionised water. Equal volumes of 2%
hydrochloric acid (HCl) and 2% potassium ferrocyanide were combined, and used to flood the
samples on the slides, leaving the samples in contact with the solution for 20 minutes. The
samples were rinsed with deionised water before being counterstained with 1% neutral red for
7 minutes. Slides were rinsed briefly (1 to 2 seconds) in deionised water, 100% ethanol for
20 to 30 seconds, and 3 washes of xylene (2 minutes each) to fully dehydrate the samples.
Samples were then mounted in distyrene plasticiser xylene (DPX) and coverslipped.

2.2.6

Scoring of Liver Prussian Iron Stain

Perls’ Prussian blue stained liver sections were scored based on the intensity of staining in
hepatocytes as well as Kupffer cells. Two to three sections of each sample were examined
and the intensity of staining in hepatocytes was categorised from 0 (no hepatocyte staining) to
5 (very high level of hepatocyte staining), and the staining in Kupffer cells was categorised
from 0 (no staining) to 3 (high).
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2.2.7

Enhanced Perls’ Prussian Iron Stain

Colon sections were dewaxed and rehydrated as in Section 2.2.5. Equal volumes of 4% HCl
and 4% potassium ferrocyanide were combined, and used to flood the samples on the slides,
leaving the samples in contact with the solution for 30 minutes. The samples were rinsed
with deionised water before being incubated with a 1 in 200 dilution of liquid 3,3’diaminobenzidine (DAB) for 15 minutes, then a 1 in 50 dilution of DAB for a further 15
minutes. The sections were rinsed in deionised water, and then counterstained with Harris
haematoxylin for 1 minute before being placed into running tap water for 1 minute. They
were destained briefly (1-2 seconds) with acid alcohol (Appendix A; Section A1.1) and
transferred to the bluing solution (Appendix A; Section A1.2) for 5 minutes. The slides were
then dehydrated using washes of deionised water (x1), followed by absolute ethanol (70% x1
then 100% x 2), and xylene (x3) before being coverslipped with DPX.

2.2.8

Tissue Non-Haem Iron Assay

Liver samples (between 0.035 and 0.1 g) were homogenised in 1 mL 0.9% cold NaCl on ice
using glass homogenisers. The homogenates were transferred in 100 μL aliquots to fresh
microfuge tubes. One aliquot of each sample was stored at 4˚C for analysis the following
day, and the remaining aliquots were frozen at -80˚C for repeat analysis.
To 100 µL aliquots of each homogenate, 50 µL of 12% HCl was added at room temperature.
The samples were vortexed gently, and incubated at 85˚C for 30 minutes in a dry block
heater. Following the addition of 25 µL of 50% trichloroacetic acid, samples were mixed
gently and then cooled on ice for 10 minutes before being centrifuged at 13,000 rpm at 4˚C
for 15 minutes. The supernatant was transferred to clean tubes, and re-centrifuged at 4˚C for
10 minutes, before being diluted as necessary to ensure that obtained concentrations fell
within the range of the standards. 100 µL of colour reagent (Appendix A; Section A2.1) was
added to 100 µL aliquots of each diluted sample in 96 well plates, and incubated at room
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temperature for 90 minutes. Following incubation, the optical density (OD) was measured at
540 nm with a plate reader.
Stock ferrous sulphate (FeSO4; 280 µg/mL in 0.1 M HCl) was diluted in deionised water to
generate a range of standards (0 to 8 μg iron / mL). 100 µL aliquots of the FeSO4 standards
were incubated at room temperature for 90 minutes with an equal volume of colour reagent.
The OD of these samples at 540 nm was used to generate a standard curve, from which the
concentrations of liver non-haem iron of the unknown samples could be calculated.

2.2.9

Liver Protein Extraction

Protein was extracted from 50 to 100 µg liver tissue by homogenisation in 200 μL of chilled
lysis buffer (0.5% Triton X-100; 25 mM Tris-HCl, pH 7.4; 150 mM NaCl) containing
Complete Mini protease inhibitors. The homogenate was incubated on ice for approximately
60 minutes before being centrifuged at 13,000 rpm for 20 minutes at 4˚C. Protein extracts
were stored in aliquots at -80˚C prior to use in immunoblotting. The protein concentration of
each sample was determined as described in section 2.2.11.

2.2.10

Colonic Protein Extraction

Protein was extracted from colonic tissue of approximately 5 mm in length. Frozen tissue
was dry-ground in the Precellys® 24 tissue homogeniser in 0.5 mL CK14 tubes containing
1.4 mm ceramic (zirconium oxide) beads, using three to four 10 second pulses at 6,000 rpm.
Samples were returned to liquid nitrogen between pulses and at the completion of grinding.
Following grinding, 100 μL of RIPA buffer (Appendix A; Section A3.1) containing Complete
Mini protease inhibitor and PhosSTOP phosphatase inhibitor was added to each sample on
ice. The samples were allowed to defrost on ice, and inverted to mix before being incubated
at 4˚C on a rocking platform for 1 hour. Following incubation, the samples were centrifuged
at 13,000 rpm at 4˚C for 20 minutes, before the supernatant was transferred to clean tubes and
re-centrifuged at 4˚C for a further 20 minutes. Protein extracts were stored at -80˚C prior to
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immunoblotting (Section 2.2.12). Colonic protein concentration was determined as described
in section 2.2.11.

2.2.11

Protein Analysis

Protein measurement was performed using a Bicinchoninic acid (BCA) Protein Assay kit
according to the manufacturer’s instructions. A series of standards (0 to 750 μg protein / mL)
were prepared using bovine serum albumin (BSA) provided in the kit. Liver and colon
protein extracts (Sections 2.2.9 and 2.2.10) were thawed on ice and gently mixed. Colon
samples were diluted 1:30 and liver samples were diluted 1:100 with a Triton/NaOH solution
(0.1% Triton X-100 in 0.1M NaOH). 20 μL of standards or diluted samples was pipetted into
96-well plates. 200 μL of working reagent from the kit was added to each well using a
multichannel pipette. Plates were incubated at 37˚C for 1 hour and OD was measured at 570
nm in a plate reader. The OD of the BSA standards was used to generate a standard curve and
calculate the protein concentration of the unknown samples.

2.2.12

Immunoblotting

2.2.12.1 Sample Preparation
20 to 60 μg of liver or colon protein extract was diluted with 4x sample buffer (Appendix A;
Section A4.1) and deionised water. Samples were heated at 90˚C for 5 minutes to inactivate
proteases and denature proteins and then were centrifuged briefly and gently mixed.
2.2.12.2 Electrophoresis (SDS-PAGE)
Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE). Precast gels (NuPAGE Bis-Tris Mini Gels) were placed into the electrophoresis cell
(XCell, II Mini Cell, Novex) which was filled with chilled 1x MOPS SDS running buffer
(Appendix A; Section A4.2) and pre-run at 100V for 15 minutes prior to loading samples.
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12 to 15 μL of each diluted sample was loaded into gels. When running colon samples, one
lane of the gel was loaded with 5 µL of protein standards (Novex Sharp, and MagicMark XP),
diluted with deionised water. Gels were run at 100V for approximately 2 hours or until the
samples had run approximately ¾ the length of the gel. The gel was then removed from the
electrophoresis cell, and soaked in 1x transfer buffer (Appendix A; Section A4.3) for 15
minutes prior to electroblotting.
2.2.12.3 Electroblotting
The proteins were transferred onto nitrocellulose membranes using a Panther ™Semi-dry
Hep-1 transfer system (Figure 14).

ANODE (top)
Filter paper (x3)
in transfer buffer
Membrane
Gel
Filter paper (x3)
in transfer buffer
CATHODE (bottom)
Figure 14. Diagrammatic representation of the semi-dry protein transfer system.
Three layers of filter paper were briefly immersed in 1x transfer buffer and placed onto the
plate of the electroblotter, and a glass pipette was gently rolled over the surface to remove any
trapped air from between the layers. The gel was placed directly onto the layers of filter
paper, and covered with a nitrocellulose membrane which had previously been immersed in
1x transfer buffer. Three more layers of transfer buffer-soaked filter paper were placed
directly over the membrane, and trapped air was removed from between layers by gently
rolling a glass pipette over the surface. Any excess buffer was wiped from around the stacks,
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and the lid of the transfer apparatus was placed on and gently screwed into place. Transfer
occurred at 235 mA for 1.5 hours, after which time the stack was disassembled and the
membrane was placed into tris buffered saline and tween (TBST; Appendix A; Section A4.4)
prior to antibody incubation. The gel was stained with Coomassie staining solution
(Appendix A; Section A4.5) for a minimum of 30 minutes before being destained in deionised
water, to ensure that the complete transfer of proteins had occurred.
2.2.12.4 Protein Detection
The nitrocellulose membrane was incubated for 60 minutes in TBST buffer containing 5%
skim milk, before being rinsed twice in TBST buffer. The membrane was then incubated
overnight on a rocking platform at 4˚C in a sealed pouch containing the primary antibody
(Table 2) in TBST, either alone or with BSA (Appendix A; Section A4.6). Following
incubation, the membrane was rinsed briefly in TBST three times, and then washed in three
changes of TBST for 5 minutes each wash. The membrane was then incubated with the
secondary antibody (Table 2) in TBST containing 2% skim milk on a rocking platform at
room temperature for a minimum of 1 hour. Following three brief rinses, and three x 5
minute washes in TBST, the membranes were left in TBST until ready for protein detection.
The secondary antibodies were conjugated with horseradish peroxidase (HRP) to enable
detection by enhanced chemiluminescence (ECL) using a Western Lightning ECL kit. Equal
amounts of ECL reagents were mixed in a 5 mL tube. Membranes were removed from the
TBST and placed into the VersaDoc chemiluminescence imaging system. The membrane was
incubated with the combined ECL reagents at room temperature for 1 minute before being
exposed using the VersaDoc on Chemi Hi-Sensitivity setting, with exposure times optimised
for the detection of each protein. If a second protein was probed on the same membrane, the
membrane was first rinsed three times in TBST, followed by three x 5 minute TBST washes,
before repeating detection with the second primary antibody.
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When immunoblotting colon protein samples, the membrane was cut between 50 and 60 kDa
according to the MagicMark protein standard after protein transfer, allowing the simultaneous
detection of either STAT3 or phosphorylated STAT3 (pSTAT3) and the house keeping
protein actin. Two gels of each set of colon samples were run simultaneously to allow for the
detection of total STAT3 and pSTAT3, which are similar in size and cannot be differentiated
on the same gel.

Table 2. Primary and secondary antibodies used for immunoblotting.

Source

Secondary

Source

Dilution

Antibody

Dilution

Ferritin

Dako Australia

Goat anti-rabbit

Millipore

Rabbit anti-human

1:2000 to 1:4000 in TBST

IgG-HRP

1:2000

Actin

Millipore

Goat anti-mouse

Millipore

Goat Polyclonal

1:1000 in TBST

IgG-HRP

1:2000

STAT3

Cell Signaling

Goat anti-rabbit

Millipore

Rabbit anti STAT3

1:500 in BSA and TBST

IgG-HRP

1:2000

Phospho-STAT3

Cell Signaling

Goat anti-rabbit

Millipore

Rabbit anti pSTAT3

1:500 in BSA and TBST

IgG-HRP

1:2000

Primary Antibody

For each sample the intensity of the bands obtained from the housekeeping protein and the
protein of interest were quantitated using the Bio-Rad Quantity One 1-D Analysis software.
The protein of interest was normalised against the housekeeping protein by dividing the
intensity of the protein of interest by the intensity of the housekeeping protein. The
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expression of all proteins was expressed relative to the expression of the untreated FVB/N
controls on a 0.025% iron diet to compare results run on different gels.

2.2.13

RNA Expression

2.2.13.1 Isolation of RNA
Frozen liver samples were homogenised on ice in 800 µL of chilled TRI reagent and
incubated at room temperature for 5 minutes. Following the addition of 80 µL of 1-bromo-3chloropropane to each sample, the tubes were shaken vigorously for 30 seconds and incubated
at room temperature for 10 minutes. Samples were then centrifuged at 13,000 rpm in a
microfuge for 15 minutes at 4˚C. A known volume of the aqueous phase (approximately 400
μL) containing the RNA was transferred to a clean tube and an equal volume of isopropanol
(propan-2-ol) was added. The samples were inverted to mix, and incubated at room
temperature for a minimum of 10 minutes, before centrifugation at 13,000 rpm for 15 minutes
at 4˚C.
The supernatant was removed from the tubes, and the pellet containing the RNA was washed
twice. For each wash, 0.75 mL aliquots of 75% ethanol in deionised water were added to
each tube, and the pellet was dislodged by flicking before samples were centrifuged at 10,000
rpm in a microfuge for 5 minutes at 4˚C.
Following the second ethanol wash, all the supernatant was removed and the pellet was
allowed to dry at room temperature until it appeared translucent. The RNA pellet was
dissolved in 36 μL of ultrapure nuclease-free water and incubated for 1 hour at 37˚C.
2.2.13.2 DNase Treatment of RNA
RNA was DNase treated using the Ambion DNA-free ™ kit. 4 μL of 10x DNase 1 buffer and
0.5 µL of rDNase1 enzyme were added to the RNA and incubated at 37˚C for 20 to 30
minutes. The DNase inactivating reagent was re-suspended by vortexing prior to the addition
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of 4.4 μL into each sample. Following 2 minutes incubation at room temperature and 1.5
minutes centrifugation at 10,000 rpm also at room temperature, the supernatant containing the
RNA was transferred to fresh low adhesion tubes and stored at -80˚C.
2.2.13.3 Determination of RNA Concentration and Purity
1 µL aliquots of extracted RNA were analysed using the Nanodrop spectrophotometer to
quantitate the RNA and determine the purity of the extracted samples. The optical density for
each sample was measured at 260 and 280 nm. DNA and RNA both absorb light strongly at
260 nm, so the OD at this wavelength can be used to calculate the concentration of nucleic
acid in the sample. Because proteins absorb strongly at 280 nm, the 260:280 nm ratio was
used as an indicator of nucleic acid purity with a ratio of approximately 2.0 suggesting a pure
nucleic acid sample without protein contamination.
2.2.13.4 Determination of RNA Integrity
RNA samples were also run on a 1.5% agarose gel containing ethidium bromide to check the
integrity of the samples. 1.5 g of agarose was added to 150 mL of Tris acetate EDTA buffer
(TAE), (Appendix A: Section A5.1) and heated in a microwave for approximately 2 minutes
until the solution was hot and the agarose had dissolved. The agarose solution was allowed to
cool at room temperature to between 45 and 60˚C before the addition of 1.8 µL of ethidium
bromide (10 mg/mL). The gel was allowed to cool further to approximately 40˚C before
being poured into prepared moulds with combs, and allowed to set at room temperature.
2 μL of each sample and 1-2 μL of BlueJuice loading buffer was pipetted into the wells of the
gel, which was electrophoresed in TAE at 90 V for approximately 45 minutes, or until the
samples had run approximately ¾ of the length of the gel. A 1 kb Plus molecular weight
marker was run with the samples to determine the size of the bands. Gels were photographed
under ultraviolet light using the VersaDoc imaging system to detect the 18S and 28S bands of
the ribosomal subunits.
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2.2.13.5 Reverse Transcription of RNA
Prior to reverse transcription, all RNA samples were diluted to 500 ng RNA/µL. 1 µg (2 µL)
of RNA was added to 4.75 µL of PCR MasterMix 1 (Appendix A; Section A6.1) containing
oligo dT primers and deoxyribonucleotide triphosphates (dNTPs). Tubes were placed into the
PTC-100 thermocycler and heated to 65˚C for 5 minutes to denature the RNA and allow the
oligo dT primers to anneal to the poly-A tails of the RNA. The tubes were placed into metal
cooling blocks and allowed to cool for 2-4 minutes to prevent RNA renaturing and forming
secondary structures that can prevent reverse transcription. 3.25 µL of PCR MasterMix 2
(Appendix A; Section A6.2) containing Superscript III reverse transcriptase (200 U/µL) and
reverse transcription reaction buffer (x10) from the Invitrogen Superscript III reverse
transcription kit, as well as DL-dithiothreitol (DTT) to stabilise enzymes, and RNase Out™
ribonuclease inhibitor was added to each sample while the samples were in the cooling block.
The tubes were then returned to the thermocycler for 60 minutes incubation at 50˚C to allow
the synthesis of the cDNA. Following the completion of the synthesis step, the temperature
was increased to 75˚C for 15 minutes in order to inactivate the reverse transcriptase enzyme.

2.2.14

Quantitative Reverse Transcription Polymerase Chain Reaction (qRTPCR)

qRT-PCR enables the exponential amplification of specific cDNA sequences. The binding of
the fluorescent dye, SYBR Green, to double-stranded DNA causes the emission of a
fluorescent signal. The intensity of the fluorescence is proportional to the amount of doublestranded DNA produced by the PCR and the concentration of the sequence of interest can be
determined.
1 µL of diluted cDNA (1:3) was added to 0.1 mL tubes containing 7.5 µL of FastStart SYBR
green master mix, 0.75 µL of 5 µM primer mix (Table 3) and 5.75 µL of nuclease free water.
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Table 3. Primers used for qRT-PCR.

Gene Detected

Annealing
Temp (˚C)

Acidic ribosomal
phosphoprotein PO (mARBP)
Beta actin (mβ-actin)

58

59

Bone morphogenetic protein 6
(mBMP6)
Ferroportin (mFPN1)

58
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Hepcidin antimicrobial peptide
(mHamp1)

58

Hypoxanthine-guanine phosphoribosyltransferase (mHPRT)

58

Inhibitor of DNA binding 1
(mID1)

58

Interleukin 1β (mIL-1β)

58

Interleukin 6 (mIL-6)

58

Peptidylprolyl isomerase A
(mPPIA)

58

SMAD7 (mSMAD7)

60

Transferrin receptor 1 (mTfR1)
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Transferrin receptor 2 (mTfR2)
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Primer Sequence (5’ – 3’)
Fwd ACTGGTCTAGGACCCGAGAAG
Rev TCCCACCTTGTCTCCAGTCT
Fwd CTGGCACCACACCTTCTA
Rev GGTGGTGAAGCTGTAGCC
Fwd ATGGCAGGACTGGATCATTGC
Rev CCATCACAGTAGTTGGCAGCG
Fwd TTGCAGGAGTCATTGCTGCTA
Rev TGGAGTTCTGCACACCATTGAT
Fwd TTGCGATACCAATGCAGAAGA
Rev GATGTGGCTCTAGGCTATGTT
Fwd GTAATGATCAGTCAACGGGGGAC
Rev CCAGCAAGCTTGCAACCTTAACCA
Fwd AACGGCGAGCTCAGTGCCTT
Rev GAGTCCATCTGGTCCCTCAGTG
Fwd GTGGCTGTGGAGAAGCTGTG
Rev GAAGGTCCACGGGAAAGACAC
Fwd GTATGAACAACGATGATGCACTTG
Rev ATGGTACTCCAGAAGACCAGAGGA
Fwd ACGCCACTGTCGCTTTTC
Rev CTGCAAACAGCTCGAAGGA
Fwd ACCCCCATCACCTTAGTCG
Rev GAAAATCCATTGGGTATCTGGA
Fwd TTCCTACATCATCTCGCTTAT
Rev CATAGTGTTCATCTCGCCGA
Fwd CCGCTATGGAGACGTGGTT
Rev TGGCGACACATACTGGGACAG
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Tubes were transferred to the Rotorgene machine, where qRT-PCR occurred according to the
following protocol. Samples were heated to 95˚C and initially held at that temperature for 10
minutes to denature the cDNA template into single stranded DNA. Following a further 15
second denaturation step at 95˚C the samples were cooled to the annealing temperature for the
primer (Table 3), and held at that temperature for 20 seconds to allow the primers to bind to
the single stranded DNA. After annealing, the samples were heated to 72˚C, the optimal
temperature for the DNA polymerase, and held there for 20 seconds to allow the extension of
the DNA. The denaturation, annealing and extension steps were cycled 40 to 50 times, before
a holding period of 30 seconds at 72˚C to ensure that all single stranded DNA was fully
extended. Finally, the temperature was ramped from 72 to 99˚C to generate a melt curve for
the PCR products, and held at 40˚C for 30 seconds.
TfR2 plasmids of known copy number (109 to 101 copies) were used as standards, and the
concentrations in copies/µL obtained by qRT-PCR were used to construct a standard curve,
the equation of which was used to calculate the concentration of all the unknown samples.
Representative graphs generated by qRT-PCR are shown in Figure 15. The amplification
curve shows the accumulation of each product over the course of the PCR by measuring
increases in fluorescence over time (Figure 15a). The melt curve shows a peak that represents
the temperature at which the double-stranded PCR product separates, and is specific to each
amplified gene and is dependent on factors such as amplicon length and nucleotide
composition (Figure 15b). A standard curve that was constructed using TfR2 plasmids of
known copy numbers was used to calculate the concentration of the gene of interest in each
sample (Figure 15c).
qRT-PCR results for genes of interest were normalised to housekeeping genes to correct for
variations between samples. Four housekeeping genes (acidic ribosomal phosphoprotein PO,
ARBP; beta actin, β-actin; peptidylprolyl isomerase A, PPIA; and hypoxanthine-guanine
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Figure 15. Representative graphs obtained by qRT-PCR. Amplification curve (a), melt
curve (b) and standard curve (c), for liver TfR1 obtained by quantitative reverse transcription
polymerase chain reaction (qRT-PCR).
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phosphoribosyltransferase, HPRT) were analysed to identify one which was not regulated by
either iron or inflammation. PPIA was found to be the most suitable, and it was used to
normalise for mRNA expression between samples.

2.2.15

Enzyme-Linked Immunosorbent Assay (ELISA)

Plasma IL-6 was measured by ELISA according to manufacturer’s instructions. The mouse
IL-6 control was reconstituted with 1.0 mL of deionised water, and the mouse IL-6 standard
was reconstituted with 5.0 mL of calibrator diluent RD5T from the kit, to produce a stock
standard with a concentration of 500 pg/mL. This standard was further diluted with RD5T to
produce a range of standards (0 to 500 pg/mL).
50 μL of assay diluent RD1-14 from the kit was pipetted into each well of the ELISA plate
along with 50 μL of each sample and standard, and the plate was covered with the adhesive
strip provided. The plate was mixed by tapping for 1 minute before incubation at room
temperature for 2 hours. Following incubation, the wells were aspirated to remove as much
liquid as possible, before each well was washed five times with approximately 400 μL of
wash buffer which had been diluted according to manufacturer’s instructions. Following the
final wash all the wash buffer was removed from the wells and the plate was blotted on clean
paper towels, with any residual liquid removed by pipetting.
100 μL of mouse IL-6 conjugate was added to each well and the plate was covered with
another adhesive strip. Following 2 hours incubation at room temperature, the washing steps
were repeated.
Equal volumes of colour reagents A and B were combined to make the substrate solution, 100
μL of which was added to each well before the plate was covered with an adhesive strip and
incubated, away from light, for 30 minutes at room temperature. Following incubation, 100
μL of stop solution from the kit was added to each well, and pipetted up and down to ensure
thorough mixing. The OD of the wells was read using the plate reader at both 450 and 540
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nm. The difference between the two values (A450 – A540) was entered into software
obtained from elisaanalysis.com to generate a four parametric logistic curve from the
standards. This curve was used to calculate the concentration of plasma IL-6 in the unknown
samples.

2.2.16

Statistical Analysis

A one way ANOVA with a Tukey post test was used to compare results between multiple
groups. Unpaired t-tests were performed to compare results between treated and untreated
samples. Statistical significance was defined as p<0.05.
Pearson’s correlations, which assume that data is sampled from a Gaussian population, were
carried out using GraphPad PRISM software. Two-tailed P values were obtained using a
confidence interval of 95%.
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Chapter Three
3

Results

3.1

Colonic Histology

The histology of colons from DSS-treated and untreated FVB/N and C57BL/6 mice fed diets
containing variable concentrations of iron was examined by haematoxylin and eosin (H&E)
staining.
Colonic sections from DSS-untreated mice of both FVB/N and C57BL/6 mouse strains
demonstrated normal colon histology regardless of the dietary iron content. All mice had
regular colonic crypt structure and the surface epithelium was intact in all samples (Figure
16).
H&E stained colon sections from DSS-treated mice fed diets containing varying
concentrations of iron showed marked changes in histology (Figure 17). The DSS-treated
FVB/N mice fed a diet with no added iron (0% iron diet) showed normal colon histology with
no evidence of inflammation (Figure 17a). The colons from DSS-treated FVB/N mice fed the
0.025% iron diet were either histologically normal or showed low levels of inflammation over
less than 25% of the mucosa of each affected section (Figure 17b). None of the FVB/N
samples fed either the 0 or 0.025% iron diets demonstrated any damage to the colonic crypts.
At a dietary iron concentration of 0.1%, half the DSS-treated FVB/N samples were
histologically normal, and half demonstrated either slight or moderate inflammation of the
mucosal layer, with damage to the crypts occurring in only three samples from this group
(Figure 17c).
All DSS-treated FVB/N mice fed the 0.3% iron diet showed either slight to moderate
inflammation that was limited to the colonic mucosa (indicated with black arrows). Most
mice in this group had histologically normal crypt structure, though two mice in this group
exhibited crypt damage such that only the surface epithelium remained intact in areas of the
section (Figure 17d).
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Figure 16. Effect of increasing dietary iron content on colonic histology from DSSuntreated mice. Haematoxylin and eosin stained sections from DSS-untreated colons from
FVB/N mice fed a diet supplemented with 0 (a), 0.025 (b), 0.1 (c), 0.3 (d), 0.5 (e) or 1.0 (f) %
iron per dry weight of diet or C57BL/6 mice fed 0.025 (g) or 1.0 (h) % iron. The images are
representative of the mean colitis scores obtained for each group (n=6-8; see Figure 19), and
photographs were taken at 10x magnification. Nuclei are stained blue and cytoplasm stained
red.
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Figure 17. Effect of increasing dietary iron content on colonic histology from DSStreated mice. Haematoxylin and eosin stained sections from DSS-treated colons from
FVB/N mice fed a diet supplemented with 0 (a), 0.025 (b), 0.1 (c), 0.3 (d), 0.5 (e) or 1.0 (f) %
iron per dry weight of diet or C57BL/6 mice fed 0.025 (g) or 1.0 (h) % iron. The images are
representative of the mean colitis scores obtained for each group (n=8; see Figure 19), and
photographs were taken at 10x magnification. Nuclei are stained blue and cytoplasm stained
red. Black arrows indicate areas of mucosal inflammation; green arrows indicate areas of
submucosal inflammation; blue arrows indicate disruption of the surface epithelium.
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DSS-treated FVB/N mice fed the 1.0% iron supplemented diet had severe inflammation over
more than 75% of the colon surface. In this group inflammation occurred in the mucosal
layer of all samples, with submucosal and transmural inflammation observed in half the
samples of this group (Figure 17f).
The DSS-treated C57BL/6 mice fed a diet containing 0.025% iron showed moderate
inflammation over more than 75% of the section. The inflammation extended beyond the
mucosal layer and into the submucosa (indicated with green arrows), though the colonic
crypts appeared largely intact (Figure 17g). As the dietary iron increased so too did the
degree of colitis in the DSS-treated C57BL/6 mice. Samples in the group that was fed 1.0%
iron showed severe inflammation throughout the mucosal and submucosal layers as well as
damage to the colonic crypts (Figure 17h).
At the dietary iron concentration of 0.025% the C57BL/6 mice demonstrated significantly
more inflammation than did the FVB/N mice fed the same diet (Figure 17b, g). At the highest
iron concentration (1%), the level of inflammation was similar between the two different
strains of treated mice with both FVB/N and C57BL/6 mice demonstrating more severe
inflammation (Figure 17f, h).
The DSS-treated FVB/N mice fed the 0.5% iron diet (n=8) showed extreme variations in
colonic inflammation with overall colitis scores ranging from 0 (n=3) and 2 (n=1) to 18 (n=4)
(Figure 18).
The inflammation in these samples (indicated by black arrow) ranged from none to severe,
and when present affected mostly the mucosal layer, with one sample demonstrating
submucosal inflammation. In one of the samples the inflammation was restricted to less than
25% of the section, while in others inflammation affected more than 75% of the sample.
Crypt damage in these samples was also highly variable and ranged from none, to the
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destruction of crypt cell structure and the degradation of the surface epithelium (indicated by
blue arrow).

Figure 18. Variability of colonic histology from DSS-treated FVB/N mice fed a diet of
0.5% iron. Haematoxylin and eosin stained colonic sections from DSS-treated FVB/N mice
fed a diet supplemented with 0.5% iron. The images are representative of the lowest (a) and
highest (b) colitis scores for this group (n=8; see Figure 19), and photographs were taken at
10x magnification. Nuclei are stained blue and cytoplasm stained red. Black arrows indicate
areas of mucosal inflammation; blue arrows indicate disruption of the surface epithelium.

3.2

Colitis Scores

H&E stained colon sections were assessed by a histopathologist and scored according to the
extent and severity of inflammation and crypt damage as described in section 2.2.4.
Colitis scores of the DSS-treated FVB/N mice increased when the dietary iron content was
increased, with the most significant change occurring at the highest dietary iron concentration
(1.0%). DSS-treated C57BL/6 mice also showed significant increases (p<0.01) in colitis
scores when the dietary iron content was increased from 0.025% to 1.0% (Figure 19).
Furthermore, treated C57BL/6 mice fed a control iron diet (0.025%) showed more colonic
inflammation than treated FVB/N mice fed the same diet. There was however, no difference
in the level of inflammation between treated FVB/N and C57BL/6 mice fed a 1.0% iron diet
(Figure 19).
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Figure 19. The effect of increasing dietary iron concentration on colitis scores from
DSS-treated mice. Colitis scores from DSS-treated FVB/N and C57BL/6 mice fed diets
containing 0 to 1.0% iron were determined by histological scoring of haematoxylin and eosin
stained colonic sections. Results are expressed as mean ±SEM (n=8). DSS-treated FVB/N;
p<0.05; A versus 0% Fe; B versus 0.025% Fe; C versus 0.1% Fe; D versus 0.3% Fe; E versus
0.5% Fe. DSS-treated C57BL/6; p<0.05; G versus 0.025% Fe. #; p<0.05; C57BL/6 versus
FVB/N. The raw data are given in Appendix B.

DSS-treated FVB/N;

DSS-treated

C57BL/6.
The DSS-untreated mice of both strains were either histologically normal or showed very low
levels of inflammation, with colitis scores for all samples less than or equal to two. In the
DSS-untreated mice there was no change in the degree of colitis in response to increasing
dietary iron.

3.3

Colonic Iron Distribution

DAB-enhanced Perls’ Prussian staining was used to stain iron deposits in colon sections. Iron
deposits are stained brown with DAB, while counterstaining with haematoxylin stains nuclei
blue, enabling the visualisation of iron distribution in samples, as well as a qualitative
assessment of colonic iron levels.
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In the DSS-untreated FVB/N mice, it was observed that as the dietary iron concentration
increased, so did the amount of iron in the colon (Figure 20). On a diet with no added iron
(0% iron diet), no colonic iron was observed, and with 0.025% dietary iron there was iron
staining in the epithelial cells extending through the rest of the mucosal layer and into the
submucosa (Figure 20a, b). The level of iron staining gradually increased for the DSSuntreated FVB/N mice as the dietary iron concentration increased to 1.0% (Figure 20b-f).
The iron in the DSS-untreated FVB/N mice was mainly distributed in the mucosal layer
which consists of the surface epithelium, lamina propria and muscularis mucosa. As the
dietary iron concentration increased, the amount of iron in the submucosal layer also
increased in this group.
The DSS-untreated C57BL/6 mice fed both iron-supplemented diets demonstrated high levels
of iron in the colon with distribution widespread throughout the mucosal layer and, to a lesser
extent, the submucosal layer. There was also an increase in the amount of colonic iron in the
DSS-untreated C57BL/6 mice as the dietary iron concentration increased from 0.025 to 1.0%
(Figure 20g, h).
The untreated C57BL/6 mice demonstrated higher levels of colonic iron than did FVB/N mice
fed comparable diets. At 0.025% dietary iron, the FVB/N mice had colonic iron deposits
which were predominantly in the surface epithelium (Figure 20b). In contrast, the DSSuntreated C57BL/6 fed the same diet had more extensive iron deposits throughout the entire
mucosal layer, particularly in the lamina propria (Figure 20g). At 1.0% dietary iron, the DSSuntreated C57BL/6 mice also exhibited higher levels of colonic iron in the lamina propria,
muscularis mucosa and submucosa than did the FVB/N mice fed the same iron supplemented
diet (Figure 20h, f).
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Figure 20. Effect of increasing dietary iron content on colonic iron levels of DSSuntreated mice. DAB-enhanced Perls’ Prussian iron stained sections from DSS-untreated
FVB/N mice fed a diet supplemented with 0 (a), 0.025 (b), 0.1 (c), 0.3 (d), 0.5 (e) or 1.0 (f) %
iron and C57BL/6 mice fed a diet supplemented with 0.025 (g) or 1.0 (h) % iron per dry
weight of diet. The images are representative of the iron staining obtained for each group
(n=6; see Figure 19), and photographs were taken at 40x magnification. Iron is stained brown
and nuclei are stained blue. Black arrows indicate iron deposits in the mucosal layer; red
arrows indicate iron in the submucosal layer.
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As the concentration of dietary iron fed to the DSS-treated FVB/N mice was increased, the
iron deposition in the colon also increased (Figure 21).
When FVB/N mice were fed a diet of 0% iron no iron was apparent in the colon, and at
0.025% dietary iron there were few small deposits of iron mostly in the epithelial cells
(indicated by black arrows; Figure 21a, b). At 0.1% dietary iron, the epithelial cells were
loaded with iron, and the lamina propria and submucosal layers were also beginning to show
iron staining (Figure 21c). Iron absorption in the mucosal and submucosal layers of the colon
was shown to be increasing further in the 0.3% iron diet (Figure 21d). Once dietary iron
content reached 0.5% in the FVB/N mice the level of iron staining in the colon was reduced in
half the samples and there was also extensive damage in the colon (Figure 21e). Iron staining
in the DSS-treated FVB/N mice fed the 1.0% iron diet was similar to that observed in the
mice fed the 0.5% diet which exhibited high levels of colonic damage, and was less intense
than for mice fed the lower iron diets of 0.1 and 0.3% dietary iron (Figure 21c-f). Damage to
crypt cells and disruption of the surface epithelium in the DSS-treated FVB/N mice fed 0.5
and 1.0% iron diets may explain the less intense colonic iron staining demonstrated in these
groups compared with groups fed lower dietary iron concentrations.
At 0.025% dietary iron, C57BL/6 mice demonstrated moderate levels of iron staining in both
the mucosal and submucosal layers (Figure 21g). As the dietary iron increased to 1.0%, the
amount of iron in the colon also increased (Figure 21h). Inflammatory damage to colonic
structure in this group also may have contributed to a loss of some colonic iron in these mice
at both dietary iron concentrations.
A comparison of the two DSS-treated strains on the control (0.025%) diet shows that there is
significantly more iron in the colons of the C57BL/6 mice than in the FVB/N mice (Figure
21g, b). Both mice strains on the 1.0% diet show decreased iron storage, possibly attributable
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Figure 21. Effect of increasing dietary iron content on colonic iron levels of DSS-treated
mice. DAB-enhanced Perls’ Prussian iron stained sections from DSS-treated FVB/N mice
fed a diet supplemented with 0 (a), 0.025 (b), 0.1 (c), 0.3 (d), 0.5 (e) or 1.0 (f) % iron and
C57BL/6 mice fed diets supplemented with 0.025 (g) or 1.0 (h) % iron per dry weight of diet.
The images are representative of the iron staining obtained for each group (n=8; see Figure
19), and photographs were taken at 40x magnification. Iron is stained brown and nuclei are
stained blue. Black arrows indicate iron deposits in the mucosal layer; red arrows indicate
iron in the submucosal layer.
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to colonic damage although the C57BL/6 mice still appear to have more colonic iron than the
FVB/N mice fed the same diet (Figure 21h, f).
In the treated FVB/N mice fed a diet supplemented with 0.5% iron, the amount of iron
staining in the samples varied widely (Figure 22). The variability in colonic iron levels may
be associated with differences in the degree of colonic inflammation with colitis scores for
this group ranging from 0 to 18. In the colons which appeared to be histologically normal,
there was evidence of large iron deposits in the epithelial cells lining the crypts, and in the
lamina propria (Figure 22a; colitis score = 0). When the colons displayed a higher level of
inflammation and structural damage, the intensity of iron-staining in the colon diminished
(Figure 22b; colitis score = 18).

Figure 22. Variability of colonic iron levels of DSS-treated FVB/N mice fed a 0.5% iron
diet. DAB-enhanced Perls’ Prussian iron stained colon sections from DSS-treated FVB/N
mice fed a diet supplemented with 0.5% iron. The images are representative of the lowest (a)
and highest (b) colitis scores for this group (n=8; see Figure 19), and photographs were taken
at 40x magnification.
At 0% dietary iron, neither DSS-treated nor untreated mice showed any significant iron
deposition in the colon (Figure 21a; 20a). At 0.025% dietary iron, the untreated mice had
higher colonic iron levels than treated mice fed the same diet (Figure 20b; 21b). At dietary
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iron concentrations of 0.1 and 0.3%, DSS-treated FVB/N mice demonstrated higher levels of
colonic iron compared with DSS-untreated mice of the same strain (Figure 20c, d; 21c, d).
The increased intensity of iron staining in DSS-untreated FVB/N mice fed the 0.5 and 1.0%
iron diets compared with the DSS-treated mice may be due to the degree of inflammatory
damage to the colons of the DSS-treated mice fed these diets (Figure 20e, f; 21e, f).
The C57BL/6 mice demonstrated decreased colonic iron levels with DSS treatment at both
dietary iron concentrations. The decreased intensity of iron staining in the DSS-treated
groups may be due to the inflammatory damage to the colon (Figure 20g, h; 21g, h).

3.4

Liver Non-Haem Iron Concentration

The amount of non-haem iron in the liver was measured by colourimetric assay. The liver
non-haem iron levels in both FVB/N and C57BL/6 mice increased with increasing dietary
iron concentration (Figure 23).
The DSS-treated FVB/N mice fed the 0% iron diet had significantly lower (p<0.001) levels of
liver non-haem iron than did the FVB/N mice fed all other iron-supplemented diets. As the
dietary iron concentration increased, the liver non-haem iron concentration increased with the
most significant changes occurring at the lowest and highest dietary iron concentrations.
DSS-treated C57BL/6 mice also showed significantly elevated liver iron levels (p<0.001)
with increased dietary iron concentration.
A comparison between strains of DSS-treated mice showed that the FVB/N mice had higher
levels of liver non-haem iron than did the C57BL/6 mice at both dietary iron concentrations.
DSS treatment had no significant effect on non-haem iron levels in either strain or at either
dietary iron concentration (Figure 24).
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Figure 23. The effect of dietary iron concentration on liver non-haem iron
concentration in DSS-treated mice. The concentration of liver non-haem iron was
determined in DSS-treated FVB/N and C57BL/6 mice fed diets containing 0 to 1.0% iron
using a colourimetric assay. Results are expressed as mean ±SEM (n=8) from 4 replicate
assays. DSS-treated FVB/N; p<0.005; A versus 0% Fe; B versus 0.025% Fe; C versus 0.1%
Fe; D versus 0.3% Fe; E versus 0.5% Fe. DSS-treated C57BL/6; p<0.05; G versus 0.025%
Fe. #; p<0.05; C57BL/6 versus FVB/N.

DSS-treated FVB/N;

DSS-treated

C57BL/6.
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Figure 24. The effect of dietary iron concentration and DSS treatment on liver nonhaem iron concentration. The concentration of liver non-haem iron was determined in DSStreated and DSS-untreated FVB/N and C57BL/6 mice fed diets containing 0.025 or 1.0% iron
using a colourimetric assay. Results are expressed as mean ±SEM (n=6-8). DSS-untreated
FVB/N; p<0.05; a versus 0.025% Fe. DSS-untreated C57BL/6; p<0.05; c versus 0.025% Fe.
DSS-treated FVB/N; p<0.05; A versus 0.025% Fe. DSS-treated C57BL/6; p<0.05; C versus
0.025% Fe. #; p<0.05; C57BL/6 versus FVB/N.
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DSS-treated C57BL/6.
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3.5

Liver Iron Distribution

Perls’ Prussian blue staining was performed to determine the distribution of iron in the liver.
The DSS-untreated FVB/N mice fed 0% iron diet showed no evidence of iron in either the
hepatocytes or Kupffer cells (Figure 25a; Table 4). At 0.025% dietary iron, DSS-untreated
FVB/N mouse liver samples demonstrated moderate staining in hepatocytes only, which was
adjacent to portal veins (indicated by black arrows, Figure 25b; Table 4). Mice fed 0.1, 0.3
and 0.5% iron diets showed moderate to high staining in hepatocytes mostly in periportal
regions while in Kupffer cells staining ranged from zero to low levels (Figure 25c-e; Table 4).
At the highest dietary iron concentration of 1.0 % iron, DSS-untreated FVB/N mice showed
very high iron staining in hepatocytes and moderate staining in Kupffer cells in the periportal
region of the liver (Figure 25f; Table 4).
DSS-untreated C57BL/6 mice fed a diet of 0.025% iron demonstrated no iron staining in
either hepatocytes or Kupffer cells (Figure 25g; Table 4). As the dietary iron level increased
to 1.0% (Figure 25h; Table 4), the level of iron in hepatocytes increased to very high although
Kupffer cell staining was low.
A comparison of liver iron staining between the two DSS-untreated mouse strains showed
that at the control dietary iron concentration of 0.025%, the FVB/N mice had moderate iron
staining in hepatocytes and an absence of Kupffer cell staining, compared with the C57BL/6
mice, which displayed neither hepatocytes nor Kupffer cell staining (Figure 25b, g; Table 4).
At the highest iron concentration of 1.0% the DSS-untreated FVB/N mice had very high
hepatocyte staining and moderate staining of Kupffer cells, whereas the C57BL/6 mice fed
the same diet had high iron staining in hepatocytes and a low level of Kupffer cell staining
(Figure 25f, h; Table 4).
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Figure 25. The effect of increasing dietary iron content on liver iron deposition in DSSuntreated mice. Perls’ Prussian blue iron stained sections from DSS-untreated livers from
FVB/N mice fed a diet supplemented with 0 (a), 0.025 (b), 0.1 (c), 0.3 (d), 0.5 (e) or 1.0 (f) %
iron per dry weight of diet or C57BL/6 mice fed 0.025 (g) or 1.0 (h) % iron. The images are
representative of the mean hepatocyte and Kupffer cell iron staining for each group (n=6; see
Table 4), and photographs were taken at 10x magnification. Iron is stained blue and nuclei
are stained red. Black arrows indicate portal veins; yellow arrows indicate Kupffer cell
staining.
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Livers from DSS treated FVB/N mice showed an increase in the intensity and extent of
hepatocyte and Kupffer cell iron staining with increased dietary iron levels (Figure 26; Table
4). In DSS-treated FVB/N mice fed a 0% iron diet, neither hepatocyte nor Kupffer cell iron
staining occurred (Figure 26a; Table 4). At 0.025% dietary iron, DSS-treated FVB/N mice
had low hepatocyte and Kupffer cell iron staining in areas surrounding portal veins (indicated
by black arrows; Figure 26b; Table 4). As the dietary iron concentration increased to 0.1 and
0.3%, hepatocyte staining increased to moderate levels, and the iron distribution started to
spread further from the periportal regions into the more central regions of the liver lobules.
Kupffer cell staining in these groups was low (Figure 26c, d; Table 4). In DSS-treated
FVB/N mice fed 0.5% dietary iron hepatocyte staining was high with low Kupffer cell
staining (Figure 26e; Table 4). At the highest concentration of 1.0% iron, the DSS-treated
FVB/N mice showed high levels of iron staining in both hepatocytes and Kupffer cells
(indicated by yellow arrows; Figure 26f; Table 4).
DSS-treated C57BL/6 mice fed a 0.025% iron diet demonstrated neither hepatocyte nor
Kupffer cell staining (Figure 26g; Table 4). When the dietary iron level was increased to
1.0%, they exhibited high iron staining in hepatocytes and low staining in Kupffer cells, both
of which were concentrated around periportal regions (Figure 26h; Table 4).
A comparison of the two DSS-treated mouse strains showed that on the control diet of
0.025% iron, the FVB/N mice demonstrated low iron staining in both hepatocytes and
Kupffer cells, while the liver of C57BL/6 mice had no iron staining in either cell type (Figure
26b, g; Table 4). At the highest iron concentration of 1.0% in the DSS-treated mice, a high
level of hepatocyte staining was observed in both mouse strains, but the level of Kupffer cell
staining was high in the FVB/N mice, and low in the C57BL/6 mice (Figure 26f, h; Table 4).
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Figure 26. The effect of increasing dietary iron content on liver iron deposition in DSStreated mice. Perls’ Prussian blue iron stained sections from DSS-treated livers from FVB/N
mice fed a diet supplemented with 0 (a), 0.025 (b), 0.1 (c), 0.3 (d), 0.5 (e) or 1.0 (f) % iron per
dry weight of diet or C57BL/6 mice fed 0.025 (g) or 1.0 (h) % iron. The images are
representative of the mean hepatocyte and Kupffer cell iron staining for each group (n=8) and
photographs were taken at 10x magnification. Iron is stained blue and nuclei are stained red.
Black arrows indicate portal veins; yellow arrows indicate Kupffer cell staining.
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Table 4. Scoring of iron staining in liver sections.

Strain

DSS-treated or
DSS-untreated

Dietary Iron

Mean Iron Deposition

Concentration
Hepatocytes

Kupffer Cells

0

-

-

0.025

++

-

0.1

++

+

0.3

+++

+

0.5

++

-

1.0

++++

++

0

-

-

0.025

+

+

0.1

++

+

0.3

++

+

0.5

+++

+

1.0

+++

+++

0.025

-

-

1.0

++++

+

0.025

-

-

1.0

+++

+

(% Fe)

DSS-untreated

FVB/N

DSS-treated

DSS-untreated
C57BL/6
DSS-treated
Results are expressed as the mean of each group (n=3-6). – no staining; + low staining; ++
moderate staining; +++ high staining; ++++ very high staining.

Comparing the overall effects of DSS treatment in FVB/N mice showed that iron staining
decreased in hepatocytes; whereas in Kupffer cells, iron staining was unchanged or slightly
increased at each dietary iron concentration (Table 4).
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C57BL/6 mice showed no change to either hepatocyte or Kupffer cell staining with DSS
treatment at 0.025% dietary iron, and at 1.0% dietary iron hepatocyte staining decreased
slightly with DSS treatment and Kupffer cell staining remained unchanged (Table 4).

3.6

Liver Ferritin Protein Concentration

The effect of increasing dietary iron concentrations on the expression of ferritin, the iron
storage protein, was measured in the liver by immunoblotting (Figure 27).
Liver ferritin protein levels in DSS-treated and untreated FVB/N mice fed 0.025, 0.3 or 0.5%
iron showed no significant differences; but ferritin was significantly increased at 1.0% dietary
iron both with and without DSS treatment (p<0.05). Both DSS-treated and untreated
C57BL/6 mice demonstrated elevations in ferritin levels when the dietary iron content was
increased from 0.025 to 1.0%.
A comparison between mouse strains showed that at both dietary iron concentrations of 0.025
and 1.0%, the DSS-treated and untreated FVB/N mice had higher levels of liver ferritin
protein than did the C57BL/6 mice fed comparable diets.
In FVB/N mice the effect of DSS treatment on ferritin protein levels was not significant until
the dietary iron concentration reached 1.0%, where DSS-treated mice showed decreased
ferritin protein expression compared with DSS-untreated FVB/N mice fed the same diet. In
C57BL/6 mice, DSS treatment resulted in a significant increase to liver ferritin levels at
0.025% but not 1.0% dietary iron.
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Figure 27. Liver ferritin protein concentration. The liver ferritin protein concentration in
DSS-treated and DSS-untreated FVB/N mice fed diets containing 0.025, 0.3, 0.5 or 1.0 % iron
per dry weight of diet or C57BL/6 mice fed diets containing 0.025 or 1.0 % iron was
determined by immunoblotting. A representative blot for ferritin (a) and the housekeeping
protein actin (b) are shown. Ferritin protein concentrations were normalised to the
housekeeping protein, actin; and expressed relative to the DSS-untreated FVB/N mice fed
0.025% Fe on each gel (c). Results expressed are the pooled data of 8 gels, and are expressed
as mean ±SEM (n = 5-6). DSS-untreated FVB/N; p<0.05; a versus 0.025% Fe; b versus 0.3%
Fe; c versus 0.5% Fe. DSS-untreated C57BL/6; p<0.05; e versus 0.025% Fe. DSS-treated
FVB/N; p<0.05; C versus 0.5% Fe. DSS-treated C57BL/6; p<0.05; E versus 0.025% Fe. *;
p<0.05; DSS-treated versus DSS-untreated. #; p<0.05; C57BL/6 versus FVB/N.
untreated FVB/N;

DSS-treated FVB/N;

DSS-untreated C57BL/6;

DSSDSS-

treated C57BL/6. UT represents DSS-untreated samples, and T represents DSS-treated
samples.
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3.7

Liver RNA Expression

The effect of dietary iron concentration on the mRNA expression of iron transport (TfR1 and
ferroportin) and regulatory molecules (Hamp1, SMAD7, BMP6 and ID1), and inflammatory
cytokines (IL-6, IL-1β) was examined in the liver using qRT-PCR.
Electrophoresis of the extracted liver RNA showed two distinct bands with sizes
corresponding to the 28S (4.7kb) and 18S (1.9kb) ribosomal subunits. The intensity of the
28S band was approximately double that of the 18S band indicating that the RNA was intact
(Figure 28).

4.7 kb (28S subunit)
1.9 kb (18S subunit)

Figure 28. Integrity of liver RNA. RNA was extracted from livers of DSS-treated and
DSS-untreated FVB/N mice fed diets supplemented with 0.025, 0.3 or 1.0 % iron per dry
weight and C57BL/6 mice fed diets supplemented with 0.025 or 1.0 % iron. RNA extracts
were electrophoresed at 90V on 1% agarose gels containing ethidium bromide. Lane 1
contains the 1 kb DNA marker; lane 2 contains a blank; lanes 3-8 contain representative liver
mRNA samples.
Spectrophotometric analysis of the liver RNA extracts showed the 260:280 nm ratios for all
samples to be between 1.94 and 2.04, suggesting that all samples were pure RNA, and free
from protein contamination.
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RNA was reverse transcribed to produce cDNA which was used for the qRT-PCR analysis of
mRNA expression. Because previous experiments from our laboratory had shown that a
number of housekeeping genes were regulated by inflammation, four housekeeping genes
were analysed by qRT-PCR to select the most suitable one for this analysis.
Liver acidic ribosomal phosphoprotein (ARBP) mRNA levels showed no significant changes
with increasing dietary iron concentrations in either DSS-treated or untreated FVB/N or
C57BL/6 mice. The levels of ARBP mRNA decreased significantly with DSS treatment in
both strains of mice (Figure 29a).
Liver β-actin mRNA expression did not change significantly with increasing dietary iron
concentration in DSS-treated FVB/N mice. β-actin mRNA was shown to decrease with
increasing iron concentration in DSS-untreated FVB/N mice. In DSS-treated C57BL/6 mice
β-actin failed to amplify at either dietary iron concentration, while in DSS-untreated C57BL/6
mice, β-actin mRNA levels were constant with changing dietary iron levels. β-actin mRNA
levels decreased significantly with DSS treatment in both strains and at all dietary iron
concentrations (Figure 29b).
Liver peptidylprolyl isomerase A (PPIA) mRNA levels varied with increasing dietary iron
concentration in DSS-treated FVB/N mice, and remained constant in DSS-untreated FVB/N
mice. In both DSS-treated and untreated C57BL/6 mice, there was no change to PPIA mRNA
expression with increasing dietary iron concentration. In FVB/N mice, PPIA mRNA
expression was downregulated with DSS treatment when the dietary content was 0.3 and
1.0%; while in C57BL/6 mice PPIA mRNA expression was downregulated by DSS treatment
at both dietary iron concentrations (Figure 29c).
Liver hypoxanthine-guanine phosphoribosyltransferase (HPRT) mRNA expression varied
with increasing dietary iron concentration in DSS-treated FVB/N mice. In DSS-untreated
FVB/N mice HPRT mRNA expression increased significantly with increasing dietary iron
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Figure 29. Liver mRNA expression of housekeeping genes; acidic ribosomal
phosphoprotein PO (ARBP), beta-actin (β-actin), peptidylprolyl isomerase A (PPIA),
and hypoxanthine-guanine phosphoribosyltransferase (HPRT). Liver ARBP (a), β-actin
(b), PPIA (c) and HPRT (d) mRNA expression from DSS-treated and DSS-untreated FVB/N
mice fed a diet containing 0.025, 0.3 or 1.0 % iron and C57BL/6 mice fed a diet containing
0.025 or 1.0 % iron was determined by qRT-PCR. Results are expressed as mean ± SEM
(n=3-6). DSS-untreated FVB/N; p<0.05; a versus 0.025% Fe; b versus 0.3% Fe. DSSuntreated C57BL/6; p<0.05; d versus 0.025% Fe. DSS-treated FVB/N; p<0.05; A versus
0.025% Fe; B versus 0.3% Fe. *; P<0.05; DSS-treated versus DSS-untreated. #; p<0.05;
C57BL/6 versus FVB/N.
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DSS-treated C57BL/6.
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concentration. DSS-treated C57BL/6 mice demonstrated no change to HPRT mRNA
expression with increasing dietary iron concentration, and in DSS-untreated C57BL/6 mice,
the levels of HPRT mRNA increased with increasing dietary iron content. The effect of DSS
treatment was significant in both mouse strains and at all dietary iron concentrations, with
DSS-treated mice having lower levels of HPRT than untreated mice fed the same diets
(Figure 29d).
Since all the housekeeping genes analysed were regulated by DSS treatment, and some by
increased dietary iron, and in the DSS-treated C57BL/6 mice several samples failed to
amplify, the use of housekeeping genes to normalise the data was restricted to the analysis of
DSS-untreated samples only. All the genes of interest were normalised to the housekeeping
gene PPIA, as it showed no significant changes with increasing iron concentration in either
strain of DSS-untreated mice, and its expression was consistent between strains.
Liver mRNA expression of TfR1 (iron import gene) in DSS-untreated mice of both strains,
decreased significantly with increasing dietary iron concentration. At the control
concentration of 0.025% dietary iron TfR1 expression was similar between the strains. At
1.0% dietary iron, the TfR1 expression was significantly higher in FVB/N mice compared to
C57BL/6 mice (Figure 30a).
Liver mRNA expression of ferroportin (iron export gene) in DSS-untreated FVB/N mice was
unchanged with increasing dietary iron concentration. In DSS-untreated C57BL/6 mice
ferroportin mRNA expression increased significantly with increased iron concentration. At
both 0.025 and 1.0% dietary iron, FVB/N mice had higher levels of ferroportin expression
than did C57BL/6 mice fed comparable diets (Figure 30b).
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Figure 30. Liver mRNA expression of transferrin receptor 1 (TfR1) and ferroportin.
Liver TfR1 (a), and ferroportin (b) mRNA expression from DSS-untreated FVB/N mice fed a
diet containing 0.025, 0.3 or 1.0% iron and DSS-untreated C57BL/6 mice fed a diet
containing 0.025 or 1.0% iron was determined by qRT-PCR. Results are expressed as mean ±
SEM (n=4-6). DSS-untreated FVB/N; p<0.05; a versus 0.025% Fe. DSS-untreated C57BL/6;
p<0.05; d versus 0.025% Fe. #; p<0.05; C57BL/6 versus FVB/N.
FVB/N;

DSS-untreated

DSS-untreated C57BL/6.

Liver mRNA expression of Hamp1 and BMP6 (iron regulatory genes) in DSS-untreated
FVB/N and C57BL/6 mice increased with increasing dietary iron concentration. At both
dietary iron concentrations, FVB/N mice had significantly higher (p<0.01) levels of Hamp1
mRNA expression than C57BL/6 mice fed the same iron supplemented diets. At a dietary
iron concentration of 0.025%, FVB/N mice had higher levels of BMP6 expression than
C57BL/6 mice; but when the dietary iron content was increased to 1.0%, BMP6 expression
was similar between strains (Figure 31a, b).
Liver mRNA expression of SMAD7 and ID1 (iron regulatory genes) in DSS-untreated
FVB/N mice demonstrated no significant change with increasing dietary iron content. The
mRNA expression of SMAD7 and ID1 in C57BL/6 mice was significantly higher on the 1.0%
iron diet than on the 0.025% iron diet (Figure 31c, d).
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Figure 31. Liver mRNA expression of hepcidin antimicrobial peptide (Hamp1), bone
morphogenetic protein 6 (BMP6), SMAD7, and inhibitor of DNA binding 1 (ID1). Liver
Hamp1 (a), BMP6 (b), SMAD7 (c) and ID1 (d) mRNA expression from DSS-untreated
FVB/N mice fed a diet containing 0.025, 0.3 or 1.0% iron and DSS-untreated C57BL/6 mice
fed a diet containing 0.025 or 1.0% iron was determined by qRT-PCR. Results are expressed
as mean ± SEM (n=4-6). DSS-untreated FVB/N; p<0.05; a versus 0.025% Fe; b versus 0.3%
Fe. DSS-untreated C57BL/6; p<0.05; d versus 0.025 % Fe. #; p<0.05; C57BL/6 versus
FVB/N.
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DSS-untreated C57BL/6.

A comparison between strains showed that at the lower dietary iron concentration of 0.025%
DSS-untreated FVB/N mice had significantly higher SMAD7 and ID1 mRNA expression
than C57BL/6 mice fed the same diet. When the dietary iron content was increased to 1.0%,
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there was no significant difference in SMAD7 or ID1 expression between strains (Figure 31c,
d).
Liver IL-6 mRNA expression showed no significant difference either within or between
strains with increasing dietary iron content (Figure 32a). IL-1β mRNA expression was lower
in FVB/N mice fed diets supplemented with 0.025% iron than for 0.3 or 1.0% iron diets;
while IL-1β mRNA expression in C57BL/6 mice was unchanged with increasing dietary iron.
At 0.025% dietary iron there was no significant difference in IL-1β levels between strains
whereas at 1.0% dietary iron IL-1β expression was significantly higher (p<0.001) in FVB/N
than in C57BL/6 mice (Figure 32b).
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Figure 32. Liver mRNA expression of interleukin (IL) -6 and -1β. Liver IL-6 (a) and IL1β (b) mRNA expression from DSS-untreated FVB/N mice fed a diet containing 0.025, 0.3 or
1.0 % iron and DSS-untreated C57BL/6 mice fed a diet containing 0.025 or 1.0 % iron was
determined by qRT-PCR. Results are expressed as mean ±SEM (n=4-6). DSS-untreated
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3.8

Plasma IL-6 Concentration

IL-6, an inflammatory cytokine, has been implicated in inflammation-associated
carcinogenesis, where increased IL-6 production occurs in response to tissue necrosis and
tumour development [44, 48, 60].
As the dietary iron content increased in DSS-treated FVB/N mice, there was a general trend
for plasma IL-6 to increase and this reached significance at 0.5% and 1.0% iron compared
with 0.025% iron. In DSS-treated C57BL/6 mice, plasma IL-6 concentration also increased
significantly with increasing dietary iron content (Figure 33).
Comparing between strains of DSS-treated mice, at 0.025% dietary iron C57BL/6 mice had
higher plasma levels of IL-6 than did FVB/N mice fed the same diet, while there was no
significant difference in IL-6 concentrations between strains at 1.0% dietary iron.
In contrast, there were no significant differences between IL-6 concentrations with increasing
dietary iron levels in DSS-untreated mice of either strain. A comparison between strains of
DSS-untreated mice showed that IL-6 concentration was significantly higher in C57BL/6 than
FVB/N mice fed the 0.025% iron diet but was unchanged at 1.0% iron. DSS treatment
significantly increased plasma IL-6 levels at all dietary iron levels in both mouse strains
(Figure 33).
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Figure 33. The effect of increasing dietary iron content on plasma IL-6 concentration.
Plasma IL-6 concentration from DSS-treated and DSS-untreated FVB/N and C57BL/6 mice
fed diets containing 0 to 1.0% iron was determined by enzyme-linked immunosorbent assay
(ELISA). Results are expressed as mean ±SEM (n=4-6). DSS-treated FVB/N; p<0.05; A
versus 0.025% Fe; B versus 0.1% Fe; C versus 0.3% Fe. DSS-treated C57BL/6; p<0.05; F
versus 0.025% Fe. *; P<0.05; DSS-treated versus DSS-untreated. #; p<0.05; C57BL/6 versus
FVB/N.
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3.9

Colon STAT3 and Phosphorylated STAT3 Protein Concentration

STAT3, an intracellular signalling molecule, becomes activated when phosphorylated in
response to the binding of cytokines to their receptors. Phosphorylated STAT3 (pSTAT3)
can translocate to the nucleus, and regulate the transcription of various target genes.
Increased activation of STAT3 signalling has been associated with both inflammation and
CRC [22, 36, 48, 119].
DSS-treated mice of both strains demonstrated a trend for the expression of pSTAT3 protein
to increase with increased dietary iron concentration. DSS-untreated FVB/N mice (data not
shown) demonstrated no significant change in colonic pSTAT3 expression when their dietary
iron intake was increased from 0.025 to 1.0% (Figure 34).
DSS treatment increased colonic expression of pSTAT3 in both strains of mice fed diets
containing 0.025% iron (Figure 34) and in FVB/N mice fed a diet containing 1.0% iron (data
not shown).
DSS-treated C57BL/6 mice fed diets supplemented with both 0.025 and 1.0% iron
demonstrated higher levels of colonic pSTAT3 expression than did the comparable FVB/N
mice (Figure 34).

3.10

Correlations

To identify if there is an association between dietary iron levels and colonic inflammation the
liver non-haem iron and plasma IL-6 data, and histological colitis scores were analysed by
Pearson’s correlation.
In DSS-treated FVB/N mice, a statistically significant correlation was found between liver
non-haem iron concentration and plasma IL-6 concentration (p<0.0001; r = 0.7192); colitis
scores and plasma IL-6 levels (p<0.0001; r = 0.8682); and liver non-haem iron concentration
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Figure 34. Colon phosphorylated STAT3 (pSTAT3) concentration. The colon pSTAT3
concentration from DSS-treated and DSS-untreated FVB/N mice fed diets containing 0.025,
0.3, 0.5 or 1.0 % iron, and C57BL/6 mice fed diets containing 0.025 or 1.0 % iron was
determined by immunoblotting. A representative blot for pSTAT3 (a), STAT3 (b), and βactin (c) are shown. STAT3 and pSTAT3 concentrations were normalised to the
housekeeping protein actin, and are expressed relative to DSS-untreated FVB/N samples fed a
diet containing 0.025% Fe (D). Results are expressed as mean ± SD (n=1-2).
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and colitis scores (p<0.0001; r = 0.7726) (Figure 35a-c). As data was collected at only two
dietary iron concentrations for C57BL/6 mice, there was insufficient data for a correlation
analysis of this strain.
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Figure 35. Correlations between liver non-haem iron concentration, colitis scores and
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Chapter Four
4

Discussion

4.1

Introduction

A number of pathways known to be altered during inflammation have been implicated in
colorectal carcinogenesis [23, 36, 44], and high dietary iron intake has been linked to colonic
inflammation [111, 120-122, 132]. Population studies have linked elevated dietary and body
iron levels with the incidence of CRC [19, 28-33], and several studies have examined the
effects of iron on CRC in mouse models of colitis [80, 111, 120, 121, 124, 132].
This study aimed to evaluate the effects of increasing dietary iron concentration on colonic
and liver iron loading, and to determine the level of dietary iron which enhanced acute
inflammatory changes in the colon in an AOM/DSS mouse model of colitis-associated CRC.
The effect of mouse strain on colonic and hepatic iron loading and colonic inflammation was
also assessed. We hypothesised that increases in dietary iron would increase iron deposition
in the colon and liver, increasing colonic damage and inflammation. We also hypothesised
that different genetic mouse strains would exhibit variations in both iron loading and
inflammatory response with increasing dietary iron concentration.

4.2

Iron Loading

4.2.1

Colonic Iron Loading

Because daily iron requirements are minimal, and only a small percentage of dietary iron is
absorbed by the body, a significant amount of ingested iron reaches the colon where it can
exacerbate colitis [111].
In this study FVB/N mice were fed diets containing varying concentrations of carbonyl iron
(0 to 1.0%) and were treated with or without AOM-DSS to examine the effects of dietary iron
in a colitis-associated model of CRC. DAB-enhanced Perls’ Prussian staining was used to
assess iron loading in the colon. As the concentration of dietary iron increased, the amount of
iron deposited in the colon also increased. Iron initially accumulated in the colonic epithelial
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cells, and as the dietary iron concentration increased, iron deposition in both the mucosal and
submucosal layers also increased.
DSS-induced inflammation decreased colonic iron levels which may be due to loss of iron
from the damaged colonic cells. A recent study from our laboratory demonstrated that
apoptosis of colonic epithelial cells was enhanced by both DSS treatment and iron, and
corresponded with more severe colonic damage in DSS-treated mice fed high iron diets [132].

4.2.2

Liver Iron Loading

To assess the effects of dietary iron concentration on liver iron levels in FVB/N mice, a
biochemical non-haem iron assay was performed to quantitatively measure the amount of iron
in the liver. The distribution of iron deposited in the liver was also assessed qualitatively with
Perls’ Prussian blue staining. Additionally, the levels of the iron storage protein, ferritin,
were measured in the liver using immunoblotting, and the liver mRNA expression of proteins
involved in iron transport (TfR1 and ferroportin) and regulation of iron metabolism (Hamp1,
SMAD7, BMP6 and ID1) were measured using qRT-PCR.
As dietary iron content increased, non-haem iron levels in the liver increased in a dosedependent manner, both with and without DSS treatment. This was supported by iron staining
which showed there was a general trend for liver iron deposition to increase with increasing
dietary iron content. Iron was deposited in hepatocytes in a periportal distribution, with iron
staining most intense in cells near the portal veins, and was more diffuse away from the portal
veins. This suggests that the iron in the portal circulation absorbed from the GI tract is taken
up primarily by the hepatocytes in closest proximity to the portal vein. As the dietary iron
concentration increased, the deposition of iron in Kupffer cells also increased, suggesting that
when the hepatocytes became loaded with iron, the Kupffer cells took up the excess iron.
These results are consistent with other studies using carbonyl iron supplementation which
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have shown that the initial accumulation of iron occurs in periportal hepatocytes, followed by
iron uptake by Kupffer cells [127-129].
The levels of ferritin protein indicated that the concentration of ferritin in the liver only
increased when the dietary iron levels were high (1.0% Fe). This finding is inconsistent with
the results obtained from the liver non-haem iron measurements, with the discrepancy
possibly attributable to the lower sensitivity of this technique with moderate iron loading
compared with the biochemical non-haem iron assay.
Liver mRNA expression showed that TfR1 decreased with increasing iron concentration,
which is consistent with TfR1 regulation by IRE / IRP post-transcriptional regulation, such
that at high iron concentrations TfR1 mRNA is more susceptible to degradation [79, 94, 95].
Ferroportin expression was not regulated at the mRNA level by iron. This is consistent with
ferroportin undergoing post-transcriptional regulation by an IRE/IRP mechanism; where in
conditions of high cellular iron levels, ferroportin mRNA levels are unchanged while protein
translation is increased [79, 83]. Ferroportin protein levels are also regulated via a posttranslational mechanism involving hepcidin, which triggers the degradation of ferroportin at
high iron concentrations [83, 98, 135].
An increase in the expression of liver BMP6 mRNA activates the SMAD signalling pathway
to elevate the production of target genes Hamp1, ID1 and SMAD7 [61, 98, 101, 105]. While
the mRNA expression for BMP6 and Hamp1 increased, there was no significant difference in
the expression of SMAD7 or ID1, although there was a trend for a small increase in the
expression of both these genes with increasing dietary iron.
Liver mRNA expression of the inflammatory cytokines IL-6 and IL-1β did not change
significantly with increasing dietary iron concentration in DSS-untreated mice. As IL-6 and
IL-1β are pro-inflammatory cytokines, their transcripts are likely to be increased with DSS
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treatment, however mRNA expression in DSS-treated mice was excluded from analysis as a
result of DSS inhibition of qRT-PCR amplification [136, 137] (see Section 4.4.3).
Overall, the results suggest that iron loading in the colon and liver were increased by
increasing dietary iron concentrations in both DSS-treated and untreated FVB/N mice. This
supports the hypothesis that increased dietary iron levels lead to increased tissue iron
deposition with or without DSS treatment.

4.3

Inflammation

Colonic inflammation and damage was assessed histologically from H&E stained sections,
and quantified to generate colitis scores. The plasma level of the inflammatory cytokine IL-6
was measured by ELISA, and the activation of the STAT3 signalling pathway was determined
by the detection of phosphorylated STAT3 (pSTAT3) by immunoblotting.
In DSS-treated FVB/N mice, colonic damage, colitis scores, plasma IL-6 and pSTAT3 all
increased with increasing dietary iron concentrations, while DSS-untreated mice
demonstrated no change in any of these indicators. This is consistent with studies that have
shown that inflammation increases the production of inflammatory cytokines, such as IL-6,
which signal through the STAT3 signalling pathway by phosphorylating STAT3 as part of the
inflammatory response [48, 49, 62]. As the level of dietary iron increased, liver non-haem
iron levels also increased. Statistical analysis of the data established significant correlations
between liver non-haem iron levels, colitis scores and plasma IL-6 concentration, strongly
linking increased dietary iron with increased colonic inflammation and activation of IL6/STAT3 signalling.
A recent study from our laboratory has examined the effects of dietary iron on colonic
inflammation and IL-6/IL-11-STAT3 signalling using dietary supplementation with 0.02%
and 1% carbonyl iron in C57BL/6 mice treated with AOM and DSS for 7 days. They
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demonstrated that increased dietary iron concentration exacerbates colonic inflammation and
increases STAT3 signalling by IL-6 and IL-11 [132].
Earlier studies by Carrier and colleagues examined the effects of dietary supplementation
using pentacarbonyl iron at 0.3% (ten-fold increase in iron levels compared to normal diet)
and 3% (one hundred-fold increase) iron per dry weight of diet. Both levels of dietary iron
supplementation exacerbated colitis in Wistar rats treated with DSS; increasing inflammation,
lipid peroxidation, NFкB activation and the production of inflammatory cytokines. The same
dietary iron concentrations failed to produce either inflammation or crypt damage in untreated
Wistar rats [111, 120, 121].
Seril et al. have demonstrated that increasing dietary iron supplementation of DSS-treated
C57BL/6 mice with EDTA-iron (up to 10 times normal dietary levels) enhanced colitis via
increased oxidative stress in a manner that was nearly dose dependent [80]. In another study
they have shown that a two-fold increase in dietary iron using iron dextran supplementation
enhanced the development of colitis-associated CRC development in C57BL/6 mice treated
with DSS. In the same study, the authors demonstrated that intraperitoneal injection of iron
dextran (6 and 12 mg/kg body weight) did not have the same effect [124].
Variations between studies including the use of different forms of iron, different
concentrations of both iron and DSS, and varying time-frames may all influence their
findings, making comparison between studies more challenging.
The results from the current study showed that FVB/N mice fed a diet supplemented with
0.5% iron demonstrated variation in colonic inflammation, with half the mice in this group
having colitis scores of 0-2, and the other half scoring 18. Because the inflammatory agent,
DSS, was administered in the drinking water which was freely available to the mice, it was
not possible to determine how much DSS each animal ingested. Thus it is possible that some
mice within this group received insufficient DSS to generate intestinal inflammation.
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Anaemia is frequently observed under chronic inflammatory conditions. Both inflammation
and iron are known to upregulate the expression of hepcidin [68, 98-100, 103] with a
resultant increase in ferroportin degradation preventing release of iron from the liver, leading
to elevated hepatic iron levels. While the level of iron in the liver increased with increasing
dietary iron, there was no significant difference between DSS-treated and untreated samples at
any iron concentration suggesting that anaemia of inflammation was not present. Liver nonhaem iron levels were not altered with DSS treatment, and variation in liver ferritin protein
levels between DSS-treated and untreated samples was only apparent at the highest iron
concentration (1.0%). There were small changes in liver iron distribution with DSS
treatment, although no consistent pattern was detected. Variations in colonic iron loading
between DSS-treated and untreated samples can possibly be attributed to diminished iron
storage due to mucosal damage in DSS-treated samples.
To confirm whether or not anaemia of inflammation was present, further analysis would be
required. Hepcidin expression in response to inflammation, which can be used to evaluate
anemia of inflammation, was not analysed due to technical issues with DSS-treated samples
in the qRT-PCR analysis (see section 4.4.3). To avoid the problems associated with DSS
inhibition of qRT-PCR, hepcidin levels in the serum and urine could be measured using mass
spectrometry [138]. Determination of haematological parameters, such as haemoglobin and
haematocrit levels, could also be used to confirm anaemia.
The obtained results support the hypothesis that colonic inflammation is exacerbated by
increasing dietary iron concentrations, with the degree and extent of damage, and IL6/STAT3 signalling both shown to increase with elevations in dietary iron concentration.
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4.4

Strain Variations

The methods previously used to assess colonic and hepatic iron loading and colonic
inflammation in response to increasing dietary iron concentrations were also used to examine
variations in response between mouse strains. Mice on a FVB/N or C57BL/6 genetic
background were fed diets supplemented with 0.025% or 1.0% iron, and were treated with or
without AOM/DSS to induce colonic inflammation.

4.4.1

Colonic Iron Loading

Increasing the dietary iron concentration resulted in increased deposition of iron in the colon
in both strains of mice, with or without DSS treatment. C57BL/6 mice had significantly
higher levels of colonic iron deposition than FVB/N mice at both dietary iron concentrations,
irrespective of DSS treatment.

4.4.2

Hepatic Iron Loading

Overall, FVB/N mice demonstrated higher levels of iron deposition in the liver at both iron
concentrations than C57BL/6 mice as shown by liver ferritin protein levels and Perls’
Prussian blue iron staining. Iron deposition in the hepatocytes and Kupffer cells of both
strains increased as dietary iron increased in both DSS-treated and untreated livers. The iron
deposits in both strains were in a periportal distribution. There was a similar intensity of iron
staining in hepatocytes in both strains while iron staining in the Kupffer cells was markedly
less in the C57BL/6 mice. DSS treatment had little effect on cellular iron distribution in
either strain, with DSS treatment slightly decreasing iron staining in hepatocytes and slightly
increasing iron staining in Kupffer cells.
Non-haem iron levels increased with dietary iron levels in both strains and were significantly
higher in FVB/N than C57BL/6 mice at both dietary concentrations indicating that FVB/N
mice had higher basal liver non-haem iron levels than C57BL/6 mice. DSS treatment did not
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alter liver non-haem iron levels in either strain suggesting there was no increased retention of
iron in the liver following DSS treatment in either genetic strain.

4.4.3

Liver mRNA Expression

Messenger RNA expression of hepatic iron transporters (TfR1 and ferroportin), iron
regulatory genes (Hamp1, SMAD7, BMP6 and ID1), and inflammatory cytokines (IL-6 and
IL-1β) were compared between strains. Four housekeeping genes were analysed to select the
most suitable one to use for normalising the expression of the genes of interest; ARBP, βactin, PPIA and HPRT. An ideal housekeeping gene for this study is one where the
expression is regulated by neither dietary iron concentration nor DSS treatment. All
housekeeping genes analysed demonstrated regulation by DSS treatment, and some by iron as
well, making them unsuitable for normalisation of the data. All the housekeeping genes were
more highly regulated by DSS treatment in the C57BL/6 than FVB/N mice. Additionally, the
housekeeping gene β-actin and target genes including TfR1, Hamp1 and IL-6 failed to
amplify in C57BL/6 DSS-treated mice and, to a lesser extent, in FVB/N mice. The oral
administration of DSS has been shown to inhibit the PCR reaction in both colon and liver
tissue [136]. It has been hypothesised that DSS may enter portal and systemic circulation,
thus reaching non-enteric organs [136], and has been shown to have a potent inhibitory effect
on qRT-PCR by inhibiting the action of both reverse transcriptase and DNA polymerase [136,
137]. Possible methods of overcoming this inhibition have been published, including the
purification of RNA samples using either lithium chloride [137] or poly-A based purification
techniques [136]. Because of time constraints, it was not practical to investigate either of the
RNA purification methods mentioned, and due to the problems with amplification of genes in
the DSS-treated samples, it was only possible to evaluate mRNA expression in DSS-untreated
samples. PPIA was selected as the housekeeping gene because in DSS-untreated samples its
expression was similar in all samples, indicating it was not regulated by increasing dietary
iron concentration in either mouse strain.
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The trends of mRNA expression for TfR1, Hamp1 and BMP6 were similar between strains,
with TfR1 decreasing, and both BMP6 and Hamp1 increasing in response to elevations in
dietary iron. Messenger RNA expression for ferroportin, SMAD7 and ID1 all increased
significantly with increasing dietary iron concentration in C57BL/6 mice, and were less
responsive to dietary iron in FVB/N mice. FVB/N mice fed the control iron diet (0.025%)
had previously been observed to have higher basal levels of liver non-haem iron than
C57BL/6 mice. Smaller changes in mRNA expression for ferroportin, SMAD7 and ID1 may
have been due to higher basal levels of iron in the livers of FVB/N mice. The levels of
mRNA for inflammatory cytokines IL-6 and IL-1β did not change in response to increasing
dietary iron concentration in either strain, which is consistent with a lack of inflammation in
the DSS-untreated livers regardless of iron-loading.

4.4.4

Inflammatory Response

When fed the control iron diet (0.025%), C57BL/6 mice had significantly higher colitis
scores, and elevated plasma IL-6 levels compared with FVB/N mice fed the same diet. At the
higher iron concentration (1.0%), there was no difference in either colitis scores, or plasma
IL-6 concentration between strains. This is supported by colonic pSTAT3 levels which were
approximately two-fold higher in C57BL/6 mice fed the control iron diet, and similar between
strains at the higher dietary iron level.
DSS-untreated mice demonstrated no inflammation in response to increased dietary iron
concentration, with no significant changes to colitis scores, plasma IL-6 concentration or
colonic pSTAT3 in either strain.
Overall both strains showed a similar pattern with increasing dietary iron having no effect on
DSS-untreated mice, and increasing inflammation in DSS-treated mice, although the
magnitude of the increase varied between strains.
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4.4.5

Summary of Strain Variations

Iron deposition and inflammatory damage increased with increasing dietary iron
concentration in both C57BL/6 and FVB/N mice. The magnitude of these changes, however,
varied between strains. FVB/N mice were found by the non-haem iron assay to have a higher
basal level of iron in the liver than C57BL/6 mice. As a result, measurements of liver iron
levels and cellular iron distribution, ferritin protein levels, and mRNA expression of liver iron
transporters and regulators were less sensitive to increases in dietary iron levels in this strain.
FVB/N mice fed the control iron diet (0.025%) also demonstrated lower levels of colonic
inflammation determined by colitis scores, colonic pSTAT3 levels, and plasma IL-6
concentration compared with C57BL/6 mice. When the dietary iron concentration increased
to 1.0%, the two mouse strains had similar colitis scores, colonic pSTAT3 levels and plasma
IL-6 concentrations. The lower levels of inflammation observed in FVB/N mice fed the
control iron diet results in a more significant difference between normal and iron-loaded diets
in this strain.
By comparison, C57BL/6 mice demonstrated higher basal levels of colonic iron, and the
difference in Perls’ Prussian iron staining between the control (0.025%) iron diet and the iron
loaded diet (1.0%) was less significant in this strain. Additionally, the inhibitory effects of
DSS treatment on the PCR reaction were more severe in C57BL/6 mice.
The C57BL/6 mice on the control iron diet had higher levels of inflammation than the FVB/N
mice on the same diet. This suggests that C57BL/6 mice are more susceptible to DSS
treatment and possibly that FVB/N mice metabolise or transport DSS differently, minimising
the inflammatory damage in the colon and ameliorating its inhibitory effects on PCR in this
strain.
The findings support the hypothesis that different mouse strains exhibit variations in iron
loading and colonic inflammation in response to increasing dietary iron concentration.
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4.5

Future Directions

This study has demonstrated that increased dietary iron enhances inflammation via the
activation of the IL-6/STAT3 signalling pathway. It would be worthwhile to evaluate the
effects of increasing dietary iron on other inflammatory cytokines, such as IL-11, which has
recently been shown to be increased in CRC and further enhanced with high dietary iron
levels [126, 132], as well as other transcription factors shown to be involved in CRC
development, such as NFкB [25, 49, 111, 125].
Examining the effects of varying dietary iron concentrations over a longer time period would
also provide valuable information on the long-term effects that moderate levels of dietary iron
loading have on colonic of inflammation, as well as evaluating the role of iron in the initiation
and promotion of colonic tumour development.
While the different genetic mouse strains were found in this study to produce similar
responses to increased dietary iron concentration, future research would need to consider the
strengths and limitations of each strain when selecting the most appropriate genetic
background to investigate a specific research question.

4.6

Conclusion

Increasing dietary iron concentration has been shown to impact on colon and liver iron levels,
and inflammatory signalling pathways, exacerbating colitis. In this study, different mouse
strains showed similar responses to increasing dietary iron levels, though the magnitude of
their response varied between strains.
Determining the dietary iron levels which exacerbate colitis and enhance inflammatory
changes in the colon is important from a public health perspective and will allow the
development of improved dietary guidelines and medical treatment for IBD patients to
minimise their risk of colorectal cancer.
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Appendices

Appendix A:
A1

Components of Experimental Reagents

DAB-Enhanced Perls’ Prussian Blue Staining

A1.1 Acid Alcohol
5 mL of concentrated HCl (37%)
995 mL 70% ethanol

A1.2 Bluing Solution
10 g magnesium sulphate (MgSO4)
1.8 g sodium bicarbonate (NaHCO3)
Dissolve in 1L of deionised water and store at 4˚C

A2

Tissue Non-Haem Iron Assay:

A2.1 Colour Reagent:
40 mg bathophenanthroline disulfonic acid (BPS) (10M)
15.4 g sodium acetate (11.3M)
6 drops of thioglycolic acid
Bring volume to 100 mL with deionised water
For easy solubilisation, the sodium acetate and BPS were dissolved separately in water, then
combined and made up to the total volume.
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A3

Protein Extractions:

A3.1 Radioimmunoprecipitation Assay (RIPA) Buffer
50 mM Trizma hydrochloride (Tris-HCl) (pH 7.4)
150 mM NaCl
1% Triton X-100
1% sodium deoxycholate (deoxycholic acid)
0.1% SDS
1 mM ethylenediamine tetracetic acid (EDTA)

A4

Immunoblotting

A4.1 4x Sample Buffer
0.125 M Tris – (hydroxymethyl) aminomethane
4% SDS
20% glycerol
10% 2-mercaptoethanol
Deionised water
Bromophenol blue (1 to 2 mg per 10 mL)

A4.2 1x MOPS SDS Running Buffer
25 mL of 20x MOPS SDS running buffer was added to 475 mL Milli-Q water.
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A4.3 1 x NuPAGE Transfer Buffer
10 mL NuPAGE 20x transfer buffer
170 mL deionised water
20 mL methanol (added just prior to use)

A4.4 Tris Buffered Saline and Tween (TBST)
To make 1 L of 1x TBST:
0.15 M NaCl
0.01 M Tris- (hydroxymethyl) aminomethane
20% Tween-20
pH = 7.4
Make to 1L total volume with deionised water

A4.5 Coomassie Staining Solution
To make 500 mL:
237.5 mL of 95% methanol
50 mL of concentrated glacial acetic acid
212.5 mL deionised water
1 g coomassie blue
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A4.6 Bovine Serum Albumin (BSA) and TBST
20 ml Tris buffered saline and tween (TBST)
1 g bovine serum albumin (BSA)
20 µL of 100% Tween-20

A5

RNA Electrophoresis

A5.1 Tris Acetate EDTA (TAE) Buffer
4.84 g of Tris hydroxymethyl aminomethane (Tris Base)
1.42 mL of glacial acetic acid
0.372 g of ethylenediamine tetracetic acid (EDTA)
Make to 1L with deionised water

A6

Reverse Transcription

A6.1 PCR MasterMix 1 (per reaction)
0.5 µL oligo dT (0.5mg/mL)
0.5 µL 10mM dNTPs
3.75 µL nuclease free water
2 µL of RNA
6.75 µL total volume per reaction
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A6.2 PCR MasterMix 2 (per reaction)
2 µL 15x RT reaction buffer
0.5 µL 0.1M DTT
0.25 µL RNase OUT ™ (40 U/µL)
0.5 µL Superscript III RTase
3.25 µL total volume per reaction
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Appendix B:

Colitis Scoring of DSS-treated H&E Slides

Inflammation

Strain

% iron
per dry
weight
of diet

Sample
ID

0
1
2
3

none
slight
moderate
severe

F111

0

F112

1

F113

0

F114

%
involvement

1
2
3
4

0 - 25
26 - 50
51 - 75
76 - 100

Inflammation
extent

0 none
1 mucosa
2 mucosa &
submucosa
3 transmural

%
involvement

1
2
3
4

0 - 25
26 - 50
51 - 75
76 - 100

0

Crypt damage

0
1
2
3

none
basal 1/3
basal 2/3
only surface
epithelium intact
4 surface
epithelium not
intact

%
involvement

1
2
3
4

0 - 25
26 - 50
51 - 75
76 - 100

Final
Score

0

0

0

2

0

0

0

0

0

0

0

F115

0

0

0

0

F116

0

0

0

0

F117

0

0

0

0

F118

1

0

2

F87

0

0

0

0

F88

0

0

0

0

F89

1

0

2

F90

0

0

0

0

F91

0

0

0

0

F92

1

2

1

2

0

4

F93

1

2

1

2

0

4

F94

0

0

0

0

F119

0

0

0

0

F120

1

F121

0

F122

1

F123

0

F124

1

F125

0

F126

2

4

1

4

2

F95

1

1

1

1

0

2

F96

1

1

1

1

0

2

F97

1

1

1

1

0

2

F98

2

2

1

2

0

6

F99

2

4

1

4

3

F100

1

2

1

2

0

F101

2

4

1

4

3

F102

1

1

1

1

0

1

1

1

0.0

1

1

1

1

1

1

FVB/N

0.025

2

1

2

0
1

1

1

1

0
1

1

1

1

1

0

Std
Dev

0.50

0.93

1.25

1.83

3.25

5.47

6.38

6.46

5
0

1

3

0.1
0

Mean

0

0

0

2

0

0
2

16

0.3
2

18

1

15

4

2
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Inflammation

Strain

% iron
per dry
weight
of diet

Sample
ID

0
1
2
3

none
slight
moderate
severe

%
involvement

1
2
3
4

0 - 25
26 - 50
51 - 75
76 - 100

4

Inflammation
extent
0 none
1 mucosa
2 mucosa &
submucosa
3 transmural

1

%
involvement

1
2
3
4

0 - 25
26 - 50
51 - 75
76 - 100

4

Crypt damage
0
1
2
3

none
basal 1/3
basal 2/3
only surface
epithelium intact
4 surface
epithelium not
intact

1
2
3
4

0 - 25
26 - 50
51 - 75
76 - 100

2

Final
Score

F103

2

F104

0

F105

2

4

1

4

3

F106

1

1

1

1

0

2

F107

0

0

0

F108

3

2

2

2

4

2

18

F109

2

4

1

4

3

2

18

F110

0

F79

3

3

1

4

4

3

25

F80

3

4

2

4

4

3

32

F81

3

3

2

4

4

2

25

F82

3

2

1

4

3

3

19

F83

3

4

1

4

2

1

18

F84

2

3

1

4

2

3

16

F85

3

4

3

4

4

2

32

F86

3

2

2

2

3

2

16

C480

2

4

1

4

3

3

21

C481

0

0

0

C482

1

1

1

1

0

2

C483

1

1

1

1

0

2

C484

2

4

2

3

0

14

C485

0

0

0

C486

2

4

2

2

2

4

20

C487

2

4

1

4

2

2

16

C472

2

4

2

4

3

3

25

C473

2

4

2

2

3

4

24

C474

2

4

1

4

2

2

16

C475

3

4

2

2

4

3

28

C476

3

3

2

3

4

2

23

C477

3

4

2

4

3

3

29

C478

3

4

1

4

4

3

28

C479

2

4

1

4

2

3

18

0

3

%
involvement

0

FVB/N

0

2

22.88

6.64

9.38

9.24

23.88

4.76

0

0.025

C57BL/6

9.38

18

1.0

0

9.25

0

0

0

Std
Dev

18

0.5
0

Mean

1.0
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